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In bacteria and yeast, glutamine synthetase (GS) expression is
tightly regulated by the metabolic status of the cell, both at the
transcriptional and posttranscriptional levels. We discuss the rela-
tive contributions of light and metabolic cues on the regulation of
members of the GS gene family (chloroplastic GS2 and cytosolic
GS1) in Arabidopsis. These studies reveal that the dramatic induc-
tion of mRNA for chloroplastic GS2 by light is mediated in part by
phytochrome and in part by light-induced changes in sucrose (Suc)
levels. In contrast, the modest induction of mRNA for cytosolic GS1
by light is primarily mediated by changes in the levels of carbon
metabolites. Suc induction of mRNA for GS2 and GS1 occurs in a
time- and dose-dependent manner. Suc-induced changes in GS
mRNA levels were also observed at the level of GS enzyme activity.
In contrast, amino acids were shown to antagonize the Suc induc-
tion of GS, both at the level of mRNA accumulation and that of
enzyme activity. For GS2, the gene whose expression was the most
dramatically regulated by metabolites, we used a GS2 promoter-b-
glucuronidase fusion to demonstrate that transcriptional control is
involved in this metabolic regulation. Our results suggest that the
metabolic regulation of GS expression in plants is controlled by the
relative abundance of carbon skeletons versus amino acids. This
would allow nitrogen assimilation into glutamine to proceed (or
not) according to the metabolic status and biosynthetic needs of the
plant. This type of GS gene regulation is reminiscent of the nitrogen
regulatory system in bacteria, and suggests an evolutionary link
between metabolic sensing and signaling in bacteria and plants.

The assimilation of inorganic nitrogen into amino acids
is a biochemical process that is critical for plant growth and
has marked effects on plant productivity and crop yield
(Lawlor et al., 1989; Mattsson et al., 1991). The enzyme Gln
synthetase (GS) (EC 6.3.1.2) is key in this nitrogen assimi-
latory process, as it catalyzes the first step in the conversion
of inorganic nitrogen (ammonium) into its organic form
(Gln). Distinct isoenzymes of GS exist in the chloroplast
(GS2) and cytosol (GS1) of many plant species (Mann et al.,
1979; Hirel and Gadal, 1980; McNally et al., 1983; Lam et
al., 1996; Oliveira et al., 1997). These distinct GS isoen-
zymes are encoded by distinct nuclear genes in all higher
plants studied. Expression studies showing that the dis-
tinct GS genes display organ-specific, cell-specific, devel-
opmental, and temporal patterns of gene expression sug-
gest that the chloroplastic GS2 and cytosolic GS1 isoforms

perform distinct functions in vivo (Edwards and Coruzzi,
1989; Sakamoto et al., 1990; Cock et al., 1991; Sakakibara et
al., 1992; Li et al., 1993).

Despite its small genome, Arabidopsis, like all other
higher plants examined, has a family of GS genes: a single
nuclear gene for chloroplastic GS2 and multiple genes
(three identified to date) for cytosolic GS1. These GS genes
have been shown to display organ-specific patterns of
mRNA expression (Peterman and Goodman, 1991; Bern-
hard and Matile, 1994). We have furthered the study of GS
gene regulation in Arabidopsis by testing the effects of
light, carbon, and organic nitrogen supplementation on the
expression of genes for chloroplastic GS2 or cytosolic GS1.
These studies include measurements of changes in GS tran-
scription, levels of steady-state mRNA, and levels of GS
enzyme activity. The experiments were performed in
planta and analyzed within a time frame compatible with a
normal day/night cycle, thus addressing the possible phys-
iological significance of such regulation.

Our findings reveal that levels of mRNA for the chloro-
plastic GS2 or the cytosolic GS1 are each induced by light
or by carbon metabolites in a time frame compatible with a
normal day/night cycle. The dramatic light induction of
mRNA for GS2 is mediated in part by phytochrome and in
part by light-induced changes in levels of Suc. In contrast,
the modest light induction of mRNA for GS1 is primarily
mediated by metabolic cues. We further demonstrate that
organic nitrogen in the form of amino acids has an antag-
onistic effect on Suc induction of mRNA for both GS2 and
GS1. These effects appear to be mediated transcriptionally,
as amino acids are shown to antagonize the Suc induction
of a GS2 promoter-GUS gene construct. Additionally, we
show that regulation of GS expression by carbon and
amino acids is reflected in changes in the levels of GS
enzyme activity. Thus, Suc and amino acids appear to have
reciprocal effects on GS expression observed at the tran-
scriptional, posttranscriptional, and enzyme activity levels.
The similarities between the metabolic control of GS in
Arabidopsis and mechanisms described in microorganisms
are discussed.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The plant tissues used in all experiments were from the
Columbia ecotype of Arabidopsis; for the determination of
RFLPs for the GS genes the Landsberg ecotype was also
used. Arabidopsis recombinant inbred (RI) lines used for
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mapping purposes were from the Arabidopsis Stock Center
at Ohio State University (Lister and Dean, 1993). For
genomic DNA isolation, plants were grown in soil in a
growth chamber (Environmental Growth Chamber, Cha-
grin Falls, OH) at an average irradiance of 60 mmol pho-
tons m22 s21 on a 16 h/8 h light/dark cycle until bolting
(approximately 30 d). For protein and RNA extraction,
plants were grown semihydroponically. The semihydro-
ponic system for plant culture consisted of growing plants
on nylon nets (pore size 250 mm, Tetko, Briarcliff Manor,
NY) suspended on a semisolid Murashige and Skoog (MS)
medium (0.6% [w/v] agar) in Phytatrays (Sigma).

Except when noted otherwise, plants were grown in an
average irradiance of 60 mmol photons m22 s21 on a 16
h/8 h light/dark cycle in a medium consisting of
ammonium-free/nitrate-free MS medium (Sigma, catalog
no. M–9911, or Life Technologies, Long Island, NY, catalog
no. 97–5068) supplemented with a total of 4 mm nitrate and
2 mm ammonium (as KNO3 and NH4NO3), and 0.5% (w/v)
Suc until the first pair of true leaves were fully expanded
(14–18 d). The plants were then transferred to fresh MS
medium containing 4 mm nitrate/2 mm ammonium in the
absence of carbon, and dark-adapted for 48 h. Thereafter,
the plants were transferred to fresh MS medium containing
the indicated supplementations and incubated as described
in the legend for each figure. The semihydroponic system
permits the growth of a large number of plants under
identical experimental conditions. Moreover, due to its low
agar concentration, this system also allows the easy trans-
fer of plants to different culture media simultaneously and
with negligible root damage by just lifting the nylon net
and transferring the plants to fresh medium.

Mapping of the GS Genes Using RI Arabidopsis Lines

Genomic DNA was isolated as previously described
(Ausubel et al., 1987). Restriction enzyme digests of
genomic DNA (1 mg) from either the Landsberg or Colum-
bia ecotype of Arabidopsis were compared to identify a
RFLP (Botstein et al., 1980) for each of the Arabidopsis GS
genes (Peterman and Goodman, 1991). Distinct restriction
patterns were produced between the two ecotypes of Ara-
bidopsis for the following combinations of GS genes/en-
zymes: gln2/BamHI, gln1;1/EcoRI, gln1;2/HhaI, and gln1;
3/EcoNI. To comply with international rules of nomencla-
ture (Price et al., 1996), we adopted the name gln2 for the
gene encoding the chloroplastic GS2 isoenzyme (GSL1,
Peterman and Goodman, 1991) and gln1;1, gln1;2, and
gln1;3 for the genes encoding the cytosolic GS1 isoenzymes
(GSR1, GSR2, and GSKB, respectively, Peterman and
Goodman, 1991).

The resulting RFLPs were used to perform genomic
Southern-blot analysis from 30 different RI lines (Lister and
Dean, 1993). Specificity for all RFLPs was ensured by cross-
hybridization with each of the GS probes. The GS 39-
specific antisense probes were generated by PCR (Myerson,
1991) using the cDNAs for the Arabidopsis GS genes gln2,
gln1;1, gln1;2, and gln1;3 as templates. The probes were
labeled with a digoxigenin DNA-labeling kit, following the
protocol provided by the manufacturer (Boehringer Mann-

heim). PCR amplification was performed using a forward
oligonucleotide internal to each GS cDNA (CCAGTTCT-
CATGGGGCGTGG spanning base positions 1,151–1,149 of
the gln2 cDNA; CGATAAATTGGGACTGAGACAC span-
ning base positions 865–1,351 of the gln1;1 cDNA; GCGTC
GTCTCACGGGACACC spanning base positions 937–1,458
of the gln1;2 cDNA; and GCGATAGGGAAGCTTCAGC
spanning base positions 801–1,267 of the gln1;3 cDNA) and
a second, reverse oligonucleotide (CACAGGAAACAGC-
TATGACC for gln2 and CGTCGTTTTACAACGTCGTG for
gln1;1, gln1;2, and gln1;3), hybridizing to the vector plas-
mid pBlueScript (Stratagene). Base positions for the GS
cDNAs are as described by Peterman and Goodman (1991).
The GS genes were mapped relative to 742 markers by
Mary Anderson (John Innes Centre, Norwich, UK).

Northern-Blot Analysis

Total RNA extraction and northern-blot analyses were
performed as described previously (Ausubel et al., 1987).
Each experimental point represented a pool of 200 to 400
semihydroponically grown Arabidopsis plants. In addition
to the GS gene-specific probes described above, we used a
probe for the b-ATPase cDNA identified in an EST library
from Arabidopsis (EST clone no. 107I9T7; accession no.
T22836) (Newman et al., 1994) as a control. Gel loading was
monitored by probing the blots for the 16S rRNA subunit
(rRNA cDNA probe provided by Ben Scheres, University
of Utrecht, The Netherlands). Incorporation of digoxigenin
label in the probes was estimated according to the protocol
provided by the manufacturer (Boehringer Mannheim).
Prehybridization, hybridization, washing (0.53 SSC, 65°C),
and detection of the probes were performed as indicated by
the manufacturer (Boehringer Mannheim). After detection,
the blots were exposed to x-ray film and the signals were
quantified by densitometry using an imaging software
(NIH Image version 1.41, National Institutes of Health,
Bethesda, MD). Each northern-blot experiment was re-
peated at least three times with similar results. Results
from a representative experiment are shown in each figure.

Analysis of Phytochrome-Mediated Gene Activation

Arabidopsis plants were grown in the dark (etiolated) for
5 d in nitrogen-free MS medium supplemented with a total
of 4 mm nitrate and 2 mm ammonium (as KNO3 and
NH4NO3) and no carbon source. Red light was provided by
exposing the etiolated seedlings to red fluorescent light
bulbs (58,000 mmol photons m22 in total). A subsequent
far-red light pulse (800 mmol photons m22 in total) was
given by exposing Arabidopsis seedlings to incandescent
light bulbs fitted with a plexiglass filter (FRF 700, AIN
Plastics, Mount Vernon, NY).

Measurement of GS and GUS Activity

A sample equivalent to 100 to 200 mL of frozen, ground
tissue was collected from the same pool of plants (200–400
individuals) used for RNA extraction. The samples were
extracted in 200 mL of buffer (50 mm Tris-HCl, pH 8.0, 10
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mm imidazole, and 0.5% [w/v] b-mercaptoethanol) and
kept on ice. GS activity was measured with the transferase
method (Shapiro and Stadtman, 1971). A volume of 50 mL
of plant extract was mixed with 500 mL of GS assay buffer
and incubated for 30 to 60 min at 37°C. The reaction was
stopped and the A540 was read in a spectrophotometer. The
results were compared with a standard curve using l-Glu
g-monohydroxamate as the standard. GUS activity was
determined fluorimetrically as described previously (Jef-
ferson, 1989). The results were normalized to total protein
as determined by the method of Bradford (1976) (Bio-Rad)
using BSA as a standard.

HPLC Analysis

A sample equivalent to 100 to 200 mL of frozen, ground
tissue was collected from the same pool of plants (200–400
individuals) used for RNA extraction and GS enzyme ac-
tivity. HPLC analysis was performed as previously de-
scribed (Brears et al., 1993) with minor modifications.
The samples were ground in a buffer containing 50 mm
Tris-HCl, pH 8.0, 10 mm imidazole, and 0.5% (w/v)
b-mercaptoethanol, followed by extraction with 200 mL of
methanol:chloroform (6:2.5). The aqueous phase was
vacuum-dried, resuspended in 400 mL of water, and fil-
tered at 0.22 mm. HPLC analysis of amino acids was per-
formed using a reverse-phase analytical column (25 cm 3
4.6 mm, i.d., particle size 5 mm; model Supelcosyl LC-18,
Supelco, Bellefonte, PA). The mobile phase consisted of a
gradient of 26 mm phosphate buffer, pH 7.5 (buffer A),
with increasing concentrations of 72% (v/v) methanol in
water (buffer B). The column eluate was read by a lumi-
nescence spectrometer (model LS30, Perkin-Elmer) and re-
corded in an integrator (ChromJet, ThermoSeparations,
Bergenfield, NJ). The amino acid analog norvaline (25 nm/
sample, Sigma) was added to the plant extracts immedi-
ately before the organic extraction of amino acids and used
as an internal standard.

RESULTS

GS Genes from Arabidopsis: Map Positions and
Gene-Specific Probes

The GS isoenzymes in Arabidopsis are encoded by a
gene family including a nuclear gene for a chloroplastic
GS2 isoenzyme (gln2) and at least three genes encoding
cytosolic GS1 isoenzymes (gln1;1, gln1;2, and gln1;3) (Pe-
terman and Goodman, 1991). Gene-specific probes for chlo-
roplastic GS2 (gln2) and the cytosolic GS1 isoenzymes
(gln1;1, gln1;2, and gln1;3) were used to map the GS genes
to distinct locations on the Arabidopsis chromosomes (Fig.
1). These results provided finer map positions for some GS
genes (gln2, gln1;1, and gln1;3) (Nam et al., 1989) and
positioned the unmapped gln1;2 gene on chromosome 1.

Light Affects Levels of GS mRNA in Arabidopsis

GS gene expression is known to be modulated by light in
a number of species (Edwards and Coruzzi, 1989; Saka-

moto et al., 1990; Cock et al., 1991; Peterman and Goodman,
1991; Sakakibara et al., 1992). We designed experiments to
determine the relative contribution of phytochrome versus
carbon metabolites on light induction of GS gene expres-
sion in Arabidopsis. We also compared the kinetics of light
induction of mRNAs for both chloroplastic GS2 and cyto-
solic GS1 to determine whether this induction might occur
in a short, physiological time frame of up to 16 h (Fig. 2A).
GS gene-specific probes developed for the mapping ex-
periments described above were used in all northern-blot
experiments.

Dark-adapted Arabidopsis plants were grown and ex-
posed to the light regimens described in “Materials and
Methods.” Light exposure of dark-adapted plants induced
a progressive accumulation of mRNA for chloroplastic GS2
beginning at 4 h (4-fold induction) and peaking at 12 h
(8-fold induction, Fig. 2A, lanes 2–4). The maximal induc-
tion of GS2 mRNA ranged from 8- to 19-fold in replicate
experiments (Figs. 3, 4, and 5A, compare lanes 1 and 2). In
contrast, the levels of mRNA for a representative cytosolic
GS1 gene (gln1;1) showed a lower but reproducible induc-
tion by light (2- to 3-fold), peaking after only 4 h of light
exposure (Fig. 2A, lanes 2–4). The relatively rapid kinetics
of light induction of mRNAs for either chloroplastic GS2 or
cytosolic GS1 demonstrates that these changes occur in the
time course of a normal day. Measurement of GS enzyme
activity in leaves of these plants revealed that light has
similar effects on the levels of GS enzyme activity (data not
shown).

Figure 1. Mapping of GS genes to Arabidopsis chromosomes.
Genomic DNA of Arabidopsis was digested with the indicated re-
striction enzymes and analyzed by Southern blot. A, RFLP produced
after restriction digestion of genomic DNA from Arabidopsis
ecotypes Columbia (C) and Landsberg (L) with the enzymes BamHI
(gln2), EcoRI, (gln1;1), HhaI (gln1;2), and EcoNI (gln1;3), respec-
tively. RFLPs were used to map each gene using DNA from RI lines
(Lister and Dean, 1993). Blotting, prehybridization, hybridization,
and washing conditions were as described in “Materials and Meth-
ods.” The positions of the size marker bands are indicated on the left.
The star indicates the migration position of undigested DNA. B,
Enlargement of regions of chromosomes (Chrom.) 1, 3, and 5 show-
ing the results of mapping of the GS genes. Markers for the RI
mapping are indicated to the left of each chromosome figure. The
numbers in parentheses are the positions of the markers (in cM)
according to the RI line map of Lister and Dean (1993) as of May,
1998.
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Studies of GS gene expression in other species have
revealed that the light induction of mRNA for chloroplastic
GS2 is mediated at least in part by phytochrome (Edwards
and Coruzzi, 1989; Sakamoto et al., 1990). We sought to
determine the participation of phytochrome in the light
induction of mRNAs for chloroplastic GS2 or cytosolic GS1
in Arabidopsis (Fig. 2B). Levels of mRNA for chloroplastic
GS2 (gln2) were induced by red light (Fig. 2B, lane 3), and
this induction was reversed by a subsequent pulse of far-
red light (Fig. 2B, lane 4) in a typical phytochrome-
dependent response. In contrast, no phytochrome-
mediated effect on the expression of mRNA for cytosolic
GS1 was seen (gln1;1, Fig. 2B). Levels of mRNA for the
control gene b-ATPase were not significantly affected by
light exposure (1.1- to 1.4-fold, as shown by densitometry).
We conclude that light induction of mRNA for chloroplas-
tic GS2 is at least partially the result of a direct effect of
light via phytochrome. In contrast, the low-level induction
of mRNA for cytosolic GS1 by light involves a mechanism
other than phytochrome activation (see below).

Levels of GS mRNA and GS Enzyme Activity Are Induced
by Suc Treatment in the Absence of Light

Light can trigger the direct modulation of gene expres-
sion through phytochrome activation (see Fig. 2A). Light
has also been shown to affect the expression of genes
indirectly via the activation of photosynthesis and in-
creases in levels of carbon metabolites (Sheen 1990; Vin-
centz et al., 1993; Lam et al., 1994; Chevalier et al., 1996;
Jang and Sheen, 1997). We therefore investigated whether
Suc could induce levels of mRNA for chloroplastic GS2 or
cytosolic GS1 mRNA in the absence of light. The effects of
exogenously supplied Suc were monitored in both a time-
dependent (Fig. 3A) and dose-dependent (Fig. 3B) man-
ner. To determine the kinetics of Suc induction of GS
mRNA, plants were grown semihydroponically in a nor-
mal day/night cycle prior to treatment (see “Materials
and Methods”).

Figure 3. Suc induction of GS mRNA accumulation. Arabidopsis
plants were grown semihydroponically and dark-adapted as de-
scribed in “Materials and Methods.” A, Dark-adapted Arabidopsis
plants were transferred in the dark to a low-nitrogen MS medium (2
mM ammonium and 4 mM nitrate) supplemented with 3% (w/v) Suc,
and samples were collected after 0, 6, 12, 24, or 48 h of incubation
in the dark (lanes 2–6). Control plants (no carbon supplementation)
were incubated in constant light for 12 h (lane 1). B, Dark-adapted
Arabidopsis plants grown as above and transferred in the dark to a
low-nitrogen MS medium (2 mM ammonium and 4 mM nitrate) with
no carbon source supplementation (lane 2) or supplemented with
1%, 3%, or 5% Suc and incubated in the dark for 12 h (lanes 3–5).
Control plants (no carbon supplementation) were incubated in con-
stant light for 12 h (lane 1). RNA extraction and northern-blot anal-
ysis were performed as described in “Materials and Methods.” Probes
were as in the legend for Figure 2 except that probes for the cytosolic
forms gln1;2 and gln1;3 were also used.

Figure 2. Light induction of GS mRNA accumulation. A, Kinetics of
light induction. Arabidopsis plants were grown semihydroponically
as described in “Materials and Methods.” The dark-adapted Arabi-
dopsis plants were transferred to light and samples were collected at
4, 8, and 12 h (lanes 2–4). Control plants were collected immediately
before transfer to light (lane 1). B, Involvement of phytochrome.
Arabidopsis plants were grown in the dark (etiolated) for 5 d in
nitrogen-free MS medium with no carbon source supplementation.
Thereafter, plants were left in the dark (lane 2), exposed to red light
(lane 3), or exposed to red light followed by a pulse of far-red light
(lane 4), and re-incubated in the dark for 5 h. Control plants were
transferred to light for 5 h at the beginning of the treatments (lane 1).
RNA extraction and northern-blot analysis were performed as de-
scribed in “Materials and Methods.” Northern blots were probed with
gene-specific cDNA probes for the Arabidopsis chloroplastic (GS2)
isoenzyme gln2 and the cytosolic GS1 isoenzyme gln1;1 as de-
scribed in “Materials and Methods.” The b-ATPase gene was used as
a control gene, and the 16S subunit of the rRNA was used to monitor
gel loading.
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Dark-adapted plants were transferred in the dark to MS
medium supplemented with 3% (90 mm) Suc, and samples
were collected at 0, 6, 12, 24, and 48 h (Fig. 3A, lanes 2–6).
Control plants were grown in the light without Suc for 48 h
(Fig. 3A, lane 1). The Suc induction of mRNA for chloro-
plastic GS2 began as early as 6 h (8-fold increase), increased
steadily with a peak at 12 to 24 h (16- to 17-fold), and
decreased by 48 h (8-fold, Fig. 3A, lanes 2–6). Suc induction
of GS2 mRNA accumulation paralleled light induction in
magnitude and kinetics (14- to 19-fold induction at 12- to
24-h time points) in the same set of experiments. Suc treat-
ment could also induce levels of GS enzyme activity in
these dark-adapted plants (Fig. 5). The parallel kinetics of
induction of GS2 mRNA by light or Suc in the absence
of light suggests that Suc can at least partially mimic the
effects of light. Moreover, these results indicate that
maximal expression of the GS2 gene may require both
an environmental component (light via phytochrome)
and a metabolic component (light induction of carbon
metabolites).

Levels of mRNA for the cytosolic GS1 isoenzymes
showed a moderate induction (2- to 3-fold) when treated
with Suc, peaking after only 6 h of treatment (Fig. 3A,
compare lanes 2 and 3). This induction and the kinetics of
induction of cytosolic GS1 by Suc also mimicked the effects
of light. Dose-response studies showed that treatment with
3% Suc (90 mm) resulted in the maximum induction of
mRNAs for GS2 or GS1 during the 12-h period tested.
Significant (albeit lower) levels of induction were also seen
with 1% Suc (Fig. 3B); 5% Suc was not effective in inducing
GS mRNA within the 12-h time point. This may reflect a
difference in the kinetics of Suc induction of GS mRNA
caused by an increased concentration of Suc. The levels of
mRNA for the control gene b-ATPase were either not af-
fected or were only marginally affected (1.1- to 1.4-fold, as
shown by densitometry) by the Suc treatments (compare
Fig. 3A and Figs. 4 and 5 below). Together, these in planta

experiments provide evidence supporting a physiologi-
cally significant role for carbon in the metabolic regulation
of GS gene expression and levels of GS enzyme activity in
Arabidopsis.

Levels of GS mRNA Are Differentially Regulated by
Distinct Carbon Metabolites

The best-studied example of a putative carbon-mediated
sensing mechanism in plants involves the enzyme hexoki-
nase (Jang and Sheen, 1997), which has been proposed as a
sensor for Suc and Suc-derived monosaccharides in plants
and yeast (Jang et al., 1997). However, hexokinase-
mediated carbon sensing alone cannot account for all of the
carbon-sensing mechanisms in plants. Additional mecha-
nisms have therefore been invoked to explain the differen-
tial sensing of hexoses and the less-complex downstream
metabolites of the glycolytic pathway (Jang and Sheen,
1997). The effect of Suc on GS gene expression prompted us
to test the effects of different carbon sources on the expres-
sion of GS genes. We tested the hexoses Fru and Glc, as
well as a representative non-hexose, the tricarboxylic acid
(TCA) cycle intermediate 2-oxoglutarate. Mannitol, a non-
metabolizable carbon source, was used as a control. To
determine the effects of different carbon sources on the
induction of GS mRNA accumulation, dark-adapted Ara-
bidopsis plants (see “Materials and Methods”) were trans-
ferred in the dark to MS medium supplemented with dif-
ferent carbon sources (Fig. 4, lanes 3–7) or to fresh MS
medium lacking any carbon source, and incubated either in
the light (Fig. 4, lane 1) or in the dark (Fig. 4, lanes 2–7) for
12 h. The concentration used for all carbon sources tested
(90 mm) was identical to the optimal concentration of Suc
for GS gene expression in Arabidopsis (equivalent to 3%
Suc; data not shown; Fig. 3). These semihydroponic culture
conditions permitted us to grow plants to full maturation
before transferring them to specific metabolic treatments
for short periods of time. Short exposure to the various
metabolites tested diminishes potential toxic and/or non-
specific effects caused by long-term exposure to exog-
enously provided metabolites.

Our results demonstrate that Suc, Fru, and Glc could all
induce accumulation of mRNA for chloroplastic GS2 or
cytosolic GS1 to a similar extent (Fig. 4, lanes 2–5). In
contrast, treatment of Arabidopsis plants with the TCA
cycle intermediate 2-oxoglutarate led to a specific induc-
tion (2- to 5-fold) of mRNA for genes encoding cytosolic
GS1 (gln1;1, gln1;2, and gln1;3; Fig. 4, compare lanes 2 and
6). The inductive effect of 2-oxoglutarate was specific for
cytosolic GS1 mRNA and did not affect the levels of mRNA
for chloroplastic GS2 (1.4-fold, Fig. 4, lane 6) or the control
gene b-ATPase (1.1- to 1.3-fold induction). Mannitol had no
significant effect on GS mRNA accumulation (Fig. 4, lane
7), except for a reduction in gln1;3. These results support
the notion that levels of carbon metabolites may play an
important role in the regulation of mRNA for specific GS
isoenzymes in Arabidopsis. These changes in levels of GS
mRNA by carbon metabolites are reflected by correspond-
ing changes in GS enzyme activity (see below).

Figure 4. Effects of different carbon metabolites on GS mRNA accu-
mulation. Arabidopsis plants were grown semihydroponically and
dark-adapted as described in “Materials and Methods.” The dark-
adapted Arabidopsis plants were transferred in the dark to a low-
nitrogen MS medium with either no carbon source (lane 2) or sup-
plemented with 90 mM of the following carbon sources: Suc (lane 3),
Fru (lane 4), Glc (lane 5), 2-oxoglutarate (2-OG, lane 6), or mannitol
(MAN, lane 7). After transfer to these treatments the plants were
further incubated for 12 h in the dark (lanes 2–7). Control plants were
transferred in the dark to fresh low-nitrogen MS medium with no
carbon supplementation and incubated in constant light for 12 h
(lane 1). RNA extraction and northern-blot analysis were performed
as described in “Materials and Methods.” Probes were as in the
legend for Figure 3.
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GS Expression Is Reciprocally Regulated by Organic
Nitrogen and Carbon in Arabidopsis

The effects of light and the metabolic status of the cell are
two critical factors controlling the conversion of inorganic
nitrogen into amino acids in plants (Ratajczak et al., 1981;
Vincentz et al., 1993; Lam et al., 1994). We therefore inves-
tigated whether exogenously supplied amino acids have
any effect on the levels of GS mRNA (Fig. 5A) or on GS
enzyme activity (Fig. 5B). Plants were grown semihydro-
ponically and dark-adapted for 48 h, as described in “Ma-
terials and Methods.” Thereafter, plants were maintained
in the dark and transferred to MS medium supplemented
with 3% (90 mm) Suc or 3% Suc plus Asp, Asn, Glu, or Gln
(10 mm each), and incubated for 12 h in the dark. Control
plants were transferred to fresh MS medium with no car-
bon or amino acid supplementation, and incubated for 12 h
in the dark. Samples were collected from the same set of
plants for both northern-blot analysis (Fig. 5A) and GS
enzyme activity assays (Fig. 5B).

Northern-blot analysis showed that the low levels of
mRNA for all GS genes could be induced by Suc treatment
in the absence of light (Fig. 5A, compare lanes 1 and 2).
This induction was reflected by the increase in levels of GS

enzyme activity in Suc-treated plants (Fig. 5B, column 2).
Under these experimental conditions, the amino acids Asp,
Asn, Glu, and Gln all had antagonistic effects on the Suc-
induction of levels of GS mRNA, albeit reproducibly affect-
ing the expression of the GS genes to different extents (2.4-
to 16-fold inhibition, Fig. 5A, lanes 2–6). Levels of GS
enzyme activity were also reduced in samples treated with
Suc plus amino acids compared with those given Suc alone
(Fig. 5B, columns 2–6). We conclude that amino acids have
a negative effect on the Suc induction of GS, and that this
can be observed both at the level of mRNA accumulation
and that of GS enzyme activity. This inhibitory effect of
amino acids may be physiologically significant, as it occurs
within a 12-h treatment period. Moreover, the negative
effect of amino acids on the levels of GS mRNA was not
due to a general toxic and/or inhibitory effect, as the
expression of a gene coding for the b-subunit of mitochon-
drial ATPase was not significantly affected by the same
treatment (0.9- to 1.3-fold inhibition, Fig. 5A).

We conducted HPLC analysis to verify that the amino
acids supplied in the medium were taken up in the semi-
hydroponic growth system (Table I) using an aliquot from
the same Arabidopsis plants used to perform northern-blot
analysis and GS enzyme activity (Fig. 4). Table I shows that
treatment of plants with 10 mm of each amino acid for 12 h
led to a nontoxic (mm range) but physiologically effective
(Fig. 5) internal accumulation of each amino acid used.
Furthermore, exogenous feeding with a single amino acid
had an overall effect on the accumulation of the other
amino acids to a significant extent (Table I). The correlation
between the levels of amino acid accumulation in planta
and the observed down-regulation of GS mRNA accumu-
lation support the notion that organic nitrogen antagonizes
the Suc induction of GS mRNA and enzyme levels.

To investigate whether the inhibitory effects of amino
acids on Suc induction of GS mRNA could be explained by
changes in GS gene transcription, we tested the effects of
amino acid and Suc treatments on the activation of a re-
porter gene (GUS) whose expression is driven by a GS2
promoter (Fig. 6). The GS2 gene was chosen for this study,
as it exhibits the most dramatic regulation by Suc and
amino acids. Arabidopsis was transformed with a construct
containing a promoter for pea chloroplastic GS2 (2399/
111) placed upstream of a GUS reporter gene (line GS2/
592399; Tjaden et al., 1995).

Because GS2 expression is induced by light and the GUS
protein is very stable, metabolic treatment experiments
were performed on dark-grown plants (etiolated) to avoid
interference due to the light-induced expression of GS. As
it was not technically feasible to transfer dark-grown plants
to amino acid treatments, the plants were germinated and
grown on levels of amino acids shown to have no negative
effects on long-term growth, as specified below. Etiolated
plants were germinated on MS medium with: (a) no carbon
source (Fig. 6, column 1); (b) 3% (90 mm) Suc (Fig. 6,
column 2); or (c) 3% Suc supplemented with Asp or Asn
(0.5 mm each) or Glu or Gln (3.0 mm each) (Fig. 6, columns
3–6). These concentrations of amino acids have been pre-
viously shown to cause no negative effects on the long-
term growth of Arabidopsis plants in culture (Lam et al.,

Figure 5. Amino acids and carbon reciprocally regulate GS mRNA
accumulation and enzyme levels. Arabidopsis plants were grown
semihydroponically and dark-adapted as described in “Materials and
Methods.” The dark-adapted Arabidopsis plants were transferred in
the dark to fresh low-nitrogen MS medium with no carbon supple-
mentation (Con, lane 1), to fresh low-nitrogen MS medium with 3%
Suc (lane 2), or to fresh low-nitrogen MS medium with 3% Suc in
addition of either 10 mM Asp (lane 3), 10 mM Asn (lane 4), 10 mM Glu
(lane 5), or 10 mM Gln (lane 6). After transfer, the plants were further
incubated for 12 h in the dark. Probes were as in the legend for Figure
3. B, Same as A except that an aliquot of each sample was collected
for determination of total GS activity. A representative experiment of
two repetitions is shown (results are GS activity per milligram of total
protein 6 SE of three independent determinations). Protein extraction
and measurement of GS activity were performed as described in
“Materials and Methods.”
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1994; Schultz et al., 1998). Control plants were germinated
and grown in the dark on MS medium with no carbon or
amino acid supplementation (Fig. 6, column 1).

Measurement of GUS activity in the GS2-GUS plants
showed that the low basal levels of GUS in dark-grown
plants could be induced by Suc treatment in the absence of
light (Fig. 6, compare columns 1 and 2). The addition of the
amino acids Asp, Asn, Glu, and Gln all had antagonistic
effects on the Suc-induced activation of the GS2-GUS con-
struct to different extents (Fig. 6, columns 2–6). These GS2-
GUS studies suggest that reduction in GS mRNA by amino
acids observed at the northern-blot level can be at least
partially explained by metabolic control of GS gene tran-
scription. Together, these results suggest that organic ni-
trogen can lead to a down-regulation of Suc induction of
GS gene transcription, levels of GS mRNA, and GS enzyme
activity in Arabidopsis.

DISCUSSION

We report the reciprocal or antagonistic effects of carbon
and amino acids on the modulation of GS expression in
Arabidopsis. The effects of these metabolites were moni-
tored at the level of GS gene transcription, GS mRNA

accumulation, and GS enzyme activity. Our results point to
an important physiological role for carbon and organic
nitrogen in the modulation of GS levels in higher plants.
Light regulation of chloroplastic GS2 mRNA is mediated in
part by phytochrome and in part by light-induced in-
creases in the levels of Suc. In contrast, light induction of
cytosolic GS1 mRNA can be accounted for by metabolic
induction by Suc alone. Interestingly, the non-hexose car-
bon source 2-oxoglutarate also induced accumulation of
mRNA for cytosolic GS1, but had negligible effects on the
levels of mRNA for chloroplastic GS2 (Fig. 4). Thus, the
expression of distinct GS isoenzymes in Arabidopsis ap-
pears to be modulated by hexose-dependent and possibly
hexose-independent pathways.

As the cytosolic GS1 isoenzymes are predominantly ex-
pressed in roots, it is possible that carbon compounds such
as the components of the TCA cycle work as effectors of
gene expression in such non-photosynthetic organs. It is
also possible that the differential effects on gene expression
were due to the differential accumulation of 2-oxoglutarate
levels in leaves versus roots. This potential regulatory role
of 2-oxoglutarate on GS1 gene expression may be espe-
cially significant in plant roots, because TCA cycle inter-
mediates are thought to play a pivotal metabolic role in
regulating nitrogen assimilation in this organ (Oaks, 1992).

As carbon levels were shown to positively affect GS gene
expression and result in increased GS enzyme activity, we
next tested whether these inductive effects could be re-
versed by treatment of Arabidopsis with organic nitrogen
in the form of amino acids. Indeed, under the experimental
conditions tested, the amino acids Asp, Asn, Glu, and Gln
all had a pronounced inhibitory effect on the Suc-induced
accumulation of GS mRNA, albeit to different extents. This
inhibitory effect of amino acids on Suc-induced GS gene
expression occurred in a physiological time frame (12 h)
and was not due to a general negative effect, as levels of
mRNA for the control gene b-ATPase were unaffected. The
ability of amino acids to inhibit Suc-induced GS mRNA
accumulation operates at least partially at the transcrip-
tional level, as judged by experiments using Arabidopsis
plants transformed with a GS2 promoter-GUS construct.
The ability of amino acids to antagonize Suc induction of
GS was also observed at the level of GS enzyme activity. In
previous studies of GS in lupine, GS enzyme activity was
reported to be inhibited by a 3-d treatment with 35 mm Gln
and Asn (Ratajczak et al., 1981). However, the very extreme
conditions used (both the length of treatment and the dose

Figure 6. Amino acids and carbon reciprocally regulate GS at the
transcriptional level. Arabidopsis plants were grown etiolated in
low-nitrogen MS medium with no carbon supplementation (Con,
column 1), with 3% Suc (column 2), or with 3% Suc plus 0.5 mM Asp
(column 3), 0.5 mM Asn (column 4), 3.0 mM Glu (column 5), or 3.0
mM Gln (column 6). After 6 d, samples containing 100 to 200
etiolated seedlings were collected for determination of total GUS
activity. Results are GUS activity expressed in nanomoles of
4-methylumbeliferone (4-MU) produced per minute per milligram of
total protein 6 SE of three independent determinations. Protein ex-
traction and measurement of GUS activity were performed as de-
scribed in “Materials and Methods.” A representative experiment of
two repetitions is shown.

Table I. Determination of free amino acid levels in Arabidopsis after incubation of plants with dif-
ferent carbon and nitrogen combinations

Results are means 6 SE (n 5 3).

Treatment Asp Asn Glu Gln

pmol mg21 total protein
Suc 13.5 6 0.6 288.6 6 105.3 43.9 6 1.3 114.4 6 4.0
Suc 1 Asp 1,410.7 6 84.5 1,575.2 6 59.2 130.9 6 54.3 660.0 6 26.2
Suc 1 Asn 92.7 6 26.7 7,105.2 6 33.8 272.2 6 14.4 731.0 6 25.3
Suc 1 Glu 354.6 6 5.8 6,809.3 6 125.2 6,211.3 6 63.9 2,017.0 6 19.6
Suc 1 Gln 85.6 6 10.0 1,659.4 6 729.2 214.1 6 27.6 2,625.4 6 221.0
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of metabolite) clouds the actual physiological significance
of their observations made in that study.

The mechanisms by which plant genes respond to met-
abolic signals is presently unknown. Genes involved in
nitrogen assimilation have been demonstrated to be in-
duced by Suc (and its derivative hexoses) in an effect that
is at least partially mimicked by light. For instance, exog-
enous Suc supplementation of dark-adapted plants has
been demonstrated to induce the expression of genes for
nitrate reductase in Arabidopsis and tobacco (Cheng et al.,
1992; Vincentz et al., 1993; Jang et al., 1997) and for nitrite
reductase in tobacco (Vincentz et al., 1993). Similarly, light
repression of gene expression may also be mimicked by
sugars, as is the case with Asn synthetase in Arabidopsis
and maize (Lam et al., 1994; Chevalier et al., 1996) and Glu
dehydrogenase in Arabidopsis (Melo-Oliveira et al., 1995).
There is also strong evidence for hexokinase-dependent
sugar-sensing pathways regulating photosynthesis-related
genes in plants (Sheen, 1990; Jang and Sheen, 1997; Jang et
al., 1997).

While progress has been made in understanding sugar
sensing and signaling in plants, very little is known about
amino acid sensing and signaling in plants. Early work in
this area showed that the amino acids Glu, Gln, or Asn
could inhibit accumulation of nitrate reductase and nitrite
reductase mRNA and activity in tobacco (Vincentz et al.,
1993). This was later shown for Asn- or Gln-treated maize
seedlings (Sivasankar et al., 1997). Previous work from our
laboratory revealed that the amino acids Glu, Gln, and Asn
could at least partially relieve Suc repression of a gene
encoding Asn synthetase in Arabidopsis (Lam et al., 1994).
These findings were later demonstrated to occur in maize
as well (Chevalier et al., 1996).

A recent report described the inductive effect of Glu on
GS gene expression in radish (Watanabe et al., 1997). In that
study, the authors used radish protoplasts cultured in a
high concentration of Glu (50 mm) for extended periods of
time (5 d). These extreme conditions may have led to the
induction of senescence-related genes. They also did not
report whether these results were reproduced in a whole
plant. We believe that the discrepancy between their ob-
servations on GS regulation by amino acids in radish pro-
toplasts and ours on GS in whole Arabidopsis plants is due
to the significant differences between the systems used.
Our data showing that amino acids repress the Suc-
induced GS gene expression was performed in whole
plants exposed to brief treatments with metabolites, and
our results are reminiscent of previous studies on nitrate
reductase and nitrite reductase genes in maize and tobacco
(Vincentz et al., 1993; Chevalier et al., 1996; Sivasankar et
al., 1997).

We report that different amino acids antagonize the Suc
induction of GS gene expression at the levels of transcrip-
tion of the GS2 gene, accumulation of individual GS
mRNAs, and GS enzyme activity. One possible explanation
for the differences in the efficacy of the amino acids used is
that each amino acid elicits its effects through different but
partially overlapping pathways. Another possible explana-
tion is that differences are due to rate of uptake or metab-
olism to a common “sensed” intermediate (e.g. Glu). Fur-

ther investigations should help clarify the specific nature
by which amino acids or their derivatives are the effectors
of gene regulation in plants.

It is noteworthy that amino acid treatment reversed both
the Suc induction of GS mRNA accumulation and levels of
GS activity. However, the changes in levels of GS enzyme
activity did not quantitatively parallel the reduction in the
levels of GS mRNA accumulation (Fig. 5). The effects of
amino acid treatment on the regulation of a GS2 promoter-
GUS construct suggest that modulation of transcription
alone is not sufficient to account for the observed decrease
in the steady-state levels of Suc-induced GS mRNA accu-
mulation by amino acids (Fig. 6). A possible explanation
for these observations is that amino acid inhibition of Suc-
induced GS activity could be due to a mechanism operating
at the transcriptional, posttranscriptional, and posttransla-
tional levels.

The above observations on GS regulation by carbon and
nitrogen metabolites in Arabidopsis are reminiscent of a
similar nitrogen regulatory (Ntr) mechanism in Escherichia
coli. In E. coli, the assimilation of inorganic nitrogen into
Gln by GS is negatively regulated by the Ntr system at both
the transcriptional and posttranslational levels, when the
internal levels of Gln are high in relation to 2-oxoglutarate
(Magasanik and Neidhardt, 1987; Neidhardt, 1987). Re-
cently, a homolog of a component of the bacterial Ntr
system, PII, has been isolated from Arabidopsis and has
been implicated as a component of a C:N sensing mecha-
nism in planta (Hsieh et al., 1998). Thus, some apparent
links between metabolic regulatory mechanisms in plants
and microorganisms have begun to emerge (Schubert,
1986; Alderson et al., 1991; Le Guen et al., 1992; Hsieh et al.,
1998). Future studies should help clarify whether common
pathways leading to the regulation of gene expression by
nitrogen exist in bacteria and plants. In addition, the
identification of components of metabolic signaling path-
ways in plants may be aided by genetic selections for
mutants in Arabidopsis. Understanding the mechanisms
involved in metabolite-mediated signaling and gene ex-
pression in plants should have an impact on understanding
the controls of plant nitrogen assimilation, growth, and
development.
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