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Abstract Trehalose plays an important role in metabolic
regulation and abiotic stress tolerance in a variety of organ-
isms. In plants, its biosynthesis is catalyzed by two key
enzymes: trehalose-6-phosphate synthase (TPS) and treha-
lose-6-phosphate phosphatase (TPP). The genome of rice
(Oryza sativa) contains 11 OsTPS genes, and only OsTPS1
shows TPS activity. To demonstrate the physiological func-
tion of OsTPS1, we introduced it into rice and found that
OsTPS1 overexpression improved the tolerance of rice
seedling to cold, high salinity and drought treatments with-
out other significant phenotypic changes. In transgenic lines
overexpressing OsTPSI, trehalose and proline concentra-
tions were higher than in the wild type and some stress-related
genes were up-regulated, including WSII8, RABI6C,
HSP70, and ELIP. These results demonstrate that OsTPS1
may enhance the abiotic stress tolerance of plants by
increasing the amount of trehalose and proline, and regulat-
ing the expression of stress-related genes. Furthermore, we
found that overexpression of some Class II TPSs also
enhanced plant tolerance of abiotic stress. This work will
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help to clarify the role of trehalose metabolism in abiotic
stress response in higher plants.
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Abbreviations

ABA Abscisic acid

CaMV  Cauliflower mosaic virus

FwW Fresh weight

HPIC High-performance ion chromatography
RT-PCR Reverse transcription polymerase chain reaction
T-6-P  Trehalose-6-phosphate

TPP Trehalose-6-phosphate phosphatase

TPS Trehalose-6-phosphate synthase

WT Wild type

Introduction

Trehalose, a non-reducing disaccharide sugar, is present in
a wide variety of organisms, including bacteria, fungi,
plants and invertebrates (Elbein et al. 2003). There are five
known trehalose biosynthetic pathways. The most wide-
spread is the trehalose OtsA—OtsB pathway which is found
in all the prokaryotic and eukaryotic organisms and is the
only trehalose biosynthetic pathway found in plants (Paul
et al. 2008; Iturriaga et al. 2009). This pathway begins as
trehalose-6-phosphate synthase (TPS) catalyzes the transfer
of glucose from UDP-glucose to glucose-6-phosphate
(G-6-P) to form trehalose-6-phosphate (T-6-P) and uridine
diphosphate (UDP). Subsequently, the T-6-P is dephospho-
rylated into trehalose by trehalose-6-phosphate phosphatase
(TPP) (Cabib and Leloir 1958; Goddijn and Van Dun
1999).
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Trehalose was first identified from the ergot fungus of
rye in 1832 (Almeida et al. 2007; Elbein et al. 2003). In
plants, for many years trehalose was thought to be limited
to the resurrection plants, such as Selaginella lepidophylla
and Myrothamnus flabellifolia (Bianchi et al. 1993; Ansel-
mino and Gilg 1913). In these plants, the concentration of
trehalose can reach 10 mg (g FW)~!, which is a detectable
level (Fernandez et al. 2010). Nevertheless, the lower levels
of trehalose in other higher plants render it nearly undetect-
able.

In 1998, several trehalose biosynthesis genes encoding
TPS (Blazquez et al. 1998) and TPP (Vogel etal. 1998)
were identified in Arabidopsis thaliana. Recently, addi-
tional TPS and TPP homologues have been detected in
variety of plant species (Pramanik and Imai 2005; Zentella
et al. 1999; Kosmas et al. 2006; Wang et al. 2005; Shima
etal. 2007). Currently, researchers have isolated 11 TPS
genes from both A. thaliana (Leyman et al. 2001) and rice
(Zang et al. 2011). The TPS proteins have been classified
into two distinct groups based on their homology with the
yeast TPS1. However, only TPS1 (belongs to Class I) has
demonstrated TPS activity (Vandesteene et al. 2010; Zang
et al. 2011). The role of Class II TPS proteins which do not
have TPS activity is still ambiguous.

In yeast and microorganisms, trehalose serves not only
as a carbohydrate storage molecule but also as a metabolic
regulator and protective agent against the various abiotic
stresses (Van Laere 1989; Wiemken 1990). In plants, the
role of trehalose is not yet thoroughly understood. In recent
years, studies have confirmed that the expression of treha-
lose biosynthesis genes confers abiotic stress resistance in
several species. Transgenic introduction of the yeast TPS/
into tomato resulted in higher chlorophyll and starch con-
tent, and enhanced tolerance against drought, salt and oxi-
dative stress (Cortina and Culidfiez-Macia 2005). Rice
plants overexpressing Escherichia coli trehalose biosyn-
thetic genes (otsA and otsB) as a fusion gene exhibited less
photo-oxidative damage and a more favorable mineral bal-
ance under salt, drought, and low-temperature stress condi-
tions (Garg etal. 2002). In tobacco, heterologous
expression of AfTPSI gene from Arabidopsis increased tol-
erance to several abiotic stresses, such as drought, desicca-
tion, and temperature stresses (Almeida etal. 2005).
However, trehalose gene overexpression can produce aber-
rations in plant growth, such as dwarfism, delayed flower-
ing, abnormal root development, and lancet-shaped leaves
(Avonce etal. 2004; Romero etal. 1997; Cortina and
Culiafiez-Macia 2005).

Removal of the N-terminal extension region just before
the TPS domain has been shown to increase TPS activity
compared to the full length protein. Overexpression of trun-
cated AtTPS1 (deletion of 86 aa of the N-terminal) and
SITPS1 (deletion of 99 aa of the N-terminal) in yeast
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resulted in higher TPS activity and more trehalose accumu-
lation. This result indicates that plant TPS enzymes possess
a high potential catalytic activity and the N-terminal region
may act as an inhibitory domain which modulates TPS
activity (Van Dijck et al. 2002).

In this study, we obtained transgenic rice overexpressing
the N-terminal truncated OsTPS/ and some full-length
Class IT OsTPS genes, and reported the effect of OsTPSs on
abiotic stress tolerance. In addition, we discuss the possible
mechanisms of OsTPS1-conferred stress tolerance.

Materials and methods
Vector construction and rice transformation

We previously isolated OsTPSI, OsTPS2, OsTPS4,
OsTPS5, OsTPS8, and OsTPS9 from the indica rice variety
‘Guangluai 4’ (Zang etal. 2011) using RT-PCR and
inserted the genes into the pGEM®-T vector (Promega,
Madison, WI, USA). An OsTPS1(131-985) fragment and
full length genes for OsTPS2, OsTPS4, OsTPS5, OsTPS8
and OsTPS9 were cloned into the pENTR™ D-TOPO®
cloning vector (Invitrogen, Carlsbad, CA, USA) and
recombined into the pHAC vector following the LR recom-
bination reaction. The pHAC vector is a modified pH2GW7
vector (Karimi et al. 2002) which contains the rice Actinl
promoter instead of the CaMV 35S promoter (Zang et al.
2011).

The complete constructs were introduced into Oryza
sativa L. ssp. Japonica cv. ZH11 or Nipponbare using the
Agrobacterium-mediated co-cultivation method. Seeds
sterilization, callus induction, co-cultivation with Agrobac-
terium AGLO, transformed calli selection and regeneration
were carried out following established protocols (Hiei et al.
1994).

Yeast complementation assay

The yeast (Saccharomyces cerevisiae) wild-type strain
W303-1A (MATo. ade2—1 his3—11,15 leu2-3,112 trpl-I
ura3—1 canl-100 GAL mal SUC2) and the tps] mutant
strain YSH6.127.-17C (MATo tpsiA::TRPI) (Bell etal.
1998) were used for complementation assays.

The full-length OsTPSI gene and the N-terminal
truncated OsTPSI gene were digested from the pENTR™
D-TOPO® vector and inserted into the pPGADT7 vector. As
a TPS positive control, the ScTPSI gene was isolated from
yeast genomic DNA by PCR using the following primers:
5'-CACCCATATGACTACGGATAACGCTAA-3" (for-
ward) and 5'-TCGAGGATCCGTTTTTGGTGGCAGA
GGA-3’ (reverse). The reactions were performed at 94°C
for 5 min; followed by 28 cycles of 94°C for 40 s, 58°C for
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40 s, and 72°C for 90 s; plus an elongation step at 72°C for
10 min.

Yeast transformation was performed following the Yeast
Protocols Handbook (Clontech, Mountain View, CA,
USA). For drop assays, cultures of the transformed ps/ and
wild-type (WT) control strains were grown at 30°C on
synthetic medium without leucine and tryptophan (SD-
Leu-Trp) containing 2% galactose, and drop assays were
performed on synthetic medium without leucine and trypto-
phan with 2% galactose (control) or 2% glucose. Growth
was analyzed after 2-3 days at 30°C.

Southern blot

Genomic DNA was isolated from mature leaves of rice
using the CTAB DNA extraction method (Jeong et al.
2007). 5 pg of total DNA was digested overnight with Hin-
dIII. The digested product was separated through 0.8% aga-
rose gel and transferred onto a Hybond-N+ membrane
(Amersham Pharmacia, Piscataway, NJ, USA). The blot
was hybridized with the DIG-labeled 615-bp hygromycin
probe and exposed to X-ray film for signal detection. The
hygromycin probe was obtained by PCR using the follow-
ing primers: 5'-GCTGTTATGCGGCCATTGTC-3’ (forward)
and 5'-GACGTCTGTCGAGAAGTTTC-3' (reverse). PCR
program conditions were as follows: 3 min at 94°C; 28
cycles of 30 s at 94°C, 30 s at 50°C, and 40 s at 72°C; and
followed by 7 min at 72°C. DNA probe preparation,
hybridization and membrane washing were performed
using DIG High Prime DNA Labeling and Detection
Starter Kit II according to the manufacturer’s instructions
(Roche, Grenzacherstrasse, Basel, Switzerland).

Stress tolerance experiments

Three independent T3 transgenic lines and a non-trans-
formed line were used for all the stress tolerance experi-
ments. Before stress treatments, seedlings were grown
hydroponically in IRRI nutrient solution (International Rice
Research Institute protocol, http://irri.org/) in a growth
chamber for 2 weeks at 28°C with 16 h-light/8 h-dark
cycles. For the salinity and PEG tolerance tests, 2-week-old
seedlings were treated with nutrient solutions containing
150 mM NacCl or 20% PEG 6000 for 3 days and then trans-
ferred to fresh nutrient solution. For the cold tolerance test,
2-week-old seedlings were exposed to 4°C for 5 days and
then allowed to resume growth at 28°C. For the acute
drought tolerance test, whole plants were air dried for 4-5 h
followed by re-watering. The survival rates were recorded
after plants resumed growth under normal conditions for
7 days. About 120 seedlings of each line were used in each
experiment, and these experiments were replicated at least
three times. Tests for statistical differences between trans-

genic lines and the WT control were performed using the
SAS program (http://www.sas.com/).

Sample preparation, RNA extraction and gene expression
analysis

RT-PCR analysis was used to determine the expression
profile of OsTPSI. For the stress-induced assay, 2-week-
old rice seedlings were treated with 150 mM NaCl, 20%
PEG 6000 or incubated at 4°C under continuous light and
then collected at different time points (0, 1, 2, 4, 6, 12 and
24 h). Subsequently, samples were frozen in liquid nitrogen
immediately after each treatment. For organ-specific
assays, samples were harvested from the following tissues:
root, stem, leaf, spikelets (during flowering, after fertiliza-
tion, and milk grain stage), seed and germinating seed.
Total RNA was extracted using the TRIZOL Reagent
(TaKaRa, Otsu, Shiga, Japan) and treated with RQ1 RNase
free DNase (Promega). 2 pg total RNA was reverse tran-
scribed using the Revert Aid First-Strand cDNA Synthesis
Kit (Fermentas, Burlington, ON, Canada). The RT-PCR
was carried out using the following OsTPSI gene-specific
primers: 5'-TTGAAGTTCGGTCTGTCG-3' (forward) and
5'-CTGCCTATCCAAGAACATG-3' (reverse). Tem-
plates were normalized using the following Actinl primers:
5'-CGTCCTCTCTCTGTATGCC-3" (forward) and 5'-TC
AGCAATGCCAGGGAAC-3'" (reverse). Thermo-cycling
conditions were as follows: one step at 94°C for 3 min; fol-
lowed by 28 cycles of 94°C for 30 s, 58°C for 30 s, and
72°C for 30 s; plus a final extension at 72°C for 7 min. The
RT-PCR assay was replicated at least three times.

To assay the expression of stress-related genes in
OsTPS1 overexpression lines, total RNA was isolated from
the shoots of 2-week-old transgenic seedlings. Total RNA
extraction and reverse transcription were performed as
described above. The first strand cDNA was used as the
template for RT-PCR or Realtime PCR. The gene-specific
primers for RT-PCR and Realtime PCR are shown in
Online Resources 1 and 2, respectively. Realtime PCR to
assay stress-related gene expression was performed on
ABI7500FAST (ABI, Carlsbad, CA, USA) using SYBR
Premix Ex Taq II (TaKaRa) according to the manufac-
turer’s instructions. PCR amplifications were performed
under the following conditions: 95°C for 30 s, followed by
40 cycles of amplification (95°C for 5s, 60°C for 30s,
72°C for 30s). The experiments were replicated at least
three times.

Trehalose extraction and quantification
Trehalose was extracted and quantified as described by

Lunn et al. (2006). This method is for the extraction of sol-
uble carbohydrates, not only T6P but also trehalose. Two
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independent T3 transgenic lines and a wild type were used
in the experiment. 2-week-old seedlings before and after
cold stress (4 days at 4°C) were snap-frozen and ground in
liquid nitrogen. The sample (0.1 g fresh weight) was dis-
persed in 1 mL of chloroform/acetonitrile (3:7, v/v) and
shaken at —20°C for 2 h. Soluble carbohydrates, including
trehalose, were extracted twice from the organic phase with
200 pL of water at 4°C by vigorous shaking for 5 min, and
followed by 5 min of centrifugation at 12,000 rpm. The
aqueous supernatants were pooled and then evaporated to
dryness using a centrifugal vacuum dryer. The dried sam-
ples were reconstituted in 1 mL of water and filtered with a
0.45 pm aperture filter. Trehalose was quantified using the
ICS3000 HPIC system (Dionex, Sunnyvale, CA, USA)
with a Carbo-Pak PA10 column (4 x 250 mm) following
the manufacturer’s instructions. Carbohydrates were eluted
at a flow rate of 0.8 mL/min with 100 mM NaOH for
30 min and monitored with an ED40 electrochemical detec-
tor (Dionex DC Amperometry).

Proline determination

Proline content was estimated using a color comparison
method (Bates et al. 1973). Two-week-old seedlings of two
independent T3 transgenic lines and a wild type with and
without cold stress (4 days at 4°C) were used in the experi-
ment. 0.5 g of plant material was homogenized in 5 mL of
3% aqueous sulfosalicylic acid. The homogenate was
placed in a boiling water bath for 10 min and centrifuged at
12,000 rpm. The supernatant was used for the estimation of
proline content. The reaction mixture consists of 2 mL pro-
line extraction solution, 2 mL of 2.5% acid ninhydrin, and
2 mL of glacial acetic acid, which was boiled at 100°C for
30 min. The solutions were cooled to room temperature and
then extracted with 4 mL of toluene by vigorous shaking.
The phases were allowed to separate, the organic phase was
transferred to a colorimetric tube, and the optical density
was determined at 520 nm.

Microarray analysis

Gene expression analysis using the GeneChip® Rice
Genome Array (Affymetrix, Santa Clara, CA, USA) was
performed using 2-week-old seedlings from two transgenic
lines and a non-transformed line. 25 ng of total RNA was
used for each labeling reaction. cDNA synthesis, RNA
probe labeling, probe annealing to the chip, signal scanning
and analysis were completed by Gene Tech Company, Ltd.
(Shanghai, China) in accordance with the Affymetrix Gene
Chip Expression Analysis Technical Manual (Affymetrix).
Scanning employed a GeneArray scanner 3000 7G
(Affymetrix). Results were normalized, quantified, and ana-
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tps1A + OsTPS1
tps1A + OsTPS1(131-985)

tps14 + ScTPS1

tps1A + pGADTT

Fig.1 Complementation of yeast tpsl mutant growth defect with
expression of the truncated OsTPSI gene. As a control, strains were
grown on galactose. The yeast tps1 mutant transformed with pGADT7-
ScTPS1 and pGADT?7 vector were used as positive and negative con-
trols, respectively

lyzed using Expression Console software (Affymetrix).
Data comparison analysis was carried out with Partek
Genomic Suite 6.4 software (Partek, St. Louis, MO, USA).

Results

OsTPS1 with a Truncation at the N-terminus retains TPS
activity

In yeast, overexpression of truncated ArTPSI and SITPSI
homologues lacking the N-terminal extension resulted in
higher TPS activity and more trehalose accumulation (Van
Dijck et al. 2002). Because of the similarity of OsTPSI to
AtTPS1 and SITPS1 (Online Resource 3), we hypothesized
that the N-terminal extension of OsTPS1 may also act as an
inhibitor. To test this, we obtained an N-terminal truncation
(1-130) deleted construct, and demonstrated that the trun-
cated OsTPS1 (131-985) had higher TPS activity than the
full length OsTPSI1 in a yeast tps/ mutant using yeast com-
plementation assay (Fig. 1).

OsTPS1 expression is not induced by abiotic stress
and is not organ-specific

The expression pattern of OsTPSI was analyzed by semi-
quantitative RT-PCR using gene specific primers. For
stress-induced expression assays, RNA was isolated from
2-week-old rice seedlings subjected to low temperature
(4°C), osmotic stress (20% PEG), and high salinity
(150 mM NaCl) at a series of time points (0, 1, 2, 4, 6, 12,
and 24 h). No obvious inducement of OsTPS1 was detected
in these experiments (Fig. 2b). For organ-specific expres-
sion assays, samples were harvested from the different plant
organs. Because there was no significant difference in
OsTPS1 expression levels in any of the tissues samples
(Fig. 2a), we conclude that OsTPS] is expressed constitu-
tively throughout the plant.
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Fig. 2 Expression patterns of the OsTPS/ gene. a OsTPS1 expression
in various tissues. Lanes 1-9 contain samples from the following tis-
sues: seedling, root, leaf, stem, spikelets (flowering stage), spikelets
(after fertilization), spikelets (milk grain stage), seed, and seed after
germination. b OsTPS1 expression in response to abiotic stress. Seed-
lings of rice ZH11 were treated with 150 mM NaCl, 20% PEG or incu-
bated at 4°C, and then harvested at 0, 1, 2, 4, 6, 12, and 24 h. The rice
Actinl gene was used as an endogenous control

Molecular analysis of OsTPS! in transgenic rice

Transgenic plants containing active TPS have shown
enhanced abiotic stress tolerance (Goddijn etal. 1997;
Avonce et al. 2004; Karim et al. 2007; Romero et al. 1997;
Garg et al. 2002). To assess the function of OsTPS/ in stress
tolerance, we transformed the rice ZH11 (O. sativa L. ssp.
Japonica cv.) with a truncated gene that encodes OsTPS1
(131-985). The CaMV 35S promoter was used to drive the
constitutive expression of the transgene. Fifty-three indepen-
dent transgenic lines harboring the 35S::OsTPS1 (131-985)
construct were obtained through transformation. Using
genetic segregation ratio analysis and Southern blot assay,
we selected five T2 transgenic lines containing single gene
insertion, which were designated 9-5, 25-3, 39-5, 46-3, and
51-6 (Fig. 3a). The expression of OsTPS! in the T3 trans-
genic plants was analyzed by RT-PCR. In lines 25-3-9 and
51-6-3, the levels of OsTPSI expression were moderately
higher than that in the WT, whereas in the other three lines
expression was equal to WT level (Fig. 3b).

Overexpression of the truncated OsTPS! enhances
tolerance to drought, salt and cold in transgenic rice

OsTPSI transgenic rice had no significant phenotypic
effects on seedling growth besides the slight dwarfing and
shorter leaf length under normal conditions (data not
shown), but this was not sufficient to impact the normal
growth of the transgenic lines.

To evaluate the tolerance of transgenic plants to abi-
otic stress, three independent homozygous T3 transgenic
lines, including two high expression lines (25-3-9, 51-6-

23130

9416

6557

500

b

OsTPS1

Actin1

Fig. 3 Molecular characterization of OsTPS1 overexpression lines.
a Southern-blot hybridization of transgenic rice plants. Five T2 Os-
TPS1 transgenic lines were identified. WT (ZH11) was included as a
negative control. b RT-PCR analysis for OsTPS1 expression level in
five independent T3 transgenic lines

3) and a low expression line (39-5-1), were exposed to
low temperature (4°C for 5 days), drought (air dried for
4-5h), high salinity (150 mM NaCl for 3 days) or
osmotic stress (20% PEG for 3 days), and then trans-
ferred to normal conditions to restore growth. After chal-
lenging with abiotic stress, the overexpression lines
remained green and alive, and were more vigorous than
the control (Fig. 4a). After 7 days of growth recovery,
the survival rates of seedlings were counted to evaluate
the stress tolerance.

In the drought tolerance test, the OsTPSI transgenic
lines had higher survival rates than WT plants. The survival
rate of OsTPS1 transgenic plants (lines 39-5-1, 25-3-9, and
51-6-3) were 6.25, 39.58, and 35.42%, respectively,
whereas WT survival was only 2.08%. Using PEG to simu-
late drought produced similar results. In the cold tolerance
test, OsTPS1 transgenic plants (lines 39-5-1, 25-3-9, and
51-6-3) had survival rates of 12.5, 79.17, and 89.58%,
respectively, whereas the WT plants had a survival rate of
4.17%. In the salt stress test, the survival rates of lines 25-
3-9 and 51-6-3 were twofold higher than the WT. However,
the low expression line (39-5-1) did not show improved salt
tolerance (Fig. 4b).

In summary, the transgenic lines overexpressing
OsTPSI showed significantly increased tolerance to salin-
ity, drought and cold, and the survival rates were associated
with elevated OsTPSI expression levels.
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Fig. 4 Overexpression of OsTPS1 enhanced rice tolerance against
abiotic stresses. a In the salt and PEG tolerance tests, seedlings were
treated with nutrient solution containing 150 mM NaCl or 20% PEG
for 3 days; for the cold tolerance test, seedlings were exposed to 4°C
for 5 days; for the acute drought tolerance test, whole plants were air
dried for 4-5 h. In each plate, transgenic lines overexpressing OsTPS 1
(OE) are seen on the right side and wild type (WT) on the left. Three

OsTPS1 overexpression increases trehalose and proline
levels in plant tissues

We measured the concentration of trehalose in the two
transgenic lines with high OsTPS1 expression. These trans-
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PEG Drought

OsTPS1 transgenic lines and a WT control were used in these experi-
ments. The photographs were taken before treatment, after treatment
and after 7 days of restored growth under normal conditions. b The
survival rates were calculated after these tolerance tests in three inde-
pendent experiments. The statistically significant differences between
transgenic lines as compared to the WT line are marked with double
asterisks (P < 0.01)

genic plants exhibited higher trehalose accumulation when
compared with the WT under normal conditions. The treha-
lose content in OsTPS1 transgenic plants (lines 25-3-9 and
51-6-3) were 34.84 and 46.96 pg (g FW)~!, whereas in WT
the trehalose content was 23.37 pg (g FW)~! (Fig. 5). The
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Fig. 5 Trehalose (a) and proline (b) content in OsTPS1 transgenic
and nontransgenic plants with and without stress. Trehalose and pro-
line were extracted from 2-week-old seedlings before and after 4 days
cold stress. Two transgenic lines with high OsTPS1 expression and a
wild type (WT) control were used in the experiment. The results were
based on three independent experiments. The asterisk (P < 0.05) and
double asterisks (P < 0.01) indicate statistically significant differences
between the transgenic lines and the WT line

changes were similar to the levels found after cold stress
treatment. The concentration of trehalose in lines 25-3-9
and 51-6-3 were 78.35 and 80.68 ug (g FW)™', respec-
tively, whereas the WT had 45.16 pg (g FW)~! trehalose
content (Fig. 5a). It is possible that the increased amount of
trehalose contributes to the observed enhancement of abi-
otic stress tolerance.

Acidity ninhydrin analysis was performed to analyze pro-
line accumulation in transgenic plants. Under normal condi-
tions, proline was detected in two different OsTPS! transgenic
lines at levels of 21.76 and 20.37 pg (g FW)~! as compared to
18.29 ug (g FW)~! in the WT. After 4 days of cold stress
treatment, proline levels increased four to five times than
those without the treatment. The proline content in lines 25-3-
9 and 51-6-3 were 101.85, and 110.88 ug (g FW)~!, respec-
tively, whereas in the WT proline content was 81.02 pg
(g FW)~! (Fig. 5b). In conclusion, proline accumulated in
transgenic rice with or without stress treatment.

OsTPS1 overexpression alters the expression of stress
related genes

To further investigate the molecular mechanism of stress
tolerance via OsTPS1, we used the Affymetrix GeneChip®

Rice Genome Array to analyze the expression of down-
stream genes in transgenic rice. Some stress-related genes
were up-regulated more than twofold in OsTPS! transge-
netic rice as compared to the WT including ELIP (Early
Light-Inducible Protein, Os01g0246400), HSP70 (Heat
Shock Protein, 0Os03g0277300), RABI16C (Responsive to
ABA, Os11g0454000), CRP (Cold Regulated Protein,
0s05g0468800), DHN6 (Dehydrin, Os11g0451700),
LEAI4A  (Late Embryogenesis Abundant Protein,
0s0120225600) and WSII8 (Water Stress Inducible Pro-
tein, Os01g0705200) (Table 1). Some of these genes have
been reported to be induced by abiotic stresses, such as
cold, desiccation, salinity, wounding, and ABA and have
been used as marker genes for stress (Joshee et al. 1998; Yi
et al. 2010; Puhakainen et al. 2004; Sun et al. 2002; Neelam
et al. 2009).

We used semi-quantitative RT-PCR (Fig. 6a) and Real-
time PCR (Fig. 6b) to confirm the array results. WSIIS8,
RABI6C, HSP70, and ELIP were significantly induced in
OsTPS1 overexpressing transgenic lines. Moreover,
OsTPPI and OsTPP2 which transform T-6-P to trehalose,
and TRE] which is involved in the catabolism of trehalose
were also up-regulated.

The Rice Expression Chip, RT-PCR and Realtime PCR
analysis results demonstrate that OsTPS] overexpression
activates some stress-related genes, which may be responsi-
ble for the improvement in abiotic stress tolerance in
OsTPS1 transgenic rice.

Overexpressing Class II OsTPS genes also improves rice
tolerance to abiotic stress

There are 11 OsTPS genes in rice which can be categorized
into two groups. Because of their similarity to yeast TPS,
only OsTPS1 belongs to Class I, and the others belong to
Class II (Zang et al. 2011). To investigate the function of
Class II TPS genes, we introduced OsTPS2, OsTPS4,
OsTPS5, OsTPS8, and OsTPS9 into O. sativa L. ssp.
Japonica cv. Nipponbare. All of these Class II OsTPSs
improved the tolerance of rice to cold and salinity stress
(Fig. 7), and some of them improved the drought tolerance
of transgenic rice seedlings (data not shown).

Discussion
The TPS/TPP family in higher plants

TPS and TPP proteins constitute a large protein family in
higher plants. There are 11 TPS genes in the Arabidopsis
and rice genomes (Leyman et al. 2001; Zang et al. 2011)
and at least ten TPP genes in Arabidopsis and nine TPP
genes in rice (Ramon and Rolland 2007; Pramanik and Imai
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Table 1 Gene chip assay of stress and trehalose metabolism-related genes

Gene L25 versus WT L51 versus WT
Abbreviation Full name Locus

ELIP Early light inducible protein 050120246400 5.5847 4.0935
HSP70 Heat shock 70KDa protein 0s03g0277300 5.0439 2.0993
RABI6C Responsive to ABA Os11g0454000 4.5787 1.9124
CRP Cold regulated protein 05050468800 4.2626 2.1824
DHNG6 Dehydrin Os11g0451700 3.1839 1.5533
LEAI4 Late embryogenesis abundant protein 0s01g0225600 2.3010 1.5001
WSI118 Water stress inducible protein 050120705200 2.0774 1.1076
TPPI Trehalose-6-phosphate phosphatase 0s02g0661100 1.0797 1.4837
TPP2 Trehalose-6-phosphate phosphatase 0Os10g0553300 1.1527 1.0829
TREI Trehalase 0Os10g0521000 3.4775 1.8483

Stress-related genes induced more than twofold at least in one overexpression line and some trehalose metabolism genes are shown. Fold changes
of gene expression from transgenic line 25-3-9 versus WT are shown as L25 versus WT, and fold changes of gene expression from transgenic line

51-6-3 versus WT are shown as L51 versus WT
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Fig. 6 Transcript levels of OsTPS1 and stress-related genes in transgenic and control plants assayed by semi-quantitative RT-PCR (a) and Real-
time PCR (b). The rice Actinl gene was used as an endogenous control. The experiment was replicated at least three times

2005). However, only a few have been shown to possess
activity. In rice, OsTPS1 (Zang et al. 2011), OsTPP1, and
OsTPP2 (Pramanik and Imai 2005; Shima et al. 2007) pro-
teins have established TPS and TPP activity, respectively.
However, the functions of the other TPS and TPP proteins
in higher plants remain elusive.

@ Springer

Recent studies have shown that the AfTPSs have distinc-
tive organ-specific expression profiles (Avonce et al. 2006),
and many of these genes appear to be regulated by light,
hormones, stress, and nutrient availability (Paul et al.
2008). It suggests that members of this large gene family
may have diverse roles in the regulation of metabolism.
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Fig. 7 Overexpression of Class II OsTPS genes enhanced rice toler-
ance against cold and salt. Survival rates of OsTPS2, OsTPS4, Os-
TPS5, OsTPS8 and OsTPS9 transgenic rice under cold and salinity are
shown as a-e, respectively. The independent transgenic lines are
shown on the x-axis in each figure. For the cold tolerance test, seed-
lings were exposed to 4°C for 5 days (white bars); for the salt toler-
ance test, seedlings were treated with nutrient solution containing

Overexpression of OsTPSs enhances the tolerance
of transgenic rice to several types of abiotic stress

A gene’s expression pattern is closely interrelated with its
function in the multicellular organisms. Our results indicated
that OsTPS1 is expressed throughout the rice plant and
under a variety of abiotic stresses. Therefore, rather than

150 mM NaCl for 3 days (shaded bars). The survival rates were cal-
culated after resumption of growth under normal conditions for
7 days. The asterisk (P < 0.05) and double asterisks (P < 0.01) indi-
cate statistically significant differences between transgenic lines as
compared to the WT line. The expression level of each gene is shown
under graph. These assays are based on more than three replicates

playing a role in specific plant organs or stress response,
OsTPSI may instead be involved in general regulation, and
have a broader role in plant development and stress signal-
ing. This result was similar to AfTPS1 which is expressed
ubiquitously in Arabidopsis (Van Dijken et al. 2004).
Abiotic stress conditions such as low temperature,
drought, and high salinity have adverse effects on plant

@ Springer



Planta

growth and crop production. It is important to determine
the molecular mechanisms of abiotic stress signal transduc-
tion and to identify methods to improve the tolerance of
plants. Some researchers have reported that heterologous
expression of the E. coli or yeast TPSI genes improves the
abiotic stress tolerance in several plant species. However, it
can also lead to a series of abnormalities in plant growth
and development, such as dwarfish growth, delayed flower-
ing, aberrant root development, and lancet-shaped leaves
(Goddijn etal. 1997; Romero etal. 1997; Cortina and
Culiafiez-Macia 2005). In this study, we found that homol-
ogous overexpression of the rice OsTPSI gene enhanced
rice tolerance of salinity, low temperature, and drought
(Fig. 4) without severely detrimental plant growth pheno-
types. Our results confirm that OsTPS1 plays an important
role in abiotic stress response and is an effective option for
biotechnology breeding, the creation of novel germplasm,
and scientific research.

Some Class II TPS genes (OsTPS2, OsTPS4, OsTPS5,
OsTPS8 and OsTPS9) improved the tolerance of rice to
abiotic stress either (Fig. 7). The function and regulatory
mechanism of these Class II OsTPSs were unclear. Our
previous research showed that Class II TPS proteins
could interact with OsTPS1 and the OsTPS family mem-
bers might be incorporated into protein complexes. They
potentially modify T-6-P and trehalose levels, and fur-
ther regulate plant development and stress responses
(Zang et al. 2011). In Arabidopsis, AtTPSS, AtTPS6, and
AtTPS7 were phosphorylated by SnRK1 and bound to
14-3-3 proteins (Harthill et al. 2006). We speculated that
Class II OsTPS proteins might regulate OsTPS1 activity
in protein complexes depending on their phosphorylation
status.

Possible mechanisms for OsTPS1 in plant abiotic stress
tolerance

Although a great number of researches have focused on tre-
halose biosynthesis genes, the physiological and molecular
mechanism of the enhanced stress tolerance conferred by
OsTPS1 is still ambiguous. Experimental data shows that
trehalose makes important contributions to abiotic stress
tolerance. Based on this, we first analyzed the trehalose
concentration in OsTPSI-overexpressing transgenic rice
lines and found the level of trehalose was twofold higher in
the transgenic lines (Fig.5a), which could enhance the
stress tolerance of plants. Despite a significant difference
between the transgenic and nontransgenic lines, the treha-
lose concentration was not greatly increased in the trans-
genic plants because of inducement of the TPPs and
trehalase. According to the Rice Expression Chip, RT-PCR
and Realtime PCR analysis, OsTPP1 and OsTPP2, which
transform T-6-P to trehalose, and TREI which is involved
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in the catabolism of trehalose, were up-regulated (Fig. 6).
This indicates that plants might break down excessive T-6-
P or trehalose to maintain a metabolic balance and avoid
the toxicity of excessive accumulation of T-6-P and treha-
lose (Fernandez et al. 2010; Veluthambi et al. 1982).

Proline is the primary osmotic regulation substance.
Plants accumulating more proline have higher stress
tolence. Based on this, we measured the proline content and
found that proline accumulated in transgenic lines with or
without abiotic stress (cold treatment for 4 days) (Fig. 5b).
The increase in proline content may contribute to the
improved stress tolerance of plants.

We observed that overpression of OsTPSI activated sev-
eral stress-related genes, such as WSII8, RABI6C, HSP70,
and ELIP (Fig. 6). These genes are reported to be activated
by cold, desiccation, salinity, wounding, ABA, and some
other abiotic stresses (Joshee et al. 1998; Yi etal. 2010;
Puhakainen etal. 2004; Sun etal. 2002; Neelam et al.
2009). Their overexpression plays a vital role in the
enhancement of tolerance to various stresses (Puhakainen
et al. 2004; Yi et al. 2010). Although the signal transduc-
tion pathway of these genes is not clear, we can also specu-
late that OsTPS1 participates in abiotic stress pathways
indirectly through alteration of the expression of some
stress-related genes.

In conclusion, our work demonstrates that overexpress-
ing OsTPSI enhanced the tolerance of rice seedlings to
multiple abiotic stresses by increasing trehalose and proline
levels and activating some abiotic stress-related genes. In
addition, overexpressing some Class II OsTPS genes also
improved plant tolerance against the abiotic stress. These
results are helpful in improving the plant tolerance to envi-
ronmental stress through trehalose metabolism.
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