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Abstract:

We evaluated the osmotic adjustment capacity of two-year-old olive
trees (Olea europaea L.) grown in pots in a greenhouse during a period of
drought stress. Total osmotic adjustment increased with increasing severity
of drought stress. Trees in the high stress treatment showed a total osmotic
adjustment of 2.1 MPa and 2.8 MPa for the cultivars ‘Meski’ and
"Koroneiki’, respectively, 30 days after imposing drought stress. Osmotic
adjustment allowed the leaves to reach total water potentials of -4.3 and -6.0
MPa for “Meski’ and ‘Koroneiki’, respectively. Osmotic adjustment (OA) in
olive trees was associated with active (AOA) and passive (POA) osmotic
regulation mechanisms. Using a regression analysis with some of the key
osmoregulatory compounds (i.e. proline, soluble sugars and potassium), we
found that ‘Koroneiki’ tends to adopt a passive strategy (POA) to tolerate
progressive drought stress (confirmed by a reduction in leaf water content),
while ‘Meski’ used an active strategy (AOA) and was able to maintain its
leaf water content.

Keywords: Drought stress, Olea europaea, osmotic adjustment, water
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Introduction

Drought stress has been shown to influence various plant physiological
and biochemical processes. The majority of studies in olive trees (Olea
europeae L.) under drought stress have primarily investigated physiological
responses such as stomatal reactions and photosynthesis, but information on
osmotic adjustment is rather scarce (Morgan 1984, Lakso 1985, Dichio et al.
2005).

Osmotic adjustment is used by plants to tolerate temporary or
prolonged periods of water shortage (Chaves et al. 2003). Plants subjected to
drought stress may indeed synthesize and accumulate amino acids (e.g.,
proline, aspartic acid, ...), proteins, sugars (e.g., sucrose, glucose, mannitol,
...), methylated quaternary ammonium compounds (e.g., glycine betaine,
alanine betaine, ...) and organic acids (Ingram and Bartels 1996). High
concentrations of these compatible solutes contribute to the lowering of the
osmotic potential (¥;) and allow water to move into the cells, thereby
maintaining turgor (W¥p) and increasing tissue tolerance to low soil water
potentials (Tyree and Jarvis 1982, Bray 1993). These solutes also sequester
water molecules, protect cell membranes and protein complexes and allow
the metabolic machinery to continue functioning (Chaves et al. 2003). The
lowering of ¥, as a result of the net accumulation of compatible solutes is
defined as “active osmotic adjustment” (AOA) and can be determined by
measuring the osmotic potential at full turgor (Wxi00) (Girma and Krieg
1992). The mechanism by which a net loss of symplastic water of plant
tissues causes a reduction in cell volume and an increase in solute
concentration is defined as “passive osmotic adjustment” (POA) (Lakso
1985). A correlation between total osmotic adjustment and drought stress has
been found in several tree species, including Ziziphus rotundifolia Lamk.
(Arndt et al. 2001), Vitis vinifera L. (Patakas et al. 2002), Eucalyptus (Ngugi
et al. 2003), Populus tremula L. and Tilia cordata Mill. (Aasamaa et al.
2004).

In olive trees, many of the responses to drought are well documented
(Lo Gullo and Salleo 1988, Chartzoulakis et al. 1999), but few studies have
focused on the mechanisms of osmotic adjustment. Little is therefore known
about the osmoregulatory capacity of this species during periods of water
shortage; periods that are common during the dry season in the
Mediterranean basin when temperature and vapour pressure deficit are high.
To obtain a better insight in the responses of olive trees to progressing
drought stress, we determined the total osmotic adjustment (OA = AOA +
POA) for young trees of two olive tree cultivars ‘Meski’, a native cultivar of
Tunisia, and ‘Koroneiki’, a foreign Greek cultivar.

The main objectives of this research were to investigate the active and
passive osmotic adjustment used by the olive trees in response to drought
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stress and to relate these mechanisms to an accumulation of potassium,
proline and soluble sugars. In addition, the relative contributions of AOA
and POA to OA were evaluated and relationships were established between
AOA and POA and the accumulated potassium, proline and soluble sugars.
This allowed us to unravel the specific drought-adaptive strategies used by
both olive tree cultivars.

Materials and methods

Plant material and experimental design

Two-year-old olive trees (‘Koroneiki’ and ‘Meski’) were grown in
10L plastic pots in a greenhouse at the Tunisian Olive Institute (Tunisia, 35
49'N, 10 38'E) under normal day-light conditions. Prior to the start of the
experiment, trees with a height of about 1.2 m were selected and lifted from
a soil mix of organic material, sand and clay. Roots were washed and plants
were transplanted into a substrate mixture of sand and peat (1/2 volume
ratio). Trees were watered daily to field capacity for a period of 8 weeks with
a full-strength Hoagland solution.

Plants were subjected to drought stress from 12 March 2006 till 12
April 2006. The drought stress treatments were gradually imposed by
withholding water, while control plants were irrigated daily to field capacity
(saturation). Three drought stress levels were considered and compared to
the control treatment: 10 days without watering, 20 days without watering
and 30 days without watering. During the drought stress experiment, the
mean day and night temperature was 32°C and 18°C and the mean day and
night air humidity was 65% and 85%, respectively.

Control and drought-stressed trees were arranged in a complete
randomized design with six replications for each cultivar. Drought stress
(i.e., four levels, including the control treatment) and cultivars (two) were
considered as treatments. In total, 48 olive trees were used.

Plant water status

Throughout the drought stress treatment, plant water status was
determined by measuring the total leaf water potential (*¥\y) and the osmotic
potential (W) on fully expanded sunlit leaves (taken from the mid-section of
the shoots). Three plants per treatment were measured at predawn (6 am) and
at midday (12 am) with a thermocouple psychrometer (sample chambers type
C52; Wescor, Logan, Utah, USA) following the method described by
Chazen et al. (1995). For each plant and at each measurement event, two leaf
disc samples were taken. One sample (surface area of the leaf disc = 0.25
cm?) was used to measure ¥,,, whereas the second one, taken from the same
leaf, was wrapped in aluminium foil and kept in a freezer at -20°C for 24 h
in order to disrupt the cell membranes. After thawing, the second leaf disc
was used to measure ;.
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At specified days during the treatment (i.e., 10, 20 and 30 days after
the start of the treatment), osmotic adjustment (OA) was calculated for both
cultivars by taking the difference between midday W, measured in control
and drought-stressed plants.

Active osmotic adjustment (AOA) was defined as the difference
between W,  atfull turgor measured at predawn in control (Wr00 (cOntrol))
and drought-stressed (Wr00(Stressed)) plants.

The contribution of passive osmotic adjustment (POA) to OA via the
loss of symplastic water was determined as:

POA =0A — AOA
(4.1)

Concomitant values of leaf water content (LWC, %) were calculated
for fully expanded leaves taken from the mid-section of shoots from four
plants per treatment and cultivar using the following equation:

LWC = (FW- DW)/FW x 100
(4.2)

Where FW is the fresh weight (g) and DW the dry weight (g) of the
leaf sample. The values were, respectively, determined before and after
oven-drying at 80°C for 48 h and were also used to determine the leaf
DW/FW ratio.

Proline content

Free proline content was determined after Dreier and Goring (1974) for
both current year (young) and previous year (old) olive tree leaves. To this
end, for each leaf age class, eight leaves were harvested from four plants in
each treatment and for each cultivar and combined into a composite leaf
sample. A 5.0 ml sample of methanol 40% was added to 0.5 g of the fresh
leaf material, homogenized and boiled in a water bath at 80°C for 30 min in
glass tubes covered at the top. 1.0 ml of the extract was mixed with 2.0 ml of
the reagent mixture (120 ml distilled water, 300 ml acetic acid and 80 mi
orthophosphoric acid) and 1 ml of ninhydrine (25 mg/ml), and boiled at
100°C for 1h. After cooling the reaction mixture, 5.0 ml toluene was added.
The chromophore containing toluene was separated and A528 was read,
using a spectrophotometer (Jenway, England) and toluene as a blank. Proline
content (umol (g™ DW) was calculated using L-proline as standard curve.
Mineral analysis

Potassium (K) content (% DW) of previous year (old) olive leaves was
determined according to Martin-Prével et al. (1984). Eight leaves were
harvested from four plants in each treatment and for each cultivar and
combined into a composite sample, dried at 70°C for 48 h and then ground.
One-half gram of that leaf material was transferred to nitric acid after
calcination. The K content was determined using a flame photometer
(Jenway, England).
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Soluble carbohydrate determination

Soluble carbohydrates were extracted according to the method
described by Bartolozzi et al. (1997). Briefly, the soluble carbohydrates from
the same composite leaf sample described for proline were extracted twice in
80% ethanol at 70°C. Extracts were dried and converted into trimethylsilyl
ethers with a silylation mixture made up of pyridine, hexamethyldisilazane
and trimethylchlorosilane. Soluble carbohydrates were analysed using a gas
chromatograph mass spectrometer (Hewlett-Packard 5890 series Il, Calif)
equipped with a flame ionisation detection system and a HP-5MS capillary
column (30 m x 0.25 mm) as described by Bartolozzi et al. (1997).
Identification of individual carbohydrates was achieved by use of the relative
retention times (i.e., in comparison to that of the standard). These were
compared to those identified earlier by gas chromatography-mass
spectrometry.
Statistical analysis

Means and standard errors (SE) of the investigated parameters for each
drought stress level and each cultivar were calculated. Analysis of variance
(ANOVA) was performed on the data using SPSS 16.0. When significant
differences occurred, means were separated by the Duncan’s multiple range
test at p < 0.05.
Results
Drought stress development

Table 1 shows the progressive effects of drought stress on the water
status. P, showed an important decrease in the drought-stressed olive trees,
whereas the control trees maintained a rather constant value. The decrease
was more pronounced in ‘Koroneiki’ compared to ‘Meski’ and became more
important with increasing drought stress: values for ‘Koroneiki’ were 12%,
18% and 38% lower compared to ‘Meski’ for, respectively, 10, 20 and 30
days of drought stress. ¥, showed a similar trend as ¥\. The resulting OA
was 0.38, 1.18 and 2.10 MPa for ‘Meski’ and 0.34, 0.85 and 2.84 MPa for
‘Koroneiki’, respectively.

In addition to OA, POA and AOA increased with decreasing ¥, in
all drought-stressed olive trees (Table 1). Values of POA in stressed
‘Koroneiki’ trees increased from 0.01 MPa after 10 days of drought stress to
0.90 MPa after 30 days of drought stress, corresponding with 0 and 32% of
total OA, respectively (Table 1). Values of AOA increased from 0.33 MPa at
the beginning of the drought stress up to 1.94 MPa at the end of the
experiment, corresponding to 100 and 68% of total OA, respectively (Table
1).

For stressed ‘Meski’ trees, POA and AOA contributed, respectively,
26 and 74% to OA 10 days after the start of the drought treatment and this
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contribution changed to 10 and 90%, respectively, at the end of the

experiment (Table 1).
Table 1. Total midday leaf water potential (¥,,; MPa), midday osmotic potential (¥,; MPa),
osmotic adjustment (OA; MPa), osmotic potential at full turgor (¥,100; MPa), active osmotic
adjustment (AOA; MPa) and passive osmotic adjustment (POA; MPa) measured in leaves of
control and drought-stressed olive trees (“Meski’ and ‘Koroneiki’) 10, 20 and 30 days after
the start of a drought stress treatment. Each value is the mean + SE of three measurements.

‘Meski’ ‘Koroneiki’
10 days 20 days 30 days 10 days 20 days 30 days
¥,  Control -2.85+0.40° -2.72+0.08" -2.64+0.04% -3.47+0.19*  -3.07+0.80° -3.27+0.15
Stressed -2.99+0.30° -3.58+0.32° -4.34+0.22° -3.3540.12°  -4.22+0.32°  -6.00+0.16"
¥,  Control -2.90+0.09° -2.83+0.04* -2.72+0.13" -3.64£0.40* -3.71+0.15° -3.77+0.23°
Stressed -3.27+0.30° -4.01+0.32° -4.82+0.30° -3.98+0.10°  -4.56+0.30° -6.61+0.14"
OA 0.38+0.19  1.18%0.35  2.10+0.26 0.34£0.30  0.85+0.70  2.84#0.12
Y. Control -2.87+0.20*° -2.67+0.18" -2.560.37° -3.50£0.25%  -2.79+0.42°  -2.49+0.34%
Stressed -3.15+0.04% -3.79+0.09° -4.45+0.58" -3.83+0.05"  -3.44+0.35°  -4.43+0.32°
AOA 0.28+0.17  1.12+0.36  1.89+0.23 0.33£0.30  0.65+0.37  1.94+0.05
POA 0.10£0.07  0.06x0.02  0.21#0.31 0.01£0.01  0.20#0.04  0.90+0.08
Effect of drought stress on proline content
Subjected to drought stress, ‘Koroneiki’ accumulated more proline
than *Meski’ for both young and old leaves (Fig. 1). The proline content
increased significantly in relation to the severity of the drought stress. This is
particularly true for the younger leaves in ‘Koroneiki’.
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Figure 1. Proline content in old and young ‘Meski’ and ‘Koroneiki’ leaves sampled from
control trees and trees subjected to drought stress. The effect of drought stress was evaluated
10, 20 and 30 days after the start of the drought stress treatment. Each value is the mean +
SE of three measurements.
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Effect of drought stress on soluble carbohydrates

The imposed drought stress caused a clear decrease in soluble
carbohydrate content for both cultivars. At the end of the experiment, after
30 days of drought stress, the soluble carbohydrate content dropped to 30
and 27% of the control value for ‘Koroneiki’ and ‘Meski’, respectively (Fig.
2).
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Figure 2. Soluble carbohydrate content in ‘Meski’ and ‘Koroneiki’ leaves sampled from
control trees and trees subjected to drought stress. The effect of drought stress was evaluated
10, 20 and 30 days after the start of the drought stress treatment. Each value is the mean +
SE of three measurements.

Soluble carbohydrates measured in olive tree leaves were fructose,
glucose, sucrose, mannitol, galactose and inositol. Under severe drought, at
the end of the experiment, the mannitol fraction (expressed as a percentage
of the total carbohydrate content) increased in ‘Koroneiki’ leaves to 71% and
in ‘Meski’ leaves to 57% (Fig. 3). This increase was statistically significant
(p = 0.001) in both cultivars. Fructose and glucose fractions decreased in
both drought-stressed cultivars, as well as the sucrose fraction in
‘Koroneiki’.
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Figure 3. Soluble carbohydrate fraction (expressed as a percentage of the total soluble
carbohydrates) in ‘Meski’ and ‘Koroneiki’ leaves sampled from control trees and trees
subjected to drought stress. The effect of drought stress was evaluated 10, 20 and 30 days
after the start of the drought stress treatment. Each value is the mean + SE of three
measurements.

To be able to investigate the effects of drought stress on the soluble
carbohydrate concentration, a conversion of the content (expressed per 100 g
DW) through LWC and DW/FW ratio (Fig. 4) was performed.
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Figure 4. Leaf water content (LWC) and dry weight over fresh weight ratio (DW/FW) of

‘Meski” and ‘Koroneiki’ leaves sampled from control trees and trees subjected to drought

stress. The effect of drought stress was evaluated 10, 20 and 30 days after the start of the
drought stress treatment. Each value is the mean + SE of four measurements.

The results (displayed in Fig. 5) show for ‘Koroneiki’ an interesting

increase in soluble carbohydrate concentration of 86% 20 days after drought
stress, and a slight increase of 14% (compared to control values) 30 days
after drought stress. This observation is in correspondence with a decrease in
LWC of 35 and 44%, respectively. In contrast, the soluble carbohydrate
concentration in ‘Meski’ decreased gradually (Fig. 5), because of the stable
LWC values for this cultivar (Fig. 4).
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Figure 5. Soluble carbohydrate content in ‘Meski’ and ‘Koroneiki’ leaves sampled from

control trees and trees subjected to drought stress. The effect of drought stress was evaluated

10, 20 and 30 days after the start of the drought stress treatment. The values obtained at 30
days after drought stress are excluded from the ‘Koroneiki’ correlations shown in Fig. 7.
Each value is the mean + SE of three measurements. The concentration is calculated using
the results shown in Fig. 2 and 4.
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Proline young leaves (umol g DW‘])

Proline old leaves (umol g DW™)

Relationship between osmotic adjustment and organic and inorganic
compounds

The analyzed organic compounds (i.e., proline and sugars)
contributed to OA. Proline in both young and old “Koroneiki’ leaves showed
a significant correlation with POA and AOA, and, hence, with OA (Fig. 6).
In case of “Meski’, a strong correlation between proline and AOA could only
be detected in young leaves (Fig 6).

The soluble carbohydrates showed a clear correlation with both POA
and AOA in ‘Koroneiki’, but with AOA onlyin *‘Meski’ (Fig. 7).

The inorganic compound potassium (K) was only correlated with
AOA in ‘Meski’ (Fig. 8).
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Figure 6. Relationship between proline accumulation, active (AOA), passive (POA) and
total (OA) osmotic adjustment in young and old “Meski’ and ‘Koroneiki’ leaves. Thin and
thick lines indicate significant linear regressions for ‘Koroneiki’ and ‘Meski’. Only
significant correlations (R?) are shown at p = 0.001.
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Figure 7. Relationship between soluble carbohydrate accumulation and active (AOA),
passive (POA) and total (OA) osmotic adjustment in ‘Meski’ and ‘Koroneiki’ leaves. Thin
and thick lines indicate significant linear regressions for ‘Koroneiki’ and ‘Meski’. Only
significant correlations (R?) are shown at p = 0.001. The values obtained at 30 days after
drought stress (Fig. 5) are excluded from the correlations (see circles).
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Figure 8. Relationship between potassium (K) accumulation and active (AOA), passive

(POA) and total (OA) osmotic adjustment in ‘Meski’ and ‘Koroneiki’ leaves. The % is

expressed per g dry weight (DW). Thick lines indicate significant linear regressions for
‘Meski’. Only significant correlations (R2) are shown at p = 0.003.

Discussion

The ability of olive tissues to lose water to the transpiration stream
caused the concentration of cell solutes to increase and ¥, to decrease with
increasing drought stress (Table 1) (cf. Chartzoulakis et al. 1999). Lo Gullo
and Salleo (1988) showed that predawn W, in drought stressed 20-year-old
wild olive trees (Olea oleaster) grown in a semi-arid environment fluctuated
between -1.95 and -2.50 MPa. These values are higher (less negative) than
those measured in our investigation (Table 1). This difference is probably
associated with the difference in OA mechanism adopted by cultivated (Olea
europaea L.) and wild (Olea oleaster) olive trees. Three cultivars of carob
(Ceratonia siliqua L.) subjected to seasonal drought also had higher midday
W, values than our olive trees, ranging from -1.80 to -1.89 MPa (Correia et
al. 2001). .Furthermore, YW;19 in two eucalyptus species (Ngugi et al. 2003)
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and in cherry trees (Ranney et al. 1991) subjected to drought were higher
than in our olive trees, ranging from -1.50 to -1.77 MPa and from -1.55 to -
2.00 MPa, respectively. These findings confirm the greater ability of
cultivated olive trees to tolerate severe drought stress through regulation of
¥, compared to other tree species.

In our experiment, both W, and ¥, significantly decreased for olive
seedlings subjected to 10, 20 and 30 days of drought stress. This is caused by
an accumulation of compatible solutes at cellular level (AOA) and/or by a
net loss of symplastic water causing a reduction in cell volume and an
increase in solute concentration (POA). Both the active and the passive
process determine total OA (Table 1), which has been correlated to drought
stress in several tree species. In accordance with the results reported for
pistachio trees (Ranjbarfordoei et al. 2000), almond trees (Romero et al.
2004, Rouhi et al. 2005), apple trees (Sircelj et al. 2005) and olive trees
(Braham 1997, Chartzoulakis et al. 1999, Kasraoui et al. 2005, Dichio et al.
2005), an increase in total OA with increasing drought stress was detected.

To compare both cultivars and to distinguish between AOA and
POA, the contribution to total OA was calculated across the drought stress
experiment. Ten days after the start of drought stress, ‘Koroneiki’ used only
AOA (100% contribution to OA), while after 30 days of drought, the
contribution of AOA and POA changed to 68% and 32%, respectively. In
contrast, “‘Meski’ gradually increased the contribution of AOA to OA from
74 to 90% with increasing level of drought stress and the contribution of
POA to the total OA decreased from 26 to 10%. Therefore, we can conclude
that ‘Koroneiki’ tends to adopt a passive strategy to tolerate progressive
drought stress (confirmed by a reduction in LWC). In contrast, ‘Meski’ uses
an active strategy and kept its LWC at a constant level (Fig. 4).

It is, hence, important to advance the compounds that contribute to
this phenomenon. It is expected that some sugars, proline and some
inorganic compounds accumulate and function as osmolytes to help the olive
trees to tolerate the imposed drought stress. A decrease in soluble
carbohydrate content was, however, found for both cultivars during 30 days
of drought stress (Fig. 2) due to a substantial decline in maximum net
assimilation rate (see Boussadia et al., 2008). This decline was, however,
accompanied with a decrease in LWC for ‘Koroneiki’. “Meski’, on the other
hand, maintained its LWC, suggesting that OA was highly effective. The
concentration of soluble sugars, calculated from the soluble carbohydrate
content using LWC and the DW/FW ratio, showed that ‘Koroneiki’
accumulated soluble carbohydrates as osmoregulator which contributed to
both the active and the passive osmotic adjustment (Fig. 7). After 30 days,
‘Koroneiki’ appeared to be severely affected by drought. Hence, the
contribution of carbohydrates to OA decreased. This finding demonstrates
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that “Koroneiki’ lost its ability to tolerate this level of stress towards the end
of the experiment.

In contrast, “Meski’ was able to keep its LWC and DW/FW ratio
fairly constant (Fig. 4), which caused the calculated concentration of soluble
carbohydrates to decrease (Fig.5). This finding explains that soluble
carbohydrates did not substantially contribute to the osmoregulation in
‘Meski’.

In order to find the main sugar that contributed to OA, it is essential
to know that the soluble carbohydrate composition in the leaves of cultivated
olive trees differ from that of other fruit species in which sucrose and/or
sorbitol are the main components (Moing et al., 1992; Lo Bianco et al.,
2000). Previous findings of Priestley (1977) and Drossopoulos and Niavis
(1988) indicated that for olive leaves mannitol represented about 70% of the
total soluble carbohydrates, followed by sucrose (20%) and glucose (10%).
Our results show that drought stress induced an increase in the mannitol
fraction in “Meski’ (28%) as well as in ‘Koroneiki’ (44%) (Fig. 3). In fact,
the accumulation of mannitol indicates that mannitol acts as an important
osmolyte and compatible soluble compound, particularly in ‘Koroneiki’. The
accumulation of mannitol in cell organs, cytosol and vacuole seems to be a
necessary and important mechanism to balance the extracellular water
potential (Stoop et al. 1996) and is considered to be an important contributor
in maintaining growth and metabolism in olive leaf tissue (Tattini et al.,
1996). With its hydroxyl group, mannitol also seems to stabilize the water
molecular structure, limits the peroxidation of lipids and protects cells from
plasmolysis (Shen et al., 1997). For the cultivar *‘Meski’, the sucrose fraction
was maintained in response to drought stress and, consequently, contributed
to the osmotic potential at full turgor. The drought stress imposed in this
experiment also seemed to induce and activate fructose transformation in
mannitol (Fig. 3) by a specific enzyme (i.e. mannitol-1-phosphate
dehydrogenase; Abébe et al. (2003)), or by enzymatic reactions using
phospho-mannose  isomerases, mannose-6-phosphate  reductase and
mannose-1-phosphate phosphatase to transform fructose into mannose-6-
phosphate, mannitol-1-phosphate and mannitol, respectively (Stoop et al.,
1996). The increased sugar fractions (mainly mannitol) in the leaves of
‘Meski’ and “‘Koroneiki’ in response to drought stress supports the idea that
sugars can play an active role in the process of osmotic adaptation to drought
stress (Chimenti et al., 2006).

The soluble sugar concentration in ‘Koroneiki’ contributed equally to
AOA and POA, while in “Meski’ the soluble sugars were only correlated
with AOA (Fig. 7). The negative slope observed for the latter was attributed
to the constant LWC that could be maintained by OA, and which was mainly
driven by other osmoregulatory compounds.
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Another response that is frequently observed during drought stress is
the accumulation of intracellular solutes such as proline. Proline is thought to
play a multifunctional role in defence mechanisms. A strong correlation
between the accumulation of proline and OA was, hence, found (Fig. 6).
Proline in young and old ‘Koroneiki’ leaves contributed to both AOA and
POA, but proline was correlated with AOA only in young ‘Meski’ leaves.
The distinction between both cultivars seems to be related to the difference
in the mechanisms of tolerance to drought stress.

In addition to the organic compounds, the inorganic element K
contributed to OA. K accumulated substantially in ‘Meski’, apparently to
help the tolerance mechanism. K is indeed known to be an activator for
enzymes related to photosynthesis and respiration and promotes
osmoregulation and stomatal regulation. This theory is confirmed by the
strong correlation between AOA and K in ‘Meski’ leaves (Fig. 8).
Conclusions

Assessment of the contribution of AOA and POA to total OA revealed
some interesting differences between the two cultivars ‘Koroneiki’ and
‘Meski’. Proline and sugars contributed equally to AOA and POA in
‘Koroneiki’. In “‘Meski’, only strong relationships were found with AOA.
Our results demonstrate the role and the contribution of some organic and
inorganic compounds to AOA and POA and the strategy used by ‘Meski’
and ‘Koroneiki’ to cope with drought stress.

Acknowledgments:

The authors wish to express their gratitude to the Institution de
Recherche et d’Enseignement Agricole as well as the Institut de I’Olivier de
Sousse for the financial support and technical assistance granted for the
realization of this work

References:

Abébé, T., Guenzi, C.A., Martin, B., Cushman, C.J. 2003., Tolerance of
mannitol accumulating transgenic wheat water stress and salinity. Plant
Physiol. 131, 1748-1755.

Aasamaa, K., S@ber, A., Hartung, W., Niinemets, U. 2004., Drought
acclimation of two deciduous tree species of different layers in a temperate
forest canopy. Trees 18, 93-101.

Arndt, S.K., Clifford, S.C., Wanek, K., Jones, H.G., Popp, M., 2001.
Physiological and morphological adaptations of the fruit tree Ziziphus
rotundifolia in response to progressive drought stress. Tree Physiol. 21, 705—
715.

Bartolozzi, F., Bertazza, G., Bassi, D., Cristoferi, G. 1997., Simultaneous
determination of soluble sugars and organic acids as their trimethylsilyl

436



derivatives in apricot fruits by gas-liquid chromatography. J.
chromatography A 758, 99-107.

Boussadia, O., Ben Mariem, F., Mechri, B., Boussetta, W., Braham, M., Ben
El Hadj, S., 2008 Response to drought of two olive tree cultivars (cv
Koroneiki and Meski). Sci Hort. 116, 388-393.

Braham, M., 1997., Activité écophysiologique, état nutritif et croissance de
I’Olivier (Olea europaea L.) soumis a une contrainte hydrique. Thése d’Etat,
Faculte des Sciences Agronomiques de Gand, Belgique.

Bray, E., 1993., Molecular response to water deficit. Plant Physiol.103,
1035-1040.

Chartzoulakis, K. Patakas, A., Bosabalidis, A.M., 1999., Change in water
relations, photosynthesis and leaf anatomy induced by intermittent drought in
two olive cultivars, Environ. Exp. Bot. 42, 113-120.

Chaves, M.M., Maroco, J.P., Pereira, J.S. 2003., Understanding plant
responses to drought: from genes to the whole plant. Funct. Plant Biol. 30,
239-264.

Chazen, O., Hartung, W., Neumann, P.M. 1995., The different effects of
PEG 6000 and NaCl on leaf development are associated with differential
inhibition of root water transport. Plant Cell Environ. 18, 727-735.

Chimenti, C.A., Marcantonio, M., Hall, A.J., 2006., Divergent selection for
osmotic adjustment results in improved drought tolerance in maize (Zea
mays L.) in both early growth and flowering phases. Field Crops Res. 95,
305-315.

Dichio, B., Xiloyannis, C., Angelopoulos, K., Nuzzo, V., Bufo, S.A., Celano,
G. 2003., Drought-induced variations of water relations parameters in Olea
europaea. Plant Soil 257, 381-389.

Dichio, B., Xiloyannis, C., Sofo, A., Montanaro, G. 2005., Osmotic
regulation in leaves and roots of olives trees during a water deficit and
rewatering. Tree Physiol. 26, 179-185.

Dreier, W., Goring, M., 1974., Der einfluss hoher salzkonzentration auf
verschieden physiollogische parameter von maiswurzeln. Win Z. der HU
Berlin. Nath. Naturwiss. R., 23, 641-644.

Drossopoulos, J.B., Niavis, C.A. 1988., Seasonal changes of the metabolites
in the leaves, bark and xylem tissues of olive tree (Olea europaea). Il.
Carbohydrates. Ann. Bot. 60, 321-327.

Girma, F.S., Krieg, D.R. 1992., Osmotic adjustment in Sorghum. I.
Mechanisms of diurnal osmotic potential changes. Plant Physiol. 99, 577-
582.

Ingram, J., Bartels, D.1996., The molecular basis of dehydration tolerance in
plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 377-403.

437



Kasraoui, M.F., Braham, M., Denden, M., Mehri, H., Garcia, M., Lamaze,
T., Attia, F., 2005., Effect of water deficit on the PSII photochemical phases
in two olive trees varieties. Comptes Rendus Biol. 329, 89-105.

Lakso, A.N. 1985., The effects of water stress on physiological processes in
fruit crops. Act Hort. 171, 275-290.

Lo Bianco, R., Rieger, M., Shi-Jean, S.S. 2000., Effect of drought on sorbitol
and sucrose metabolism in sinks and sources of peach. Physiol. Plantarum.
108, 71-78.

Lo Gullo, M.A.,, Salleo, S. 1988., Different strategies of drought resistance in
three Mediterranean sclerophyllous trees growing in the same environmental
conditions. New Phytol. 108, 267-276.

Martin-Prével, P., Gonard, J., Gautier, P., 1984., Méthodes analytique de
référence. In « L’analyse végétale dans le contrdle de I’alimentation des
plantes tempéreées et tropicales ». Edition Lavoisier TEC & DOC.

Moing, A., Carbonne, F., Rashad, M.H., Gaudillére, J.P. 1992., Carbone
fluxes in mature peach leaves. Plant Physiol. 100, 1878-1884.

Morgan, J.M., 1984., Osmoregulation and water stress in higher plants. Annu
Rev Plant Physiol. 35, 299-319.

Nanjo, T., Kobayashi, M., Yoshiba, Y., Sanada, Y., Wada, K., Tsukaya, H.,
Kakubari, Y., Yamaguchi-Shinozaki, K., Shinozaki, K. 1999., Biological
functions of proline in morphogenesis and osmotolerance revealed in
antisense transgenic Arabidopsis thaliana. Plant J 18,185-193.

Ngugi, M.R., Doley, D., Hunt, M.A., Dart P., Ryan, P., 2003., Leaf water
relations of Eucalyptus cloeziana and Eucalyptus argophloia in response to
water deficit. Tree Physiol. 23, 335-343.

Patakas, A., Nikolaou, N., Zioziou, E., Radoglou, K., Noitsakis, B. 2002.,
The role of organic solute and ion accumulation in osmotic adjustment in
drought-stressed grapevines. Plant Sci. 163, 361-367.

Priestley, C.A. 1977., The annual turnover of resources in young olive trees.
J. Hort. Sci. 52,105-112.

Ranjbarfordoei, A., Samson, R., Van Damme, P., Lemeur, R. 2000., Effect
of drought stress induced by polyethylene glycol on pigment content and
photosynthetic gas exchange of Pestacia khinjuk and P. mutica.
Photosynthetica 38 , 443-447.

Ranney, T.G., Bassuk, N.L., Whitlow, T.H. 1991., Osmotic adjustment and
solute constituents in leaves and roots of water-stressed cherry (Prunus)
trees. J. Am. Soc. Hort. Sci. 116, 684—688.

Romero, P., Navarro, J.M., Garcia, F., Ordaz, P.B., 2004., Effects of
regulated deficit irrigation during the pre-harvest period on gas exchange,
leaf development and crop yield of mature almond trees. Tree Physiol. 24,
303-312.

438



Rouhi, V., Samson, R., Lemeur, R., Van Damme, P. 2005., Photosynthetic
gas exchange characteristics in three different almond species during drought
stress and subsequent recovery. Environ. Exp. Bot. 59, 117-129.

Shen, B., Jensen, R.G., Bohnert, H.J. 1997., Mannitol protects against
oxidation by hydroxyl radicals. Plant Physiol. 115, 527-532.

Sircelj, H., Tausz, M., Grill, D., Batic, F. 2005., Biochemical responses in
leaves of two apple tree cultivars subjected to progressing drought. J. Plant
Physiol. 162, 1308-1318.

Stoop, J.M.H., Williamson, J.D., Phar, M.D. 1996., Mannitol metabolism in
plants, a method for coping with stress. Trend Plant Sci. 1 (5), 139-144.
Tattini, M., Gucci, R., Romani, A., Baldi, A., Everaro, J.D. 1996., Changes
in non-structural carbohydrates in olive leaves (Olea europaea) during root
zone salinity stress. Physiol. Plant. 98, 117-124.

Tyree, M.T.,. Jarvis, P.G. 1982., Water in tissues and cells. In Physiological
Plant Ecology II: Water Relations and Carbon Assimilation. Eds. O.L.
Lange, P.S. Nobel, C.B. Osmond and H. Ziegler. Springer-Verla

439



	Active and passive osmotic adjustment in olive tree leaves during drought stress
	Materials and methods
	Plant material and experimental design
	Plant water status
	Proline content
	Mineral analysis
	Soluble carbohydrate determination
	Statistical analysis

	Results
	Drought stress development
	Effect of drought stress on proline content
	Effect of drought stress on soluble carbohydrates
	Relationship between osmotic adjustment and organic and inorganic compounds
	Discussion

	Conclusions
	Bartolozzi, F., Bertazza, G., Bassi, D., Cristoferi, G. 1997., Simultaneous determination of soluble sugars and organic acids as their trimethylsilyl derivatives in apricot fruits by gas-liquid chromatography. J. chromatography A 758, 99-107.

