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Abiotic Stress Generates ROS That Signal Expression
of Anionic Glutamate Dehydrogenases to Form Glutamate
for Proline Synthesis in Tobacco and Grapevine ™
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Glutamate dehydrogenase (GDH) may be a stress-responsive enzyme, as GDH exhibits considerable thermal stability, and de
novo synthesis of the a-GDH subunit is induced by exogenous ammonium and senescence. NaCl treatment induces reactive
oxygen species (ROS), intracellular ammonia, expression of tobacco (Nicotiana tabacum cv Xanthi) gdh-NAD;A1 encoding the
a-subunit of GDH, increase inimmunoreactive a-polypeptide, assembly of the anionic isoenzymes, and in vitro GDH aminating
activity in tissues from hypergeous plant organs. In vivo aminating GDH activity was confirmed by gas chromatorgraphy-mass
spectrometry monitoring of '>N-Glu, N-GIn, and '>N-Pro in the presence of methionine sulfoximine and amino oxyacetic acid,
inhibitors of GIn synthetase and transaminases, respectively. Along with upregulation of a-GDH by NaCl, isocitrate dehydro-
genase genes, which provide 2-oxoglutarate, are also induced. Treatment with menadione also elicits a severalfold increase in
ROS and immunoreactive a-polypeptide and GDH activity. This suggests that ROS participate in the signaling pathway for GDH
expression and protease activation, which contribute to intracellular hyperammonia. Ammonium ions also mimic the effects of
salinity in induction of gdh-NAD;A1 expression. These results, confirmed in tobacco and grape (Vitis vinifera cv Sultanina)
tissues, support the hypothesis that the salinity-generated ROS signal induces «-GDH subunit expression, and the anionic iso-
GDHs assimilate ammonia, acting as antistress enzymes in ammonia detoxification and production of Glu for Pro synthesis.

INTRODUCTION

Most biotic and abiotic stresses signal the generation of reac-
tive oxygen species (ROS), particularly O,-— and H,O,, both
extra- and intracellularly, by deregulating electron transport
in chloroplasts and mitochondria and by activation of the plasma
membrane-bound NADPH oxidases, the cell wall-bound NAD(P)H
oxidase-peroxidase, and possibly the amine oxidases (Apel
and Hirt, 2004; Mittler et al., 2004; Papadakis and Roubelakis-
Angelakis, 2005; Paschalidis and Roubelakis-Angelakis, 2005b).
ROS have been viewed as toxic by-products of cellular metab-
olism; however, a growing body of evidence suggests that they
function as signaling molecules in eukaryotes, leading to spe-
cific downstream responses (Mittler et al., 2004 and references
therein). The activation of two of the Arabidopsis thaliana mitogen-
activated protein kinases, MPK3 and MPKG®, is essential for signal
transduction in response to H,O, (Kovtun et al., 2000). The OXI1
kinase acts as a ROS sensor in plants to activate MPK3 and
MPK®6 (Rentel and Knight, 2004), and OMTK1 plays a mitogen-
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activated protein kinase scaffolding role and activates H,O,-
induced cell death in plants (Nakagami et al., 2004). Hydrogen
peroxide produced directly or by superoxide dismutase (SOD)
induces expression of antioxidant genes, such as ascorbate
peroxidase and catalase (CAT), which act toward detoxification
of ROS (Apel and Hirt, 2004 and references therein). Efficient
scavenging of ROS plays a significant role in the osmotic stress
tolerance of plants, although the exact contribution in the re-
sponse to abiotic stresses remains unknown (Hasegawa et al.,
2000). Furthermore, there is substantial evidence that the ex-
pression and functioning of many proteins depend on redox state
(Foyer and Noctor, 2005).

Under stress conditions, such as salinity, increased proteolytic
activity results in increased intracellular hyperammonia and
toxicity if not efficiently removed (Lutts et al., 1999). Ammonium
ions are incorporated into GIn and Glu by glutamine synthetase/
glutamate synthase (GS/GOGAT; EC 6.3.1.2/EC 1.4.7.1, respec-
tively; Lea and Miflin, 1974; Figure 1). In addition, glutamate
dehydrogenase (GDH) (EC 1.4.1.2) catalyzes the reductive am-
ination of 2-oxoglutarate (20G) and the oxidative deamination of
Glu in vitro and is abundant in plant tissues (Loulakakis and
Roubelakis-Angelakis, 1990a, 1990b; Melo-Oliveira et al., 1996;
Turano et al., 1997; Restivo, 2004; Figure 1). The GDH holoenzyme
has a hexameric structure consisting of two subunit polypep-
tides, a and B, with small but distinct differences in their molec-
ular mass and charge. The two subunits are associated in an
ordered ratio so that isoenzymes 1 and 7 are homohexamers of
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Figure 1. Potential Role of GDH under Stress Conditions.

Abiotic stresses result in ROS generation, inducing protease activity, inc
participates, along with the GS/GOGAT pathway, in NH4* assimilation

reases in intracellular ammonium ions, and expression of gdh-NAD;A1, which
. The supply of 20G for Glu synthesis is provided by isocitrate deamination

catalyzed by I(C)DHs. Glu synthesis under stress conditions by GDH is shifted to Pro synthesis. The enzymes involved in this metabolic scheme include

the following: GS1, cytosolic glutamine synthetase; GS2, chloroplastic g
cytosolic isocitrate dehydrogenase.

the B- and a-subunits, respectively (Loulakakis and Roubelakis-
Angelakis, 1991, 1992; Turano et al., 1997). The two GDH
polypeptides are encoded by distinctive genes (for review, see
Purnell et al., 2005). The exact physiological roles of GDH in plant
carbon and nitrogen metabolism and remobilization in plants
remain largely speculative (reviewed in Miflin and Habash, 2002;
Stitt et al., 2002; Dubois et al., 2003). Intracellular hyperammonia
due to either exogenous ammonium (Loulakakis and Roubelakis-
Angelakis, 1992; Restivo, 2004; Tercé-Laforgue et al., 2004a),
senescence-induced high proteolytic activities (Masclaux et al.,
2000; Loulakakis et al., 2002; Tercé-Laforgue et al., 2004b), or
abiotic stress (Lutts et al., 1999; Hoai et al., 2003) results in
increased aminating GDH activity in vitro. Early in the season, in
planta, fully developed and physiologically active leaves in the
basal part of the shoot exhibit high GOGAT expression, protein
accumulation, and activity, whereas GDH concentration and
activity are low. Later during development, GS and GOGAT
decrease in the senescing leaves, accompanied by expression
of gdh-NAD;A1, GDH protein accumulation, and increased in vitro
aminating activity in tissues from senescing leaves (Masclaux

lutamine synthetase; IDH, mitochondrial isocitrate dehydrogenase; and ICDH,

et al., 2000; Loulakakis et al., 2002; Tercé-Laforgue et al., 2004a,
2004b). In salt-tolerant rice (Oryza sativa) cultivars, aminating
GDH activity increases with increasing salt stress, whereas it
decreases in the salt-sensitive ones (Kumar et al., 2000), and in
pea (Pisum sativum) plants, an ammonium-tolerant plant, the
aminating GDH activity in roots is high (Lasa et al., 2002).

A plausible hypothesis tested in this work is that GDH is a
stress-responsive protein that may reflect an additional/alterna-
tive route to the GS/GOGAT pathway for ammonia assimilation
under intracellular hyperammonia conditions. This hypothesis
was extensively tested under salinity using whole plants and
various in vitro models, such as cells, calluses, and leaf discs,
from two plant species, tobacco (Nicotiana tabacum cv Xanthi)
and grapevine (Vitis vinifera cv Sultanina). ROS generated by salt,
menadione (Hassan and Fridovich, 1979), and ammonium ions
induced the expression of the gene encoding the a-subunit of
GDH (gdh-NAD;A1), the accumulation of immunoreactive GDH-
a-subunit, the anionic GDH isoenzymes, and, in vitro, aminating
GDH activities. This effect was reversed in the presence of
ascorbate, suggesting that ROS act as the primary signals for
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Figure 2. NaCl Induction and Accumulation of ROS in Grapevine and
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gdh-NAD;A1 expression. Gas chromatography-mass spec-
trometry (GC-MS) analysis of the incorporation of >NH,* into
15N-Glu, '*N-GIn, and ®N-Pro in the presence of methionine
sulfoximine (MSX), an inhibitor of GS, and amino oxyacetic acid
(AOA), an inhibitor of transaminases, supports the aminating role
of the anionic GDH isoenzymes and the shift of Glu toward Pro
synthesis. The increased aminating activity of GDH in the pres-
ence of salt was accompanied by upregulation of the genes
encoding for isocitrate dehydrogenases [I(C)DHs; EC NAD:
1.1.1.41; NADP: 1.1.1.42], which provide 20G (Figure 1). Overall,
these results firmly support the antistress physiological role and
the aminating activity of the anionic isoenzymes of GDH, since
gene expression, protein accumulation, and in vivo aminating
activity were induced by salinity in a dose-response and time-
response manner.

RESULTS

Addition of NaCl to Suspension Cells and Leaf Discs
Resulted in Accumulation of ROS, DNA Fragmentation,
and Induction of Programmed Cell Death

The intracellular and extracellular accumulation of O,-— and H,O»
was followed over a 96-h period with lucigenin- and luminol-
dependent chemiluminescence assays, respectively, in grape-
vine suspension cells and leaf discs and tobacco Bright Yellow 2
(BY-2) cells and leaf discs supplemented with 100 mM NaCl. In
grapevine cell suspensions, O,-— accumulated both intra- and
extracellularly (Figure 2A; P = 0.05). The intracellular O,-~ in-
creased during the entire culture period; at 96 h, the content was
fourfold greater compared with zero time and 2.8-fold greater
compared with the control. The extracellular O,-~ reached a peak
at 72 h, which was sevenfold higher than at zero time (P = 0.05).
On the other hand, H,O, accumulated only extracellularly at 24,
48, and 72 h (Figure 2A; P = 0.05); at 72 h, it was 14.6-fold greater
compared with zero time and threefold greater compared with
the control. The accumulation of ROS at 50 mM NaCl showed a
similar profile, whereas 200 mM NaCl resulted in significant
reduction of cell viability (see Supplemental Figure 1 online).
Accumulation of ROS in BY-2 tobacco suspension cells cultured
in the presence of NaCl followed similar trends (Figure 2B).

In addition, the accumulation of O,-~ and H,0,, intracellularly
and extracellularly, in the culture medium of grapevine leaf discs
supplemented with 0, 50, 100, and 200 mm NaCl was followed
over a 72-h period (Figure 2C). Superoxide ions accumulated
intracellularly, with maximum levels at 72 h, and extracellularly,
with the maximum at 24 h (Figure 2C; P = 0.05). Hydrogen

(A) Generation of ROS in V. vinifera cv Sultanina suspension cells.

(B) Generation of ROS in N. tabacum BY-2 suspension cells.

(C) Generation of ROS in V. vinifera cv Sultanina leaf discs.

(D) Generation of ROS in N. tabacum leaf discs.

The cells were treated with 100 mM NaCl and the leaf discs with 0, 50, 100,
and 200 mm NaCl for 72 h. ROS were determined 24 h after treatment as
described in Methods. Data are the means of three replicates out of three
independent experiments, and bars represent + SE.
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peroxide accumulated intracellularly, with maximum values at
24 h (Figure 2C; P = 0.05), whereas it was below detection limits
in the culture medium. In tobacco leaf discs treated with NaCl for
24 h, O,-— accumulated in a dose-response manner, both intra-
and extracellularly, while H,O, accumulated only intracellularly
(Figure 2D; P = 0.05). These results confirm that the different
model systems respond to NaCl in a similar manner with respect
to the generation and accumulation of ROS. The lack of appre-
ciable intracellular amounts of H,O5 in cell suspensions but not in
leaf discs can be attributed to the diffusion of H,O, into the
culture medium. Although CAT increased in leaf discs after 48 h,
it was not sufficient to scavenge the generated H,O, (see
Supplemental Figure 2 online).

For further confirmation, in situ ROS in tobacco BY-2 (Figure
3A) and grapevine cells (Figure 3A) were detected after treatment
with 200 mM NaCl using the highly sensitive, cell-permeable
probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
according to Schopher et al. (2001). Salt-treated BY-2 and

A

grapevine cell cultures accumulated ROS as early as 2 h after
treatment (Figures 3Ab and 3Af). Treatment of BY-2 cells with
200 mM NaCl resulted in DNA fragmentation, a symptom of
programmed cell death (PCD), as assessed by the TdT-mediated
dUTP nick-end labeling (TUNEL) method, which labels free 3'-OH
groups of DNA; 24 h after treatment, ~40% of the cells were
stained positively in the TUNEL assay (Figures 3Bc and 3Bd).

NaCl Resulted in Increased Intracellular Ammonium lons,
Expression of gdh-NAD;A1, Increased GDH
Immunoreactive Protein and «-Subunit Polypeptide,
Assembly of the Anionic Iso-GDHs, and Increased GDH

in Vitro Aminating Activity

Culture of N. tabacum cv Xanthi plants in the presence of 0, 250,
and 350 mM NaCl resulted in a gradual increase (up to threefold)
of intracellular ammonium ions in shoots (see Supplemental
Figure 3 online), stems, and leaves (Figures 4A and 4B) during a

Figure 3. Effect of NaCl, Menadione, NH,+, and MSX on ROS Accumulation and Induction of PCD in Tobacco BY-2 and Grapevine Suspension Cells.

(A) In situ ROS detection in control grapevine cells (a), grapevine cells treated with 200 mM NaCl for 2 h (b), grapevine cells treated with 200 mM NaCl
and 10 mM ascorbate for 2 h (c), grapevine cells treated with 100 wuM menadione for 2 h (d), control tobacco BY-2 cells for 2 h (e), tobacco BY-2 cells
treated with 200 mM NaCl for 2 h (f), tobacco BY-2 cells treated with 100 uM menadione for 2 h (g), grapevine cells treated with 10 mM NH,4* for 2 h (h),
grapevine cells treated with 10 mM NH,4* for 24 h (i), grapevine cells treated with 200 mM NaCl for 24 h (j), and grapevine cells treated with MSX for

2 h (k).

(B) Induction of the PCD syndrome: cells treated with 200 mM NaCl ([a] and [b]) and 50 ..M menadione ([c] and [d]) after 24 h, propidium iodide ([a] and

[c]), and the TUNEL assay ([b] and [d]).

In situ ROS detection and TUNEL assay were performed as described in Methods.



6-d period. Concomitantly, the Nt gdh-NAD;A1 transcript (Figure
5A; at 250 mM NaCl and 72 h in shoots, stems, and leaves), the
immunoreactive total GDH protein due to the «-GDH polypeptide
(Figure 5B; at 250 mM NaCl and 72 h in shoots), the anionic iso-
GDHs (Figure 5C; at 250 mM NaCl and 72 h in shoots), and the in
vitro aminating GDH activity increased significantly in shoots
(see Supplemental Figure 3 online), stems, and leaves (Figures
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Figure 4. Ammonium lon Content and in Vitro Aminating and Deami-
nating Activities of GDH in Tobacco Plants Grown under Salinity Con-
ditions.

(A) and (B) Endogenous free NH,* content in stems and leaves of
tobacco plants, respectively.

(C) and (D) In vitro aminating—specific activities of GDH (NADH-GDH) in
stems and leaves, respectively.

(E) and (F) In vitro deaminating-specific activities of GDH (NAD-GDH) in
stem and leaves, respectively.

(G) and (H) In vitro—specific activities of GOGAT and GS in leaves,
respectively.

The plants were treated with 0, 250, and 350 mM NaCl for 6 d as
described in Methods. Data are the means of three replicates out of four
independent experiments, and bars represent * SE.
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Figure 5. Salinity-Induced Expression of GDH in Tobacco Plants.

(A) Abundance of Nt gdh-NAD;A1 transcript encoding for the a-subunit
of GDH in shoots, stems, and leaves of N. tabacum cv Xanthi.

(B) Immunoreactive GDH protein and subunit polypeptides in tobacco
shoots.

(C) Isoenzymic profile of GDH; assembly of the anionic iso-GDHs in
tobacco shoots.

The plants were treated with 0, 250, and 350 mm NaCl for 6 d as
described in Methods.

4C and 4D). The in vitro GDH deaminating activity in stems re-
mained unchanged, while an increase (50%) was observed in
leaves (Figures 4E and 4F). The abundance of Nt gdh-NAD;A1
transcript and GDH protein increased more than fourfold under
NaCl treatment at 96 h in shoots as revealed by densitometric
analysis (Figure 5B). The specific activities of GS/GOGAT did not
change except at 144 h when they decreased in the leaves of
plants treated with 350 mM NaCl (Figures 4G and 4H).

To assess the validity of the in planta results, several in vitro
plant model systems were also used, such as grapevine sus-
pension cells, calluses, and leaf discs as well as tobacco BY-2
cells and leaf discs. In grapevine suspension cells, NaCl induced
expression of Vv gdh-NAD;A1, increase inimmunoreactive GDH,
assembly of the anionic isoenzymes, and increase in the in vitro
aminating enzyme activity in a dose-response manner (Figures
6A to 6D, respectively), in accordance with the in planta results
(Figures 4 and 5). Vv gdh-NAD;A1 transcript was 4.4-, 9.5-, and
11.8-fold more abundant at 50, 100, and 200 mM NaCl, respec-
tively, at 24 h (Figure 6A). The immunoreactive GDH protein was
maximum (3.7-fold) at 100 mM and 96 h (Figure 6B) compared
with the control. The intensity of the anionic isoenzymes of GDH
was evident at 24 h and continued increasing thereafter (Figure
6C). The GDH aminating-specific activity in vitro increased in a
dose-response manner throughout the culture period, with the
maximum value (1.8-fold greater compared with the control) at
100 mM and 96 h (Figure 6D). Similar results were obtained with
tobacco BY-2 cells (see Supplemental Figure 4 online). Further-
more, results from tobacco leaf discs treated with NaCl (Figures
7A to 7C) were comparable to those obtained with tobacco
plants (Figures 4 and 5), grapevine cells (Figure 6) and leaf discs
(see Supplemental Figure 5 online), and tobacco BY-2 suspension
cells (see Supplemental Figure 4 online) with respect to Vv
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Figure 6. Salinity-Induced Expression of GDH in Grapevine Cells.

(A) Abundance of Vv gdh-NAD;A1 transcript encoding for the a-subunit
of GDH in V. vinifera suspension cells.

(B) Immunoreactive GDH protein.

(C) Isoenzymic profile of GDH; assembly of the anionic iso-GDHs.

(D) In vitro aminating GDH-specific activities.

The cells were treated with 0, 50, and 100 mm NaCl for 96 h as described
in Methods. Data are the means of three replicates out of four indepen-
dent experiments, and bars represent * SE.

gdh-NAD;A1 transcript, GDH immunoreactive protein, and GDH
aminating-specific activity. These results validate the use of in
vitro models, such as suspension cells, leaf discs, and calluses,
to study molecular and biochemical responses of plants to
abiotic stresses, such as salinity.

Menadione-Induced Accumulation of ROS, Increased
Proteolytic Activity, Expression of gdh-NAD;A1,

and Increase in GDH Aminating-Specific Activity

in Cell Suspensions

To further test whether in fact ROS signal the expression of the
gdh-NAD;A1 gene, menadione was applied to grapevine sus-
pension cell cultures. This compound is a vitamin known to
uncouple electron transport in the mitochondria, resulting in the
generation of O,-~ (Hassan and Fridovich, 1979). In turn, O,-~ is
disproportionated by SOD, generating H,O,. At concentrations
of 50, 100, and 200 wM menadione, the generated ROS were

lethal for the suspension cells; the cells turned brown, and their
viability decreased dramatically. A concentration of 100 pM
menadione induced ROS accumulation (2 h after treatment)
(Figure 3Ad), and concentrations of 10, 20, and 40 wM induced
ROS accumulation in a dose-response manner, with a maximum
at 6 h (Figure 8A). At 6 h after menadione treatment, the intra-
cellular O,-~ increased 1.3-, 2.5-, and 3.1-fold at 10, 20, and 40 uM
menadione, respectively, and the extracellular O,-~ increased
8.8-, 29.4-, and 49.2-fold, respectively, at the same menadione
concentrations (Figure 8A). The increase in the intracellular H,O,
was analogous, but extracellularly it increased only at the highest
menadione concentration (40 wM; Figure 8A). In situ detection of
ROS with the DCFH-DA probe confirmed ROS accumulation in
both grapevine and tobacco BY-2 cells (Figures 3Ad and 3Ag). In
addition, menadione resulted in increased protease activity
(Figure 8B, left).

Concomitantly, menadione resulted in increased GDH im-
munoreactive protein (Figure 8B, right) and aminating-specific
activity in a dose-response manner (Figure 8C). The GDH im-
munoreactive protein increased 2.8- and 1.9-fold at 10 and 20 uM
menadione, respectively, as revealed by densitometric analysis.
Concentrations of 10 and 20 wM menadione resulted in 1.2- and
1.9-fold increases, respectively, in GDH-specific activity after
24 h, and in 2- and 2.6-fold increases at 48 h (Figure 8C). Addition
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Figure 7. Salinity-Induced Expression of GDH in Tobacco Leaf Discs.

(A) Abundance of Nt gdh-NAD;A1 transcript encoding for the a-subunit
of GDH in leaf discs of N. tabacum cv Xanthi.

(B) Immunoreactive GDH protein.

(C) In vitro aminating GDH-specific activity.

Leaf discs were treated with 0, 50, 100, and 200 mM NaCl for 72 h as
described in Methods. Data are the means of three replicates out of three
independent experiments, and bars represent * SE.
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Figure 8. Effect of Menadione on ROS Generation and on the Expres-
sion of Proteases and GDH in Grapevine Cells.

(A) Intra- and extracellular generation and accumulation of O,-— and
H»0, in cells treated with 0 to 40 wuM menadione.

(B) Expression of proteases (left) and immunoreactive GDH protein (right)
in cells treated with 0 (top), 10 (middle), and 20 wM menadione (bottom).
(C) Aminating GDH-specific activity.

Bars represent =St from four replicates.

of 10 mM ascorbate, a ROS scavenger, to grapevine cell cultures
scavenged ROS completely (Figure 3Ac) and prevented the
induction of GDH (see Supplemental Figure 6 online).

The Increased in Vitro GDH Aminating Activity Induced
by NaCl was Reflected in the Incorporation of
15N-Ammonium into 'N-Glu, '*N-GlIn, and '*N-Pro

in the Presence of MSX and AOA

To confirm the validity of in vitro measurements of aminating
activity of GDH, tobacco plants were supplied with 1>NH,4*, and
GC-MS analyses of 'N-Glu, '®N-Gin, and '*N-Pro were per-
formed at 12, 24, and 36 h (Figures 9A to 9C). Because expres-

Stress-Induced GDH Assimilates Ammonia 2773

sion of gdh-NAD;A1 was evident 24 h following salt treatment
(Figures 5 to 7), plants were treated with 250 mM NaCl for 24 h
prior to the addition of '>NH,+*. ®N-Gilu in the shoots of control
and salt-treated plants in the presence of MSX at 36 h accounted
for 45 and 250%, respectively, of >N-Glu levels without MSX
(Figure 9A). The corresponding nonlabeled Glu fractions ac-
counted for 117 and 342%, respectively. Labeled and non-
labeled GIn were negligible in MSX-treated plants (Figure 4B), in
agreement with the drastic reduction of GS (Figure 9D; P = 0.01).
Treatment with 250 mM NaCl resulted in a time-dependent
accumulation of '®N-Pro (Figure 9C, treatment C), reaching a
fourfold increase after 36 h, compared with control plants (Figure
9C, treatment C). In the presence of MSX, '®N-Pro accumulation
occurred at a lower rate, explaining the higher level of ">N-Glu
(Figure 9C, treatment D; P = 0.01). Similar trends were observed
for the nonlabeled Pro. Ammonium content in the shoots was
consistent with the results obtained by the in vivo studies. Shoots
from salt-treated plants contained higher NH,+ content (P =
0.05), increasing by 38% at 24 h and 66% at 36 h compared with
control plants (Figure 9E). Salt-treated plants with MSX con-
tained lower NH;+ content (P = 0.05), which corresponds to a 20
and 32% decrease at 24 and 36 h, respectively, compared with
those treated with MSX (Figure 9E).

Additionally, we performed GC-MS analyses of stems and
leaves separately from salt-treated tobacco plants in which
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Figure 9. GC-MS Analysis of the Fate of "®NH, in Shoots of N. tabacum
cv Xanthi Plants Grown in the Presence of NaCl.

Fractions of labeled and nonlabeled Gilu (A), GIn (B), Pro (C), GS activity
(D), and ammonium ion (E) accumulation in plants grown in 250 mM NaCl
at 12, 24, and 36 h after '>NH, application. Amino acids were extracted
and characterized by GC-MS as described in Methods. Data are the
means of four replicates, and bars represent + Se. FW, fresh weight.
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15NH,*+ was applied 24 h after salt treatment (Figure 10). The
residual '®N-Glu in stems and leaves of MSX-treated control
plants was 38 and 5%, respectively, compared with control
plants, 47 and 40% in the presence of AOA, and 21 and 3.5% in
the presence of MSX plus AOA. In the stems of salt-treated
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Figure 10. Fate of >NH, in Stems and Leaves of N. tabacum cv Xanthi
Plants Grown in the Presence of NaCl.

Fractions of labeled (closed bars, 1°N) and nonlabeled (open bars, “N)
Glu ([A] and [E]), GIn ([B] and [F]), Pro ([C] and [G]), and ammonium ion
([D] and [H]) accumulation in plants grown in 250 mM NaCl for 24 h
with and without inhibitors (MSX and/or AOA). Note that in this exper-
iment the plants were exposed for 24 h to salt treatment before supplying
5NH,. Amino acids were extracted and characterized by GC-MS as
described in Methods. Data are the means of four replicates, and bars
represent * SE.

plants plus MSX, 'N-Glu was 48% of that in salt-treated plants,
while "®N-Glu was not affected by either AOA or MSX plus AOA;
in addition, the nonlabeled Glu increased 1.6-fold more in the
presence of inhibitors (plus salt) than without them (Figure 10A).
Compared with salt-treated plants without inhibitors, the leaves
of salt-treated plants with either MSX or AOA had higher values of
15N-Glu (P = 0.01), corresponding to 1.5- and 2.1-fold increases,
respectively, whereas MSX plus AOA resulted in a 4.2-fold in-
crease. The corresponding increases in nonlabeled Glu were
2.3- (+MSX), 2.5- (+AOA), and 6.9-fold (MSX+AQA). In the stems
and leaves of MSX-treated plants, both 'N-GIn and nonlabeled
Gin showed negligible values, whereas in AOA-treated plants
15N-GIn was 29 and 228% in stems and leaves, respectively,
compared with controls. '>N-Pro in the control plants was low,
whereas in salt-treated plants (250 mM), it increased significantly
in the stems (8.1-fold) and in the leaves (4.5-fold). Copresence of
inhibitors resulted in a '®N-Pro decrease (Figure 10C; P = 0.01).
Inthe leaves of salt-treated plants plus MSX, >N-Pro was 48% of
the control (salt-treated plants), and it maintained at the same
levels in AOA and MSX plus AOA treatments (Figure 10G; P =
0.01). By contrast, the amount of nonlabeled Pro increased 1.9-
fold in the presence of MSX plus AOA when compared with salt-
treated plants without inhibitors (Figure 10G). The effects of MSX,
AOA, or a combination in the NaCl-treated plants further support
the notion that when GS activity is diminished (see Supplemental
Figure 7 online), a significant residual aminating activity is pre-
sent, attributable to the aminating activity of the anionic-GDH
isoenzymes. Overall, GDH in the stems exhibited greater in vivo
aminating activity (Figure 10; P = 0.01), consistent with the lo-
calization of GDH in the companion cells of the phloem (Dubois
et al., 2003). Furthermore, the endogenous levels of ammonium
ions in the stems and leaves of NaCl-treated tobacco plants in
the presence of MSX or AOA (Figures 10D and 10H), in combi-
nation with the GC-MS results (Figures 10A, 10E, 10C, and 10G),
further support the NaCl-induced aminating activity of the ani-
onic GDH isoenzymes.

The Salt-Induced Increase in gdh-NAD;A1 Transcript
Was Accompanied by Increase in Ntidh;A and

Nt .,vicdh Transcripts and Immunoreactive ,;/CDH
and :ICDH Protein

I(C)DHs supply the cell with 20G to form Glu (Figure 1; Lancien
et al., 1999). It was of interest to test whether or not the increase
in the transcript of Nt gdh-NAD;A1 and immunoreactive GDH
protein brought about by NaCl (Figures 5A and 5B) was accom-
panied by similar trends in the transcript(s) and protein of |(C)DH.
Thus, the abundance of Ntidh;A and Nt . icdh transcripts (Galvez
etal., 1994) and the levels ofimmunoreactive |CDH and :|CDH
proteins were examined in the shoots of tobacco seedlings 36
and 48 h after salt treatment (250 mM NaCl) and with and without
MSX. RNA gel blot analysis revealed that the increase in the Nt
gdh-NAD;A1 transcript in the shoots of salt-treated plants (with
and without MSX) at 36 h (Figure 11) was accompanied by a
concomitant increase in the transcript of Nt idh;A (2.5- and 2-fold
at 36 h and 6- and 2.2-fold at 48 h; Figure 11A) but not in the
plants treated only with MSX (Figure 11A). With regard to Nt
oicdh, a 2.5- and 3-fold increase was observed only in the
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Figure 11. Effect of NaCl in the Presence/Absence of MSX on the
Expression of gdh and icdh Genes in Tobacco Shoots.

(A) Expression of NAD-dependent Nt idh;A, cytocolic NADP-dependent
Nt ., /CDH, Nt gdh-NAD;A1 encoding for the a-subunit of GDH, and Nt
gdh-NAD;B2 encoding for the B-subunit of GDH.

(B) Immunoreactive |CDH, .:/CDH, and GDH protein.

shoots of salt-treated plants at 36 and 48 h, respectively (Figure
11A). Protein gel blot analysis showed an increase in the levels of
ntICDH at 48 h in salt-treated plants in the presence and absence
of MSX (Figure 11B). Similarly, a 5.2- and 2-fold increase in the
levels of +CDH immunoreactive protein was found in salt-
treated plants with and without MSX, respectively (Figure 11B).

Exogenous Ammonium lons Mirror the Effects of Salinity
in Inducing the Expression of Vv gdh-NAD;A1,

Increase in a-GDH Immunoreactive Protein, Assembly
of the Anionic Iso-GDHs, and Increase in in Vitro GDH
Aminating Activity

The response of V. vinifera suspension cells cultured in the
presence of ammonium ions as a sole nitrogen source mirrored
the effect of salinity and confirmed our previous results with
grapevine calluses grown in the presence of ammonium ions as
sole nitrogen source, in which the increase in aminating GDH
activity was due to de novo synthesis of the a-GDH polypeptide
and the assembly of the anionic GDH isoenzymes (Loulakakis
and Roubelakis-Angelakis, 1992). Ammonium treatment resulted
in induction of Vv gdh-NAD;A1 transcript, which continued
throughout the entire culture period (Figure 12A); the respective
increase was 3.5-, 4.5-, 7-, and 12-fold at 24, 48, 72, and 96 h,
respectively. The immunoreactive GDH protein, corresponding
to the a-subunit polypeptide, also increased 2-, 2.4-, and
3.5-fold at 72, 96, and 120 h (Figure 12B); after 48 h, the anionic
GDH isoenzymes prevailed (Figure 12C), whereas the in vitro
GDH aminating—specific activity reached a twofold increase at
144 h (Figure 12D, top). By contrast, the in vitro deaminating
GDH-specific activity was not affected (Figure 12D, bottom).

In ammonium-treated cells, the levels of generated ROS were
lower at 2 h compared with salt-treated ones (Figures 3Ah and
3Af). Ammonium treated cells for 24 h accumulated similar levels
to those treated with salt at 2 h (Figures 3Ai and 3Af). At the same
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time (24 h), salt treated cells continued to induce further ROS
accumulation, compared with ammonium treatment (Figures 3Aj
and 3Ai). In addition, the increase in GDH immunoreactive
protein and in vitro GDH aminating-specific activity was evident
72 and 96 h, respectively, after the treatment with ammonium
(Figure 12), which is 48 h later than the salt response (Figure 6).
Treatment of suspension cells with MSX resulted in lower accu-
mulation of ROS (Figure 3Ai) compared with salt-treated cells,
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Figure 12. Effect of Exogenous Ammonium, as a Sole Nitrogen Source,
on GDH Expression in V. vinifera Suspension Cells.

(A) Abundance of Nt gdh-NAD;A1 transcript encoding for the a-subunit
of GDH.

(B) Immunoreactive a-GDH protein.

(C) Isoenzymic profile of GDH; assembly of the anionic iso-GDHs.

(D) In vitro aminating-specific activity GDH.

Suspension cells were treated with 10 mM NH,4CI or 20 mM KNO3 for
144 h as described in Methods. Bars represent = SE of three replicates
out of three independent experiments.
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which is consistent with the lack of induction of GDH aminating—
specific activity and immunoreactive protein (Figures 11Aand 11B).

DISCUSSION

ROS generation is a central response of plant cells to stress. At
low levels they are scavenged by enzymatic and nonenzymatic
scavengers, such as CAT, SOD, ascorbate peroxidase, the
Halliwell-Assada cycle enzymes, or numerous antioxidant mol-
ecules present in plant cells. Among them, Pro is a potent ROS
scavenger associated with prevention of apoptotic-like PCD in
Colletotrichum trifolii (Chen and Dickman, 2005). In addition,
polyamines contribute to the homeostasis of ROS by inhibiting
NAD(P)H-oxidase, preventing the induction of PCD (Papadakis
and Roubelakis-Angelakis, 2005) and generating H,O, via the
catalytic action of polyamine oxidase (Paschalidis and Roubelakis-
Angelakis, 2005b). ROS participate in the redox status of the cell,
and redox signals are key regulators of responses to various
stress conditions. For example, H,O, induces the synthesis of
heat shock proteins (Foyer et al., 1997; Foyer and Noctor, 2005).
Moreover, ROS regulate the action of secondary messengers,
such as Ca?* (Foyer and Noctor, 2005). If not efficiently scav-
enged, ROS can have a detrimental effect(s) on metabolism and
eventually on growth and development of cells through their
ability to initiate reaction cascades, resulting in the production of
toxic chemical species, such as hydroxyl radicals and lipid
peroxides (Baier and Dietz, 2005; Rhoads et al., 2006). High
levels of H,O, trigger a distinct local sequence of events in gene
expression that leads inevitably to PCD (Pastori and Foyer, 2002;
Figure 3B).

ROS and the redox state of the cell participate in the signal
network for the induction of expression of genes encoding
effector proteins functioning toward increased stress tolerance
(Mittler et al., 2004). Salt stress induces ROS generation in all in
vitro model systems tested in this work, in agreement with other
studies (Apel and Hirt, 2004 and references therein). Long-term
treatment with ammonium ions in tobacco cells also elicited ROS
generation, although to a lower extent compared with salt treat-
ment (Figures 3Ai and 3Aj), and ammonium ions generated by
Gin transamination induced the generation of O,-~ in mammalian
cells by upregulating the expression of the NADPH oxidase
components (Pithon-Curi et al., 2002). Menadione, an elicitor of
ROS, also increased proteases (Figure 8). Treatment of cells with
H>0, induced protease activity putatively responsible for the deg-
radation of oxidatively damaged proteins and increased ammonia
in the mitochondria (Sweetlove et al., 2001). Also, excessive
intracellular accumulation of salt resulted in expression of pro-
teases (Figure 8), leading to extensive proteolysis and deamina-
tion, which contributed to intracellular hyperammonia in rice
(Lutts et al., 1999; Hoai et al., 2003) and Arabidopsis (Wong et al.,
2004), as in stems and leaves of tobacco plants, grown under salt
stress (Figures 4A and 4B).

Overall, in the in vitro plant models that were treated with either
salt, ammonium ions, or menadione, ROS accumulation was
accompanied by increased gdh-NAD;A1 transcript, immunore-
active GDH protein, anionic GDH isoenzymes, and in vitro GDH
aminating activity, thus establishing a role for GDH in ROS

sensing/responses. Cells treated with either ammonium or MSX
exhibited lower ROS accumulation compared with salt-treated
cells. In MSX-treated control plants, although ammonium accu-
mulated, gdh-NAD;A1 was not induced (Figure 11), in contrast
with the effect of exogenous ammonium in tobacco cell cultures
(Figure 12). In salt-treated plants, gdh-NAD;A1 was induced with
a 36-h lag phase, which was the duration of MSX monitoring,
since a longer time resulted in damaged plant tissues. Therefore,
in the MSX-treated plants, ammonium accumulation during the
36-h follow-up period was probably not sufficient to induce the
threshold of ROS necessary for induction of gdh-NAD;A7. In
addition, lower intracellular ammonia titers, intracellular ammo-
nia compartmentation or translocation, and the source of am-
monia (exogenous or photorespiratory) might differentiate the
response of gdh-NAD;A1 in MSX-treated plants. Photorespira-
tory-produced ammonia in mitochondria is effectively reassimi-
lated in the chloroplast by the action of the chloroplastic GS2,
since in gs2 mutants of barley (Hordeum vulgare) (Lea and Forde,
1994), the cytosolic GS1 could not compensate for the loss
of chloroplastic GS2. Furthermore, mitochondria possess an
efficient defense antioxidant system that may prevent ROS
accumulation and/or diffusion in the cytosol and, therefore,
gdh-NAD;A1 expression (Rhoads et al., 2006). Recently, it was
suggested that GDH in phloem companion cells may play a dual
role in the cytosol when ammonium concentration increases
above a certain threshold or in the mitochondria when mineral
nitrogen availability is low (Tercé-Laforgue et al., 2004a). It can be
inferred therefore that exogenous ammonium and its accumula-
tion in the cytosol results in higher levels of ROS generation
effective in the induction of gadh-NAD;A1. If ammonium were the
principal signal and not ROS for gdh-NAD;A1 gene induction,
then the response in salt-treated cells/calluses/leaf discs/plants
would follow the timing of ammonium rather than that of ROS,
which was not the case. For ammonium to induce gdh-NAD;A1,
it has to reach an intracellular threshold before being able to
generate sufficient levels of ROS to act as a signal. These results
allow the proposition that ROS participate in the signaling path-
way, and either alternatively or additively, they result in prote-
olysis contributing to intracellular hyperammonia.

Although GS/GOGAT are the main enzymes mediating the
assimilation of ammonium in plant cells (Lea and Miflin, 1974;
Figure 1), their activities in salt-treated tobacco shoots (stems
and leaves) remained largely unchanged in contrast with the
aminating activity of GDH, which increased. When photorespir-
atory ammonium accumulates as a result of impaired GOGAT
activity (Ferrario-Mery et al., 2002) or when GS becomes limiting
(Harrison et al., 20083), alternative metabolic pathways may be
activated to avoid ammonium accumulation or that may be
important in controlling the flux of nitrogen.

Because the in vitro aminating activities do not always reflect
the in vivo function of the enzyme (Dubois et al., 2003; Maslaux-
Daubresse et al., 2006; our unpublished data), GC-MS analyses
were performed for monitoring the fate of '>NH,*. The aminating
role of the anionic GDH isoenzymes acting toward ammonia
detoxification was supported by the incorporation of ">NH,* into
15N-Glu in salt-treated tobacco plants in the presence of MSX or
AOA. In the presence of salt, '>N-Glu synthesis was significantly
enhanced, and the sum of >N-Glu plus '>N-Pro in the presence



of MSX firmly supports the idea that the anionic isoenzymes of
GDH, which consist mostly of the stress-induced a-subunit, do
function in ammonia assimilation. Although the use of inhibitors
may lead to conflicting findings, the relatively low in vivo amina-
tion of S NH4* found in MSX control plants eliminates the
possibility of an artificial diversion of carbon and nitrogen to
GDH. The reaction catalyzed by GDH could be one of the
alternative pathways that may be induced when the ammonium
concentration reaches a certain threshold (Dubois et al., 2003),
and our results support this view.

The fact that the >N-Glu produced in salt-treated plants was
shifted toward ®N-Pro synthesis further supports the idea that
these molecular responses are induced as a reaction to stress.
The biosynthetic pathway of Pro from Glu is mediated by the
enzymes P5CS and P5CR (Yoshiba et al., 1997). Pro accumu-
lation in stressed plants has been associated with enhanced tol-
erance to conditions of abiotic stress (Nanjo et al., 1999a, 1999b).
It also plays an important role in the protection of complex Il in the
mitochondria of roots of salt-treated plants (Hamilton and
Heckathorn, 2001). Recent findings reveal that Pro functions as
an antioxidant and inhibitor of PCD (Chen and Dickman, 2005). In
addition to Pro synthesis, the ammonia detoxification effect of
GDH links the entrance of Glu into the Krebs-Henseleit (urea)
cycle and to polyamine biosynthesis (Paschalidis et al., 2001).
Under hyperammonia, Glu is shifted to synthesize Orn, which is
recycled via arginase as part of the urea cycle (Paschalidis and
Roubelakis-Angelakis, 2005a) and may be the substrate for Pro
synthesis. Both Orn and Arg are used for the biosynthesis of poly-
amines (Paschalidis and Roubelakis-Angelakis, 2005a, 2005b),
which may also play a role in the protection of plants against
abiotic stress (Capell et al., 2004).

As the induction of gdh-NAD;A1 by salt is accompanied by
increased aminating GDH activity, it is expected that the genes
encoding the enzymes that mediate 20G synthesis should be
upregulated as well. Two types of I(C)DH have been identified in
plants that use different cofactors (Hodges, 2002). The first is
IDH, a tricarboxylic acid cycle enzyme localized in the mitochon-
dria of eukaryotic cells that use NAD. The second is ICDH,
consisting of several isoenzymes, localized in the cytosol (Galvez
et al., 1996), the chloroplasts (Galvez et al., 1994), the mitochon-
dria (Galvez et al., 1998), and the peroxisomes (Corpas et al.,
1999). Both enzymes are potential candidates for supplying 20G
for the amination reactions of GOGAT and GDH. In rice plants
treated with ammonium ions, IDH increased concomitantly with
GOGAT, suggesting that it could serve to provide 20G (Abiko
et al., 2005). The increase in the Nt gdh-NAD;A1 transcript in the
shoots of salt-treated plants was accompanied by a concomitant
increase in the transcripts of Nt idh;A and Nt . Jcdh and in the
levels of |CDH and ,,+//ICDH immunoreactive proteins. These
results suggest that, in the presence of salt, both enzymes could
supply 20G for Glu synthesis by GDH.

Quantitative genetic approaches strongly suggest that the
reaction catalyzed by NAD(H)-GDH is of major importance in the
control of plant growth and productivity (Dubois et al., 2003).
Compared with wild-type plants, transgenic tobacco overex-
pressing bacterial gdh (a-subunit of GDH) showed increased
tolerance to herbicides and to toxic levels of ammonia as well as
higher biomass (Ameziane et al., 2000). Plants transformed with
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the a- and B-subunits of GDH from Chlorella sorokiniana showed
increased growth rates and improved stress tolerance (Schmidt
and Miller, 1999), whereas a maize (Zea mays) GDH null mutant
was cold temperature sensitive (Pryor, 1990). Fruits from trans-
genic tomato (Solanum lycopersicum) plants carrying a gene
for NADP-GDH from Asperqgillus nidulans contained twofold to
threefold more free amino acids and twofold more Glu (Kisaka
and Kida, 2003), which has been proposed as a signaling molecule
in plant growth and environmental response (Glevarec et al.,
2004). This idea is strongly supported by the fact that plants
possess functional homologues of animal Glu receptors (Lam
et al., 1998; Galili et al., 2001). Thus, consistent with its stress-
related and signaling role, Glu content might be highly regulated
and maintained at a constant level in plants (Glevarec et al., 2004).

Finally, the large amount of GDH activity in phloem companion
cells and in the soluble fraction (Paczek et al., 2002; Dubois et al.,
2003; Tercé-Laforgue et al., 2004a) opens new perspectives for
elucidating the role of GDH in stress response. For instance,
under abiotic stress conditions, such as salinity, the sorting of the
protein to the mitochondria might be inhibited to allow its accu-
mulation in the cytosol (Ficarelli et al., 1999).

Our results strongly support the hypothesis that plant cells
cope with stress conditions by generating ROS, which signal the
expression of the a-subunit of GDH, the assembly of the anionic
iso-GDHs, and anincrease in GDH aminating activity. As a result,
GDH detoxifies the high intracellular ammonia that is generated
by the proteolytic and deaminating activities. These data further
reinforce the stress-related function of the anionic isoenzymes of
GDH, suggest different physiological roles for the seven GDH
isoenzymes, and present a new strategy that plant cells could
employ to cope with abiotic stress. Studies of transgenic plants
overexpressing gdh-NAD;A1 and gdh-NAD;B2 (Purnell et al.,
2005) could contribute further to our understanding of the mo-
lecular mechanisms and signaling pathways of stress response
in plants.

METHODS

Plant Material and Treatments

Nicotiana tabacum cv Xanthi seeds were surface-sterilized by immer-
sion in 10% (v/v) NaCIO for 10 min with gentle shaking. After washing
thoroughly with sterile water, the seeds were placed in sterile half-
strength Murashige and Skoog (MS) liquid medium (Murashige and Skoog,
1962). Plants were grown in a growth chamber at a 16/8-h photoperiod,
25°C, and 75% RH. Two weeks after emergence, seedlings were trans-
ferred in half-strength MS medium without sucrose and allowed to grow
for another 2 weeks before the salt treatments (0, 250, and 350 mM NaCl).

Leaf discs (1 disc of 0.1 g mL—") from glasshouse-grown Vitis vinifera cv
Sultanina or tobacco plants were prepared according to Papadakis
and Roubelakis-Angelakis (2005). Leaf discs were immersed in NaCl (0 to
200 mM) under continuous light (100 pmol photons m—2s~") forupto 72 h.
Calluses derived from shoot explants of in vitro-grown grapevine plants
were used for the establishment of a suspension cell culture as previously
described (Primikirios and Roubelakis-Angelakis, 1999). Calluses were
grown for three generations on MS medium containing 20 mM nitrate as
the sole nitrogen source. TBY-2 cells (derived from N. tabacum cv BY-2)
were cultured as previously described (de Pinto et al., 2000). Calluses, cell
suspension cultures of grapevine, or BY-2 cells were treated with NaCl
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(0 to 200 mM) to monitor the NaCl effect or with 10 mM NH3Cl to study the
effect of ammonium ions. Furthermore, cell suspension cultures were
treated with 0, 10, 20, and 40 uM menadione for up to 48 h to monitor the
effect of ROS.

Protein Extraction, Enzyme Assays, and Electrophoresis

Total proteins were extracted from cells, calluses, and leaf discs
as previously described (Primikirios and Roubelakis-Angelakis, 1999;
Papadakis et al. 2005). In brief, 0.2 M Tris-HCI, pH 8.0, 5 mM DTT, 0.5 mM
PMSF, 10 uM leupeptin, 10% (w/v) glycerol, and 0.25% (w/v) Triton X-100
was used in the presence of 20% (w/v) polyvinylpolypyrrolidone. The
samples were homogenized using a Polytron (Ultra Turrax T25, probe S15
N 10G; LabX) at a speed of 20,000 rpm. The ratio of sample:extraction
buffer was 1:3 for cells and 1:4 for other tissues. The homogenates were
centrifuged at 12,000 rpm for 30 min, and the supernatants were divided
into aliquots and frozen at —80°C. All work was done at 4°C.

In vitro enzyme activity of GDH was determined as described previ-
ously (Loulakakis and Roubelakis-Angelakis, 1990a), and values are pre-
sented as units *+ SE. One unit of GDH is defined as the reduction of 1 umol
NADH per min at 30°C. Analytical and preparative SDS-PAGE of protein
extracts was performed as described by Loulakakis and Roubelakis-
Angelakis (1992). Transfer of electrophoretically resolved proteins onto
nitrocellulose filters (0.2-pm pore size; Schleicher and Schuell) was
performed according to Loulakakis and Roubelakis-Angelakis (1990b).
GDH isoenzymes were localized in nondenaturating polyacrylamide gels
using the in situ staining technique as analytically described by Loulakakis
and Roubelakis-Angelakis (1991).

In vitro activity of NADH-GOGAT was assayed using NADH as the
electron donor by determining the formation of Glu in the reaction as
described by Matoh and Takahashi (1982). One unit of enzyme activity
was defined as the amount catalyzing the formation of 1.0 wmol of Glu per
minute at 30°C. GS activity was determined as described by Loulakakis
and Roubelakis-Angelakis (1996). One unit of enzyme was defined as the
amount that catalyzed the formation of 1.0 wmol of a-glutamyl hydrox-
amate per minute at 30°C.

For I(C)DH detection, 100 pg of crude extract protein was analyzed in
10% SDS-PAGE. .CDH and +/CDH primary antibodies were used
according to Galvez et al. (1994).

RNA Gel Blot Analysis

Extraction of RNA from plant tissues was as described by Loulakakis et al.
(1996). Total RNA (15 pg) was fractionated in 1% agarose-formaldehyde
gel, blotted onto Hybond-N+ membrane (Amersham Pharmacia Biotech),
and then hybridized with radiolabeled probes, under high-stringency
conditions. Prehybridization, hybridization, and washing conditions were
performed as described by Church and Gilbert (1984). Probes were
labeled using a random hexamer oligonucleotide system (RadPrime DNA
Labeling System; Invitrogen). The full-length cDNAs of Vv gdh-NAD;A1
(Syntichaki et al., 1996) and Nt gdh-NAD;B2 (accession number AY366370)
from grapevine were used as probes. Moreover, the catalytic NAD-
dependent Nt idh (accession number X96727) and the cytocolic NADP-
dependent Nt .,icdh (accession number X77944) isocitrate dehydrogenase
clones from N. tabacum were used (Galvez et al., 1996). Hybridization and
washing conditions were stringent to avoid cross-reaction with other
subunits.

Protease Activity Assay

For protease activity assays, 20 pg of total protein were separated in 10%
acrylamide gel containing 1 mg mL~" gelatin (Lockwood et al., 1987).
Electrophoresis was performed at 10 mA constant current for 2 h at 4°C.
After electrophoresis, the resolving gel was incubated overnight at 37°C in

40 mM Tris-HCI, pH 8.6, and 0.2% Triton X-100. The gel was stained in
Coomassie Birilliant Blue R 250 and destained, and the protease activity
appeared as white bands.

Ammonia Extraction and Determination

Tissues were ground in liquid nitrogen and extracted in 10 volumes of
10 mM ice-cold formic acid. Free ammonium was determined fluoro-
metrically according to Husted et al. (2000) following derivatization at
63°C with 3 mM O-phthalaldehyde and 10 mM 2-mercaptoethanol (in
0.2 M Tris-HCI, pH 6.8) and quantification in an HPLC system (HP 1100;
Hewlett-Packard). Ammoniun concentration was also determined as the
amount of NADH oxidized via the aminating reaction of GDH at 340 nm
at room temperature in a total reaction volume of 0.5 mL consisting of
100 mM Tris, pH 8.0, 15 mM 20G, 1 mM CaCl,, 1 mM NADH, and 2 units
of GDH (1 mg protein equals 46 units; Sigma-Aldrich). Control assays
were conducted by omitting either 20G or GDH. The ammonium was
quantified by preparing a standard curve with ammonium nitrate.

Chemiluminescence Assay for H,0, and O, ~

The production of O, — and H,O, from V. vinifera cv Sultanina cell cultures
was determined by the chemiluminescence assay of luminol and lucige-
nin, respectively, in cells and in the culture medium as already described
(Papadakis and Roubelakis-Angelakis, 1999). Three independent exper-
iments, with three replicates each, were performed. One-way analysis of
variance was used for statistical analysis.

Incorporation of 15NH,* into Nitrogenous Compounds in Tobacco
Plants Grown in the Presence of NaCl

N. tabacum cv Xanthi plants (30 d after emergence) were used for the in
vivo 15N assimilation analysis. Two sets of experiments were performed
to confirm whether GDH is involved in the amination of 20G to Glu.

In the first experiment, tobacco plants were transferred in distilled
water and 250 mM NaCl (without nutrients) for 24 h before the addition of
15NH,4+. Then the plants were transferred to half-strength MS solution
with 20 mM '5NH5Cl, as a sole nitrogen source, and the incorporation of
15NH,* into Glu, Gln, and Pro was assessed at 12, 24, and 36 h. For GS
inhibition, plants were sprayed with 1.5 mM MSX solution of the potential
GS inhibitor, and roots were immersed in the same solution for 10 min.

A second set of experiments was performed with a similar design to
that described previously to study the response of different organs.
Twenty-four hours following the addition of ®NH,*, the tobacco plants
were separated into stems and leaves, and the enrichment of Glu, Gin,
and Pro in isotopic nitrogen was determined by GC-MS. In addition to
MSX, 1 uM AOA, an inhibitor of transaminases, was added to ensure that
transaminations of Glu did not occur.

In all experiments, the plants were harvested and kept at —80°C. Tissue
was extracted with 0.01 N HCl and 100 p.L of the extraction solution and
dried at 90°C under gas nitrogen. Subsequently, 100 wL of acetonitrile
and 100 pL of N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide
were added to the residue. The mixture was sonicated for 30 s, heated
at 70°C for 30 min, and filtered. One-chlorohexadecane was added as
internal standard, and 1 pL of the resulting solution was administered to
GC-MS for amino acid determination (Sobolevsky et al., 2003). GC-MS
analyses were performed using a Hewlett-Packard 5971A mass-selective
detector with the appropriate data system. A Hewlett-Packard model
5890 gas chromatograph, equipped with a Grob-type split-splitless
injector, was directly coupled with the fused-silica capillary column
(HP-5 MS with 0.25-mm film, 30 m X 0.25 mm i.d.) to the ion source.
Helium was used as the carrier gas with a back pressure of 0.8 Atm. The
injector temperature was 280°C, and the oven temperature program
started at 70°C, staying there 2 min, and then increased until 290°C with



5°C/min rate. At 290°C, it stayed for 10 min. Two independent experi-
ments, with two replicates each, were performed. One-way analysis of
variance was used for statistical analysis.

Epifluorescence Cytochemical Localization of H,0,

In situ localization of H,O, was performed using the highly sensitive, cell-
permeable probe DCFH-DA (Molecular Probes) according to Schopher
et al. (2001). Cells were harvested, after centrifugation at 3000 rpm, and
were incubated in 1 mL buffer (20 mM K-phosphate, pH 6.0, containing
50 wM DCHF-diacetate and 3 wg mL—" horseradish peroxidase; Sigma-
Aldrich) for 10 min at 25°C in darkness. An aliquot of cells (0.1 mL) was
removed, washed in the same buffer, and visualized immediately. Pic-
tures were taken with an epifluorescence microscope (Nikon Eclipse
E800) with excitation filter EX 450-490 and emission filter BA 520 using a
Sony DXC-950P camera.

Detection of DNA Fragmentation

Cell suspensions, cultured for 18 h in 200 mM NaCl or 40 .M menadione,
were analyzed for nuclear DNA fragmentation as previously described
(Papadakis and Roubelakis-Angelakis, 2005). Total cellular DNA was
stained with propidium iodide (1 wg mL~"), and the free 3'-OH groups in
DNA were labeled by the TUNEL method using an in situ cell death
detection kit (Boehringer Mannheim) as instructed by the manufacturer.
DNA was visualized with a Nikon Eclipse 800 fluorescence microscope.

Preparation of Figures

The Coomassie blue-stained polyacrylamide gels were photographed
using a Kodak DC120 digital camera, and the densitometry was per-
formed with Kodak Digital Science 1D image analysis software. Protein
and RNA gel blots were scanned with an HP ScanJet 6100 scanner
(Hewlett Packard).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY366369 (Nt gdh-NAD;AT), X86924
(Vv gdh-NAD;A1), AY366370 (Nt gdh-NAD;B2), X77944 (Nt .,,/CDH), and
X96727 (Nt idh;A).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Viability of Grapevine Cells Grown in 0, 50,
100, and 200 mM NaCl for 24 h.

Supplemental Figure 2. Salinity Induced the Expression of Catalase
in Grapevine Leaf Discs Exposed to Salt Stress.

Supplemental Figure 3. Ammonium Content and in Vitro Aminating
and Deaminating Activities of GDH and in Vitro—Specific Activities of
GS and GOGAT in Tobacco Plants Grown under Salinity Conditions.

Supplemental Figure 4. Salinity Induced the Expression of GDH in
BY-2 Cells Grown under Salinity Conditions.

Supplemental Figure 5. Salinity Induced the Expression of GDH in
Grapevine Leaf Discs.

Supplemental Figure 6. Addition of Ascorbate (10 wM) Prevents
Increase in in Vitro Aminating—-Specific Activity of GDH in Grapevine
Cells Exposed to Salinity Treatment (200 mM NaCl) for 24 h.

Supplemental Figure 7. In Vitro—Specific Activities of GS in Stems
and Leaves of Tobacco Plants Grown in the Presence of MSX = AOA
for 24 h.
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