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Abstract: Plants grown under saline conditions show changes in carbohydrate metabolism. Furthermore,
calcium (Ca™) plays an important role as a metabolic regulator. This work was carried out in order to
assess the effect of external calcium application on sucrose metabolism and sugar contents in pepper plants
(Capsicum annuwm 1.. Cv. California) exposed to salinity. Calcium added with salinity showed ameliorative
effect on growth and CO, assimilation. Tn salinity-treated plants, the high hydrolytic activity observed could
be a consequence of the activation of alternative pathways for obtaining energy. However, in plants treated
with both salinity and calcium, the effect of calcium on sucrose phosphate synthase (SPS) and sucrose

synthase (5S) could reveal an involvement (direct or indirect) by calcium. In any case, the effect of calcium
application on sugar metabolism could explain its ameliorative effect under saline conditions.
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INTRODUCTION

The progressive salinization of land is considered as
the major environmental factor limiting plant growth and
productivity of the arid and semiarid regions. Salts that
generally are common and necessary components of soil,
being essential plant nutrients, can, at lugh levels, cause
osmotic effects and nutrient ion imbalances that affect
plant metabolism through repression or induction of
several enzyme systems! .

Plants adapt to stress by different mechanisms,
including changes in morphoelogical and developmental
patterns as well as physiological and biochemical
processes’™. Adaptation to stress is associated with
metabolic adjustments that lead to the accumulation of
organic solutes such as sugars, polyols, betaines and
proline!.

Plant growth under high-salimty conditions can
cause an excessive build-up of 1ons in leaf tissue leading
to a reduction m the photosynthetic area of the plants as
well as a decrease in CO;-fixation. These changes
decrease the electron transfer in photosystem II, thus
affecting  sugar  distribution, accumulation and
mobilisation and giving rise to a carbohydrate production
insufficient to support growth”. Carbchydrate metabolism
is very sensitive to changes in plant status, with

alterations in  fructose, glucose and sucrose

concentrations occurring when stress intensity is more
prenounced™®”.

In plants, sugar production through photosynthesis
is a vital process and sugar status modulates and
coordinates mternal regulators and environmental signals
that govern growth and development. Thus, many plants
use sucrose as the major form of transported carbon and
it also has an mmportant storage role. Furthermore, it is
thought that sucrose and its derivates could act as
regulators of cellular metabolism. All these properties are
due to its non-reducing nature™'".

In many plant systems, one of the common features
of sucrose metabolism is the continual cycling of its
degradation and synthesis!'"'?.The main pathway of
sucrose synthesis is from hexose phosphates, which is
chiefly catalysed by the combined action of the enzymes:
UDP-glucosepyrophosphorylase,  sucrose  phosphate
synthase (SPS, EC 2.4.1.14) and sucrose phosphatase
(SP, EC 3.1.3.24). The reaction catalysed by SPS 1s readily
reversible, but, as the SP step 1s essentially wreversible,
the equilibrium for the SPS reaction 1s displaced and the
formation of sucrose is favoured'”. In fact, evidence
suggests that SPS and SP may actually form a complex
in vivo!. On the other hand, it has been shown that
SPS is subjected to complex regulation'. An
alternative pathway for sucrose synthesis could be
from UDP-glucose and fructose, catalysed by sucrose
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synthase (S8, EC 2.4.1.13). In vitro, this enzyme can
conduct both sucrose synthesis and degradation'™
sucrose-synthesising tissues, SPS activity 1s greater than
33 activity and corresponds better to the formation rate of
sucrose.

Besides synthase,  plants
other enzymes capable of cleaving sucrose: invertases
(EC 3.2.1.26). Plant invertases are B-fructosidases, having
acid and alkaline (neutral) forms and catalyse the
irreversible hydrolysis of sucrose into glucose and
fructose. It has been proposed that SS, because of its
reversible character, can balance the actions of
irreversible sucrose synthesis by SPS and sucrose
brealzdown by invertase!'”. Irreversible enzymes (SPS and
mvertase) generally are controlled by strong regulation,
mn this way, sucrose synthase allows the rate of sucrose
degradation to respond sensitively and automatically to
the supply of sucrose and the demand for carbon in
biosynthetic and respiratory pathways n the growing
cell'™ Although a given tissue will tend to have an
excess of one activity over the other, depending upon
whether it is engaged in net sucrose synthesis or
breakdown, many tissues have both enzymes and it 15
clear that significant “sugar cycling” can occur!'”.

Calcium has been shown to ameliorate the adverse
effects of salinity on plants and it is well-known that it has
regulatory roles in plant metabolism!®*". It has been
demonstrated that maize leaf SPS kinase is strictly Ca®™
dependent, raising the intriguing possibility that the
cytosolic (Ca® concentration may regulate sucrose
biosynthesis, at least in some species!?. There is
evidence that cytosclic Ca™ is decreased in the light,

relative to the dark and this could contribute to the light
[15]

. In

sucrose contain

activation of SPS in vivo
The aim of the work was to determine if the influence
of calcium on salmity-treated pepper plants 1s related to
carbohydrate metabolism. For this, we studied sucrose
synthase, sucrose phosphate synthase and invertases
activities and changes in sucrose, glucose and fructose
contents, as well as physiological parameters (relative
growth rate, CQ, absorption and osmotic potential).

MATERIALS AND METHODS

Plant material and growth conditions: Pepper seeds
(Capsicum ammum 1. Cv. California) were pre-hydrated
with aerated de-1omised water for 24 h and germinated in
Petr1 dishes, at 28°C m an incubator for 5 days. Next,
embryos were transferred to a controlled-environment
chamber with a 16 h light 8 h dark cycle, with air
temperatures of 25 and 20°C, respectively. The relative

humidity  (RH)  was  60% (day) and 80%
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(night) and photosynthetically —active radiation (PAR)
was 400 umol m™* s~ , provided by a combination of
fluorescent tubes (Phulips TLD 36 W/83, Germany and
Sylvamia F36 W/GRO, USA) and metal halide lamps
(Osram HQLT 400 W, Germany). After 5 days, the
seedlings were placed in 4 L. containers and were supplied
with a complete modified Hoagland nutrient solution. The
solution was replaced completely every week. After
21 days, plants were treated with 10 mM CaCl,, 50 mM
NaCl, or 10 mM CaCl;+50 mM NaCl. Relative growth rate
(RGR), osmotic potential (F,), photosynthesis rate (Acq,),
sugar concentrations (glucose, fructose and sucrose) and
enzyme activities (SPS, 33, acid and neutral invertases)
were measured after 4 days of treatment, when plants were
30-d-old (5 fully expanded leaves and 0.2 m kgh).
Measurements and harvesting were done at the mid-point
of the light period.

Measurement of relative growth rate (RGR): Complete
plant weight was determined daily and RGR (g g day ™)
was calculated according to the following equation:

RGR=(LnP, -LnP, )/ (n-(n-1))

Where:
n = day; P = plant weight (g)

CO, absorption: This was measured for fully-expanded
young leaves, with a portable photosynthesis and gas
exchange system (LI-COR model 6200).

Leaf and root exudates: Pepper leaves and roots were
transferred separately into a Eppendorf tubes perforated
at the bottom and then frozen. Each tube was put inside
another, non-perforated tube, then centrifuged at 500 g for
5 mm at 25°C and the exudates collected in the lower
Eppendorf tube. The osmotic potential and sugar
concentrations were determined for the exudates. Sap
analysis was done i individual leaves, but, as no
differences were found among leaves of the same plant,
an average value per plant is given.

Osmotic potential: The osmolarity was measured using an
automatic Micro-osmometer (Roebling mod. 13/13DR-
Autocal). This was calibrated using a standard KNO,
solution of 300 mOsmol kg™ H;O. Osmotic potential was
calculated by Van't Hoff equation:

Y. =-nRT

Where:
n =mOsmol; R = 0.083; T = temperature (°K)
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Sugar concentrations: The leaf and root exudates were
mnjected into a Dionex DX-600 HPLC chromatograph, with
a CarboPaclO column, AS40 automated sampler, LC30
chromatography oven, GP50 gradient pump and an ED50
electrochemical detector. The flow rate was 1.5 ml min™"
with an eluent of NaOH/H,0, increasing, by the curve
gradient method, from 18 mM NaOH to 100 mM NaCOH, at
30°C. The glucose, fructose and sucrose concentrations
were measured, with PeakNet 6.1 chromatography
software, by comparing peak areas with those of known
standards.

Enzymatic activities

Plant material extraction procedure: Pepper leaves and
roots were frozen m liquid N and stored at -70°C.
Approximately 3 g of stored plant material was ground
with 50 mM Hepes-NaOH buffer, pH 7.0, containing
20 mM MgCl,, 10 mM isoascorbic acid, ImM EDTA,
2% (wiv) polyvinylpyrrolidone (PVP), 1 mM dithiothreitol
(DTT) and 1 mM PMSF. The crude extract was filtered
through cheese cloth; afterwards the filtrate was
centrifuged for 15 min at 9000 g, at 4°C. The supernatant
was desalted and low-molecular-weight compounds
through Sephadex G-25 micro-columns. The extract was
stored and frozen in an Eppendorf tub®!,

Determination of sucrose synthesis enzyme activities
(SPS, SS): For sucrose-P-synthase (SPS), the assay
reaction mechanism is:

SPS

Fructose-6-P + UDP-glucose —_— Sucrose-6-P + UDP

UDP + PEP E’ UTP + Pyruvate

Pyruvate + NADH + H  L-LDEL 1 1 qctare + NAD*

The sucrose-P-synthase activity was monitored by
the production of UDP, then pyruvate kinase (PK)
catalysed the reaction of UDP and PEP to produce UTP
and pyruvate, which, in the presence of NADH, generates
L-Lactate and NAD™ by the action of L-lactate
dehydrogenase®'l.

The disappearance of NADH by oxidation was
followed spectrophotometrically. The reaction mixture
contained 50 pl of extract and 950 ul of assay buffer
(50 mM Hepes-NaOH pH 7.5, with 10 mM fructose-6-PF,
10 mM UDP-glucose and 10 mM MgCl,). After an
appropriate incubation time (20 min), the reaction was
stopped by heating the test tube in boiling water for
2 min. Afterwards, when the tube contents had returned
to the ambient temperature, UDP formation was assayed
by adding 100 pl PEP/NADH solution (42 mg NADH-Na,,
60 mg PEP-Na and 300 mg NaHCO, in 6 ml water) and
1.9 ml Hepes-NaOH (50 mM), pH 7.5. The mmutial
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absorbance, A, was read at 340 nm. Then, oxidation of
NADH was started by addition of 10 ul of a solution
which contained 2 U of pyruvate kinase and 2 Uof
L-lactate dehydrogenase. Absorbance (A,) was recorded
60 mun later, at 340 mm. The activity was expressed as nmol
sucrose-6-P g~ 'fw. min™'

Sucrose synthase activity (S3) was determined by the
same protocol, but, instead of fructose-6-P, fructose was
added the assay buffer. The determination of these
enzyme activities was by NADH disappearance, which is
proportional to the formation of UDP in sucrose
synthesis. The activity was expressed as nmol sucrose
g~ fw. min™'

Determination of sucrose hydrolysis enzyme activities
{acid and neutral invertases): Invertases will, when
incubated with sucrose, form glucose and fructose, thus
their activities were assayed by measuring the
concentration of glucose produced (expressed as nmol
glucose g~ 'f.w. min™)*". Aliquots (100 pl) of the extract
were incubated for 45 min, at 30°C, with 400 ul of 50 mM
Mes buffer, pH 5.5 and pH 7.5 for the acid and neutral
activities, respectively, both containing 50 mM sucrose.
After 45 min incubation, the reaction was stopped by
adding 100 pl of 2 M NaOH to the assay mixtures (for the
blanks, immediately after the start of the reaction). The
concentrations of glucose and fructose were measured

with anthrone®.

RESULTS

Effects of NaCl and CaCl, on osmotic potential, growth
and CO, assimilation: In leaves, significant differences
between treatments did not appear for absolute osmotic
potential values (Fig. 1). In roots, a significant increase
was observed in plants treated with NaCl or NaCl + CaCl,,
but the mcrease was higher in plants treated only with
NaCl.

In Fig. 2 a sigmficant decrease in RGR can be
observed for plants treated with NaCl, compared with the
control. However, the other treatments did not show
sigmficant differences.

The CO, assimilation is represented in Fig. 3. Again,
a considerable decrease in the 50 mM NaC treatment was
observed while the rest of the treatments did not exhibit
significant differences with respect to the control.

Sugar content determination: Glucose, fructose and
sucrose concentrations were determined mn leaves and
roots (Fig. 4). In leaves, monosaccharide concentrations
(glucose and fructose) were increased significantly in the
CaCl, treatment, whereas for the treatments with NaCl or
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Fig. 1: Absolute osmotic potential values of roots and
leaves of pepper plants grown under different
treatments (control, 10 mM CaCl,, 30 mM Na(l,
10 mM CaCl, + 50 mM NaCl). Bars represent the
means of five samples +3E. Columns with the same
letters are not sigmficantly different (p<0.05, Tukey
test). Statistical analysis has been done separately
for roots and leaves
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Fig. 2: Measurement of the relative growth rate of pepper
plants grown under different treatments (control,
10 mM CaCl,, 50 mM NaCl, 10 mM CaCl; + 50 mM
NaCl). Bars represent the means of five samples
+SE. Columns with the same letters are not
sigmficantly different (p<t0.05, Tukey test)

NaCl + CaCl, significant changes were not revealed.
Sucrose concentration was greater than monosaccharide
concentrations in control plants and in both NaCl
treatments, nevertheless plants exposed to 10 mM CaCl,
showed the opposite result; higher monosaccharide
concentrations and a lower sucrose concentration. In
plants treated with NaCl, sucrose concentrations were
decreased compared to the control plants, while there
were no significant differences from concentrations found
i NaCl + CaCl, plants.
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Fig. 3: CO, absorption of pepper plants grown under
different treatments (control, 10 mM CaCl,, 50 mM
NaCl, 10 mM CaCl, + 50 mM NaC1). Bars represent
the means of five samples +SE. Columns with the
same letters are not significantly different (p<0.05,
Tukey test)

In roots, only treatment with CaCl, produced an
increase of glucose and fructose concentrations and a
decrease of sucrose. The rest of the treatments did not
show significant differences in sugar concentrations.

Determination of sucrose synthesis enzymes (SPS
and SS): The SPS activity was determined m leaves and
roots (Fig. 5). Except for NaCl-treated plants, the activity
of SPS was higher in leaves than in roots. Compared with
the results obtained in control plants, plants treated with
CaCl, or NaCl + CaCl, did not show any sigrificant
changes in leaves. However, in plants treated only with
NaCl an mmportant decrease in leaves was observed,
although root values showed no differences.

In roots, a sigmficant increase m SPS activity was
observed in plants treated with CaCl, and a decreased
occurred in NaCl-plants. However, there were no
sigmificant differences with the NaCl + CaCl, treatment.

The S5 activity (Fig. 5) was higher than SPS activity.
In both leaves and roots, there were no significant
differences between the treatments, although in roots the
activity was increased in plants exposed to NaCl + CaCl,.

Determination of sucrose hydrolysis enzymes (acid and
neutral invertases): Sucrose hydrolysis, which occurs in
the vacuole and cell wall, is catalysed by acid invertase
(Fig. 6). In leaves, a decrease was found mn acid invertase
activity in all treatments compared with control plants. Tn
roots, a slight increase was observed 1 both treatments
which included calcium, compared with the control.
Neutral invertase, a cytosolic enzyme, showed an
activity increment in leaves and roots of plants grown



Asian J. Plant Sci., 3 (4): 455-462, 2004

aGl
.Fl.::ﬁ; Leaves
50_I:|Suc.rose d
%\40- b I
g b
o 307 c
o,
20
b
10 a a
0
50 Roots

4071

[Sugars](uM)

30
b
207 b
a
a a
10 a aa a a
a

a

[
Control  CaCl, NaCl CaCl+NaCl
Treatments

Fig. 4: Glucose, fructose and sucrose concentrations in
leaves and roots of pepper plants grown under
different treatments (control, 10 mM CaCl,, 50 mM
NaCl, 10 mM CaCl, + 50 mM NaC1). Bars represent.
the means of twenty five samples + SE. Columns
with the same letters are not sigmificantly different
(p<0.05, Tukey test). Statistical analysis has been
done separately for each sugar

with 10 mM CaCl, (Fig. 6). On the other hand, neutral
activity at 50 mM NaCl declined significantly in roots.
However, it was enhanced significantly in leaves. In the
NaCl+ CaCl, treatmnent, a similar increase as in the CaCl,
treatment was observed, although, m this case, it was
greater in roots than in leaves.

DISCUSSION

Plant osmotic adjustment involves a net accumulation
of solutes in cells in response to the reduction of the
medium water potential. In this way, plants maintain
turgor and associated processes such as growth and
development, stomatal opening and photosynthesis™. As
a result of solutes accumulation, the osmotic potential
decreases and turgor is preserved”™. The results of this
study indicate that, in pepper plants, osmotic potential
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Fig. 5: Sucrose phosphate synthase (SPS) and sucrose
synthase (SS) activities in leaves and roots of
pepper plants grown under different treatments
(control, 10 mM CaCl,, 50 mM NaCl, 10 mM CaCl,
+ 50 mM NaCl). Bars represent the means of five
samples £5E. Columns with the same letters are not
significantly  different (p<0.05, Tukey test).
Statistical analysis has been done separately for
each activity

decreased when salinity mcreased, but thus decrease was
not enough to mamtain turgor and related processes, thus
indicating that osmotic adjustment was not achieved. In
osmotic adjustment processes, cellular osmotic potential
declines due to net solutes accumulation and the turgor
tends to remain steady™*4. Of the different studies, some
relate growth with cellular turgor maintenance™*” some
do not relate osmetic adjustment with leaf growth® and
others show that leaf osmotic adjustment maintains
growth only if plants display osmotic
adjustment™. On the other hand, reports
concluded that turgor is essential for development,
but does mnot control the growth so the water
relations and osmotic adjustment determmations do
not explain growth rates in plants under saline
conditions!!,

In our CaCl, treatments, a notable influence on
relative growth rate (RGR) was observed With regard to

root
some
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Fig. 6 Acid and neutral invertase activities under
different treatments (control, 10 mM CaCl,, 50 mM
NaCl, 10 mM CaCl, + 50 mM NaCl). Bars represent
the means of five samples =3E. Columns with the
same letters are not significantly different (p<<0.05,
Tukey test). Statistical analysis has been done
separately for each activity

the osmotic potential, calcium, by its own, did not
produce changes compared with control plants, but
calcium plus 50 mM NaCl produced a rise compared with
the NaCl treatment, therefore calcium could ameliorate the
negative effect observed in plant water relations, as
previcus work has shown!'*™. Tt has been described that
calcium has an important role in water transport for plants
exposed to salimty and can help to restore hydraulic
conductivity in roots””. Besides, the relevance of calcium
to metabolic regulation and the competition between
sodium and calcium 1ons for binding sites of the plasma
membrane are well known . Thus, 1t has been supposed
that high levels of calcium can protect cellular membranes
from the adverse effects of salinity™"*!,

When plants were exposed to moderate salimty
(50 mM NaCl), the CO, assimilation was reduced. This
reduction may have been caused by damage to
photosynthetic tissues, because of the accumulation of
Cl-and Na“ ions™ and by stomata closure !Calcium
addition to the moderately-saline medium produced a
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moderate increase of the CO, absorption compared with
the saline treatment. Therefore, calcium can, in some way,
reduce the negative effect of NaCl on CO, absorption.
However, the mechanism 1s not known.

For plants grown in a saline medium, an accumulation
of active osmotic solutes in tissues is needed™. For
genotypes where salt exclusion is the major mechamsm of
salinity tolerance, the synthesis of organic solutes, such
as sugars and amino acids, or the absorption of K', Ca*
or NOs-ions must increase. In energetic terms, the
synthesis of organic solutes 1s very expensive and, thus,
growth rate decreases. In other genotypes for which
osmotic adjustment is the major mechanism of salinity
tolerance, it is achieved by salt accumulation (mainly
NaCl) in leaf tissues™ thus increasing the cellular size,
especially of the vacuole, diluting the store of salts and
preventing, in this way, Na' and Cl-accumulation in the
apoplast and cytoplasm™™. This could be the case for
pepper plants, in previous experiments we have observed
that the ion concentrations were increased, but the plants
lost turgor. Thus, full osmotic adjustment, in terms of
accumulation of inorganic ions and organic compounds,
was not reached (Carvajal et af. unpublished results). In
our salnity treatments, an increase of monosaccharide
concentrations, although not very marked, was observed,
despite hydrolytic activity in the cytoplasm being high. Tt
may be that part of these monosaccharides was used not
for osmotic adjustment, but for activation of alternative
pathways for energy provision, such as glycolysis. Tt
could indicate that the plant expends energy in the
synthesis of monosaccharides, by activating hydrolytic
enzymes, which are then used to obtain more energy, by
activating glycolysis, in this way plants can grow to a
higher extent. Other species more resistant to salimity
demonstrate modifications of carbohydrates metabolism
in saline conditions. For example, tomato plants
(Lycopersicon esculentum 1..) accumulated sucrose in
leaves and phloem, related with an increase of SPS
activity and a decrease of invertase activities™. On the
other hand, m kikuyu grass (Pennisetum clandestinum
Hochst), which is tolerant of high salinity levels, an
increase in invertase activities has been observed for
leaves exposed to lugh salinity. This points to a greater
demand for request of hexoses, which control osmotic
potential and cellular turgor and are needed for
respiratory pathways. Glycolytic enzyme
decrease too'™.

For roots, were not sheen significant changes during
the treatments, suggesting that roots try to adjust
osmotically by accumulation of other compounds. Sugar
content in roots 1s lower than m leaves. In our experiment,
added m conditions,

activities

when calcium  was salme
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monosaccharide concentrations  increased, perhaps
indicating that calcium functions as a signal molecule in
sucrose hydrolysis and that it could mlubit enzyme
activities related to glycolysis. As i previous experiments
adding Ca® to Na(l stressed plants, the flux of calcium
into the xylem and the calcium concentration in the plasma
membrane of cells was increased"” and calcium
concentration i roots and leaves sap (data not shown),
we proposed a role for calcium regulating the activity of
aquaporins. Also, the regulation of the enzyme SPS, by
reversible phosphorylation, 13 mediated by SPS kinase,
which is strictly Ca”-dependent in maize roots [
Therefore, these observations open up the possibility that
calcium could regulate sucrose biosynthesis, which is
related to our results for SPS and SS activities 1 plants
treated with NaCl+CaCl,. In any case, CaCl,seemed to act
as an antagonist of the NaCl effect on neutral invertase.
However, in our plants, the results for the sucrose and
hexose concentrations m CaCl, treated plants are
confusing. The mcrease of hexose concentration, while
sucrose decreased, in CaCl, plants suggests an effect of
Ca alone that is not related to the other parameters
measured.

The fact that calcium restored the inhibition of Acg;
observed in NaCl-treated plants does not explain the
results obtained for sugar concentrations. In salinity
treated plants, the high hydrolytic activity observed could
be a consequence of the activation of alternative
pathways for energy provision. In other plants (peach or
chickpea), it has been reported that sugar metabolism is
maintained under salinity and drought stressest™ ™
However, in these plants, an osmotic adjustment was
achieved, unlike in our pepper plants. Tn our leaves, NaCl
could have inhibited sucrose synthesis (through its
mhibition of SPS and stimulation of neutral invertase).
This could explain why RGR and CO, assimilation were
affected. CaCl, would restore RGR and CO ,by
suppressing the NaCl effects on SPS and, to a lesser
extent, on neutral mvertase activity. Furthermore, m plants
treated with CaCl, + NaCl, the effect of calcium on SP3
and 335 could reveal a regulation by calcium (direct or
indirect). In any case, the effect of calcium on sugar
metabolism could explain its ameliorative effect of growth
under saline conditicns. Therefore, further research
should be carried out in order to investigate the specific
role of calcium in sugar metabolism of salinity stressed
pepper plants.
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