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Abstract

Tomato plants (70 days old) were grown in hydroponic culture into a greenhouse, where supply of inorganic carbon,
ammonium and calcium to saline nutrient solution, was investigated in order to reduce the negative effect of salinity. After 70
days, an ameliorating effect upon the decrease in growth observed under salinity was only observed with the treatments
NaCl + Ca?* and NaCl + HCO5 + NH; + Ca®*. A large reduction of hydraulic conductance (L,) and stomatal conductance
(G,) was observed with all treatments, compared with the control. However, the reductions were less when NaCl and Ca?* were
added together. Organic acids (mainly malic acid) in the xylem were decreased with all treatments except with NaCl + NH, and
with all single treatments added together (NaCl+ HCO; + NH; + Ca?™). Amino acid concentrations in the xylem (mainly
asparagine and glutamine) decreased when plants were treated with NaCl and NaCl 4 Ca?*, but there was a large increase in the
plants treated with NaCl+ NH; or with all treatments together. As HCOj3 is an important source of carbon for NH;
assimilation, the increase in the concentration of amino acids and organic acids caused by the treatments that contained NH;,
support the idea that fixation of dissolved inorganic carbon was occurring and that the products were transported via the xylem
to the shoot. The ameliorating effect of Ca?* on root hydraulic conductivity plus the increase of NH; incorporation into the
amino acid synthesis pathway possibly due to dissolved inorganic carbon fixation, could reduce the negative effect of salinity on
tomato plants. © 2000 Elsevier Science Ireland Ltd. All rights reserved.

aqueous and ionic thermodynamic equilibria are
altered, which results in hyperosmotic stress, ionic
imbalance and toxicity. Thus, it becomes vital for
exposed plants to re-establish cellular ion
homeostasis for proper metabolic functioning and
growth. In other words, they have to adapt to the

1. Introduction

Saline waters for irrigation appear in many
semi-arid regions of the world where they inhibit
the growth and yields of crops [1]. The physiology
of the plant responses to salinity and their relation

to salinity resistance have been much researched
and frequently reviewed [2,3]. However, one prob-
lem is that there is still no clear consensus con-
cerning the physiological traits that are primarily
responsible for growth inhibition by salinity [4].
When the saline ions reach the apoplast, the

Abbreviations: G, stomatal conductance; L,, hydraulic conduc-
tance; PEPc, phosphoenol pyruvate carboxylase; OAA, oxaloacetic
acid.

* Corresponding author. Tel.: + 34-968-396310; fax: + 34-968-
396213.

E-mail address: mcarvaja@natura.cebas.csic.es (M. Carvajal).

saline environment. Osmotic adjustment helps
plant cells to withstand salt stress and water
deficits by maintaining sufficient turgor for growth
[5]. Tt involves the transport, accumulation, and
compartmentation of inorganic ions and organic
solutes [6—8], but even so, a decrease in the hy-
draulic conductivity of root membranes has been
observed [9,5].

Calcium has been shown to ameliorate the ad-
verse effects of salinity on plants [10]. Calcium
ions are well known to have regulatory roles in
metabolism [11], and sodium ions may compete

0168-9452/00/$ - see front matter © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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with calcium ions for membrane-binding sites.
Therefore, it has been hypothesised that high cal-
cium levels can protect the cell membrane from
the adverse effects of salinity [12]. Probably as a
consequence, calcium plays an important role in
the water transport of plants growing under salt
stress as its concentration in the nutrient solution
can determine the restoration of root hydraulic
conductivity [9].

It has been reported that HCOj5 is an important
source of carbon for NH; assimilation in several
species [13—15]. This is a consequence of the in-
crease in phosphoenol pyruvate carboxylase
(PEPc) activity associated with HCO; uptake [16],
which are also increased with NH, nutrition.
Both HCO; and PEP yield oxaloacetic acid
(OAA) which is used as an auxiliary carbon skele-
ton for the amides fixation products.

As salinity has been observed to decrease NOs3
assimilation, the enhancement of HCO; in the
growth medium relieved the limitation of carbon
supply for root nitrogen assimilation, thus amelio-
rating the influence of salinity on hydroponically
grown tomato plants [14]. Therefore, in the
present investigation, we grew tomato plants un-
der greenhouse conditions for testing whether in-
creases of NH, and Ca’* concentrations and
additions of HCOj to the nutrient solution, could
ameliorate the negative effect of salinity. For the
study, root hydraulic conductivity and concentra-
tions of amino acids, organic acids and sugars
were determined and related to the different
treatments.

2. Material and methods

2.1. Experimental design

Seeds of tomato (Lycopersicon esculentum,
Mill.) cv. Daniella were germinated in peat trays.
On 14 May 1999, after removing all peat from the
root system, one seedling was transplanted into
each of the 36 continuously-aerated 120 I capacity
containers with the following macronutrients
(mM): 6 KNO;, 4 Ca(NOs),, 1 KH,PO,, 1 MgSO,
and the micronutrients (WM) were applied in the
form of 20 Fe-EDTA, 25 H;BO;, 2 MnSO,, 2
ZnS0O,, 0.5 CuSO, and 0.5 H,Mo00,. The solutions
were prepared using deionized water. During the
experiment, the volume of the nutrient solutions

was maintained by adding deionized water daily.
All solutions were analyzed weekly and readjusted
to initial concentrations when necessary. The pH
was kept within the range of 6.0-6.5 by adding
H,SO, or KOH except for the treatments contain-
ing HCO;z which gave a higher pH (7).

The experimental design consisted of one saline
level, made by the addition of 60 mM NacCl to all
treated plants, the substitution of 3 mM NO; by
3 mM NHj, added as 2 mM NH,Cl+1 mM
NH,H,PO, to give a NO; :NH, ratio of 11:3 (K*
was then added as KCl), and 6 mM extra Ca>*,
added as 6 mM CaCl,, or 2 mM HCOj5, added as
NaHCO;. Another treatment consisted of all treat-
ments together. Therefore, they was a control and
five treatments (NaCl, NaCl+ HCO;5;, NaCl+
NH,, NaCl+ Ca*", NaCl+HCO; + NH; +
Ca’"). Each treatment had six replicates.
Calcium, ammonium and bicarbonate treatments
were added on the day of transplantation. The
solutions were brought to their correct salinity
levels by adding 30 mM NaCl on days 10 and 12
after transplanting to give the 60 mM NaCl.

On 23 June, one day before the harvest, root
hydraulic conductance and stomatal conductance
were measured. Young fully expanded leaves were
frozen and kept for sap extraction.

2.2. Root hydraulic conductance

The method was based on volume flow through
detached root systems. The aerial parts of the
plant were removed, leaving the base of the stem,
which was sealed with silicone grease into a ta-
pered plastic tube. After 2 h, the exuded xylem sap
was collected using a Pasteur pipette and trans-
ferred to an assay tube. The amount of sap was
determined by weight. The roots were removed
and weighed. Sap-flow (Jv) was expressed in mg
g~ ' root fresh weight h—'. The samples of sap (50
ul) were placed in Eppendorf tubes and the os-
motic potential of the sap and the root bathing
medium were measured using an osmometer (Dig-
ital Osmometer, Roebling, Berlin), which was cali-
brated using a standard solution of KNO;. The
osmotic pressure-difference between the xylem sap
and the external solution, AY¥,, was calculated
from the osmolarity values. The driving force,
AY ., used to estimate root hydraulic conductance,
L,, which has the units mg g~ ' root fresh weight
h=!' MPa~! was:



J.M. Navarro et al. / Plant Science 157 (2000) 89-96 91

. Ju
AV,

The solute flux in the xylem, Js, was estimated
as the product of osmolarity and Jv.

L,

2.3. Stomatal conductance

Adaxial stomatal conductance to water vapour
exchange (G,) was measured in one leaf per plant
with a LI-COR model 1600 diffusion porometer
between 10:00 and 12:00 h on 22 June.

2.4. Leaf sap extraction

On 23 June, before the plants were harvested,
one leaf from each plant was harvested and put
into plastic bags and rapidly frozen with liquid
nitrogen. They were subsequently thawed and
pressed to extract the cell sap.

The osmotic potential (%) of the leaf sap was
calculated after measuring sap osmolarity using an
osmometer.

2.5. Sugars analysis

The concentrations of glucose and fructose in
leaf sap were determined directly by HPLC using a
LiCrospher 100 NH, 5 pm column coupled with a
differential refractrometer detector. The mobile
phase was acetonitrile:water (85:15) with a flow
rate of 1.5 ml min "
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Fig. 1. Shoot fresh weight of control tomato plants and plants
grown with NaCl (60 mM), bicarbonate (2 mM), ammonium
(3 mM) and/or calcium (10 mM). Each value is mean + SE
(n = 6). Bars with the same letter are not significantly differ-
ent by LSD at 0.05 level.

2.6. Analysis of amino acids and organic acids

Aliquots of xylem and leaf sap were lyophilized
in derivatization vials for GLS analysis [17]. The
lyophilized extracts were sonicated for 1 h in a
bath sonicator with a 1:1 mixture of anhydrous
acetonitrile and MTBSTFA (N-methyl-N-(tert-
butyldimethylsislyl)trifluoroacetamide), and al-
lowed to stand overnight at room temperature.
The derivatized mixtures were injected directly in a
GC fitted with a capillary TRB-5 column (Tracer),
30 m length, 0.25 mm i.d. The column temperature
was programmed from 60 to 150°C at 20°C min !
and from 150 to 300°C at 6°C min~'. GLC flame
ionization detection signals were assigned by com-
paring retention times with those of pure stan-
dards run under the same conditions. Compounds
were quantified by normalising the total ion re-
sponse of the identified compounds in the extract
against those of the standards.

3. Results

The fresh weight of the shoot (Fig. 1) decreased,
compared to the control, when NaCl was applied
alone and when plants were treated with NaCl +
NH, . The greatest decrease was obtained when
NaCl was applied with HCO; . However, for the
NaCl + Ca** treatment and when all treatments
were applied together, only slight differences were
obtained with respect to the control. Similar re-
sults were observed for dry weight (data not
shown).

The hydraulic conductance (L,) of the roots
(Fig. 2a) was measured from 11 to 13 h when
transpiration was maximal [18]. A high reduction
of L, was observed with all treatments compared
with the control. However, the reduction was less
when NaCl (60 mM) and Ca’* (10 mM) were
added together. The stomatal conductance of the
most recent fully expanded leaves (Fig. 2b) was
also reduced in all treated plants compared with
controls. This reduction was higher in the plants
treated only with NaCl and smaller when NaCl
was added with Ca*™.

The flux of solutes into the xylem (Fig. 3a) was
estimated. A reduction occurred in plants treated
only with NaCl, and this was greater when HCO;5
was added and for all treatments together. How-
ever, NaCl + NH; and NaCl + Ca®>* treatments
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Fig. 2. Root hydraulic conductivity (a) and stomatal conduc-
tance (b) of control tomato plants and plants grown with
NaCl (60 mM), bicarbonate (2 mM), ammonium (3 mM)
and/or calcium (10 mM). Each value is mean + SE (n = 6).
Bars with the same letter are not significantly different by
LSD at 0.05 level.

produced no significant differences from the con-
trol. Organic acids (malic, oxaloacetic, lactic, fu-
maric, pyruvic, citric) were analyzed in the xylem
sap (Fig. 3b). A slight decrease was observed with
all treatments except when NaCl and HCO; were
combined and when all treatments were added
together (NaCl + HCO5; + NH + Ca® ™). Amino
acids were also analysed in the extracted xylem sap
(Fig. 3c). A decrease with respect to the control
was observed in plants treated with NaCl and
NaCl + Ca® ™", no differences in those treated with
NaCl + HCO;3 and a high increase in the plants
treated with NaCl + NH; or with all treatments
together.

When individual amino acids and organic acids
were studied, it was observed that only the abun-
dance of some of them change as a consequence of
the treatments (Table 1). Asparagine concentra-
tion was significantly increased by the treatments
NaCl + HCOj; and NaCl + NH; but the increase
was higher when all treatments were applied to-
gether (NaCl+ HCO; + NH; + Ca?*).  Glu-
tamine was significantly increased in the xylem sap
of the plants treated with NaCl + NH, but, in the

case of asparagine, the increase was more pro-
nounced when all treatments were applied to-
gether. Arginine concentrations were reduced to
non-detected levels in the xylem sap of plants
treated with NaCl+ HCO; and NaCl+ Ca®*.
For all the organic acids determined, only malic
acid levels were found to change with the treat-
ments. A great increase was observed in the xylem
sap of NaCl treated plants, when HCO3 was also
added and when all treatments were applied
together.

Analysis of leaf sap revealed that the osmotic
potential (Fig. 4a) was significantly increased with
all treatments compared with control. However,
there were no significant differences between treat-
ments. The total organic acid concentration (Fig.
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Fig. 3. Flux of solutes into the xylem (a), concentrations of
organic acids (b) and amino acids (c) in the xylem sap of
control tomato plants and plants grown with NaCl (60 mM),
bicarbonate (2 mM), ammonium (3 mM) and/or calcium (10
mM). Xylem was obtained from adult plants under natural
exudation. Each value is mean + SE (n=6). Bars with the
same letter are not significantly different by LSD at 0.05 level.
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Table 1

Concentrations of amino acids and malic acid in the xylem sap of control tomato plants and plants grown with NaCl (60 mM),
bicarbonate (2 mM), ammonium (3 mM) and/or calcium (10 mM)?*

Asparagine (UM)

Glutamine (uM)

Arginine (uM) Malic acid (uM)

Control L1 97.4 +68.8 2048.2 + 550.0 L1
NaCl L1 129.6 + 74.8 1371.9 £+ 370.1 139.7 £ 32.9
NaCl+HCO5 243.9 +86.5 4324153 L1 175.8 +38.1
NaCl+NH,f 245.8 +70.6 899.1 + 151.8 3761.9 + 1046.2 L1
NaCl+Ca** L1 28.54+20.2 L1 Y
NaCl+HCO;5; +NH; +Ca** 340.4 +33.3 2287.8 £ 616 2260.9 + 305.5 98.8 +28.5

2 Xylem was obtained from adult plants under natural exudation. Each value is mean + SE (n = 6).

4b) was slightly increased with all treatments,
compared with the control but the differences were
not significantly different. The total amino acid
concentration (Fig. 4c) was increased significantly
with all treatments except when NaCl was added
alone.

Glucose and fructose were also determined in
the sap of the leaves (Fig. 5). Glucose concentra-
tion strongly decreased in plants treated with
NaCl, NaCl + NH; and NaCl 4+ Ca>*. However,
when NaCl was added with HCO; and when all
treatments were applied together, no significant
differences were found with respect to control
values. The fructose concentration was slightly
increased when NaCl and NaCl+ NH; treat-
ments were applied.

4. Discussion

Fresh and dry weights of all salinised plants
were significantly reduced in comparison to the
control, but the addition of HCO; and NaCl
together produced a more negative effect than did
salinity alone. Cramer and Lips [13] showed that
dissolved inorganic carbon resulted in greater
biomass accumulation in leaves and roots of
salinised plants. However, they treated the tomato
plants with 100 mM NaCl, which is much higher
than the concentration used in our experiments (60
mM). In the same way, they applied CO, as a
carbon supply to the nutrient solution. The reduc-
tion in biomass production that is shown in this
paper could be due to the high pH (7) caused by
the dissolved HCOj , which could affect nutrient
uptake. It has been reported that alkalinity by
HCOj; limited plants growth [19,20] showing that
HCOj; interfered with nutrient accumulation, but

even at the highest level (6 mM HCOj ), nutrient
deficiencies did not appear. In our experiments,
the other treatment containing HCO; (NaCl +
HCO;5; + NH; + Ca’™), the opposing effects of
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Fig. 4. Osmotic potential (a), concentrations of organic acids
(b) and amino acids (c) in the leaf sap of control tomato
plants and plants grown with NaCl (60 mM), bicarbonate (2
mM), ammonium (3 mM) and/or calcium (10 mM). Each
value is mean + SE (n = 6). Bars with the same letter are not
significantly different by LSD at 0.05 level.



94 J.M. Navarro et al. / Plant Science 157 (2000) 89-96

a
6 4
c
be
g 47 N
E
3
o a a
a
2 [ I
0
b
b b
10 “'
b ab
al -
s . ab
s |
E [ [ :
3 8
w
6 .
.
Control NaCl NaCl NaCl NaCl  NaCl+HCO;
+
HCO; NH,’ Cca*  NH/S +Ca®

Fig. 5. Concentrations of glucose (a) and fructose (b) in the
leaf sap of control tomato plants and plants grown with NaCl
(60 mM), bicarbonate (2 mM), ammonium (3 mM) and/or
calcium (10 mM). Each value is mean + SE (n = 6). Bars with
the same letter are not significantly different by LSD at 0.05
level.

NH, and HCO; made the pH stable, at around
6.0. In that case, although the HCO; concentra-
tion was lowered to 0.5 mM by the decrease in
pH, from the nutrient analysis of the xylem sap it
could be observed that the nutrient availability
was not affected. Therefore, addition of all treat-
ments together had a positive effect on growth
compared with the application of NaCl alone, and
produced only a small difference in growth with
respect to the control.

In the experiments described in this paper, a
strong reduction of L, in roots of tomato plants
after NaCl supply has been observed. Reductions
in root hydraulic conductivity, Lp, of salinised
plants have been shown in several reports [21-23]
suggesting that the osmotic concentration had
negative effects on Lp. However, in our previous
work [5] it was reported that NaCl produced a
decrease in the L, of pepper roots whereas high
concentrations of macronutrients had no effect.
Therefore, it was concluded that there must have
been a toxic effect of NaCl, rather than an os-
motic effect on L,. In the experiments of this
paper, Ca ™2 was able to partially compensate for

the toxic effect of NaCl on tomato root hydraulic
conductance (Fig. 2a). It also has been reported
that short-term experiments performed by adding
supplemental calcium to saline growth media only
had an ameliorative effect on Lp under NaCl
stress [9,24]. The beneficial effect of calcium on the
development of plants grown under saline condi-
tions reported previously [11,25,26] occurred in
our experiments, since only slight shoot weigh
reductions compared with the control were found
(Fig. 1). Our results also indicate that the addition
of extra calcium to salinised plants could restore
the flux of solutes into the xylem to a level similar
to that of control plants (Fig. 3a).

Transpiration rates generally tend to decline
with increasing rhizospheric salinity in non-halo-
phytes. This may be due to lowered water poten-
tials in the roots, and the transfer of abscisic acid
from root to shoot as a signal [27], but at high
concentration, this reduction in transpiration rate
has been attributed to salt damage to the photo-
synthetic tissue, to stomatal effects with the conse-
quent restriction of the CO, availability for
carboxylation or to the acceleration of senescence
[28]. There is another potential action of NaCl on
transpiration, occurring as a result of the direct
inhibition of stomatal opening by apoplastic Na™
concentration [29]. In our plants, the reduction
observed in G, after all saline treatments could be
related to the reduction of root L, since the
smallest reduction was obtained when Ca’* was
added with NaCl. Therefore, as all treatments
containing NaCl produced similar Na* concentra-
tions in the leaves (data not shown), the signal to
promote stomatal closure could have been gener-
ated in the roots rather than in the leaves, as a
consequence of the changes of root L.

Analyses of exuded xylem sap can provide valu-
able information about absorption of water and
mineral nutrients by roots. However, there are
several factors to be considered in their interpreta-
tion. Xylem sap collected from decapitated plants
(exudate) represents only that fraction of water
flow driven by the root pressure. For the evalua-
tion of the transpirational component, exudates
have to be collected, either under vacuum from the
cut stump, or by increasing the external pressure
in the root zone (pressure chamber). With both
methods, xylem volume flow is increased and min-
eral nutrient concentration usually decreases.
However, with these methods, calculated transport
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rates to the shoot might be quite different from
the results found in intact plants [30,31]. In an
earlier study on changes in hydraulic conductance
of roots due to nutrient deficiencies, sap-flow data,
acquired from the de-topped root, was interpreted
as being a result of changes in water-channel
function [18]. Therefore, the effect of salinity could
decreased the passage of water through the mem-
brane and roots by reducing the activity of Hg-
sensitive water-channels [5].

The capacity of the plant to provide carbon
skeletons through dark fixation of dissolved inor-
ganic carbon by roots may determine the capacity
of the plant to assimilate NH,. However, the
increase of the concentration of amino acids
caused by the treatment that only contained NH;,
in this paper (Fig. 3c) suggested that NH;" assimi-
lation was occurring although to a lesser extent
than when HCO; was present (NaCl+ HCO; +
NH, + Ca’") and the products transported via
the xylem to the shoot. It has been reported [32]
that dark fixation of inorganic carbon is unlikely
to be related to passive uptake of inorganic carbon
(**C) via transpiration, because the label was asso-
ciated with organic compounds. Therefore, the
higher concentrations of amino acids and organic
acids in the xylem must be a consequence of the
incorporation of carbon into the carbon skeletons
necessary for conversion of NH) into amino
acids.

It has been reported that NOj; uptake is re-
duced by salinity [33]. Although it has been sug-
gested that the inhibitory effect of salinity on
tomato growth may be partially overcome by in-
creased nitrogen supply [34], other authors [35]
showed that the influence of salinity on NO;j
uptake was associated with anionic interference
with NOj translocation across the root plasma
membrane. In most plants only part of the nitrate-
N is reduced to ammonia in the roots while the
great part of nitrate-N is translocated to the shoot
to be assimilated [36]. Hence the assimilation of
inorganic N in roots is promoted more through
ammonium nutrition than through nitrate nutri-
tion [15]. In many species, NH; nutrition in-
creases the activity of PEPc in the roots, which has
been linked to the requirement for carbon, amino
acids and organic acid synthesis [37,38]. Oxaloac-
etate derived from PEP carboxylation may be
converted to malate by malate dehydrogenase, be
transaminated by aspartate transaminase to form

aspartate or may enter the tricarboxylic acid cycle
to form 2-oxoglutarate, which may in turn enter
the glutamine synthetase/glutamate synthetase
pathway for synthesis of glutamine and glutamate.
In our plants treated with NH,", a great increase
of total amino acids and organic acids was found
in the xylem. However, for the treatment consist-
ing of the combination of all (NaCl+ HCO; +
NH, + Ca®"), the increase of amino acids was
much higher than in the other treatments, suggest-
ing that HCO;3 increased the supply of carbon
skeletons necessary for NH, incorporation into
amino acids that were then transported to the
shoot. The fact that only the amides asparagine
and glutamine were increased to a much higher
extent in treatments with NH; than in the other
treatments confirms that NH; is mainly incorpo-
rated into amides. This effect could be the conse-
quence of the higher growth obtained with that
combination of treatments. In addition to that, the
increase of glucose in the leaf sap of the plants
treated with HCO3; and with the combination of
all treatments suggests that HCO; promoted the
synthesis of carbon skeletons, which probably de-
manded more glucose formation.

In conclusion, in salinised tomato plants, dis-
solved inorganic carbon could increase root inor-
ganic carbon uptake, providing carbon skeletons
for NH, incorporation into amino acid synthesis.
In addition to that, the ameliorating effect of
Ca’" on the root hydraulic conductivity reduces
the negative effect of salinity on water uptake.
Therefore, further research should be carried out
in order to investigate the effects of all these
factors on fruit yield and quality.
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