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Abstract The eVects of short-term boron deWciency
on several aspects (growth, biomass allocation, metab-
olite concentrations, gene expression, enzyme activi-
ties) related with nitrate assimilation were studied in
tobacco (Nicotiana tabacum L.) plants in order to
know the early changes caused by this mineral deW-
ciency. For this purpose, plants were grown hydroponi-
cally in a nutrient solution supplemented with 10 �M
boron and then transferred to a boron-free medium for
1–5 days. Nitrate concentration decreased in both
leaves and roots under boron deWciency, which was not
observed in control plants. This correlated with the
lower net nitrate uptake rate found in boron-deWcient
plants when compared to boron-suYcient ones. Results
suggest that boron deWciency decreases net nitrate
uptake by declining the activity of nitrate transporters
rather than aVecting their transcript levels. This is sup-
ported by a drop in the levels of root PMA2 transcript
during the boron deWcient treatment, which could lead
to a decrease in the plasma membrane H+-ATPase
activity necessary to get protons out of cell for the
cotransport with nitrate inwards. In addition, boron
deWciency led to an increase in root Asn content and a
decline in glutamine synthetase activity when com-
pared to control plants, which suggest that this mineral
deWciency may promote ammonium assimilation via
asparagine synthetase in tobacco roots.

Keywords Asparagine · Boron deWciency · Nitrate 
assimilation · Nitrate transport · Nitrate uptake · 
Proton transport · Tobacco

Abbreviations
DW Dry weight
GS Glutamine synthetase
NIA Nitrate reductase structural gene
NR Nitrate reductase
NRT1 and NRT2 Nitrate transport genes
PMA2 Plasmalemma H+-ATPase gene

Introduction

Nitrate, the most important nitrogenous source for the
majority of vascular plants, can act not only as a nutri-
ent but also as a signal for regulating N- and C-metabo-
lism (Scheible et al. 1997a) and biomass allocation
(Scheible et al. 1997c). The assimilation of nitrate
requires its uptake by roots, its reduction to ammo-
nium, and the incorporation of this cation into organic
compounds (Crawford 1995). As a Wrst step of this
pathway, nitrate uptake by roots is considered to be a
key process of the nitrogen metabolism. Two gene
families, NRT1 and NRT2, involved in the nitrate
transport of low (LATS, low-aYnity transport system)
and high aYnity (HATS, high-aYnity transport sys-
tem) have been characterized in vascular plants (Dan-
iel-Vedele et al. 1998; Forde 2000; Orsel et al. 2002).
Interestingly, a strong correlation has been reported
between NRT2 transcript levels and nitrate uptake
(Krapp et al. 1998; Matt et al. 2001). Following uptake
into root cells, intracellular nitrate is stored in vacu-
oles, transported to leaves or reduced to nitrite by
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nitrate reductase (NR, EC 1.6.6.1). Although the
reduction of nitrate takes place in both roots and
leaves, in many herbaceous plants (i.e., tobacco) only a
small amount is reduced to ammonium within the
roots, which indicates that the most of nitrate taken up
by roots is translocated via xylem to the shoot (Rufty
1997). Thus, nitrate accumulation in leaves depends
mainly on the balance between the rate of nitrate
uptake and its assimilation. In this way, NR plays an
important role in the maintenance of this equilibrium,
catalyzing the production of ammonium for amino acid
biosynthesis via glutamine synthetase/glutamate syn-
thase pathway (GS, EC 6.3.2.1/GOGAT, EC 1.4.7.1 or
EC 1.4.1.14) in vascular plants (Campbell 1999).
Ammonium can be also incorporated into asparagine
by cytosolic asparagine synthetase (AS, EC 6.3.5.4),
which can use free ammonium or glutamine as a nitro-
gen donor, but this pathway seems to occur mainly in
the dark (Thum et al. 2003).

To date, there is no convincing evidence for a direct
eVect of boron on nitrate assimilation (Shelp 1993;
Marschner 1995; Brown et al. 2002). Boron, an essential
micronutrient for vascular plants, is involved in diVerent
processes such as vegetative growth, cell wall synthesis
and structure, membrane integrity and function, pheno-
lic metabolism, among others (for reviews see Blevins
and Lukaszewski 1998; Brown et al. 2002; Bolanos et al.
2004). However, in our laboratory it was shown that
leaves from tobacco plants subjected to a severe boron
deWciency (boron-deprived plants for 6 weeks) had a sig-
niWcant decrease in magnesium, calcium, potassium and,
especially, nitrate concentrations in comparison to con-
trol tobacco leaves (Camacho-Cristóbal and González-
Fontes 1999). This last result suggests a possible connec-
tion between boron and nitrate assimilation in vascular
plants. Therefore, the aim of the present work has been
to study in detail the early changes, at both transcrip-
tional and biochemical levels, caused by boron deW-
ciency on several aspects of the nitrate assimilation. For
this purpose, the experimental approach has been based
on a short-term boron deWciency and the analyses were
extended to the root as well, since this organ plays an
essential role in plant mineral nutrition.

Materials and methods

Plant growth

Seeds of tobacco (Nicotiana tabacum cv. Gatersleben, a
gift from Professor Mark Stitt, Max Planck Institute of
Molecular Plant Physiology, Potsdam, Germany) were
sown in seedbeds Wlled with a mixture of perlite and

vermiculite (1/1, v/v) in a growth chamber with a light/
dark regime of 12/12 h, 25/20°C, 70/80% relative humid-
ity and light intensity of 350 �mol m¡2 s¡1 of photosyn-
thetically active radiation. During a 4-week period,
plants were watered every 2 days with a nutrient solu-
tion containing 4 mM Ca(NO3)2, 4 mM KNO3, 2 mM
MgSO4, 2 mM KH2PO4, 50 �M NaCl, 40 �M FeNa-
EDTA, 10 �M MnCl2, 2 �M ZnSO4, 1 �M CuSO4,
0.5 �M Na2MoO4, 0.2 �M CoCl2 and 10 �M H3BO3.
Plants were transferred to a 0.2£ complete nutrient
solution, boron being maintained at the same concen-
tration (10 �M) for an extra week, and during this
period the nutrient medium was renewed every 2–
3 days. Afterwards tobacco plants were divided into two
groups: boron-suYcient (10 �M boron) and boron-deW-
cient (boron-free medium) plants. Three plants from
each treatment were harvested randomly 1, 2, 3 and
5 days after the onset of both treatments, the harvest
time being always 4 h after the illumination. Shoots and
roots were quickly separated, dried with paper towel,
and weighed. Leaves and roots were rapidly frozen in
liquid N2 and stored at ¡80°C until further analyses.

Enzyme extraction and assays

Nitrate reductase (NR, EC 1.6.6.1) activity was deter-
mined in both leaves and roots as in Camacho-Cristóbal
and González-Fontes (1999). To assay glutamine syn-
thetase (GS, EC 6.3.1.2) activity, leaf or root frozen
samples (0.2 g) were homogenized at 4°C in 4 volumes
(v/w) of a mixture containing: 100 mM Tris-HCl (pH
7.6), 10 mM �-mercaptoethanol, 1 mM EDTA, 1 mM
MgCl2, 1 mM phenylmethylsulphonyl Xuoride (PMSF),
50 �M leupeptin, 2.5% (w/v) polyvinilpolypirrolidone
(PVPP) and 0.5% (w/v) streptomycin sulphate. After
centrifugation (8,000 g for 2 min at 4°C), the clear
supernatant was used to measure GS activity by the
transferase assay according to a modiWed method from
de la Haba et al. (1992): The reaction mixture con-
tained, in a Wnal volume of 0.75 ml, 50 mM Hepes-KOH
(pH 7.5), 60 mM L-glutamine, 30 mM NH2OH, 0.4 mM
ADP, 3 mM MnCl2, 20 mM Na2HAsO4, and 50–100 �l
of enzyme extract. After incubation at 30°C for 5 min,
the reaction was stopped by addition of 0.75 ml of cold
ferric-chloride reagent (320 mM FeCl3·6 H2O, 210 mM
HCl, and 190 mM trichloroacetic acid). The formation
of �-glutamylhydroxamate was evaluated at 500 nm.
Control assays did not contain either ADP or arsenate.

Metabolite analyses

For nitrate extraction, frozen leaves (80–100 mg) were
ground to a Wne powder in a mortar pre-cooled with
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liquid N2, weighed, and extracted for 30 min at 80°C in
screw-cap tubes as follows: Twice with 1 ml of 80%
aqueous ethanol (buVered with 5 mM Hepes-KOH,
pH 7.5), once with 1 ml of 50% aqueous ethanol
(buVered as before) and once with 1 ml distilled water.
Between each step the extract was centrifuged
(13,000 g, 5 min) and the four supernatants collected
and combined. The ethanol/water extracts and pellets
were kept at ¡20°C until nitrate determination. Nitrate
was determined by HPLC as previously described by
Camacho-Cristóbal and González-Fontes (1999).

For protein quantiWcation, frozen material (25–
50 mg) was homogenized at 4°C with four volumes (v/
w) of 50 mM sodium phosphate (pH 7.0). The suspen-
sion was centrifuged (15,000 g for 15 min at 4°C) and
protein concentration in the supernatant was deter-
mined by the method of Bradford (1976) using bovine
serum albumin as a standard.

Amino acids and ammonium were extracted from
plant material as follows: 0.2 g of the frozen powder
was homogenized twice in 1 ml of 50% (v/v) ethanol
for 30 min at 4°C. Between each step, extracts were
centrifuged (13,000 g for 5 min) and the two superna-
tants combined. Aliquots (1 ml) of this clear superna-
tant were then dansylated by adding 250 �l Na2CO3
[1% (w/v)] and 250 �l dansyl chloride (10 mg ml¡1 ace-
tonitrile). Samples were vortexed gently and incubated
in the dark at 60°C for 30 min. After that, 20 �l of the
dansylated extract was injected into a Spherisorb ODS-
2 HPLC column (150 £ 4 mm, 5 �m). Separation of
dansyl-derivatives (amino acids and ammonium) was
carried out at 30°C using a mobile phase consisted of
two eluents: 0.5% (v/v) acetic acid and 0.0075% (v/v)
triethylamin in water (eluent A) and pure acetonitrile
(eluent B). The gradient program was as follows:
17.5% eluent B for 10 min (Xow rate at 1 ml min¡1),
17.5 to 35% eluent B for 30 min (Xow rate from 1 to
1.5 ml min¡1), and 35 to 55% eluent B for 20 min (Xow
rate from 1.5 to 2 ml min¡1). Elution was monitored at
254 nm and the amounts of amino acids and ammo-
nium were determined by comparison with standards
(Sigma, St. Louis, MO, USA).

RNA isolation, cDNA synthesis, and quantitative 
RT-PCR analyses

Total RNA was extracted by using TRI REAGENT®-
RNA/DNA/Protein Isolation Reagent (Molecular
Research Center, Cincinnati, OH, USA) and then
treated with RNase-free DNase (Promega, Madison,
WI, USA) according to the manufacturer’s instruc-
tions. Three micrograms of DNase-treated total RNA
was used to prepare cDNA by reverse transcription

with M-MLV reverse transcriptase (Promega) and
oligo(dT)18 primers, according to the manufacturer’s
protocol. Gene expression was determined by quanti-
tative real-time PCR (MyiQ real-time PCR detection
system; Bio-Rad, Hercules, CA, USA) by using NIA2,
NRT2, and PMA2 gene-speciWc primers and iQ SYBR
Green supermix (Bio-Rad) following the manufac-
turer’s instructions. The amplicon of tobacco elonga-
tion factor 1-� (accession number D63396) (forward
primer: GCGTCAAACTGTTGCTGTTG; reverse
primer: CTGCAACGTTCATTTCTTCTTCT) was
used as an internal control to normalize all data.

The following gene-speciWc primers were used for
the quantitative real-time PCR: NIA2 (accession num-
ber X06134) (forward primer: GCTTGCCTGTTG
GAAAACAT; reverse primer: TCGAAGTACCCC
ACCTCATC), NRT2 (accession number AJ557583)
(forward primer: CACCAACGAAAGACCCTGTT;
reverse primer: TTCAAGCTGTTTTGGTGCAT),
and PMA2 (accession number M80492) (forward
primer: AGTGGTGAAGTTGAAGGGTCTT; reverse
primer: ATGTTGCTACTATGAACTTGTCTCTTC).
This last pair of primers was designed in conserved
regions of Nicotiana plumbaginifolia and Licopersicum
esculentum plasma membrane H+-ATPase.

15N feeding experiments

Both tobacco plants subjected to boron deprivation for
1, 2, 3 or 5 days and boron-suYcient plants were trans-
ferred from their hydroponic cultures to 0.1 mM
CaSO4 for 1 min and to 1.7 l-beaker containing, respec-
tively, 0 or 10 �M boron in a fresh 0.2£ nutrient solu-
tion (2.4 mM nitrate, 10 atoms% 15N). After 2 h, the
roots were washed for 1 min in 0.1 mM CaSO4 and
were separated from shoots. Shoots and roots were
rapidly frozen in liquid N2 and stored at ¡80°C. The
frozen plant material was ground to a Wne powder in a
mortar with liquid N2, and dried at 70°C for 72 h.
Aliquots of the dried powder were used to analyse 15N
content using a continuous-Xow isotope ratio mass
spectrometer (model Finnigan MAT251). The total N
content of the weighed aliquots was estimated with an
elemental N analyser (model Fison NA1500).

Net nitrate uptake was calculated by dividing the
15N content of the plant by time and root dry weight.

Statistical analysis

All analytical determinations and enzyme assays were
carried out on leaves and roots from three separate
plants harvested randomly, and measured in duplicate.
The data shown are mean values § SD.
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Results

EVects of boron deprivation on plant growth

Tobacco plants that had been grown without boron
during 5 days had smaller shoots and roots at the end
of the experiment than those grown in a complete
nutrient solution, this eVect being more marked in
roots (Fig. 1). Root growth decreased actually from the
Wrst days of boron-deWcient treatment when compared
to control, whereas shoot growth was only slightly
aVected by boron deWciency from day 3 onwards
(Fig. 1).

EVects on the nitrate uptake rate and the expression of 
genes involved in nitrate transport

Plants growing on 2.4 mM nitrate were incubated with
2.4 mM 15N-nitrate (10% enrichment) after 1, 2, 3 or
5 days of boron deprivation (Fig. 2). The feeding
experiments lasted for 2 h and were carried out 4 h
after the beginning of the light period. Net nitrate
uptake remained steady during the boron-suYcient
treatment; however, during the boron-deWcient treat-
ment net nitrate uptake declined from the onset of the
experiment (Fig. 2). SpeciWcally, net nitrate uptake

decreased after 3 or 5 days of boron deprivation by 30–
35% in comparison to boron-suYcient plants (Fig. 2).

Figure 3 shows the root transcript levels of a plasma-
lemma H+-ATPase protein (a, PMA2) and a high aYn-
ity nitrate transporter (b, NRT2) in boron-suYcient
and -deWcient plants during the 5 days of experimental
period. As observed in Fig. 3, the transcript levels of
PMA2 and NRT2 genes in boron-deWcient roots were
lower than those in control roots from day-1 and day-3
onwards, respectively.

Nitrogen metabolites

In leaves, nitrate and ammonium concentrations
increased slightly during the boron-suYcient treat-
ment; however, the levels of these metabolites
decreased throughout the experiment after 2 and
3 days of boron deprivation, respectively (Fig. 4a, b).
So, the leaf nitrate concentration was about 65% lower
than the control level at the end of the boron-deWcient
treatment (Fig. 4a). In leaves of control plants the most
abundant amino acid was glutamine (Gln) and its con-
centration was almost constant during the treatment
(Fig. 4e). Boron-deWcient leaves had higher Gln con-
centration than control ones during the Wrst 2 days of
the treatment; however, the level of this metabolite
decreased from the day-2 of the boron deprivation and
it was smaller than the control concentration after
5 days (Fig. 4e). On the other hand, asparagine (Asn),
aspartate (Asp), and glutamate (Glu) concentrations
were similar in boron-suYcient and boron-deWcient
leaves, and only light diVerences were observed at the
end of treatments (Fig. 4c, d, f). Total leaf amino-acid
contents followed virtually the same patterns than

Fig. 1 EVects of boron deprivation on biomass allocation in to-
bacco plants. Tobacco plants subjected (open circle) or not (Wlled
circle) to a 5-day period of boron deprivation were harvested as
described in Materials and methods, and the dry weight of shoots
and roots were determined. The results are given as means § SD
(n = 3 separate plants)
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those exhibited by Gln in both boron treatments
(Fig. 4g). Leaf concentration of soluble proteins
remained steady and at similar levels during boron-
suYcient and boron-deWcient treatments (Fig. 4h).

In roots, nitrate content increased slightly during the
boron-suYcient treatment and decreased from the
onset of the boron deprivation; in fact, nitrate concen-
tration in boron-deWcient roots was about 30% lower

than that in control roots at the end of the treatments
(Fig. 5a). During the Wrst 3 days of both treatments, no
signiWcant diVerences were observed between ammo-
nium concentration in boron-deWcient and -suYcient
roots; however, at day-5, ammonium concentration
was higher in boron-deWcient roots than in boron-suY-
cient ones (Fig. 5b). On the other hand, Asp, Gln, Glu,
and total protein levels were similar in boron-suYcient

Fig. 3 a, b Real-time quantitative RT-PCR analysis of transcript
levels for root PMA2 and NRT2 genes from tobacco plants sub-
jected (open circle) or not (Wlled circle) to a 5-day period of boron

deprivation. RNA isolation from roots, cDNA synthesis and RT-
PCR analyses were performed as described in Materials and meth-
ods. The results are given as means § SD (n = 3 separate plants)
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and -deWcient roots (Fig. 5d–f, h). It is also important
to point out that the short-term boron deWciency led to
an increase in root Asn content when compared to con-
trol plants, this eVect being more marked at the end of
the treatment (Fig. 5c). This result is consistent with
the higher total amino acid content of boron-deWcient
roots in comparison to boron-suYcient ones (Fig. 5g).

NR and GS activities and NIA transcript levels

In both boron-suYcient and boron-deWcient plants, leaf
and root NR activities decreased slightly from the onset
of the treatments, and no marked diVerences were
observed as a consequence of the boron deWciency
(Fig. 6a, c). It is noticeable that NR activity was lower in
roots than in leaves of tobacco plants (Fig. 6a, c).

Although leaf GS activity did not markedly change
with boron treatments (Fig. 6b), root GS activity
decreased from the onset of boron deWciency when com-
pared to control plants (Fig. 6d). Thus, GS activity was
about 50% lower in boron-deWcient roots than in boron-
suYcient ones at the end of the treatments (Fig. 6d).

Leaf NIA transcript levels were lower under boron
deWciency than in boron-suYcient conditions, which
correlated with the leaf nitrate concentration (Figs. 4a,
7a). However, the levels of NIA transcripts in roots
were virtually unaVected by boron deWciency, which is
consistent with the much lower diVerences in root
nitrate concentration between boron-deWcient and
boron-suYcient plants (Figs. 5a, 7b).

Discussion

It is widely known that root growth is more sensitive
than shoot growth to boron deWciency (Fig. 1), this
eVect leading to a higher shoot/root ratio (Blevins and
Lukaszewski 1998; Camacho-Cristóbal and González-
Fontes 1999).

As explained in Introduction, in herbaceous plants
like tobacco, the accumulation of nitrate in leaves
depends mainly on the balance between the rate of
nitrate uptake and its reduction in leaves, since most of
the nitrate taken up by roots is transported to the

Fig. 5 EVects of boron depri-
vation on nitrogen metabolite 
concentrations in roots of to-
bacco plants. Concentrations 
of nitrate (a), ammonium (b), 
asparagine (c), aspartate (d), 
glutamine (e), glutamate (f), 
total amino acids (Aas, g), and 
total soluble proteins (h) were 
determined in roots from bo-
ron-suYcient (Wlled circle) 
and boron-deWcient (open cir-
cle) plants corresponding to 
Fig. 1. The results are given as 
means § SD (n = 3 separate 
plants) µµ
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leaves, where carbon skeletons and the assimilatory
power necessary for its assimilation are utilized more
directly (Rufty 1997). Accordingly, both nitrate reduc-
tase (NR) activity and glutamine synthetase (GS)
activity—enzyme that catalyzes ammonium incorpora-
tion into Glu to produce Gln—were smaller in roots
than in leaves (Fig. 6). Recently we have shown that
short-term boron deWciency did not provoke a
decrease in either the leaf or the root concentrations of
macronutrients such as magnesium, calcium, potassium
or phosphate (Camacho-Cristóbal et al. 2005); how-
ever, in the present work boron deWciency led to a
decline in root and, especially, leaf nitrate contents
(Figs. 4a, 5a). During the short-term boron-deWcient
treatment, a clear correlation was found between net
nitrate uptake and leaf and root nitrate concentrations;
speciWcally, these parameters began to decrease clearly
from the second day onwards in boron-deWcient plants
(Figs. 2, 4a, 5a). Hence, these results suggest that the
lower leaf and root nitrate contents in boron-deWcient
plants would be a consequence of their lower net
nitrate-uptake rate. There is evidence supporting a
strong correlation between nitrate uptake and NRT2

transcript levels (Krapp et al. 1998; Matt et al. 2001).
This correlation was clearly observed from day-3
onwards since these parameters were lower in boron-
deWcient roots than in boron-suYcient ones (Figs. 2, 3).
Nevertheless, at day-2 root NRT2 transcript levels
were similar in both boron treatments, whereas net
nitrate-uptake rate was lower in boron-deWcient roots
than in boron-suYcient ones (Figs. 2, 3b). At Wrst
glance, this result could be explained by a drop in (1)
the transcript levels of other nitrate transporters and/or
(2) the activity of NRT2 transporters (post-transcrip-
tional regulation). It is well known that secondary
active transport of nitrate across the plasma membrane
is powered by the coupling to a primary proton gradi-
ent generated by plasmalemma H+-ATPases (McClure
et al. 1990a, b). Thus, one can expect that a decrease in
H+-ATPase activity could lead to a reduced nitrate
transport across the plasma membrane. In the present
work we show a rapid decrease of root PMA2 tran-
script levels under boron deWciency (Fig. 3a), which
could imply a drop in the plasmalemma H+-ATPase
activity (Schon et al. 1990; Ferrol et al. 1993) and, as a
consequence, a lower nitrate uptake (Fig. 2). In experi-

Fig. 6 EVects of boron depri-
vation on NR and GS activi-
ties in leaves and roots of 
tobacco plants. Maximal NR 
(a, c) and GS (b, d) activities 
were determined in leaves (a, 
b) and roots (c, d) from boron-
suYcient (Wlled circle) and bo-
ron-deWcient (open circle) 
plants corresponding to Fig. 1. 
The results are given as 
means § SD (n = 3 separate 
plants)
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ments with cultures of sunXower cells Ferrol et al.
(1993) suggested that the regulation of plasmalemma
H+-ATPase by boron treatment was due to changes in
its activity rather than in the amount of this protein. In
addition, in the present work we have observed a
strong transcriptional regulation of plasmalemma H+-
ATPases by boron deWciency in tobacco roots
(Fig. 3a).

As set out above, nitrate from cytosol is reduced to
ammonium to be incorporated into carbon skeletons
for amino-acid synthesis. The Wrst step in nitrate assim-
ilation is the reduction of this anion to nitrite in a reac-
tion catalyzed by the enzyme NR, which is highly
regulated at transcriptional and post-transcriptional
levels (Campbell 1999; Kaiser and Huber 2001). Some
evidences show that both expression and activity of NR
are induced by nitrate, decreased by Gln or related
metabolites, and increased by carbohydrates (Kaiser
and Huber 2001; Stitt et al. 2002). Leaf NR activity was
similar in plants treated with or without boron
(Fig. 6a); nevertheless the levels of nitrate concentra-
tion and NIA transcripts decreased notably in boron-
deWcient plants after 2 days of deWciency in comparison
to control plants (Figs. 4a, 7a). Thus, as previously
described by other authors (Ferrario et al. 1996; Sche-
ible et al. 1997b; Man et al. 1999), there were no evi-
dences for a relation between the tissue nitrate
concentration and the post-transcriptional regulation
of NR. There was no correlation between NR activity
and NIA transcript levels either (Galangau et al. 1988).
However, in leaves, a relation between nitrate concen-
tration and levels of NIA transcripts was observed
(Figs. 4a, 7a; Galangau et al. 1988; Matt et al. 2001;
Stitt et al. 2002). Therefore, in roots, there was no rela-
tion between nitrate concentration and levels of NIA
transcripts as found clearly in leaves (Figs. 5a, 7b).
Nevertheless, since most of the nitrate may be located
at the vacuole (Miller and Smith 1996), the cytosolic
nitrate concentration could be decisive for controlling
NR synthesis and activity rather than the total tissue-
nitrate concentration (Man et al. 1999).

Ammonium, the end form of inorganic nitrogen
prior to the synthesis of organic nitrogen compounds,
is mainly incorporated into glutamine through the
combined action of GS and GOGAT (Lam et al. 1996),
this step being essential to avoid that eventually this
ion rise to toxic levels. Moreover, it is widely known
that ammonium can be also metabolized by AS to pro-
duce Asn (Lam et al. 1996). A very early eVect caused
by boron deWciency was a rapid and clear increase in
root Asn concentration when compared to control
(Fig. 5c), which would imply an enhancement of AS
transcripts and activity. On this matter it will be very

interesting to evaluate whether the increased Asn lev-
els in roots under boron deWciency are correlated with
a higher expression of asparagine synthetase gene(s).
Indeed, recently, an increase in AS mRNA along with
Asn content in tomato roots subjected to cadmium tox-
icity has been reported (ChaVei et al. 2004). Our
results seem to suggest that under boron deWciency the
ammonium incorporation into Asn via AS may grow in
importance in tobacco roots and, therefore, this
enzyme would act as a complement to GS/GOGAT
pathway under this stress condition. This is in agree-
ment with the lower root GS activity found in boron-
deWcient roots when compared to control ones from
day-1 onwards of the treatment (Fig. 6d). Therefore,
the decreasing root GS activity under boron deWciency
could be attributable to the accumulation of Asn,
which has been reported to lead to a drop in both levels
of GS transcripts and activity (Oliveira and Coruzzi
1999). Consistent with our hypothesis, an inverse rela-
tion between GS activity and Asn level has been
reported in Lotus japonicus (Harrison et al. 2003) and
Medicago truncatula (Carvalho et al. 2003) nodules, as
well as in Lycopersicon esculentum plants subjected to
cadmium toxicity (ChaVei et al. 2004).

In conclusion, the present work shows that boron
deWciency has clear and quick eVects on several aspects
of the nitrate assimilation in tobacco plants. On the
one hand, this mineral deWciency seems to decrease net
nitrate uptake by repressing root PMA2 gene expres-
sion and, consequently, by decreasing the proton elec-
trochemical gradient across the plasma membrane.
Moreover boron deWciency seems also to repress
NRT2 gene expression and, on the other hand, to pro-
mote the assimilation of ammonium by AS, which
leads to a rapid increase in Asn content and a decrease
in GS activity in tobacco roots.
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