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Trehalose and LEA proteins, representative low MW chemicals that are synthesized under dehydration, are known to
protect plants from drought stress. To compare their effectiveness on enhancing tolerance against various abiotic
stresses, we generated transgenic Chinese cabbage plants overexpressing E. coli trehalose-6-phosphate synthase gene
(otsA) or hot pepper (Capsicum annuum) LEA protein gene (CaLEA). Both fransgenic plants exhibited altered

including stunted growth and aberrant root development. When subjected to drought, salt or heat stress, these plants
showed remarkably improved tolerance against those stresses compared with nontransformants. After dehydration
treatment, leaf turgidity and fresh weight was better maintained in both transgenic plants. CalEA-plants performed
somewhat better under dehydrated condition. When treated with 250 mM NaCl, both ofsA-plants and CalEA-plants
remained equally healthier than nontransformants in maintaining leaf turgidity and delaying necrosis. Furthermore,
leaf Chl content and Fv/Fm was maintained considerably higher in both transgenic plants than nontransformants.
After heat-treatment at 45°C, both transgenic plants appeared much less damaged in external shape and PSII function,

but LEA proteins were more protective. Our results indicate that although both trehalose and LEA proteins are effective
in protecting plants against various abiotic stresses, LEA proteins seem to be more promising in generating stress-toler-
ant transgenic plants.
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INTRODUCTION undergo many physiological changes and induce a large

number of genes for adaptation. Studies on the molec-

Various abiotic stresses, such as water deficit, increased ular responses to water deficit through two-dimensional
soil salinity and extreme temperature are major factors PAGE and differential screening of cDNA libraries led
limiting plant growth and productivity. In response to to the isolation of many genes that are induced under
these stresses, plants developed a number of different water deficit and identification of multiple changes in
strategjes to cope with unfavorable conditions. The early gene expression. A typical change in gene expression

events of plant adaptation to environmental stresses during water deficit is the induction of the genes
are the sensing and subsequent signal transduction to involved in the synthesis of various osmolytes and low
activate various physiological and metabolic responses molecular weight proteins such as dehyrins and late
including activation of various stress-responsive genes embryogenesis abundant (LEA) proteins (Ingram and
(Bray et al., 2000). Among various environmental Bartels, 1996; Bray et al., 2000; Ramanjulu and Bar-
stresses water deficit leading to dehydration is usually tels, 2002).

the most common of all to which land plants are exposed Accumulation of osmolytes such as proline, glycine-

(Bray, 1997). Water stress affects the growth and betaine and some sugar alcohols is an important mech-
development of plants through alternations in metab-

olism and gene expression (Ingram and Bartels, 1996; Chl, chlorophyll; Fm, maximal fluorescence after dark-adap-
Bray, 1997). During periods of water deficit, plants tation; Fo, initial fluorescence; Fv, variable fluorescence; Fv/

Fm, maximum photochemical efficiency of PSli; LEA, late
*Corresponding author; fax +82-32-340-3765 embryogenesis-abundant; PEG, polyethylene glycol; PS, pho-
e-mail mcpark@catholic.ac.kr tosystem; TPS, trehalose-6-phosphate
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anism to adapt osmotic stress (Yancey et al., 1982; Bray
et al., 2000). Recently, accumulation of trehalose, a non-
reducing disaccharide of two glucose units, is also
implicated in this response in plants (Drennan et al.,
1993; Zentella et al., 1999). Trehalose is widely dis-
tributed in nature and commonly found in many organ-
isms ranging from bacteria to higher organisms including
both plants and mammals (Argtielles, 2000). Owing
to its unique several physical properties including high
hydrophilicity, chemical inertness, and nonhygroscopic
glass formation, trehalose works as a protective molecule
under abiotic stresses in various organisms including
bacteria, yeast, nematode, fungi, and primitive plants,
especially against desiccation and high temperature
(Thevelein, 1984; Larsen et al., 1987; Drennan et al.,
1993; Crowe et al., 1998; Argtielles, 2000). In higher
plants, however, its presence not to mention its role
has been dubious until the identification of functional
homologs for genes involved in trehalose synthesis in
Selaginella and Arabidopsis (Blazquez et al., 1998;
Vogel et al., 1998; Zentella et al., 1999). Engineered
tobacco or rice plants expressing yeast TPS or E. coli
otsA showed enhanced tolerance against dehydration
imposed by air-drying in keeping leaf turgidity and
retention of higher fresh weight (Holmstrom et al.,
1996; Romero et al., 1997; Pilon-Smits et al., 1998;
Garg et al., 2002; Jang et al., 2003). In our recent study,
trehalose-producing tobacco plants showed increased
tolerance to heat stress in addition to drought and salt
stress (Jun et al., 2001). Therefore, it is rather well
established that trehalose confers improved tolerance
against various abiotic stresses in higher plants as well.

Other typical changes in gene expression during water
deficit is the induction of a set of genes encoding special
proteins such as dehydrins, osmotins, PIN, and LEA
proteins whose nature of function is not identified yet
(Close, 1996; Bray et al., 2000). LEA proteins are a large
group of plant proteins, which are heavily synthesized
and stored during seed maturation (Bray, 1993; Dure,
1993). They were first identified during the desiccation
phases of seed development, and were reported to pro-
tect specific cellular structure or ameliorate the effect
of drought stress by sequestering ions and maintaining
a minimum cellular water requirement (Bray et al.,
2000; Ramanjulu and Bartels, 2002). LEA proteins are
classified into 7 subgroups based on the amino acid
sequence homology and the specific motif, which wilt
presumably undertake different function under water
deficit {Dure, 1993). Most LEA proteins are cytosolic
and hydrophilic containing random coil or a-helices
(Bray et al., 2000; Soulages et al., 2002). Some non-
typical proteins such as soybean D95-4, cotton Lea
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14-A, tomato ER5 and Lemmin9, pcP27-45 of resur-
rection plants are hydrophobic (Piatkowski et al., 1990;
Galau et al., 1993; Maitra and Cushman, 1994; Zeg-
zouti et al., 1997). It was shown that transgenic rice
plants overexpressing barley HVAT, a gene for group
3 LEA proteins, exhibited enhanced tolerance against
both drought and salt stress (Xu et al., 1996). Recently,
we also have demonstrated that transgenic tobacco
plants overexpressing hot pepper LEA proteins exhibit
increased tolerance to heat and salt stress in addition
to drought stress (Kim et al., submitted). Thus LEA pro-
teins appear to be involved in protecting cellular
structures under various abiotic stresses, but their exact
function is yet to be elucidated.

Although both trehalose and LEA proteins are highly
effective as stress protectants against various abiotic
stresses, their relative effectiveness, let alone the mode
of action, is far beyond our understanding. As a first step
to address this matter, we generated transgenic Chinese
cabbage plants overexpressing either otsA or CaLFA to
induce overproduction of trehalose or LEA proteins, and
studied their response toward various abiotic stresses.
We show here that both trehalose and LEA proteins
confer enhanced tolerance against drought, salt, and
heat stress, but their effectiveness varies depending on
the nature of abiotic stress, suggesting that their mode
of action as a protectant may be significantly different.
Furthermore, LEA proteins seem to be a more efficient
protectant in overall against abiotic stresses we tested,
making them to be a more promising target material
in generating stress-tolerant transgenic plants.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Chinese cabbage (Brassica campestris L. ssp napus
var pekinensis cv Seoul) plants were grown for several
weeks in a growth chamber maintained at 25+1°C
with a diurnal cycle of 16 h-light and 8 h-dark under
the light intensity of 150 umol-m=s",

Plasmid Construct and Plant Transformation

TPS overexpressor was constructed as following. The
coding region of otsA gene (Kassen et al., 1992) was
obtained by PCR using Vent polymerase (New England
Biolabs, Beverly, MA, USA) and primers corresponding
to its 5- and 3-ends with Xbal and EcoRl site, respec-
tively. The PCR fragments were cloned into pWP90
vector containing a double 35S CaMV promoter and
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a CaMV poly(A) terminator, and the whole fragment
including promoter and terminator was again cloned
into pBIN9O vector using Kpnl and Sall site. The coding
region of CalLFA gene was obtained by PCR using Vent
polymerase (New England Biolabs, Beverly, MA, USA)
and primers corresponding to its 5- and 3-ends with
EcoRi site to clone into pWP90 vector. The whole frag-
ment was cloned into pBIN90 vector as above. Trans-
genic Chinese cabbage was generated by the leaf disc
transformation procedure (Shin et al., 2003) and selected
on MS medium containing kanamycin. Heterozygous
plants grown from seeds obtained from transgenic
plants in F; generation were directly used for the sub-
sequent physiological experiments.

Water Stress, Heat Stress, and Salt Stress Treatment

Water stress was imposed by air-drying detached
leaves in the flow or by PEG treatment of whole plants.
To do this 6-week old young plants were first carefully
pulled out of the pots and washed in running water to
remove soil without damaging roots, and then their roots
were immersed in the Hoagland solution containing
10% (w/v) PEG-6000. PEG was chosen for its chemical
inertness (Michel, 1970). High temperature treatment
was done by transferring 6-week old plants to the
growth chamber maintained at 45°C under continuous
light. For Chl fluorescence measurements, heat stress
was given by placing the whole plants in the chamber
maintained at 45°C in the dark. Salt stress was imposed
by supplementing 250 mM NaCl twice a week at the
time of irrigation.

RNA Isolation and RT-PCR

Total RNA was isolated according to the modified
method of Chomczynski and Sacci (1981) using TRIzol
reagent (Invitrogen, Carlsbad, California, USA). RT-PCR
was performed using primers covering the whole coding
region of otsA or partial C-terminal region covering
400 bp of CaLFA.

Measurement of Chl Content and Chl Fluorescence

Chl content was measured by Minolta Chl meter
(SPAD-502, Minolta, Japan) and also by conventional
extraction method using acetone according to Porra
et al. (1989). Chl fluorescence parameters {Fo, Fv, and
Fm) were obtained using Plant Efficiency Analyzer
(Hansatech, England) under the light intensity of 640
umol-m2s71,

RESULTS

Morphological Features of Transgenic Cabbage
Plants

Several lines of transgenic Chinese cabbage plants
overexpressing E. coli TPS gene (otsA) or hot pepper
LEA gene (CalLEA) were generated by leaf disc trans-
formation as described before (Shin et al., 2003). The
identity of transgenic plants and their expression level
were examined by RT-PCR. Expression of CaLEA or otsA,
quantified by RT-PCR, was at varying degree depend-
ing on the transgenic lines (Fig. 1). We selected two
transgenic lines from each construct for the subsequent
experiments based on the results of RT-PCR; line #9
for the weakly expressed one and line #2 for the strongly
expressed one in CalEA-transformants, and line #7 for
the weakly expressed one and line #1 for the strongly
expressed one in otsA-transformants (Fig. 1).

Both transgenic plants irrespective of their transgene
expression level showed some distinct phenotypical
alteration including stunted growth and aberrant root
development: thicker taproots, well-developed lateral
roots, and excessive root hairs (Fig. 2). The dwarfism
became increasingly evident, as plants grew older. The
generation time is considerably lengthened to be nearly
twice of that in wild type accompanying with retarded
senescence (data not shown). More often than not
leaves looked greener due to higher Chl content espe-
cially in CaLEA-transformants (data not shown).

Response to Water Stress

It is now firmly established that both trehalose and
LEA proteins are beneficial under water stress. Trehalose
acts as a protectant against desiccation stress in micro-
organisms, ferns, and resurrection plants (Strgm and

act?2
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Figure 1. RT-PCR analysis of TPS and CaLEA expression in
various transgenic cabbage plants (Wt; nontransformants).
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Wit CalLEA plants (#2, #9)

TPS plants (#1, #7)

Figure 2. Altered root phenotypes in 6-week old CaLEA- and
TPS-transgenic plants due to the aberrant root development.
Note that both transgenic plants developed thicker taproots
along with well-developed lateral roots and excessive root
hairs.

Kaasen, 1993; Arglelles, 2000). Furthermore, trehalose-
producing transgenic tobacco and rice plants exhibited
enhanced tolerance to drought and maintained higher
photosynthetic capacity under water stress (Holmstrom
et al., 1996; Romero et al., 1997; Pilon-Smits et al.,
1998; Jun et al., 2001; Garg et al., 2002; Jang et al.,
2003). LEA gene is one of the best-known water stress-
responsive genes, and LEA proteins were reported to
protect specific cellular structure or ameliorate the effect
of drought stress by sequestering ions and maintaining
minimal cellular water requirement (Bray, 1997; Raman-
julu and Bartels, 2002). Various LEA proteins includ-
ing wheat Em, and tomato le-25 conferred increased
tolerance to yeast against salt and chilling stress (Ried
and Walker-Simmons, 1993; Imai et al., 1996; Swire-
Clark and Marcotte, 1999; Zhang et al., 2000). In
addition, transgenic plants overexpressing barley LEA
proteins or hot pepper LEA proteins exhibited increased
tolerance against water and salt stress (Xu et al., 1996;
Kim et al., submitted). In view of these, we compared
the effectiveness of trehalose and LEA proteins on
improving tolerance against water stress in higher plants
using transgenic Chinese cabbage plants overexpressing
each gene. First, we observed changes in leaf turgidity
upon air-drying of detached leaves in the flow. After 8 h
of air-drying, nontransformant leaves manifested severe
wilting while transgenic leaves remained more or less
turgid (Fig. 3A). In general, CalEA-transgenic leaves
appeared less wilted than TPS-transgenic ones against
air-drying. Next, water stress was administered to the
whole plants by immersing their roots in 10% (w/)
PEG-solution. Nontransformed cabbage plants began
to wilt after 2 h and showed a clear sign of wilting after
4 h of PEG-treatment. In contrast, all transgenic plants
showed no sign of wilting after 2 h and significantly less
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Figure 3. Increased tolerance to dehydration in CaLEA- or
TPS-transgenic plants. Detached leaves from 6-week old
cabbage plants were air-dried for 8 h (A) or whole plants
were subjected to PEG-treatment for 4 h (B). Note the better
maintenance of leaf turgidity in transgenic plants compared
with withered leaves in nontransformant (Wt). CaLEA trans-
genic plants appeared to perform better under dehydration.

wilting after 4 h (Fig. 3B). There was variation in
response among transgenic plants, but no distinct dif-
ference was observed between TPS- and CalEA-trans-
genic plants. In general, transgenic plants showing
higher expression leve! of transgene appeared to better
withstand dehydration. When dehydration was induced
by limiting water supply, similar trend was observed
(data not shown). Upon rehydration after 8 h of PEG-
treatment, which induced severe leaf wilting, non-
transformants recovered poorly while both CalEA- and
TPS-transgenic plants fully regained leaf turgidity and
revived eventually (data not shown). TPS-transgenic
plants took a longer time for the full recovery than
CalEA-transgenic plants.

Changes in Fresh Weight and Chl Fluorescence
after Dehydration

- To compare the water-retaining ability quantitatively
against dehydration, decrease in fresh weight of
detached leaves after air-drying and of whole plants after
PEG-treatment were also measured. The fresh weight of
the detached leaves was decreased upon air-drying but
in a different pace: nontransformant lost nearly 80%
while CalEA-transgenic one lost only 30% (Fig. 4A).
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Figure 4. Decrease of fresh weight in the detached leaves (A) and whole plants (B) after dehydration-treatment. Dehydratior
was induced by air-drying of detached leaves or immersing roots of whole plants in 10% (w/v) PEG-solution. Data presented are

mean values = SE (n = 3).

TPS-transgenic one showed an intermediate response
(Fig. 4A). When the roots of whole plants were
immersed in 10% (w/) PEG-solution, nontransfor-
mant lost more than 65% of their fresh weight after 8
h of PEG-treatment. In contrast, TPS-transgenic plants
(line #1 and #7) lost only about 10-20% of their
fresh weight and CalEA-transgenic plants (line #2 and
#9) lost 35-45% of their fresh weight after same treat-
ment (Fig. 4B). Plants of higher transgene expression
were more efficient in retaining fresh weight. The better
performance in TPS-transgenic plants against PEG-
treatment was somewhat contradictory to what was
observed in the detached leaves and recovery response
where LEA-transgenic plants were superior.
Dehydration when accompanied with lowered leaf
water potential reduces the photosynthetic activity of
chloroplasts (Mohanty and Boyer, 1976; Lee et al,,
1998). Therefore, changes in leaf photosynthesis due to
dehydration were compared between nontransformants
and transgenic plants. Chl fluorescence parameters,
the initial Chl fluorescence (Fo) and the maximal pho-
tochemical efficiency of PSIl (Fv/Fm) are often used to
assess PSli function (Schreiber et al., 1994). Although
no significant changes in Fo and Fv/Fm were observed
after PEG-treatment in both nontransformants and

transgenic plants, transgenic plants performed slightly
better than nontransformants in maintaining Chl fluo-
rescence parameters (Table 1). The result is in accor-
dance with various earlier reports that water stress did
not affect PSII significantly (Ogren and Oquist, 1985;
Lee et al., 1998).

Response to High Temperature

High temperature negatively affects most plants lead-
ing retarded growth, chlorosis and ultimate death. In
our early separate studies using TPS- or CaLEA-transgenic
tobacco plants, both trehalose and LEA proteins were
shown to alleviate the negative effect of heat stress (Jun
et al., 2001; Kim et al., submitted). Consequently, their
effectiveness against heat stress was compared. To
evaluate tolerance against high temperature 6 week-
old plants grown at 24°C were transferred to a growth
chamber at 45°C under continuous light. After 8 h of
heat-treatment at 45°C, nontransformants were severely
wilted. Subsequently, they began to manifest extensive
leaf chlorosis leading to ultimate death. In contrast,
both CalEA-and TPS-transgenic plants showed lesser
sign of wilting and remained healthier after treatment
(Fig. 5). Eventually they recovered fully and grew into

Table 1. Changes in Pmax (umol-m™s™") of O, evolution and maximal photochemical efficiency of PSIl (Fv/Fm) after

dehydration. Dehydration was induced by PEG-treatment for Zh.

Treatment Fo @.u.) Fu/Fm
NT LEA NT LEA TPS
Control 4555+38 5034+49 4927+53 0.81x0.02 0.81+£0.01 0.80+0.01
Dehydrated 460256 5042+55 4891+48 0.79+£0.01 0.80+0.01 0.79+0.01

*Data presented are mean values +SD for 3-5 measurements. Standard deviations for Fv/Fm are no shown, but less than 2%.
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Wt LEAplants TPS plants

Figure 5. Increased tolerance to high temperature in Cal.EA- or TPS-transgenic plants. Photograph shown on the left side are
nontransformant (Wt} and transgenic plants before and after incubation at 45°C for 8 h. Cabbage plants grown at 25°C for 6
weeks were transferred to a growth chamber maintained at 45°C under continuous light. Note that both transgenic plants main-
tained healthier state under high temperature. On the right side are histograms showing changes in Fo and Fv/Fm after heat:
treatment at 45°C for 4 h in the dark. CalEA-transgenic plants appeared to photosynthetically perform better after heat-treat-

ment. Data presented are mean values + SE (n = 5).

mature plants (data not shown). The results confirm
that production of either LEA proteins or trehalose
provides plants substantial protection against heat stress
as previously demonstrated in transgenic tobacco plants
(Jun et al., 2001; Kim et al., submitted), but TPS-trans-
genic plants appeared to outperform CalEA-transgenic
plants under high temperature in maintaining healthier
external shape.

Changes in PSIl Function after Heat Treatment

Heating leads to the damage in the photosynthetic
apparatus, resulting in the decline of O, evolution and
CO, fixation. Chl fluorescence parameter, Fv/Fm is
decreased, but Fo is increased since PSIl is known as
the main labile site for heat stress (Schreiber et al.,
1994). Therefore, as an additional way to assess the
tolerance against high temperature, changes in PSII
function after heat-treatment were evaluated by mea-
suring leaf Chl fluorescence. After 4 h of heat-treat-
ment at 45°C in the dark, Fo was increased about
three times in nontransformants while it was increased
only 50% and 30% in TPS-plants {line #1 and #7)
and CalEA-plants (line #2 and #9), respectively (Fig. 5).
Likewise, Fv/Fm remained much more favorable in
transgenic plants after heat treatment at 45°C, showing
10-40% decrease in comparison to more than 80%
decrease in nontransformants (Fig. 5). As in dehydration

treatment, plants of higher expression lines slightly
outperformed those of lower expressed lines. CalEA-
plants appeared to be more efficient than TPS-plants
in maintaining PSII function under high temperature.
The result is rather contradictory of the earlier observa-
tion on external shape, where trehalose appeared to
be more protective. Nevertheless it is likely that both
trehalose and LEA proteins may stabilize thylakoidal
membrane to preserve PSII function under high tem-
perature.

Response to Salt Stress

Salt stress is closely related with water stress in the
sense that plants respond similarly to both stresses, but
high salinity could be more damaging to plants because
it creates hyperionic cellular environment in addition to
causing cellular dehydration (Zhu, 2002). To test toler-
ance against salt stress, 6-week old plants grown under
normal conditions in the absence of salinity were con-
tinuously grown with supplemented 250 mM NaCl at
the time of irrigation. Plant growth was apparently
inhibited after supplementation of 250 mM NaCl in
all plants, but the negative effect of salinity including
growth retardation and leaf necrosis was initiated sig-
nificantly earlier in nontransformants compared with
transgenic plants. After 10 days of growth under sup-
plemented NaCl, leaf chlorosis began to occur exclu-
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Figure 6. Increased tolerance to salinity in CaLEA- or TPS-transgenic plants. Photograph shown on the left side are nontransfor-
mant (Wt) and transgenic plants prior to or after salt treatment for 10 days. Cabbage plants grown at 25°C for 6 weeks were con-
tinuously grown under the supplementation of 250 mM NaCl. Note that both transgenic plants maintained healthier state anc
manifested less leaf chlorosis after salt treatment. Graph on the right side shows the decline of leaf Chi content after salt teat-
ment. Leaves showing no apparent necrosis were chosen for the measurement. Data presented are mean values + SE (n = 3).

sively in the nontransformants. On the 20th day after
salinity treatment nontransformant leaves manifested
extensive chlorosis and necrosis while leaves of trans-
genic plants were about to show slight bleaching (Fig.
6). No distinctive difference was observed between
TPS- and CalEA-transgenic plants after salt treatment
in external shape.

Changes in Chl Content and Chl Fluorescence
after Salt Stress

Since Chl bleaching was accompanied with salinity
treatment, changes in Chl content in the leaves showing
no apparent necrosis were traced. After NaCl supple-
mentation, Chl content in the leaves of nontransfor-
mants was maintained for 5 days, but was sharply
dedined in spite of no visible chlorosis, showing about
50% decrease on the 20th day compared with less
than 30% reduction in those of transgenic plants (Fig. 6).
The efficiency in maintaining leaf Chi content was
independent of transgene expression level, but both
trehalose and LEA proteins appear to be equally
effective in delaying chlorosis imposed by high salinity.
No significant decline in PSII function as indicated by
Fv/Fm was observed in all plants by salt treatment of
up to 20 days (data not shown). Fo values were not
changed significantly either.

DISCUSSION

When plants are subjected to the conditions evoking
water deficit, various dehydration-responsive genes are

induced. Among them are the genes involved in the
synthesis of various osmolytes such as glycinebetaine,
proline, trehalose and some sugar alcohols (Yancey et
al., 1982; Drennan et al., 1993; Ingram and Bartels,
1996; Bray et al., 2000). In addition, a set of genes
encoding special small proteins such as dehydrins,
osmotins, PIN, and LEA proteins are also activated
(Dure, 1993; Close, 1996; Ingram and Bartels, 1996;
Bray, 1997; Ramanjulu and Bartels, 2002). A number of
transgenic studies overexpressing some of these genes
have shown that they conferred increased tolerance
against dehydration, freezing and salinity stress (Tarc-
zynski et al., 1993; Kishor et al., 1995; Pilon-Smits et
al., 1995; Holmstrom et al., 1996; Imai et al., 1996;
Xu et al., 1996; Hayashi et al., 1997; Swire-Clark and
Marcotte, 1999; Guo et al., 2000; Garg et al., 2002;
Jang et al., 2003). In the past several years, we have
been conducting a study for functional characterization
of water stress responsive genes, primarily focusing on
the role of trehalose and LEA proteins under water
deficit. Trehalose, a non-reducing disaccharide, is of spe-
dal interest among them because in spite of its wide
distribution and distinctive role as a stress protectant
in lower organisms ranging from bacteria to resurrec-
tion plants (Thevelein, 1984; Larsen et al., 1987; Dren-
nan et al., 1993; Argtielles, 2000), its existence, not to
mention its role, has been dubious in higher plants
until recently. However, the identification of functional
homologs of TPS and TPP in Arabidopsis strongly vin-
dicated that it is synthesized in Arabidopsis (Blazquez
et al., 1998; Vogel et al., 1998). Furthermore, recent
studies demonstrated that trehalose-producing trans-
genic human cell, tobacco and rice plants showed
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enhanced tolerance against dehydration and salt, further
supporting its role as a stress protectant (Holmstrom
et al., 1996; Romero et al., 1997; Pilon-Smits et al.,
1998; Guo et al., 2000; Jun et al., 2001; Carg et al.,
2002; Jang et al., 2003). In addition, another func-
tional Arabidopsis TPS homologue (AtTPS4) specifically
expressed in silique was recently identified by us, and
AtTPST was up-regulated under water deficit in our own
study, together suggesting the functional importance
of trehalose in higher plants related with dehydration
(un et al., unpublished data). LEA proteins are a large
group of small proteins induced under water deficit and
synthesized during seed development (Bray, 1993;
Dure, 1993). Transgenic rice plants overexpressing bar-
ley LEA protein showed increased resistance to drought
and salt stress (Xu et al., 1996). In our recent study,
transgenic tobacco plants overexpressing hot pepper
LEA proteins, which are heavily up-regulated under
dehydration and salt stress, exhibited increased toler-
ance to drought, heat and salt stress (Kim et al., sub-
mitted). Therefore, LEA proteins are also likely to be
involved in protecting cellular structures under various
abiotic stresses. Although both trehalose and LEA pro-
teins are shown to be highly effective as stress pro-
tectant against various abiotic stresses in several transgenic
studies, no systematic attempt to assess their relative
effectiveness has been tried yet. The comparative study
on their effects against various abiotic stresses would
be a basis for the further understanding their mode of
action in the stress response. In addition, proper eval-
uation for the relative effectiveness of various stress
protectants would be an efficient and economic step
to develop stress-tolerant plants of agricultural impor-
tance.

As shown in this study using transgenic Chinese
cabbage plants, production of either trehalose or LEA
proteins is beneficial in improving tolerance against
drought, salt and heat stresses. The degree of tolerance
conferred by theses compounds was somewhat depen-
dent on the expression level of transgene except in salt
stress where no significant difference was observed
among different lines (compare Fig. 4, 5 and 6). Both
trehalose and LEA proteins had osmoprotective effect
in the sense that they allowed to maintain leaf turgidity
and relative water content (see Fig. 3 and 4). However,
judging from the amount synthesized in other studies,
they are not likely to provide osmotic adjustments
(Goddijn et al., 1997; Jun et al., 2001). Rather, they
appear to protect cellular structures under dehydrated
conditions. As demonstrated in transgenic tobacco
plants, trehalose and LEA proteins also were protective
against heat stress in Chinese cabbage plants presum-
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ably by stabilizing membrane (see Fig. 5). Trehalose is
known to increase membrane stability by vitrification
(Crowe et al., 1998), but how LEA proteins protect
membrane structure is not understood at this point.
However, it is certain that both of them stabilize thy-
lakoid membrane since PSIl was better protected in
both transgenic plants in terms of maintaining more
favorable Fo and Fv/Fm after heat-treatment at 45°C
in the dark (see Fig. 5). As in dehydration treatment,
both transgenic plants manifested much lesser negative
effect of salinity in leaf wilting and necrosis, and leaf
Chl content was better maintained in transgenic plants
than nontransformants (see Fig. 6). The protection is
likely to result from their membrane-stabilizing effect
since high salt destabilizes thylakoid membrane struc-
ture by affecting water splitting complex and leads to
Chl bleaching. Although both trehalose and LEA pro-
teins conferred improved tolerance against abiotic
stresses we tested, their relative effectiveness varied
depending on the nature of abiotic stress, suggesting
that their mode of action as a protectant may be sig-
nificantly different. In overall estimation, although there
was no distinguishing protective difference against salt
stress between trehalose and LEA proteins, LEA pro-
teins slightly outperformed trehalose against dehydra-
tion and heat stress, making them a more attractive
candidate in generating agronomically useful plants.

ACKNOWLEDGEMENTS

This work was supported by The Catholic Univer-
sity of Korea Research Fund {2003), and in part by a
grant (No. CG1232) from Crop Functional Genomics
Center of the 21st Century Frontier Research Program
and BK21 Program.

Received November 27, 2003; accepted December 12, 2003.

LITERATURE CITED

Argielles JC (2000) Physiological roles of trehalose in bac-
teria and yeasts: a comparative analysis. Arch Micro-
biol 17: 217-224

Bldzquez MA, Santos E, Flores CL, Martinez-Zapater JM,
Salinas J, Gancedo C (1998) Isolation and molecular
characterization of the Arabidopsis TPS1 gene, encod-
ing trehalose-6-phosphate synthase. Plant | 13: 685-689

Bray EA (1997) Plant responses to water deficit. Trends
Plant Sci 2: 48-54

Bray EA, Bailey-Serres |, Weretilnyx (2000) Responses to
abiotic stresses. In BB Buchanan, W Gruissem, RL Jones,
eds, Biochemistry and Molecular Biology of Plants, The



Protective Role of Trehalose and LEA Proteins against Abiotic Stresses 285

American Society of Plant Physiologists, Maryland, pp
1158-1202

Chomczynski P Sacchi N (1987) Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 162: 156-159

Close T] (1996) Dehydrin: emergence of a biochemical
role of a family of plant dehydration proteins. Physlol
Plant 97: 795-803

Crowe JH, Carpenter JF, Crowe LM (1998) The role of vitri-
fication in anhydrobiosis. Annu Rev Physiol 60: 73-103

Drennan PM, Smith MT, Goldsworthy D, van Staden j
(1993) The occurrence of trehalose in the leaves of the
desiccation-tolerant angiosperm Myrothamnus flabelli-
folius Wiw. § Plant Physiol 142: 493-496

Dure L i1 (1993) A repeating 11-mer amino acid motif and
plant desiccation. Plant } 3: 363-369.

Galau GA, Wang HY-C, Hughes DW (1993) Cotton Lea5
and Leal4 encode atypical late embryogenesis-abun-
dant proteins. Plant Physiol 101: 695-696

Garg AK, Kim, J-K, Owens TG, Ranwala AP Choi YD,
Kochian LV and Wu RJ (2002) Trehalose accumulation
in rice plants confers high tolerance levels to different
abiotic stresses. Proc Natl Acad Sci USA 99: 15898-
15903

Goddijn OJM, Verwoerd TC, Voogd E, Krutwagen R, de
Graaf P, Poels ), van Dun K, Ponstein A, Damm B, Pen
J (1997) Inhibition of trehalase activity enhances trehalose
accumulation in transgenic plants. Plant Physiol 113:
181-190

Guo N, Puhlev I, Brown DR, Mansbridge ), Levine F
(2000) Trehalose expression confers desiccation toler-
ance on human cells. Nature Biotechnol 18:168-171

Hayashi H, Alia, Mustardy L, Deshnium P, Ida M, Murata
N (1997) Transformation of Arabidopsis thaliana with
the codA gene for choline oxidase; accumulation of gly-
cinebetaine and enhanced tolerance to salt and cold
stress. Plant J 12: 133-142

Holmstrdm KO, Mantyla E, Welin B, Palva ET (1996)
Drought tolerance in tobacco. Nature 379: 683-684

Imai R, Chang L, Ohta A, Bray EA, Takagi M (1996) A lea-
class gene of tomato confers salt and freezing tolerance
when expressed in Saccharomyces cerevisiae. Gene
170: 243-248

Ingram J, Bartels D (1996) The molecular basis of dehydra-
tion tolerance in plants. Annu Rev Plant Physiol Plant
Mol Biol 47: 377-403

Jang I-C, Oh S-J, Seo }-S, Choi W-B, Song SI, Kim CH, Kim
YS, Seo H-S, Choi YD, Nahm BH, Kim }-K (2003)
Expression of a bifunctional fusion of the Escherichia coli
genes for trehalose-6-phosphate synthase and trehalose-
6-phosphate phosphatase in transgenic rice plants increases
trehalose accumulation and abiotic stress tolerance
without stunting growth. Plant Physiol 131: 516-524

Jun S-S, Choi HJ, Yang J¥, Hong Y-N (2001) Photosynthetic
response to dehydration and high temperature in treha-
lose-producing transgenic tobacco. In PS 2001 pro-
ceedings, 12th Intemational Congress on Photosynthesis.
CSIRO publishing, $35-017: 1-4

Kassen |, Falkenberg P Styrvold OB, Stram AR (1992)
Molecular cloning and physical mapping of the otsBA
genes, which encode the osmoregulatory trehalose
pathway of Escherichia coli: evidence that transcription
is activated by KatF (AppR). | Bacteriol 174: 889-898

Kishor PBK, Hong Z, Miao G-H, Hu C-AA, Verma DPS
(1995) Overexpression of A'-pyrroline-5-carboxylate syn-
thetase increases proline production and confers osmo-
tolerance in transgenic plants. Plant Physiol 108: 1387-
1394

Larsen Pl, Sydnes LK, Landfald B, Strgm AR (1987) Osmo-
regualtion in Escherichia coli by accumulation of organic
osmolytes: betaines, glutamic acid, and trehalose. Arch
Microbiol 147: 1-7

Lee HY, Jun S-S, Hong Y-N (1998) Photosynthetic responses
to dehydration in green pepper (Capsicum annuum L.)
leaves, | Photosci 5: 169-174

Maitra N, Cushman JC (1994} Isolation and characteriza-
tion of drought-induced soybean cDNA encoding a
D95 family late embryogenesis-abundant protein. Plant
Physiol 106: 805-806

Michel BE (1970) Carbowax 6000 compared with manni-
tol as a suppressant of cucumber hypocotyl elongation.
Plant Physiol 45: 507-509

Mohanty P, Boyer JS (1976) Chloroplast response to low
water potentials. IV. Quantum yield is reduced. Plant
Physiol 57: 704-709

Ogren E, Oquist G (1985) Effects of drought on photosyn-
thesis, chlorophyll fluorescence and photoinhibition sus-
ceptibility in intact willow leaves. Planta 166: 380-388

Pilon-Smits EAH, Ebskamp MJM, Paul M), Jeuken MJW,
Weisbeek P, Smeekens SCM (1995) Improved perfor-
mance of transgenic fructan-accumulating tobacco
under drought stress, Plant Physiol 107: 125-130

Pilon-Smits EAH, Terry N, Sears T, Kim H, Zayes A,
Hwang SB, van Dun K, Voogd E, Verwoerd TC, Krut-
wagen RWHH, Goddijn OJM (1998) Trehalose-produc-
ing transgenic tobacco plants show improved growth
performance under drought stress. ] Plant Physiol 152:
525-532

Piatkowski D, Schneider K, Salamini F Bartels D (1990)
Characterization of five abscisic acid-responsive cDNA
clones isolated from desiccation-tolerant plant Cra-
terostigma plantagineum and their relationship to other
water-stress genes. Plant Physiol 94: 1682-1688

Porra R, Thompson WA, Kriedemann PE (1989) Determi-
nation of accurate extinction coefficients and simulta-
neous equations for assaying chlorophylls a and b
extracted with four different solvents: verification of the
concentration of chlorophyll standards by atomic
absorption spectroscopy. Biochim Biophys Acta 975:
384-394

Ramanjulu S, Bartels D (2002) Drought- and desiccation-
induced modulation of gene expression in plants. Plant
Cell Environ 25: 141-151

Ried JL, Walker-Simmons MK (1993) Group 3 late embryo-
genesis abundant proteins in desiccation-tolerant seed-
lings of wheat (Triticum aestivum L.). Plant Physiol 102:



286 Park et al.

125-131

Romero C, Bellés JM, Vayi JL, Serrano R, Culidfiez-Macia
FA (1997) Expression of the yeast trehalose-6-phosphate
synthase gene in transgenic tobacco plants: pleiotropic
phenotypes include drought tolerance. Planta 201:
293-297

Schreiber U, Bilger W, Neubauer C (1994) Chlorophyll flu-
orescence as a nonintrusive indicator for rapid assess-
ment of in vivo photosynthesis. In E-D Schulze, MM
Caldwell, eds, Ecophysiology of Photosynthesis, Springer-
Verlag, Berlin, pp 49-70

Shin J, Cho H, Chung Y-Y, Park, MC (2003) Transformation
of rice OsMADS7 gene causes homeotic mutations in
floral organs of Chinese cabbage (Brassica campestris). |
Plant Biol 46: 46-51

Soulages JI, Kim KM, Walters C, Cushman JC (2002) Tem-
perature-induced extended helix/random coil transi-
tions in a group 1 late embryogenesis-abundant protein
from soybean. Plant Physiol 128: 822-832

Strom AR, Kaasen | (1993) Trehalose metabolism in Escher-
ichia coli: stress protection and stress regulation of gene
expression. Mol Microbiol 8: 205-210

Swire-Clark GA, Marcotte WR (1999) The wheat LEA pro-
tein Em functions as an osmoprotective molecule in
Saccharomyces cerevisiae. Plant Mol Biol 39: 117-128.

Tarczynski MC, Jensen RG, Bohnert HJ (1993) Stress pro-
tection of transgenic tobacco by production of the
osmolyte mannitol. Science 259: 508-510

Thevelein JM (1984) Regulation of trehalose mobilization
in fungi. Microbiol Rev 48: 42-59

J. Plant Biol. Vol. 46, No. 4, 2003

Vogel G, Aeschbacher RA, Miiller ), Boller T, Wiemken A
(1998) Trehalose-6-phosphate phosphatase from Arabi-
dopsis thaliana: identification by functional comple-
mentation of the yeast tps2° mutant. Plant § 13: 673-
683

Xu D, Duan X, Wang B, Hong B, Ho DT-H, Wu R (1996)
Expression of a late embryogenesis abundant protein
gene, HVAT, from barley confer tolerance to water
deficit and salt stress in transgenic rice. Plant Physiol
110: 249-257

Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN
(1982) Living with water stress: evolution of osmolyte
system. Science 217: 1214-1222

Zhang L, Ohta A, Takagi M, Imai R (2000) Expression of
plant group 2 and group 3 lea genes in Saccharomyces
cerevisiae revealed functional divergence among LEA
proteins. ) Biochem 127: 611-616

-Zegzouti H, Jones B, Marty C, Leligvre J-M, Latche A, Pech

J-C, Bouzayen M (1997) ER5, a tomato cDNA encod-
ing an ethylene-responsive LEA-like protein: character-
ization and expression in response to drought, ABA and
wounding. Plant Mol Biol 35: 847-854

Zentella R, Mascorro-Gallardo JO, Van Dijck P Folch-
Mallol J, Bonini B, Van Vaeck C, Gaxiola R, Covarru-
bias AA, Nieto-Sotelo ], Thevelein JM, lturriaga G
(1999) A Selaginella lepidophylla trehalose-6-phosphate
synthase complements growth and stress-tolerance defects
in a yeast tps7 mutant. Plant Physiol 119: 1473-1482

Zhu J-K (2002) Salt and drought stress signal transduction in
plants. Annu Rev Plant Biol 53: 247-273



