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A c¢DNA encoding cytosolic glutamine synthetase (GS) from Lotus japonicus was fused in the antisense orientation relative
to the nodule-specific LBC3 promoter of soybean (Glycine max) and introduced into L. japonicus via transformation with
Agrobacterium tumefaciens. Among the 12 independent transformed lines into which the construct was introduced, some of
them showed diminished levels of GS1 mRNA and lower levels of GS activity. Three of these lines were selected and their
T, progeny was further analyzed both for plant biomass production and carbon and nitrogen (N) metabolites content under
symbiotic N-fixing conditions. Analysis of these plants revealed an increase in fresh weight in nodules, roots and shoots. The
reduction in GS activity was found to correlate with an increase in amino acid content of the nodules, which was primarily
due to an increase in asparagine content. Thus, this study supports the hypothesis that when GS becomes limiting, other
enzymes (e.g. asparagine synthetase) that have the capacity to assimilate ammonium may be important in controlling the
flux of reduced N in temperate legumes such as L. japonicus. Whether these alternative metabolic pathways are important

in the control of plant biomass production still remains to be fully elucidated.

Nitrogen (N) is one of the major limiting factors for
plant growth. However, an excessive external supply
of N causes major problems in agriculture and the
environment, mostly due to nitrate leaching into un-
derground water (Benes et al., 1989), not only pollut-
ing the aquatic environment but also resulting in a
high nitrate content in food and drinks (Moller et al.,
1990). Paradoxically, dinitrogen is 80% of the atmo-
sphere, but it can only be assimilated by prokaryotic
symbiotic or free-living diazotrophic organisms
possessing nitrogenase activity (Dilworth, 1974). In
higher plants, nitrate and ammonium are the two
major inorganic N compounds that can be directly
assimilated (Beevers, 1976). They are provided either
artificially by the external supply of fertilizers, bac-
terial nitrification, or atmospheric reduction of dini-
trogen during lightning, or naturally through biolog-
ical N fixation. Therefore, regulation of inorganic N
assimilation and incorporation of inorganic N into
organic matter is of major importance not only in
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maintaining a sustainable agriculture but also pro-
tecting the environment.

Over the past few years, attention has been partic-
ularly focused on the enzyme GIln synthetase (GS;
E.C. 6.3.1.2) because of its central role in N metabo-
lism and its diverse metabolic and developmental
regulation in different plant species and organs (Cren
and Hirel, 1999). Two major isoforms exist for the GS
enzyme: cytosolic GS, occurring in the cytoplasm of
leaves and non photosynthetic organs, and chloro-
plastic GS, present only in the chloroplasts of photo-
synthetic tissues and the plastids of roots or etiolated
plants. The relative proportions of the cytosolic and
plastidial GS activity may vary within different or-
gans of the same plant or within different plant spe-
cies depending on their photosynthetic type (Mc-
Nally et al., 1983). The occurrence of two distinct GS
isoforms located in two different cellular compart-
ments led to the proposal that each GS isoenzyme
had a specific function in assimilating or re-
assimilating ammonium derived from a variety of
processes such as nitrate reduction, photorespiration,
or N recycling (Lea and Ireland, 1999). In addition, a
number of studies have shown that GS is encoded by
a multigene family, and each isoenzyme may be con-
stituted by one or several gene products (Cren and
Hirel, 1999). The expression of each gene appears to
be tissue specific or regulated by external factors
such as light, the N source, and the symbiotic asso-
ciation with Rhizobium loti (Cren and Hirel, 1999).
Moreover, it has been demonstrated recently that in
addition to organ- or tissue-specific expression, a
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number of GS genes can be differentially regulated
by several metabolites, including amino acids and
soluble carbohydrates (Oliveira and Coruzzi, 1999).

These recent findings suggest that the metabolic
status of individual organs and/or tissues may be as
important as developmental regulation in efficiently
controlling the pathway of ammonium assimilation in
the plant kingdom. The pattern of expression of the
various cytosolic GSs has been most thoroughly inves-
tigated in legumes where GS is actively synthesized in
root nodules to assimilate the large supply
of ammonium produced by the symbiotic N-fixing
bacteroids (Robertson et al., 1975; Lara et al., 1983).
Although different from one legume species to the
other (temperate legumes versus tropical legumes
forming either determinate or indeterminate nod-
ules), it has been shown clearly that metabolic
and/or developmental events control the expression
of some members of the nodule GS multigene family
in a tissue-specific manner. Moreover, each of these
genes is differentially transcribed and translated to
allow the synthesis of a polypeptide component of
the native GS enzymes (Cren and Hirel, 1999). In all
legume species studied so far, it has been found that
compared with roots or shoots, higher cytosolic GS
activity was always present in nodules where ammo-
nium resulting from N, fixation is diffused out from
the bacteroids to the host cytoplasm. However, the
exact role of various GS isoenzymes identified in the
different nodules cell types is still not fully under-
stood. In particular, recent findings have shown that
final nodule GS activity is highly regulated and sub-
jected to a multiple step coordinated process, starting
at the transcriptional level up to the control of the
holoenzyme turnover (Ortega et al., 1999). This com-
plexity seems to be consistent with the fact that most
legumes have a greater potential to assimilate major
amounts of N in their root system whether or not
they are under atmospheric N-fixing conditions.
However, in these species, the efficiency of root N
assimilation has been questioned because of a possi-
ble competition with shoot inorganic N assimilation
(Oaks, 1992).

Therefore, considering both the economical and
ecological importance of atmospheric N-fixing sym-
biosis (Shantharam and Mattoo, 1997) and the unique
developmental and molecular events associated with
nodule development, a large number of studies have
been performed to unravel the regulatory mecha-
nisms controlling ammonium assimilation both in
the bacterium and the host (Waters et al., 1998).
However, despite the significant progress made in
understanding the physiological and molecular
mechanisms involved during the establishment of
the symbiosis, there has been little success in either
enhancing biological N fixation in legumes or trans-
ferring important biological N fixation traits to non-
N-fixing organisms (Shantharam and Mattoo, 1997).
As a consequence, alternative physiological ap-
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proaches have been proposed for improving mobili-
zation, redistribution, and utilization of N-fixed and
stored N reserves within the host plant rather than
N, fixation itself. This prompted a number of groups
to modify ammonium assimilation in legumes by the
means of genetic manipulation. This approach was at
the same time a means of assessing the role of the
different nodule GS genes and isoenzymes in re-
sponse to the massive supply of ammonium resulting
from N, fixation. In addition, the impact of such
genetic manipulation was examined to determine if
the reaction catalyzed by GS was one of the limiting
factors in terms of N use efficiency (NUE) and yield.

The original idea of modulating GS activity in le-
gumes arose from work published by Knight and
Langston-Unkefer (1988), where nodulated alfalfa
(Medicago sativa) plants were infested with Pseudomo-
nas syringae pv tabaci, a bacteria living at the root
surface of many plants and releasing tabtoxin-g-
lactam, an irreversible inhibitor of GS. After the infec-
tion, an approximate doubling of plant growth, total
N, nodulation, and overall dinitrogen fixation was
observed. This spectacular effect on plant biomass
production was explained by the selective action of
the inhibitor on the root-specific cytosolic GS isoform,
reducing by one-half the total GS activity in the nod-
ules. Although detailed physiological analysis of the
infested plants was not presented, the authors pro-
posed that alternative routes of ammonium assimila-
tion may be more efficient in assimilating the ammo-
nium produced as the result of N fixation. In addition,
the important decrease in the Gln pool (a potent feed-
back inhibitor of nitrogenase activity) in nodules of
infested plants could explain the enhancement of N
fixation, thus being beneficial to the overall N
metabolism.

To investigate the implication of cytosolic GS in
determining the biomass production of a legume, we
have developed an antisense technology to diminish
the quantity of cytosolic GS in the nodules of the
model legume, Lotus japonicus. L. japonicus was chosen
for this study because, like alfalfa, it is an amide
producer. In addition, its high transformation effi-
ciency allows a sufficient number of primary transfor-
mants, usually required when developing a transgenic
approach, to be obtained (Handberg and Stougaard,
1992). The physiological impact of reduced GS activity
in the nodules of transgenic L. japonicus plants was
analyzed both through plant biomass production and
the accumulation of carbon (C) and N metabolites in
roots, shoots, and nodules when plants were placed
under symbiotic N-fixing conditions.

RESULTS

Expression of pLBCASGS3 in Primary
Transformants and F, Progeny

The binary vector LBC3-LjGS1As containing the
soybean (Glycine max) LBC3 promoter upstream of
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the cytosolic LjGS1 ¢cDNA placed in the antisense
orientation was introduced into L. japonicus Gifu via
Agrobacterium tumefaciens-mediated transformation,
and the transgenic plants derived were analyzed.
After plant transformation and regeneration, PCR
analysis allowed the screening and selection from the
primary transformants, 12 independent transformed
lines in which the construct was expressed (data not
shown). Northern-blot analysis using a **P-labeled
DNA fragment of L. japonicus cDNA Ljgln1 was used
to measure the levels of GS1 mRNA in nodules of
transformed plants. An important reduction in GS1
transcripts in several of the transformed lines in com-
parison with the controls can be seen (Fig. 1A). Fig-
ure 1C shows the results of the analysis of GS activity
in the nodules. When control and transformed lines
were compared, a clear decrease in GS activity of up
to 50% was observed. Except for line 4, a rather good
correlation between the level of GS1 transcripts and
the corresponding GS activity was observed. Three of
these lines (lines 5, 7, and 8), exhibiting reduced
expression of both GS1 mRNA and GS activity in the
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nodules, were selected because of their ability to
develop nodules and set seeds. Most of the other
lines either did not develop seeds, did not nodulate,
or if they did so, developed abnormal nodules. More-
over, some transgenic lines exhibiting a level of nod-
ule GS activity similar to that of the untransformed
control were sterile, indicating that there was no
relationship between plant sterility and reduced GS
activity in the nodules. For analysis of the T, gener-
ation, control plants were either untransformed
“Gifu” plants or the line 21, which had undergone
the transformation by A. tumefaciens but did not show
significant changes in mRNA level or GS activity.
The three independent transformed lines were self-
pollinated, and the resulting grain was germinated
on kanamycin-containing media to check that the
construct had not been lost. When these plants were
sufficiently large, cuttings were taken, from which all
further experimental results presented were ob-
tained. This allowed the experiments to be performed
on plants that were genetically identical.

Figure 1. Expression of GS in nodules of pri-
mary transformants of L. japonicus expressing a
GS1 antisense RNA under the control of the
leghemoglobin promoter. A, Northern-blot anal-
ysis of GST mRNA in nodules of LBC3-LjGS1As
L. japonicus primary transformants (10 ug of
total RNA was loaded into each lane and probed
with a *?P-labeled DNA fragment of the L. ja-
ponicus cDNA LjginT). B, Ethidium bromide-
stained gel to show equal RNA loading in all
lanes. C, GS activity of nodules of LBC3-
LjGS1As L. japonicus primary transformants.
Numbers and letters refer to the 12 transgenic
lines that have been generated. G, Parental line
Gifu used for transformation. Plants were grown
under symbiotic N-fixing conditions for 4 weeks
before harvest. Values are the mean * st of
three individual plants.

GS Activity (nmoles. min -1 mg DW -1
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The activity of GS was again verified in the nod-
ules, shoots, and roots of the T, plants (Fig. 2A) and
the GS protein content (Fig. 2B). As observed for the
T, lines, there was a significant reduction (up to 50%)
in the GS activity of the nodules in the transformed
lines (Fig. 2A) and in the quantity of GS1 protein (Fig.
2B). Leaves and roots from transformed plants
showed GS activities that were also slightly de-
creased in comparison with the control lines (Fig.
2A). Cytosolic GS protein levels of roots and cytosolic
and plastidial GS content of leaves were only very
slightly altered as a result of the transformation.

Physiology of the Transformed Plants

To determine the physiological impact of a reduc-
tion in GS activity in nodules, the ability of the plant
to assimilate inorganic N was tested. Figure 3 shows
the biomass accumulation of the lines. The mean
fresh weight of nodules of transformed plants was
2-fold greater than the control lines (Fig. 3A), and the
same was found when the nodule dry weight was
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Figure 2. Expression of GS in three T, transformants of L. japonicus
expressing a GS1 antisense RNA in the nodules. The three T, gen-
eration plants are lines 5, 7, and 8, and the controls are lines Gifu and
21. Plants were grown for 4 weeks under symbiotic N-fixing condi-
tions before harvest. A, GS activity in nodules, roots, and shoots.
Values are the mean = st of eight individual plants. Bars for the st are
not presented when they are below the thickness of the line. B,
Western-blot analysis of GS subunits in nodules (N), roots (R), and
shoots (S). GS1, Cytosolic GS subunits (molecular mass = 41 kD);
GS2, Plastidic GS subunits (molecular mass = 45 kD). Ten micro-
grams of soluble protein was loaded into each lane.
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determined (Fig. 3C). The fresh weights of roots and
shoots were slightly higher in the transformed lines
compared with the controls with an average increase
of 20% (Fig. 3B). The increase in roots and shoots dry
weights was not significantly different between the
transgenic plants and the two controls (Fig. 3D). No
significant differences were seen in the development
of the plants between the transformed and the con-
trol lines, with time taken to flowering remaining
unchanged (data not shown). When N fixation was
measured using the acetylene reduction assay
(Deroche et al., 1983), no significant differences were
observed between the transformed plants and the
two controls, the rate of N, fixation being around 42
nmol h™' mg nodules dry weight ' in all of the lines.

The effect of the reduction in GS activity on the
level of free ammonium in the nodules was also
investigated. Figure 4 shows that the reduction in GS
activity in the three transformed lines resulted in an
increase in the quantity of free ammonium in the
nodules. The free ammonium content of the roots
and shoots was similar (Fig. 4).

The activity of Glu dehydrogenase (GDH), which
was once thought to be the principle route by which
ammonium is assimilated in plants (Lea and Ireland,
1999), was also measured in the transformed plants.
NADH-dependent GDH activity was found to be
higher in the transformed plants compared with the
control lines, with an average 30% to 40% increase
(Fig. 5A). An increase in the amount of the corre-
sponding protein was also observed (Fig. 5B). Prob-
ably due to its instability, we were not able to mea-
sure the activity of the enzyme AS (E.C. 6.3.5.4).
However, western- and northern-blot analysis re-
vealed that in nodules of transformed plants, the
levels of AS protein (Fig. 5B) and the corresponding
transcript (Fig. 5C) were enhanced.

The incorporation of the ammonium assimilated
into free amino acids was assessed in leaves, roots,
and nodules. A marked increase in the total amino
acid content of the nodules of transformed plants
was seen, which was due primarily to an increase in
the Asn content (Table I). This increase was not at the
expense of the other amino acids because its relative
proportion (around 75%) remained very similar in
both control and transgenic plants. In the nodules of
transformed plants, the concentration of both Glu
and GIn was practically unchanged compared with
the untransformed control plants. Only in control
line 21 was Glu content increased. A slight increase in
the relative concentration of Asn was observed in
leaves, whereas in roots, neither the amino acid con-
tent nor the relative concentrations of the individual
amino acids were affected (Table I).

For effective incorporation of the assimilated am-
monium, an adequate supply of carbohydrates is
required. The relative amounts of the carbohydrates,
Suc and Glg, in the different plant parts are shown in
Figure 6. The main carbohydrate in all organs exam-
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Figure 3. Fresh weight and dry weight accumu-

lation in nodulated transgenic L. japonicus ex-
pressing a GS1 antisense RNA in the nodules.
The three T, generation plants are lines 5, 7, and
8, and the controls are lines Gifu and 21. A,
Nodule fresh weight. B, Root and shoot fresh
weight. C, Nodule dry weight D, Root and shoot
dry weight. Plants were grown for 4 weeks un-
der symbiotic N-fixing conditions before har-

vest. Values are the mean = s of eight individ-
ual plants. MT is the mean of the three

independent transformed plants. MC is the
mean of the two control lines used in the study.
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ined was Suc, whereas Glc represented less than 10%
of the soluble carbohydrate content. The Suc content
of roots and nodules was slightly decreased (10%) in
the transformed lines in comparison with the control
plants, whereas Glc content of the transformed nod-
ules was also reduced by 30%.

DISCUSSION

After transformation of L. japonicus with a vector
expressing an antisense mRNA under the control of
the nodule-specific LBC3 promoter, three primary
transformants exhibiting reduced GS activity in the
nodules that were able to set seeds and produce
normal nodules were selected. The T, progeny of
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Figure 4. Free ammonium concentration of the nodules, roots, and
shoots of L. japonicus expressing a GS1 antisense RNA in the nod-
ules. The three T, generation plants are lines 5, 7, and 8 and the
controls lines Gifu and 21. Plants were grown for 4 weeks under
symbiotic N-fixing conditions before harvest. Values are the mean +
se of eight individual plants.
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three plants was then analyzed both for plant bio-
mass production and for C and N metabolite content.

Our study on L. japonicus and that of Carvahlo et al.
(2003) on Medicago truncatula are the first, to our
knowledge, that report a reduction in GS1 gene ex-
pression leading to reductions in both protein level
and enzyme activity. In a number of previous inves-
tigations using alfalfa as a model plant, several strat-
egies were developed to down-regulate GS1 expres-
sion in the different organs of alfalfa (Temple et al.,
1994, 1998). When the alfalfa GS cDNA was placed in
the antisense orientation behind the acidic chitinase
promoter from Arabidopsis, a decrease in the steady-
state level of GS transcripts in all organs was ob-
served. The amount of GS1 subunits dropped both in
roots and nodules, with a fairly good correlation with
the changes in GS activity. However, because a lim-
ited number of transformed plants were obtained,
the authors suspected that a fully active antisense
RNA was lethal. Unfortunately, the effects of re-
duced GS activity on both the physiology and the
development of the survivors were not presented
(Temple et al., 1994). In the second set of experi-
ments, aiming to block the expression of two genes
encoding GS1, the specific 3'-untranslated regions
were used to make antisense constructs and intro-
duced individually into alfalfa. The two constructs
were effective in lowering the level of the corre-
sponding transcripts in the various organs of alfalfa.
However, transgenic plants with up to 80% reduction
in the transcript level corresponding to each gene
class showed no reduction in GS activity and GS1
polypeptides (Temple et al., 1998).

One of the most interesting findings of this study,
which fits with our previous investigations, is the
correlation between the level of Asn synthesis and
the relative activity of GS in the nodules. In contrast,
in the present study, the effect of reduced nodule GS
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Figure 5. Expression of Glu dehydrogenase (GCDH) and Asn syn-
thetase (AS) in nodules of transgenic L. japonicus expressing a GS1
antisense RNA in the nodules. The three T, generation plants are
lines 5, 7, and 8, and the controls lines are Gifu and 21. Plants were
grown for 4 weeks under symbiotic N-fixing conditions before har-
vest. A, NADH-dependent GDH activity. Values are the mean = st of
eight individual plants. Bars for the s are not presented when they
are below the thickness of the line B. Western-blot analysis of GDH
and AS proteins in nodules. Twenty micrograms of soluble protein
was loaded into each lane. C, Northern-blot analysis of AS mRNA in
nodules of LBC3-LjGS1As L. japonicus transformants (10 ug of total
RNA was loaded into each lane and probed with a *?P-labeled DNA
fragment of the L. japonicus cDNA LJAS2; Waterhouse et al., 1996).
Below is shown an ethidium bromide-stained gel to show equal RNA
loading in all lanes.

activity using an antisense approach on plant bio-
mass production is not so clear-cut. Although an
increase in plant biomass was observed when ex-
pressed on a fresh weight basis in the three trans-
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formed lines studied, this increase was not so obvious
when expressed on a dry weight basis. Nevertheless,
nodule fresh weight or dry weight was always greater
in transgenic plants compared with the controls.
When GS1 was overexpressed in legume nodules, this
type of compensation has been noted previously in a
number of studies (Harrison et al., 2000). In one of our
previous investigations, we showed that nodulated
Lotus corniculatus plants overexpressing constitutively
a soybean GS gene encoding cytosolic exhibited a
surprising 40% decrease in total nodule GS activity,
although the soybean GS transgene was expressed at a
very high level. The decrease in GS activity was ac-
companied by a 50% increase in biomass of shoots,
roots, and nodules. A large increase in amino acids
(mostly Asn) concentration concomitant to a decrease
in the soluble carbohydrate content revealed more
efficient assimilation in the nodules of transformed
plants. Although a clear explanation of this spectacu-
lar effect could not be provided, results from this
study showed that the increases in plant biomass fol-
lowed the onset of symbiotic N fixation, which re-
mained similar in the transgenic plants compared
with the untransformed controls. After these observa-
tions, it was proposed that regulatory mechanisms, as
yet unknown, control the balance between nodule GS
activity and nodule biomass for optimal NUE and
plant growth (Hirel et al., 1997).

In another study, the overexpression of GS specifi-
cally in the nodule-infected cells of L. japonicus led to
a severe decrease in plant biomass production. In
transformed plants placed under atmospheric N-
fixing conditions, no differences were seen in the con-
centrations of sugars of the various plant parts, except
that the free ammonium content of the nodules was
reduced by approximately 50%. In addition, the amino
acid content of the nodules was severely decreased
due mostly to lower Asn content (Hirel et al., 1997).

Because Asn is one of the major long-distance N
transport compounds, especially in temperate le-
gumes such as L. japonicus, it was hypothesized that
the capacity of the nodule to synthesize this amino
acid would be a determinant factor in the control of
plant biomass production. A similar conclusion has
been drawn from tobacco plants ectopically express-
ing the enzyme AS. This result suggests that, even in
nonlegumes, an enhanced production of mobile
forms of organic N toward sink organs would be
beneficial for plant performance (Brears et al., 1993)
as also revealed in maize genotypes exhibiting dif-
ferent capacities to export Asn (Lohaus et al., 1998).

After the incorporation of ammonium into the
amide position of Gln, the N can be transferred di-
rectly to the same position in Asn by AS. However,
because less GS activity promotes an increase in the
Asn content (or vice versa), it is very unlikely that a
lower flux of GIn would enhance its synthesis. Be-
cause the enzyme is also able to use ammonium as a
substrate although the K, value is 40-fold higher than
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Table I. Amino acid concentration in transgenic L. japonicus expressing a GS1 antisense RNA in the nodules

Amino acid concentration in the different organs of transgenic plants and control plants and their relative proportions (indicated in parentheses
and expressed as percentage of the total) of T, generation of the three lines 5, 7, and 8 and the two control lines 21 and Gifu. Plants were grown
for 4 weeks under symbiotic N-fixing conditions. For each line, samples from height individual plants were pooled prior to ion exchange

chromatography.
5 7 8 21 Gifu
pmole mg dry wt™'!

Nodules
Asp 2.8 (1.6) 3.9 (2.1) 0.0 (0.0) 0.9 (0.9) 0.9 (0.7)
Asn 136.1 (75.5) 137.0 (74.6) 108.9 (77.8) 63.2 (62.5) 95.2 (74.5)
Glu 20.0 (11.1) 20.2 (11.0) 19.5 (10.9) 17.5(17.3) 14.8 (11.6)
Gln 3.7(2.1) 3.7 (2.0) 3.2 (1.8) 2.2(2.2) 2.8 (2.0)
Others 17.7 (9.8) 18.4 (1.0) 17.1 (8.5) 17.3(17.1) 14.1 (11.1)
Total 180.3 183.4 178.7 101.0 127.6

Leaves
Asp 0.1 (0.2) 0.1 (0.1) 5.2 (9.0) 0.1 (0.2) 0.0 (0.1)
Asn 15.5 (46.5) 22.3 (46.8) 26.9 (46.6) 13.7 (43.6) 10.8 (34.6)
Glu 8.4 (25.2) 11.4 (25.0) 12.7 (22.0) 7.3 (23.4) 9.5 (30.3)
Gln 0.1 (0.4) 0.2 (0.3) 0.2 (0.3) 0.0 (0.1) 0.0 (0.0)
Others 9.3 (27.7) 11.8 (25.8) 12.8 (22.1) 10.3 (32.8) 10.9 (34.9)
Total 33.4 45.8 57.8 31.4 31.2

Roots
Asp 0.6 (9.8) 0.5 (9.4) 0.4 (10.9) 0.4 (10.0) 0.4 (10.3)
Asn 2.8 (46.4) 2.3 (46.6) 1.5 (37.0) 1.7 (39.8) 1.5 (40.3)
Glu 0.9 (15.4) 0.7 (14.5) 0.7 (16.9) 0.8 (19.3) 0.7 (17.9)
Gln 0.3 (5.0) 0.2 (4.9) 0.2 (5.7) 0.2 (5.9) 0.2 (4.7)
Others 1.4 (23.3) 1.2 (24.6) 1.2 (29.4) 1.1 (25.0) 1.0 (26.8)
Total 6.0 4.9 4.0 4.2 3.8

GIn (Hirel and Lea, 2001), one can hypothesize that
part of ammonium derived from N fixation could
directly and more efficiently be assimilated by AS
when GS is limiting. The increase in both AS protein
and transcripts in the nodules of transformed plants
also support this hypothesis. This would be a means of
saving energy by bypassing the GS/GOGAT path-
way. It is also well known that Asn synthesis can
function in detoxification (Sieciechowicz et al., 1988).

A concomitant decrease in the Glc content of the
nodules is consistent with a more active utilization of
C skeletons exported from the shoots and further
channeled through the oxaloacetate-Asp pathway
(Rawstone et al.,, 1980). The relatively modest in-
crease in free ammonium in nodules of the trans-
formed plants in comparison with the decrease in GS
activity and the fact that biological N, fixation releas-
ing a constant flux of ammonium was not affected
also support this hypothesis. This hypothesis also fits
well with the finding that AS expression in the nod-
ules is independent of nitrogenase activity (Shi et al.,
1997). In a recent study, an increase in Asn also has
been observed in leaves when photorespiratory am-
monium is accumulating as the result of impaired
GOGAT activity, suggesting that alternative meta-
bolic pathways may be activated to avoid ammo-
nium accumulation (Ferrario-Méry et al., 2002). The
reaction catalyzed by GDH may also be one of these
alternative pathways that may be induced when the
ammonium concentration reaches a certain threshold
(Dubois et al., 2003). Interestingly, increased GDH
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protein activity was observed in the nodules of trans-
formed plants as already seen in leaves of plants
impaired for FAd-GOGAT activity (Ferrario-Méry et
al., 2002). However, it remains to be demonstrated
clearly whether ammonium can be directly assimi-
lated by the enzyme under these physiological con-
ditions or if the increase in GDH activity is the con-
sequence of a more general stress response due, for
example, to the lack of carbohydrates (Paczek et al,,
2002; Dubois et al., 2003).

The major role of GS in controlling the flux of
reduced N and its optimal utilization by the plant for
growth and development has been revealed in an
increasing number of studies either using transgenic
plants with altered capacity for ammonium assimila-
tion (Vincent et al.; 1997; Gallardo et al., 1999; Fu-
entes et al., 2001; Oliveira et al., 2002).

One of the challenges for improving NUE in plants
will be to identify if in a given plant species and/or
in a given organ or tissue alternative metabolites are
present that may participate in NUE when either GS
or GOGAT activity are not optimum. This possibility
has been revealed recently through the exploitation
of genetic variability using a wide range of lines or
genotypes in which the efficiency of ammonium as-
similation in particular and N use in general is either
enhanced or decreased (Limami et al., 1999; Hirel et
al., 2001). Studying both the molecular and physio-
logical changes associated to this variability will be
another way of identifying which of the main or
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Figure 6. Carbohydrate content in transgenic L. japonicus expressing
a GS1 antisense RNA in the nodules. Suc and Glc content of nodules
(A), roots (B), and shoots (C) of lines 5, 7, and 8 and the two control
lines 21 and Gifu. Plants were grown for 4 weeks under symbiotic
N-fixing conditions before harvest. Values are the mean = st of eight
individual plants. Bars for the st are not presented when they are
below the thickness of the line.

alternative N assimilatory pathways are important
for plant productivity.

MATERIALS AND METHODS

Construction of the Chimeric LBC3-LjGS1As
Construct and Plant Transformation and Regeneration

The HindIll/BamHI fragment containing the leghemoglobin promoter
from soybean (Glycine max; Sullivan et al., 1981) was removed from pUC18
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and subcloned into HindIIl/Smal cut pGPTV basic binary vector (Becker et
al.,, 1992a) to obtain the LBC3-pGPTV vector. A Lotus japonicus full-length
c¢DNA encoding cytosolic GS cloned in the EcoRI site of BlueScript vector
(LjgIn1) was then subcloned in the antisense orientation into the LBC3-
pGPTV vector using the flanking Sacl and EcoRV sites of the cloning vector
and the Smal and Sacl sites of the pGPTV transformation vector to obtain the
pGPTV-LBC3-Ljgln1As construct. The full-length cDNA isolated from an L.
japonicus roots cDNA library was a gift from Prof. David T. Clarkson
(Long-Ashton Research Station, Bristol, UK). The pGPTV vector containing
the LBC3-LjgIn1AS construct in Escherichia coli DH5 was transferred to
Agrobacterium tumefaciens (strain LBA4404) via triparental mating using
PRK2013 as a helper (Ditta et al. 1980). Transformed L. japonicus (ecotype
Gifu B-129) plants containing the pGPTVLBC3-Ljgln1AS construct were
obtained using the transformation procedure described by Handberg and
Stougaard (1992).

Plant Growth Conditions

Plants were taken as small cuttings from parental plants (T, or T,
generation), grown in sand, and watered with a complete nutrient solution
containing 10 mm NO; ™~ plus 2 mm NH,* (Coic and Lesaint, 1971) until 2-
to 3-cm-long roots had developed. Plants were then placed in hydroponic
units in a growth chamber with 16-h-light/8-h-dark periods and day/night
aerial temperatures were 25°/19°C. A photosynthetic photon flux density of
220 mmol m~? s~ ! was provided by metal halide lamps. Relative humidity
was 60% of the saturation. During the 1st week of hydroponic culture, the
plants received the same nutrient solution as for the growth on sand but
containing 1 mm NO; ™. To obtain nodules, 2-week-old L. japonicus cuttings
were grown aeroponically (Deroche et al., 1983) for 4 weeks on an N-free
solution (Coic et al., 1972) and inoculated with Rhizobium loti (strain L08, a
gift from Dr. Anick Petit, Institut des Sciences Végétales du Centre National
de la Recherche Scientifique, Gif sur Yvette, France). Plants were then
harvested 4 weeks after inoculation at 11 AM either directly into liquid N for
GS, GDH assays, and RNA extractions, or lyophilized for 42 h for dry
weight and metabolite determinations. Eight replicate cuttings from each
parental plant were used for the study.

Metabolite Analysis

After lyophilization plants were ground to a fine powder. Around 20 mg
of this powder was then extracted in 1 mL of 80% (v/v) ethanol for 1 h.
During extraction, the samples were continuously agitated; then, they were
spun for 5 min at 10, 000g. The supernatant was recuperated, and the pellet
was subjected to further extractions in 1 mL of 60% (v/v) ethanol and finally
in 1 mL of water. All supernatants were combined to form the hydro-
alcoholic extract. The ethanol-water fractions were combined and stored at
—80°C. Glc, Fru, and Suc in the ethanol-water extract were determined by an
enzymatic method using the test of Boehringer Mannheim/Roche (Basel;
Bergmeyer, 1974). Free NH,* was determined by the phenol hypochlorite
assay (Berthelot reaction). Amino acids were separated by a Biotronik
LC5001 ion chromatograph (Eppendorf, Hamburg, Germany) with lithium
citrate buffers and ninhydrin post-column derivatization. They were iden-
tified using a standard mixture of amino acids (Benson standard Physiolog-
ical, Acidic, Neutral and Basic) and quantified using the 2100 software (P.E.
Nelson, Cupertino, CA).

Protein Extraction, Fractionation, Enzymatic Assay, and
Western Blotting

Protein extraction and western-blot analysis were carried out as de-
scribed earlier (Hirel et al., 1987) using tobacco GS antibodies (Hirel et al.,
1984), which recognize both cytosolic and plastidic GS isoenzymes subunits
with a similar efficiency (Becker et al., 1992b). AS protein was detected with
the antibodies raised against the nodule enzyme from alfalfa (Medicago
sativa; Shi et al., 1997). Proteins were visualized using peroxidase-
conjugated goat anti-rabbit antibodies (Towbin et al., 1979). GS activity was
assayed using the biosynthetic activity based on y-glutamyl-hydroxamate
synthesis as described by O’Neal and Joy (1973). GDH activity and protein
gel-blot analysis were performed as described previously (Masclaux et al.,
2000). Proteins were quantified using the Bradford method (Bradford, 1976).
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Isolation of Total RNA and Northern-Blot Analysis

Total RNA isolation and northern-blot analysis were carried out as
described earlier (Becker et al., 1992b). Hybridization was performed with
the insert of the L. japonicus Ljglnl (a gift from Prof. Davis Clarkson,
University of Bristol, UK) or LJAS2 (Waterhouse et al., 1996) full-length
cDNA probes. The probes were labeled with *>P-dCTP, and hybridization
was carried out at 65°C in 50 mm Tris-HCI (pH 7.6), 2% (w/v) bovine serum
albumin, 0.2% (w/v) polyvinylpyrrolidone, 0.2% (w/v) Ficoll (400 kD), 0.2%
(w/v) SDS, 0.1% (w/v) sodium pyrophosphate, 6% (w/v) NaCl, and 0.1 mg
mL~! denatured calf thymus DNA. Final washes were performed using
0.1X sodium, TRIS, EDTA (10 mm Tris-HCI [pH 8.0], 100 mm NaCl, and 1
mwm EDTA), and 0.1% (w/v) SDS at 65°C, and filters were exposed to x-ray
film at —80°C.
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