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Nia30(145) transformants with very low nitrate reductase activity provide an in vivo screen to identify processes that are
regulated by nitrate. Nia30(145) resembles nitrate-limited wild-type plants with respect to growth rate and protein and
amino acid content but accumulates large amounts of nitrate when it is grown on high nitrate. The transcripts for ni-
trate reductase (NR), nitrite reductase, cytosolic glutamine synthetase, and glutamate synthase increased; NR and
nitrite reductase activity increased in leaves and roots; and glutamine synthetase activity increased in roots. The tran-
scripts for phosphoenoipyruvate carboxylase, cytosolic pyruvate kinase, citrate synthase, and NADP-isocitrate
dehydrogenase increased; phosphoenolpyruvate carboxylase activity increased; and malate, citrate, isocitrate, and
a-oxoglutarate accumulated in leaves and roots. There was a decrease of the ADP-glucose pyrophosphorylase tran-
script and activity, and starch decreased in the leaves and roots. After adding 12 mM nitrate to nitrate-limited Nia30(145),
the transcripts for NR and phosphoenolpyruvate carboxylase increased, and the transcripts for ADP-glucose pyro-
phosphorylase decreased within 2 and 4 hr, respectively. Starch was remobilized at almost the same rate as in wild-
type plants, even though growth was not stimulated in Nia30(145). It is proposed that nitrate acts as a signal to initiate
coordinated changes in carbon and nitrogen metabolism.

INTRODUCTION

Nitrate is the major source of nitrogen in most plants
(Marschner, 1995). The addition of nitrate leads to increased
rates of nitrate uptake (Jackson et al., 1973; Siddiqgi et al.,
1990; Lainé et al., 1995) and increased activities of nitrate
reductase (NR) (Shaner and Boyer, 1976; Galangau et al.,
1988; Gowri et al., 1992; Lin et al., 1994), nitrite reductase
(NiR) (Wray, 1993), glutamine synthetase (GS), and glutamate
synthase (GOGAT) (Hecht et al., 1988; Sakakibara et al.,
1991; Hayakawa et al., 1992). There are major alterations in
carbon metabolism, including a decrease of starch (Hofstra
et al., 1985; Waring et al., 1985; Fichtner and Schulze, 1992;
Stitt and Schulze, 1994) and the synthesis of organic acids
(Foyer and Ferrario, 1994), to provide carbon skeletons for
amino acid synthesis and to act as counteranions and pre-
vent alkalinization (Figure 1). Whole-plant allocation and de-
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velopment are also modified by nitrate. Application of nitrate
to a restricted part of the root leads to local stimulation of
lateral root growth (Drew and Saker, 1975; Granato and Raper,
1989). A general application of high nitrate leads to a preferen-
tial stimulation of shoot growth and inhibition of root growth
(Lambers et al., 1990; Scheible et al., 1997a) and delays
flowering and senescence (Bernier et al., 1993). These far-
reaching changes imply that nitrogen metabolism generates
sighals that regulate metabolism, allocation, and develop-
ment (Redinbaugh and Campbell, 1991; Crawford, 1994,
1995; Hoff et al., 1994). To define these internal signaling
networks, it will be necessary to identify which processes
are regulated by nitrate itself and which are influenced indi-
rectly as a resuit of the metabolism of nitrate to ammonium
and amino acids or, even more indirectly, as a result of in-
creased growth.

In fungi (Crawford and Arst, 1993; Marzluf, 1993) and
Chlamydomonas (Fernandez and Cardenas, 1989), nitrate
induces the expression of the genes that are involved in its
own uptake and reduction, including the nitrate transporter
NR (nia) and NiR (nii). These genes are repressed by down-
stream metabolites formed during nitrate assimilation, such
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Figure 1. Pathways of Primary Nitrogen and Carbon Metabolism in an Autotrophic Plant Cell.

The scheme shows the main enzymes, including NR, NiR, GS, GOGAT, NADP-dependent isocitrate dehydrogenase (NADP-ICDH), citrate syn-
thase (CS), pyruvate.kinase (PK), PEPcase, SPS, and AGPase, and key metabolites including glutamine (GIn), glutamate (Glu), a-oxoglutarate
(«OG), isocitrate (IC), pyruvate (pyr), PEP, glycerate-3-phosphate (3PGA), glucose 1-phosphate (Glu1P), and ribulose-1,5-bisphosphate (RuBP).
Enzymatic reactions are shown as thin black lines, and transport processes are shown as bold black lines.

as glutamine. A similar picture is emerging in higher plants.
The addition of nitrate leads to a rapid increase in the tran-
scripts for the high-affinity nitrate transporter (Trueman et al.,
1996; Quesada et al., 1997), nia (Pouteau et al., 1989; Cheng
etal., 1991; Gowri et al., 1992; Lin et al., 1994), and nii (Rastogi,
1993; Wray, 1993). This response involves primary sensing,
because the transcripts increase when nitrate is added to
NR-deficient genotypes (Pouteau et al., 1989; Vaucheret et
al., 1990; Kronenberger et al., 1993; Quesada et al., 1997),
and the increase is insensitive to protein synthesis inhibitors
for nia (Gowri et al., 1992). The addition of ammonium or
glutamine leads to a decrease in transcripts for the high-
affinity nitrate transporter (Quesada et al., 1997), nia (Hoff et
al., 1994), and nii (Kronenberger et al., 1993). This explains
why the nitrate-induced increase of these transcripts is rap-
idly reversed in wild-type plants but not in nia mutants
(Vaucheret et al., 1990; Quesada et al., 1997).

it is not known whether nitrate regulates other events in
carbon and nitrogen metabolism in plants. The addition of
nitrate leads to a rapid, cycloheximide-insensitive increase
in gin2 (encoding plastid glutamine synthetase [GS2]) and
glu transcripts (ferredoxin-dependent glutamate synthase
[Fd-GOGAT]) in maize roots but not in leaves (Redinbaugh
and Campbell, 1993). It leads to an increase in the ppc tran-
script (encoding phosphoenolpyruvate carboxylase [PEP-
case]) in maize leaves (Sugiharto and Sugiyama, 1992) and
the icdh1 transcript (encoding cytosolic NADP-isocitrate de-
hydrogenase [NADP-ICDH])) in potato leaves (Fieuw et al.,

1995). However, these changes could be due to metabolites
formed during nitrate assimilation. The addition of ammo-
nium or glutamine led to an even larger increase of the ppc
transcript in maize leaves (Sugiharto et al., 1992), indicating
that ppc is not induced by nitrate itself.

Carbon and nitrogen metabolism are also regulated by pro-
tein phosphorylation (Champigny and Foyer, 1992; Kaiser and
Huber, 1994; Huber and Huber, 1996). The addition of nitrate
leads to activation of PEPcase (Van Quy and Champigny, 1992;
Duff and Chollet, 1995) and inactivation of sucrose phosphate
synthase (SPS) (Champigny et al., 1992; Huber and Huber,
1996). However, these changes may be due to metabolites
formed during nitrate assimilation (Foyer et al., 1996). SPS is in-
activated when ammonium is supplied to detached leaves
(Champigny et al., 1992), and glutamine promotes the light ac-
tivation of PEPcase kinase and subsequent phosphorylation
and activation of PEPcase in tobacco leaves (Li et al., 1996).

In the experiments described in this study, tobacco trans-
formants with very low NR activity were used to investigate
whether carbon-nitrogen interactions are regulated by sig-
nals deriving from nitrate per se. In these plants, the nitrate
supply can be varied independent of the rate of nitrate as-
similation, the levels of downstream metabolites, such as
glutamine and ammonium, and growth. We investigated
whether nitrate leads to widespread changes in the expres-
sion of key genes in the pathways of nitrogen and carbon
metabolism and whether these result in significant changes
in the activities of the encoded enzymes.



RESULTS

Plant Growth and Nitrogen Content

Wild-type tobacco has two loci for NR at nia? and nia2. The
double mutant Nia30 (nia?-/nial~ nia2-/nia2~; Miiller and
Mendel, 1989) was transformed by Vaucheret et al. (1990)
with a 12-kb construct containing a 5-kb upstream promoter
sequence, the structural gene, and a 2-kb downstream sec-
tion from nia2 to produce the transformant Nia30(145). The
reintroduced nia gene is only weakly expressed (Vaucheret
et al., 1990; Vaucheret and Caboche, 1995; Scheible et al.,
1997a). Typical NR activities for the wild-type plants and
Nia30(145) were 45 = 5 and 0.8 = 0.5 pmol hr~' g fresh
weight of tissue~' in 12 mM nitrate and 4 = 1 and 0.5 = 0.3
pmol hr=1 g fresh weight of tissue~! in 0.2 mM nitrate, re-
spectively (data not shown). The defective copies of niaf and
nia2 are still transcribed and translated to produce a non-
functional protein (Mdller and Mendel, 1989; Vaucheret et
al., 1990; Scheible et al., 1997b).

The growth rate (Figure 2A), the protein content (Figure
2B), amino acids (Figure 2C), glutamine (Figure 2E), chloro-
phyll (data not shown), Rubisco activity (data not shown), and
the rate of photosynthesis (data not shown) of Nia30(145) re-
semble those of nitrogen-deficient wild-type plants (see also
Scheible et al., 1997a). Whereas these parameters increased
in response to nitrate fertilization in the wild type, they did not
change significantly in Nia30(145) when the nitrate supply was
increased from 0.2 to 12 mM. Rather, farge amounts of nitrate
accumulated in the transformant (Figure 2D). Similar results
were obtained for another transformant Nia30(461) and a dou-
ble mutant Nia34 (Lauerer, 1996; Scheible et al., 1997a).

The accumulation of nitrate affects the osmotic potential.
To minimize such effects, when nitrate was reduced from 12
to 0.2 mM, it was replaced by a mixture of magnesium sul-
fate and potassium chloride to maintain the same individual
cation concentration and the same overall anion concentra-
tion in the nutrient medium. The total concentration of inor-
ganic ions in the leaves was 0.40 mmol g fresh weight~! in
wild-type plants grown on 12 mM nitrate, and 0.82, 0.71,
and 0.81 mmol g fresh weight—1 in wild-type plants grown in
0.2 mM nitrate and Nia30(145) grown on 12 and 0.2 mM ni-
trate, respectively. The total concentration of ions rises un-
der conditions in which growth is decreased (compare with
Figure 2A), but it is not specifically increased when nitrate
accumulates in Nia30(145).

Comparison of wild-type plants grown on low nitrate with
low NR activity transformants grown on high nitrate should
therefore provide an in vivo screen for processes that are reg-
ulated by nitrate signaling. The nitrate dependence of such
changes can be checked by investigating whether they are
reduced or abolished when Nia30(145) is grown on low nitrate
or in the absence of nitrate and whether they appear rapidly
after supplying nitrate to nitrate-deficient plants (see below).
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Figure 2. Growth and Composition of Wild-Type Plants and Se-
verely NR-Deficient Transformants Grown on High and Low Nitrate.

Wild-type plants and Nia30(145) were grown as described in Meth-
ods on nutrient medium containing 12 or 0.2 mM nitrate and har-
vested at the rosette stage, when they were in the exponential
growth stage. To obtain plants at this stage in their development,
the samples were taken after ~32 days (wild-type plants on 12 mM
nitrate}, 62 days (wild-type plants on 0.2 mM nitrate and Nia30(145)
on 12 mM nitrate), or 85 to 90 days (Nia30(145) on 0.2 mM nitrate)
after germination. Protein, amino acids, and nitrate were measured
in samples taken after 4 hr of illumination in the first fully expanded
leaf and are related to the fresh weight (FW) of the tissue. The rela-
tive growth rate is given as the relative daily increase in dry weight
(g g~" d-*, gram dry weight - gram dry weight - - day ~'). The re-
sults are the mean * SE of three experiments, each with four sepa-
rate plants.

(A) Relative growth rate (RGR).

{B) Protein content.

(C) Overall content of amino acids.

(D} Nitrate content.

{E) Glutamine content.
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Figure 3. Nitrate Accumulation in Severely NR-Deficient Transfor-
mants Induces Genes Encoding Enzymes for Nitrate and Ammo-
nium Assimilation, Induces PEPcase, and Represses AGPase in
Source Leaves.

Transcripts for nia, nii, gin1, gin2, glu, ppc, agpS2, sps, and 18S as a
control are shown for RNA preparations from the youngest fully ex-
panded leaves of two separate groups of plants. The plants were
grown as described in the legend to Figure 2, and samples were
taken after 4 hr of illumination. The levels of nitrate and glutamine
are shown in Figures 2D and 2E. chloropl., chloroplast.

Transcripts for Key Enzymes in Nitrate Assimilation,
Organic Acid Metabolism, and Carbohydrate
Metabolism

The transcripts for nia and nii were low in nitrate-deficient
wild-type plants and high in Nia30(145) grown on 12 mM ni-
trate (Figure 3). Both transcripts decreased when Nia30(145)
was grown on 0.2 mM nitrate, although not as far as in ni-
trate-deficient wild-type plants. Nia30(145) on 0.2 mM ni-
trate contained more nitrate than did wild-type plants on 0.2
mM nitrate (Figure 2D). The transcripts almost disappeared
when Nia30(145) was grown on ammonium (Figure 4A) to
prevent accumulation of nitrate (Figure 4B).

Wild-type plants growing on low nitrate contained low tran-
scripts for cytosolic glutamine synthetase (GS1) (g/n7) and
Fd-GOGAT (glu) (Figure 3). Both transcripts increased in
Nia30(145) grown on 12 mM nitrate, and this increase was re-
versed on 0.2 mM nitrate. The increase of GS1 was partly due
to the appearance of a new slower running band. The GS2
transcript (g/n2) was only slightly increased in Nia30(145)
compared with a nitrate-deficient wild type (Figure 3).

Nitrate-deficient wild-type plants contained low levels of
transcripts for PEPcase (ppc) (Figure 3). Transcripts for PEP-
case increased dramatically when Nia30(145) was grown on
12 mM nitrate, and this increase was reversed on 0.2 mM ni-
trate (Figure 3). Nia30(145) grown on 12 mM nitrate also con-
tained high levels of transcripts for NADP-ICDH (icdht),
mitochondrial citrate synthase (cs,,), and cytosolic pyruvate
kinase (pk,) (Figure 5A). The sensitivity of genes involved in
nitrate assimilation and organic acid metabolism to nitrate
induction was further investigated by using F23xNia30 (Fig-
ure 5). This mutant had about half of the wild-type NR activ-
ity (Scheible et al., 1997a) and a growth rate similar to that of
the wild type, and it contained slightly elevated pools of ni-
trate and slightly less glutamine (Figures 5B and 5C). The in-
crease in ppc, icdh1, cs,,, and pk. transcripts in F23<Nia30
was as great as that of nia and nii (Figure 5A).

The transcript for the large subunit of ADP glucose pyro-
phosphorylase (agpS2) was high in nitrate-deficient wild-
type plants and decreased in Nia30(145) grown on 12 mM
nitrate; this decrease was reversed when the nitrate supply
was decreased (Figures 3 and 4A). This repression of agpS2
does not represent a general repression of carbohydrate
synthesis. The sps transcript did not decrease when nitrate
accumulated in Nia30(145) (Figure 3).
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nii e
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Figure 4. Growth of Nia30(145) on Ammonium Leads to a Large De-
crease in the Transcripts for NR and NiR and a Further increase of
the Transcript for AGPase.

Nia30(145) was grown on 0.2 mM nitrate or 3 mM ammonium as the
sole source of nitrogen.The transcripts are shown for RNA prepara-
tions from the youngest fully expanded leaves of two separate
groups of plants. The samples were taken at midday. Nitrate levels
are related to the fresh weight (FW) and are given as the mean *+ Se
(n = 4).

(A) nia, nii, agpS2, and 18S transcripts.

(B) Nitrate content.
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Figure 5. Genes Needed for Nitrate Assimilation and Organic Acid
Metabolism Are Also Induced in Mutants with a Moderate Decrease
of NR Activity.

Transcripts were measured in RNA preparations from the youngest
fully expanded leaves of two separate groups of plants, grown on 12
mM nitrate, and harvested after 4 hr of illumination. NR activity in the
mutant F23xNia30 with one functional nia gene was 42 *+ 2% of
that in the wild-type plants (data not shown). The levels of nitrate
and glutamine are related to the fresh weight (FW) and are the mean
+ SE (n = 4).

(A) Transcripts for NR, NiR, PEPcase, pk., csn,, and cytosolic NADP-
ICDH (icdhT).

(B) Nitrate content.

(C) Glutamine content.

Roots of Nia30(145) grown on 12 mM nitrate had twofold
more nitrate than did roots of wild-type plants grown on 12
mM nitrate (Table 1). Their glutamine levels resembled those
in the roots of wild-type plants grown on 0.2 mM nitrate
(Table 1). There were no major differences between the total
ion concentrations in the roots of wild-type plants grown on
12 and 0.2 mM nitrate and of Nia30(145) grown on 12 and
0.2 mM nitrate (0.17, 0.18, 0.19, and 0.2 mmol g fresh
weight~1, respectively). The response of the transcripts in
the roots (data not shown) resembled that in the leaves.
Roots of nitrate-limited wild-type plants contained low tran-
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script levels for nia, nii, gin1, and ppc and high agpS2 tran-
script levels. Roots of Nia30(145) grown on 12 mM nitrate
contained high levels of transcripts for nia, nii, gin1, and ppc
and a low level of the agpS2 transcript. These changes were
partly (nia and nii) or completely (gin1, ppc, and agpS2) re-
versed when Nia30(145) was grown on 0.2 mM nitrate.

Changes in Enzyme Activities

We next investigated whether these changes in transcript
levels are accompanied by increased activities of key en-
zymes in nitrogen and carbon metabolism. Because the NR
protein produced by the point mutated nia genes in
Nia30(145) is inactive, the effect of nitrate on nia expression
was monitored by measuring NR protein levels.

Leaves of nitrate-deficient wild-type plants (0.2 mM ni-
trate) have low amounts of the NR protein (Figure 6A) and
low NiR (Figure 6B) and PEPcase (Figure 6D) activities.
Leaves of Nia30(145) grown on 12 mM nitrate contain large
amounts of the NR protein and have very high NiR and PEP-
case activities (Figures 6A, 6B, and 6D). The NR protein is
double that in the wild type on a fresh weight basis and four-
fold higher on a protein basis (compare Figures 2B and 6A).
NiR and PEPcase activities were up to 10-fold higher than in
the nitrate-deficient wild-type plants, irrespective of whether
the results are expressed on a fresh weight or a protein
basis (compare Figures 6B and 6D with Figure 2B). These
changes were reversed when Nia30(145) was grown on 0.2
mM nitrate (Figures 6A, 6B, and 6D). Total GS activity did
not increase in Nia30(145) compared with nitrogen-deficient
wild-type plants (Figure 6C).

Similar measurements were conducted with the roots.
The NR protein (data not shown) and NiR and PEPcase ac-
tivities (Table 1) were low in nitrate-limited wild-type plants,
high in Nia30(145) grown on 12 mM nitrate, and low in
Nia30(145) grown on 0.2 mM nitrate. GS activity was low
in nitrate-limited wild-type plants and increased fourfold in
roots when Nia30(145) was grown on 12 mM nitrate, reach-
ing a higher activity than in well-fertilized wild-type plants
(Table 1).

Wild-type plants grown on 0.2 mM nitrate have high
AGPase (Figure 6E) and low SPS (Figure 6F) activity. In con-
trast, Nia30(145) grown on 12 mM nitrate has low AGPase
(Figure 6E) and high SPS (Figure 6F) activity. The ratios of
PEPcase/AGPase activities (Figure 7A) and SPS/AGPase
activities (Figure 7B) are 20- and fivefold higher, respec-
tively, in Nia30(145) grown on 12 mM nitrate than in nitrate-
deficient wild-type plants and resemble those found in wild-
type plants grown on 12 mM nitrate.

PEPcase and SPS are regulated by protein phosphoryla-
tion. Phosphorylation activates PEPcase by decreasing the
sensitivity to inhibition by malate (Chollet et al., 1996) and in-
activates SPS by increasing sensitivity to inhibition by phos-
phate (Pi) (Huber and Huber, 1996). As previously seen (Duff
and Chollet, 1995), PEPcase was sensitive to malate in
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leaves of nitrate-deficient wild-type plants (Figure 6G). PEP-
case in leaves from Nia30(145) grown on 12 mM nitrate was
much less sensitive to malate, and sensitivity was restored
when Nia30(145) was grown on 0.2 mM nitrate (Figure 6G).
Similar changes of PEPcase activity and malate sensitivity
occurred in sink leaves (data not shown). The Pi sensitivity
of SPS was not affected (Figure 6H).

Organic Acid Metabolism

Growth of wild-type plants on 0.2 mM nitrate led to a large
decrease of a-oxoglutarate, isocitrate, citrate, and malate
(Figures 6l to 6L). Compared with nitrate-deficient wild-type
plants, Nia30(145) grown on 12 mM nitrate contained eight-
to 10-fold more a-oxoglutarate, fourfold more isocitrate, two-
to threefold more citrate, and slightly more malate (Figures 6l
to 6L). Pyruvate, PEP, and glycerate 3-phosphate (3PGA)
(Figures 6M to 60) decreased in Nia30(145) grown on 12 mM
nitrate compared with nitrate-deficient wild-type plants. Ac-
cumulation of nitrate in leaves of Nia30(145) therefore leads to
a marked increase in the organic acids that are precursors for
the GOGAT pathway («-oxoglutarate and isocitrate), a smaller
but significant accumulation of the organic acids that nor-
mally accumulate in large amounts as counteranions (malate
and citrate) during nitrate assimilation, and a decrease in the
glycolytic intermediates (3PGA, PEP, and pyruvate) that act
as precursors for organic acid synthesis.

Organic acid metabolism was also altered in the roots (Ta-
ble 1). When wild-type plants were grown on low nitrate,
there was a large decrease in malate and citrate and a
smaller decrease in isocitrate and a-oxoglutarate. These or-

ganic acids increased by three- to 10-fold in Nia30(145)
transformants grown on 12 mM nitrate, and these increases
were reversed on 0.2 mM nitrate. Organic acid metabolism
was also modified in sink leaves (data not shown). Sink leaves
of Nia30(145) grown on 12 mM nitrate also contained fourfold
more a-oxoglutarate and twofold more isocitrate than did
sink leaves of wild-type plants grown on 0.2 mM nitrate (data
not shown).

Starch Metabolism

Source leaves of wild-type plants on 0.2 mM nitrate contained
large amounts of starch (Figure 6P) and relatively low levels
of sugars (Figures 6Q and 6R) at midday. In contrast, starch
was very low in leaves of Nia30(145) grown on 12 mM nitrate
(Figure 6P). This decrease was reversed when Nia30(145) was
grown on 0.2 mM nitrate. The low starch content of Nia30(145)
on 12 mM nitrate was not due to a general depletion of carbo-
hydrates in the leaves. Sucrose was unaltered (Figure 6Q),
and reducing sugars were higher (Figure 6R) than in nitrate-
deficient wild-type plants. Similar starch changes were found
in the roots (Table 1).

Starch is synthesized in leaves during the photoperiod
and degraded during the night. Starch levels at the begin-
ning and end of the photoperiod were investigated in a sep-
arate experiment (Figure 8). In this experiment, two mutant
lines (F22XF23 and F23XNia30) that had a slightly reduced
NR expression were included, and the plants were grown at
12, 1.6, or 0.2 mM nitrate. In wild-type plants, low-nitrate fer-
tilization led to a higher starch content at the start (Figure 8A)

Table 1. Alterations of Enzyme Activities and Metabolites in the Roots of Wild-Type Plants and Nia30{145) Grown on 12 and 0.2 mM Nitrate?

Parameter wild Type Nia30(145)

Nitrate nutrition (mM) 12 0.2 12 0.2
‘Nitrate? 279+ 56 0.4 +02 68.0+7.3 1.8 1.0
Glutamine® 1.84 £ 0.14 0.14 = 0.02 0.24 = 0.03 0.11 = 0.01
Protein® 5004 2.1+ 0.1 55+05 25+02
NiR activityd 41357 123+ 45 110.4 = 5.1 35.7 = 124
GS activityd 36.1 = 3.6 114+ 1.8 53.6 + 4.7 129 1.1
PEPcase activityd 272+ 09 5.5+ 04 68.5 4.5 5905
a-Oxoglutarate® 101 =13 67 + 1 230 =20 58+7
Isocitrate® 36 2 101 130 =3 111
Citrate? 3.3+x02 0.4 = 0.1 52+04 0.6 = 0.0
Malate® 129 1.0 1.2+ 0.0 10.4 = 0.6 1.0 £ 0.1
Starchf 1.8 0.1 7704 1.1 0.0 10.6 = 1.0

aResults are given as mean values * SE (n = 6).
b Results in micromoles per gram fresh weight of tissue.
¢ Results in milligrams per gram fresh weight of tissue.

dResults in micromoles per hour per gram fresh weight of tissue.

¢ Results in nanomoles per gram fresh weight of tissue.

f Results in hexose equivalents per gram fresh weight of tissue.
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Figure 6. Alterations of Enzyme Activities and of Metabolites in the
Source Leaves of Wild-Type Plants and Nia30(145) Transformants
Grown on 12 and 0.2 mM Nitrate.

All measurements were performed on samples taken from the
youngest fully expanded leaf of the plants after 4 hr of illumination at

the same time as samples were taken for measurements of the tran--
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and end (Figure 8B) of the day. The rate of synthesis during
the 12-hr photoperiod can be estimated from the difference
between the starch content at the end of the night and the
content at the end of the day (Figure 8C). Low nitrate led to
a small stimulation of starch turnover in wild-type plants.
Nia30(145) grown on 1.6 or 12 mM nitrate contained very lit-
tle starch in the leaves at the start (Figure 8A) and end (Fig-
ure 8B) of the day and had an extremely low rate of starch
synthesis (Figure 8C). Nia30(145) grown on 0.2 mM nitrate
resembled a nitrate-limited wild-type plant (Figures 8A to
8C). Figures 8D and 8E compare the starch and nitrate con-
tent of the leaves. There is an inverse hyperbolic relationship
between leaf nitrate and leaf starch, irrespective of whether
leaf nitrate is changing as a result of altered nitrate fertiliza-
tion or decreased expression of NR. There is an inverse rela-
tionship between the leaf nitrate content and the rate of
starch synthesis (Figure 8F).

Rapid Changes of Transcripts in Leaves after Supplying
Nitrate to Intact Nitrate-Deficient Plants

To investigate the kinetics of these nitrate-induced changes
in expression and metabolism, plants were grown on 0.2
mM nitrate for 9 weeks and then transferred to 12 mM ni-
trate. The nitrate was added 2 hr after the start of the photo-
period, and samples were taken from leaves at various
intervals during the remainder of the first photoperiod and
after 4 hr of illumination on the subsequent days. The addi-
tion of 12 mM nitrate did not stimulate growth of Nia30(145)
(Figure 9A; see also Figure 2A). Nitrate accumulated linearly
after a short lag of ~1 hr (Figure 9B, inset), reaching levels af-
ter 4 days (Figure 9B) similar to those found when Nia30(145)

scripts shown in Figure 3. For plant age and sampling, see legends
to Figures 2 and 3. The results are related to fresh weight (FW) and
are the mean = SE of four to six separate plants. n.a., not analyzed.
(A) NR protein.

(B) NiR activity.

(C) Total GS activity.

(D) PEPcase activity.

(E) AGPase activity.

(F) SPS activity.

(G) Activation of PEPcase.

{H) Activation of SPS.

(I} a-Oxoglutarate content.

(J) Isocitrate content.

{K) Citrate content.

(L) Malate content.

(M) Pyruvate content.

{N) PEP content.

(O) 3PGA content.

(P) Starch content.

(Q) Sucrose content.

(R) Reducing sugars (glucose plus fructose). -
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Figure 7. Ratio of AGPase Activity to PEPcase and SPS Activity in
Source Leaves.

The ratios of enzyme activities are calculated from the data shown in
Figure 6 for wild-type plants grown on 12 mM nitrate (WT12), wild-
type plants grown on 0.2 mM nitrate (WT0.2), and Nia30(145) grown
on 12 mM nitrate (TF12).

{A) PEPcase/AGPase.

(B) SPS/AGPase.

was grown continuously on 12 mM nitrate (Figure 2D). In wild-
type plants, nitrate accumulation was slightly slower on the
first day (Figure 9B, inset), much slower on the second day,
and reversed from day 3 onward when the plants started to
grow faster (Figure 9A).

As previously seen (Pouteau et al., 1989; Vaucheret et al.,
1990), the addition of 12 mM nitrate led within 2 hr to a large
increase in nia transcript in the leaves of wild-type plants
and Nia30(145). The nia transcript declined after 8 hr in wild-
type plants but remained high in Nia30(145) (Figure 10). The
ppc transcript also increased in both genotypes within 2 hr
after the addition of 12 mM nitrate (Figure 10). This increase
occurred before the leaf nitrate content had reached 6 pmol
g fresh weight= (Figure 9B), which is negligible compared
with the total content of inorganic ions in the leaf (810 umol g
fresh weight=1; data not shown). In wild-type plants, the ppc
transcript reached a peak after ~4 hr and then declined
slightly (Figure 10). A similar decline was found toward the
end of the photoperiod in wild-type plants that were watered
every day with 12 mM nitrate (data not shown). This decay of
the ppc transcript was abolished in Nia30(145) (Figure 9B).

The agpS2 transcript showed a diurnal pattern in wild-
type plants and Nia30(145) grown on 0.2 mM nitrate. It rose
to a high level after 4 hr of illumination (equivalent to the 2-hr
point in Figure 10) and declined slightly toward the end of
the photoperiod. The increase after illumination is probably
due to sugar induction (Muller-Réber et al., 1990). The tran-
sient decrease correlates with a small transient increase of
nitrate in the leaf after irrigation with 0.2 mM nitrate (Scheible
et al., 1997b). The addition of 12 mM nitrate led to an almost
complete disappearance of agpS2 transcript after 4 to 10 hr.
This decrease was found in wild-type plants and in Nia30(145)

(Figure 10) and occurred before nitrate rose above 12 pmol g
leaf fresh weight~=".

The resulting changes in metabolism are shown in Figure
9. Nia30(145) started to accumulate a-oxoglutarate within 1
day of adding 12 mM nitrate (Figure 9C). Starch remobiliza-
tion commenced within 1 day in wild-type plants (Figure 9D),
before their growth was significantly increased (see Figure
9A). Starch remobilization in Nia30(145) was almost as fast
as in wild-type plants, even though growth of Nia30(145)
was not altered.

DISCUSSION

Genotypes with Low NR Activity Provide an in Vivo
Screen for Nitrate-Regulated Processes

These experiments were performed to investigate whether
nitrate acts as a source of signals to regulate carbon and
nitrogen metabolism in higher plants. Many earlier investiga-
tors have added nitrate to wild-type plants and investigated
the resulting changes in metabolism and growth. The inter-
pretation of such experiments is complicated, because it is
difficult to distinguish between events that are triggered by
nitrate and changes that are produced more indirectly as a
result of the assimilation of nitrate and the ensuing changes in
cell metabolism and plant growth. Genotypes with low NR ac-
tivity provide a simpler experimental system because the ni-
trate content can be varied without causing major changes in
the level of organic nitrogen compounds in the plant and the
rate of growth. These plants are physiologically nitrogen lim-
ited, and they resemble nitrate-deficient wild-type plants with
respect to the processes that are regulated by signals derived
from organic nitrogenous compounds. They resembile nitrate-
replete wild-type plants with respect to the processes that
are regulated by signals derived from nitrate itself.

Genotypes with low NR activity are preferable to totally
NR-deficient mutants because the latter can only be grown
on ammonium or other reduced nitrogen sources, which
could themselves act as a source of signals (Hoff et al.,,
1994), and because wild-type plants and NR-deficient geno-
types differ in their ability to balance the rates of nitrate and
ammonium assimilation.

The interpretation of our results could be complicated if
nitrate accumulation leads to osmotic effects. This cannot
be the explanation for the changes in nitrogen, organic acid,
and starch metabolism investigated in this article. The over-
all ion concentration in the mature leaves and roots of
Nia30(145) grown on 12 mM nitrate resembled the concen-
trations in the leaves and roots of Nia30(145) or wild-type
plants grown on 0.2 mM nitrate. Furthermore, similar trends
in the levels of transcripts were seen in mutants with a rela-
tively small decrease in NR activity and increased nitrate,
and the addition of nitrate to nitrate-deficient wild-type
plants or Nia30(145) led to changes in nia, ppc, and agpS2
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Figure 8. Diurnal Changes of Starch in Source Leaves.

Wild-type plants (filled symbols), F22xF23 and F23xNia30 (filled and open cross-haired symbols, respectively), and Nia30(145) (open symbols)
were grown on 12 (circles), 1.6 (triangles), or 0.2 (squares) mM nitrate in a 12-hr-light/12-hr-dark cycle. The piants were used when they had two
to three fully expanded leaves but before stem elongation started. Wild-type plants and F22xXF23 and F23xNia30 grown on 12 mM nitrate were
32 to 35 days old; wild-type plants and F22 XF23 and F23XNia30 grown on 1.6 mM nitrate were 40 to 42 days old; wild-type plants and
F23%Nia30 grown on 0.2 mM nitrate and Nia30(145) grown on 12 mM nitrate were 60 to 62 days old; Nia30(145) grown on 1.6 mM nitrate was
70 days old; and Nia30(145) grown on 0.2 mM nitrate was 90 days old. Samples were removed from the youngest fully expanded leaf during the
last 20 min of the dark period ([A] and [D]) and the last 20 min of the light period ([B] and [E]) and analyzed for starch, NR activity, and nitrate.
The rate of starch synthesis ([C] and [F]) is calculated as the difference between the starch content at the end of the night and at the end of the
day. The results are the mean = SE of four or five separate plants. FW, fresh weight.

(A) Starch content at the end of the night compared with NR activity.

(B) Starch content at the end of the day compared with NR activity.

(C) The rate of starch synthesis compared with NR activity.

(D) The relationship between the contents of nitrate and starch in leaves at the end of the night.

{E) The relationship between the contents of nitrate and starch in leaves at the end of the day.

(F) The relationship between the leaf nitrate content and the rate of starch synthesis.

transcript levels before the total concentration of ions had
been increased significantly.

glu transcript levels were low in the leaves and roots of wild-
type plants grown on low nitrate and high when Nia30(145)
was grown on high nitrate. There are multiple genes for gin?
in many species, including tobacco (Dubois et al., 1996;
Lam et al., 1996). The appearance of a new gin1 transcript in
Nia30(145) (Figure 3) indicates that nitrate may induce a
specific GS1 in tobacco. One of two gin1 genes is also in-
duced after adding nitrate to maize (Sukanya et al., 1994).
The gin2 transcript only increased slightly in Nia30(145)
compared with the wild type (see Figure 3). The plastidic
GS2 accounts for most of the GS activity in the leaf (Lam et
al., 1996), which may explain why total GS activity did not
increase in the leaves of Nia30(145) on 12 mM nitrate. The

Induction of Nitrate and Ammonium Assimilation

As previously seen (Pouteau et al., 1989; Cheng et al., 1991;
Gowri et al.,, 1992; Kronenberger et al., 1993; Wray, 1993;
Lin et al., 1994), nitrate induces genes that encode proteins
that are required to reduce nitrate to ammonium, leading to
an increase in the nia and nii transcripts, NR protein, and
NiR activity in leaves and roots. Nitrate also induces genes
that are required for ammonium assimilation. The gin1 and
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Figure 9. Changes in Growth, Nitrate, a-Oxoglutarate, and Starch
Content after Resupplying High Nitrate to Nitrate-Depleted Wild-
Type Plants and Severely NR-Deficient Transformants.

Results are shown for wild-type plants (filled symbols) and |

Nia30(145) (open symbols). Plants were grown on low nitrate (a daily
addition of 0.2 mM nitrate 2 hr into the photoperiod) in a 12-hr-light/
12-hr-dark cycle for 9 weeks, by which time they had two to three
fully expanded leaves. The experiment was initiated by adding 12
mM nitrate 2 hr into the photoperiod. Samples (circles) were taken
from the first fully expanded leaves just before nitrate addition and 2,
4, and 8 to 10 hr later. On subsequent days, plants were also sup-
plied with 12 mM nitrate after 2 hr of illumination, and samples (cir-
cles) were taken 2 hr later. Control plants (squares), which were
watered with 0.2 mM nitrate after 2 hr of illumination, were also sam-
pled. The results are related to the fresh weight (FW) and are the
mean = SE of four separate plants.

(A) Total plant fresh weight.

(B) Nitrate content in the leaves.

{C) a-Oxoglutarate content in the leaves.

(D) Starch content in the leaves (given as micromoles of hexose
equivalents [heq.] per gram fresh weight).

increase of the gin1 transcript led to a large increase in GS
activity in the roots (Table 1).

-Induction of Organic Acid Synthesis

During nitrate assimilation, a-oxoglutarate is required as an
acceptor for ammonium in the GOGAT pathway, and malate
and citrate are required as counteranions to replace nitrate
and prevent alkalinization. Malate is synthesized from PEP
via PEPcase, and citrate is synthesized by a concerted ac-
tion of PEPcase, pyruvate kinase, pyruvate dehydrogenase,
and citrate synthase (Figure 1). The conversion of isocitrate
to a-oxoglutarate occurs in the cytosol and is catalyzed by
the NADP-ICDH dehydrogenase (Figure 1; Hanning and
Heldt, 1993; Fieuw et al., 1995).

Nitrate-deficient wild-type plants had low levels of the ppc
transcript, low PEPcase activity, low levels of malate and ci-
trate, and small pools of isocitrate and a-oxoglutarate. In con-
trast, Nia30(145) transformants grown on 12 mM nitrate had
high ppc transcript levels and also contained enhanced tran-
script levels of other genes required for the synthesis of
organic acids, including pk., csn, and icdh1. All of these tran-
scripts showed marked changes in response to relatively
small changes of nitrate in mutants with moderate changes in
NR activity, and the ppc transcript increased within 2 hr when
nitrate was added to nitrate-deficient wild-type plants or
Nia30(145). These results show that nitrate initiates a coordi-
nated increase in the expression of several genes involved in
organic acid synthesis. The changes in expression lead to
marked changes in metabolism. Nia30(145) grown on 12 mM
nitrate contained high PEPcase activity, accumulated substan-
tial amounts of malate and citrate, and contained extremely
large pools of isocitrate and «-oxoglutarate, Metabolism was
affected in the leaves and the roots, with a particularly large ac-
cumulation of malate and citrate in the latter.

Signals derived from nitrate may also modify the post-
translational regulation of PEPcase. PEPcase extracted from
nitrate-deficient wild-type plants is very sensitive to inhibi-
tion by malate, indicating that it has been inactivated by de-
phosphorylation (see also Duff and Chollet, 1995). In contrast,
PEPcase from Nia30(145) plants grown in high nitrate is much
less sensitive to malate. Further studies are needed to investi-
gate the effects of nitrate on the activity of PEPcase kinase.

In wild-type plants, nitrate stimulates the synthesis of or-
ganic acids, which are used in amino acid synthesis or
stored as counteranions. In Nia30(145), nitrate stimulates
the synthesis of organic acids, but organic acids accumulate
because nitrate assimilation is restricted by the low NR ac-
tivity. The extent to which organic acids accumulate pre-
sumably depends on the sensitivity of PEPcase to feedback
inhibition by organic acids and on the rate at which organic
acids are metabolizéd or exported from the tissue. Organic
acids are exported from’the leaves to the roots (Imsande
and Touraine, 1994), which may explain why malate and ci-
trate do not accumulate to such high levels in the leaves.



time (hr) after
irrigation 0| 2| 4] 8|50

nia | T | m——— ] e ——

c PR— © e | [ — oo e
Pl e | —

E—

NIA30(145)
0| 2] 4]10]s50

agpS2 | T m-g— -

188

Figure 10. Changes of nia, ppc, and agpS2 Transcripts after Re-
supplying High Nitrate to Nitrate-Depleted Wild-Type Plants and Se-
verely NR-Deficient Transformants.

Plants had been grown on 0.2 mM nitrate provided each day after 2
hr of illumination up to the day on which the experiment began. On
this day, control plants were provided with 0.2 mM nitrate as usual
(C) or irrigated with 12 mM nitrate nutrient solution after 2 hr of illu-
mination (T). See the legend to Figure 9 for further details of the ex-
periment design and sampling.

Repression of Starch Synthesis

Numerous studies have found a striking negative relation-
ship between nitrate fertilization and starch levels (Hofstra et
al., 1985; Waring et al., 1985; Fichtner and Schulze, 1992;
Stitt and Schulze, 1994; see also Figures 8D and 8E). By ac-
cumulating starch, slow-growing plants can store carbon in
an osmotically inactive form (Hehl and Mengel, 1972; Radin
and Eidenbock, 1986; Rufty et al., 1988). AGPase plays a
key role in the regulation of starch synthesis (Preiss et al.,
1991). Higher plant AGPase is a heterodimer consisting of a
regulatory and catalytic subunit (encoded by agpS and
agpB, respectively). Expression of agpS2 (which encodes
the regulatory subunit of leaf AGPase) is increased by sug-
ars (Muller-Rober et al., 1990), and AGPase is allosterically
regulated by the 3PGA/Pi ratio (Preiss et al., 1991). How-
ever, until now, no mechanisms were known that could di-
rectly link starch and nitrogen metabolism.

Our results pinpoint two ways in which starch synthesis is
regulated by nitrate. First, nitrate inhibits expression of
agpS2. Nitrate-deficient wild-type plants normally have high
levels of the agpS2 transcript and high AGPase activity rela-
tive to PEPcase and SPS. In contrast, Nia30(145) grown on
12 mM nitrate contains low levels of the agpS2 transcript
and low AGPase activity. The agpS2 transcript decreases
within 4 hr of adding nitrate to nitrate-deficient wild-type
plants or Nia30(145) grown previously on low nitrate, and

Nitrate Regulates Carbon-Nitrogen Relations 793

this decrease is faster than and independent of the changes
in nitrate assimilation or plant growth. Second, nitrate-defi-
cient wild-types have relatively high levels of 3PGA. Nitrate
leads to increased activity of PEPcase and decreases the
concentration of this allosteric activator of AGPase.

The importance of nitrate as a signal to regulate starch
metabolism is highlighted in Nia30(145). When nitrate accu-
mulates in Nia30(145), starch metabolism becomes uncou-
pled from the rate of growth. Nia30(145) plants synthesize
negligible amounts of starch even though they have very low
growth rates, and after adding nitrate back to nitrate-defi-
cient plants, starch was remobilized almost as rapidly in
Nia30(145) as in wild-type plants, even though growth was
not increased in Nia30(145) (Figure 9). The latter result indi-
cates that nitrate may also stimulate starch degradation.

The accumulation of nitrate did not lead to a parallel inhi-
bition of sucrose synthesis. Compared with nitrate-deficient
wild-type plants, Nia30(145) grown on 12 mM nitrate had
slightly higher transcript for sps, approximately two times
higher SPS activity, no post-translational inactivation of
SPS, and unaltered or even higher levels of sucrose and re-
ducing sugars in their leaves. The selective inhibition of
starch accumulation by nitrate has interesting physiological
consequences. First, sucrose constitutes the major osmoti-
cum in the phloem. Continued synthesis and export of sucrose
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Figure 11. Coordinated Regulation of Carbon and Nitrogen Metab-
olism by Nitrate.

The scheme shows the effect of nitrate on the expression of genes
(filled boxes) encoding enzymes in the metabolic pathways (open
double line) involved in nitrate assimilation and the synthesis of
amino acids, starch, and sucrose. See the legend to Figure 1 for the
abbreviations of the metabolic intermediates. Induction is shown as
dashed lines and repression of agpS2 as a solid line. A mechanism
is also indicated that allows further indirect inhibition of AGPase
(dashed arrow) involving increased expression and activity of PEP-
case and a resulting decrease in the allosteric activator 3PGA. The
circled arrow represents a decrease of 3PGA after increased ex-
pression of ppc.
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during nitrate assimilation therefore allows a high turgor to
be maintained in the phloem and promotes the export of the
amino acids from the leaves. Second, continued synthesis
and export of sucrose to the growing tissues promote rapid
use of the amino acids. This interdependence between su-
crose synthesis and the export and use of amino acids may
explain why higher plants differ from algae, in which nitrate
assimilation leads to a general inhibition of carbohydrate
synthesis (Huppe and Turpin, 1994).

Nitrate Initiates a Program of Gene Expression Leading
to Major Changes in Metabolism and Growth

In conclusion, nitrate is one of the compounds that the plant
measures to adjust metabolism and growth to changes in
the availability of nitrogen. Earlier studies by other investiga-
tors have shown that genes required for nitrate uptake and
reduction are induced by nitrate. The results obtained in this
study reveal that nitrate initiates a more extended program
of gene expression (Figure 11), resulting in coordinate alter-
ations in the activities of enzymes in several metabolic
pathways that are directly or indirectly involved in the further
metabolization and use of nitrate, including ammonium as-
similation, organic acid synthesis, and starch metabolism. In
a separate report (Scheible et al., 1997a), we showed that
the accumulation of nitrate in tobacco shoots initiates
changes in shoot-root allocation.

It is likely that further processes are also regulated by ni-
trate. Nitrate uptake and assimilation require energization of
the plasmalemma and regulation of the pH in the cytosol.
Recent studies indicate that there is a close interaction be-
tween the regulation of nitrate metabolism and the plas-
malemma ATPase (Moorhead et al., 1996). The assimilation
of nitrate in nonphotosynthetic tissues requires reducing
equivalents. After the addition of nitrate, there is a rapid and
cycloheximide-insensitive increase in the transcript for ferre-
doxin—-NADP-oxidoreductase in maize roots (Ritchie et al.,
1994) and, in contrast to ammonium, which was ineffective,
an increase in the activities of several enzymes of the oxi-
dative pentose phosphate pathway in algae (Huppe and
Turpin, 1994). The finding that the cytosolic concentration of
nitrate is maintained as a constant and that surplus nitrate is
accumulated in the vacuole (Walker et al., 1995) implies that
nitrate regulates the activity of transport systems on the
tonoplast. The genotypes used in this study should provide
a useful system to investigate the role of nitrate in the regu-
lation of these and other processes, including the transport
and storage of nitrogenous compounds as well as flowering
and senescence.

Further studies are needed to identify the mechanism(s)
by which nitrate is sensed. The resuits presented here show
that nitrate sensing does not require further metabolism by
NR, and Pouteau et al. (1989) showed that it does not even
require the presence of NR protein. Our results provide a
range of phenotypic changes that might be exploited to ob-

tain mutants in nitrate signaling. It is also important to con-
sider whether nitrate interacts with signals derived from
other compounds in carbon and nitrogen metabolism. Many
of the genes regulated by nitrate are also affected by sug-
ars, including nia, icdh1, pk., ppc, and agpS2 (reviewed in
Koch, 1996). Changes in the levels of nitrate affect the levels
of sugars and vice versa, and there also may be cross-talk
between the transduction pathways. Glutamine and ammo-
nium have been implicated in the feedback repression of ni-
trate uptake and assimilation (Hoff et al., 1994; Quesada et
al., 1997) and in the induction of the enzymes that are re-
quired for ammonium assimilation and organic acid synthe-
sis (Sugiharto and Sugiyama, 1992; Hoff et al., 1994; Lam et
al.,, 1996). Signals derived from nitrate presumably interact
with signals derived from these nitrogen metabolites.
Whereas they act antagonistically on nitrate uptake and re-
duction, they may act in concert on events farther down-
stream. Nevertheless, the results in this study and Scheible
et al. (1997a) show that signals derived from nitrate can acti-
vate organic acid metabolism, repress starch synthesis, and
inhibit root growth, even when plants are severely deficient
in organic nitrogen.

METHODS

Plant Material and Growth

All tobacco {Nicotiana tabacum) genotypes were grown in a growth
chamber, as previously described (Scheible et al. 1997a, 1997b). In-
organic nitrogen was provided as a mixture of 4 mM potassium ni-
trate and 4 mM magnesium nitrate. When nitrate was decreased to
0.2 mM, it was replaced by a mixture of potassium and magnesium
chloride and sulphate to maintain the same concentration of each
cation and the same overall anion concentration. Plants were har-
vested in the exponential phase of growth with a rosette of leaves,
after 32 to 35 days for the 12 mM nitrate-fed wild-type plants and
mutants, after 60 to 65 days for nitrate-limited wild-type plants and
12 mM nitrate-fed transformants, and after 85 to 91 days for 0.2 mM
nitrate-fed transformants. Unless stated otherwise, samples were
taken after 4 hr of illumination from the youngest fully expanded leaf.
Material was harvested into liquid nitrogen and stored at —80°C. The
relative growth rate was calculated as described previously (Scheible
et al., 1997a).

Metabolite Analysis

Sucrose, glucose, fructose, starch, nitrate, and amino acids were mea-
sured in the soluble and residual fractions of an ethanol-water extract
(Scheible et al., 1997b), as described in Stitt et al. (1989), Gebauer et al.
(1984), and Geigenberger et al. (1996). Pyruvate, phosphoenolpyruvate
(PEP), glycerate 3-phosphate (3PGA), a-oxoglutarate, isocitrate, ci-
trate, and malate were measured in perchloric acid extracts (Bergmeyer,
1989; Stitt et al., 1989). Total protein content was determined by two
different methods, both described in Scheible et al. (1997a).



Enzyme Assays

Nitrate reductase (NR) activity and NR protein were measured as de-
scribed in Scheible et al. (1997a, 1997b). Nitrite reductase (NiR) ac-
tivity was assayed essentially as described by Wray and Fido (1990)
by using dithionite-reduced methyl viologen as an artifical electron
donor. Plant material stored at —80°C was ground to a fine powder in
a mortar that had been precooled with liquid nitrogen, and then the
powder was thoroughly mixed with and extracted in four volumes (v/w)
of buffer containing 100 mM Hepes-KOH, pH 7.5, 5 mM magnesium
acetate, 2 mM DTT, t mM EDTA, 1 mM EGTA, 1 mM benzamidine, 1
mM 6-aminocaproic acid, 1 mM phenylmethylsulfonyl fluoride (PMSF),
1% (w/v) PVP, and 0.1% (v/v} Triton X-100. The assay mixture con-
tained 75 mM Hepes-KOH, pH 7.5, 1.2 mM NaNO,, 2.4 mM methyl vi-
ologen, 15 mM Na,S,0,, and 20 to 40 uL of enzyme extract in a final
volume of 1 mL. The reaction was started by the addition of the en-
zyme. After various times at 25°C, 20-pL aliquots were removed from
the assay mixture, mixed with 380 pL of double-distilled water, and
added to 300 pL of 1% (w/v) sulfanilamide in 3 N HCI plus 300 pL of
0.01% (w/v) N-(1-naphthyl)ethylenediamine in double-distilled water.
Tubes were allowed to stand for 20 min and then centrifuged for 5
min at 16,000g. The absorbance of the azodye was measured at 540
nm. Absorbances were plotted against incubation times, and NiR ac-
tivity was calculated from the slope of the regression line by refer-
ence to a previously established standard plot (0 to 30 M nitrite).

To measure glutamine synthetase (GS) activity, plant material was
extracted as described above, centrifuged for 2 min at 16,000g, and
desalted in Sephadex G25 spin columns that had been preequili-
brated in extraction buffer without PMSF, Triton X-100, and PVP. GS
activity was measured by a coupled spectrophotometric assay (Lea
et al., 1990). The reaction mixture contained 50 mM Hepes-KOH, pH
7.6, 10 mM MgCl,, 1 mM EDTA, 10% glycerol, 0.2 mM NADH, 1 mM
PEP, 5 mM ATP, 0.2 mM NaVvOs;, 40 uM 5', 5'-diadenosine penta-
phosphate, 15 pL of eluate, 5 units of pyruvate kinase, and 3 units of
lactate dehydrogenase (both added as glycerol solution; Boehringer
Mannheim) in a final volume of 900 pL. The rates of NADH oxidation
at 340 nm and 25°C were followed before and after addition of 15
mM giutamate and 1 mM NH,CI, and the difference was used to cal-
culate the activity. Controls were performed with eluants preincu-
bated on ice for 15 min with or without 10 mM methionine sulfoxime
to show that the increased rates of NADH oxidation after substrate
addition were due to GS activity.

To measure PEP carboxylase (PEPcase) activity, plant material
was extracted as described above in a buffer containing 100 mM
Hepes-KOH, pH 7.5, 5 mM MgCl,, 10% (w/v) sorbitof, 1 mM EDTA, 5
mM DTT, 1 mM NaF, 1% (w/v) PVP, 1 mM PMSF, 1 mM benzami-
dine, and 1 mM 6-aminocaproic acid. The extract was centrifuged,
desalted rapidly on a Sephadex G25 column equilibrated in extraction
buffer without PMSF, PVP, and sorbitol, and used immediately for ac-
tivity determination. PEPcase activity was measured spectrophoto-
metrically by following the rate of PEP-dependent NADH oxidation at
340 nm and 25°C by coupling to exogenous malate dehydrogenase.
The 800-pL reaction mixture contained 50 mM Hepes-KOH, pH 7.5, 5
mM MgCl,, 2 mM DTT, 5 mM NaHCOj;, 0.2 mM NADH, 4 units of
malate dehydrogenase (from porcine heart mitochondria), and 20 to
40 pL of desalted extract with or without 5 mM L-malate. The reac-
tion was started by addition of 2.5 mM PEP, and the PEPcase activity
was calculated from the increase in the NADH oxidation rate.

AGPase activity was measured in extracts that were made as de-
scribed above, with a buffer containing 50 mM Hepes-KOH, pH 7.4,
5 mM MgCl,, 10% glycerol, 1% PVP, 0.1% Triton X-100, and EDTA,
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EGTA, DTT, PMSF, benzamidine, and 6-aminocaproic acid at 1 mM
each. After centrifugation (5 min at 16,000g), the supernatant was im-
mediately used for activity tests. Production of glucose 1-phosphate
from ADP-glucose was determined in a NAD-linked glucose-6-phos-
phate dehydrogenase system (Smith, 1990). The 0.6-mL reaction mix-
ture contained 50 mM Hepes-KOH, pH 7.8, 5 mM MgCl,, 1 mM NAD,
1 mM NaPPi, 1 unit of phosphoglucomutase, 1 unit of glucose-6-phos-
phate dehydrogenase from Leuconostoc mesenteroides, and 10 to 20
wL of extract. NAD reduction was monitored spectrophotometrically at
334 nm and 25°C before and after the addition of 2 mM ADP—glucose
by using a dual wavelength photometer (model ZFP22; Sigma).

SPS activity was measured under V., (with 12 mM fructose 6-phos-
phate, 36 mM glucose 6-phosphate, and 6 mM UDP glucose) and
Ve conditions, including limiting substrate concentrations and the
inhibitor phosphate (with 2 mM fructose 6-phosphate, 6 mM glucose
6-phosphate, 6 mM UDP-glucose, and 5 mM phosphate) to detect
total activity and the activity of the active dephosphorylated form, as
described by Reimholz et al. (1997).

RNA Gel Blot Analysis

Total RNA was isolated from roots or leaf material from which the
first-, second-, and third-order veins had been removed, and RNA
gel blot analyses were performed with 20 u.g of total RNA per lane, as
described in Krapp et al. (1993), except that the RNA was covalently
fixed to the blotting membrane (Hybond N; Amersham) by UV cross-
linking (Stratalinker 1800; Stratagene, La Jolla, CA). The radioactively
hybridized filters were washed with increasing stringency and, de-
pending on the probe used, until the signal/background ratio was max-
imal. Autoradiography was performed at —80°C with Kodak X-Omat
films with intensifying screens. Hybridized RNA gel blots were stripped
by washing up to three times for 1 min in 0.1% (w/v) SDS at 90°C. The
quantitative removal of the radiolabeled cDNA was checked by autora-
diography before using the RNA membranes for another hybridization.
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