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INTRODUCTION

Trehalose is a soluble, non–reducing disaccharide of 
glucose.  It is found in a large variety of microorganisms 
and invertebrate animals, and can serve as a stress pro-
tectant (Elbein, 1974).  For example, it can play roles in 
protection of cells against denaturation of proteins and 
fusion of membranes to stabilize proteins and membranes 
under stress conditions, especially under desiccation and 
heat stress (Wingler, 2002).  It is expected that accumula-
tion of a large amount of trehalose enables to enhance 
stress tolerance of plants and thus the technique helps 
the world out of anticipated food crises.

Trehalose is synthesized via two enzymatic steps cat-
alyzed by trehalose 6–phosphate synthase (TPS), which 
generates trehalose 6–phosphate (T6P) from UDP–
glucose and glucose 6–phosphate, and trehalose 6–phos-
phate phosphatase (TPP), which generates trehalose 
from T6P (Londesborough and Vuorio, 1993), and its 
degradation into two molecules of glucose is mediated by 
trehalase (Elbein, 1974).  Most plants have not been con-
sidered to accumulate trehalose (Müller et al., 1995) in 
spite of trehalose accumulation has been found in bacte-
ria, animals, and fungi.  As a few exceptions, trehalose 
has been detected in resurrection plants, such as 
Selaginella lepidophylla and Myrothamnus flabellifo-

lia, which accumulate a large amount of trehalose as a 
stress protectant (Adams et al., 1990; Müller et al., 
1995).  Also in other higher plants, such as Arabidopsis 
thaliana and Solanum tuberosum, trehalose can be 
detected at very low levels in the presence of the inhibi-
tor of TRE (Goddijin et al., 1997; Vogel et al., 2001).  
Those reports suggest that plants can synthesize treha-
lose but it is not accumulated in the cells because of those 
TRE activities.  Thus, suppression of TRE expression may 
lead to enhance trehalose accumulation even in plants.

To construct a modified higher plant that can accu-
mulate trehalose, a gene encoding TRE was isolated 
from a tobacco plant, Nicotiana tabacum.  The gene, 
designated NtTRE, was expressed in Escherichia coli 
as a glutathione–S–transferase (GST)–fusion protein to 
obtain a large amount of recombinant NtTRE protein for 
production of anti–NtTRE antibodies.  The gene was also 
expressed in Saccharomyces cerevisiae to check 
whether the NtTRE can hydrolyze trehalose into glucose 
in eukaryotic cells. 

 

MATERIALS AND METHODS

Strains and conditions
A tobacco plant (Nicotiana tabacum var. Samsun) 

was cultured on a MS agar medium (Murashige and 
Skoog, 1962) supplemented with 0.8% (w/v) agar and 
3% (w/v) sucrose in a growth chamber (LX–3000; 
TAITEC, Tokyo, Japan) at 25 °C under a photosynthetic 
photon flux density of about 70 µmol/m2s with a 16 h 
photoperiod.

Escherichia coli strain used for expression of 
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NtTRE was BL21(DE3)pLysS (Novagen, Madison, WI, 
USA).

Saccharomyces cerevisiae YPH500 strain (Matα, 
ura3–52, lys2–801amber, ade2–101ochre, trp1–Δ63, 
his3–Δ200, leu2–Δ1; Stratagene, La Jolla, CA, USA) was 
used to construct a yeast transformant expressing 
NtTRE gene.  The transformant was screened onto a tryp-
tophan–deficient synthetic raffinose (SR–Trp) agar 
plate, which contained 0.67% (w/v) yeast nitrogen base 
(Difco Laboratories, Detroit, MI, USA), 2% (w/v) raffi-
nose, 1.5% (w/v) agar, and 0.2% (w/v) complete supple-
ment mixture (CSM) without His, Leu, Trp, and uracil 
supplemented with 0.02% (w/v) histidine, 0.02% (w/v) 
leucine, and 0.01% (w/v) uracil.

 
Isolation of poly(A)+ RNA

Total RNA was isolated from tobacco leaves using 
sepasol–RNA I (Nacalai Tesque, Kyoto, Japan).  Cut 
leaves were ground in liquid nitrogen using mortar and 
pestle.  The powder was suspended in 1 ml of sepasol–
RNA I using a vortex mixer.  The suspension was then 
incubated at 50 °C for 10 min, placed for 5 min at room 
temperature, mixed with 100 µl of chloroform, and 
placed for 3 min at room temperature.  The sample was 
centrifuged at 12,000×g for 5 min at 4 °C and total RNA 
in the supernatant was precipitated with 2–propanol.  
The precipitate was resuspended in a mixture of 600 µl 
of RNase–free water, 100 µl of 5 M NaCl, and 80 µl of 
cetyltrimethyl ammonium bromide (CTAB) solution con-
taining 10% (w/v) CTAB and 0.7% (w/v) NaCl, and then 
incubated at 65 °C for 10 min.  The suspension was mixed 
with an equal volume of a mixture of chloroform and iso-
amyl alcohol (24:1, v/v), and centrifuged at 12,000×g for 
5 min at 4 °C.  After centrifugation, the aqueous layer was 
recovered.  Total RNA in the aqueous layer was precipi-
tated with 2–propanol, and the precipitate was dissolved 
in TE buffer containing 10 mM Tris–HCl (pH 8.0) and 
1 mM EDTA.  Poly(A)+ RNA was purified using the 
PolyATract mRNA Isolation System III (Promega, Madison, 
WI, USA) according to the manufacturer’s instructions.

PCR amplification of partial cDNA fragment of 
NtTRE

Poly(A)+ RNA (150 ng) was reverse–transcribed into 
first–strand cDNA with oligo (dT) primer and Reverscript 
I (Wako Pure Chemical Industries, Osaka, Japan) accord-
ing to the manufacturer’s instructions.  The synthesized 
first–strand cDNA was used as a template in the PCR 
using degenerated primers, NtTRE1 (5’–TT(T/C) AGA 
GA(A/G) GTT TAT TAC TGG GAT CC–3’) and NtTRE3 
(5’–GCC CA(T/C) CCA TT(T/C) GGA (A/G)A(A/G) TCC 
CA(T/C) TG–3’), which were designed based on the con-
served regions of deduced amino acid sequences of TRE 
genes from several higher plants.  PCR amplification was 
performed using Ex Taq DNA polymerase (Takara, 
Kyoto, Japan) with the conditions recommended by the 
manufacturer.  The amplified PCR products were purified 
from agarose gel slices using a QIAquick Gel Extraction 
Kit (Qiagen, Venlo, Netherlands).  The purified PCR prod-
uct was subcloned into a pGEM–T easy vector (Promega).  

The plasmid generated was used in the transformation 
of E. coli DH5α strain by the method of Hanahan (1983).  
Nucleotide sequence of the PCR product was deter-
mined using an ALF express sequencer (Amersham 
Pharmacia Biotech, Uppsala, Sweden) by the use of an 
AutoSequencer Core Kit (Toyobo, Tokyo, Japan) accord-
ing to the method of Sanger et al. (1977). 

Rapid amplification of cDNA ends (RACE)
The full–length cDNA sequence of NtTRE was deter-

mined by 5’– and 3’–RACE procedures.  For 3’–RACE, 
first–strand cDNA was synthesized using Reverscript I, 
oligo(dT) primer with 3’–adapter sequence (5’–TGG AAG 
AAT TCG CGG CCG CAG GAA T17–3’).  First PCR was 
performed with primers, TRE7 (5’–GTT GCA CGG TTT 
ACA GAA GCT TCT–3’) and adapter primer (5’–TGG 
AAG AAT TCG CGG CCG CAG–3’), to amplify the 
3’–unknown DNA region.  Nested PCR was performed 
with primers, TRE4 (5’–CAG CAA CAC ATC CGA GGA 
TAT TTA–3’) and adapter primer, using the diluted first 
PCR product as a template. 

For 5’–RACE, first–strand cDNA was synthesized 
using a 5’–Full RACE Core Set (Takara) with a 5’–phos-
phorylated primer TRE8 (5’–pCCA CAT AGC ATA GTA 
TCG ACT C–3’).  The synthesized cDNA was ligated using 
T4 RNA ligase (supplied in the kit) to generate a concate-
mer of the cDNAs.  The 5’–unknown region of NtTRE was 
amplified with primers, S1–TRE9 (5’–GGA CTT GGT 
TAG AAG ATC TCT TTC–3’) and A1–TRE11 (5’–CAA 
CAA TCA TTG CAG ACA GGA GAG–3’).  Nested PCR 
was performed with primers, S2–TRE10 (5’–AGT GAC 
TAT TCA AGA TGC TCA GGG–3’) and A2–TRE12 
(5’–CTG TTA GTG TAG TAT GCT CGT GCA–3’), using 
the diluted first PCR product as a template.  The RACE 
fragments were subcloned into a pGEM–T easy vector 
followed by sequencing as described above. 

Sequence analysis
Homologous proteins to the deduced amino acid 

sequence of NtTRE were searched using the BLAST pro-
gram (Altschul et al., 1990) on the National Center of 
Biotechnology Information web site (http://www.ncbi.
nlm.nih.gov/).  Alignment of deduced amino acid 
sequences of TREs from various organisms was con-
structed with the Clustal W program (http://align.genome.
jp/).

Plasmid construction and transformation of E. 
coli

An open reading frame of NtTRE gene was amplified 
by PCR using two primers with the recognition sites of 
SalI and NotI, TRE–F–SalI (5’–ACG CGT CGA CTA TGA 
TTT TCA CTC TGT TTA TAT TAT C–3’) and TRE–R–
NotI (5’–ATA AGA ATG CGG CCG CTC AGT AGC AGT 
CAA TCT TCA AGT–3’).  The recognition sites of SalI and 
NotI are underlined.  The amplified DNA fragment was 
digested with the corresponding enzymes and introduced 
into the SalI–NotI site of a pGEX–4T–2 vector (GE 
healthcare, Heidelberg, Germany) to express NtTRE as 
a glutathione–S–transferase (GST)–tagged protein.
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The plasmid construct, designated pGEX–4T–2/
NtTRE, was introduced into E. coli BL21(DE3)pLysS by 
the method of Hanahan (1983).  Transformants were 
screened onto a LB agar plate containing ampicillin 
(100 µg/ml) and chloramphenicol (34 µg/ml) as selective 
agents by cultivation at 37 °C for 18 h.  The transformed 
E. coli was designated BL21/pGEX/NtTRE.

Expression of GST–tagged NtTRE in E. coli
The BL21/pGEX/NtTRE cells were cultured in LB 

containing ampicillin and chloramphenicol (LB/Amp/
Cam) at 37 °C overnight.  The overnight culture was inoc-
ulated into LB/Amp/Cam, and then the inoculated cul-
ture was incubated at 37 °C until the OD660 reached 0.4.  
Expression of NtTRE was induced by addition of 
isopropyl–β–D–thiogalactopyranoside (IPTG) at a final 
concentration of 1 mM followed by cultivation at 37 °C 
for 3 h.  The culture was then centrifuged at 4,000×g for 
10 min at 4 °C, and the harvested cells were suspended 
in 20 mM potassium phosphate buffer (pH 6.0).  The cells 
were disrupted by sonication using a Tomy Ultrasonic 
Disrupter UP–201 (Tomy Seiko, Tokyo, Japan) for 6 min 
at 48 W with 0.5–s pulses at 0.5–s intervals, and then cen-
trifuged at 20,000×g for 10 min at 4 °C.  The obtained 
supernatant and precipitate were subjected to SDS–
PAGE (Laemmli, 1970) to check the soluble or insoluble 
expression of GST–NtTRE. 

Solubilization of inclusion body
To recover the recombinant NtTRE from the precip-

itate of disrupted BL21/pGEX/NtTRE cells, the precipi-
tate was resuspended in 20 mM potassium phosphate 
buffer (pH 6.0) containing 4% (w/v) Triton X–100.  The 
suspension was incubated at room temperature for 1 h, 
centrifuged at 20,000×g for 10 min at 4 °C, washed twice 
with sterilized water, and resuspended in 8 M urea.  The 
suspension was incubated at 37 °C for 1 h and then cen-
trifuged (20,000×g, 10 min, 4 °C) to recover the super-
natant containing soluble protein.  The soluble protein 
was dialyzed against water and then lyophilized. 

N–terminal amino acid sequencing and purification 
of NtTRE protein

The lyophilized protein was dissolved in 30 mM Tris–
HCl (pH 6.8) containing 1% (w/v) SDS, 20% (w/v) glyc-
erol, 10% (v/v) 2–mercaptoethanol, and 0.0005% 
bromophenol blue.  The sample was boiled for 3 min and 
subjected to 10% SDS–PAGE (Laemmli, 1970).  After 
electrophoresis, the separated protein was electroblot-
ted onto a polyvinylidene difluoride membrane (Towbin 
et al., 1979).  The N–terminal sequence of the solubilized 
protein was analyzed with a gas–phase protein sequence 
analyzer (model PPSQ–21; Shimadzu, Kyoto, Japan). 

The dissolved protein sample was separately sub-
jected to preparative electrophoresis using a disc pre-
parative electrophoresis apparatus NA–1800 (Nihon Eido, 
Tokyo, Japan) since the GST–tag was cleaved from the 
expressed protein based on the result of SDS–PAGE.  
The purified NtTRE protein was used in the production 
of anti–NtTRE antibodies raised in rabbit. 

Plasmid construction and transformation of yeast
The NtTRE gene was amplified by PCR using two 

primers with the recognition sites of ClaI and SacI, TRE–
F–ClaI (5’–CCA TCG ATG ATT TTC ACT CTG TTT ATA 
TTA–3’) and TRE–R–SacI (5’–GAT AGA GCT CTC AGT 
AGC AGT CAA TCT TC–3’).  The recognition sites of ClaI 
and SacI are underlined.  The amplified DNA fragment 
was digested with the corresponding enzymes and intro-
duced into the ClaI–SacI site of a pESC–TRP vector 
(Stratagene), which is downstream of the galactose–
inducible promotor PGAL10.

The plasmid construct, designated pESC–TRP/
NtTRE, was introduced into S. cerevisiae YPH500 by 
the method of Ito et al. (1983).  Transformant were 
screened onto a SR–Trp agar plate at 30 °C for 3 d.  The 
transformant was designated YPH/pESC/NtTRE. 

Expression of NtTRE in yeast and protein extrac-
tion

The transformed yeast cells were cultured overnight 
in SR–Trp medium with shaking at 30 °C.  The overnight 
cultures were inoculated into SR–Trp containing 2% 
galactose to express the introduced gene.  After 24 h of 
cultivation at 30 °C, the yeast cells were harvested by 
centrifugation at 1,000×g for 10 min and suspended in 
20 mM potassium phosphate buffer (pH 6.0).  The cell 
suspension was mixed with an equal volume of 0.5 mm 
diameter glass beads and homogenized for 5 min at 4 °C 
with a vortex mixer.  The homogenates were centrifuged 
at 20,000×g at 4 °C for 10 min.  The soluble cell lysates 
were recovered and used as protein extracts.

Immunodetection of NtTRE
The protein extracts were separated by SDS–PAGE 

and electroblotted onto a nitrocellulose membrane.  The 
membrane was blocked with TTBS (100 mM Tris–HCl 
buffer (pH 7.5), 0.9% (w/v) NaCl, and 0.1% (w/v) Tween 
20) containing 3% (w/v) skimmed milk.  The membrane 
was treated with rabbit anti–NtTRE antibodies diluted 
with TTBS containing 3% skimmed milk.  After washing 
the membrane four times with TTBS, it was incubated 
with a sheep anti–rabbit IgG–peroxidase conjugate 
(Dainihonseiyaku, Osaka, Japan), followed by detection 
of the peroxidase activity in 100 mM Tris–HCl buffer (pH 
7.5) containing 0.8 mg/ml diaminobenzidine, 0.4 mg/ml 
NiCl2, and 0.008% H2O2.  All procedures in this section 
were performed at room temperature.

Trehalase activity assay
Trehalase activity of protein extracts of transformed 

yeast was assayed by the method of Uhaland et al. 
(2000) with slight modifications.  One hundred micro-
grams of protein extracts of yeast cells cultured in SR–Trp 
containing 2% galactose were mixed with 1 mM treha-
lose, and the mixture was filled up to 300 µl with 20 mM 
potassium phosphate buffer (pH 6.0).  The mixture was 
incubated at room temperature for 1 h.  After incubation, 
samples were boiled to stop trehalase reaction and then 
centrifuged (20,000×g, 5 min, 4 °C) to remove dena-
tured protein in the samples.  Glucose concentrations of 
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samples were measured using a F–kit glucose (JK 
International, Tokyo, Japan).  Trehalase activity was 
expressed as the percentage of trehalose degraded by 
100 µg of protein (% trehalose degraded).

Determination of trehalose content
Trehalase activity was also assayed by determining 

intracellular trehalose content in yeast cells grown in 
SR–Trp containing 2% galactose by the method of 
Zentella et al. (1999).  Yeast cells were harvested by cen-
trifugation (20,000×g, 1 min, 4 °C), washed three times 
with water, and lyophilized.  The lyophilized cells were 
suspended in 0.25 M Na2CO3 at a concentration of 20 mg 
dried cells/ml.  The suspension was boiled in a water bath 
for 10 min.  After cooling, samples were centrifuged and 
an aliquot (200 µl) of supernatant was mixed with 100 µl 
of 1 M acetic acid to neutralize the solution.  Trehalose 
in the mixture was degraded with 0.125 U of trehalase 
from porcine kidney (Sigma–aldrich, St. Louis, MO, 
USA) in buffer T (0.3 M sodium acetate, 0.03 M CaCl2, 

pH 5.5) at 37 °C for 1 h.  Glucose concentrations of sam-
ples were measured using a F–kit glucose, and trehalose 
content (µmol/dry cell weight) was calculated according 
to the manufacturer’s instructions. 

RESULTS

Isolation of full–length cDNA clone encoding 
NtTRE

To amplify a partial fragment of a cDNA clone corre-
sponding to the TRE gene from N. tabacum, two oligo-
nucleotides were synthesized based on a conserved region 
of the deduced amino acid sequences of TREs from sev-
eral organisms.  A conserved region of the open reading 
frame of TRE was amplified by PCR.  The amplified DNA 
fragment, which was 950 bp in size (data not shown), 
was subcloned into a pGEM–T easy vector to determine 
the nucleotide sequence.  After sequencing of the ampli-
fied DNA fragment and confirmation of the fragment as 
a part of the objective clone, it was used for isolation of a 

Fig. 1. The alignment of deduced NtTRE and deduced TREs from various organisms was constructed using the 
Clustal W program (http://align.genome.jp/).  Accession numbers for the sequences, shown in parenthe-
ses, are as follows: GmTRE1: Glycine max TRE1 (AF124148), AtTRE1: A. thaliana TRE1 (NM_118536), 
HsTRE: Homo sapiens TRE (AB000824).  A conserved region of trehalase (–QWDx[G/A/V]W[P/A/S]P; 
Kopp et al., 1993) is boxed.  N–terminal amino acid sequence (NH2– MIKSETCTST) of 56–kDa NtTRE 
protein expressed in E. coli is double–overlined.
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full–length TRE cDNA clone.  To isolate the full–length 
cDNA clone, 5’– and 3’–RACE procedures were per-
formed, and the full–length cDNA sequence was deter-
mined.  The tobacco TRE cDNA, designated NtTRE, was 
1,977 bp long and contained an open reading frame 
encoding 580 amino acid residues with a predicted molec-
ular mass of about 65.7 kDa and an isoelectric point of 
5.2.  The deduced amino acid sequence of NtTRE showed 
sequence similarity to those of TREs from various organ-
isms (Fig. 1).  Furthermore, a conserved amino acid 
sequence of TRE (–QWDXPX[G/A/V]W[P/A/S]P–; Kopp 
et al., 1993) was found in the deduced amino acid 
sequence of NtTRE (Fig. 1).  The nucleotide and 
deduced amino acid sequences of NtTRE were deposited 
at DDBJ/EMBL/GenBank under accession number 
AB501123.

Expression of NtTRE in E. coli and purification of 
the expressed protein

To produce anti–NtTRE antibodies, NtTRE gene was 
expressed in E. coli as a GST–fusion protein.  E. coli 

cells expressing the gene were cultured after addition of 
1 mM IPTG at 37 °C for 3 h.  The NtTRE protein was 
expressed as two separate proteins (Fig. 2A).  The pro-
teins were approximately 56 and 28 kDa in size, respec-
tively, as described in Fig. 2A and they seemed to form 
inclusion body, which are sometimes found in the case 
of GST–fused expression (Krömer et al., 1997; 
Bettadapura et al., 1998; Iwata et al., 2000).  Thus, the 
inclusion body was solubilized with 8 M urea and sub-
jected to preparative electrophoresis to purify the 56–kDa 
protein (Fig. 2B), which would contain NtTRE region 
abundantly since an E. coli carrying an empty pGEX–
4T–2 vector also expressed approximately 28–kDa pro-
tein.  N–terminal amino acid sequence of the 56–kDa pro-
tein (NH2– MIKSETCTST–) was found in the deduced 
amino acid sequence of NtTRE.  Therefore, the 56–kDa 
protein was thought to contain almost all parts of NtTRE 
protein, thus antibodies against NtTRE were raised in 
rabbit using the purified 56–kDa protein as an antigen.

Expression of NtTRE in yeast
To determine trehalase activity of NtTRE, the corre-

sponding gene was also expressed in S. cerevisiae 
YPH500 by introducing the gene into a pESC–TRP vec-
tor.  Western blotting and immunodetection using anti–
NtTRE antibodies showed soluble expression of NtTRE 
protein in yeast cells (Fig. 3). 

Trehalase activity of NtTRE expressed in yeast
Trehalase activity of NtTRE protein was assayed by 

two methods as described in Materials and Methods.  As 
shown in Fig. 4A, protein extract of YPH/pESC/NtTRE 
showed significant TRE activity (59.5±7.2% trehalose 
degraded) when compared to that of control yeast (YPH/
pESC; 39.4±4.7% trehalose degraded).  Furthermore, 
intracellular trehalose content in yeast was reduced sig-
nificantly by expression of NtTRE gene (Fig. 4B).  
Trehalose contents in two yeast strains were as follows: 
YPH/pESC (21.4±2.4 µmol/g cell dry weight), YPH/
pESC/NtTRE (16.2±2.2 µmol/g cell dry weight).

 

Fig. 2. (A) Expression of NtTRE protein in E. coli was checked 
by 10% SDS–PAGE.  Lane 1, soluble protein from BL21/
pGEX (empty); lane 2, soluble protein from BL21/pGEX/
NtTRE; lane 3, insoluble protein from BL21/pGEX/NtTRE.  
(B) The 56–kDa protein was purified using preparative 
electrophoresis.  Lane 1, E. coli insoluble protein; lane 2, 
purified 56–kDa protein.  The arrow indicates a band cor-
responding to the 56–kDa protein.

Fig. 3. Protein extracts from yeast cells were separated by SDS–
PAGE, blotted onto a nitrocellulose membrane, and detect-
ed with anti–NtTRE antibodies.  Protein was extracted from 
yeast cell culture with and without galactose (indicated 
with + and –).  The arrow indicates a band corresponding 
to NtTRE protein (65.5 kDa).
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DISCUSSION

Trehalose is known as a cellular protectant against 
various stresses including freezing stress, therefore, uti-
lization of trehalose for improvement of stress tolerance 
of agricultural crops has been expected.  Accumulation 
of trehalose has been reported in animals, bacteria, and 
yeast, and several researchers have achieved accumula-
tion of trehalose in plants and improvement of the stress 
tolerance by introducing bacterial genes involved in tre-
halose biosynthesis (Jang et al., 2003).  For application 
of the trehalose accumulation to practical agricultural 
products, origin of the introduced gene is controversial.  
Suppression of trehalase activity is a way to accumulate 
trehalose in plant cells (Goddijin et al., 1997; Vogel et 
al., 2001).  Although several researchers have studied 
trehalase from plants, improvement of stress tolerance 
of plants by modifying the TRE gene has not yet been 
achieved to our knowledge.  Furthermore, function of 
trehalase in plants has not been identified since plants 
have no or quite little substrate for trehalase (Müller et 
al., 1995).  To gain additional information on trehalase in 

plants, we isolated and analyzed a gene encoding treha-
lase from N. tabacum.  Deduced amino acid sequence of 
NtTRE contained a conserved region of trehalase and 
showed high homology to those of TRE genes from 
plants and other organisms (Fig. 1).  Therefore, the 
NtTRE gene was considered to encode a trehalase in 
tobacco.

To determine the enzymatic properties of NtTRE, 
the gene encoding NtTRE was expressed in E. coli as a 
GST–tagged protein.  Trehalases are glycosyl hydrolases 
that exhibit strong substrate specificity for trehalose and 
identified both in many eukaryotes and prokaryotes 
(Elbein, 1974).  Most fungi have two types of trehalases, 
acid trehalase and neutral trehalase, that differ in sev-
eral enzymatic properties such as primary structure, 
thermostability, and working pH range (Thevelein, 
1984), on the other hand, most bacteria and plants are 
thought to have only one type of trehalase (Parrou et al., 
2005).  The GST–NtTRE was expressed as an insoluble 
protein, however, the expressed protein was detected as 
two separate proteins, which were 56 and 28 kDa in size, 
respectively (Fig. 2A).  The 56–kDa protein was deter-
mined as NtTRE based on its N–terminal amino acid 
sequence (NH2– MIKSETCTST).  It was considered that 
to purify the protein was difficult and complicated since 
the protein did not contain the GST–tag, the 56–kDa 
protein was purified by the disc preparative electro-
phoresis method, and the purified protein was used only 
for production of anti–NtTRE antibodies as an antigen.  
Given such unfavorable results, the function of NtTRE 
should be investigated in other way.

The NtTRE gene was also expressed in yeast, S. cer-
evisiae YPH500, using a pESC–TRP vector.  Since the 
NtTRE protein was expressed as a soluble protein (Fig. 
3), function of the protein as trehalase was examined 
using the transformed yeast.  As shown in Fig. 4A, sig-
nificantly high trehalase activity was detected in protein 
extract (100 µg) of the transformant when compared to 
that of control strain.  And also, intracellular trehalose 
amount in yeast was significantly reduced by expression 
of NtTRE (Fig. 4B).  Trehalase is thought to be one of 
main reasons why trehalose cannot be detected in 
plants, since some plants can accumulate trehalose when 
treated with a strong trehalase inhibitor, validamycin A 
(Müller et al., 1995, López et al., 2009).  In addition, the 
inhibition led to accumulation of trehalose in root nod-
ules of Medicago truncatula and enhanced its salt tol-
erance (López et al., 2009).  Our results and those reports 
suggest that NtTRE functions in tobacco with high activ-
ity to avoid high–level accumulation of trehalose in the 
cells.  Thus, it is expected that trehalose can be accumu-
lated in tobacco by suppression of the expression and 
the acitivity of NtTRE. 

Very low trehalose synthetic activities of TPS and 
TPP are also considered as a reason that plants cannot 
accumulate trehalose.  Although the genes encoding them 
have been identified in many plant species and charac-
terized so far, most of the gene products had very low 
trehalose synthetic activities (Van Dijck et al., 2002).  
Some researchers have achieved to enhance TPS activity 

Fig. 4. (A) TRE activity of NtTRE expressed in yeast was assayed 
using protein extracts of yeast.  (B) TRE activity of NtTRE 
was also assayed by determination of intracellular treha-
lose content in yeast.  Data are means ± S.D. obtained 
from three independent experiments.  Values with aster-
isks are significantly different from that of pESC strain at 
*p<0.05 and **p<0.01.
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by construction of mutated TPS that was excluded its 
N–terminal extension commonly found in plant TPSs 
(Zentella et al., 1999; Van Dijck et al., 2002).  This tech-
nique may be applicable in tobacco TPS and lead to tre-
halose accumulation in the cells.  To investigate it, the 
genes encoding TPS (and TPP) should be isolated from 
tobacco in further studies.

In the present study, the NtTRE gene encoding tre-
halase was isolated from tobacco.  The NtTRE protein 
showed significant trehalase activity when expressed in 
yeast.  Our results provide a possibility to construct a 
modified tobacco plant that has low level NtTRE activity 
by gene disruption or antisense suppression techniques.  
Combined effect of overexpression of TPS and TPP 
genes is also expected.  As one of other trials, accumula-
tion of trehalose may be achieved by cultivation of plants 
under sublethal salt stress condition, since M. truncat-
ula showed down–regulation of TRE expression and 
increased trehalose content under high concentration 
(150–250 mM) of NaCl (López et al., 2008).  Changes in 
the expression level and the activity of NtTRE under 
stress condition should be also investigated in further 
studies.
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