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Abstract

The effects of drought on the activity of nitrate reductase (NR) were studied in Helianthus
annuus L. plants subjected to soil drying and subsequent rewatering. Drought did not
negatively affect the activation state of NR, but resulted in linearly correlated decreases in the
activity of the unphosphorilated active form and the total activity of NR, both in roots and
leaves. The concentration of nitrate in roots, xylem and leaves also decreased in water-
stressed plants, whereas the concentration of total amino acids was only transiently depressed
at the leaf level. In contrast, soluble sugars accumulated both in roots and leaves of water-
stressed plants. Drought-induced decrease in root NR activity was correlated with the
observed changes in root nitrate concentration. A higher percentage of the decrease in foliar
NR activity could be explained by the decline in nitrate flux to the leaves than by leaf nitrate
content. Following rewatering, the extent of recovery of NR activity was higher in roots than
in leaves. The delay in the recovery of foliar NR activity did not result from the persistence of
reduced flux of nitrate through the xylem. Several hypotheses to explain the after-effect of

soil drying on foliar NR activity are discussed.



Introduction

The cytosolic enzyme NADH nitrate reductase (NR; EC 1.6.6.1), the first enzyme in
the pathway of nitrate assimilation, is tightly regulated both at the transcriptional (Hoff et al.
1994) and post-translational level (Kaiser et al. 1999). Although the control of gene
expression may be an efficient way of regulating the activity of enzymes with a short half-
live, such as NR, the activity of this enzyme is also controlled by proteolytic degradation
(Galangau et al. 1988), and is subjected to rapid post-translational inactivation through
protein phosphorylation and subsequent Mg®*-dependent binding of inhibitory protein (Kaiser
et al. 1999; Kaiser and Huber 2001). In all plant species examined so far, NR gene
transcription is inducible by nitrate (Hoff et al. 1994; Crawford 1995). In addition to nitrate,
both sugars (Klein et al. 2000; Kaiser and Huber 2001), and reduced nitrogen compounds
such as amino acids (Hoff et al. 1994; Stitt et al. 2002) have been implicated as internal
signals that regulate NR activity.

It has long been recognised that soil drying may cause a decrease in nitrate absorption
by the roots and in transport of nitrate from the roots to the leaves, which may lead to foliar
nitrate depletion (Shaner and Boyer 1976a; Ferrario-Méry et al. 1998; Foyer et al. 1998).
Since NR is a nitrate-inducible enzyme, depletion in foliar nitrate may contribute to explain
why the maximal extractable foliar activity of this enzyme has been found to decrease in
water-stressed leaves of several species, including maize (Shaner and Boyer 1976a; Foyer et
al. 1998; Abd-El Baki et al. 2000), tobacco (Ferrario-Méry et al. 1998), and wheat (Larsson
et al. 1989). However, contradictory results exist as to the effects of leaf water deficits on the
activation state of NR, which has been found to decrease in some cases (Kaiser and Brendle-
Behnisch 1991; Brewitz et al. 1996; Foyer et al. 1998), but not in others (Ferrario-Méry et al.

1998; Abd-El Baki et al. 2000).



Under field conditions, plants are likely to be subjected to recurrent periods of drought
and precipitation leading to fluctuating soil water content. Therefore, if we are to understand
the influences of drought on nitrogen nutrition, we need information concerning how the
plants recover their ability to reduce and assimilate nitrogen following the relief of water
deficits. Until now, very few studies have been conducted to address that question. In
conditions of relatively short periods of water deprivation (less than one week), full recovery
of NR activity was found to occur soon after rehydration of tobacco (Ferrario-Mery et al.
1998) and maize leaves (Foyer et al. 1998). However, the work of Shaner and Boyer (1976a)
evidenced that the recovery of NR activity may be delayed when rehydration is not
accompanied by the restoration of nitrate flux to leaves. Nitrate flux to the leaves is dependent
on transpiration rate, which often recovers slowly following rewatering, due to the after-
effects of drought on stomata (Correia and Pereira 1994). Therefore, a delay in the recovery
of leaf NR activity is likely to occur whenever low transpiration rates persist following
rewatering.

Rather than being restricted to the leaves, nitrate reduction may also occur in the roots
(Stohr and Mé&ck 2001; Pajuelo et al. 2002; Scheurwater et al. 2002). However, studies on the
effects of water deficits on nitrate reduction at the root level are rare in the literature. In
Helianthus annuus plants, Gollan et al. (1992) found that the concentration of nitrate in the
xylem sap decreased with soil water content, whereas the concentration of amino acids was
slightly increased. These results were interpreted as suggesting that the activity of NR is
promoted in droughted roots of sunflower. In accordance, Goupil et al. (1998) found that
abscisic acid, which is known to accumulate in dehydrated tissues, stimulated the activity of
nitrate reductase in chicory roots. In contrast, Larsson et al. (1989) reported that NR activity
in wheat roots was not affected by ABA and declined when roots were dehydrated under

osmotic stress. However, in another study (Abd-El Baki et al. 2000) the activity of nitrate



reductase was not affected when maize roots were subjected to osmotic stress. These
contradictory results indicate that further work is needed in order to elucidate the effects of
water deficits on the activity of NR in roots.

The present work was undertaken in order to contribute to a better understanding of
the effects of soil drying and subsequent rewatering on nitrate reduction. With that purpose,
the activity of the unphosphorylated form, the maximal activity and the activation state of
nitrate reductase were assayed both in roots and leaves of sunflower plants subjected to a
period of soil water deficit and subsequent rewatering. In order to obtain information on
changes is parameters that may be involved in the control of NR activity, the concentrations
of nitrate, amino acids and soluble sugars were also quantified, both in roots and leaves, and

the flux of nitrate in xylem was estimated.

Material and methods
Plant material and growth conditions

Helianthus annuus L. seeds (cv. Giant) were soaked overnight and allowed to
germinate on wet tissue paper, in darkness. They were then placed in 3 L. pots filled with a
mixture of unfertilised peat and vermiculite (1:1, v/v). The plants (one per pot) were grown in
a controlled-environment cabinet (Fitoclima 16.000 EHVP, Aralab, Portugal) under a
photoperiod of 12 h, with light provided by incandescent and fluorescent lamps, supplying a
photosynthetically active fluence rate (at the top of the plants) of about 750 pmol m? s™. The
temperature was 18°C (night)/25°C (day) and the relative humidity was 70% (night)/60%
(day). Watering was done using a complete nutrient solution containing (in mol m®) 9 NOs,
0.6 NH4", 3 K*, 0.6 H,POy4, 3 Ca?*, 1.2 Mg®*, 1.2 SO4* and (in mmol m®) 11 Fe**, 5.4 Mn*",
0.48 Zn?*, 26 H3BO; and 0.02 Mo;0,,>". Throughout the whole experimental period the plants

remained at the vegetative phase of development.



Water deficit treatment and sampling

From sowing until the beginning of water deficit imposition, all the pots were
regularly brought to field capacity (each two days). The onset of water deficit imposition took
place 20 days after sowing, when the plants exhibited 4-5 leaves. Water stress was imposed
by replacing only partially the water lost by evapotranspiration (determined gravimetrically).
To achieve an approximately constant rate of soil drying, the percentage of water lost that was
replaced by watering was progressively increased (from 25% to 75%) in order to compensate
for the increase in transpiring leaf area. Soil drying lasted for 12 days. During the afternoon of
the last day of soil drying the water-stressed pots were rewatered to field capacity. In the case
of the plants referred to as well watered, all the water lost by evapotranspiration was replaced
by watering throughout the entire experimental period.

Measurements and sampling of leaves, xylem and roots of plants subjected to water
deficit took place 5 (short stress), 8 (intermediate stress), and 12 days (prolonged stress) after
the onset of soil drying. Rewatered plants were sampled on the 2 days following rewatering.
Well-watered plants were sampled the days preceding sampling of water-stressed plants and 3
days following rewatering. Five plants per treatment were harvested at each sampling date.
Because there are marked diurnal changes in the transcriptional and post-translational
regulation of NR, all the measurements and sampling were done during the 4™ hour of the
photoperiod, when the activity of cytosolic nitrate reductase from other species has been
reported to reach its highest levels both in roots (Stéhr and Méck 2001) and leaves (Galangau
et al. 1988; Geiger et al. 1998; Kandlbinder et al. 2000; Scheible et al. 2000). Two recently
expanded leaves per plant were used for measurements and sampling: half of the lamina from
the most recently expanded leaf was sampled for NR activity, the rest of the lamina being
used to punch leaf discs in which the concentrations of nitrate, amino acids and soluble sugars

were determined; the leaf located immediately below was used to determine transpiration rate



and leaf water potential. Xylem samples were collected from detached shoots, as described
below. In the case of the root samples, they represent pooled samples of the entire root
system. Leaf, xylem and root samples were quickly frozen in liquid nitrogen, and stored at -
80°C until analysis.
Measurements of water status, transpiration rate and sampling of xylem sap

Soil water status was regularly assessed by weighing the pots before each watering.
Soil fresh mass is expressed as a percentage of the maximum fresh mass at field capacity that
was determined before the onset of water deficit imposition. Leaf water status was assessed
by measuring leaf water potential (‘W) using a pressure chamber (PMS Instruments, Corvallis,
OR, USA). The transpiration rate of the leaves was determined under the conditions of the
growth chamber, using a portable gas exchange measuring system (HCM-1000, H. Walz,
Effeltrich, Germany).

Samples of xylem sap were expressed from 200-250 mm long shoot-ends enclosed in
a pressure chamber, by applying an overpressure of around 0.4 MPa. In order to avoid the
contamination by broken cells at the cut surface, the first drop of exudate was discarded, only
the exudates subsequently produced (20-30 pL) being collected. We are aware that expressing
xylem sap from detached shoots, using a pressure bomb, has been criticised (Schurr 1998).
Therefore, a preliminary experiment was performed to evaluate the procedure used in this
study to collect the samples of xylem sap. Entire shoots of well-watered plants were detached
at predawn, recut under water, and transferred to flasks containing the complete nutrient
solution either at the concentration above described or diluted to 75% and 50% of the initial
concentration. After having been kept 60 min in darkness, the shoots were transferred to the
growth chamber were they remained 90-150 min after the lights were switched on. At the end
of the feeding assay, one sample of each feeding solution was collected and xylem sap was

expressed from 4-5 shoot-ends per feeding solution, as described above. As shown in Fig. 1,



mean nitrate concentrations measured (see below) in the samples of xylem sap were similar to
the concentrations in the feeding solutions supplied directly to the transpiring detached
shoots. This finding indicates that the concentration of nitrate determined in the sap expressed
from detached shoots is similar to the concentration of nitrate being transported in the xylem
sap of intact sunflower plants. This is in accordance with other reports (Correia et al. 1999;
Borel and Simonneau 2002) that supported the use of the pressurisation technique for
collecting xylem sap, provided sap dilution by symplastic water is avoided by collecting only
low-volume exudates, as done in the present work.
Extraction and assay of nitrate reductase activity

Frozen samples of leaves and roots were ground to a fine powder in a mortar pre-
cooled with liquid nitrogen. NR activity was extracted and assayed as in Long and Oaks
(1990), using leupeptin or chymostatin in the extraction buffer to stabilize the enzyme in
leaves and roots, respectively. The crude homogenate was centrifuged for 20 min at 5000
r.p.m. and 4°C, the NR activity in the supernatant being assayed immediately. NR activity
was measured either in the presence of 5 mM EDTA or 10 mM magnesium acetate (final
concentrations in the respective assays). The activation state of NR was determined as the
activity determined in the presence of Mg?*, which usually reflects the activity of the
unphosphorylated active form (NRa), divided by the maximal NR activity measured in the
presence of 5 mM EDTA (NRmax), and is expressed as a percentage (MacKintosh et al. 1995;
Ferrario-Méry et al. 1998).
Quantification of nitrate, amino acids and soluble sugars

Nitrate and amino acids were extracted, from intact leaf discs and powdered root
samples, with 50% (v/v) ethanol, at 80°C, during 10 min. Nitrate was quantified with a
nitrite/nitrate colorimetric assay (Roche Diagnostics, Mannheim, Germany) modified to be

used in 96 well plates. In short, xylem samples and extracts from roots and leaves were



diluted to a final volume of 100 uL and incubated for 30 min, at room temperature, in 50 puL
of potassium phosphate buffer containing 8 ug NADPH and 0.02 U nitrate reductase. The
amount of nitrite formed was measured at 540 nm after the addition of 50 pL sulphanilamide
and 50 pL N-(1-naphthyl)-ethylenediamine dihydrochloride. For each plate, two standard
calibrations were made using potassium nitrate (0.1-8.0 pmol per well). When nitrate
reductase was excluded from the assay, no reaction was detected, indicating that the amounts
of nitrite on the samples were negligible. Total amino acids (except proline) were quantified
by the ninhidrin method, modified in order to eliminate interference resulting from the
presence of sugars in the extracts (Magné and Larher 1992).

Soluble sugars were extracted, from intact leaf discs and powdered root samples, with
80% (v/v) ethanol, at 80°C, for 20 min. Soluble sugars were quantified using a
spectrophotometric enzyme-coupled assay (Jones et al. 1977). In short, glucose, fructose and
sucrose were determined, in a reaction mixture coupled to the reduction of NADP”, recording
the absorbance changes at 340 nm, after the sequential addition of glucose-6-phosphate
dehydrogenase, phosphoglucose isomerase and invertase respectively.
Data analysis

Statistical analysis and graphic display were performed with SPSS (Release 11.5.0,
SPSS Inc., Chicago, IL, USA) and SigmaPlot (Version 8.02, SPSS Inc., Chicago, IL, USA)
software packages, respectively. At each point of the soil drying cycle and subsequent
recoveries, the statistical significance of differences between the water stress treatment and
the corresponding control were tested by an independent-samples Student’s t-test.
Relationships between observed variables were described and tested for significance using

simple linear and multiple regression techniques.

Results



Soil and leaf water status

As shown in Fig. 2, restricting the water supplied through watering resulted in
progressive soil drying and by the end of the 12 days of water deficit imposition the fresh
mass of the soil decreased to approximately 50% of the value determined at field capacity.
Soil drying resulted in the development of a moderate leaf water deficit: when compared to
well-watered plants, leaf ¥ decreased by 0.2 MPa during the first 5 days of limited water
supply, and at the end of soil drying period ¥ of water-stressed leaves was 0.4 MPa lower
than in well-watered ones. Both soil fresh mass and leaf W fully recovered to control levels on
the day immediately following rewatering (Fig. 2).
Nitrate reductase activity

In well-watered plants, foliar activity of the unphosphorylated active form of nitrate
reductase (NRac) remained constant throughout the experimental period, being approximately
10-fold higher than values found in the roots of the same plants (Fig. 3). Although the roots of
well-watered plants exhibited an apparent tendency for a time-dependent decrease in the
activity of nitrate reductase, the observed variation between sampling dates in root NR,, was
not statistically significant (one way Anova, F=1.13, P=0.366).

When soil dried, a strong depression in NRy; was detected both in roots and leaves
(Fig. 3): after 12 days of limited water supply, the activity of nitrate reductase decreased to
less than 40% and 20% of control values, respectively in roots and leaves. Despite the extent
of drought-induced depression in NR, being higher in leaves than in roots, soil drying did
not eliminate the differences in NR activity between leaves and roots: in plants subjected to
more prolonged water deficit NRy was still 5-fold higher in leaves than in roots. The degree
of recovery in enzyme activity after the relief of water deficit was also dependent on the

organ considered: two days following rewatering, no significant differences persisted between
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rewatered and well-watered plants with regard to root NR,; in contrast, foliar NRy; only
recovered to approximately half the value determined in leaves of control plants.

As shown in Fig. 3, the activation state of NR was about 75% in leaves of well-
watered plants, irrespective of the sampling date. A lower percentage of the enzyme was
unphosphorylated in the roots of the same plants, in which NR activation state increased from
40% to 60% throughout the experimental period. In contrast to what occurred at the level of
NRq, Soil drying did not negatively affected the activation of nitrate reductase. In fact, values
of NR activation state determined in water-stressed plants were slightly, but significantly,
higher than those determined in control well-watered plants, both in roots and leaves (Fig. 3).

Rather than being associated with changes in the activation state of the enzyme, the
observed variation in NRgy, either resulting from the watering regime or from variability
within each treatment, were paralleled by changes in NR activity determined in the absence of
magnesium to override post-translational negative regulation of catalytic activity (NRmax). As
shown in Fig. 4, NRs and NRpmax Were tightly correlated, both in roots (r>=0.944, P<0.001)
and leaves (r*=0.973, P<0.001).

Nitrate concentrations and nitrate flux in the xylem

The observed differences in NRy between roots and leaves of well-watered plants
(Fig.3) were not associated with different levels of accumulated nitrate, since in the absence
of water deficit the concentrations of nitrate in roots and leaves were similar (Fig. 5). Soil
drying negatively affected the concentrations of nitrate in roots, leaves (Fig. 5), and xylem
sap, as well as the flux of nitrate to the leaves (Fig. 6). Similarly to what occurred with NR
activity, the magnitude of drought-induced decline in nitrate was greater in leaves than in
roots: at the end of the soil drying period, the concentration of nitrate in the roots of water-
stressed plants was about 20% of that determined in control plants, whereas foliar nitrate

content decreased below 10% of concentrations found in the leaves of well-watered plants,
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even in the case of moderately stressed plants (Fig. 5). As a consequence, in water-stressed
plants the levels of nitrate accumulated in tissues was higher in the roots than in the leaves
(Fig. 5). The magnitude of drought-induced decline in the xylem sap was similar to that in the
roots. As a consequence of water-stressed leaves exhibiting lower transpiration rates than
well-watered plants, a slightly more pronounced decline occurred in the flux of nitrate
through xylem (Fig. 6).

As shown in Fig. 7, there was a clear relationship between drought-induced changes in
the concentration of nitrate and in the inhibition of NRyax in roots. Effectively, when all the
individual data points determined in well-watered and water-stressed plants were considered,
nitrate concentration changes accounted for approximately 50% of maximum NR activity
variation in roots (r>=0.506, P<0.001).

At the leaf level, nitrate concentration and NRy.x Were also positively correlated
(r=0.306, P<0.001), although not so tightly as in roots. However, observed drought-induced
variations in foliar NRmax were more strongly correlated with the concentration of nitrate in
the xylem sap (r*=0.728, P<0.001), and even more with the flux of nitrate to the leaves (Fig.
7, r’=0.771, P<0.001). A stepwise regression procedure involving concentration of nitrate in
roots, concentration of nitrate in the xylem sap and the flux of nitrate to the leaves as
predictors in the model, retained the last one as exclusive and sufficient explanatory variable
to drought-induced depression in foliar NRpax.

When plants subjected to 12 days of restricted water supply were rehydrated, the
concentrations of nitrate in roots (Fig. 5) and xylem (Fig. 6) recovered to control values on
the first day following rewatering, the same occurring with the flux of nitrate to the leaves.
Because the nitrate flux to the leaves fully recovered when the foliar activity of NR in

rewatered plants was still depressed (Fig. 3), a significant build-up of nitrate was detected in
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the leaves of rewatered plants, the concentration of nitrate on those leaves reaching values
more than two-fold higher than those found in the leaves of well-watered plants (Fig. 5).
Concentrations of amino acids and soluble sugars

Contrasting with what occurred with NR,: and nitrate, soil drying did not negatively
affect the concentration of amino acids, neither in roots nor in the leaves of the plants
subjected to the shortest water deficit period (Fig. 8). However, the concentration of amino
acids in the leaves was transiently depressed in the plants subjected to the intermediate stress
level, but recovered to control levels as soil drying intensified. Therefore, at the end of the
soil drying period no significant differences were detected between well-watered and water-
stressed plants as to the concentration of amino acids, both in roots and leaves (Fig. 8). In
contrast, as shown in Fig. 9, the concentration of amino acids in the xylem sap of water-
stressed plants was halved when compared to values found in control plants. However,
drought-induced depression in the concentration of amino acids in the xylem sap was less
accentuated than the concomitant decrease in the concentration of nitrate, and therefore the
nitrate to amino acids ratio in xylem decreased as a result of soil drying (Fig. 9).

In contrast to nitrate and amino acids, soil drying positively affected the concentration
of soluble sugars in the roots, which increased 3-fold compared to well-watered plants. The
concentration of soluble sugars also increased at the leaf level, but the extent of drought-
induced sugar accumulation was lower in leaves than in roots (Fig. 8). Both in roots and
leaves, the increase in sugar concentration in water-stressed plants resulted mainly from the
accumulation of hexose, rather than sucrose. Following rewatering, no significant difference
persisted between well-watered and rewatered plants as to the concentration of soluble sugars.
Discussion

Effects of soil drying on the activity of nitrate reductase
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In accordance with what has been previously reported for leaves of tobacco (Ferrario-
Méry et al. 1998) and maize (Shaner and Boyer 1976a; Foyer et al. 1998), in the present
work, it has been found that soil drying strongly decreased the activity of the
unphosphorylated form of nitrate reductase (NR,) in the leaves of sunflower plants (Fig. 3).
Although drought-induced depression in the activity of the enzyme was less accentuated in
roots than in leaves, soil drying also negatively affected NR, in the roots of sunflower (Fig.
3). These results are not in accordance with Gollan et al. (1992), who suggested that water
deficit promotes nitrate reduction in sunflower roots, on the grounds that soil drying increased
the concentration of amino acids in the xylem sap, in contrast to what has been observed in
the present work (Fig. 9). In the present work, the inhibitory effect of soil drying on nitrate
reduction in the roots was further evidenced by the strong drought-induced depression of NR
activity measured under in vitro conditions (Fig. 3), similarly to what has been previously
found when wheat roots were dehydrated under osmotic stress (Larsson et al. 1989).

A decrease in the activity of the unphosphorylated active form of nitrate reductase
(NR4:), as observed in the present work (Fig. 3), may result either from decreased NR
protein, and hence total NR activity, or increased inactivation of the existing NR protein.
Phosphorylation-dependent inactivation of nitrate reductase has been shown to occur as a
result of water deficit in leaves of spinach (Kaiser and Brendle-Behnisch 1991), tomato
(Brewitz et al. 1996) and maize (Foyer et al. 1998). However, the negative effects of soil
drying on NR,, which have been detected in the present work, were not associated with
increased phosphorylation-dependent inactivation of NR. Instead, as soil dried, the activation
state of NR tended to increase rather than decrease, both in roots and leaves: as shown in Fig.
3, the leaves of plants subjected to the intermediate stress level exhibited the highest value of

NR activation state (about 90%), a value which is close to the upper limit of the range (66-
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88%) reported for the activation state of foliar NR from well-watered plants of other species
(Kandlbinder et al. 2000).

It is well established that sugars and/or sugar phosphates are the main internal signals
that regulate the protein kinase(s) and phosphatase that determine the activation state of NR,
low sugar levels leading to post-translational inactivation of NR (Kaiser et al. 1999; Kaiser
and Huber 2001). In addition, Geiger et al. (1998) reported that the increased activation of
NR, observed in leaves of tobacco under enhanced CO,, was correlated with lower
accumulation of glutamine and other end-products of nitrogen assimilation. In the present
work, soil drying resulted in increased concentrations of sugars, both in roots and leaves of
sunflower plants (Fig. 8), similarly to what has been commonly observed in other plants
(Quick et al. 1992). Moreover, a transient decrease in the concentration of total amino acids
was detected in leaves of plants subjected to the intermediate stress level (Fig. 8), in which
the highest value of NR activation state was recorded. Therefore, based on current knowledge
on the regulation of the post-translational inactivation of NR, the observed increase in the
activation state of NR in sunflower plants is not surprising, being associated with drought-
induced accumulation of sugars, and depression in the concentration of amino acids.

Irrespective of the causes underlying it, drought-induced increase in the activation
state of NR was not sufficient to overcome the negative effect of soil drying on NRy
resulting from changes in the maximum activity of the enzyme determined in the presence of
excess EDTA (Fig. 4), which is thought to reflect total NR protein content (Kaiser and Huber
2001). Nitrate reductase has a rather short half-life of several hours. Thus, the existing amount
of NR protein depends not only on the rate of synthesis, but also on the rate of degradation
that has been reported to increase when excised oat leaves are dehydrated (Kenis et al. 1994).
Data from Kaiser and Huber (2001) indicate that sugar signalling may be involved in the

control of NR proteolysis and that NR activation always correlates positively with NR protein
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stability. Therefore, since both the concentration of soluble sugars (Fig. 8) and the activation
state of NR (Fig. 3) increased in water-stressed sunflower plants, the observed drought-
induced decrease in NRnmax is not likely to result from increased rate of NR degradation, and
probably results from inhibition of NR gene transcription, as previously reported for water-
stressed leaves of maize (Foyer et al. 1998) and tobacco (Ferrario-Méry et al. 1998).

The negative effects of soil drying on NR activity were paralleled by nitrate depletion
both in roots and leaves (Fig. 4). In addition of being the major N-source for plants, nitrate is
an important signalling molecule that can directly promote the expression of genes related to
nitrate assimilation, namely nitrate reductase (Hoff et al. 1994). This may contribute to
explain the relationship between NRpy.x and the concentration of nitrate in the roots of
sunflower (Fig. 7). At the leaf level, the activity of NR was only loosely correlated with the
concentration of nitrate in leaf tissues. This is in accordance with experimental data indicating
that the transcription of the NR gene and leaf NR activity require the continuous supply of
nitrate through the xylem (Shaner and Boyer 1976b; Kawachi et al. 2002), rather than being
regulated by the nitrate content in the whole-leaf which is likely to be strongly dependent on
the amounts of nitrate stored within the vacuoles.

The recovery of nitrate reductase activity following rewatering

Under field conditions, plants are subjected to recurrent periods of soil drying and
rewatering. Therefore, plant performance under drought conditions is likely to be dependent
on their ability to restore physiological processes, including nitrate reduction, following
rewatering. In the present work, root NR activity was found to fully recover from the effects
of soil drying within the two days which followed rewatering, but the recovery of NR activity
in leaves was incomplete within the same period (Fig. 3). A delay in the recovery of nitrate
reductase activity in leaves has been previously found by Shaner and Boyer (1976a), when

rewatering of maize plants was not accompanied by the increase in nitrate content in xylem
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sap. In the above mentioned study, the authors concluded that resuming nitrate reduction
following rewatering was being limited by the delay in the reestablishment of high nitrate flux
to the leaves. In the present study, however, the concentration of nitrate in xylem, as well as
the nitrate flux to the leaves was similar in rewatered and control plants (Fig. 6). Therefore,
the after-effect of drought on foliar NR activity may have resulted from limitations in factors
other than the transport of nitrate to the leaves.

Sugars not only regulate the activity of nitrate reductase through modulation of its
post-translational inactivation, but may also positively affect the transcription of the NR gene,
the nitrate-induced NR expression in leaves being completely overridden when sugars fall
below a critical level (Klein et al. 2000). Although water stress often induces an accumulation
of soluble sugars, in a previous study we have found that rehydration may be associated with
sugar depletion in mature leaves of sunflower (Fonseca et al. 2000). However, in the present
study leaf sugar content of rewatered plants did not decrease below values found in control
plants (Fig. 8). These results exclude the possibility of the after-effect of drought on foliar NR
activity resulting from inhibition of nitrate induction of NR expression due to sugar depletion.

The results from the present study do not allow identifying the causes underlying the
observed delay in recovery of foliar NR activity following rewatering, but several hypotheses
may be put forward to explain it. According to Hoff et al. (1994), glutamine could be
responsible for the negative regulation of the NR transcript level in plant leaves. Although a
direct role of glutamine in controlling the expression of NR is open to criticism (Dzuibany et
al. 1988), the results of Scheible et al. (2000) suggest that NR expression is inhibited by other
down-stream metabolites formed during nitrate assimilation. In another recent work, Muller et
al. (2001) reported that malate may also inhibit NR expression, affecting both the NR
transcription and NR activity. In the present study we have not quantified malate, and the pool

of total amino acids in leaves of rewatered plants was not higher than in leaves of control
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well-watered plants (Fig. 8). However, changes in individual amino acids may not parallel the
overall amino acids content (Geiger et al. 1998). Therefore, the possibility that the delay in
the recovery of foliar NR activity results from the accumulation of malate or specific amino
acids should be investigated.
Conclusions

In the present work, soil drying significantly depressed the nitrate content and the
activity of the active unphosphorylated form of NR, both in roots and leaves of sunflower, the
extent of drought effects being greater at the leaf than at the root level. The negative effects of
soil drying on NR activity resulted from a strong drought-induced decrease in the maximal
activity of NR, rather than from increased post-translational inactivation of NR protein. The
decline in NRmax was linearly correlated with the depletion in nitrate in roots. At the leaf level,
the nitrate flux to the leaves through the xylem played a much larger regulatory role than the
leaf nitrate content in controlling the activity of nitrate reductase. Two days following
rewatering, the activity of NR fully recovered at the root level, but not in leaves. The delay in
the recovery of foliar NR activity occurred despite full recovery of nitrate flux to the leaves,
and the causes underlying it remain to be identified.
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Fig. 1. Nitrate concentrations determined in the feeding solutions and in the xylem exudates collected from
detached shoots. Values shown are mean + standard error of at least four replicates. Dotted line represents the
1:1 line.

Fig. 2. Soil fresh mass and leaf water potential (‘) of well-watered (closed circles) and water-stressed (open
circles) sunflower plants. Values shown are mean + standard error of at least four replicates. Means from water-
stress treatment that are significantly different from the well-watered controls are marked with * (P<0.05), **
(P<0.01) or *** (P<0.001).

Fig. 3. Activity of the active NR unphosphorylated form determined in the presence of Mg** (NR.) and NR
activation state determined in leaves (left panel) and roots (right panel) of well-watered (closed circles) and
water-stressed (open circles) sunflower plants. Values shown are mean + standard error of at least four
replicates. Means from water-stress treatment that are significantly different from the well-watered controls are
marked with * (P<0.05), ** (P<0.01) or *** (P<0.001).

Fig. 4. Relationships between the activity of the NR unphosphorylated form determined in the presence of Mg**
(NR4) and maximum NR activity determined in the presence of excess EDTA (NRn.x). Values shown are
individual data points and the respective regression lines, determined in roots (open circles, Y = 0.061+ 0.379
X) and leaves (closed circles, Y = 0.223+ 0.719 X) of well-watered, water-stressed and rewatered sunflower
plants.

Fig. 5. Nitrate concentrations determined in leaves (left panel) and roots (right panel) of well-watered (closed
circles) and water-stressed (open circles) sunflower plants. Values shown are mean + standard error of at least
four replicates. Means from water-stress treatment that are significantly different from the well-watered controls
are marked with * (P<0.05), ** (P<0.01) or *** (P<0.001).

Fig. 6. Concentration of nitrate in the xylem sap (top panel), transpiration rate (middle panel) and the flux of
nitrate through the xylem (bottom panel) determined in well-watered (closed circles) and water-stressed (open
circles) sunflower plants. Values shown are mean + standard error of at least four replicates. Means from water-
stress treatment that are significantly different from the well-watered controls are marked with * (P<0.05), **
(P<0.01) or *** (P<0.001).

Fig. 7. Relationship between the maximum NR activity (NRnax) and the concentrations of nitrate in roots (right

panel), and relationship between NR in leaves and the flux of nitrate through the xylem (left panel). Values
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shown are individual data points, and the respective regression lines determined in leaves (Y=0.299+7.989 X)
and roots (Y=0.265+0.026 X) of well-watered (closed symbols) and water-stressed (open symbols) plants.

Fig. 8. Concentrations of amino acids (top panels) and soluble sugars (bottom panels) determined in leaves (left
panels) and roots (right panels) of well-watered (closed circles) and water-stressed (open circles) sunflower
plants. Values shown are mean + standard error of at least four replicates. Means from water-stress treatment
that are significantly different from the well-watered controls are marked with * (P<0.05), ** (P<0.01) or ***
(P<0.001).

Fig. 9. Concentration of amino acids (top panel) and nitrate to amino acids ratio (bottom panel) determined in
the xylem sap of well-watered (closed circles) and water-stressed (open circles) sunflower plants. Values shown
are mean + standard error of at least four replicates. Means from water-stress treatment that are significantly

different from the well-watered controls are marked with * (P<0.05), ** (P<0.01) or *** (P<0.001).

25



Fig. 1

12

(INw) sajdwes wajAx ul arenIN

12

10

Nitrate in feeding solution (mM)

Fig. 2

i H 4
¥ *
X ] x ]
X X
*
X B .
* x
_ * i
! | ! | ! | ! | ! ! | ! | ! | ! |
o o o o o o [Te) o [Te) o o
S ® © ¥ & o <4 & < ©o N~
i s ¢ 9 g 3 g
(Anoedeo pjal) Jo 95) Ssew ysalj |10S
. : . (edN) fea| h

36

34

32

30

28

26

24

Time (days after sowing)

26



Fig. 3

o~ 8r leaves roots —
ko) L ]
i\
° 6 |- |
N
@) | i
Pz
o 4} _
IS
s * .
‘IE Y i
z o g *kk * *k i
0 | ! | ! | ! | ! | ! | ! | ! | ! | | | |
90 I *% N
@ *
S L i
e v, TTEes,
@ 60
2 L |
e *%
i) *
= L i
=
8 30 —
[ad
Pz - i
0 | ! | ! | ! | ! | ! | ! | ! | ! | ! | ! | ! | !
24 26 28 30 32 34 36 24 26 28 30 32 34 36
Time (days after sowing)
Fig. 4
12
o roots
— i ® |eaves
i
o
- 9
et
N
(@)
Z
S 6
e
3
3]
IS
x
zZ 3
0

NRy (umol NO, h gt

0.8

0.6

0.4

0.2

0.0
90

60

30

27



Fig. 5
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