
Abstract. A soybean cytosolic glutamine synthetase gene
(GS15) was fused with the constitutive 35S cauliflower
mosaic virus (CaMV) promoter in order to direct over-
expression in Lotus corniculatus L. plants. Following
transformation with Agrobacterium rhizogenes, eight
independent Lotus transformants were obtained which
synthesized additional cytosolic glutamine synthetase
(GS) in the shoots. To eliminate any interference caused
by the T-DNA from the Ri plasmid, three primary
transformants were crossed with untransformed plants
and progeny devoid of TL- and TR-DNA sequences were
chosen for further analyses. These plants had a 50–80%
increase in total leaf GS activity. Plants were grown under
different nitrogen regimes (4 or 12 mM NH4

+) and aspects
of carbon and nitrogen metabolism were examined. In
roots, an increase in free amino acids and ammonium was
accompanied by a decrease in soluble carbohydrates in
the transgenic plants cultivated with 12 mM NH4

+ in
comparison to the wild type grown under the same
conditions. Labelling experiments using 15NH4

+ were
carried out in order to monitor the influx of ammonium
and its subsequent incorporation into amino acids. This
experiment showed that both ammonium uptake in the
roots and the subsequent translocation of amino acids to
the shoots was lower in plants overexpressing GS. It was
concluded that the build up of ammonium and the
increase in amino acid concentration in the roots was the
result of shoot protein degradation. Moreover, following
three weeks of hydroponic culture early floral develop-
ment was observed in the transformed plants. As all these
properties are characteristic of senescent plants, these
findings suggest that expression of cytosolic GS in the
shoots may accelerate plant development, leading to early
senescence and premature flowering when plants are
grown on an ammonium-rich medium.
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Introduction

Recent advances in plant molecular biotechnology
combined with more-traditional physiological and bio-
chemical approaches allow more-detailed analyses of the
primary steps in inorganic nitrogen assimilation and the
subsequent biochemical pathways involved in supplying
nitrogen for metabolism in higher plants (Lea and Forde
1994; Temple et al. 1994). Since the discovery that both
glutamine synthetase (GS; E.C.6.3.1.2) and glutamate
synthase (GOGAT; E.C.1.4.7.1) play a major role in the
ammonium assimilation of higher plants (Miflin and Lea
1980), a large number of studies have been made on the
mechanisms controlling the expression of the genes
encoding these proteins. The reaction catalysed by GS is
now considered to be the major route facilitating the
incorporation of inorganic nitrogen into organic mole-
cules, in conjunction with GOGAT which recycles
glutamate and incorporates carbon skeletons into the
cycle for the transfer of amino groups (Joy 1988).

A large number of isoenzymes have been identified
for GS. There are two groups of proteins, one group
being exclusively located in plastids while the other
group of enzymes is restricted to the cytosol. In
addition to the dual cellular compartmentation, the
relative proportions of the two groups of enzymes have
been shown to be different according to the species, the
physiological status of the plant, the developmental
stage and the organ examined (Hirel et al. 1992a). The
synthesis of chloroplastic GS was found to be regu-
lated by light in photosynthetic organs (Lightfoot et al.
1988) while the synthesis of cytosolic GS did not seem
to be influenced by external factors, except during
plant senescence (Kawakami et al. 1988; Kamachi et al.
1991; Downs et al. 1994) and when ammonium was
provided externally to the roots (Hirel et al. 1987).
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More-recent studies have also shown that in higher
plants GS is encoded by a multigene family which is
expressed in an organ-specific manner. Moreover, a
species-specific pattern of gene expression could be
observed according to the physiological status or the
developmental stage of the plant (see Hirel et al.
1992a, for a review). The specific regulatory mechanisms
controlling transcription and translation of particular
GS isoforms in different cellular compartments are still
not fully understood. Altering ammonium assimilation
via genetic manipulation should provide information
about the organization and regulation of this complex
enzyme.

We have previously isolated several soybean genes
encoding cytosolic GS from roots and root nodules
(Marsolier et al. 1995). The transcription of one of these
genes (GS15) was shown to be regulated by multiple and
separate promoter sequences controlling organ-specific
and ammonium-regulated expression (Marsolier et al.
1993). The coding region of GS15 was linked to the
cauliflower mosaic virus (CaMV) 35S promoter and
then introduced into Lotus corniculatus plants. Mea-
surements of various plant growth parameters, the
concentration of metabolites and ions in combination
with results from 15N labelling experiments were used to
evaluate the physiological impact of modified GS
activity.

Materials and methods

Plant transformation and regeneration. Transgenic Lotus corn-
iculatus L. cv Rodeo (Coopérative Ste. Christie, Montestruc, Gers,
France) plants were obtained using a Agrobacterium rhizogenes-
mediated transformation procedure (Petit et al. 1987). Surface-
sterilized L. corniculatus seeds were germinated and grown on
Murashige-Skoog (MS) medium (Murashige and Skoog 1962)
without hormones. The hypocotyls of 8-d-old plants were infected
with A. rhizogenes containing the construct p35SGS15 (Hirel et al.
1992b). Transformed hairy-roots were selected on MS me-
dium containing kanamycin (25 mg · ml)1) and carbenicillin
(500 mg · ml)1). Regenerated shoots were transferred to MS medi-
um containing 25 mg · ml)1 kanamycin. Rooted plants were prop-
agated in acid-washed sand in a growth chamber at 22 °C. New
plants were generated from cuttings.

Plant culture. Cuttings of Lotus (stems 4–5 cm long) were first
grown on sand and watered daily with a complete nutrient solution
containing 10 mM NO3

) plus 2 mM NH4
+ (Coı̈c and Lesaint 1971)

until 2- to 3-cm long roots developed. After two weeks, 50 plants
were placed on a 200-L hydroponic culture unit. This unit was kept
in a growth chamber where the day/night aerial temperatures were
22 °C/19 °C with a 16-h day and 8-h night cycle. A photosynthetic
photon flux density of 220 mmol · m)2 · s)1 was provided by metal-
halide lamps. During the first week of hydroponic culture the plants
received the same nutrient solution as during growth on sand. For
the following three weeks, nutrient solution containing 1.25 mM
K+, 0.25 mM Ca2+, 0.25 mM Mg2+, 1.25 mM H2PO4

), Fe
21.5 lM (Sequestrene; Ciba-Geigy, Basel, Switzerland), 23 lM B,
9 lM Mn, 0.30 lM Mo, 0.95 lM Cu, and 3.50 lM Zn was used.
Nitrogen was supplied as ammonium, either 4 mM (1 mM
NH4H2PO4 + 1 mM (NH4)2SO4 + 1 mM NH4Cl) or 12 mM
(1 mM NH4H2PO4 + 2.5 mM (NH4)2SO4 + 6 mM NH4Cl). No
nitrate was present in any of these solutions. All the solution was
replaced with fresh solution twice a week, and the pH was adjusted
daily with 0.2 M KOH to be maintained between 5.0 and 6.0.

After three weeks, three plants of each line in each solution (4 or
12 mM NH4

+) were harvested at 4 h into the day period and
separated into shoots and roots. The samples were immediately
placed in a freezer at )80 °C and later freeze-dried, weighed,
ground and then stored in sealed vials until analysis.

Tissue analysis. Total soluble amino acids, free NH4
+ and soluble

carbohydrates were analyzed for the tissue samples of each plant. A
100-mg tissue sample was agitated for 1 h in 5 ml of 80% ethanol at
2 °C. After centrifugation for 10 min at 15 000 · g the ethanol
fraction was removed and the same process was then repeated with
5 ml water. The ethanol and water fractions were combined and
stored at )80 °C. Glucose, fructose and sucrose in the ethanol-
water extract were determined using an enzymatic assay from
Boehringer (Mannheim, Germany; Bergmeyer 1974). Soluble
amino acids were determined on the same extract by a colorimetric
reaction with ninhydrin (Rosen 1957). Free NH4

+ was determined
by the phenol hypochlorite assay (Berthelot reaction). A linear
reaction as a function of ammonia concentration was obtained in
our experimental conditions.

Amino acids were separated by a Biotronik LC5001 ion
chromatograph (Maintal, Germany) with lithium citrate buffers
and ninhydrin post-column derivatization. They were identified
using a standard mixture of amino acids (Benson standard; PANB,
Reno, Nev., USA) and quantified using the P.E. Nelson 2100
software (Perkin-Elmer, St-Quentin en Yvelines, France).

15N labelling experiment. Plants were grown as described before,
except that after one week of culture on the 12 mM ammonium
solution they were removed from the hydroponic unit and placed
for 5 min into 0.5 mM CaSO4 to remove ammonium from the root
surface and free spaces. The plants were then placed for 6 h in
tanks (6 L for ten plants) containing an aerated solution identical
to the one in the hydroponic unit except that 1.7% ammonium ions
labelled with 15N (supplied as 15NH4Cl) were present.

After the labelling period, plants were again rinsed for 5 min in
0.5 mM CaSO4 and they were put back in the hydroponic unit with
the 12 mM 14NH4

+ solution for a 62-h chase period. The
experiment was carried out under the growing conditions described
earlier.

Three plants of each line were harvested at the beginning of the
labelling period, at the end of the 6-h labelling period, 9, 24, 39 h
after the chase period had started, and at the end of the chase
period. These plants were separated into shoots and roots, weighed,
freeze-dried and reweighed.

Total concentration of N and the 15N enrichment in the total N
were determined on samples of dried tissue by an element analyzer
(Carlo Erba-Fison Instruments NA 1500; NCS, Arcueil, France)
and a mass spectrometer (VG Isotech Optima A07; Micromass
France SARL, Villeurbane, France).

In the labelled plant tissue, the measured atom per cent 15N
(A% 15N) can be expressed as:

A% 15N = x · (A% 15N natural) + y · (A% 15N exogenous)
with A% 15N natural = 0.3655 (measured in unlabelled plants), A%
15N exogenous = 1.6537 (measured in the initial labelled nutrient
solution), x being the proportion of natural 15N and y the
proportion of exogenous 15N in the plant tissue, x + y = 1.

For each plant tissue sample, one can calculate y, and by
multiplying y by the concentration of total N in the plant tissue (per
cent dry matter), the concentration of exogenous 15N in the plant
can be estimated. This is named 15N input, and is expressed as mg
15N · g)1 of dry weight.

Isolation of total RNA and Northern blot analysis. Total RNA
isolation and Northern blot analysis were carried out as described
earlier (Becker et al. 1992). Hybridization was performed with the
HincII-KpnI fragment of the soybean pGS20 cDNA probe (Hirel
et al. 1992b). The probe was labelled with [32P]dCTP and hybri-
dization was carried out at 65 °C in 50 mM Tris-HCl (pH 7.6), 2%
bovine serum albumin, 0.2% polyvinylpyrrolidone, 0.2% Ficoll
(40 000), 0.2% SDS, 0.1% sodium pyrophosphate, 6% NaCl, and
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0.1 mg · ml)1 denatured calf thymus DNA. Final washes were
performed using 0.1 × STE (10 mM Tris-HCl, pH 8.0; 100 mM
NaCl; l mM EDTA), 0.1% SDS at 65 °C, and filters were exposed
to X-ray film at )80 °C.

Protein extraction, fractionation, enzymatic assay, and Western
blotting. Protein extraction and Western blot analysis were carried
out as described previously (Hirel et al. 1987) using tobacco GS
antibodies (Hirel et al. 1984). Proteins were visualized using
peroxidase-conjugated goat anti-rabbit antibodies (Towbin et al.
1979). Glutamine synthetase activity was assayed using the
biosynthetic activity as described by O’Neal and Joy (1973) and
proteins were quantified using the Bradford method (Bradford
1976). Diethylaminoethyl (DEAE)-Sephacel chromatography was
carried out as decribed previously (Hirel et al. 1992b).

Results

Expression of the soybean cytosolic GS15 gene in primary
transformants and F1 progeny. A previously made
binary vector p35SGS15 containing the constitutive
35S CaMV promoter upstream of the soybean gene
encoding cytosolic GS (GS15; Hirel et al. 1992b) was
introduced into Lotus corniculatus plants, and transgenic
plants derived from two independent transformations
were analysed. Control plants were either untransformed
plants or plants transformed with a similar vector
containing the 35S promoter fused to the gene encod-
ing b-glucuronidase (pBI121; Jefferson et al. 1987).

The level of GS protein in the transgenic Lotus plants
was examined by Western blot analysis using specific
antibodies recognizing GS (Hirel et al. 1984). This
antiserum has been used in several studies and recog-
nizes GS1 (cytosolic GS) and GS2 (plastidic GS) in
many different plant species with equal efficiency (Hirel
et al. 1987, 1992b). In previous experiments, Western
blot analyses were successfully used to identify trans-
formed tobacco plants expressing the soybean cytosolic
GS (Hirel et al. 1992b). Therefore, this screening
procedure was also used to select primary Lotus trans-
formants. Figure 1A shows a Western blot of crude
protein extracts from shoots of untransformed or
pBI121-transformed plants and eight independent
p35SGS15 transformants immuno-reacted with GS an-
tibodies. It is not possible to distinguish between the
endogenous Lotus cytosolic GS and the protein encoded
by GS15 since they have a similar molecular mass
(40 kDa). In the shoots of control plants most of the GS
was chloroplastic (subunit molecular mass of 45 kDa)
whereas in transformed plants the cytosolic GS subunit
predominated.

As the levels of heterologous GS appeared to be very
similar in all the transformants three individuals were
selected for further studies. The plants were pollinated
manually using pollen from untransformed plants and
the resulting progeny were analysed. This was done to
eliminate any interference caused by either somaclonal
variation arising from transformation or by the Rol
genes (TL- and TR- DNA, where LL and RR indicate the left
and right borders of the T-DNA, respectively) of
Agrobacterium rhizogenes (Webb et al. 1994). Southern
blot experiments were carried out where the fragments

containing the TL and TR sequences (Jouanin et al. 1987)
were used to probe plant genomic DNA (data not
shown). Plants which lacked these sequences were
further tested to identify those which still contained
the p35SGS15 construct and which were resistant to
kanamycin. One of the plants (from each of the three
crosses) which satisfied all these criteria was selected,
propagated and analysed with respect to GS isoenzyme
content. Southern blot analysis of the three F1
transgenic lines expressing high levels of GS showed
random integration of a single copy of the p35SGS15
construct (data not shown).

In order to avoid genetic heterogeneity in the
untransformed plants, two lines of control plants were
used in all the experiments. One line was randomly
selected from a population of untransformed Lotus
plants and the other line corresponded to that used for
the crossing with the transgenic plants. The results
presented are the mean of those obtained with the two
untransformed control plants grown under the same
conditions.

Figure 1B, C shows results from a Western blot
analysis performed using the three F1 transformants.
Comparison of the transformed and untransformed
plants showed that there was a clear increase in the
level of cytosolic GS protein in the shoots of the
transgenic F1 plants (Fig. 1C). There appeared to be
similar amounts of cytosolic GS protein in the shoots of
all the transgenic plants. However, no significant differ-
ences could be detected in the levels of cytosolic GS
protein found in roots of transformed and untrans-
formed plants (Fig. 1B).

Fig. 1A–C. Western blot analysis of GS subunits in Lotus plants
transformed with p35SGS15. A Subunits of GS in leaves of primary
transformants. Lanes 1–8, plants transformed with p35SGS15; lane 9,
plants transformed with pBI121; lane 10, untransformed plants. The
upper band (Mr 45 kDa) corresponds to the chloroplastic GS
subunits and the lower band (Mr 40 kDa) to the cytosolic GS
subunits. B,C Subunits of GS in roots (B) and leaves (C) of the F1
p35SGS15 plants devoid of TL- and TR-DNA (lanes 2–4). Lanes 1
show the GS subunit composition in roots and leaves of an
untransformed control plant. Twenty micrograms of soluble protein
was loaded in each track
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Activity of GS in shoots of transformed Lotus plants
(Fig. 2) was tested following DEAE-Sephacel chroma-
tography. In shoots of untransformed control plants, a
single peak with GS activity eluted at 0.15 M NaCl
which corresponded to a mixture of chloroplastic
(subunit MW 45 kDa) and cytosolic enzymes (subunit
MW 40 kDa; Fig. 2, lane 4). In shoots of transformed
plants, a shoulder of GS activity was eluted at 0.25 M
NaCl. Western blot analysis of this shoulder of GS
activity confirmed the presence of an additional cytosolic
GS protein (subunit MW 38 kDa; Fig. 2, lane 2). The
molecular weight of the additional cytosolic GS protein
was similar to the 38-kDa GS subunit from soybean
nodule (Hirel et al. 1987) (Fig. 2, lane 1). In a previous
study we have shown that a similar cytosolic GS protein
was synthesised in transgenic tobacco plants overex-
pressing GS15 in shoots (Hirel et al. 1992b) (Fig. 2, lane
3). Similar results were obtained when the p35SGS15
plants were grown on nitrate or ammonium.

A Northern blot analysis using a 32P-labelled specific
DNA fragment from the GS15 gene (Hirel et al. 1992b)
was carried out to measure the levels of mRNA
encoding the soybean cytosolic GS in the transgenic
Lotus plants. Figure 3 shows the amount of soybean GS

transcripts detected in roots and shoots. The soybean
GS probe did not hybridize with the RNA of untrans-
formed plants (Fig. 3, lanes 1) while in the transformed
plants the GS transcript was abundant in both roots and
shoots (Fig. 3, lanes 2–4)

To determine whether the presence of the GS mRNA
in the transgenic Lotus plants leads to synthesis of active
enzyme, total GS activity was measured in crude extracts
from shoots and roots (Table 1). An 80% increase in
total GS activity was detected in the shoots of transgenic
plants in comparison with the wild type (Table 1),
whereas in roots GS activity was not significantly
changed (Table 1). Similar results were obtained whether
GS activity was expressed on a protein-concentration or
fresh-weight basis. Comparable levels of GS activity
were obtained in shoots when plants were grown on
nitrate plus ammonium, or ammonium (Table 1).

Physiology of the transgenic plants. To determine the
physiological impact, in terms of inorganic nitrogen
assimilation, of increased levels of GS activity in the
cytosol of leaf cells, transformed plants were tested for
the ability to assimilate reduced nitrogen when provided
as ammonium.

Fig. 2. Diethylaminoethyl-Sephacel chromatography of GS activity
in shoot extracts from untransformed and transformed (p35SGS15)
Lotus plants. Extracts from shoots of untransformed plants (U ) and
from shoots of transformed plants (T ). The top of the figure shows a
Western blot with some of the fractions containing GS activity.Lane 1,
extract from soybean nodule; lane 2, additional GS activity in
p35SGS15-transformed Lotus shoots (fractions 50–70); lane 3,
additional peak of GS activity present in p35SGS15-transformed
tobacco leaves (Hirel et al. 1992b), lane 4, peak of GS activity in
untransformed Lotus shoots (fractions 30–50); lane 5, total GS activity
in p35SGS15-transformed Lotus shoots (fractions 30–70). Twenty
micrograms of soluble protein was loaded in each lane

Fig. 3A,B. Expression of mRNA encoding soybean GS in the F1
progeny. A root total RNA; B leaf total RNA. Lanes 1, total RNA
from untransformed plants; lanes 2–4, RNA from three independent
transformants expressing p35SGS15

Table 1. Total GS activity in p35SGS15-transformed plants.
Glutamine synthetase activity was measured in shoot and roots
of Lotus plants grown for 28 d on a complete nutrient solution
containing either 10 mM NO3

) + 2 mM NH4
+ or 12 mM NH4

+.
U, untransformed plants; MT, mean of three transgenic lines
overexpressing GS. Values are the mean ± SD of three individual
plants

GS activity [nmol · (mg FW))1 · min)1]

Nitrate + ammonium Ammonium (12 mM)
(10 mM + 2 mM)

U MT U MT

Shoot 11.1 ± 0.9 19.8 ± 4.6 8.8 ± 0.9 14.9 ± 0.5
Roots 7.7 ± 0.7 7.1 ± 1.1 3.5 ± 0.6 5.6 ± 1.5
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As many plant species differ with respect to ammo-
nium tolerance (Salsac et al. 1987), untransformed
Lotus plants were initially tested for the ability to grow
under different NH4

+ concentrations. A low concentra-
tion (4 mM) and a high concentration (12 mM) of
NH4

+ were selected for this study as both concentra-
tions allowed normal growth and development of
plants. In the initial experiments, plants were supplied
with either 4 mM or 12 mM ammonium as the sole
nitrogen source in the nutrient solution. No major
differences were observed with respect to dry weight or
total soluble protein content under either of the
different nitrogen regimes used (data not shown). When
both transformed plants and control plants were grown
on 4 mM NH4

+ for three weeks no marked differences

were observed in any of the parameters measured with
the exception of a slightly higher accumulation of
amino acids in the roots of transformed plants
(Fig. 4B). In contrast, after growth on 12 mM NH4

+

there was a two- to threefold increase in the concentra-
tion of both amino acids and free ammonium in the
roots of transgenic plants in comparison with the
untransformed plants (Fig. 4). The increase in amino
acids was caused by a two- to fourfold augmentation in
asparagine (Table 2). Other amino acids such as
arginine represented about 1% or less of the total.
Their relative concentration was not significantly differ-
ent in untransformed control plants and transformed
plants. Similarly, a smaller but significant rise in the
concentration of total amino acids (Fig. 4A) and free

Fig. 4A–F. The physiological
characteristics of p35SGS15-
transformed plants. The con-
centration of amino acids in
shoots (A) and roots (B), the
concentration of free ammoni-
um in shoots (C) and roots (D),
and the concentration of soluble
carbohydrates (glucose + fruc-
tose + sucrose) in shoots (E) and
roots (F) were measured in Lotus
plants grown for three weeks on
a complete nutrient solution
containing 4 mM NH4

+ ( ) or
12 mM NH4

+ (j) as the sole
nitrogen source. U, untrans-
formed plants; MT, mean of the
three transgenic lines; F1A, F1B,
F1C, transgenic lines overex-
pressing GS. Values are the
mean ± SD (bars) of three indi-
vidual plants. Standard devia-
tions are not shown when they
are less than the thickness of the
line. Values with different letters
(a,b,c) are significantly different
according to the test of Neuman-
Keuls at P = 0.05 (n = 3)

Table 2. The concentrations and proportions of amino acids in roots of control and p35SGS15-transformed plants. Amino acids were
separated and quantified in roots of Lotus plants grown for three weeks on a complete nutrient solution with 12 mM NH4

+. U,
untransformed plants; MT, mean of the three transgenic lines; F1A, F1B, F1C, transgenic lines overexpressing GS

Amino acids Amino acid concentration [lmol (g DW))1] and proportion (%)

U MT F1A F1B F1C

Aspartate 4 (1.9) 6 (1.1) 5 (1.6) 6 (0.7) 5 (1.4)
Asparagine 139 (65.0) 366 (74.0) 251 (74.6) 585 (74.0) 264 (73.7)
Glutamate 3 (1.3) 3 (0.6) 2 (0.6) 4 (0.5) 2 (0.6)
Glutamine 19 (8.8) 42 (8.5) 13 (4.0) 84 (10.6) 30 (8.3)
Others 49 (23.0) 78 (15.8) 65 (19.2) 112 (14.2) 57 (16.0)
Total 214 (100) 495 (100) 336 (100) 791 (100) 358 (100)
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ammonium (Fig. 4C) was also detected in shoot of
transgenic plants. Concurrently, the concentration of
soluble carbohydrates in the roots of the transformed
plants was 50% lower than in roots of untransformed
plants (Fig. 4F) but remained not significantly changed
in the shoot (Fig. 4E).

There are at least two possible explanations to
account for the increase in amino acids and free
ammonium in transgenic plants grown on 12 mM
NH4

+. The ammonium uptake and assimilation could
be enhanced in p35SGS15-transformed plants or there
may be an increase in soluble protein hydrolysis.

In order to investigate the two hypotheses, 15N
labelling experiments were carried out. These experi-
ments evaluate NH4

+ uptake, assimilation and subse-
quent nitrogen translocation by monitoring 15NH4

+

input/output and partitioning between roots and shoots.
For this purpose, plants were grown for three weeks on a
medium containing 12 mM ammonium. Plants were
submitted to 6 h of charge with 15NH4

+ (A% 15N = 1.7)
followed by a 62-h 14NH4

+ chase period. At the end of
the charge period the level of incorporated 15N was
consistently lower both in the shoot and roots of
transgenic plants as compared to the untransformed
plants. The concentration of 15N in the shoots and roots
of transgenic plants was about 50% and 25% lower,
respectively, than that in control plants (Table 3). This
indicates that ammonium uptake was lower in the roots
of transgenic plants. Moreover, at the end of the charge
period the shoot-to-root ratio of label was between 0.17
and 0.34 for the p35SGS15 plants whereas the same ratio
was 0.46 in the untransformed plants (Table 4). These
results suggest that there is a slower translocation of the
newly absorbed nitrogen in p35SGS15-transformed
plants. This is further supported by results from the
previous experiment where the ratios of amino acids in
the shoots to the amino acids in the roots were 1.4 and
0.6 in control and transgenic plants, respectively
(Fig. 4A,B). Moreover, the ammonium concentration
in root exudates was very low and therefore cannot

account for the large ammonium accumulation in the
leaves (data not shown).

Translocation of the labelled nitrogen was then
followed during a 62-h chase period. In the three
transgenic lines the concentration of 15N in the shoots
remained low and stable during the 62-h chase period
(Fig. 5). In contrast, a twofold increase in the concen-
tration of 15N was observed in the shoots of control
plants during the first 8 h of the chase (Fig. 5). This
result demonstrates that in untransformed plants the
newly absorbed nitrogen was more rapidly translocated
to the shoots than in transgenic plants. Moreover, in the
roots of transgenic plants the decrease in the concentra-
tion of 15N during the chase period was more rapid.
During the first 8 h of the chase period, this decrease was
about 40% in the control plants and about 65% in each of
the three different transgenic plants (Fig. 5). The de-
crease in the concentration of 15N in the roots of the
p35SGS15-transformed plants was not accompanied by
an increase in the concentration of 15N in the shoots. The
more rapid decrease in label in the roots of transgenic
plants could be caused by an increase in the levels of
unlabelled amino acids produced during protein break-
down in the shoots, although an enhanced efflux of
15NH4

+ (or other 15N labelled compounds) to the
nutrient solution could not be ruled out. In parallel, we
have also repeatedly observed that, in spite of insignif-
icant differences in the biomass production, transgenic
plants were in full bloom at the time of harvest, whereas
untransformed plants were only developing floral buds
(Fig. 6). This observation favours the hypothesis of
accelerated protein hydrolysis since premature floral
development is generally a characteristic of nitrogen
remobilization in the early stage of plant senescence.

In order to compare the plants at the same develop-
mental state (full bloom) the untransformed plants were
grown on 12 mM NH4

+ for 38 d and the transgenic
plants for 28 d. The concentrations of amino acids
(700 lmol · (g DW))1) and free sugars (5–10 lmol · (g
DW))1) were the same in roots of both untransformed

Table 3. 15N input at the end of the charge period in control and p35SGS15-transformed plants. The 15N input (see Materials and methods)
was determined in shoots and roots of Lotus plants after a 6-h labelling period on 12 mM 15NH4

+ solution (A% 15N = 1.7). U,
untransformed plants (mean of two untransformed lines); MT, mean of the three transgenic lines; F1A, F1B, F1C, transgenic lines
overexpressing GS. Values are the mean ± SD of three individual plants

Plant part 15N input [lg 15N · (g DW))1]

U MT F1A F1B F1C

Shoot 3.91 ± 0.83 1.84 ± 0.60 2.06 ± 0.20 2.22 ± 0.67 1.23 ± 0.35
Roots 58.53 ± 4.62 43.63 ± 4.44 45.25 ± 5.76 44.38 ± 3.62 40.68 ± 3.85

Table 4. Shoot/root ratio of exogenous 15N amount (15N input × dry weight). Lotus plants were submitted to a 6 h labelling period on
12 mM 15NH4

+ solution (A% 15N = 1.7). U, untransformed plants (mean of two untransformed lines); MT, mean of the three transgenic
lines; F1A, F1B, F1C, transgenic lines overexpressing GS. Values are the mean ± SD of three individual plants

Line U MT F1A F1B F1C

Ratio 0.46 ± 0.09 0.25 ± 0.10 0.24 ± 0.02 0.34 ± 0.13 0.17 ± 0.05
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and transgenic plants. However in the shoots of
untransformed plants the concentration of amino acids
(150 lmol · (g DW))1) and free sugars (110 lmol · (g
DW))1) were much lower than in the shoots of
transgenic plants (500 and 270 lmoles · (g DW))1, re-
spectively). The concentration of free ammonium was
always much lower in the untransformed plants as
compared to the transgenic plants at both stages of
development (50 v.s. 150 lmol · (g DW))1).

Discussion

In order to understand the regulation of cytosolic GS in
higher plants, a soybean cytosolic GS gene was
expressed in Lotus corniculatus under the control of a
strong constitutive (CaMV 35S) promoter. As already
observed in a previous study where the same construct
was introduced into tobacco plants, the level of expres-

sion of the soybean cytosolic GS gene was similar in
several independent transformants. This is in contrast to
results from some other studies where the level of
expression directed by the 35S CaMV promoter was
found to be rather variable (Van der Krol et al. 1990;
Hobbs et al. 1993; Boerjan et al. 1994). However,
although GS15 was highly transcribed in roots and
shoots an increase in GS activity was only detected in
shoots. This is in contrast to results previously obtained
with p35SGS15-transformed tobacco plants where a
significant increase in GS activity and protein was also
obtained in the roots (Hirel et al. 1992b). It is well
established that in tobacco nitrogen reduction occurs
mostly in the shoots and therefore tobacco can over-
come additional GS activity in the roots (Oaks 1992).
However, in temperate legumes the roots are the major
sites of primary nitrogen assimilation (Oaks 1992).
Therefore, Lotus, as a temperate legume which uses
asparagine for nitrogen transport (data not shown), may

Fig. 5. Changes in the levels of
15N during the 62-h chase peri-
od. Lotus plants were submitted
to a 6-h labelling period on
12 mM 15NH4

+ solution (A%
15N = 1.7). This was followed by
a 62-h chase period with 12 mM
14NH4

+. U, untransformed
plants (mean of two untrans-
formed lines); F1A, F1B, F1C,
transgenic lines overexpressing
GS. Values are the mean ± SD
of three individual plants
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only be able to tolerate a certain amount of additional
GS activity in the roots. This suggests that there is a
post-transcriptional mechanism controlling the synthe-
sis, assembly and activity of GS in the roots of temperate
legumes. A similar conclusion has been drawn by
Temple et al. (1993). These authors postulated that an
unknown factor controls the steady-state level of
cytosolic GS holoenzyme. When this factor is locked in
the assembled form of the enzyme it is no longer
available for assembling more GS subunits.

The physiological consequences of the GS overex-
pression were studied on Lotus plants grown under
various nitrogen regimes. No major differences were
observed with respect to amino acids, free ammonium
and sugars when either p35SGS15-transformed plants or
controls were grown on a nutrient solution containing
either 4 mM NH4

+ or a mixture of 10 mM NO3
) and

2 mM NH4
+ (data not shown). From the initial exper-

iments performed to determine which nitrogen regime
should be used for growing the plants, it was shown that
Lotus corniculatus could tolerate up to 12 mM NH4

+ in

the growth medium. This is a rather high concentration
in comparison to other plants (Salsac et al. 1987) and
probably results from the adaptation of legumes to
ammonium nutrition (Oaks 1992). Although high con-
centrations of ammonium have no major toxic effects on
L. corniculatus, several changes in the concentration of
amino acids, free ammonium and soluble carbohydrates
can be observed. When plants were grown on 12 mM
ammonium compared to plants grown on 4 mM am-
monium, the increase in shoot amino acid concentration
and in shoot and root ammonium concentration as well
as the decrease in root carbohydrate content was more
pronounced in transgenic plants than in untransformed
plants. Such symptoms are characteristic of the ammo-
nium syndrome (Mehrer and Mohr 1989; Chaillou et al.
1991). This is interpreted as a greater need for energy
and carbon skeletons allowing enhanced ammonium
assimilation (Chaillou et al. 1991). Although the
transgenic plants grown on 12 mM NH4

+ displayed a
more pronounced ammonium syndrome than the un-
transformed plants, there were no repercussions on plant
growth as measured by the biomass of roots and shoots.
The presence of a stronger ammonium syndrome in the
transgenic plants grown under high ammonium concen-
tration could be the consequence of at least two different
physiological events, one being enhanced ammonium
uptake and assimilation and the other being increased
soluble protein degradation. Therefore, experiments
using labelled 15NH4

+ were carried out with plants
grown on 12 mM NH4

+.

The results showed that the transgenic plants had a
lower rate of ammonium uptake than the wild type, and
in addition the translocation of nitrogen-containing
compounds from the roots to the shoots was less efficient
in the transgenic plants. This clearly demonstrates that
the higher accumulation of amino acids and ammonium
in the transgenic plants was not caused by an enhanced
ammonium assimilation. Furthermore, the levels of label
in these plants decreased more rapidly during the chase,
which was probably due to increased protein and amino
acid catabolism occurring in the shoots.

As the transgenic plants grown on high concentra-
tions of ammonium developed more rapidly it could be
suggested that the changes seen were not caused by the
overexpression of GS. However, comparison of untrans-
formed plants and transgenic plants at the same devel-
opmental state showed that although some of the
differences seen in roots could be explained by the
enhanced development there were still dissimilarities
between the shoots of these plants. Thus the changes
seen were caused by the overexpression of cytosolic GS
in the shoots and not by accelerated development. We
postulate that the enhanced expression of cytosolic GS
in the shoots activated a physiological process leading to
premature flowering and senescence. This provided
further evidence to suggest that there is increased protein
catabolism since nitrogen is remobilized in the cytosol
during leaf senescence (Kamachi et al. 1991). It has been
well established that accumulation of amides such as
glutamine or asparagine is the primary means of coping
with high levels of ammonium generated during leaf

Fig. 6. Phenotypic characterization of p35SGS15 transgenic Lotus
plants. On the left side are F1 transgenic plants after three weeks of
culture on a solution containing 12 mM NH4

+; on the right is an
untransformed plant
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senescence. At this time, large amounts of ammonium
are produced as the soluble amino acids released by
proteolysis are deaminated (Givan 1979). Watanabe et al.
(1994) have shown that artificially increasing the glut-
amine concentration of radish cotyledons grown in the
dark induces senescence and also enhances accumulation
of cytosolic GS transcripts. Moreover, in a number of
other reports a specific increase in the transcription and
synthesis of cytosolic GS genes has been observed in the
shoots during plant senescence (Kamachi et al. 1991;
Bernhard and Matile 1994). This is in contrast with fully
developed and photosynthetically active shoots of the
same species where only high levels of chloroplastic GS
could be detected (Kamachi et al. 1991). These authors
postulated that during senescence cytosolic GS was
specifically synthesized in order to produce glutamine
which was translocated via phloem transport to the
developing sink tissues, including the reproductive
organs.

However, in the experiments presented here, accel-
erated development could only be observed when plants
were grown with ammonium as the sole nitrogen
source. As a relatively high concentration of ammoni-
um was required to produce this effect, it remains to be
determined whether ammonium per se and/or changes
in the amino acid concentration or carbon/nitrogen
balance in the cytosol (Feller and Fisher 1994) triggered
these changes. It is more difficult to interpret the
decrease in ammonium uptake seen in the transgenic
plants grown on 12 mM NH4

+. It can be suggested that
this limited uptake of ammonium may be a conse-
quence of the accelerated development leading to
asparagine accumulation during senescence. This hy-
pothesis is in agreement with data published by Lee et
al. (1992) who observed that raising the intracellular
concentration of glutamine and/or asparagine leads to a
supression of net ammonium uptake. As suggested by
other authors, it could also be due to an enhanced
accumulation of free amino acids and ammonium
(Rideout et al. 1994).

Further studies are also being carried out in order to
investigate the physiological events resulting from
changes in GS activity in different organs and tissues.
Recently, in-situ immuno-localizations combined with
molecular studies showed that GS is expressed in a
number of different cell types, including phloem com-
panion cells (Carvalho et al. 1992) anthers (Marsolier
et al. 1993) and nodules. Studies are also being done to
direct overexpression of GS in different organs using
tissue-specific promoters. The present study was an
initial attempt to examine more precisely the physiolog-
ical consequences of a shift in GS cellular compartment-
ation. This study has demonstrated that genetic
manipulation may help to unravel the fine regulatory
mechanisms controlling inorganic nitrogen assimilation
and nitrogen use efficiency in plants.

We thank Elisa Carrayol and François Gosse for assistance in
tissue and plant culture. This work was funded in part by the
European Communities BIOTECH programme, as part of the
Project of Technological Priority 1993–1996.
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