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The effect of long-term osmotic stress was investigated in leaves of two common bean lines, with
contrasting tolerance: Flamingo (tolerant) and coco blanc (sensitive). Water relations, organic solute,
ion accumulation and amino acids content as well as osmotic adjustment (OA) were studied during an
extended exposure to osmotic stress. Osmotic stress was applied by means of 50 mM mannitol for 15
days. At the end of the stress period, both osmotic potential at full turgor (¥**°) and at turgor loss point
(W) decreased significantly in stressed plants compared with the control. The decrease being greater in
the sensitive line, showed a greater OA compared with flamingo. Sugars contents increased in stressed
plants and seem to be the major components of osmotic adjustment in stressed common bean leaves.
The increase was more marked in coco blanc. Osmotic stress tolerance could thus not be associated
with higher OA. The possible role of decreased leaf cell elasticity (g€nax) iS discussed in relation to
osmotic stress tolerance in this species.

Key words: Common bean, carbohydrate accumulation, growth, osmotic stress, osmotic adjustment, P-V

curve, water relations.

INTRODUCTION

Plants may be subjected to environmental stresses that
adversely affect growth, metabolism and yield (Lawlor,
2002). The degree of tolerance of plants to environmental
stress varies greatly not only between species but in
different varieties of the same species. Genotypic
differences in drought tolerance could be attributed to the
ability of plants to grow (Turtola et al., 2006). A thorough
understanding of the physiological basis of such diffe-
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Abbreviations: AWC, Apoplastic water content; DAS, days
after seedlings emergence; DW, dry weight; LWP, leaf water
potential; OA, osmotic adjustment; PAR, photosynthetic active
radiation; P-V curve, pressure-volume curve; RWC, relative
water content; SEM, scanning electron microscopy; AWI,
degree of osmotic adjustment; g, tissue elastic modulus; &max,
cell elasticity; W, osmotic potential; ‘PO, osmotic potential at
turgor loss point; $*°°, osmotic potential at full turgor.

rences in stress tolerance could be used to select or
create new Vvarieties of crops that have increased
productivity under such conditions. A large number of
environments stress, including drought, salinity and low
temperature, limit crop growth and productivity by imposing
osmotic stress on plants. Water stress decreases plant
growth and productivity, by slowing the rate of cell
division and expansion mainly due to loss of turgor, which
results in a decline of the water status components of the
plant cells (Kiani et al., 2007). Furthermore, water stress
result in stomatal closure, which limits CO, entry required
for photosynthesis (Zhu, 2001; Tonon et al., 2004).

To cope with the problem, plant cells must readjust
their osmotic potential to prevent water losses. That can
be achieved by either uptake of inorganic ions from the
external solution, or de novo synthesis of a number of
metabolites, which are termed compatible solutes
because they do not interfere with biochemical reactions
(Bohnert et al., 1995). These metabolites include
carbohydrates, such as mannitol, sucrose and oligosac-
charides, and nitrogen-containing compounds, such as
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amino acids. The function of compatible solute accu-
mulation is often associated with osmotic adjustment, by
lowering the osmotic potential (W) to improve the uptake
of water against the external gradient (Bohnert and Shen,
1999). The decrease in osmotic potential (W) can result
either from simple passive solute concentration resulting
from dehydration, or from net solute accumulation. It has
been pointed out that only the latter can be regarded as
active osmotic adjustment (Morgan et al., 1991). In many
plants, net accumulation of osmotically active solutes
allows turgor-dependent processes to continue to some
extent under water stress conditions. Turgor is known to
play an important role in the physiology of leaves
(Passioura and Fry, 1992, Passioura, 1994). A positive
turgor is necessary to sustain leaf growth (McDonald and
Davies, 1996; Passioura, 1992). Turgor maintenance is
affected by changes in both osmotic and elastic
properties of leaf tissue (Dale, 1988). Osmotic potential at
full turgor (W' as well as at turgor loss point (V°),
derived from pressure-volume curves, have proved to be
reliable indices of the osmotic adjustment ability of plants
(Abrams and Kubiske, 1994, Livingston and Von, 1992;
Tan and Hogan, 1995). However, the changes in tissue
elasticity are related to cell turgor, cell dimensions, and
solute content of the symplast. Thus, it is difficult to be
represented by a single mathematical formula (Wu and
Spence, 1985). A graphical evaluation of the contribution
of elastic and osmotic changes to turgor maintenance,
based on the comparison of different areas under a
pressure-volume curve, was proposed by Kikuta and
Richter (1986). A number of researches have studied the
water relations and osmotic and elastic adjustment of
different crops under saline stress (Rodriguez et al., 2005;
Navarro et al., 2006) and under water stress (Stoyanov,
2005). Nevertheless, the effects of these stresses on
tissue elasticity are not clear, with increases reported in
some species (Joly and Zaerr, 1987; Blake et al., 1991)
and decreases observed in others (Nabil and Coudret,
1995). Some other authors even suggested that elastic
adjustment does not play a role in adaptation mechanism
(Mustard and Renault, 2004). Recently, we compared the
behaviour of four common bean lines under osmotic
stress conditions (Sassi et al., 2008). Results therein
showed the relative tolerance of the line flamingo to
osmotic stress under controlled conditions as compared
with the line coco blanc. The present study focuses on
revealing and quantitatively evaluating the participation of
various osmotica in the osmotic adjustment of common
bean leaves grown under long-term osmotic stress using
the pressure volume technique.

MATERIALS AND METHODS
Plant material and growth conditions
Seeds of two contrasting varieties of common bean (Phaseolus

vulgaris L.), coco blanc (sensitive) and flamingo (tolerant), were
selected. Coco blanc, originated from local population and flamingo

from Colombia. Seeds were surface sterilized in 80% ethanol for 30
s, 5% sodium hypochlorite for 2 min and washed ten times in
sterilized distilled water. Sterilised seeds were pre-germinated in
agar 0.9%. They were transferred in 1 L glass bottle wrapped with
aluminium foil to maintain darkness in the rooting environment. The
roots of selected uniform seedlings were gently passed through the
hole of a rubber stopper on the bottle neck, and a cotton wool was
fitted at the hypocotyl level to maintain the root system suspended
in the nutrient solution. The later contained 0.25 mM KH>PQOy4, 0.7
mM K;SO4, 1 mM MgSO4-7H,0, 1.65 mM CaCl,, 22.5 pM Fe for
macronutrients, 6.6 puM Mn, 4 uM Bo, 1.5 pM Cu, 1.5 pM Zn and
0.1 pM for micronutrients. The nutrient solution was renewed every
2 weeks. It was initially added with 1 ml of Rhizobium tropici CIAT
899 containing approximately 10° cells mI™. Medium pH was
maintained to 7.0 by adding 0.2 g L™ CaCOs. It was aerated with a
flow of 400 ml min™ of filtered air via a compressor and “spaghetti
tube” distribution system. Plants were grown in a temperature-
controlled glasshouse with night/day temperatures of circa 20/28°C
and a 16 h photoperiod with additional lights of 400 pmol PAR. m?
s

Dry weight determinations

After harvest, different plant parts were separated. Leaves, stems
and roots were then weighed. Leaf areas were determined with a
portable area metre (Model LI-3000A, LI COR). Dry weights (DW)
of different plant parts were determined after drying for 3 days at
70°C.

Osmotic treatment

Osmotic stress was applied by means of 50 mM mannitol, an
osmotic component used generally to generate water deficit stress
when added to nutrient solution. In order to avoid any osmotic
shock, mannitol was progressively added as 25 and 50 mM at 15
and 18 days after seedlings emergence (DAS), respectively. Osmotic
stress started 15 DAS. At the onset of flowering, 45 DAS, plants
were harvested for water relations and growth parameters deter-
mination and compared with non-stressed plants (controls).

Scanning electron microscopy (SEM)

Only leaves (second or third pair from top) of plants subjected to 0
and 50 mM mannitol were observed and photographed with
scanning electron microscopy (FEI quanta 200). Stomatal counting
was assessed directly on three micrographs of different fresh
leaves. Micrographs were randomly taken from a middle portion of
a different upper second leaf. Each micrograph has known dimen-
sions, and also a defined surface which correspond to a determined
leaf surface.

Measurements of leaf water potential

Leaf water potential (LWP) was measured on fully expanded
mature leaves (n = 3 per treatment) at the end of the osmotic stress
period, using the pressure chamber (Soil Moisture Equipments
Corp., Santa Barbara, CA, USA) according to Scholander and
Hammel, (1965).

Stomatal conductance assay

Leaf conductance were measured in the second fully-expanded leaf
with a portable IRGA (LI-6200, Li-Cor, Lincoln, NE, USA).



Pressure-volume (P-V) curves

The various components of water potential, osmotic adjustment and
the elastic modulus of tissues were calculated using P-V curves
analysis on 3 completely expanded leaves per treatment. Leaves
were collected predawn at 05.00 h (am), wrapped in damp paper
and enclosed in a plastic bag. The tissues were rehydrated by
immersing in distilled water in a beaker sealed with para-film. Beakers
were then stored in complete darkness at 2 - 4°C. Full rehydration
was, on average, achieved in 24 - 48 h. Water potential at full turgor
(W100) Of leaves were close to zero (-0.01 MPa). P-V curves were
determined using the Scholander pressure-chamber technique
(Scholander and Hammel, 1965). The flow of nitrogen was set to
give a pressure rise of approximately 0.005 MPa ™.

To obtain the first points on the P-V curve, the leaves were
subjected to stepwise increases of 0.2 MPa. At pressures above
2.5 MPa, stepwise increases of 0.5 MPa were applied to obtain the
remaining points on the curve up to pressures of 5.0 MPa. At each
step, the quantity of xylem sap expressed from the cut surface was
determined. The dry weight of the leaves was measured afterwards.
The P-V curves of each leaf were obtained by expressing the
relationship between the relative water content (RWC) values and
the reciprocals of the water potentials measured (-1/%). Osmotic
potential at full turgor (W¥*°°) (which equals the cell turgor at full
hydration) was estimated via linear regression of data in the
straight-line region of the P-V curves. Osmotic potential at zero
turgor (Y°) was derived from the X and W coordinates, respectively,
of the first point in the straight-line region of the P-V curves
(Patakas and Notsakis, 1999). The degree of osmotic adjustment
(AW) was defined as the difference in W' and W° between the
control and the stressed plants, respectively. The bulk tissue elastic
modulus (¢) was calculated according to Patakas and Notakis
(1999). All leaf water relation parameters were measured at the
middle of the photoperiod on three upper most fully expanded
leaves from three randomly selected plants for each treatment.

Carbohydrate extraction and determinations

Fresh material was exhaustively extracted in boiling 80% (v/v)
ethanol. Ethanol-soluble extracts were dried in a Turbovap LV
evaporator (Zymark Corp, Hopkinton, MA, USA) and soluble
compounds were re-dissolved with 4 ml of distilled water, mixed
and centrifuged at 20000 g for 10 min. The ethanol insoluble
residue, remaining after the extraction of soluble compounds, was
extracted for starch as in MacRae (1971) and the glucose produced
was analyzed, as well as the sucrose and mannitol of the ethanol
soluble fraction, by high-performance capillary electrophoresis (CE)
in a Beckman Coulter PACE system 5500 (Beckman Instruments,
Fullerton, CA, USA) as described by Marino et al. (2006).

Determination of organic acids and inorganic ions

Organic acids (malate, o-ketoglutarate, oxalate and citrate) and
inorganic ions content in nodules was determined by ion chroma-
tography in a DX-500 system (Dionex, Salt Lake City, UT, USA) by
gradient separation with a Dionex lonPac AS11 column as
described by Galvez et al. (2005).

Amino acid analysis

The samples were extracted in 80% ethanol and the extracts
partitioned by ion exchange chromatography into neutral, basic,
and acidic fractions as previously described (Madore, 1990). The
basic fractions were taken to dryness, re-suspended in 100 pl of a
drying reagent consisting of triethylamine: absolute ethanol: water
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(1:1:1, by vol.) and dried again. The amino acids were converted to
their PITC derivatives, and analysed as previously described
(Mitchell and Madore, 1992).

Osmotic contribution of solutes

Concentration of soluble sugars, inorganic ions, and free amino
acids were calculated for symplastic water volume at full turgor,
according to the different fractions in control (0 mM mannitol) and
stressed leaves (50 mM mannitol), estimated by the pressure-
volume technique (Patakas et al., 2002). These concentrations
were used to estimate the contribution of each solute to osmotic
adjustment, assuming that 40 umol. g of symplastic water cor-
responds to 0.1 MPa (Patakas et al., 2002).

Statistical analysis

To calculate the number of leaves and dry weight, 8 replicates were
used per treatment. Data were subjected to analysis of variance
and comparison of means by ANOVA test. The analysis of variance
and the lowest standard deviation (LSD) of the means were used to
determine the significance (P < 0.05) between lines.

RESULTS
Morphological responses to osmotic stress

As shown in Figure 1, osmotic stress induced a signify-
cant decrease in growth, leaf area and leaf number either
in flamingo or in coco blanc, as compared with control.
This decrease being higher in the susceptible variety,
coco blanc. By this time, osmotic stress resulted in signifi-
cant reduction in leaf water status (Table 1). Indeed,
water potential was reduced by 25 and 80% in flamingo
and coco blanc leaves, respectively, as compared with
control values.

Stomatal frequency

The data in Figure 2 indicated differences in the stomatal
frequency (number cm™ leaf surface) in flamingo and
coco blanc. Under control and stressed conditions, there
was a high frequency of stomata on the abaxial surface
and a low frequency on the adaxial surface in both
flamingo and coco blanc (Figure 2). Observations also
showed that the frequency of stomata on both the abaxial
and adaxial surfaces was slightly higher in flamingo than
in coco (Figure 2) mainly in controls. Furthermore stomata
seemed to be closed in treated coco leaves while they
looked closed in treated leaves of flamingo plants mainly
in the abaxial surface.

Stomatal conductance

Stomatal conductance may have been influenced by
stomatal frequency. In controls, both cultivars showed
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Figure 1. Effects of osmotic stress on plant biomass, leaf
area and leaf number of Flamingo and Coco blanc
plants. A: plant dry weight; B: Leaf area; C: Leaf number.
Values represent mean + SE (n = 8). Numbers followed
by a different letter within a column are significantly
different at P < 0.05 according to LSD analysis.

similar values reaching almost 0, 8 mol H,O0 m™* S*
(Figure 3). Mannitol treatment induced significant reduce-
tions in this parameter in both lines. However, flamingo
leaves exhibited the lowest stomatal conductance under
stressed conditions, reaching ~50% of reduction as
compared to its respective control (Figure 3).

Pressure-volume analysis

The water relations parameters obtained from pressure-
volume curves indicated that, in both lines, stressed
leaves exhibited lower osmotic potential at full turgor

(W) and this at turgor loss point (¥°), and also a higher
symplastic portion of the total water content than the
stressed leaves (Table 1). The bulk modulus of elasticity
was higher in stressed plants than in mannitol-stressed
plant. The degree of osmotic adj)ustment (AW) was higher
in coco blanc leaves, either Y™ or Y° were considered
(Table 1).

Leaf carbohydrate-amino acid content

When compared to control leaves, total soluble carbo-
hydrate concentration, expressed on the basis of sym-
plastic water content at full turgor, appeared to be signifi-
cantly higher in stressed leaves. Greater carbohydrate
content was measured in coco blanc leaves in stressed
plants (Table 2). Furthermore, sugars content was much
higher in stressed leaves in both lines. By the time,
mannitol concentration which was not detected in
controls, increased significantly in stressed leaves of both
lines. Higher mannitol concentration was measured in
coco blanc under osmotic stress. Starch levels increased
significantly in stressed leaves, representing about three
to ten fold than those of controls, in Flamingo leaves and
coco blanc ones, respectively. The differences between
lines and osmotic treatments were statically significant.
Free amino acid, contents exhibited also significant diffe-
rences between osmotic treatments (Table 2). Decreased
levels were measured in Flamingo after mannitol supply,
while in coco blanc leaves, it was essentially constant

Leaf organic acids and inorganic ions

Under control conditions, the accumulation of malate,
citrate and oxalate was similar in leaves of both lines.
However, ketoglutarate and succinate were more accu-
mulated in coco leaves. In mannitol-treated leaves, flamingo
showed a significant decrease in oxalate content. Never-
theless, coco blanc leaves showed a considerable
decrease in malate and oxalate, while increased contents
of ketoglutarate and succinate were observed. The
exception to this was citrate content which remained
equal to control values. It should be noted that malate
was the major organic acid in both varieties either in
control conditions or after mannitol supply. Decreased
contents of inorganic ions were measured in both lines
under osmotic stressed conditions (Table 2).

Contribution of solute to osmotic adjustment

The contribution of sugars to the osmotic potential at full
turgor (V') was about 20% in flamingo and about 40%
in coco blanc leaves, mannitol was the main sugar in
osmotic adjustment, while the contribution of amino acids
was lower in both lines reaching only 5% in flamingo and



Table 1. Water potential and water relation parameters as derived from P-V curve analysis.

Sassi et al.

Line | Treatment | W' (MPa) Y °(MPa) AWC (%) RWC ¢ (%) £ WYy, (MPa)
Flamingo Control -1+0.1a -158+0.1a | 9+0.1c | 79.66+0.1a | 0.06+0.1¢c | -0.3+0.1b
Treated | -1.25+0.1b | -25+0.1b | 62+0.1a | 7466+0.1a | 1.04+0.1a | -0.4+0.1c

Coco Control | -1.25+0.1b | -1.87+0.1a | 16+0.1d | 76.00+0.1a | 0.12#0.1b | -0.1+0.1a
blanc Treated | -1.66+0.1c | -3.33+0.1c | 46+0.1b | 69.33+0.1b | 1.10+0.1a | -0.5+0.1d

Values represent the mean + SE (n = 6). Numbers followed by a different letter within a row are significantly different at P < 0.05

according to LSD analysis.

2.5% in coco. Furthermore, low mass antioxidant
molecules represent about 1.5 in flamingo and about 2%
in coco. Both organic and inorganic ion concentrations
exhibited negative values indicating their non implication
in osmotic adjustment in common bean leaves under
osmotic stressed conditions. Thus, it seems that osmotic
adjustment in stressed common bean leaves was mainly
due to the accumulation of carbohydrates.

DISCUSSION
Morphological responses of common bean lines
grown under osmotic stress

Water stress tolerance is seen in almost all plant species
but its extent varies from species to species (Sinclair and
Serraj, 1996; Chaitanya et al., 2003). Such diversity can
also be intra specific (Ramos et al., 2003, Wentworth et
al., 2006). Flamingo and coco blanc are two contrasting
lines of common bean which have different sensitivities to
osmotic stress under controlled conditions (Sassi et al.,
2008). In the present study, the morphological differences
in P. vulgaris due to exposure osmotic stress conditions
were in terms of reduction in total biomass, leaf area and
leaf number (Figure 1). Reduction in the biomass was
indicative of severe growth limitations (Bhatt and Srinivasa,
2005).

Water relations of common bean lines under osmotic
stress

The analysis of P-V curve data suggested a development
of an active osmotic adjustment in both cultivars, in
response to osmotic-water stress. The decrease of
osmotic potential at full hydration in water deficient leaves
corresponded to the degree of osmotic adjustment. The
relation between the decrease of W and osmotic adjust-
ment has already been documented in several studies
(Martinez et al., 2004; Stoyanov, 2005). In the present
study the degrees of osmotic adjustment was intra
species dependent. Values of osmotic adjustments (0.25
- 0.41) reported in this work (Table 1), are within those
reported for others studies on young P, vulgaris plants
submitted to water stress (Stoyanov, 2005). On the other

hand, water stress also induced a significant decrease in
leaf cell elasticity (that is, the bulk modulus of elasticity,
€max, iNCreased), which caused the turgor loss point to
move to a higher lower RWC (Table 1). Increased €max
concomitant with osmotic adjustment is an effective
means of counteracting the negative effects of osmotic
stress on water balance (Navarro et al., 2006). An
increase in gmay (Stiffness) is expected when the cell walls
become more rigid or thicker. This increase is observed
to be higher in the tolerant line (flamingo) as shown in
Table 1. The greater stiffness of the cell wall, given an
equal decrease in cell volume, will be responsible for the
drop in water potential. These drought related changes in
tissue elasticity of both lines lead to an alteration of the
relationship between turgor pressure and cell volume
which might contribute to drought tolerance. Indeed in
species which achieves osmotic adjustment through the
accumulation of large amounts of solutes, a rigid cell may
be more effective for maintaining cell/tissue integrity on
re-hydration after a period of stress (Patakas et al.,
2002). The overall effect of these changes was the main-
tenance of a positive cell turgor at lower RWC. Moreover,
a positive turgor is required for cell expansion and growth
under water-stress conditions (Martinez et al., 2004;
Patakas et al., 2002) and is crucial for the continuation of
many biochemical and physiological processes of plants
(Martinez et al., 2004). Indeed, the maintenance of turgor
during changes in plant water status associated with
osmotic adjustment preserve the metabolic processes of
the plant and contributes to limiting stress effects on plant
growth (Martinez et al., 2004). In addition to elastic
adjustments, the observed increase in water partitioning
between symplastic and apoplastic water fractions had
also a significant role in turgor maintenance (Maury et al.,
2000).

Solute accumulation in common bean lines under
osmotic stress

In this study, leaf sugars concentrations increased in both
lines (Table 2). The contribution of soluble sugars to
osmotic adjustment reached about 10 and 20% in
flamingo and coco blanc, respectively (Table 3). Sugars
accumulation in plants in response to water stress is
quite well documented and is considered to play an
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Figure 2. SEM micrographs of stomates observed on abaxial and adaxial leaf surface from
control (C) and mannitol treated (M) common bean plants. Flamingo (A) and Coco blanc (B). (A)
Control flamingo abaxial surface, mannitol treated Flamingo abaxial surface, control flamingo
adaxial surface, mannitol treated flamingo adaxial surface. (B) Control coco abaxial surface,
mannitol treated coco abaxial surface, control coco adaxial surface, mannitol treated coco adaxial
surface. White bars show scale = 100 um.

important role in osmotic adjustment (Bajji et al., 2001), under water deficit conditions (Morgan, 1984; Sharp et
which leads to lowering leaf osmotic potential, thus al., 1990). The sensitive line accumulated more soluble
maintaining the driving force for extracting soil water sugars than the osmotic-stress tolerant line (Table 2).
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Figure 3. Effect of osmotic stress on stomatal conductance (mol m? s™)
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of control and osmoatic-stressed bean leaves.

Sassi et al.

Table 2. Solute concentrations in leaves of control and stressed plants expressed on the basis of
symplastic water content at full turgor.

Solute concentration Flamingo Coco blanc
(umol. g™ symplastic water) Control Treated Control Treated
Glucose 0.21+0.01 ¢ 0.91+0.02 b 0.05+0.01d 2.89+0.11a
Fructose 0.14+0.01 ¢ 1.18+0.03 a 0.09+0.01c 0.87+ 0.01b
Sucrose 0.91+0.13 ¢ 2.26£0.14 b 0.36+0.12d 3.32+0.11a
Mannitol ND 6.24+0.21b ND 25.38+t3.8a
Total soluble carbohydrate 1.26+0.16 ¢ 10.59+3.21 b 0.50+0.21d 32.46+9.1a
Starch 21.3+ 3.6C 65.9+t4.3a 3.940.1d 40.2+25b
Total amino acids 7.35t12a 0.95+0.13 b 1.2+0.6b 1.61+0.2b
Total inorganic ions 0.7+0.1a 0.4+ 0.07b 0.9+0.1a 0.4+ 0.08 b
Total organic acids 0.54+ 0.3 a 0.47+02a 0.55+0.3a 0.29+ 0.2b

ND denotes not detected compound. Values represent the mean = SE (n = 6). Numbers followed by a different
letter within a row are significantly different at P < 0.05 according to LSD analysis.

Table 3. Contribution of starch, total soluble carbohydrate, total inorganic ions, total
organic acids and total amino acids, at full turgor W', to osmotic adjustment in

stressed plants.

Contribution to osmotic adjustment (%)
Parameters -
Flamingo Coco blanc
Total soluble carbohydrate 22.33 39.5
Mannitol 18.24 25.47
Total amino acids 5.23 25
Total inorganic ions -0.3 -0.3
Total organic acids -0.06 -0.16
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Nevertheless, the production of sufficient organic
osmotica is metabolically expensive and potentially limits
plant growth in this line by consuming significant
quantities of carbon that could otherwise be used for
growth (Greenway and Munns, 1980). Decreased starch
levels when water availability is limited have been
observed in leaves of different plant species. Never-
theless, in this study, the increase of starch content, in
stressed common bean leaves (Table 2) strengthen the
hypothesis of the unloading of sucrose and its conversion
to starch witch has to be coordinated with the synthesis
or the uptake of other cell components for the main-
tenance of a suitable turgor (Patrick, 1990), a mannitol
scenario may be considered, as this polyol was easily
available for cellular uptake in this experiment. Osmotic
adjustment by the culture medium mannitol was also
reported by Shabala et al. (2000).

The better osmotic stress tolerance in flamingo line
seems to be associated with 1) Saving energy by accu-
mulating less organic ions to adjust its osmotic potential
which in turn enables it to use more carbon for
maintaining adequate growth, 2) limiting mannitol uptake
avoiding its toxicity at higher levels and 3) maintaining a
small cell volume and large apoplastic water content
(AWC) associated with decreased cell tissue elasticity
thus providing an effective means of counteracting the
negative effects of osmotic stress on water balance.
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