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Abstract
This paper reports the results of a trial carried out on sunflower plants (Helianthus annuus L., Romsun HS90) grown
in the greenhouse using inert substrate and two automatic and closed hydroponic systems: one of them hosting the
control (C) with plants grown under optimal conditions on Hoagland nutrient solution, the other one, the salt treat-
ment (S), with plants exposed to constant salt stress through adding 150 mM of NaCl to the nutrient solution. Salt
supply caused a sharp reduction in leaf area development and dry matter production, especially in the first 4 weeks
when leaves showed to be more sensitive than stem and roots. Such a reduction is attributable to the drop in net
CO2 assimilation rate, transpiration and stomatal conductance and it was, on average, equal to 30, 26 and 40%, re-
spectively, with respect to the control. The investigated genotype was not able to exclude Cl- and Na+ and consid-
erable amounts accumulated in leaves, stem and roots. Concentration increased in leaves in the basipetal direction.
Though sunflower has an efficient endogenous adaptation system by which it redistributes ions in the whole plant,
with greater accumulation in older leaves, growth inhibition could be attributed to specific ion toxicity effects, and
of chlorine in particular, on metabolic processes and thus on photosynthesis.
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1. Introduction

Plant species are recognized to have widely di-
versified capacity to grow and propagate in salt-
affected soils. Such diversity is basically related
to differences in their ability to control salt up-
take and compartmentalise salts within the cell
(Tester and Davenport, 2003; Munns 2005).
Physiologically, plants are subject to three salt-
induced damages: osmotic, nutritional and tox-
ic (Greenway and Munns, 1980). In general,
salinity initially reduces the plant ability to take
up water and this causes more or less rapid in-
hibition in growth rate and, subsequently, spe-
cific effects on growth may be evident depend-
ing on the amount of salt conveyed within the
plant. The two effects rise to a two-phase growth
response to salinity (Munns, 1993; 2005). The
first phase of the growth response results from
the effect of salt outside the plant and mecha-
nisms controlling this phase are not specific to
salinity; they are caused by factors associated

with water stress. The second phase of the
growth response results from toxic effect of salt
inside the plant. If salt load exceeds the cell abil-
ity to compartmentalize salts in the vacuole,
they would then build up rapidly in the cyto-
plasm and inhibit enzyme activity. Alternative-
ly, they might build up in the cell walls and de-
hydrate the cell. Salt-tolerant species exhibit
small specific salt-induced effects and growth in-
hibition is entirely due to osmotic stress; where-
as sensitive species are exposed to additional
stress due to high concentration of salts accu-
mulated in tissues (James et al., 2002; Munns et
al., 2002; Munns 2002; Rivelli et al., 2002a),
probably at levels that are toxic to the meta-
bolic activity. Mechanisms for salt tolerance are
of two main types: those minimizing the entry
of salt into the plant; and those minimizing the
concentration of salt in the cytoplasm (summa-
rized by Tester and Davenport, 2003; Munns,
2005). However, despite unanimous agreement



and the genetic and physiological evidence sup-
porting that salt tolerance is a complex trait,
considerable effort is deployed to improve salin-
ity tolerance of a number of species (as sum-
marized in updated reviews: Zhu, 2001; Yokoi et
al., 2002; Barrett-Lennard, 2003; Tester and Dav-
enport, 2003; Flowers, 2004; Munns, 2005; Yam-
aguchi and Blumwald, 2005), due to the worry-
ing increase in salt-affected land area through-
out the world (FAO, 2005), the amount by which
food production will have to be increased and
to the belief that changing the salt tolerance of
crops will be an important aspect of plant
breeding in the future, if global food production
is to be maintained (Flowers, 2004; Munns,
2005).

As for sunflower, numerous studies have fo-
cused on the agronomic response to salinity fol-
lowing the classical Mass and Hoffman (1977)
approach, by which this species is considered to
be moderately sensitive. Though extensive liter-
ature is available on the physiological response
to water stress, information on the response
mechanisms to saline stress is poor and often
contrasting. In field and potted trials, some Au-
thors have observed a reduction in leaf area
with increasing electrical conductivity of water
(Rawson and Munns, 1984; Giorio et al., 1996).
On the other hand, there is no univocal inter-
pretation on the stomatal behaviour of sun-
flower under saline stress conditions (Katerji et
al., 1994; Giorio et al., 1996; Steduto et al., 2000).
Other Authors agree on the influence of salini-
ty on water and ion relationships and on the
adaptation mechanisms of sunflower to salts
(Ashraf and O’Leary, 1995; 1997; Sohan et al.,
1999; Rios-Gonzales et al., 2002; Rivelli et al.,
2002b; Alvarez et al., 2003). More recent stud-
ies have pointed out the direct effect of salts on
the functionality of the photosynthetic system
of sunflower, with a decline of the carboxyla-
tion efficiency, regeneration capacity of Rubis-
co and the photochemical efficiency (Rivelli et
al., 2002b).

The objective of this work was to study the
physiological behaviour of sunflower grown in
the greenhouse under high salinity conditions
using a hydroponic system. Such a system facil-
itates physiological studies in that it allows con-
tinuous monitoring of salt and nutrients con-
centration in the nutrient solution, and bypass-
es the spatial heterogeneity of chemical and

physical soil characteristics and the seasonal
rainfall fluctuations intrinsic to open field trials.

2. Materials and methods

2.1 Description of the adopted hydroponic system

The trial was carried out in 2004 at the Uni-
versity of Basilicata, in an automatic iron-
glasshouse equipped with a cooling system con-
sisting of a wet panel and 2 inverted flow fans
to maintain air temperature below the maxi-
mum value of 28°C. Plants were grown hydro-
ponically using a sub-irrigation system as de-
signed and implemented by Munns et al. (1995).
It is an automatic and closed system consisting
of two high density polyethylene tanks laid one
on the top of the other, both being of
120x100x58 cm in size and having a capacity of
500 litres. The bottom tank, serving as a reser-
voir, is equipped with a cover to isolate the
stored nutrient solution from the external envi-
ronment. Pots (17x17x25 cm in size) containing
selected coarse quartz gravel (6-10 mm; 10-15
mm) were placed in the top tank. Using a re-
circulating pump, Hoagland nutrient solution
was pumped from the reservoir to the top tank
circulating in the whole system for 20 minutes.
The pre-established level being achieved, it
drained back to the reservoir through a mobile
overflow drain. For the subsequent ten minutes
and the pump being turned off, the solution was
let to flow into the reservoir by gravity. For ex-
perimental requirements, two independent hy-
droponic units were built and their pumps were
connected to a single timer.

2.2 Experimental layout

The trial was carried out on sunflower plants
(Helianthus annuus L., Romsun HS90) subject
to two different treatments, each located in an
independent hydroponic unit: a control (C) with
plants being grown under optimal water condi-
tions with the nutrient solution circulating in the
substrate, and a salt treatment (S) with plants
being exposed to constant salt stress through the
addition of 150 mM of NaCl in the substrate so-
lution from the emission of the early true leaves
until flower bud.

Seeds were preliminarily selected by weight
(150-200 mg), sterilised with sodium hypochlo-
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rite and germinated in Petri dishes for 3 days.
Later, on April 5 2004, germinated seeds were
planted one per each pot. From emergence of
cotyledon leaves, the pots of both treatments
were sub-irrigated with nutrient solution that
was changed every 20 days till the end of the
trial. In the salt treatment, 12 days after emer-
gence, during the formation of the 2nd layer of
true leaves, NaCl by 25 mM per day steps was
supplied, twice a day for 3 subsequent days up
to a final concentration of 150 mM. In both so-
lutions, the pH, electrical conductivity, satura-
tion percentage and dissolved O2 concentration,
solution temperature and air temperature were
monitored on weekly basis.

2.3 Performed sampling and measurements 

Physiological measurements, total dry matter,
green leaf area and ion concentration of the tis-
sues were taken of 4 plants from each treatment
at 8 sampling times of the growing cycle (re-
ferred to as S1-S8, corresponding to: 17, 24, 32,
37, 44, 51, 64, and 72 days after emergence
(DAE).

At each sampling, before cutting the plants
for subsequent analyses, gas exchanges were
measured by an open type portable system
(ADC mod. LCA4): net CO2 assimilation (A),
stomatal conductance (gs), transpiration (T) and
sub-stomatal CO2 concentration (Ci), using al-
ways the youngest top leaf, fully expanded and
exposed to high light intensity (PAR > 1600
µmol m-2 s-1) between 12:00 and 13:00 hours.
Leaf water use efficiency was calculated as the
ratio of net CO2 assimilation to the transpira-
tion rate (WUEf, µmol mmol-1). Chlorophyll
concentration was determined by extraction
with N,N-dimethylformamide as described in
Moran and Porath (1980) on tissue discs re-
moved from the leaf blade used for gas ex-
change measurements.

At each harvesting, plant height was mea-
sured and plants were separated into their com-
ponents: roots, stem and leaves. The leaf area
meter LI-Cor, Inc., Lincoln, NE, Model 3100
was used to measure the green leaf area (LA).
Plant components were subsequently dried in
ventilated oven at 75° C until reaching constant
weight and then the dry weight (DW) was mea-
sured. Such samples were then finely ground (2
mm) and used for measuring the amount of in-
organic ion concentration through ion chro-

matography (Dionex QICTM Sunnyvale, CA,
USA). Sub-samples of 0.5 g dry matter were
taken to extract Cl- using a sodium carbonate
and bicarbonate solution, and sub-samples of 1
g of dry matter were used for determining Na+,
K+, after muffle ashing at 500°C and subsequent
extraction with hydrochloric acid.

Finally, the relative growth rate (R.G.R., gg-

1d-1) was calculated for each period as: RGR =
(lnW2-lnW1)/(t2-t1) where W is the dry matter
weight and t the number of days at the begin-
ning (indexed by 1) and at the end (indexed by
2) of each interval between two subsequent har-
vests.

3. Results and discussion

3.1 Growth: leaf area and dry matter production

Figures 1a and 1b illustrate the leaf area and to-
tal dry matter pattern versus time. The investi-
gated parameters were found to be considerably
reduced by salinity. In the salt treatment, leaf
area and dry matter were significantly lower
than the control starting from the second har-
vesting and at the end of the experiment they
were reduced by 85% and 77%, respectively. A
decrease of photosynthetising leaf area is one
of the well-known negative effects of abiotic
stresses. The capacity to maintain active growth
even under salt stress conditions is thus a basic
condition to sustain productivity. The R.G.R.
pattern over the period of the trial (Figure 1c)
showed a salinity-related reduction in growth
only in the early period up to 40 DAE, where-
as no difference was observed at subsequent
harvests. Consequently, the effect of salinity on
final biomass is in part attributable to reduced
growth of salt-treated plants in the first four
weeks. Salinity effect on plant growth is illus-
trated in a more conventional way in Figure 1d,
as the percent reduction of partitioned dry mat-
ter in salt treatment versus control conditions.
For all the biomass components, reduction was
highest in the early period of the experiment
(from 24 to 40 DAE). In particular, during such
period, leaves showed to be more salt-sensitive
than stem and roots, with a biomass reduction
that increased from 45% to 70% and from 30%
to 70%, respectively. At subsequent harvests, no
significant differences were observed between
components, except in roots where growth re-
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duction was higher than in other parts upon the
last harvest. Such result is often observed also
in dry soil where leaf growth is more reduced
than root growth, confirming that mechanisms
controlling the first phase of the growth re-
sponse are not specific to salinity and they are
caused by factors associated with water stress.
According to Munns (2002), whether water sta-
tus, hormonal regulation or supply of photo-
synthate exerts the dominant control over
growth of plants in dry or saline soil is an issue

that has been debated and not yet resolved.
Over the timescale of days, there is evidence to
suggest that chemical signals (as abscisic acid)
coming from the roots control leaf expansion in
saline and dry soil reducing leaf growth. Hor-
monal control of cell division and differentia-
tion is clear from the appearance of leaves of
salt-treated plants, which are smaller in area but
thicker with a higher weight: area ratio, indicat-
ing that cell size and shape has changed (James
et al., 2002). The same observation can be re-
ported for sunflower salt-treated in which
leaves, during the first period of the experiment,
appeared small but healthy looking with a
bright green colour. Later, necrosis started to be
evident especially in old leaves.

The observed reduction in the final dry mat-
ter might be due to the reduced photosynthet-
ic activity per unit leaf area as well as to the
metabolic cost associated with salt adjustment,
i.e. organic osmolite synthesis (Richardson and
McCree, 1985), to the salt-induced damage to
the tissues (Greenway and Munus, 1980;
Stavarek and Rains, 1983) and to the addition-
al cost to exclude or compartimentalise salts
within the cells (Munns and Termaat, 1986).

3.2 Gas exchanges and ion accumulation 

The reduction in growth and biomass in the salt
treatment as compared to the control may be
attributed to the drop in net CO2 assimilation,
transpiration and stomatal conductance that
showed average values by 30, 25, and 43%
smaller, respectively (Table 1). However, at the
beginning of the growing cycle no large differ-
ences were observed between the control and
the salt treatment and the decrease in net CO2
assimilation progressively increased from the 3rd

week after salt supply and became more ap-
parent in the leaves of the median and basal
layer (data non shown). Stomatal conductance
and net CO2 assimilation values exhibited sig-
nificant positive correlation (Figure 2). In an
open field experiment on sunflower and with
ECe varying between 2.4 and 3.6 dS m-1, Stedu-
to et al. (2000) observed no notable variation in
stomatal conductance with respect to the con-
trol. The same authors report a 19% reduction
in LAI, suggesting that under moderate salt
stress, sunflower modulates metabolic activity
through morphological (leaf area reduction)
rather than physiological adjustments (stomatal
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Figure 1. Effect of 150 mM NaCl on growth of sunflower.
(a) Leaf area, (b) Total dry matter weight. (c) Relative
growth rate (R.G.R.), based on the difference between two
means. (d) Dry matter weight (DW) reduction in salt as per-
centage of the control conditions. Values are averages (n =
4) ± s.e.



control). On the other hand, the data of our tri-
al on severe salt stress conditions (150 mM of
NaCl), showed that the decrease in net CO2 as-
similation is associated to a drop in stomatal
conductance, which quite probably affected leaf
area development.

Reduction in the leaf expansion, particular-
ly at the beginning of growing cycle, could be
also attributable to other factors and in partic-
ular to the effect of the osmotic stress on the
turgor component of the tissue water potential.
Indeed, although plants were not analysed for
complete water relations, the salinity level of the
medium caused a decline in the osmotic water
potential (from –0.84 and –1.14 MPa at 17 DAE
to –1.37 and –1.97 MPa at the end of the ex-
periment, in the control and salt treatment, re-
spectively), indicating a substantial salt stress
(data non shown).

No difference in leaf water use efficiency
(WUEf) (Table 1) was observed between the
control and the salt treatment. This would sug-
gest that, according to the gas exchange theory,
other factors in addition to stomatal ones might

have affected gas exchanges and net CO2 as-
similation in particular. Previous open field and
potted experiments on the same genotype ex-
hibited a sudden salt-induced reduction in pho-
toshynthesis activity, mainly due to a reduction
of carboxylation efficiency, regeneration of the
ribulose 1-5 diphosphate-carboxylase enzyme
and photochemical efficiency (Rivelli et al.,
2002b).

Considering the amount of chlorophyll per
unit leaf area, measured only upon the last three
harvests, an increase of about 20% in the salt
treatment with respect to the control was ob-
served (Table 1). Leaf width and length were re-
duced by salinity, which suggests that the in-
crease in chlorophyll content was presumably
due to smaller cell sizes and a higher concen-
tration of chloroplasts per unit area. In the lit-
erature, some Authors report similar results
(Brugnoli and Bjiorkman, 1992; James at al.,
2002), whereas others have observed a progres-
sive loss in chlorophyll content, which may de-
pend on the salt level, the time of exposure to
salts and on the species (Ashraf, 1989; Everard
et al., 1994).

The investigated genotype showed not to be
able to exclude Cl- and Na+; as observed in Fig-
ure 3 illustrating the concentration of Cl- and
Na+ measured in leaves, stem and roots versus
time, the accumulation of these ions is largely
greater in the saline treatment than in the con-
trol, and it increases with time. In particular,
chlorine, which is considered to be a very toxic
ion to the plant, increased from a concentration
of about 500 and 1000 µmol g-1 of DW, respec-
tively, in leaves and the stem of the salt treat-
ment upon the first sampling (S1), to about 1500
and 2000 µmol g-1 of DW, respectively, upon the
last sampling (S8); equally, chlorine concentra-
tion in roots significantly increased over time
from 500 to about 1500 µmol g-1 of DW. A sim-
ilar pattern was observed for Na+ in the differ-
ent parts of the plant, although concentrations
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Figure 2. Relationship between net CO2 assimilation rate
and stomatal conductance. Each value represents an aver-
age of six leaves.

Table  1. Effect of 150 mM NaCl on net CO2 assimilation rate (A), transpiration (T), stomatal conductance (gs), leaf wa-
ter use efficiency (WUEf) and total chlorophyll content (Chl). Values are means ± s.e. of all weekly measurements taken
during the experimental period.

A T gs WUEf Chl
µmol m-2s-1 mmol m-2s-1 mol m-2 s -1 µmol mmol-1 mg m-2

Control 39.7 ± 1.2 5.6 ± 0.20 0.98 ± 0.11 7.2 ± 0.4 347 ± 38
Salt treatment 27.3 ± 2.4 4.1 ± 0.45 0.59 ± 0.07 6.6 ± 0.3 426 ± 23
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Figure 4. Changes in
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centration of young,
mature and old
leaves versus time.
Values are means 
(n = 4) ± s.e.



were lower than Cl-, particularly in leaves. Con-
versely, in all the parts of the plant, K+ was al-
ways greater in the control than in the saline
treatment. In particular, comparing the two
treatments, smaller differences in absolute val-
ues were observed in the shoot compared to
those observed for Na+ and Cl-. It can be gen-
erally inferred that at the early stages of stress
sunflower tends to accumulate chlorine and
sodium in leaves and in the stem, and only later
in roots. Other Authors reported similar results
for sunflower (Ashraf and O’Leary, 1995; 1997).
Referring only to the leaves (Figure 4), Cl- and
Na+ concentration in treatment S increased from
young leaves to mature and old ones. At the end
of the experiment (72 DAE), at the early flower
bud stage, Cl- and Na+ concentration in apical
leaves was 946 and 268 µmol g-1 of DW, respec-
tively, whereas in old leaves it was 2157 and 1690
µmol g-1 of DW, the latter values being quite sim-
ilar to those observed in the stem and slightly
lower than those observed in roots (Figure 5).

The different amount of ions accumulated in
the various parts of the plant and their greater
accumulation in older leaves, might be seen as
a compartmentation mechanism of potentially
toxic ions in the metabolically less active parts.
In fact, such translocation mechanism preserves
the younger and more metabolically active api-
cal tissues from accumulating Cl- and Na+ to
toxic levels that can damage metabolic process-
es. According to Munns (2005), this trait is par-
ticularly important for species that cannot ex-

clude salt from the transpiration stream and
they have ways of partitioning the salt arriving
in the shoot, either by retaining it in the leaf
base or stem, or directing salt away from
younger leaves towards older ones.

The K+/Na+ selectivity ratio that thoroughly
explains the net selectivity of numerous trans-
port processes involved (each contributing to
the final concentration of K+ and Na+ in tissues)
was on average equal to 11.1 in C and 2.18 in
S. As reported in the literature, such ratio might
be very low under saline conditions and Na+

might compete with K+ and inhibit its uptake.
A negative and significant correlation was

observed between net assimilation and leaf Cl-

and Na+ concentration (Figure 6a, 6c); whereas
the correlation between the concentration of
those ions and stomatal conductance (Figure 6b,
6d) was not significant. Quite probably, Cl- and
Na+ accumulated in the leaves at such levels to
be toxic to cell integrity and photosynthetic
functionality.

The biphasic model proposed by Munns
(1993), that considers the time scale and the dif-
ferent mechanisms acting on growth of plants
exposed to salt, predicts that at the first stage
of growth, growth inhibition is attributable to
water stress caused by salts outside the plants
rather than inside it; at that stage, the plant is
exposed to osmotic stress the severity of which
is independent of the salt type and no great vari-
ability is observed between species and geno-
types. Subsequently, depending on the species,
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Figure 5. Cumulative concentration of Cl-, Na+ and K+ of young, mature and old leaves, stem and roots at the beginning
of flowering bud stage (end of the experiment). Values are means (n = 4).
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specific toxicity salt effects are evident in the
form of injuries on older leaves that die because
of rapid increase in salt concentration in cell
walls or in the cytoplasm when the vacuoles are
no longer able to effectively sequester incoming
salts. Growth inhibition at this second stage of
growth, is strictly related to the rate of produc-
tion of new leaves and the loss of older ones.

4. Conclusions

The results from our experimentation on hy-
droponically grown sunflower plants (Romsun
HS90), showed that salt stress resulted in sig-
nificant differences in growth, in the gas ex-
change parameters and ion relationships.

Salinity caused a reduction in leaf area and
total dry matter production that can also be at-
tributed to a drop in stomatal conductance and
photosynthetic activity. In the case of sunflower,
previous experiences suggest that the reduction

in net CO2 assimilation might be ascribed to
stomatal as well as to non-stomatal factors, like
a decline in carboxylation efficiency, regenera-
tion of RuBP and photochemical efficiency.

The investigated genotype didn’t show to be
able to exclude salts. Under salt conditions, no-
table amounts of Cl- and Na+ accumulated in
the whole plant, first in leaves and stem and
subsequently in roots.

In leaves, salt built-up in basipetal direction
was also observed. Greater ion concentration in
basal, and thus older leaves is seen as an at-
tempt of compartmentation of potentially toxic
ions in the physiologically less active parts in or-
der to preserve younger and metabolically more
active apical tissues.

However, though sunflower exhibits an effi-
cient endogenous adaptation system by which
ions are redistributed in the whole plant, growth
inhibition might be attributed to specific toxic
effects of single ions, chlorine in particular, on
photosynthetic functionality.
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