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Abstract Genetically engineered tobacco (Nicotiana

tabacum L.) with the ability to synthesis glycinebetaine

(GB) in chloroplasts was established by introducing the

BADH gene for betaine aldehyde dehydrogenase from

spinach (Spinacia oleracea L.). The genetic engineering

resulted in enhanced tolerance of growth of young seed-

lings to salt stress. This increased tolerance was not due to

improved water status, since there were no significant

differences in accumulation of sodium and chloride, leaf

water potential, and relative water content between wild

type and transgenic plants under salt stress. Salt stress

resulted in a decrease in CO2 assimilation and such a

decrease was much greater in wild type plants than in

transgenic plants. Though salt stress showed no damage to

PSII, there were a decrease in the maximal PSII electron

transport rate in vivo and an increase in non-photochemical

quenching (NPQ) and these changes were greater in wild

type plants than in transgenic plants. In addition, salt

stress inhibited the activities of ribulose 1,5-bisphosphate

carboxylase/oxygenase, chloroplastic fructose-1,6-bis-

phosphatase, fructose-1,6-bisphosphate aldolase, and

phosphoribulokinase and such a decrease was also greater

in wild type plants than in transgenic plants, suggesting

that GB protects these enzymes against salt stress. How-

ever, there were no significant changes in the activities of

phosphoglycerate kinase, triose phosphate isomerase,

ribulose-5-phosphate isomerase, transketolase, and sedo-

heptulose-1,7-bisphosphatase in both wild type and

transgenic plants. The results in this study suggest that

enhanced tolerance of CO2 assimilation to salt stress may

be one of physiological bases for increased tolerance of

growth of transgenic plants to salt stress.
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Introduction

It is estimated that worldwide about one third of the irri-

gated arable land is already salt affected and that

salinization of land is still expanding (Szabolcs 1989; Tanji

1990). Salt stress is one of the major environmental factors

that restrict plant growth and the worldwide productivity

(Epstein et al. 1980; Boyer 1982). The decline in growth

observed in many plants subjected to excessive salinity is

often associated with a decrease in their photosynthetic

capacity (Long and Baker 1986). The decrease in photo-

synthesis in salt-stressed plants can be associated with the

partial stomatal closure and/or the non-stomatal limitation

which is involved in the dark enzymatic processes of CO2

assimilation, e.g. the decrease in Rubisco activity and

content (Downton et al. 1985; Brugnoli and Björkman

1992). The decrease in photosynthesis in salt-stressed

plants may be also associated with the inhibition of PSII

activity (Mishra et al. 1991; Belkhodja et al. 1994; Everard

et al. 1994) though some studies have indicated that PSII is
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high resistant to salinity stress (Morales et al. 1992; Abadı́a

et al. 1999; Lu and Zhang, 1998; Lu et al. 2002, 2003a, b).

Although salt stress significantly affects growth of

plants, plants have evolved a variety of mechanisms for

adapting to salt stress. One of the mechanisms is the

accumulation of glycinebetaine (GB), a so-called ‘‘com-

patible solute,’’ in response to salt stress (Rhodes and

Hanson 1993). GB is also accumulated under other envi-

ronmental stress, such as drought and cold stress (Rhodes

and Hanson 1993). Numerous studies have suggested that

GB plays an important role in plants under various types of

environmental stresses (see review e.g. Sakamoto and

Murata 2002). GB increases not only salt tolerance

(Hayashi et al. 1997; Holmströn et al. 2000) but also cold

tolerance (Hayashi et al. 1997; Alia et al. 1998a; Park

et al. 2004), and freezing tolerance (Sakamoto et al. 2000).

In addition, GB may relieve high temperature stress of

plants (Alia et al. 1998b; Yang et al. 2005).

The mechanisms of GB in protecting plants against salt

stress have been investigated by many studies. GB may

protect plants by acting as an osmolyte maintaining the

water balance between the plant cell and the environment

during salt stress (Saneoka et al. 1995). GB may also

protect PSII activity by stabilizing the PSII complexes at

high salt concentrations (Papageorgiou and Murata 1995).

In addition, it has been shown that transformed rice and

tobacco with accumulation of GB enhances tolerance of

PSII against photoinhibition (Hayashi et al. 1997; Sakam-

oto et al. 1998; Holmström et al. 2000). It has also been

reported that the accumulation of GB in a cyanobacterium

Synechococcus by genetic engineering of bet genes pro-

tects ribulose-1,5-bisphosphate carboxylase/oxygenase

from inactivation under salt stress (Nomura et al. 1998).

Several studies have shown that the accumulation of GB

in Arabidopsis and rice in the chloroplast by transferring

codA gene responsible for GB synthesis improves their

growth under salt stress condition (Hayashi et al. 1997;

Sakamoto et al. 1998). Recently, it has been demonstrated

that several GB-producing transgenic rice lines obtained by

transferring choline oxidase gene show greater salt toler-

ance than wild type plants (Su et al. 2006). However, it

remains unknown what is the physiological basis of GB

in vivo for this increased tolerance of growth to salt stress.

Since photosynthesis is sensitive to salt stress (Long and

Baker 1986), we propose a hypothesis that the physiolog-

ical basis for enhanced tolerance of growth to salt stress

induced by accumulation of GB in vivo may be associated

with increased tolerance of photosynthesis to salt stress. To

our knowledge, no report is available whether the accu-

mulation of GB in vivo can enhance photosynthesis against

salt stress.

We have established the system for the biosynthesis of

GB in vivo by genetic engineering of tobacco, which is

unable to accumulate GB (Yang et al. 2005). In this study,

using transgenic tobacco, we investigated the role of GB

in vivo in protecting photosynthesis from salt stress.

Materials and methods

Transformation of plants and growth conditions

The BADH gene, which had been isolated from spinach,

was used to construct a vector plasmid that contained the

promoter for 35S ribosomal RNA from cauliflower mosaic

virus (CaMV35S), the sequence encoding the transit pep-

tide of the small subunit of Rubisco of tobacco and the

terminator of the gene for nopaline synthase (NOS) as

described previously (Yang et al. 2005). Nicotiana taba-

cum (wild type K326) was transformed with the resultant

plasmid by the standard Agrobacterium-mediated method

and five independent lines of transgenic tobacco plants (L1,

L2, L3, L4 and L5) were established as described previ-

ously. These transformed plants were used as the source of

plant materials. Plants derived from untransformed seeds

were designated wild-type plants, which did not contain

GB.

The seeds of these transgenic and wild type plants were

allowed to germinate, and plants were grown in vermiculite

for 2 weeks and were then transplanted to plastic pots

(20 cm in diameter and 15 cm in height) filled with sands

and watered daily with half-strength Hoagland nutrient

solution. The plants were grown in a greenhouse at

25 ± 1�C with PPFD of 300 lmol m-2 s-1, a relative

humidity of 75–80%, and a photoperiod of 14/10 h light/

dark as described previously (Yang et al. 2005).

Salt stress treatments

The seedlings after growth for 2 months were subjected to

salt treatments. Salt concentrations were stepped up in

25 mM d-1 increments until final concentrations (0, 75,

150 mM) were achieved. NaCl was dissolved in Hoagland

nutrient solution and plants were watered daily to drip with

approximate 0.5 l of salt solution. All measurements on the

youngest leaves that were fully expanded were made

3 weeks after final treatment concentrations were reached,

when plants had achieved a steady state.

Water status of plants

Leaf water potential was measured with a pressure cham-

ber (Model 3000, Soil Moisture Equipment Co. USA) on

the youngest and fully expanded leaves. Relative water
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content was calculated as: (FW � DW)/(TW � DW)

� 100, where FW is the fresh weight, TW is the turgid

weight after rehydrating samples for 24 h by soaking the

leaves with water, and DW is the dry weight after oven-

drying samples at 85�C for 24 h.

Determination of sodium and chloride

Leaf samples were dried in an oven at 105�C for 15 min

and then at 80�C to a constant weight. Then ca. 20 mg

dried leaves were burnt into ashes in an oven at 500�C. The

ashes were dissolved in HNO3 solution and diluted with

distilled water to 250 ml. Na+ was measured by atomic

absorption spectrometry (Hitachi Z-8000, Japan). Cl- was

determined by a chloride electrode (PXSJ-216, China).

Analysis of gas exchange

Measurements of net photosynthetic gas exchange were

made on a fully expanded attached leave of tobacco

seedlings using an open system (Ciras-1, PP systems, UK).

CO2 assimilation rate and stomatal conductance were made

at a CO2 concentration of 360 ll l-1 and at a temperature

25�C with a relative humidity 80% and saturating light

(800 lmol m-2 s-1).

Chlorophyll fluorescence

To investigate the effects of salt stress on in vivo electron

transport rate under salt stress conditions, we estimated the

maximal electron transport rate ðUPSIIÞ using chlorophyll

fluorescence by following the protocol of Mark Stitt who

first used an oxygen electrode system (Stitt 1986). UPSII

was measured by transiently lowering the saturating light

intensity to the compensation point to allow the dark

reactions to use up the NADPH and ATP produced by the

light reactions but not long enough for deactivation of the

Calvin enzymes to occur. Under these special conditions,

the measured UPSII was determined by the amount of non-

photochemical quenching (NPQ) that was present in the

sample before the saturating light intensity was lowered.

Thus, it should be pointed out that measurement of UPSII in

this study is different from normal measuring techniques

for UPSII:

Chlorophyll fluorescence was measured at room temper-

ature with a portable fluorometer (PAM-2000, Walz,

Germany) after the attached leaves had been dark-adapted

for 15 min. The fluorometer was connected to a leaf-clip

holder (2030-B, Walz) with a tri-furcated fiberoptic (2010-F,

Walz) and to a computer with data acquisition software

(DA-2000, Walz).

The minimal fluorescence level (Fo) with all PSII

reaction centers open was measured by the measuring

modulated light, which was sufficiently low (\0.1 lmol

m-2 s-1) not to induce any significant variable fluores-

cence. The maximal fluorescence level (Fm) with all PSII

reaction centers closed were determined by a 0.8 s satu-

rating pulse at 8,000 lmol m-2 s-1 in dark-adapted leaves.

Then, the leaf was illuminated with saturating continuous

background light (800 lmol m-2 s-1) to come to steady

state photosynthesis after about 8 min by following the

steady-state value of fluorescence. The leaf was thereafter

illuminated with the light (35 lmol m-2 s-1), which was

just above the compensation point for 30 s by decreasing

saturating continuous background light and then the leaf

was illuminated again with saturating light. Immediately,

fluorescence value (Ft) was recorded and a second satu-

rating pulse at 8,000 lmol m-2 s-1 was imposed to

determine maximal fluorescence level F0m
� �

: The saturating

background light was removed and the minimal fluores-

cence level F0o
� �

was determined by illuminating the leaf

with a 3 s pulse of far-red light.

Using above fluorescence parameters, we calculated: (1)

the maximal efficiency of PSII photochemistry in the dark-

adapted state, Fv/Fm = (Fm � Fo)/Fm; (2) the maximal

PSII efficiency, UPSII = (F0m � Ft)/F
0
m; and (3) the

efficiency of excitation capture by open PSII reaction cen-

ters, F0v/F0m, (4) the photochemical quenching coefficient,

qP = (F0m � Ft)/(F
0
m � F0o), (5) non-photochemical

quenching, NPQ = (Fm/F0m) � 1(Genty et al. 1989; van

Kooten and Snel 1990).

Electron transport activities

After 3 weeks for salt stress treatment, the youngest fully

expanded leaves were harvested and homogenized in a

medium containing 0.4 M sucrose, 50 mM tricine

(pH 7.6). The homogenate was filtrated through 16 layers

of gauze and then the filtrate was centrifuged at 500g for

3 min to remove large debris. The supernatant was further

centrifuged at 3,000g for 10 min. The pellet was washed

twice by the buffer (50 mM tricine, 10 mM NaCl, 5 mM

MgCl2, pH 7.6) at 10,000 g for 10 min. The resulting

washed pellet was thylakoid membranes and resuspended

in the same buffer for measuring electron transport

activities.

Electron transport activities in the thylakoid membranes

were measured with a Clark-type oxygen electrode

(Hansatech, King’s Lynn, Norfolk, UK) suspended in the

medium (0.4 M sucrose, 50 mM Tricine, 10 mM NaCl,

5 mM MgCl2, pH 7.6) under white light with a saturating

intensity (800 lmol m-2 s-1). For measurement of whole-

chain electron transport activity, 10 mM methylamine,
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1 mM sodium azide, and 1 mM methyl viologen were

added. PSI electron transport activity was measured with

10 mM methylamine, 10 lM 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU), 1 mM sodium azide, 500 lM 2,6-

dichlorophenol indophenol (DCPIP), 2 mM sodium

ascorbate, and 1 mM methyl viologen. PSII electron

transport activity was determined using 1 mM phenyl-

p-benzoquinone as electron acceptor.

GB extraction and quantification

The method developed by Naidu (1998) was followed.

Leaf samples were ground in methanol:chloroform:water

(12:5:1). The aqueous phase was fractioned by Dowex-

1-OH- and Dowex-50-H+ ion-exchange chromatograph.

The GB fraction was eluted with 6 M NH4OH, dried under

a stream of N2 at 45�C and dissolved in 1 ml of distilled

water. GB was analyzed by a HPLC system (Waters Corp.,

Milford, MA, USA). A Waters 600 Pump delivery System

with Waters 996 PDA detector was equipped with a

column of Hypersil 10SCX (4.6 9 250 mm, Dalian Elite

Analytical Instruments Co., China). Data were analyzed

with Millenium Chromatography Manager System Control

software (Waters Corp.). The amount of GB in each sample

was estimated from the refractive index by referring to

standard GB solutions.

Enzyme activities and metabolite contents

The non-salt-stressed (control) and salt-stressed whole

plants were irradiated with saturating light 800 lmol

m-2 s-1 for 30 min at 25�C to promote activation of

enzymes. After illumination, leaf tissues from non-salt-

stressed and salt-stressed plants were harvested and

immediately frozen in liquid nitrogen for analyses of

enzyme activities and metabolite levels. For the assay of

the enzymes, crude homogenates were prepared by grind-

ing leaf tissues (3.2 cm2) with 2 ml of extraction buffers

(the extraction buffers were different for different

enzymes) at 0–4�C in a prechilled mortar and pestle and

the resulting solutions were centrifuged 1 min at 14,000g,

4�C. The resulting supernatants (1 ml) were further used

for the assay of the activities of different enzymes in the

different assay buffers (the assay buffers were different for

different enzymes). During the assay of different enzymes,

no further extra NaCl and GB were added into the assay

buffers.

The effects of in vitro GB on the activities of the enzymes

under salt stress conditions were carried by using broken

chloroplasts after an osmotic shock from intact chloro-

plasts of wild type plants. The broken chloroplasts (2 ml)

were incubated with exogenous GB (final concentration:

1.5 lmol mg-1 Chl) at different NaCl concentrations

(final concentrations: 0, 20, and 40 lmol mg-1 Chl) for

30 min at 4�C. Then, the broken chloroplasts were centri-

fuged 1 min at 14,000g, 4�C. The resulting supernatants

(1 ml) were used for the assay of the activities of different

enzymes in the different assay buffers. During the assay of

different enzymes, no further extra NaCl and GB were

added into the assay buffers.

Total and initial ribulose 1,5-bisphosphate carboxylase/

oxygenase (Rubisco) activities were determined as descri-

bed previously (Feller et al. 1998). The activity of Rubisco

activase was calculated as the relative ratio of initial to

total Rubisco activities (Perchorowicz et al. 1981). The

activity of plastid fructose-1,6-bisphosphatase (FBPase)

was determined according to Schimkat et al. (1990).

Fructose-1,6-bisphosphate aldolase (FBP aldolase) was

measured as described previously (Haake et al. 1998). The

activities of phosphoribulokinase (PRKase), phosphoglyc-

erate kinase (PGA kinase), triose phosphate isomerase,

ribulose-5-phosphate isomerase, sedoheptulose-1,7-bis-

phosphatase (SBPase), and transketolase were determined

according to Leegood (1990). The contents of 3-phospho-

glycerate (PGA), ribulose-1,5-bisphosphate (RuBP), and

fructose 6 phosphate (F6P) were determined according to

Schrader et al. (2004).

SDS-PAGE and immunological analyses

Samples were solubilized in the presence of 6 M urea and

separated by SDS-PAGE (Laemmli 1970) using 15% (w/v)

acrylamide gels with 6 M urea. For immunoblotting,

polypeptides were electrophoretically transferred to a

nitrocellulose membranes (Millipore, Saint-Quentin,

France) and proteins were detected with antibodies raised

against Rubisco activase (G. Chen, Shanghai Institute of

Plant Physiology and Ecology), and Rubisco large subunit

(L. Zhang, Institute of Botany, Chinese Academy of

Sciences).

Isolation of chloroplasts

Intact chloroplasts were isolated by centrifugation on a

Percoll density gradient according to the protocol of Mullet

and Chua (1983). The percentage of intact chloroplasts was

determined by measuring ferricyanide photoreduction

before and after osmotic shock. Chlorophyll content was

determined in 80% (v/v) acetone according to Porra et al.

(1989). Protein content was determined by the dye-binding

assay according to Bradford (1976).
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Results

Effects of salt stress on the accumulation of sodium

and chloride, water status, and growth of seedlings

Five independent lines of transgenic tobacco plants (L1,

L2, L3, L4, and L5) were used in this study and there were

no differences in the size or developmental stage of two-

month-old wild type plants and transgenic plants (Yang

et al. 2005). There were no differences in total soluble

protein content of leaves either between wild type and

transgenic plants or between control and NaCl-treated

plants on a leaf area basis (data not shown). The GB

content in youngest fully expanded leaves was about 3.2,

1.2, 2.9, 4.9, 0.4 lmol g-1 fresh weight in L1–L5 plants,

respectively, after two-month growth and no GB was

detected in wild type plants. Although betaine aldehyde

dehydrogenase is specifically targeted to the chloroplast,

not all GB was accumulated in the chloroplast. By com-

paring the contents of GB in the leaf and chloroplast,

expressed on a chlorophyll basis and corrected for the

percentage of broken chloroplasts present, the percentage

of GB found in the chloroplast can be calculated. It was

estimated that 61–85% of total leaf GB was localized in the

chloroplast (Table 1).

After exposed to different salt concentrations for

3 weeks, salt treatment resulted in a significant accumu-

lation of sodium and chloride. However, there were no

significant differences in the levels of sodium and chloride

between wild-type and transgenic L4 plants in both control

and salt-stressed plants expressed either on the basis of leaf

dry weight or chlorophyll. By comparing the contents of

NaCl in the leaf and chloroplast expressed on a chlorophyll

basis and corrected for the percentage of broken chloro-

plasts present, it was estimated that about 32% of total leaf

NaCl was entered into the chloroplast (Table 2). We also

determined the levels of sodium and chloride in other

transgenic lines (L1, L2, L3, and L5) under salt stress. We

observed that there were also no differences in the levels of

sodium and chloride between wild-type plants and these

transgenic lines and that about 32% of total leaf NaCl was

entered into the chloroplast (data not shown). Salt stress

also resulted in a significant decrease in water potential and

relative water content in leaves in wild-type and transgenic

plants but there were no significant differences in leaf

water potential and relative water content between wild-

type plants and transgenic plants (Table 3).

Figure 1 shows the effects of salt stress on the growth of

wild type and transgenic plants. Salt stress decreased the

growth in wild type and transgenic plants and such a

decrease was greater in wild type plants than in transgenic

plants with increasing salt concentration. The higher the

accumulation of GB was, the higher the tolerance of the

growth to salt stress was. Transgenic line 4 plants showed

highest tolerance to salt stress. These results suggest that

accumulation of GB in vivo enhances tolerance of the

growth to salt stress in tobacco plants.

Effects of salt stress on CO2 assimilation and stomatal

conductance

Figure 2 shows the changes in CO2 assimilation rate and

stomatal conductance in wild type and five transgenic

lines after exposed to salt stress for 3 weeks. CO2

assimilation rate decreased significantly with increasing

salt concentration in wild type plants and transgenic

plants and such a decrease was much greater in wild type

plants than in transgenic plants. Line 4 showed the

highest tolerance of CO2 assimilation rate to salt stress

(Fig. 2a). Salt stress also resulted in a significant decrease

in stomatal conductance in wild type plants and trans-

genic plants. However, there were no significant

differences in stomatal conductance between wild type

plants and transgenic plants (Fig. 2b). These results

indicate that the increased tolerance of CO2 assimilation

Table 1 Glycinebetaine (GB) levels in leaves and chloroplasts isolated from leaves of transgenic plants

Transgenic

lines

GB in

leaves

(lmol g-1

fresh weight)

GB in

leaves

(lmol mg-1 Chl)

GB in isolated

chloroplasts

(lmol mg-1 Chl)

Intact

chloroplasts

(%)

GB in

chloroplasts

(%)

L1 3.22 ± 0.12 1.31 ± 0.09 0.96 ± 0.10 92.5 ± 4.0 78.2 ± 4.5

L2 1.23 ± 0.15 0.48 ± 0.04 0.31 ± 0.05 93.4 ± 5.2 68.8 ± 5.4

L3 2.91 ± 0.22 1.16 ± 0.12 0.82 ± 0.04 95.3 ± 3.1 75.2 ± 6.1

L4 4.92 ± 0.25 1.87 ± 0.08 1.49 ± 0.10 93.6 ± 3.2 85.1 ± 5.8

L5 0.44 ± 0.17 0.17 ± 0.07 0.10 ± 0.04 95.2 ± 3.1 60.8 ± 3.7

Values in the table are mean ± SE from four independent experiments. GB content in chloroplasts was corrected for the percentage of broken

chloroplasts present. The percentage of GB found in the chloroplast was calculated by comparing leaf and chloroplast contents expressed on a

chlorophyll basis
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rate in transgenic plants was not associated with the

changes in stomatal conductance.

Effects of salt stress on function of PSII and PSI

In vitro studies with isolated thylakoid membranes dem-

onstrate that salt stress showed no effects on the activities

of PSII and PSI electron transport in wild type and trans-

genic plants (Table 3). We further examined the effects of

salt stress on the maximal efficiency of PSII photochem-

istry (Fv/Fm), which is a direct measure of damage to PSII.

Salt stress had no effects on Fv/Fm in both wild type and

transgenic plants (Table 3). These results suggest that salt

stress showed no damage to PSII in both wild type and

transgenic plants.

In order to know the potential limitations of electron

transport rate in vivo under salt stress, we followed Mark

Stitt’s protocol (Stitt 1986) and used chlorophyll fluores-

cence to compare maximum electron transport rate

independent of the dark reactions by allowing the leaves to

come to steady state photosynthesis under saturating light,

decreasing the light to just above the compensation point

for 30 s and then returning the leaves to saturating light.

The measurement of the PSII efficiency ðUPSIIÞ immedi-

ately after transition to saturating light can give a relative

measurement of maximum electron transport rate in vivo.

Figure 3a shows that ðUPSIIÞ decreased significantly with

increasing salt concentration in wild type and transgenic

plants and such a decrease was much greater in wild type

plants than in transgenic plants. Line 4 showed the highest

resistance of UPSII to salt stress. Concomitant to the mea-

surement of UPSII; we also measured the efficiency of

excitation energy capture by open PSII reaction centers

F0v/F0m
� �

; the coefficient of photochemical quenching (qP),

and the NPQ. The patterns of changes in F0v/F0m were

similar to those of ðUPSII: F0v/F0m decreased significantly

with increasing salt concentration in wild type and trans-

genic plants and such a decrease was much greater in wild

type plants than in transgenic plants. Line 4 showed the

highest resistance of F0v/F0m to salt stress (Fig. 3b). On the

other hand, NPQ increased with increasing salt concen-

tration in wild type plants and transgenic plants and such an

increase was much greater in wild type plants than in

transgenic plants (Fig. 3c). However, salt stress showed no

effects on qP in wild type and transgenic plants and also no

significant differences in qP between wild type plants and

transgenic plants were observed (Table 3).

Effects of salt stress on the activities of the enzymes

and metabolite levels

Since it has been shown that Rubisco activity is inhibited

by salt stress (Brugnoli and Björkman 1992), we compared

the effects of salt stress on the activity of Rubisco between

wild type plants and transgenic plants. Figure 4 shows that

salt stress resulted in a significant decrease in the total and

initial Rubisco activities in both wild type plants and

transgenic plants. However, the inhibition of Rubisco

activity in wild type plants was much greater than that in

transgenic plants. The activity of Rubisco in transgenic line

4 demonstrated the highest tolerance to salt stress. This

inhibition of Rubisco activity was not due to the changes in

the content of Rubisco, since western-blotting analysis

revealed that there were no significant changes in the

content of Rubisco during salt stress either in wild type

plants or transgenic plants (Table 3).

Table 2 Effects of salt stress

on Na+ and Cl- levels in leaves

and chloroplasts isolated from

leaves of wild type and

transgenic L4 plants

Values in the table are

mean ± SE from three

independent experiments. Na+

and Cl- content in chloroplasts

was corrected for the percentage

of broken chloroplasts present.

The percentage of Na+ and Cl-

found in the chloroplast was

calculated by comparing leaf

and chloroplast contents

expressed on a chlorophyll basis

NaCl (mM) Na+ and Cl-

in leaves

(lmol g-

1 dw)

Na+ and Cl-

in leaves

(lmol mg-

1 Chl)

Na+ and Cl-

in isolated

chloroplasts

(lmol mg-

1 Chl)

Intact

chloroplasts

(%)

Na+ and Cl-

in chloroplasts

(%)

0 Na+ wt 5.6 ± 1.0 5.3 ± 0.2 1.5 ± 0.05 94.5 ± 1.6 31.2 ± 2.3

L4 6.0 ± 2.0 5.5 ± 0.3 1.6 ± 0.07 94.6 ± 3.6 31.1 ± 2.4

Cl- wt 8.0 ± 3.1 5.8 ± 0.2 1.7 ± 0.05 93.5 ± 1.1 32.2 ± 2.1

L4 7.6 ± 3.6 5.3 ± 0.2 1.6 ± 0.05 94.4 ± 2.8 31.6 ± 2.6

75 Na+ wt 45.1 ± 3.1 55.6 ± 2.3 17.3 ± 1.2 94.5 ± 2.6 32.5 ± 3.0

L4 43.2 ± 3.7 54.2 ± 3.7 16.5 ± 1.5 92.4 ± 3.6 33.2 ± 2.1

Cl- wt 53.1 ± 5.1 53.6 ± 3.3 16.3 ± 1.6 92.5 ± 2.1 31.4 ± 1.9

L4 51.0 ± 3.1 55.2 ± 3.5 17.5 ± 1.1 93.4 ± 2.3 33.2 ± 2.0

150 Na+ wt 120.3 ± 7.1 120.5 ± 5.6 38.3 ± 2.5 94.5 ± 2.6 32.9 ± 3.0

L4 123.5 ± 11.1 124.6 ± 6.7 38.2 ± 2.6 92.4 ± 3.6 34.2 ± 2.5

Cl- wt 124.1 ± 2.5 116.5 ± 7.2 36.9 ± 2.8 92.5 ± 3.1 33.7 ± 1.9

L4 123.0 ± 8.0 122.6 ± 5.8 37.5 ± 3.1 91.4 ± 3.5 32.8 ± 2.4
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Since it has been shown that Rubisco activase plays a

pivotal role in the regulation of Rubisco activity (Andrews

et al. 1995; Eckhardt and Portis 1997), we investigated

whether the decreased Rubisco activity under salt stress

was due to the inhibition of the activity of Rubisco acti-

vase. Because there is the large amount of endogenous

Rubisco in the leaves, it is difficult directly to measure the

activity of Rubisco activase. Instead, activase activity is

expressed by the ratio of the initial activity to the total

activity of Rubisco, i.e., Rubisco activation state (Andrews

et al. 1995; Eckhardt and Portis 1997). We examined the

changes in Rubisco activation state in wild type plants and

transgenic plants after exposure to salt stress for three

weeks. Our results showed that salt stress had no effects on

Rubisco activation state in both wild type and transgenic

plants (Table 3). Western-blotting analysis further showed

that there were also no significant changes in the content of

activase during salt stress in wild type plants and transgenic

plants. These results suggest that the decreased Rubisco

activity under salt stress is not associated with the changes

in Rubisco activase.

We also investigated the effects of salt stress on the

activities of the other key enzymes involved in the Calvin

Cycle, such as FBP aldolase, plastid FBPase, PRKase,

Table 3 Effects of salt stress on water potential (MPa), relative water

content (%), the activities of PSI and PSII electron transport

(lmol O2 mg-1 Chl h-1), the maximal efficiency of PSII photochem-

istry (Fv/Fm), the coefficient of photochemical quenching (qP), the

content of Rubisco, Rubisco activation state, the content of Rubisco

activase, the activities (lmol m-2 s-1) of phosphoglycerate kinase,

triose phosphate isomerase, ribulose-5-phosphate isomerase, transke-

tolase activity, and SBPase of leaves in wild type and transgenic L4

plants

Parameters NaCl (mM) 0 75 150

Water potential wt -0.35 ± 0.03 -0.78 ± 0.03 -1.42 ± 0.02

L4 -0.35 ± 0.05 -0.86 ± 0.07 -1.40 ± 0.04

Relative water content wt 97.2 ± 3.0 90.7 ± 2.5 80.1 ± 2.6

L4 96.8 ± 3.6 90.0 ± 2.5 82.5 ± 3.0

PSI activity wt 710 ± 43 732 ± 45 730 ± 32

L4 732 ± 54 754 ± 34 762 ± 45

PSII activity wt 321 ± 32 333 ± 31 324 ± 26

L4 342 ± 26 324 ± 23 352 ± 19

Fv/Fm wt 0.84 ± 0.01 0.84 ± 0.01 0.84 ± 0.01

L4 0.84 ± 0.01 0.83 ± 0.01 0.84 ± 0.01

qp wt 0.82 ± 0.01 0.83 ± 0.02 0.84 ± 0.01

L4 0.82 ± 0.02 0.83 ± 0.01 0.83 ± 0.02

Relative Rubisco content wt 100.0 ± 6.0 99.6 ± 7.5 101.1 ± 6.6

L4 99.6 ± 7.6 101.1 ± 8.5 102.2 ± 7.0

Rubisco activation state wt 85.0 ± 5.1 86.0 ± 5.6 83.5 ± 6.1

L4 83.4 ± 7.0 84.0 ± 5.1 85.2 ± 6.0

Relative Rubisco activase content wt 100.0 ± 7.1 100.4 ± 5.6 103.2 ± 8.1

L4 101.2 ± 7.3 102.3 ± 6.7 99.3 ± 6.7

Phosphoglycerate kinase activity wt 192.1 ± 12.1 198.2 ± 11.0 192.1 ± 11.2

L4 198.2 ± 10.2 192.1 ± 10.1 199.3 ± 10.2

Triose phosphate isomerase activity wt 100.0 ± 7.1 100.4 ± 5.6 103.2 ± 8.1

L4 101.2 ± 7.3 102.3 ± 6.7 104.3 ± 6.7

Ribulose-5-phosphate isomerase activity wt 102.0 ± 6.6 107.4 ± 9.8 106.2 ± 9.7

L4 105.2 ± 6.9 104.3 ± 7.2 104.2 ± 8.4

Transketolase activity wt 12.0 ± 0.9 11.4 ± 0.5 11.8 ± 0.6

L4 12.2 ± 0.4 10.2 ± 0.6 10.7 ± 0.6

SBPase activity wt 7.0 ± 0.12 7.2 ± 0.10 7.4 ± 0.09

L4 7.2 ± 0.14 6.9 ± 0.11 7.3 ± 0.10

Relative quantitation of Rubisco and Rubisco activase was calculated from western blotting by loading equal protein for electrophoresis. It

should be noted that similar results were also observed when relative quantitation of Rubisco and Rubisco activase was calculated from western

blotting by loading equal volume protein isolated from equal area leaf for electrophoresis. For easy comparison, the contents of Rubisco and

Rubisco activase were expressed as relative percentage of wild type plants when grown at 0 mM NaCl conditions. It should be noted that

although the parameters listed in this table were determined from the wild type and transgenic line 4 plants, similar results were also observed

from other transgenic lines. The values are mean ± SE of three independent experiments
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PGA kinase, triose phosphate isomerase, ribulose-5-phos-

phate isomerase, transketolase, and SBPase, in wild type

plants and transgenic plants. Figure 5 shows that salt stress

inhibited significantly the activities of FBPase, FBP

aldolase, and PRKase in both wild type and transgenic

plants but this inhibition was much greater in wild type

plants than in transgenic plants. The activities of FBPase,

FBP aldolase, and PRKase in line 4 demonstrated the

highest tolerance to salt stress. These results demonstrate

that the accumulation of GB in vivo protected Rubisco,

FBPase, FBP aldolase, and PRKase against salt stress.

However, our results demonstrated that there were no

significant changes in the activities of PGA kinase, triose

phosphate isomerase, ribulose-5-phosphate isomerase,

transketolase, and SBPase in both wild type and transgenic

plants under salt stress conditions (Table 3).

In addition, we also investigated the changes in the

levels of RuBP, PGA, and F6P in wild type and transgenic

plants under salt stress. Figure 6 shows that salt stress

resulted in a decrease in the levels of RuBP, PGA, and F6P

in both wild type and transgenic plants and such a decrease

was greater in wild type plants than in transgenic plants.

Transgenic line 4 had the highest levels of RuBP, PGA,

and F6P among transgenic plants under salt stress

conditions.

In order to investigate whether the decrease in the

activities of Rubisco, FBPase, FBP aldolase, and PRKase

was caused by a direct inhibition of the enzymes by NaCl

carried over in the assay, we determined the levels of NaCl

in the assay for the activities of the enzymes. Table 4

shows the concentrations of Na+ and Cl- in the assay for

determining the activities of the enzymes isolated from

leaves of wild type and transgenic L4 plants after treated

with different NaCl concentrations for 3 weeks. Our results

show that the levels of Na+ and Cl- in the assay increased

significantly after treated with NaCl for 3 weeks. However,

there were no big differences in the concentrations of Na+

and Cl- between wild type and transgenic plants either for

control plants or NaCl-treated plants. Similar results were

also observed in other transgenic lines (L1, L2, L3, and L5)

(data not shown). By comparing the results of Table 4 to

those of Table 2, we found out that concentrations of Na+

and Cl- in the assay were largely comparable to those in

the chloroplast. These results suggest that NaCl was carried

into the assay probably because the extract was fairly

concentrated and that the decrease in the activities of
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Rubisco, FBPase, FBP aldolase, and PRKase may be

caused by a direct inhibition of the enzymes by NaCl

carried over in the assay.

In order to further investigate the role of GB in pro-

tecting Rubisco, FBPase, FBP aldolase, and PRKase

against salt stress, we examined the effects of in vitro GB

and NaCl on the activities of Rubisco, FBPase, FBP

aldolase, and PRKase. The broken chloroplasts after an

osmotic shock from intact chloroplasts of wild type plants

were incubated with 1.5 lmol mg-1 Chl exogenous GB

which was the concentration of GB in transgenic L4 plants

(see Table 1) at different NaCl concentrations (0, 20, and

40 lmol mg-1 Chl) for 30 min. It should be noted that

NaCl was added according to the concentrations of NaCl in

the chloroplast (see Table 2). Figure 7 clearly shows that

exogenous GB also significantly protected the activities of

Rubisco, FBPase, FBP aldolase, and PRKase against salt

stress.

Discussion

The results in this study demonstrate that the accumulation

of GB in vivo in the chloroplast in tobacco plants by

introducing the BADH gene for betaine aldehyde dehy-

drogenase from spinach (Spinacia oleracea L.) resulted in
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increased tolerance of growth of young seedlings to salt

stress. Using these transgenic tobacco plants, we investi-

gated the possible physiological basis of GB in vivo for

such an enhanced tolerance of growth to salt stress.

It has been suggested from a series of physiological

studies that GB acts most likely by maintaining the osmotic

balance between the intracellular and the extracellular

environment under salt and drought stress. This maintain-

ing occurs only when GB accumulates at high levels, e.g.,

40 lmol g-1 fresh weight in certain specie under stress

conditions (Rhode and Hanson 1993). The highest accu-

mulation of GB in transgenic plants in this study was about

5 lmol g-1 fresh weight and such a low level should be

insignificant in the context of osmotic regulation (Sakam-

oto and Murata 2001). However, the transgenic plants still

showed significantly enhanced tolerance to salt stress

(Fig. 1). The results in this study suggest that the increased
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tolerance of growth to salt stress in transgenic plants may

be associated with the other effects than osmoregulation

(Sakamoto and Murata 2001).

Since the decline in growth observed in many plants

under salt stress is often associated with a decrease in their

photosynthetic capacity (Long and Baker 1986), we com-

pared the effects of salt stress on CO2 assimilation in both

wild type and transgenic plants. The results in this study

demonstrate that accumulation of GB in vivo led to

increased tolerance of CO2 assimilation to salt stress

(Fig. 2a). Our results further show that although there was

a significant decrease in stomatal conductance in salt-

stressed wild type and transgenic plants, no significant

differences were observed in the decreased stomatal con-

ductance between wild type plants and transgenic plants

(Fig. 2b). This result indicates that the increased tolerance

of photosynthesis in transgenic plants to salt stress was not

associated with stomatal response under salt stress condi-

tions. No significant differences in stomatal conductance in

wild type and transgenic plants can be explained by the fact

that there were no significant differences in leaf water

status between wild type plants and transgenic plants

(Table 2).

Many studies have shown that salt stress inhibits in vitro

PSII activity (Mishra et al. 1991; Belkhodja et al. 1994;

Everard et al. 1994). Earlier studies using isolated thyla-

koid membranes have suggested a protective role of GB on

PSII at high salt concentrations (Papageorgiou and Murata

1995). In order to investigate whether increased CO2

assimilation in transgenic plants under salt stress is due to

GB-induced-protection to PSII electron transport, we

examined the differences in the activities of PSII electron

transport between wild type and transgenic plants under

salt stress. Our results showed that salt stress had no effects

on PSII electron transport in vitro and the maximal effi-

ciency of PSII photochemistry (Fv/Fm) (Table 3),

suggesting that salt stress induced no damage to PSII

electron transport. This is probably because salt stress in

this study was performed under relatively moderate light

intensity (300 lmol m-2 s-1) under which condition pho-

toinhibition was not induced. If wild type and transgenic

plants were exposed to higher light intensity, it is possible

Table 4 Na+ and Cl- levels in the assay used for determining the

activities of the enzymes isolated from leaves of wild type and

transgenic L4 plants after treated with different NaCl concentrations

for 3 weeks

Na+ and

Cl- levels

(lmol mg-1 Chl)

NaCl

(mM)

0 75 150

Na+ac wt 1.8 ± 0.1 18.2 ± 2.4 39.2 ± 3.2

L4 1.6 ± 0.3 20.2 ± 2.5 37.5 ± 3.9

Cl- wt 1.7 ± 0.3 19.6 ± 2.1 40.1 ± 3.8

L4 1.5 ± 0.2 20.0 ± 2.8 39.5 ± 4.1

Values in the table are mean ± SE from three independent

experiments
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that photoinhibition may occur and there would be a

decrease in Fv/Fm and in vitro PSII electron transport rate.

Indeed, it has been shown that there is a decrease in Fv/Fm

under salt stress condition when exposed to high light in

transgenic tobacco and rice and the accumulation of GB

shows a protective role in PSII under such conditions

(Hayashi et al. 1997; Holmström et al. 2000).

However, in vivo studies using chlorophyll fluorescence

demonstrated that salt stress resulted in a decrease in the

maximum electron transport rate in vivo ðUPSIIÞ: More-

over, such a decrease was much greater in wild type plants

than in transgenic plants (Fig. 3). How did salt stress show

no damage to PSII electron transport but induce a decrease

in the maximum electron transport rate in vivo in both wild

type and transgenic plants? In this study, we observed no

changes in Fv/Fm in salt-stressed wild type and transgenic

plants (Table 3). No significant changes in Fv/Fm in salt-

stressed wild type and transgenic plants indicate that the

significant decrease in ðUPSIIÞ can be the result of a down-

regulation of PSII electron transport in vivo. Such a down-

regulation was associated with a decrease in F0v/F0m, since

UPSII = qP � F0v/F0m (Genty et al. 1989) and there was no

change in qP in salt-stressed wild type and transgenic plants

(Fig. 3, Table 3). The fact that there was a considerable

decrease in F0v/F0m, but no decrease in Fv/Fm in salt-stressed

wild type and transgenic plants suggests that the decreased

F0v/F0m could be associated with an increase in energy dis-

sipation in the PSII antennae (Horton et al. 1996; Gilmore

1997). Indeed, a significant increase in NPQ in salt-stressed

wild type and transgenic plants was observed (Fig. 3c).

NPQ has been closely associated with the onset of harm-

lessly dissipation of the excess energy present in the

pigment bed of light harvesting complexes as heat (Horton

et al. 1996; Gilmore 1997). Thus, the down-regulation of

PSII electron transport in vivo in salt-stressed wild type

and transgenic plants was associated with an increase in

energy dissipation in the PSII antennae. In this study, we

observed that there was a decrease in CO2 assimilation in

salt-stressed wild type and transgenic plants (Fig. 2). The

decreased CO2 assimilation would inevitably result in an

excess of excitation energy, which would lead to photo-

damage to PSII if excess excitation energy could not be

dissipated safely. Thus, the down-regulation of PSII elec-

tron transport in vivo through an increase in energy

dissipation in the PSII can be considered to be a mecha-

nism to down-regulate photosynthetic electron transport

in vivo to match the lower demand for ATP and NADPH

in the dark reactions of the Calvin cycle with decreased

CO2 assimilation rate in salt-stressed wild type and trans-

genic plants. Thus, the increase in NPQ was a response to

the amount of excess light energy due to lower rates of

photosynthesis rather than the changes in GB content. In

addition, our results show that qP was relatively maintained

with high values under salt stress conditions (Table 3),

indicating that the photochemical efficiency and rates of

electron transport were essentially independent of con-

straints by the dark reactions. Clearly, the results in this

study seem to suggest that the primary effect on photo-

synthesis induced by the accumulation of GB in vivo under

salt stress conditions was not an effect of salt on electron

transport but rather a direct effect on the activity of dark

reaction enzymes.

In this study, we further investigated how the accumu-

lation of GB in vivo affects the key enzymes in the Calvin

cycle under salt stress conditions. Our results clearly

demonstrate that the accumulation of GB in vivo protected

Rubisco, FBPase, FBP aldolase, and PRKase against salt

stress (Figs. 4, 5, 7). However, there were no significant

changes in the activities of PGA kinase, triose phosphate

isomerase, ribulose-5-phosphate isomerase, transketolase,

and SBPase in both wild type and transgenic plants

(Table 3). It has been reported that a variety of enzymes in

higher plants can be inhibited by high salt concentrations

(Flower et al. 1977). In vitro studies have shown that GB

protects the activities of enzymes, such as Rubisco and

malate dehydrogenase, from the inhibitory effects of high

concentrations of NaCl and KCl (Pollard and Wyn Jones

1979; Incharoensakdi et al. 1986). These studies suggest

that GB in vivo may play a role in protecting the activities

of enzymes from salt stress. Indeed, the protective effects

on enzymes by GB occur in vivo. Nomura et al. (1998)

reported that the accumulation of GB by engineering

Synechococcus with the bet operon from E. coli which

encodes enzymes for the biosynthesis of GB substantially

protected Rubisco from inactivation under salt stress con-

dition. However, whether the accumulation of GB in

higher-plant chloroplasts also protects Rubisco as well as

other enzymes in the Calvin cycle under salt stress condi-

tion remains to be examined (Sakamoto and Murata 2002).

To our knowledge, the results in this study for the first time

demonstrate that the accumulation of GB in higher plants

also protects Rubisco, FBPase, FBP aldolase, and PRKase

against salt stress.

The results presented here strongly suggest a role for GB

against salt-induced inactivation of some enzymes

involved in the Calvin cycle, e.g. Rubisco, FBPase, FBP

aldolase, and PRKase. Although the mechanism for this

increased tolerance to salt stress in vivo is not clear, a

possible role for GB can be tempted to be proposed. The

molecular features of GB allow it to interact with both

hydrophilic and hydrophobic domains of macromolecules,

such as enzymes. It has been documented that, in vitro, GB

stabilizes the structures and activities of enzymes against

damaging effects of excessive salt, cold and heat (Gorham

1995). Our results show that under salt stress conditions,

about 30% NaCl in the leaves was entered into the
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chloroplast (Table 2). High concentrations of NaCl may

result in direct inhibitory effects on the enzymes in the

chloroplast. Previous in vitro studies have shown that GB

protects Rubisco and malate dehydrogenase from the

inhibitory effects of high concentrations of NaCl and KCl

(Pollard and Wyn Jones 1979; Incharoensakdi et al. 1986).

Our in vitro studies also show that high concentrations of

NaCl inhibited the activities of Rubisco, FBPase, FBP

aldolase, and PRKase but GB protects these enzymes

against high concentrations of NaCl (Fig. 7). It has also

been reported that GB promotes the association of small

subunit with the octamer of large subunit of Rubisco in

Aphanothece halophytica but does not interact with the

active site of Rubisco (Incharoensakdi et al. 1986). In

addition, it has been proposed that GB may act as a

molecular chaperone in Escherichia coli, assisting in

enzymatic refolding (Bourot et al. 2000). Taken together,

we thus tentatively propose that the accumulation of GB

in vivo stabilizes conformation of Rubisco, FBPase, FBP

aldolase, and PRKase and maintains these enzymes in a

functional state under salt stress by acting as a molecular

chaperone.

Salt stress has become a major environmental factor that

restricts growth and productivity of plants. Photosynthesis

is sensitive to salt stress and is easily inhibited under salt

stress condition. Although the genetic engineering of the

synthesis of GB to tolerate abiotic stress appears promising

(Sakamoto and Murata 2002), there are still no reports on

the enhanced tolerance of photosynthesis to salt stress. Our

study demonstrates the importance of transformation with

the BADH gene for enhancing tolerance of growth and

photosynthesis to salt stress. Thus, our results may benefit

efforts to improve crop yields in saline, arid and semi-arid

regions where plants suffer salt stress.
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