-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by B-Digital

Nodule-Specific Modulation of Glutamine Synthetase in
Transgenic Medicago truncatula Leads to Inverse
Alterations in Asparagine Synthetase Expression’
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Transgenic Medicago truncatula plants were produced harboring chimeric gene constructs of the glutamine synthetase (GS)
cDNA clones (MtGSla or MtGS1b) fused in sense or antisense orientation to the nodule-specific leghemoglobin promoter
MtIb1. A series of transgenic plants were obtained showing a 2- to 4-fold alteration in nodule GS activity when compared
with control plants. Western and northern analyses revealed that the increased or decreased levels of GS activity correlate
with the amount of cytosolic GS polypeptides and transcripts present in the nodule extracts. An analysis of the isoenzyme
composition showed that the increased or decreased levels of GS activity were attributable to major changes in the
homo-octameric isoenzyme GSla. Nodules of plants transformed with antisense GS constructs showed an increase in the
levels of both asparagine synthetase (AS) polypeptides and transcripts when compared with untransformed control plants,
whereas the sense GS transformants showed decreased AS transcript levels but polypeptide levels similar to control plants.
The polypeptide abundance of other nitrogen metabolic enzymes NADH-glutamic acid synthase and aspartic acid amino-
transferase as well as those of major carbon metabolic enzymes phosphoenolpyruvate carboxylase, carbonic anhydrase, and
sucrose synthase were not affected by the GS-gene manipulations. Increased levels of AS polypeptides and transcripts were
also transiently observed in nodules by inhibiting GS activity with phosphinothricin. Taken together, the results presented
here suggest that GS activity negatively regulates the level of AS in root nodules of M. truncatula. The potential role of AS

in assimilating ammonium when GS becomes limiting is discussed.

Nitrogen is the major nutrient limiting plant
growth and crop yield, and thus many studies have
been devoted to the mechanisms by which it is taken
up and used by plants. Legumes obtain a significant
fraction of their nitrogen from atmospheric N,
through symbiotic association with nitrogen fixing
bacteria, termed rhizobia. The ammonium produced
by nitrogen fixation is mainly released from the rhi-
zobial bacteroids into the infected cells of the root
nodules where it is assimilated into the organic pools
by plant GIn synthetase (GS; EC 6.3.1.2). GS in con-
junction with NADH-Glu synthase (NADH-GOGAT,
EC 1.4.1.14) operates the Glu synthase cycle leading
to the synthesis of GIn and Glu, which then serve as
nitrogen donors for the biosynthesis of essentially all
nitrogenous compounds. In temperate legumes, fixed
nitrogen is exported from the nodules to the rest of
the plant mainly as Asn, which is synthesized by the
concerted action of two additional enzymes, Asp
aminotransferase (AAT, EC 2.6.1.1) and Asn syn-
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thetase (AS; EC 6.3.5.4). The overall pathway of am-
monium assimilation to Asn in nodules requires ox-
aloacetate as carbon skeleton, which is produced by
metabolism of photosynthate (involving a nodule-
enhanced Suc synthase [SUCS]) in conjunction with
nodule CO, fixation via the enzymes carbonic anhy-
drase (CA) and phosphoenolpyruvate carboxylase
(PEPC). The metabolic activities of all of these en-
zymes are tightly linked as supported by their coor-
dinated nodule-enhanced expression during root
nodule development (for review, see Gordon et al.,
2001). Biochemical and molecular analysis indicates
that nodule-specific or nodule-enhanced forms of
these isoenzymes are responsible for the majority of
the increased enzymatic activities (Pathirana et al.,
1997; Shi et al., 1997; Hohnjec et al., 1999; Trepp et al.,
1999; Yoshioka et al., 1999; Galvez et al., 2000). Being
the first enzyme of the pathway, GS is in a key
position to regulate nitrogen assimilatory pathways
in nodules.

In higher plants, GS is an octameric enzyme of 310
to 350 kD that occurs as a number of isoenzymes,
located both in the plastids (GS2) and in the cytosol
(GS1). These GS subunits are encoded by small mul-
tigene families of generally three to six members
(Forde and Cullimore, 1989; McGrath and Coruzzi,
1991; Peterman and Goodman, 1991; Li et al., 1993).

Plant Physiology, September 2003, Vol. 133, pp. 243-252, www.plantphysiol.org © 2003 American Society of Plant Biologists 243


https://core.ac.uk/display/287866683?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Carvalho et al.

Individual GS genes are differentially regulated in
different plant organs and under different physiolog-
ical conditions (Lam et al., 1996). In all legumes stud-
ied to date, the expression of at least one GS1 gene is
greatly enhanced during nodule development (Forde
and Cullimore, 1989). The model legume Medicago
truncatula contains the smallest GS gene family iden-
tified to date in a higher plant, comprising only three
expressed genes, MtGS1a, MtGS1b (encoding cytoso-
lic GS), and MtGS2 (encoding the plastid GS; Stan-
ford et al., 1993; Melo et al., 2003). We have previ-
ously studied the expression and regulation of
cytosolic GS in root nodules of M. truncatula (Car-
valho et al.,, 1997; Carvalho et al.,, 2000a) and have
shown that MtGS1a is highly up-regulated in the
central infected cells of M. truncatula root nodules
and accounts for the production of more than 90% of
plant nodule GS activity.

A relevant question remaining to be answered is
whether GS in nodules plays a regulatory role in
controlling the flux through the nitrogen assimilatory
pathway that could eventually lead to changes in
plant productivity. There is evidence from studies
using a GS-inhibitor producing bacterium that the
activity of GS in nodules may control the yield of
plants growing symbiotically on dinitrogen (Knight
and Langston-Unkefer, 1988). Difficulties in repeat-
ing this experiment, though, have lead to skepticism
of its results. The use of genetically modified plants
deregulated for this particular step in the metabolic
pathway provides an invaluable alternative tool to
address this question (Harrison et al., 2000).

Recently, various approaches have been under-
taken to modify ammonium assimilation in trans-
genic plants that have greatly contributed to the un-
derstanding of the precise roles and regulation of the
enzymes involved (for review, see Hirel and Lea,
2001). Several attempts have been made to manipu-
late the GS levels by either overexpression or down-
regulation of GS genes, most of them using constitu-
tive promoters and heterologous transgenic systems.
Not all of these genetic manipulations have been
successful, particularly the anti-sense strategy has
rarely been successful with GS (see Temple et al,,
1994; Harrison et al.,, 2000; Hirel and Lea, 2001).
However, one successful example is the reduction of
GS using an anti-sense GS behind a phloem-specific
promoter, which has revealed that GS in the phloem
plays a major role in Pro production (Brugiere et al.,
1999). More recent work on plants overexpressing GS
point to a relationship between GS levels and plant
productivity although with mixed results. The over-
expression of cytosolic GS in roots and nodules of
Lotus japonicus appears to decrease plant productivity
(Limami et al., 1999; Harrison et al., 2000), whereas in
tobacco (Nicotiana tabacum) and poplar (Populus spp.),
the overexpression of distinct isoforms of GS appears
to stimulate growth (Gallardo et al., 1999; Migge et
al., 2000; Fuentes et al., 2001; Oliveira et al., 2002). In
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this study, using an homologous transgenic system
and a native promoter, we have succeeded in mod-
ulating GS activity, specifically in root nodules of M.
truncatula, and we show that changes in GS activity
negatively regulate the expression of AS.

RESULTS

Construction of Nodule-Specific Cytosolic GS-Sense/
Antisense Chimeric Genes

To alter GS levels specifically in the central infected
cells of root nodules, we selected a promoter able to
drive a strong and nodule-specific expression. The M.
truncatula gene MtIb1 encoding leghemoglobin has
been previously shown to be specifically and
strongly expressed in root nodules of M. truncatula
by northern analysis (Gallusci et al., 1991). A gene
construct consisting of a 2.1-kb Mt/b1 promoter frag-
ment driving B-glucuronidase and containing the 3’
nopaline synthase (10s) terminator (kindly provided
by D. Barker) was introduced into the homologous
transgenic system to analyze the cellular expression
driven by this promoter fragment. Reporter gene
expression driven by the MtIb1l promoter was found
to be very strong and exclusively located in the cen-
tral infected cells of the nitrogen-fixing zone (Fig. 1).
No B-glucuronidase (GUS) activity was observed in
uninfected cells or in the peripheral tissues or vascu-
lar bundles. This promoter fragment was therefore
chosen to specifically modulate cytosolic GS activity
in the infected cells of M. truncatula root nodules. To

Figure 1. Histochemical localization of GUS activity in longitudinal
(A) and transversal (B and C) sections of root nodules of transgenic M.
truncatula plants expressing an Mtlb1 2.1-kb promoter fragment-GUS
fusion. Nodules were sectioned (80 wm thick), assayed for GUS ac-
tivity, and photographed by dark-field microscopy. The blue precipi-
tate indicates the location of GUS activity. | through Ill, Histologically
defined nodule zones; IC, infected cells; UC, uninfected cells; P,
parenchyma; C, cortex; VB, vascular bundle. Bars = 100 um.
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achieve this aim, four constructs were made consist-
ing of the 2.1-kb Mtlb1 promoter fragment fused to
each of the M. truncatula cytosolic GS expressed
cDNAs (MtGSla and MtGS1b), in both sense and
antisense orientation, followed by the 3’ nos termina-
tor. The resulting constructs were cloned into the
binary vector pBIN19 (Bevan, 1984) and were desig-
nated LbSA, LbSB, LbASA, and LbASB.

Selection of Transgenic Plants with Altered GS
Activity in Root Nodules

The binary constructs previously described were
used to produce primary M. truncatula transformants
by Agrobacterium tumefaciens-mediated transforma-
tion. We were able to regenerate 36 kanamycin-
resistant transgenic M. truncatula plants. These T,
plants were propagated clonally as stem cuttings that
when rooted were inoculated with Sinorhizobium me-
liloti strain 2011. GS activity was determined in root
nodules of at least six independent T, plants from
each transformant line. From the 36 regenerated
plants, 12 showed alterations in root nodule GS ac-
tivity, when compared with untransformed control
plants (Fig. 2). Four antisense GS1b (LbASB) and four
antisense GSla (LbASA) plants showed 2- to 4-fold
reductions in GS activity. Two sense GSla (LbSA)
plants possessed a 2-fold increase in GS activity,
whereas two sense GS1b (LbSB) plants showed the
opposite effect, a reduction in GS activity. The GS
activity levels were unaltered in both leaves and
roots of the transgenic plants (data not shown). The
transformants showed no visible phenotypic differ-
ences when compared with control plants. The num-
ber of transgene insertions in the genome of the
plants that were showing alterations in activity was
analyzed by Southern blot (data not shown), and
analysis revealed one to three insertions in different
transformants. The number of copies inserted in the
genome could not be directly related to the GS activ-
ity levels in the nodules. Because all of the analyzed
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Figure 2. Root nodule GS activity in transgenic plants. GS activity
was determined in root nodules of at least six plants of each of the 12
independently transformed lines harboring constructs LbASB,
LbASA, LbSB, LbSA, and compared with untransformed control
plants (WT). The error bars represent the sp.
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sense or antisense lines behaved in a qualitatively
similar way, further studies used the two lines show-
ing the greatest reduction (LbASB-2, antisense) and
increase (LbSA-12, sense) in GS activity.

Transformants with Altered GS Activity Levels
Exhibit Corresponding Alterations in Enzyme
Transcripts and Polypeptides

To evaluate whether the alterations in enzyme
activity could be correlated with their protein and
transcript levels, nodule extracts from the selected
transgenic plants were analyzed both by western and
northern blots (Fig. 3, A and B). All analyses were
performed in two independent plants from the se-
lected lines to assess possible variations between in-
dividuals. The variations in enzyme activity could be
proportionally correlated with the amounts of cytoso-
lic GS polypeptides (GS1) detected by western-blot
analysis of crude nodule extracts, whereas plastid GS
(GS2) appeared not to be altered by these manipula-
tions (Fig. 3A). Quantitation of multiple protein blots
by image densitometry demonstrated a consistent re-
duction or increase in cytosolic GS protein content that
was proportional to the levels of GS activity in root
nodules, i.e. 3-fold reduction in transformant LbASB-2
and a 2-fold increase in transformant LbSA-12.

To assess whether the alterations in GS enzyme
activity and polypeptides were resulting from
changes in the steady-state levels of the cytosolic
transcripts and to determine which GS genes were
being affected by the genetic manipulations, we an-
alyzed the levels of each independent GS transcript
by northern blots (Fig. 3B). Total nodule RNA from
two independent transgenic plants from lines
LbASB-2 and LbSA-12 and from the wild-type con-
trol plant were separated electrophoretically, blotted,
and hybridized with gene-specific probes from the
3'-untranslated regions (UTRs) of MtGS1a, MtGS1b,
and MtGS2. The hybridization signal was quantified,
and the band intensities were standardized against
the intensity of the 255 rRNA bands. MtGS1a was the
most affected GS gene showing a remarkable reduc-
tion in transcripts in the antisense plants and a 2-fold
increase in the GS overexpressing plants (Fig. 3B). Due
to the very high homology between MtGSla and
MtGS1b coding sequences, the expression of MtGS1b
mRNA in antisense orientation was capable of de-
creasing both MtGS1a and MtGS1b transcripts. Densi-
tometry analysis suggests that the amount of MtGS1b
transcripts remained unaltered in the sense plants and
that MtGS2 transcript abundance was not greatly af-
fected by either of the genetic manipulations (Fig. 3B).

The GS isoenzyme composition in the transgenic
nodules was analyzed by ion-exchange HPLC (IEX-
HPLC; Fig. 3C). A comparison of the column elution
profile of GS activity of nodule extracts from the
transgenic plants revealed that homo-octameric GSla
was the major, if not the only, GS holoenzyme af-
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Figure 3. Comparison of GS polypeptides, tran-
scripts, and isoenzyme levels in root nodules of
two untransformed control plants (WT) and two
independent plants of the transgenic lines
LbASB-2 (Antisense) and LbSA-12 (Sense),
showing the lowest and highest GS activity lev-
els, respectively. A, Western-blot analysis of GS
polypeptides. Equal amounts of proteins (10 pg)
were loaded on the gel. GS1 and GS2 designate
cytosolic and plastid GS, respectively. B, Anal-
ysis of mMRNA abundance for the three M. trun-
catula GS genes. Total RNA (30 pg) was sepa-
rated electrophoretically, blotted, and probed
with specific GS probes for MtGS1a, MtGS1b,
and MtGS2. The hybridization profile with a 255
rRNA gene probe is shown as an indicator of
RNA loading. C, Elution profiles of GS activity
following IEX-HPLC of soluble extracts from
wild-type and transgenic nodules. The position
of the homo-octameric GS1a (a), GS1b (b), and
GS2 (2) isoenzymes are indicated.
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fected. Using the plastid GS2 as a reference, which
remains unaltered in the transgenic plants, there is a
3-fold decrease in activity of the GSla homo-octamer
(elution at fraction 17) in antisense plants and a 2-fold
increase in sense plants, when compared with the
non-transformed plants. In all cases, the homo-
octamer GS1b represents a minor proportion of GS
activity.

Analysis of the Effects of the GS Manipulations on the

Expression of Other Metabolic Enzymes

Using specific antibodies raised against the nodule-
enhanced forms of nitrogen assimilatory enzymes
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from the closely related species alfalfa (Medicago sa-
tiva), we analyzed the levels of NADH-GOGAT,
AAT, and AS by western blots (Fig. 4). The antibody
raised against the alfalfa root nodule NADH-GOGAT
(Anderson et al., 1989) recognized a single polypep-
tide with an estimated molecular mass of 220 kD in
M. truncatula root nodule protein extracts, which was
maintained at similar levels in sense and antisense
GS plants as well as in the untransformed control
plants. The antibody raised against the nodule-
enhanced AAT-2 from alfalfa (Robinson et al., 1994)
detected four polypeptides with approximate molec-
ular masses of 45 kD, which probably correspond to
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Figure 4. Western-blot analysis of polypeptide abundance for sev-
eral key enzymes involved in carbon and nitrogen metabolism.
Detection with AS, GS, and SUCS antibodies was performed in the
same membrane for direct comparison. Equal amount of proteins
were loaded in each gel but with varying quantities according to the
abundance of the polypeptides in root nodules: 5 pg for GS, AS, and
SUCS; 10 ug for PEPC and CA; and 20 ug for NADH-GOGAT. Plastid
GS was not detected due to the low amount of protein loaded (5 ug).
The approximate molecular masses of the polypeptides are indicated.

different AAT M. truncatula isoenzymes. None of the
polypeptides appears to be significantly altered in
the nodules of the transgenic plants. The levels of AS
were evaluated on western blots probed with an
antibody raised against AS from alfalfa (Shi et al.,
1997), which recognized a single polypeptide with an
estimated molecular mass of 65 kD, whose abun-
dance was found to be 2-fold increased in antisense
plants and maintained at levels similar to the control
in sense plants. To ensure that the differences de-
tected were not due to differences in the amount of
protein loaded on the gel, GS and AS polypeptide
levels were analyzed in the same blot, together with
SUCS. The membranes were sequentially incubated
with AS, GS, and SUCS antibodies and developed
with different color substrates. As can be observed in
Figure 4, SUCS polypeptides of approximately 92 kD
were maintained at about constant levels in anti-
sense, sense, and control in contrast to the inverse
changes in the abundance of the other two proteins.
We also compared the levels of two other major
carbon metabolic enzymes PEPC and CA in the GS-
modulated transgenic plants and control untrans-
formed plants by western blot using specific antibod-
ies (Fig. 4). The antibodies detected single
polypeptides in root nodules of M. truncatula of the
expected molecular mass for each enzyme, 100 kD
and 30 kD for PEPC and CA, respectively, but neither
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of the enzymes appear to be affected by the consis-
tent alterations in GS activity.

To assess whether the changes observed in the
levels of AS polypeptides in the GS-modulated trans-
genic plants were the result of changes in the steady-
state levels of AS transcripts, RNA blots were per-
formed (Fig. 5). A M. truncatula cDNA corresponding
to the nodule-enhanced AS of alfalfa (Shi et al., 1997)
was used as probe. AS transcripts were consistently
increased in plants down-regulated for GS and de-
creased in the overexpressing GS plants. Because
GDH could represent an alternative route for ammo-
nia assimilation in the transgenic lines, its transcript
levels were also analyzed by northern blot. GDH
transcript levels, when related to the rRNA, appeared
not to be altered in the transgenic plants.

Inhibiting GS Activity Using the Specific GS
Inhibitor Phosphinothricin (PPT) Leads to Increased
Expression of AS

To assess whether the increased levels of AS de-
tected in the GS-antisense transgenic plants could
also be observed by inhibiting total GS activity, we
applied PPT to nodulated roots of wild-type plants
and analyzed AS and GS content in nodules collected
at different times after application of the herbicide.
PPT is an analog of Glu and binds to the active site of
GS irreversibly inactivating the enzyme (Mander-
scheid and Wild, 1986). At 24 h but not 8 h after PPT
addition, the plants were beginning to show signs of
chlorosis and stress.

The inhibition of GS activity in root nodules was
very effective; GS activity was totally lost after 8 h
application of the inhibitor (Fig. 6A), and a similar
inhibition of GS activity was observed in roots and in
leaves (data not shown). Western-blot analysis re-

WT Antisense Sense
1 2 1 2 1 2

GSla-- ..
S e -

GDH -
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Figure 5. Analysis of mMRNA abundance for AS and Glu dehydroge-
nase (GDH) in sense and antisense GS transgenic plants. Total RNA
from control and transgenic nodules (30 pg) was separated electro-
phoretically, blotted, and probed with specific probes for GS1a, AS,
and GDH. The hybridization profile with a 25S rRNA gene probe is
shown as an indicator of RNA loading.
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Figure 6. Analysis of GS, AS, and GDH expression in nodules of
PPT-treated plants. The analyses were performed in nodules collected
at 0, 4, 8, 24, and 48 h after PPT treatment. A, Analysis of GS activity
in the nodules of wild-type plants after application of PPT. B, Western-
blot analysis of GS and AS polypeptides. Equal amounts of proteins (5
png) were loaded on the gel. The same membrane was sequentially
hybridized with AS and GS antibodies for direct comparison. Plastid
GS was not detected due to the low amount of protein loaded on the
gel. C, Northern-blot analysis of GS1a, AS, GDH, and GS2 transcripts.
Equal amounts of total RNA (30 ug) were separated electrophoreti-
cally, blotted, and probed with gene-specific probes. The hybridiza-
tion profile with a 25S rRNA gene probe is shown as an indicator of
RNA loading.
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vealed that the amount of GS protein was main-
tained, even though its activity was almost zero,
suggesting that GS was inactivated but not yet de-
graded (Fig. 6B). Interestingly, 48 h after PPT appli-
cation, a lower M, GS polypeptide was detected,
which probably results from a selective proteolysis of
the enzyme. To directly compare the amount of GS
and AS, the same membrane was subsequently hy-
bridized with anti-AS antibodies. We could detect an
increase in AS polypeptide content in root nodules
after 4 and 8 h of PPT treatment, which then de-
creased after 24 and 48 h.

This increase in AS content in the herbicide-treated
nodules appears to occur at the transcript level, be-
cause it was also accompanied by an increase in the
corresponding mRNA, which appears to be maximal
after 4 h of incubation with the herbicide, then de-
creasing to normal levels (Fig. 6C). MtGSla tran-
scripts decreased in abundance in the course of the
PPT treatment as well as the plastid GS mRNA (Fig.
6C). Interestingly, GDH transcripts showed a clear
increase in abundance after 24 and 48 h. This effect
was not only observed in nodules but also in roots
and leaves (data not shown).

DISCUSSION

To evaluate whether GS in nodules could play a
regulatory role in controlling the flux through the
nitrogen assimilatory pathway, we have produced
transgenic plants de-regulated for this particular step
in the metabolic pathway. Making use of the model
legume M. truncatula in which we have previously
characterized the GS genes (Carvalho et al., 1997,
2000a, 2000b; Melo et al., 2003), we have succeeded in
both increasing and decreasing GS activity specifi-
cally in nodules, by expressing GS in sense/antisense
orientation under the direction of a strong and
nodule-specific promoter. The choice of the MtIbl
leghemoglobin promoter relied on its nodule-specific
expression that follows the same time course of ex-
pression as MtGS1a, the nodule-enhanced M. trunca-
tula GS gene (Gallusci et al., 1991; Stanford et al.,
1993). By analyzing GUS fusions to this promoter, it
is clear that it is also highly specific for the infected
cells of the nodule (Fig. 1), thus altering GS levels
only in the cells in which ammonium is being pro-
duced by rhizobial nitrogen fixation.

Most of the previous attempts to manipulate GS
levels by either overexpression or down-regulation
of GS genes have used constitutive promoters and
heterologous transgenic systems, sometimes leading
to alterations in whole-plant metabolism and some-
times leading to lethality (see Temple et al., 1994;
Harrison et al., 2000). These experiments have re-
vealed much about the regulation of GS expression
and its importance to the plant (Eckes et al., 1989;
Hirel et al.,, 1992; Temple et al.,, 1993, 1996, 1998;
Vincent et al., 1997; Limami et al., 1999; Gallardo et
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al.,, 1999; Migge et al.,, 2000; Fuentes et al., 2001;
Ortega et al., 2001; Oliveira et al., 2002), but evaluat-
ing its role in regulating precise cellular pathways
has not always been possible. One successful exam-
ple, however, is the case of expressing an antisense
GS using a phloem-specific promoter, which has re-
vealed that GS in the phloem plays a major role in
Pro production (Brugiére et al., 1999). Very recently,
Harrison et al. (2003) have used an antisense strategy
to successfully lower GS activity in nodules of L.
japonicus. The success of these strategies and of our
strategy may rely first on targeting a single cell type
and thus not altering nitrogen assimilation in other
parts of the plant. A second important factor may be
the use of promoters from the same plant family as
the transgenic system thus ensuring that all trans-
acting factors required for correct expression are
available.

Our manipulations resulted in up to 2-fold in-
creases and 4-fold decreases in GS activity specifi-
cally in nodules (Fig. 2). Furthermore, the increased
or decreased activity could be directly attributable to
changes in a single GS holoenzyme, homo-octameric
GS1a, which makes up more than 90% of the nodule
GS activity in normal plants (Fig. 3C) and is ex-
pressed in the same cells as the MtIb1 promoter (Car-
valho et al., 2000a). The observed modifications in GS
activity in the transgenic plants were associated with
proportional increases/reductions in transcripts and
polypeptides (Fig. 3), suggesting that transcript reg-
ulation is a main control point of GS expression in
root nodules of M. truncatula. Although a slight de-
crease in GSlb-specific mRNA was detected in the
GS-antisense plants, the activity of the corresponding
octameric isoenzyme is too low to significantly affect
the overall GS activity (Fig. 3).

Analysis of these transgenic plants has revealed a
remarkable negative regulation of AS by GS in root
nodules. Thus when the level of GS is reduced, the
expression of AS is increased and vice versa (Figs. 4
and 5). This regulation appears to be specific for AS
because no changes were observed in the expression
of five other key nitrogen and carbon assimilatory
enzymes in nodules (NADH-GOGAT, AAT, CA,
PEPC, and SUCS). The mechanism of AS regulation
most likely occurs at the transcript level because the
abundance of the AS mRNAs were affected, and in
most cases, this was accompanied by associated
changes in AS protein. However, when GS was in-
creased by the sense strategy, little reduction was
seen in AS protein suggesting that the observed
lower level of AS mRNA could support the normal
level of AS protein synthesis (Fig. 5). The inverse
relationship between GS and AS was also seen, albeit
transiently, when GS activity was inhibited by PPT
(Fig. 6). In this experiment, the abundance of GS
protein remained constant during the AS induction,
suggesting that the regulation of AS is caused by
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changes in GS activity rather than in the levels of GS
protein.

The finding that the levels of AS transcripts and
polypeptides in the transgenic nodules were consis-
tently increased when GS was reduced (Figs. 4 and 5)
suggests that AS may compensate for the reduced GS
ammonium assimilatory activity. It is known that AS
can use ammonium instead of GIn as a nitrogen
donor when the level of ammonium is high (Oaks
and Ross, 1984; Lam et al., 1996), for example, the
alfalfa nodule AS has only a 20-fold lower affinity for
ammonium than for GIn (Shi et al., 1997). Consistent
with our hypothesis, Harrison et al. (2003) have
shown that a reduction in nodule GS in L. japonicus
nodules leads to an increase in ammonium and Asn
levels. However, to function in ammonium assimila-
tion, AS activity also requires Asp. The fact that the
increase in AS expression is not maintained when GS
is completely inhibited by PPT (Fig. 6) suggests that
maintaining partial GS activity is essential for main-
taining the higher level of AS. Plant GS may thus be
required to synthesize enough GIn to support Asp
biosynthesis via NADH-GOGAT and AAT, in con-
junction with oxaloacetate production via SUCS, CA,
and PEPC. The levels of all of these enzymes were
maintained in the GS-modulated plants (Fig. 5). The
resulting pathway of dual ammonium assimilation
via GS and AS would be energetically more favorable
than ammonium assimilation through GS alone,
involving an estimated 17% savings in energy
requirements.

This potential energy savings, through partial as-
similation of ammonium by plant AS, could explain
the increase in plant productivity that has been ob-
served in certain situations where GS levels were
reduced either in genetic variants (Limami et al,,
1999) or by the use of a GS inhibitor-producing bac-
terium (Knight and Langston-Unkefer, 1988). More-
over, if AS is already partially involved in nodule
ammonium assimilation, this would offer an expla-
nation of why overexpression of GS in root nodules
of Lotus corniculatus leads to a decrease in Asn con-
tent and a decrease in biomass production (Harrison
et al., 2000). However, in the most recent paper ad-
dressing this question (Harrison et al., 2003), only
minor increases in biomass were observed following
a specific reduction of nodule GS activity. Thus more
studies are clearly required to address this point.

Finally it is noteworthy that in a situation where GS
is completely inhibited and the associated increase in
AS is transient (addition of PPT; Fig. 6), a remarkable
increase in GDH expression was observed. This in-
crease could be viewed as a desperate attempt by the
plant to assimilate ammonium using the aminating
activity of GDH. However, most evidence suggests
that this mitochondrial enzyme usually operates in a
deaminating direction and is induced in situations
such as carbon starvation where the enzyme plays a
role in amino acid degradation and production of
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organic acids for carbon recycling (Miflin and Ha-
bash, 2002). The experiment on PTT application may
suggest that GDH is induced also in conditions of
perceived nitrogen starvation (due here to lack of GS)
where it may function to promote nitrogen rather
than carbon recycling through amino acid degrada-
tion. Alternatively, the GDH induction may be a
response to senescence, clear signs of which were
evident at 24 h.

In conclusion, we have obtained transgenic M.
truncatula plants with reduced and increased levels
of GS in root nodules and have shown using these
plants that GS negatively regulates AS expression in
nodules. This conclusion was reinforced by studies
on plants in which GS was chemically inhibited with
PPT. This latter experiment also revealed a role of GS
in negatively regulating the expression of GDH and
that the effect of GS on AS and GDH expression
appears to be due to its enzymatic activity rather
than the level of its protein. Many questions remain
to be answered concerning the mechanism of this
effect and its consequence on the nodule nitrogen
and carbon metabolic pathways in the plant. In par-
ticular, it needs to be established whether the nitro-
gen assimilatory pathways in the GS-reduced nod-
ules are more energy efficient and whether this has a
positive effect on biomass production. Clearly, these
transgenic plants, which are altered in a single GS
holoenzyme in a single cell type, will serve as a
valuable tool for such investigations.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Plants of Medicago truncatula Gaertn. cv Jemalong (genotype H39) used
for plant transformation were maintained in in vitro culture in an environ-
mental cabinet at a temperature of 23°C by day and 19°C by night, with 13-h
daylength and light intensity of 150 to 200 umol m ™2 s~ '. After regenera-
tion, the transgenic plants were grown aeroponically on ammonium nitrate
as described by Lullien et al. (1987) under 13-h-light (23°C)/11-h-dark
(19°C) cycles. For nodule induction, the plants were starved of nitrogen for
7 d before inoculation with Sinorhizobium meliloti strain RCR 2011 (GMI51).
For the PPT experiment, 0.5 mm PPT was added to the growth medium of
aeroponically grown nodulated wild-type plants (genotype H39). Plants
were harvested just before PPT treatment and at 4, 8, 24, and 48 h after
application of the herbicide. Nodules, roots, and leaves were separated and
immediately frozen in liquid nitrogen.

Construction of M. truncatula Mtlb1 Gene
Promoter-GS Fusions

Full-length GS c¢DNAs were isolated from plasmids pTrcGSa and
pTrcGSb containing the complete coding sequences of MtGS1a and MtGS1b
(accession numbers Y10267 and Y10268, respectively). These plasmids con-
tain an Ncol site at the start codon that has been introduced by PCR
(Carvalho et al., 1997). A 2.1-kb Mtlb1 leghemoglobin promoter fragment
was isolated as a BamHI/Ncol fragment from a binary vector PLP100 con-
taining a MtIb1 promoter fragment-GUS fusion, which also contains a Ncol
site at the GUS start codon. This plasmid was kindly provided by David
Barker (Institut National de la Recherche Agronomique, Toulouse, France).
The cloning strategy to create sense constructs required several intermedi-
ary steps. First, the 5" end of each cDNA, up to amino acid 80 (BamHI site)
was isolated as an Ncol/BamHI fragment and was subcloned into the
Ncol/BamHI sites of pCRScript (Stratagene, La Jolla, CA). The Mtib1
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BamHI/Ncol promoter fragment was made blunt on the BamHI side and was
inserted into Ncol/EcoRI (blunt) sites of each of the previous constructs,
creating intermediary plasmids containing the promoter fused to the 5" end
of each GS cDNA. The rest of the construct, containing the remaining GS
coding sequence containing the 3'-UTR from the bean (Phaseolus vulgaris)
gln-a GS gene and the nopaline synthetase terminator, was built in another
plasmid, to avoid repeated restriction sites. The 3'-UTR of the gln-a 1 cDNA
was isolated from plasmid pR-2 (Gebhardt et al., 1986) and was inserted as
a BamHI/Hindlll fragment into pBluescript KS™ (Stratagene). Subsequently,
a BamHI/HindIIl fragment containing the nos terminator (excised from
plasmid pSLJ4K1) was introduced as a blunt fragment at the HindIII (blunt)
site of the previous construct. A BamHI fragment containing the GSla or
GS1b ¢cDNA lacking the 5" end was then inserted into the BamHI sites of the
previous constructs. From the resulting construct, a BamHI/Xhol (blunt)
fragment (containing the GS cDNA+3'-UTR glna 1+nosT) was isolated and
inserted into BamHI/NotI (blunt) sites of the previously described interme-
diary vector containing the Mt/b1 promoter plus the 5’ end of each GS
cDNA. An Sall fragment containing the 2.1-kb MtIb1 promoter, full GSla or
GS1b coding sequences, gln-a 3’-UTR and the nos terminator was subse-
quently cloned into the Sall site of pBIN19 (Bevan, 1984) to generate plas-
mids LbSA and LbSB.

For the construction of the chimeric antisense GS genes, the nos termi-
nator was introduced at the 5" end of pBluescript KS™ plasmids containing
MtGS1a or MtGS1b full-length cDNAs. The previously described nopaline
synthetase blunt fragment was introduced at the Smal site of the pBluescript
KS™ GS cDNA clones. The Mtlb1 promoter was isolated from the previously
described binary vector as an EcoRV/Ncol fragment, and the Ncol site was
made blunt and inserted at the XhoI (Blunt) site of the constructs containing
the GS-cDNAs fused to the nos terminator. A NotI (blunt)/Sall fragment
containing the 2.1-kb MtIb1 promoter, full GS1a or GS1b cDNAs in antisense
orientation, and the nos terminator was subsequently cloned into Smal/Sall
sites of pBIN19 (Bevan, 1984) to generate plasmids LbASA and LbASB.

Transformation of M. truncatula and Regeneration of
Transgenic Plants

The binary constructs LbSA, LbSB, LbASA, and LbASB were introduced into
the Agrobacterium tumefaciens strain AGL1 and were used to transform leaf
segments of M. truncatula Gaertn. cv Jemalong (genotype H39). Kanamycin-
resistant plants were regenerated by somatic embryogenesis as described by
Chabaud et al. (1996) and propagated in vitro. For further information, see
http:/ /medicago.toulouse.inra.fr/Mt/Protocol / Transformation.

GS Extraction and Assay

Plant material was homogenized at 0°C to 4°C in a mortal and pestle with
2 volumes of an extraction buffer containing 10 mm Tris-HCI, pH 7.5, 5 mm
sodium Glu, 10 mm MgSO,, 1 mm dithiothreitol, 10% (v/v) glycerol, and
0.05% (v/v) Triton X-100. The homogenates were centrifuged at 13,000g for
20 min, at 4°C. The extracts were assayed for GS activity by the transferase
assay (Cullimore and Sims, 1980).

Protein Extraction and Western Immunoblotting

Soluble protein concentration was measured by the Coomassie Blue
dye-binding assay (Bio-Rad Laboratories, Hercules, CA) using bovine serum
albumin as a standard. Proteins were separated by 12.5% (w/v) SDS-PAGE
and electroblotted onto nitrocellulose membranes. Immunodetection was
performed with the polyclonal antibody raised against GS (Cullimore and
Miflin, 1984) or with the antibodies raised against NADH-GOGAT (Ander-
son et al., 1989): AAT-2 (Robinson et al., 1994), AS (Shi et al., 1997), PEPC
(Vidal et al., 1980), CA (Galvez et al., 2000), and SUCS (Ross and Davies,
1992). For NADH-GOGAT and PEPC, a 6% (w/v) acrylamide gel was used.

RNA Isolation and Northern-Blot Hybridization

Total RNA was isolated from nodules using TRIzol reagent (Invitrogen,
Carlsbad, CA) as described by the manufacturer. RNA samples (30 ug per
lane) were separated by electrophoresis in 1.5% (v/v) agarose/15% (v/v)
formaldehyde gels and were transferred to positively charged nylon (Am-
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ersham Biosciences, Uppsala) membranes by capillary blotting. The DNA
probes were prepared from plasmid inserts isolated from agarose gels and
labeled with **P by random priming (Sambrook et al., 1989). Hybridization
was performed at 42°C in the presence of 50% (v/v) formamide and was
washed to a final washing stringency of 0.2X SSC (1x SSC is 0.15 m NaCl
and 0.015 M sodium citrate) and 0.1% (w/v) SDS at 65°C. Signal intensities
were quantified using the densitometer function of ImageQuant (Molecular
Dynamics, Sunnyvale, CA). As gene-specific probes for AS and GDH, we
used the complete cDNA inserts from expressed sequence tag clones
MtBB36C1 and MtBA49D5 from M. truncatula (Journet et al., 2002), homol-
ogous to the best characterized alfalfa (Medicago sativa) nodule-expressed
genes. Hybridization to a tomato (Lycopersicon esculentum) 255 rRNA probe
was used as a standard.

Analysis of GS Isoenzymes by IEX-HPLC

Soluble protein plant extracts were filtered through a 0.2-um filter and
then applied to a DEAE 5PW column (75- X 7.5-mm diameter, Hewlett
Packard, Palo Alto, CA) pre-equilibrated in running buffer. Proteins were
eluted at 0.5 mL min~! with running buffer containing no salt (2 min), 0 to
0.1 m KCl1 (4 min), 0.1 to 0.4 m KCI (44 min), and 0.6 m KCl (10 min).
Fractions of 0.5 mL were collected and assayed for GS activity.

Histochemical Localization of GUS Activity

Histochemical staining for GUS activity was performed according to
Jefferson et al. (1987). Whole-plant fragments were fixed by vacuum infil-
tration for 5 min in an ice-cold solution of 0.5% (w/v) p-formaldehyde in 0.1
M phosphate buffer at pH 7.0, followed by incubation on ice for 1 h and two
washes in phosphate buffer. The material was cut into 80-um-thick sections
using a vibratome (VT 1000, Leica, Wetzlar, Germany), and the sections
were immersed in the GUS substrate solution containing 1 mm 5-bromo-4-
chloro-3-indolyl-B-p-glucoronide cyclohexylammonium (Biosynth, Staad,
Switzerland), 5 mm EDTA, 0.5 mMm potassium ferrocyanide, 0.5 mm potas-
sium ferricyanide, and 0.1 M potassium phosphate buffer, pH 7.0. The
immersed tissues were incubated in the dark at 37°C for 1 to 16 h, depend-
ing on the intensity of the coloration. The sections were briefly cleared with
NaOCl to improve the contrast between stained and nonreactive tissues.
Samples were mounted in water between a slide and a coverslip and were
observed by dark field microscopy using an light microscope (BX50, Olym-
pus, Tokyo) and photographs were taken using an Olympus DP10 digital
camera.
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