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Abstract In wild-type Nicotiana plumbaginifolia Viv. and
other higher plants, nitrate reductase (NR) is regulated
at the post-translational level and is rapidly inactivated
in response to, for example, a light-to-dark transition.
This inactivation is caused by phosphorylation of a
conserved regulatory serine residue, Ser 521 in tobacco,
and interaction with divalent cations or polyamines, and
14-3-3 proteins. The physiological importance of the
post-translational NR modulation is presently under
investigation using a transgenic N. plumbaginifolia line.
This line expresses a mutated tobacco NR where Ser
521 has been changed into aspartic acid (Asp) by site-
directed mutagenesis, resulting in a permanently active
NR enzyme [C. Lillo et al. (2003) Plant J 35:566–573].
When cut leaves or roots of this line (S521) were placed in
darkness in a buffer containing 50 mM KNO3, nitrite
was excreted from the tissue at rates of 0.08–
0.2 lmol (g FW))1 h)1 for at least 5 h. For the control
transgenic plant (C1), which had the regulatory serine of
NR intact, nitrite excretion was low and halted com-
pletely after 1–3 h. Without nitrate in the buffer in which
the tissue was immersed, nitrite excretion was also low
for S521, although 20–40 lmol (g FW))1 nitrate was
present inside the tissue. Apparently, stored nitrate was
not readily available for reduction in darkness. Leaf
tissue and root segments of S521 also emitted much more

nitric oxide (NO) than the control. Importantly, NO
emission from leaf tissue of S521 was higher in the dark
than in the light, opposite to what was usually observed
when post-translational NR modulation was operating.

Keywords Nicotiana Æ Nitrate reductase Æ Nitric
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Abbreviations NR: Nitrate reductase Æ NO: Nitric
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Introduction

Nitrate reductase (NR, EC 1.6.6.1) catalyses a key step
in nitrogen assimilation:

NADHþNO�3 þHþ ! NADþ þNO�2 þH2O

NR is known to be regulated post-translationally by
phosphorylation of a conserved serine residue, Ser 543 in
spinach (Douglas et al. 1995; Bachmann et al. 1996) and
Ser 534 in Arabidopsis (Su et al. 1996), corresponding to
Ser 521 in Nicotiana tabacum. In the presence of Mg2+

or spermidine the phosphorylated form of NR interacts
with 14-3-3 proteins, and NR activity is then inhibited
(Provan et al. 2000; Athwal and Huber 2002). This reg-
ulatory mechanism assures rapid inactivation of NR
under certain conditions, like a sudden decrease in light
intensity. The nitrite formed in the reaction step catalysed
by NR is further converted into ammonium by nitrite
reductase (NiR) and then incorporated into organic
compounds by glutamine synthetase and glutamate
synthase (GOGAT). NiR and GOGAT are closely cou-
pled to photosynthesis because, in leaves, reduced ferre-
doxin generated in photosynthesis is used as the electron
donor for these enzymes. In darkened leaves, or root
tissue, reducing power for NiR and GOGAT must be
generated by other means than photosynthesis, but still
involves ferredoxin or a ferredoxin-like protein (Meyer
and Stitt 2001). Rapid down-regulation of NR due to, for

U. S. Lea Æ F. ten Hoopen Æ F. Provan Æ C. Lillo (&)
School of Technology and Science, Stavanger University College,
Box 8002 Ullandhaug, 4068 Stavanger, Norway
E-mail: cathrine.lillo@tn.his.no
Fax: +47-5183-1750

F. ten Hoopen
Laboratory of Plant Physiology, University of Groningen,
P.O. Box 14, 9750 AA Haren, The Netherlands

W. M. Kaiser
Julius-von-Sachs-Institut für Biowissenschaften, Lehrstuhl für
Molekulare Pflanzenphysiologie und Biophysik, Universität
Würzburg, Julius-von Sachs-Platz 2, 97082 Würzburg, Germany

C. Meyer
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instance, a sudden decrease in light intensity has been
claimed to be necessary to avoid accumulation of nitrite,
which is toxic to the plant (Riens and Heldt 1992; Huber
et al. 2002; Lillo 2004), and the work presented here in-
deed demonstrates that the Ser 521 can be important for
cessation of nitrite production.

In roots from many plant species, anaerobic condi-
tions result in nitrite excretion (Botrel et al. 1996; Allègre
2003). This efflux of nitrite has been ascribed to an
activation of NR by dephosphorylation, probably trig-
gered in part by a decrease in cytosolic pH (Botrel and
Kaiser 1997; Allègre 2003). In barley roots, nitrite
assimilation was also impaired in anaerobic conditions
(Botrel et al. 1996). It has been known for a long time
that supplementary nitrate increases a plant’s resistance
to hypoxia and anoxia, and recently it has been shown
that an impairment of NR activity reduced the resistance
of tomato plants to anaerobiosis (Allègre 2003). Also,
under anoxia, tobacco mutants deficient in root NR
showed much higher ethanol and lactate fermentation
than wild-type (WT) roots (Stoimenova et al. 2003a,
2003b). These observations are in agreement with nitrate
reductase taking part in regeneration of NAD+ for the
glycolytic pathway since respiration cannot recycle the
NAD+ under anoxic conditions.

NR also catalyses the conversion of nitrite into nitric
oxide (NO), a gaseous free radical exerting numerous
physiological effects in plants (Kaiser et al. 2004). NO
can further react with superoxide, formed by NR or
other enzymes in the plant, to form peroxynitrite, a
highly toxic and reactive compound (Ruoff and Lillo
1990; Yamasaki and Sakihama 2000; Rockel et al. 2002;
Kaiser et al. 2004).

We have previously produced several N. plumbagini-
folia transgenic lines (S521) expressing a tobacco NR
with the regulatory Ser 521 changed to aspartic acid
(Asp 521). Under optimal growth conditions nitrite did
not accumulate in response to a light–dark transition in
S521 leaves although NR was always in its active form
(Lillo et al. 2003). The reason for this could be that NR
is restrained in situ also by other mechanisms than
phosphorylation and association with 14-3-3 proteins.
Restriction in substrate availability can indeed be
important. Although the Km value for NADH is very
low for spinach and tobacco NR, i.e.1–2 lM (Sanchez
and Heldt 1990; Lillo et al. 1997), it has been suggested
that NADH may decrease in darkness and be limiting
for nitrate reduction (Kaiser et al. 2000). The present
work shows that although NR in S521 is in its active
form in darkness, formation of nitrite is still restricted,
but will increase to higher levels when external nitrate is
provided. The compartmentation of nitrate into a met-
abolic and a storage pool appears to be important for
regulation of nitrogen assimilation, and may prevent
conversion of nitrate to nitrite under conditions that
cannot support adequate further metabolism of nitrite.
This complex regulation of nitrate compartmentation
and reduction is apparently aimed at avoiding accumu-
lation of toxic compounds.

Materials and methods

Plant material

After germination in sand or agar, plants were grown in perlite
overlaid by a thin layer of soil for about 6 weeks. The plants were
in the rosette stage and had approximately seven leaves when leaf
samples were harvested. Seeds were provided by Unité de Nutri-
tion Azotée des Plantes INRA, Versailles, France. Plants tested
were: WT Nicotiana plumbaginifolia Viv., transgenic N. plumba-
ginifolia (var. viviani) with the full length tobacco NR (C1) (Vin-
centz and Caboche 1991), and S521-7 where tobacco NR Ser 521
was mutated into Asp; otherwise, the S521-7 line resembles the C1
line (Lillo et al. 2003). In C1 and S521, NR was constitutively
expressed using the cauliflower mosaic virus 35S promoter. All the
NR activity detected in these transgenic plants is derived from the
transgene expression, as the endogenous NR gene is inactivated by
a retrotransposon insertion (Leprince et al. 2001). Plants were
grown at 20�C with a 12-h photoperiod at 80 lmol pho-
tons m)2 s)1, and were irrigated with Hoagland solution contain-
ing 15 mM KNO3 three times a week, and always the day before
harvesting.

Nitrite excretion

Leaves were cut into pieces of approximately 0.50 cm2. Roots and
leaves were washed in deionised water and cut into 0.7-cm-long
pieces. The tissue, 5·1 g, was placed in a 100-ml Erlenmeyer flask
with 20 ml of 50 mM Mes buffer pH 6.5 (Hepes pH 7.0 was also
used, and gave the same results) and various concentrations of
KNO3. The Erlenmeyer flasks were kept in darkness under slow
agitation. Samples of the buffer were taken every hour for mea-
surement of nitrite content, and the tissue was used for assay of NR
activity.

Nitrate measurements

Crude extracts were diluted 100 times, and all the nitrate was
converted into nitrite enzymatically by adding NR purified from N.
plumbaginifolia. Nitrite was then determined as described below.
Alternatively, aliquots of 20–25 mg of freeze-dried powder were
extracted successively with 1 ml of 80% (v/v in water) ethanol, 1 ml
of 60% ethanol and finally with 1 ml of water (1 h of extraction for
each step) at 4�C. The three successive extractions were pooled and
homogenised. An aliquot (2·1 ml) of the supernatant was then
evaporated in a Speed-Vac and resuspended in 1 ml of water for
nitrate determination. Nitrate concentrations were determined by
HPLC (Dionex analyser, DX-120; HPLC AS14 column; 3.5 mM
Na2CO3 and 1 mM NaHCO3 as eluant). Peaks were identified and
quantified in an integrator (Peak-net station) by comparison with
standard nitrate concentrations (10 lM to 1 mM).

Extraction and assay of NR

Leaves, 1 g, were homogenised with 4 ml of 0.1 M Hepes–KOH
(pH 7.5), 3% (w/v) polyvinylpolypyrrolidone, 1 mM EDTA and
7 mM cysteine. The assay mixture contained 50 mM Hepes–KOH
(pH 7.5), 100 lM NADH, 5 mM KNO3 with 2 mM EDTA or
6 mM MgCl2. The assay volume was 0.70 ml. Activity was mea-
sured in crude extracts by determining NO2

) formation by the
addition of 1% sulphanilamide and 0.02% N-(1-naphthyl)-ethyl-
ene-diamine dihydrochloride in 1.5 M HCl (Lillo and Henriksen
1984). The activity state is defined as NR assayed in the presence
of Mg2+ (and 14-3-3 proteins) as a percentage of NR activity
measured in the presence of EDTA, and reflects how much of the
enzyme is in the non-phosphorylated active form. Assays were run
at 25�C.
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Gas-phase NO measurements

N. plumbaginifolia plants were cultivated on vermiculite under a
16 h light/8 h dark regime at 25�C day/22�C night temperature.
Three leaves were harvested for NO emission and weighed. The
leaves with freshly cut petioles were placed in a beaker with Hoa-
gland nutrient solution (15 mM nitrate) and mounted in a chamber
with a transparent lid and 4 l air volume. A constant flow of
measuring gas (1.5 l min)1) was pulled through the chamber and
subsequently through the chemiluminescence detector (CLD 770
AL ppt; Eco-Physics, Dürnten, Switzerland; detection limit 20 ppt;
1 min time resolution) by a vacuum pump connected to an ozone
destroyer. The ozone generator of the chemiluminescence detector
was supplied with dry oxygen (99%). The measuring gas (air or
nitrogen) was made NO-free by conducting it through a custom-
made charcoal column (1 m long, 3 cm internal diameter, particle
size 2 mm). Calibration was routinely carried out with NO-free air
(0 ppt NO) and with various concentrations of NO (1–35 ppb)
adjusted by mixing the calibration gas (500 ppb NO in nitrogen;
Messer Griesheim, Darmstadt, Germany) with NO-free air. Flow
controllers (FC-260; Tylan General, Eching, Germany) were used
to adjust all gas flows. Light was provided by a 400-W HQi-lamp
(Schreder, Winterbach, Germany) above the cuvette. Quantum flux
density was 200 lmol m)2 s)1 PAR). Air temperature in the cuv-
ette was continuously monitored, and was usually about 20�C in
the dark and 23–25�C in the light.

NO emission from roots

Roots were harvested from hydroponically grown N. plumbagini-
folia plants, washed briefly and cut into segments of approx.
0.5 cm. 2 g of root segments were immersed in a beaker with 20 ml
Hoagland nutrient solution and this beaker was placed in the
measuring cuvette. NO was measured under constant shaking
(150 rpm), as described.

Results

Nitrite excretion from leaf tissue

Leaves of N. plumbaginifolia were harvested in the
morning after 3 h of light, cut into narrow pieces, and
placed in Erlenmeyer flasks in a buffer with various con-
centrations of nitrate. The flasks were kept in darkness
under slow agitation. Figure 1a shows nitrite excretion
from leaf tissue with 50 mMnitrate in the buffer. For S521
tissue, nitrite was excreted almost linearly with time dur-
ing the 5 h of the experiment, whereas nitrite excretion
from the control plant expressing a WT NR with the Ser
521 intact (C1)was very low, and stopped completely after
3 h. Total NR activity (assayed in the presence of EDTA)
showed a 45% decrease during the first 4 h for C1 and
22% for S521 (Fig. 1b). NR activity tested in the presence
of Mg2+ (actual NR activity) is believed to reflect the in
situ NR activity more adequately than NR assayed in the
presence of EDTA (Kaiser et al. 2000). The actual NR
activity shown in Fig. 1c was similar at time zero for C1
and S521, but NR activity in C1 then decreased sharply,
whereas actual activity in S521was almost constant. This is
correlated with the data showing nitrite excretion
(Fig. 1a).Mean values for nitrite excretion during the first
hour were 0.04 and 0.08 lmol (g FW))1 h)1 for C1 and
S521, respectively. During the next 2 h nitrite excretion
from S521 was 10 times higher than for C1. Thereafter

nitrite excretion remained high for S521, but stopped
completely for C1. As expected, the NR activity state was
always high for S521. For C1, the activity state was rela-
tively low at the start of the experiments and decreased
further during the first 2 h (Fig. 1 d). Post-translational
inactivation of NR therefore appears to be important for
cessation of nitrite formation under these conditions.

Figure 2 shows the effect of different exogenous con-
centrations of nitrate on nitrite excretion from S521 and
C1 leaf tissue. When no nitrate was added to the buffer
wherein the tissue was immersed, nitrite excretion was
low also in S521 plants. After the first 2 h, during the 2- to

Fig. 1a–d Nitrite excretion and NR activity in cut leaf tissue during
5 h darkness in the presence of 50 mM exogenous nitrate for S521
(m) and C1 (d) Nicotiana plumbaginifolia plants. aNitrite excretion.
b Total NR activity, measured in the presence of EDTA. c Actual
NR activity, measured in the presence of Mg2+. d Activity state of
NR. Means ± SE, n=3
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5-h time span, nitrite excretion from S521 tissue with no
exogenous nitrate was only 12% of that from tissue ex-
posed to 50 mM exogenous nitrate. For C1 tissue, nitrite
excretion was close to zero regardless of the exogenous
concentrations of nitrate. Different batches of plants
varied with respect to nitrite excretion as well as NR
activity. As shown in Fig. 1, some nitrite excretion could
sometimes be observed from C1 plants during the first
3 h of incubation, although excretion from C1 plants was
very low compared with the S521 mutant. To examine
how different concentrations of nitrate affected nitrite
excretion, samples were harvested from the same batch of
plants and tested at various nitrate concentrations. Fig-
ure 2 represents one out of several experiments showing a
strong effect of nitrate concentration on nitrite excretion
for the S521 plants, and zero or very low nitrite excretion
from C1 regardless of nitrate concentration.

Nitrite content was also measured after boiling the
tissue in the incubation buffer, which releases nitrite from
within the cells. These measurements did not show a
different nitrite formation rate compared with the data
presented in Figs. 1a or 2; hence, not much nitrite accu-
mulated within the tissue of S521 or C1 plants (data not
shown). This was also confirmed in the samples prepared
for NR activity measurements because, although slightly
increasing, these samples did not show high background
values for nitrite at the start of the NR assay.

Nitrate content of leaves was determined, and
showed that S521 leaves contained 20–40 lmol ni-
trate (g FW))1, i.e. 25–100 times more than the amount
of nitrate that was actually reduced to nitrite in the
experiments presented in Figs. 1 and 2. This indicates
that the endogenous nitrate is not easily available for
NR since high exogenous nitrate concentrations were
necessary for sustained nitrite formation.

Nitrite excretion from root tissue

Nitrite excretion from root pieces was much higher in
S521 plants compared with control (C1) plants (Fig. 3a).

Actual NR activity was about 4 times higher in S521 than
in control plants (Fig. 3c). The nitrate content of roots
always exceeded 30 lmol (g FW))1. When comparing
roots submerged in buffers with different concentrations
of nitrate it was found that nitrite excretion depended on
high exogenous nitrate concentrations also for roots.
Without exogenous nitrate, nitrite excretion stopped
after 1 h (Fig. 4). Three different repeats were made of
this experiment, showing basically the same results, but
maximal excretion rates for S521 tissue (in 50 mM

Fig. 2 Nitrite excretion from N. plumbaginifolia cut leaf tissue
immersed in various concentrations of nitrate during 5 h of
darkness. The data presented represent one out of three similar
repeats. Filled symbols S521, open symbols control plant C1. Nitrate
concentrations tested were: 0 (d, s), 1 (n, h), 10 (¤, )), and 50 mM
(m, M)

Fig. 3a–d Nitrite excretion and NR activity in cut roots of N.
plumbaginifolia during 3 h darkness in the presence of 50 mM
exogenous nitrate for S521 (m) and C1 (d) plants. a Nitrite
excretion. b Total NR activity, measured in the presence of EDTA.
c Actual NR activity, measured in the presence of Mg2+. d Activity
state of NR. Means ± SE, n=3
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nitrate) varied from 0.65 to 1.0 lmol (g FW))1 during
the 5-h time span. Nitrite excretion always stopped after
1 h when no exogenous nitrate was present. Nitrite
excretion from C1 roots was also tested and showed
close to zero excretion rates for all nitrate concentrations
used (Figs. 3a, 4).

NO formation

As a side reaction, NR can use nitrite as a substrate and
form NO by a one-electron transfer reaction (Yamasaki
and Sakihama 2000; Rockel et al. 2002; Kaiser et al.
2004). We therefore tested the formation of NO under
conditions that could lead to (transient) accumulation of
nitrite due to lack of post-translational regulation of NR
in S521. NO emission from C1 was low in the dark, in-
creased during the light phase and remained high in the
second dark phase (Fig. 5). Quite in contrast, in S521
leaves, NO emission was generally much higher in the
dark than in the light. Significant differences in NO2

)

concentrations in situ were not found between S521 and
C1 under these conditions (data not shown).

Higher NO emission from S521 than for C1 was also
found for root pieces floating in 15 mM nitrate solution
(Fig. 6). Generally, NO emission from roots exposed to
normal air was not detectable, but under anaerobic
conditions 8 and 1 nmol (g FW))1 h)1 were emitted
from S521 and C1 roots, respectively. Nitrite concentra-
tions in the roots increased during 2 h of anaerobiosis
from about 1 to 40 nmol (g FW))1 in S521 and from
0.02 to 27 nmol (g FW))1 in C1 plants. It seems that in
the roots of the S521 line a significant proportion of the
stored nitrite is reduced to NO (compare the level of
nitrite to the maximal emission rate in Fig. 6). After
returning to aerobic conditions, nitrite concentrations
decreased only slowly (not shown), whereas NO emis-
sion ceased almost immediately (Fig. 6). Thus, the dif-
ference in anoxic NO emission between S521 and C1
roots was much higher than would be expected from the
differences in the nitrite concentration.

Discussion

Previous work had shown that transforming the E23 N.
plumbaginifolia NR-deficient mutant with a reporter
gene or structural NR gene linked to the NR promoter
often led to no or very low expression (Meyer and Stitt
2001), and to assure proper expression the mutated NR
gene was placed under control of the 35S promoter.
Mutated NR is therefore expressed constitutively in all
kinds of cells (ectopic expression), even in cells that
might have little or no NR activity. The results for the
S521 plants were always compared with the C1 plants in
which the non-mutated NR gene was also linked to the
35S promoter. Generally, we found WT and C1 plants
to give the same results (data not shown), with the
exception of NO emission under anoxia (Fig. 6). Under

anoxia, 12% of the NO emission could have been caused
by ectopic expression of NR.

Excretion of nitrite by anaerobic roots or by roots
treated with inhibitors of respiration has been often re-
ported (Lee 1979; Mann et al. 1979; Dry et al. 1981;
Botrel et al. 1996). Similarly, tissue incubated in dark-
ness and anoxia has been used for the so-called ‘‘in vivo
NR activity test’’ where nitrite accumulation in the
medium is also detected (Mann et al. 1979; Lillo and
Henriksen 1984). This increase in nitrite accumulation in
both roots and shoots sometimes has been linked to a
decrease in ATP and/or glucose 6-phosphate concen-
tration which was then supposed to restrict nitrite
reduction in plastids, and to an acidification of the
cytosol which is known to activate NR. Indeed, only a
partial reduction in nitrite assimilation was observed in
anoxic barley roots (Botrel et al. 1996). We show here
that nitrite excretion from detached leaves and roots of
N. plumbaginifolia is also linked to the loss of post-
translational regulation of NR resulting from mutation
of the regulatory Ser residue. Nitrite excretion, although
low, was also detected at the beginning of the experiment

Fig. 4 Nitrite excretion from N. plumbaginifolia cut root tissue
immersed in various concentrations of nitrate during 5 h of
darkness. The data presented represent one out of three
similar experiments. Filled symbols S521, open symbols the control
plant C1. Nitrate concentrations tested were: 0 (d, s), 1 (n, h), 10
(¤, )), and 50 mM (m, M)

Fig. 5 NO flux density from leaves during dark–light–dark
transitions. Detached leaves of N. plumbaginifolia were placed with
their petioles in a nutrient solution containing 15 mM nitrate. S521
(M) and C1 (s). Means ± SE, n=5
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when using leaf tissue of the control transgenic N.
plumbaginifolia line, but this nitrite excretion stopped
after 3 h of incubation in the dark. A concomitant de-
crease in NR activation state was also observed. It thus
seems that the major factor controlling nitrite produc-
tion is the modulation of NR activity by phosphoryla-
tion and 14-3-3 binding. Interestingly, even in the
deregulated transgenic plants (S521), nitrite was not
found to accumulate in leaves under optimal growth
conditions (Lillo et al. 2003). In mature plant cells the
total cell volume of the cytosol will make up only 5–10%
of the cell, and the concentrations of nitrate or nitrite in
different compartments can be very different from the
values obtained by averaging the total content of the
whole tissue. Local accumulation of nitrite may there-
fore occur, and be, for instance, 20 times higher than the
averaged values obtained. Because of this dilution effect
by the whole cell, increase of cytosolic nitrite can be hard
to determine, and accumulation of nitrite is only seen
under more extreme conditions.

The present work shows that when fresh nitrate is
provided externally to cut leaf or root tissue nitrite
formation is stimulated in the S521 plants (Figs. 2, 4).
Even though high nitrate concentrations were present in
both root and leaf tissues a source of external nitrate was
necessary for sustained nitrite excretion. This indicates
that compartmentation of nitrate into a metabolic pool
(cytosolic) and a storage pool (vacuole) is important for
regulation of nitrate reduction. The concept of two ni-
trate pools, a large storage pool in the vacuole and a
small metabolically available pool in the cytosol, was
launched a long time ago (Ferrari et al. 1973; Martinoia
et al. 1981). Although a substantial mobilisation of
vacuolar stored nitrate has been shown to occur in N-
starved barley roots (van der Leij et al. 1998), it seems
that in our conditions this remobilisation did not occur,
or at least not at a rate sufficient for sustaining maximal
nitrite production. Alternatively, the reduction of
exogenous nitrate into nitrite by NR could be restricted
to cells of the epidermal layer, which implies that the
available vacuolar nitrate pool is much lower than when
calculated from the total organ.

In leaves of the S521 line, NO emission was generally
higher than in the control C1 transgenic line, both in
the light and in the dark. Importantly, the dark/light
pattern of NO emission was also changed by the
mutation of Ser 521. In leaves of WT plants, NO
emission was usually higher in the light than in the
dark (Fig. 5, also compare Rockel et al. 2002), whereas
in S521, the pattern was opposite (higher in dark than
in light). No accumulation of nitrite was seen, but the
higher rate of NO emission in the S521 line could be
due to a slight increase in nitrite formation and to a
higher rate of NO formation from nitrite by the con-
stitutively active NR in S521 plants. It has previously
been shown for other species that production of NO by
NR occurs in tissue where nitrite concentration is high
(Morot-Gaudry-Talamain et al. 2002; Rockel et al.
2002). However, in agreement with previous results
(Lillo et al. 2003), accumulation of nitrite was not
observed in leaves during 30 min of darkness in the
WT, or in transgenic N. plumbaginifolia unless extra
nitrate was added. Apparently, the assay for nitrite is
not sufficiently sensitive to detect any increase during
the time span (30 min) generally used to see optimal
inactivation of NR, although nitrite may increase lo-
cally. Measurements of NO were, however, very sen-
sitive and showed increasing emission of NO during
30 min of darkness.

A much higher NO emission than in C1 was also
detected in anaerobic S521 roots, together with a small
nitrite accumulation. Interestingly, an increased NO
production has been detected also in anoxic alfalfa root
cultures (Dordas et al. 2003) and it has been suggested
that NO may be involved in the regulation of anoxic
metabolism (Stoimenova et al. 2003a, 2003b). The
present work shows a clear correlation between in vivo
formation of NO and regulation of NR. However, direct
evidence that NO emitted is the product of nitrate
reduction remains to be obtained, and to fully evaluate
the effects of abolishing phosphorylation of the regula-
tory Ser 521, 15N labelling in the S521 line will be done.
This will allow us to quantify the rate of nitrate reduc-
tion (to nitrite and also NO) in both the C1 and S521
lines, and to follow the metabolic perturbations resulting
from the NR deregulation.

Plants have evolved various complementary mecha-
nisms to avoid the potential problem of nitrite accu-
mulation under certain conditions when further
assimilation of nitrite is slow. As shown in the experi-
ments presented here, mutation of the regulatory serine
in NR and thereby constitutively high NR activity can
lead to formation and excretion of nitrite. It is also
apparent that the post-translational regulation of NR
not only regulates NR with respect to nitrite production
but also functions to regulate NO emission.
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Fig. 6 NO flux density from root segments in air and anoxia. Cut
roots of N. plumbaginifolia were floated on nutrient solution with
15 mM nitrate. S521 (M), C1 (s) and WT (h). Means ± SE (C1
n=3, S521 n=3, WT n=2)
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Allègre A (2003) Approche physiologique et biomoléculaire du rôle
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