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Abstract The psychrotolerant yeast Guehomyces pullu-
lans 17-1 grows the best at 15 °C. When the yeast cells
grown at 15 °C for 48 h were transferred to new medium
and grown at 10, 15, and 25 °C, respectively, trehalose-6-
phosphate synthase (Tpsl) activity and trehalose content of
the yeast cells grown at 25 °C were higher than those of the
yeast cells grown at 10 and 15 °C. However, Tps1 activity
and trehalose content of the yeast cells grown at 10 °C
were lower than those of the yeast cells grown at 15 °C.
This may suggest that trehalose synthesized by G. pullu-
lans 17-1 only can play more important role in its adaption
to high temperature than in its adaption to low temperature.
After the GPTPSI gene encoding trehalose-6-phosphate
synthase was cloned from the psychrotolerant yeast, it was
found that the promoter of the gene contained several
stress—response elements such as C4T and AGy, indicating
that the gene expression might be regulated by heat shock.
It was also found that the transcriptional level of the
GPTPS]I gene in the yeast cells grown at 25 °C was higher
than that of the GPTPS1 gene in the yeast cells grown at 10
and 15 °C. However, the transcriptional level of the
GPTPSI gene in the yeast cells grown at 10 °C was lower
than that of the yeast cells grown at 15 °C. This meant that
expression of the GPTPSI gene was constant with the
changes in Tpsl activity and trehalose content of the yeast
cells.
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Introduction

A psychrophile is defined as an organism that is capable of
growth at or below 0 °C, but unable to grow above 20 °C,
whereas as a psychrotolerant, while capable of growth at
around 0 °C, can grow well above 20 °C (Gerday 2000). It
has been reported that 80 % of the biosphere has temper-
atures below 5 °C. For example, much of the oceans, which
cover some 70 % of the Earth’s surface, are at an average
temperature of —1 to 5 °C. Polar regions, including Ant-
arctica and those portions of North America and Europe
that lie within the Arctic circle, constitute some 20 % of
the world’s land surface area (Casanueva et al. 2010). The
low temperatures and low liquid water availability within
such cold habitats make these regions extremely inhospi-
table to most forms of life (Casanueva et al. 2010). How-
ever, psychrophiles and psychrotolerants can grow well in
such cold environments. Therefore, they can play an
important role in this world. It has also been well docu-
mented that they have potential applications in biotech-
nology (Hua et al. 2010).

Temperature is the defining factor affecting psychro-
philes’ growth and survival. Consequently, it is of con-
siderable significance to know how the psychrophiles
survive in their native environments and how they adapt to
temperatures exceeding their maximal growth temperature.
It has been well documented that induced stress tolerance is
related to concomitant synthesis of heat-shock protein,
cold-shock protein, antifreeze proteins, ice-binding pro-
teins, glycine, betaine, glycerol, mannitol, sorbitol and
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unsaturated fatty acids (Deegenaars and Watson 1998;
Rossi et al. 2009). The accumulation of these compatible
solutes results in a reduction of the freezing point of the
cytoplasmic aqueous phase and might also directly stabi-
lize cytoplasmic macromolecules, particularly enzymes.
Trehalose is widely present in bacteria, yeasts, and fungi as
well as some insects, invertebrates and plants (Schick et al.
1995). Recent results have shown that trehalose does not
only primarily function as a reserve carbohydrate, but also
as a highly efficient protectant, enhancing the resistance of
cellular components against adverse conditions such as
high temperature, freezing, low dehydration, high osmotic
pressure and high concentration of ethanol (Chi et al.
2003). However, little has been known about the physio-
logical role of trehalose in psychrophiles (Magan 2007)
and the exact mechanism by which trehalose protects the
cell remains to be elucidated. In our previous studies (Song
et al. 2010a), a psychrotolerant yeast Guehomyces pullu-
lans 17-1 was isolated from sea sediment in Antarctica. It
was found that it could yield both extracellular and cell-
bound B-galactosidase (Song et al. 2010b). In this study,
Tps1 activity and trehalose content of the yeast cells grown
at different temperatures were examined. After the TPS]
gene trehalose-6-phosphate synthase was cloned from the
psychrotolerant yeast, the transcriptional level of the TPS/
gene in the cells grown at different temperatures was also
examined. This is the first time to investigate how Tpsl
activity, trehalose contents and expression of TPS/ gene in
the psychrotolerant yeast grown at different temperatures
are changed and such investigation is helpful to understand
how the psychrotolerant yeasts adapt to changes in sur-
rounding temperature.

Materials and methods
Microorganisms and media

The psychrotolerant yeast G. pullulans 17-1 (the culture
collection number is 2E00825 at the Marine Culture Col-
lection of China) used in this study was isolated from sea
sediment in Antarctica (ZS1: S69  22/22", salt 3.0 % and
temperature 1.5 °C; the samples were collected on 9 March
2007) (Song et al. 2010a). The yeast strain grew the best
and produced high levels of both extracellular and cell-bound
B-galactosidase at 15 °C (Song et al. 2010a). The yeast
strain was cultivated and maintained on YPD medium which
contained 2.0 % (w/v) glucose, 2.0 % (w/v) polypeptone,
1.0 % (w/v) yeast extract, and 2.0 % (w/v) agar. The
Escherichia coli strain used in this study was DH5a
[F~ endAl hsdR17(rK~/mK") supE44 thi~ 1k~ recAl gyr®®
lacU169(u80lac-ZAM15)] kept in this laboratory and was
grown in 5.0 mL of Luria broth (LB) at 37 °C overnight.
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The E. coli transformants were grown in 5.0 mL of LB
medium with 100 pg/mL of ampicillin at 37 °C overnight.

The cell cultivation at different temperatures

The yeast cells of G. pullulans 17-1 were grown in 5.0 mL
of YPD medium at 15 °C and 180 rpm for 24 h. When cell
density of the yeast culture reached OD¢gonm, = 4.0, 1.0 mL
of the culture was transferred to 50.0 mL of new YPD
medium and the new culture was grown at 15 °C and
180 rpm for 48 h. 5.0 mL of the yeast culture was harvested
and washed by centrifugation at 4 °C and 5,000xg for
10 min. 5.0 mL of the washed yeast cells was transferred to
50.0 mL of new YPD medium and the mixture was culti-
vated at 10, 15, and 25 °C and 180 rpm for 48 h. During the
cultivation, the yeast cells were collected and washed at the
interval of 6 or 12 h for determination of trehalose contents
and Tps1 activity as described below. At the same time, cell
density (ODgponm) Of the yeast cultures was also measured
using spectrophotometer.

Trehalose extraction and quantitative determination

Trehalose in the yeast cells was extracted with 0.5 M tri-
chloroacetic acid as described by Chi et al. (2003) and
trehalose content in the extract was assayed by the
Anthrone Method (Stewart 1982).

Measurement of cell dry weight

The yeast cells from 5.0 mL of culture were harvested and
washed three times with distilled water by centrifugation at
5,000x g for 10 min. Then, the cells in the tube were dried
at 100 °C until the cell dry weight was constant.

Preparation of intracellular enzymes of the yeast

The washed cells were resuspended in 10.0 mL of disruption
buffer (0.06 M Na,HPO,-7H,0O, 0.04 M NaH,PO,-H,0,
0.01 M KCl, 0.001 M MgS0O,-7H,0, pH 7.0). The cell sus-
pension was mixed with 19 mL of glass beads (0.25-0.30 mm
diameter). The mixture was shaken in a Merckenschlager cell
homogenizer (Braun-Melsungen, Germany) with CO, cool-
ing for 7 min. The disrupted cells were centrifuged at4 °C and
12,000 g for 20 min and the supernatants obtained were used
as the intracellular crude enzymes. Total protein quantity in
the supernatant was determined using Coomassie brilliant
blue assay (Bradford 1976).

Measurement of Tpsl activity

Tpsl activity in the supernatant obtained above was mea-
sured as described by Hottiger et al. (1987). 0.24 mL of the
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supernatant and 0.16 mL of the mixture containing
0.05 mM Hepes—-KOH (pH 7.0), 5.0 mM UDP-glucose,
10.0 mM 6-phosphate-glucose and 12.5 mM MgCl, were
incubated at 22 °C for 20 min. The reaction was stopped at
100 °C for 5.0 min. After cooling, the heated mixture was
mixed with 0.6 mL of HCI solution (final HCI concentra-
tion was 100.0 mM) and the mixture was heated again at
100 °C for 10 min. After cooling, the mixture was mixed
with 0.6 mL of NaOH solution (final NaOH concentration
was 150.0 mM) and heated at 100 °C for 10 min. The
above treatment will destroy all the sugars in the mixture
except 6-phosphate-trehalose formed during the reac-
tion. 6-phosphate-trehalose formed was quantitatively
determined using the Anthrone Method (Stewart 1982).
One unit of Tpsl activity was defined as the amount of
Tpsl producing 1.0 UM 6-phosphate-trehalose per min
under the conditions used in this study. The specific Tpsl
activity was expressed as the units per mg of protein.

Isolation of DNA, restriction digestions,
and transformation

Yeast genomic DNA for amplification of the gene encod-
ing Tps1 was isolated with TIANamp Yeast Genomic DNA
Kits (Tiangen Biotech (Beijing) Co., Ltd.). Restriction
endonuclease digestions and DNA ligations were per-
formed according to the manufacturer’s recommendations.
E. coli was transformed with plasmid DNA according to
Sambrook et al. (1989). E. coli transformants were plated
onto LB medium containing 100 pg/mL of ampicillin.

Cloning of the full-length TPS/ gene

The conserved amino acid sequences of the Tpsl from
different species of eukaryotic microorganisms were
downloaded from GenBank (http://www.ncbi.nlm.nih.gov/)
and were used to design the degenerate primers to clone
these homologs. Codon usage database of G. pullulans was
also taken into account for designing the degenerate primers

Table 1 The primers used in this study

to clone these homologs. The degenerate sense primer and
antisense primer were reDs and reDa (Table 1), respec-
tively. The DNA fragment encoding the conserved amino
acid sequence of the Tpsl was PCR amplified from the
genomic DNA of G. pullulans 17-1 using the primers reDs
and reDa and sequenced. Then, inverse PCR was performed
to clone the gene encoding Tpsl according to the methods
described by Sambrook et al. (1989). The primers Ose and
Oan for inverse PCR were designed according to the partial
gene encoding the Tpsl in G. pullulans 17-1 (Table 1). The
genomic DNA of G. pullulans 17-1 was digested with
HindIIl. The DNA fragments were purified with TTANquick
Mini Purification Kits [Tiangen Biotech (Beijing) Co.,
Ltd.]. The DNA fragments were circulated by T, DNA
ligase (MBI) at 22 °C for 4 h. The circulated DNA was
purified again with TIANquick Mini Purification Kits.
Inverse PCR system was composed of 5.0 pLL 10x La Tag
buffer (TaKaRa, Japan), 8.0 uL 2.5 mM dNTP, 1.0 pL
20.0 uM of each primer, 1.0 pL the circulated DNA, 0.5 pL
La Tag DNA polymerase, and 33.5 pL double-distilled
water. Touchdown PCR conditions were 94 °C 8 min;
94 °C 30 s, 66.5-0.5 °C 40 s, 72 °C 2 min 30 s, 20 cycles;
94 °C 30 s,56.5 °C40 s, 72 °C 2 min 30 s, 15 cycles, final
extension at 72 °C for 15 min. After the PCR products were
checked and separated by agarose gel electrophoresis and
sequenced, the TPSI gene in G. pullulans 17-1 was
obtained. In order to obtain the full-length of the TPS/ gene
including 3’-noncoding and 5’-noncoding regions, genome
walking techniques were applied using three forward
primers (Z1, Z2, and Z3) and three reverse primers (F1, F2,
and F3) (Table 1). After the sequence of the PCR products
was analyzed with NCBI ORF finder program and aligned
with the known sequences of the genes encoding Tps1 from
different fungi by NCBI BLASTn, the full-length of the
TPS1 gene in G. pullulans 17-1 was obtained and named
GPTPS]1 gene (accession number: JX046041).

The cells of G. pullulans 17-1 for RNA extraction were
prepared and total RNA in the collected cells was extracted
using RNAiso Reagent (TaKaRa) and the contaminating

Primer Sequence Primer Sequence

reDs 5"-TTYYTNCAYACDCCNTTYCC-3' F2 5'-AGAGGAAGTGGCGGGCGTAGTCGTA-3'
reDa 5-"TGNGCDGCHCCNGYRAAYTC-3' F3 5'-GATCCGGTAGATTTCCGAGGAGGGG-3’
Ose 5'-GGCACCGTAGAGTTCATGCCGATCC-3' rcs 5'-CATGGCCGACGAGAAACGCCTGATC-3’
Oan 5'-AGAGGAAGTGGCGGGCGTAGTCGTA-3' rca 5'-CTAGGGAGTGACGTCGGGGTTGAGA-3'
Z1 5'-AGAACCTCCGAGCGACGGTAAACGA-3' Rts 5'"TGAAGGCATCAAGGCTGGGTC-3'

72 5'-GTTCTCCTCCCTATCTCCCACCGTT-3’ Rta 5'-CCGGTAGATTTCCGAGGAGGG-3'

73 5'-AGTCGCTCAACGGCTCGCTCATCAT-3' 26Sf 5'-ATTGGCGAGAAACCGATAGCGAAC-3'
F1 5'-GAGTTTGACGCCGTCAAAGCGTTGC-3’ 26Sr 5'-AACCGAGAAGTACACCGGCAGAAC-3’

@ Springer


http://www.ncbi.nlm.nih.gov/

244

Extremophiles (2013) 17:241-249

DNA was removed by DNAase I. RNA content in the
sample was measured at 260 nm and the RNA amount was
adjusted to 1.0 pg per 50 pL. ORF of the GPTPSI gene
was obtained by PCR using the primers rcs and rca
(Table 1) and the PCR product was sequenced.

Phylogenetic analysis

After the amino acid sequences of the Tpsls of Saccharo-
myces cerevisiae (accession number: CAA85083), Zygo-
saccharomyces rouxii (accession number: CAAK69413),
Yarrowia lipolytica (accession number: CAA09463),
Aspergillus niger (accession number: Q00075), Schizosac-
charomyces pombe (accession number: CAB95998),
Cryptococcus neoformans var. grubii (accession number:
AAT40476.1), and G. pullulans 17-1 (accession number:
JX04601) were downloaded from NCBI, a phylogenetic
tree of the Tpsls was constructed by MEGA 4.0. The out-
group we used was Emericella nidulans (accession number:
CAAQ72737).

Fluorescent RT-PCR

The cultures cultivated at different temperatures for 24 h
were centrifuged at 5,000xg and 4 °C for 10 min and the
pellets obtained were used as the samples for total RNA
isolation. Total RNA was purified by a RNAprep pure
Tissue Kit (TTANGEN, China). Reverse transcription was
performed using PrimeScript RT reagent Kit (TaKaRa,
Japan) according to the manufacturer’s protocol. The
fluorescent real-time RT-PCR assay was carried out in
8-strip tubes (Aikb, China) in a 20.0-puL reaction volume
per well containing 9 pL. of SYBR Green PCR Master
Mix (Applied Biosystems, USA), 0.5 pL of 1:20 diluted
cDNA, and 50 mM of each forward and reverse primer.
The primers Rts and Rta used for fluorescent real-time
PCR were designed according to the GPTPSI gene
sequence (accession number: JX046041) in G. pullulans
17-1 (Table 1). The primers 26Sf and 26Sr were designed
according to the 26S rDNA gene sequence in G. pullulans
17-1 (GenBank accession no.: EU596445) (Table 1). The
fluorescent real-time PCR was performed on a 7500 Real-
Time PCR System (Applied Biosystems, USA). The
thermal profile was one initial cycle of 2 min at 95 °C,
followed by 40 cycles of 20 s at 95 °C, 20 s at 60 °C, and
20 s at 72 °C. The fluorescent real-time RT-PCR data
obtained were analyzed with 7500 System SDS Software
v1.4.0 (Applied Biosystems). The comparative Ct method
(Livak and Schmittgen 2001) was used to analyze the
relative expression level of the gene in the cultures grown
at different temperatures. The Ct for the target amplified
the GPTPSI gene and the Ct for the internal control 26S
rDNA was determined for each sample. The Ct values for
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each set of three reactions were averaged for all the
subsequent calculations. Each datum represents the aver-
age of three experiments. The relative expression quantity
was calculated using the formula RATE = 272", The
sample data obtained from the real-time PCR analysis
were subjected to one-way analysis of variance (Wu and
Hamada 2000). P values were calculated by Student’s
t test (n = 3). P values less than 0.05 were considered as
statistically significant. Statistical analysis was performed
using SPSS 19 for Windows (SPSS Inc., Chicago, IL,
USA).

Results and discussion

The changes in cell growth and trehalose contents
in the cells cultivated at different temperatures

In our previous studies (Song et al. 2010a), it was found
that the cells of G. pullulans 17-1 isolated from sea sedi-
ment in Antarctica grew the best at 15 °C. As shown in
Fig. 1, it also could grow at 25 and 10 °C. It has been
reported that trehalose can play an important role in stress
response in microorganisms (Chi et al. 2003). However,
little has been known about the role of trehalose in adaption
to stress in the psychrotolerant yeast, such as G. pullulans
17-1 used in this study. Therefore, trehalose contents in
G. pullulans 17-1 cultivated at different temperatures were
examined. The results in Fig. 2 showed that when it grew
at 25 °C, trehalose contents of the yeast cells were higher
than those of the yeast cells grown at 15 °C. In contrast,
when it grew at 10 °C, trehalose contents of the yeast cells
were lower than those of the yeast cells grown at 15 °C
(Fig. 2). These results may reveal that trehalose plays an
important role in thermotolerance of G. pullulans 17-1, but
plays less important role in cold tolerance of the yeast. This

Cell density
(ODéoonm)

60

Time (h)

Fig. 1 Cell growth of G. pullulans 17-1 at different temperatures
(filled square 25 °C; filled diamond 15 °C; filled triangle 10 °C). Data
are given as mean £+ SD, n = 3



Extremophiles (2013) 17:241-249

245

14.0%
12.0%
10.0%
8.0%
6.0%
4.0%
2.0%

Trehalose contents (w/w)

0.0%
0 12 24 36 48 60

Time (h)

Fig. 2 The changes in trehalose contents in the yeast cells cultivated
at different temperatures (filled square 25 °C; filled diamond 15 °C;
filled triangle 10 °C). Data are given as mean = SD, n = 3

may also suggest that the psychrotolerant yeast is more
sensitive to high temperature (above 20 °C) than to low
temperature (below 10 °C) (Fig. 2), so that more trehalose
needs to be synthesized to protect the cells grown at high
temperature.

Comparing the response to heat stress in six yeast
species which include Mrakia stokesii, Mrakia frigida,
Mrakia gelida, Leucosporidium antarcticum, Leucospori-
dium fellii, and Leucosporidium scottii isolated from
Antarctica, relatively high endogenous levels of trehalose,
also elevated upon a heat shock, were exhibited by all the
species at 25 °C and the greatest increase was observed in
L. scottii with a 3-fold increase in trehalose after a heat
shock at 25 °C for 3 h (Deegenaars and Watson 1998).
Unfortunately, the response to cold stress in the six yeast
species is still unknown. However, comparisons of Heb-
eloma spp. from Arctic and temperate regions have indi-
cated that substantial accumulation of trehalose occurred
in the Arctic species when grown at low temperature
(Tibbet et al. 1998). Similarly, Humicola marvini and
Mortierella elongate, psychrophiles isolated from Signy
Island, Antarctica and grown at 5 and 15 °C, accumulated
trehalose intracellularly to a significantly greater extent
(75 % more for the latter species) at 5 than 15 °C
(Weinstein et al. 2000). Studies by Weinstein et al. (1997)
also suggested that sugar alcohols such as mannitol as well
as trehalose were increased in isolates of H. marvini,
compared with the non-psychrophilic species H. fuscoatra.
It has been well known that trehalose functions as a
thermoprotectant by stabilizing cell membranes and
accumulates markedly in cells exposed to a non-lethal heat
shock (Walker and Dijck 2006). The differences may be
due to different genetic background and regulation modes
of different yeast species. This meant that the response to
heat shock in G. pullulans 17-1 was similar to that in
M. stokesii, M. frigida, M. gelida, L. antarcticum, L. fellii,
and L. scottii isolated from Antarctica, but was different
from that in H. marvini and M. elongate.

Specific Tpsl activity
(U/mg)

0 12 24 36 48 60
Time (h)

Fig. 3 The changes in Tpsl activity in the yeast cells cultivated at
different temperatures (filled square 25 °C; filled diamond 15 °C;
filled triangle 10 °C). Data are given as mean = SD, n = 3

The changes in Tpsl activity in the cells cultivated
at different temperatures

In general, in yeasts, trehalose is synthesized in a two-step
process. First, trehalose-6-phosphate (T-6-P) is formed
from uridine diphosphate glucose (UDPG) and a-glucose-
6-phosphate by T-6-P synthase (Tpsl). Then, T-6-P is
dephosphorylated to trehalose by T-6-P phosphatase (Tps2)
(Chi et al. 2009). Therefore, Tpsl activity of G. pullulans
17-1 grown at different temperatures was tested. The
results in Fig. 3 showed that when G. pullulans 17-1 grew
at 25 °C, Tps1 activity of the yeast cells was higher than
that of the yeast cells grown at 15 °C. In contrast, when G.
pullulans 17-1 grew at 10 °C, Tpsl activity of the yeast
cells was lower than that of the yeast cells grown at 15 °C
(Fig. 3). These results were in agreement with those in
Fig. 2. However, the most dramatic temperature downshift
response in the fungi isolated from fellfield soil in the
maritime Antarctic is the induction of the trehalose-syn-
thesizing enzymes Tpsl and Tps2 in the near-freezing
temperature and the resulting production of large amounts
of trehalose (Weinstein et al. 2000). This meant that tre-
halose accumulation and Tps1 activity in G. pullulans 17-1
grown at lower temperature were different from those in
the fungi isolated from fellfield soil in the maritime
Antarctic.

Cloning and characterization of the TPS/ gene

It has been reported that trehalose-6-phosphate synthase
(Tpsl) is a subunit of trehalose synthase complex in fungi
and it plays a key role in the biosynthesis of trehalose (Chi
et al. 2009). In order to know how the TPSI/ gene is
expressed in G. pullulans 17-1 grown at different temper-
atures, the GPTPSI gene including 3’-nonconding region
and 5'-noncoding region in G. pullulans 17-1 was cloned as
described in “Materials and methods”. The results in Fig. 4
indicated that open reading frame of the GPTPSI gene
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Fig. 4 Nucleotide sequence of
the G. pullulans 17-1 TPS1
gene, its up and downstream
regions and deduced amino acid
sequence. Putative TATA box is
boxed and one stress—response
element (STREs) and two heat-
shock elements (HSEs) are
double lined. The introns are
underlined. N-glycosylation
sites are shaded
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AGATGAGGGTGGGATAGCTTGGAGGAAAGACCGAGAACGAAGAGGGGCTCCGGCCCTC TG THTATACGTGCATGTCGCT
HSE
CGCTCATGTGCGGCECCETGCCTGCCCGOGGCAGACCCTTCCTCGCAGACAGGTTGCCTGTCCTGGATCCAGGCCATAC
CATAGGTCTTTGCATTCTTTGTCTCTTGCARAGATCTGGACGAGCGAGGCARATGGTCATCATCATACGGARAGATGGAGT
CTCCGCGGAGAGT TECCCACTACGTCAGAGCGCGEATGTCCGCTCCAGGCCTCGCTGCTCCCCCTTCGGGCGCETTGCA
STRE
GGGAAGAGAARGAGAARGGAGEGGARACGTGTCCTCCGTCTCGACCACACTCTAAACACCCATCTTTCTTTCCTTCTCC

CATCCCGGCTTCTCGCCCTTGTCGTACGTGTCGGACCTCTTCCCGCCAGRARAGGACTCTTGTCGGACCTGCCGCTGAGT
TACCCGCGCCCTCTTCCAGCCCGCACACARACCCCCACCCGGCT L CCAAACTCCCTCGCCCTCGTATCTGCATCATCACC
ATG GCC GAC GAG AAR CGC CTG ATC GTC GTT TCG AARC CGA CTG CCC GTC ACC ATC TCC AAG
M A D E K R L I v v s N R L PV T I s -3
GAC AGC ARG GGA GAG TAC CAC TTC AAG GCAAGTCCTACCCAGTTTTGGATGGGGCAGCAGCGCGCGGCTC
D s K G E Y H F K
GGEGCATGGEACGACGTCAGAGCCCARGGGRAAGGGGEEEEEEEGAGEEGEEECTCCCEGTCCTCTCACCTCCCCCCTCGAC
CGTGTGACGCTCCTGTGGACTATGGGEGATGCAGGCAGCCCCTGAAGTATCCTCTTGCGTTTITACGGTCGCTGGAAAT
CATGCCGGRAGEGATCCAGGTTGAGACGACGETCAACCCTCTCCTCGCTECCETCTCCCGTCGCCTEETAGCCETTETCC
CCTTCTTTGAGAGCCGCTGCTAATGTCTTCCCCTCCCCTCTCCACAG ATG TCC TCG GGA GGA CTC GIC TCT
Intron M 5 8 G G L VvV -]
GCG CTC TCG GGC TGC AAG AAG ACG ATG AGC TTC ACC TGG AGTGAGTTCCTTTCCTCCTTCTCTCG
A L s G cC K R T M s F T W
CCCARGGCGATGACGACGACAACGACCGECGGCGGEGCCTTARCCGCCCCACCCCACCATTGGACGCGTCACGGTTCTC
TGCTCTCGCCCTTTTGCTCCGACCAGRACTGATATCTATCCCTTGTACCTCTAGTT GGA TGG CCC GGC ATC GAG

Intron I G W P G I B
ATC CCG GTT RAG GAC AGA GCC CAT GTIC ARC AAG CGG CTC ATG GAT GAG TTC CAG TGT CAG
I P vV K D R A H WV N K R L M D E F Q C Q
GCC GTT TAC CTT GAG GAC GAC ATT GCC GAC CAG CAC TAC AAGTTCGTCCCTTCTCCTGCGTGGCGC
A v 4 L E D D I A D Q H Y N
ATGGGGAGGAGCGAAAGGCTGACCGCTTTCCCACTTGCAGT GGC TTC TCT AAC TCT ATT CTC TGG CCT

Intron G F s N s I L W P
CTC TTC CAT TAT CAC CCT GGTTCATATTGCTGCTCGCTCAGTCATGCGCCGCCTCCTTCTAACTGACCTTTTC
L F H ¥ H P Intron

ATGCCCCCTCCCCCTTAACAGGA GAG ATG AAC TTT GAC GAG GAT CAT TGG CTC GCT TAC CGG GCC

G E M N F D E D H w L A ¥ R A
GTC RAAC CTC ACG TTC GCA CAG GTC GTC CTC TCT CAG CTC CGC AAG GGC GAC ATG GTC TGG
v N L T F A Q v v L s Q L R E G D M V W
GTT CAG GAC TAC CAC CTC ATG CTC CTC CCT CTC CTC CTC CGC GGC CTC ATC GCT GGG TCG
v Q oL Y H L M L L P L L L R G L I A G 5
GCC GGC GGG TCC TCC ACC CAG CGT GAG CTC GGC CGT GTC GTT GAR GGC ATC AAG GCT GGG
A G G s s T Q R E L G R v v E G I K 2a G
TCC GRG ACG GAT CAG GGC GAG CGG CCG GGC GAG GAG CGT GCG ACG GAC GTA AGC GAG CTC
s E T D Q G E R P G E E R 2a T D v s E L
ARG GAG GAG GAC ATC AAG ATC GGC TTC TTC CTT CAC ACC CCG TTC CCC TCC TCG GAR ATC
K E E D I K I G F E L H T P 2 P S S E I
TAC CGG ATC CTC CCC GTC CGG AGA GAG ATC CTC CTC GGT ATC CTC CAT TGC GAT CTC ATC
¥ R I L P v R R E I L L G I L H c D L I
GGC TTC CAC ACG TAC GAC TAC GCC CGC CAC TTC CTC TCG TCG TGC ACC CGG ATC CTC GGC
G F H T 4 D Y A R H F L s s C T R I L G
CTT CCG GCC ATG CCC AAC GGA GTC GAG CTC GAG GGC CGC TTC GCC CAG GTC GGC ACC TTC
L P A M P N G v E L E G R F A Q v G T F
CCG ATC GGC ATT GAC CCG CTC CAA TTC CAC GAG GGT CTC CAG CGG CCA TCG GTC CAG AAG
P I G I D P L Q F H E G L Q R P 5 v Q K
CGG ATC AAA GAG CTC GAG CAA CGC TTT GAC GGC GTC AAA CTC ATC GTC GGT GTC GAC CGG
R I K E L E Q R F D G v K L I v e v D R
CTC GAC TAC ATC AAG GGT GTT CCG CAG AAG CTG CAC GCA CTC GAG ATC TTC CTC ACC GAA
L D Y I KE G v P Q K L H A L E I F L T E
CAC CCA GAG TGG ATC GGT AAG GTT GTT CTC GTC CAG CTT GCG GTC CCC TCG CGT GGA GAC
H P E W I G K v v L v Q L &a v P g R G D
GIT GAG GAG TAC CAG AAC CTC CGA GCG ACG GTA AAC GAA CTC GTC GGC CGC ATC AAC GGT
v E E ¥ Q N L R & T v N E L v G R I N G
CGC TTT GGC ACC GTA GAG TTC ATG CCG ATC CAC TTT ATG CAC AAG AGC GTC TCA TTC GAG
R F G T Vv E F M P I H F M H K s v s F E
GAG CTC ACT GCC ATG TAC GCC GTT TCG GAC GCC TGC CTC GTC ACC TCG ACC CGT GAC GGC
E L T A M Y A WV 5 D A [ L Vv ) i s T R D G
ATG AAC CTC GTGCGTCGTTCTCCTCCCTATCTCCCACCGTTCCAGCTTCCGATCCTGACTCGTTCTATCCAG GTC
M N L Intron v
TCC TAT GAG TARC ATT GCG ARCT CAG GGT CAG AGA CAT GGC TCG ATG ATT CTC TCC GAG TTT
-1 8 E ¥ L A T Q G Q R H G s M I L s E F
GCC GGC GCC GCC CAG TCG CTC ARC GGC TCS CTC ATC ATC RARC CCG TGG GAT GTC CAC TCAR
A G A A Q S L N G S L I I N P W D v H S

N-glycosylation site

ACC GCC AAC GCC ATC CAC GAG GCC ATG ACG ATG GAC CCT GCG ACT CGC AAG TCG AAC TTC
T A N A I H E A M T M D P A T R K s N F
GAC AAG CTC CAC ARA GTAGGTCTGGCTCGTTCGTTCGGTTATTGCTCAARCTGACATCCTTGCCTCGACAG TAC
D K L H K Intron Y
GTC CAC AAG TAC ACT GCC GAG CAC TGG GGG ACG ACC TTT GTT AAG GAA CTC ACC CGG ATC
v H K X T A E H W G Ly T F WV K E L T R I
ARG GTGCGTTGTTTCGGGTTCGCCTACTTCTCTCACATTGCCTACTGACCTTETCACTGTCGCTCGCAG GTC CAG
K Intron v Q
ATC GAG GAG AAC CCC ACG CCC GCT CCT CTC AAC CCC GAC GTC ACT CCC TAG
I E E N P T P A P L N P D v T P *
AGCTTTCCTCCCCTTACCTCATTGGETTCTTCTTCCTTCCATTTCTTTETATGCTACGCTGCCACGTCTACTCCTTCAC
GICTCGARAAGTGCTGCTTTGATTCAATGTCARATCGGATTACARACGGGTTCCGTCGTTCARARGTCGTCGAGTCATCA
TCGGECCCCTCCTCCGCTCGTGGCTCTCCTCTACACATCGCTAGGGGACTGCCGTCTC
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Table 2 STRE or HSE in the Fungi carrying TPS] gene

STRE or HSE in the promoters of TPS/ gene

promoter of the 7PS/ gene from
different fungi
A. niger (XM_001393118)
C. albicans (XM_706614)
G. pullulans (JX046041)

Kluyveromyces lactis (XM_451921)
Magnaporthe oryzae (XM_003719983)
Penicillium marneffei (XP_002147390)

S. cerevisiae (NM_001178474)
Y. lipolytica (XP_503951)
S. fibulegira A11 (DQ364059)
Z. rouxii (XM_002496330)

Aspergillus nidulans (XM_658035)

...CCCCT...
...CCCCT...CCCCT...CCCCT...
...AGGG...CCCCT...CCCCT...
...CCCCT...AGGGG...AGGG
...AGGGG...

...CCCCT...

...CCCCT...
...AGGGG...CCCCT...AGGGG...AGGGG
...AGGGG...

No

...CCCCT...

Fig. 5 The phylogenetic tree of
the Tpsls from different fungi.
The bootstraps are 1,000. The
outgroup used here was

E. nidulans

wo [ S. cerevisiae (CAA85083)
6 L 7 rouxii (AAK69413)
6 Y. lipolytica (CAA09463)
A. niger (Q00075)

98 S. pombe (CAB95998)
{ C. neoformans var. grubii (AAT40476.1)
G. pullulans17-1(JX046041)

100
E. nidulans (AAO72737)

0.1

contained 1950 bp encoding a polypeptide of 530 amino
acids with a predicted molecular mass of 59.8 kDa and the
gene was disrupted by 7 introns. After analysis of its pro-
moter, it was found that the promoter contained one TATA
box, one STRE (C,T) and two heat-shock elements (AGy)
(Fig. 4; Table 2). The ZrTPSI gene cloned from Z. rouxii
consists of 1572 nucleotides, containing an ORF of
1476 bp, which encodes a polypeptide of 492 amino acids
with a molecular mass of 56.0 kDa (Kwon et al. 2003). The
MaTPS1 cDNA amplified from filamentous fungi Meta-
rhizium anisopliae is composed of 1836 nucleotides
encoding a protein of 517 amino acids with a molecular
mass of 58.0 kDa and the conserved predicted amino acid
sequence of the MaTps1 aligned with those of homologous
ORFs from several other filamentous fungi showed that it
belonged to glycosyltransferase family 20 (GT-20) of
carbohydrate active enzymes (Cai et al. 2009). CCCCT
(C4T) is regarded as an essential component of this stress—
response sequence and a possible Migl protein binding site
in the promoter of the stress-inducible gene in S. cerevisiae
(Bell et al. 1992) and AG is also thought to be a heat-
shock element in S. cerevisiae. C4T, AG, and possible
Migl protein binding site also occurs in the promoter of the
TPS1 gene cloned from Candida albicans (Zaragoza et al.
1998) and other fungi (Table 2). However, such elements
are not present in the promoter of the TPSI gene cloned

from Saccharomycopsis fibulegira A1l (Table 2). It was
true that neither activation of Tps1 activity nor changes in
trehalose content or the expression of the TPS/ gene was
observed under the stress exposure of S. fibuligera All
cells (Chi et al. 2009).

The deduced amino acids of the GPTps1 contained one
N-glycosylation site (Fig. 4) and its amino acid sequence
was closely related to that of Tpsl produced by C. neo-
formans var. grubii, but was far related to that produced by
S. cerevisiae, Z. rouxii, and Y. lipolytica (Fig. 5).

Transcript level of the GPTPSI gene in the cells
cultivated at different temperatures

It has been well documented that trehalose accumulation
and trehalose-synthesizing gene expression in S. cerevisiae
cells are greatly enhanced when they are stressed by high
temperature, low temperature, high ethanol concentration
and high oxidative conditions (Herdeiro et al. 2006;
Benaroudj et al. 2001). The stress-responsive element
which contains CCCCT sequence in the promoter of the
gene encoding Tpsl in S. cerevisiae is responsible for the
stress response (Chi et al. 2006; Kobayashi and McEntee
1993). Therefore, the transcript levels of the GPTPSI gene
were analyzed using real-time PCR as described in
“Materials and methods”. It was found that the expression
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Fig. 6 Transcriptional levels of the GPTPSI gene in the cells
cultivated at different temperatures. Data are given as mean + SD,
n=3

level (832.8 % compared to the expression level of 26S
rDNA) of the GPTPSI gene in the yeast cells grown at
25 °C was much higher than that (342.2 % compared to the
expression level of 26S rDNA) of the GPTPSI gene in the
yeast cells grown at 15 °C (Fig. 6). However, the expres-
sion level (100.0 % compared to the expression level of
26S rDNA) of the GPTPS1 gene in the yeast cells grown at
10 °C was much lower than that (342.2 % compared to the
expression level of 26S rDNA) of the GPTPS! gene in the
yeast cells grown at 15 °C (Fig. 6). All the results were
consistent with those shown in Figs. 2 and 3. Indeed, as
shown in Fig. 6 and Table 2, one copy of STRE and
two copies of heat-shock element were present in its
5'-upstream sequence of the GPTPSI gene. This result also
confirmed that the expression of the GPTPSI gene was
regulated by temperature at transcriptional level.

In S. cerevisiae, the TPS1 gene is expressed at very low
levels, and increases dramatically with heat shock. In S.
cerevisiae, upon temperature downshift to 10, 4 or 0 °C,
the transcript levels of the TPSI gene also increase dra-
matically so that at O °C there is a 20-fold increase in the
levels of the TPS1 mRNA 15-20 h after temperature shift
(Bell et al. 1992). This suggests that biosynthesis and
accumulation of trehalose might be necessary for cold
tolerance and energy preservation in S. cerevisiae (Murata
et al. 2006). The transcription of fpsB gene in A. niger is
enhanced strongly upon heat shock, which agrees with the
presence of several copies of a C4T stress-responsive ele-
ment in its 5’-upstream sequences (Wolschek and Kubicek
1997). But in Z. rouxii (Kwon et al. 2003), the ZrTPSI
gene is highly and constitutively expressed, and fluctuates
slightly after heat shock, but salt stress reduced the
expression of the ZrTPSI gene. This may imply that reg-
ulation of trehalose biosynthesis and function of trehalose
in the psychrotolerant yeast G. pullulans 17-1 are signifi-
cantly different from those in any other fungi.

Transcriptional regulation and activation of the 7Tpsl
gene in S. cerevisiae at 0 °C is dependent on the Msn2, 4
pathway, whereby Msn2 and Msn4 are transcription factors

@ Springer

which bind STREs and up-regulate transcription (Al-Fageeh
and Smales 20006).

All the results mentioned above showed that expression
of the GPTPS1 gene was in agreement with the changes in
Tpsl activity and trehalose content in the psychrotolerant
yeast G. pullulans 17-1 used in this study. However, it
is still completely unknown how transcription of the
GPTPS]1 gene in G. pullulans 17-1 is regulated at different
temperatures. This further work is being done in this
laboratory.
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