
Abstract Expression of bacterial gdhA (gluta-

mate dehydrogenase; GDH; E.C. 1.4.1.1) genes in

transgenic plants fundamentally alters plant

growth, herbicide tolerance and metabolite pro-

files. The aim was to correlate gdhA expression

with water potential during deficit using trans-

genic Nicotiana tabacum cv. ‘SR1’ (tobacco).

Expression of GDH activity from the transgene

was significantly correlated with high water

potentials during deficit, both after 5 days of

water deprivation (R = 0.91) and after 6 h after

re-watering on day 6 (R = 0.72). GDH expression

may provide a tool to alter the response of plants

to periodic water deficit.
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Introduction

Glutamate and pyruvate are the central metabo-

lites in cellular biochemistry (Fell and Wagner

2001; Coruzzi and Zhou 2001). Glutamate pool

fluctuations play a role in regulating the activity

of many pathways, particularly in carbon metab-

olism (Lam et al. 1998), amino-acid metabolism

(Noctor et al. 2002) and nitrate assimilation (Stitt

et al. 2002). High intracellular glutamate con-

centrations appear to be associated with phloem

loading cells, remobilization, transport and source

strength (Terce-Leforgue et al. 2004a; 2004b).

Glutamate dehydrogenases from bacteria

(GDH; E.C. 1.4.1.1) and plants (E.C. 1.4.1.2)

catalyze a reversible reaction. For assimilation,

GDH is one of the few enzymes capable of the

reductive amination of an organic acid to produce

an amino acid; a-ketoglutarate is used to produce

glutamate in the presence of the cofactor

NAD(P)H (Wooton 1983). For catabolism,

GDH is one of the few enzymes capable of

releasing amino nitrogen from amino acids to give

a keto-acid and NH3 that can be separately

recycled to be used in carbon metabolism and
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amide formation, especially during senescence

(Aubert et al. 2001; Loulakakis et al. 2002).

Physiological, molecular and genetic studies

have all shown that the enzymes glutamine

synthetase (GS; E.C. 6.4.2.1) and glutamate oxo-

glutarate amido-transferase (GOGAT; E.C.

1.4.7.1; E.C. 1.4.1.13) function as the primary

routes of ammonia assimilation in plants (Keys

et al. 1978; Lea et al. 1990; Melo-Oliveira et al.

1996). Plant GDH is a NADH-dependent, pri-

marily mitochondrial enzyme activity that has a

lower affinity for ammonium than the enzyme GS

(Lea et al. 1990). The GDH dependent glutamate

catabolism provides both carbon skeletons for the

tri-carboxylic acid cycle and energy production

during carbon or energy deficit. Mutant and

sequence analyses suggest that GDH activity plays

a role in abiotic stress resistance (Melo-Oliveira

et al. 1996; Syntichaki et al. 1996). Physiological

analyses in tobacco showed amination by GDH

predominated during ammonium nutrition, in

phloem loading cells and during remobilization

and senescence (Terce-Laforgue et al. 2004a;

2004b). Therefore, manipulation of GDH activity

in plants may alter tolerance of abiotic stress,

metabolite remobilization and senescence.

Bacterial GDH (E.C. 1.4.1.1) is NADP

dependent and has a low Km for ammonium

(Wooton 1983). Plants were genetically modified

using the bacterial GDH to measure the effect of

increasing ammonium assimilation to form glu-

tamate in the plant cytoplasm (Lightfoot et al.

1999; 2001; Ameziane et al. 2000a; 2000b). In

independent experiments the changes observed

included increased herbicide resistance (corn and

tobacco; Nolte et al. 2004), improved seed quality

(corn; Guthrie et al. 2004) and altered yield

potential (corn and tobacco; Lightfoot et al.

2001, 2006). The underlying metabolic changes

included an overall increase in the concentration

of certain sugars, amino acids, special nitrogen

metabolism compounds and ammonium ions

within the cell (Ameziane et al. 2000a; Mungur

et al. 2005).

Transgenic plants with increased tolerance to

water deficit have resulted from increased

metabolite and protein accumulation in cells

(Sawahel 2003; Park et al. 2005). Since the

increased metabolites in the GDH transgenic

tobacco included several compatible solutes it

was hypothesized that GDH over-expressing

plants would maintain normal water potentials for

longer than normal plants during water deficit.

Here changes in water potential during water

deficit are reported among a series of tobacco

plants transgenic for GDH compared to non-

transgenic plants.

Materials and method

Plant material and growth conditions

Tobacco seeds were obtained from the seed

stocks at the Agriculture Research Center,

Southern Illinois University at Carbondale

(Carbondale, IL). All seed were from N. tabacum

cv. SR1 transformed with gdhA encoding a

glutamate dehydrogenase (GDH); with bar enc-

oding an acetyl transferase (E.C. 2.3.1.-) that

leads to bialaphos and phosphinothricin resis-

tance (BAR); and with gusA encoding a beta-

glucuronidase (GUS; E.C. 3.2.1.31; Ameziane

et al. 2000a). Seeds were sown in 4-inch pots

containing a mixture (1:1) of sand and soil

(Mungur 2002). Seedlings were thinned to one

plant per pot, watered daily and grown on

un-shaded benches at the Horticulture Research

Center, Southern Illinois University (Carbondale,

IL) from 9/99 to 9/03. Seed of each line used are

available on request.

Preparation of cell free extracts and GDH

assays

GDH assays were performed exactly as described

(Ameziane et al. 2000a) with 2 experimental and

3 technical replicates (six measurements). The

youngest expanded leaf (3–4 node from the apex)

was used for the assays to avoid senescence gra-

dient effects. All preparative steps were carried

out at 4�C. The specific activity of aminating

NADPH-GDH was quantified by measuring the

rate of oxidation of NADPH dependent on

reductive amination of a-ketoglutarate. Assays

were performed at 25�C. The amount of protein

in the extracts was determined by the Bradford

assay as described by Ameziane et al. (2000).
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DNA and RNA hybridizations

Genomic DNA was isolated using a modified

CTAB method as described by Ameziane et al.

(2000a). The DNA pellets were dissolved in dis-

tilled water overnight at 4�C. Genomic DNA

(20 lg) was separated by electrophoresis on 0.8%

(w/v) agarose gels and subject to Southern

hybridization as described previously (Mungur

2002).

Total RNA was isolated using a method mod-

ified by Ameziane et al. (2000a) from 5 to 10 g of

leaf tissue. The RNA pellets were dissolved in

100 ll of DEPC-treated water. Northern hybrid-

izations used 10 lg of total RNA separated by

electrophoresis at 40mA for 2 h through formal-

dehyde gels as described previously (McDaniel

and Lightfoot 1997).

Water potential measurements

Experiments were repeated twice over three

months. Seeds were germinated in 4-inch pots

containing a 1:1 (v/v) mixture of sand and topsoil

and grown in a controlled environment (16 h

light, 300 lmol photons m–2 s–1, 23 ± 2�C; 8 h

dark, 18 ± 2�C and 85% relative humidity).

Seedlings were thinned to one plant per pot two

weeks after sowing. Plants were watered daily

with 100 ml of a complete nutrient solution con-

taining 10 mM-NO3
– and 2mM-NH4

+ during

watering. The 90 individual plants represented 15

replicates of each of the six lines planted in a

randomized complete block array. At exactly

4 weeks (28 days) water deficit was applied by

withholding all water for a period of 5 days, while

the control group was watered daily. Samples

were harvested from random individuals on days

1–12 on the dates indicated, 3 h before the pho-

toperiod on the days mentioned. In order to study

the recovery from drought stress, plants from the

stress group were supplied with 200 ml of water,

6 days after the initiation of stress, for a period of

5 days. In order to study wilting some plants from

the stress group were not re-watered. Relative

water content (RWC) was measured by placing

leaf tissue into pre-weighed flasks containing

distilled water and calculated according to

the formula RWC = [(Fresh Weight – Dry

Weight)/(Turgid Weight – Dry Weight) · 100]

(Wood et al. 1996). Leaf water potential (ww) was

measured on the lowermost fully expanded leaf

using a pressure bomb apparatus (PMS Instru-

ments) and a thermocouple psychrometer

(Wescor, Inc., Logan, Utah). Apoplastic fractions

(AWC) were calculated by extrapolating a line

to the approximated curve to read a value off the

x-axis (Fig. 4).

Results

Nicotiana tabacum cv. ‘SR1’, T2 seed was gener-

ated from a series of independently transformed

plants that showed a range of GDH activity from

2 to 25 lmol min–1 mg–1 protein (Ameziane et al.

2000b). Figure 1 shows evidence that each line

was an independent transformant, with genetic

architecture consistent with one or two copies of

the gdhA transgene. Possible exceptions were

lines GDH8 and GDH9 that showed very similar

genomic architectures around gdhA.

The mRNA abundance measured by Northern

hybridization (Fig. 2A) and the GDH activity

measured by spectrophotometry (see legend

above Fig. 2A) were correlated. The mRNA was

of high abundance for the lines GDH8, GDH9

Fig. 1 Southern hybridization of the E. coli gdhA gene to
genomic DNA from transgenic and non-transgenic Nico-
tiana tabacum cv SR1 lines. About 10 lg of total DNA was
digested with EcoRI. Panel A shows hybridization to the
gdhA gene probe (1.6 kbp XbaI to EcoRI fragment).
Panel B shows hybridization to the pBI 121 probe (whole
plasmid). Shown are GDH11 (lane 1), GUS1 (lane 2),
GDH3 (lane 3), GDH9 (lane 4), GDH8 (lane 5), GDH7
(lane 6) GDH6 (lane 7), BAR1 (lane 8) and GDH10 (lane
9). Molecular weights of size markers are given in kbp
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and GDH10 that produced between 20 lmol

min–1 mg–1 and 23 lmol min–1 mg–1 protein of

GDH activity and moderate abundance for

GDH6 that produces about 10 lmol min–1 mg–1

protein of GDH activity. Transcript abundance

was low for the line GDH3 that produces

5 lmol min–1 mg–1 protein GDH activity. Similar

enzyme activities and mRNA abundances were

obtained for roots (data not shown). The detec-

tion of groups of genotypes with similar gene

expression led us to concentrate on lines 3, 6 and

10 that represented low, medium and high GDH

lines for further analyses and comparisons to

vector and non-transgenic controls.

Analysis of the tobacco seedlings in the growth

chamber (Table 1; Fig. 3B) showed that in

N. tabacum cv. SR1 water potential of the GDH

transgenic plants decreased to a far lesser degree

(–0.6 to –0.8 MPa) than glucuronidase (GUS1)

expressing transgenic plants (–1.2 MPa), and non-

transgenic plants. Since GUS1 and non-transgenic

plant were nearly identical in response only

GUS1 plants are shown. The ability to maintain

a water potential normal for that genotype

was sustained in GDH plants for a period of

5 days, after which watering was recommenced

(Table 2). At day five (maximum water deficit)

the difference between the water potentials of

stressed and unstressed GDH10 was lowest at

0.12 MPa, GDH6 was at 0.30 MPa, GDH3 was

at 0.33 MPa and the GUS1 control was highest at

0.65 MPa. The specific activity of GDH signifi-

cantly affected this phenotype (P < 0.05) over

the range of 3–23 lmol min–1 mg–1 protein mea-

sured in GDH3, GDH6 and GDH10 plants. The

correlation made using individual plant data

(R = 0.91) suggested a dependent relationship

between GDH activity and water potential. At

day six (6 h after re-watering) the difference

between the water potentials of stressed and

unstressed GDH10 plants was lowest at 0.13 MPa,

GDH6 was at 0.17 MPa, GDH3 was at 0.17 MPa

and the control was highest at 0.52 MPa. Water

potential was significantly correlated with GDH

activity after re-watering (P < 0.05, R = 0.72)

and during recovery of the plants. A difference in

apoplastic water content was noted between

GDH and non-GDH plants after 5 days of water

deprivation (Fig. 4). The x-intercept of a tangent

to both GDH and non-GDH curves gave values

of 5% and 15% respectively that were signifi-

cantly different.

Fresh weights among the stressed GDH plants

at day 12 were higher than the GUS1 and un-

transformed plants with the exception of GDH10

that was similar (Table 1). The same pattern

was observed in dry weights and among the un-

stressed plants. The data suggest a quadratic

relationship between GDH expression and plant

growth. Either growth is stimulated at lower

GDH activities or the high activity (GDH10)

plants are inhibited in their growth. Free amino

acid concentrations were higher in all the GDH

plants compared to the GUS1 and non-transgenic

plants suggesting the amino acid concentration

were not directly related to the water potential of

the GDH plants.

Fig. 2 Northern hybridization of the E. coli gdhA gene to
transgenic and non-transgenic Nicotiana tabacum cv SR1
line leaves. About 10 lg of total RNA was separated by
electrophoresis. The molecular weight of the gdhA
transcript is given in kb. Panel A shows results from the
gdhA gene probe (1.6 kbp XbaI to EcoRI fragment) that
detected the 1489 bp transcript (arrowed). Lanes con-
tained GDH3 (lane 1), GDH9 (lane 2), GDH8 (lane 3),
GUS1 (lane 4), GDH10 (lane 5), BAR1 (lane 6) GDH6
(lane 7). The GDH specific activities measured in aliquots
of the leaf samples used to make the RNA were 5 ± 0.4,
22 ± 1.8, 18 ± 1.1, 0, 23 ± 2.4, 0 ± 0.0, 12 ± 1.2 lM of
NADPH oxidized per mg of soluble protein per minute for
the lines in the order shown. Panel B shows a fluorograph
of the 10 lg of RNA loaded, the 18 and 26 S rRNA bands
are arrowed. Panel C shows hybridization of the probe
from Panel A to 1 ng (lane 1), 3 ng (lane 2), 20 ng (lane 3)
and 25 ng (lane 4) of the gdhA gene (1.6 kbp XbaI to
EcoRI fragment) after separation by electrophoresis
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Discussion

Correlations between the activity of GDH and

differences between the water potentials of con-

trol and water deprived plants were approximately

linear implying phenotypes were dependent on

GDH activity (Table 1, Fig. 3). However, after re-

watering the relationship between the activity of

GDH and differences between the water poten-

tials was not linear. Thus, other factors may

interact with GDH induced changes to alter

recovery rates. The fresh weight of plants with

the highest GDH activity was lower, relative to

the other genotypes regardless of treatment.

Therefore, the changes induced by NADP-GDH

expression in plants may either increase or

decrease seedling growth depending on the geno-

type and environment. Further, the smaller

GDH10 plants may resist water deficit to a greater

degree due to their lower evaporative leaf area.

The accumulation of about twice the normal

concentration of most free amino acids and other

solutes has been reported in the leaves and roots

of GDH transgenic tobacco (Ameziane et al.

2000b; Mungur et al. 2005). The function of

amino acids as osmolytes may explain part of the

maintenance of water potential by GDH plants in

this experiment. However, since all the GDH

plant genotypes tested had similar free amino

acid amounts the total concentration does not

explain the relationship between the amount of

GDH activity and water potential.

Amino acids represent major sinks for nitrogen

(glutamate), carbon and reduction equivalents in

plants, particularly during stress (Blum and

Ebercon 1976; Crowe et al. 1992). The accumu-

lation in plant tissues during water stress may be

an adaptive response since amino acids function

as osmolytes, as osmoprotectants of macromol-

ecules and scavengers of hydroxyl radicals (Del-

auney and Verma 1993; Cushman and Bohnert

2000; Chen and Murata 2002). The increased

amino acids in the GDH transgenic plants (1.5

fold) probably involved increased glutamate,

proline and arginine (Mungur et al. 2005) that

are effective osmolytes. In total the metabolites

altered by GDH may be sufficient to prolong the

period of water uptake from a drying soil.

Table 1 Mean differences in water potential (MPa)
between water deprived stressed and un-stressed plant
among transgenic lines expressing GDH (lines 3, 6 and 10)

or GUS (line 1) for day 1–12 related to GDH activity at
days 1, 5 and 12 and fresh weights at day 12

GUS1 GDH3 GDH6 GDH10

A. Water potential differences (MPa)
Day 1 0.05 ± 0.03 0.07 ± 0.02 0.08 ± 0.06 – 0.13 ± 0.05
Day 3 0.52 ± 0.07 0.13 ± 0.14 0.33 ± 0.07 0.47 ± 0.05
Day 5 0.65 ± 0.15 0.33 ± 0.05 0.30 ± 0.04 0.12 ± 0.02
Day 6 0.52 ± 0.05 0.16 ± 0.06 0.52 ± 0.06 0.13 ± 0.01
Day 7 0.22 ± 0.02 0.05 ± 0.02 0.52 ± 0.12 0.02 ± 0.03
Day 8 0.25 ± 0.05 0.08 ± 0.09 0.17 ± 0.03 – 0.02 ± 0.02
Day 10 0.00 ± 0.25 – 0.05 ± 0.02 0.13 ± 0.05 – 0.05 ± 0.02
Day 12 0.07 ± 0.15 – 0.05 ± 0.02 – 0.08 ± 0.01 0.05 ± 0.02
B. NADP-GDH activity (lmol min–1mg–1protein)
Day 1 0.0 ± 0.0 4.6 ± 0.5 10.3 ± 0.8 23.1 ± 2.4
Day 5 0.0 ± 0.0 4.5 ± 0.3 10.2 ± 0.7 23.0 ± 2.4
Day 12 0.0 ± 0.0 4.7 ± 0.4 10.4 ± 0.9 23.1 ± 2.4
C. Fresh weight (g)
Day 2 roots 1.79 ± 0.09 3.38 ± 0.21 3.14 ± 0.15 2.54 ± 0.26
Day 12 shoots 6.11 ± 0.35 7.15 ± 0.25 8.50 ± 0.21 5.94 ± 0.35
D. Total free amino acids (nmol mg–1dry weight)
Day 12 152 ± 16 229 ± 38 234 ± 36 231 ± 32

(A) The mean differences between water potentials and standard errors (SE) among the stressed (S) and unstressed (US)
plant at each day among GDH transgenic and GUS transgenic N. tabacum cv SR1 lines during a 5-day period of water
deprivation followed by a 5-day period of recovery from three replicates and two experiments. Plants were watered 18 h
after the day 5 measurements and 6 h before the day 6 measurement. Plants were watered each day from day 6 to day 12.
(B) Mean GDH activities measured in the stressed and unstressed plants. (C) Mean Fresh weights of the plants
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The increased amino acid synthesis may be a

consequence of greater nitrogen availability.

Equally, the degradation of amino acids could be

repressed at one of several enzyme-catalyzed

steps. Measurements of each amino acid concen-

tration and determination of osmotic potentials

would be needed to determine the extent of

amino acid accumulation relative to osmotic

potentials.

The data presented show the GDH activity

was somewhat correlated with maintenance of

the difference in water potential during water

deficit but not with absolute water potential,

seedling biomass or growth. Changes in growth

measured in the growth chamber (this work) and

in the field (Ameziane et al. 2000) infer that the

glutamate made by transgenic GDH in the cyto-

plasm and the consequent effects on metabolism

(Mungur et al. 2005) are complex. GDH can

reduce seedling growth in the growth chamber at

high GDH activities. Broad metabolic changes

appear to underlie the maintenance of water

potential during water deficit and the effects on

growth. However, biomass yield is the sum of

responses to the environment and therefore the

sum of several effects of GDH on plants may

underlie the yield effects observed in the field

(Ameziane et al. 2000a, Lightfoot et al. 2001). A

combination of transgenes with cumulative

effects on water deficit tolerance (Sawahel 2003;

Park et al. 2005) may allow further advances in

crop improvement.
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Fig. 3 Responses of N. tabacum GDH10, GDH6, GDH3
and GUS1 during water deficit and re-watering. The GDH
specific activities measured in aliquots of the leaf samples
used to make the RNA were 23 ± 2.4, 12 ± 1.2, 5 ± 0.4,
0 ± 0 lM of NADPH oxidized per mg of soluble protein
per minute respectively. Water potentials and standard
errors (SE) between control and stressed plant means

among transgenic and non-transgenic N. tabacum cv SR1
lines during a 5-day period of water deprivation followed
by seven days of watering. Each column represents the
mean of three replicates and two experiments (six plants).
Statistically significant differences (P < 0.05) were indi-
cated by an asterisk
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