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� Franciszek Górski Institute of Plant Physiology, Polish Academy of Sciences, Kraków 2014

Abstract The changes in the antioxidant enzymes activ-

ity, total protein and proline content and their correlations

with freezing tolerance (FT) (expressed as LT50) were

investigated at 11 different olive cultivars at cold-accli-

mation (CA, in February) and non-acclimation (NA, in

August) stages. Leaf samples were collected from each

cultivar and were divided into two groups. The first group

was immediately frozen in liquid nitrogen for further bio-

chemical analysis. The second ones was subjected to dif-

ferent freezing temperatures (-5, -10, -15 and -20 �C)

for 10 h, in order to determine their FT. The unfrozen

control samples were kept at 4 �C. The results showed that

Fishomi, Mission and Shengeh were the most freezing

tolerant among other cultivars. In contrast, Zard, Manza-

nilla and Amigdalolia were the most sensitive ones. The

cold acclimation enhanced the activities of superoxide

dismutase (SOD), peroxidase (POD), ascorbate peroxidase

(APX), catalase (CAT), polyphenol oxidase (PPO) and

total protein content. However, proline content and phen-

ylalanine ammonia-lyase (PAL) activity did not change or

even decreased slightly at CA stage, compare to those

samples at NA stage. It was found that LT50 to be closely

correlated to POD, CAT, and PPO activity at CA and NA

stages. Overall, higher leaf POD, CAT, and PPO activity

could be used as important selection criteria in screening

tolerant olive cultivars for cold zone climatic.
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Introduction

Freezing temperature is one of the most important envi-

ronmental factors limiting the productivity and distribution

of plants (Levitt 1980). The ability of many temperate

plants to increase their FT when exposed to low tempera-

tures is known as cold acclimation (CA) (Levitt 1980). CA

is a complex process involving a number of physiological

and biochemical changes (Wisniewski et al. 2003),

including the induction of genes encoding changes in lipid

and plant cell wall compositions, increased levels of sug-

ars, activation of antioxidative mechanisms, etc. (Guy

1990; Thomashow 1999). It has been reported that the

major target for freezing injury is cell membranes (Levitt

1980). This could increase the level of reactive oxygen

species (ROS) and thereafter result in severe oxidative

injury, which give rise to lipid peroxidation, membrane

deterioration, protein degradation and metabolic function

disruption (Lin et al. 2005).

To alleviate or protect from low temperature-induced

oxidative injury, plants have evolved mechanisms to

scavenge these ROS by non-enzymatic and enzymatic

antioxidant systems, such as superoxide dismutase (SOD),

peroxidase (POD), ascorbate peroxidase (APX) and cata-

lase (CAT) (Wise 1995; Lee and Lee 2000). SOD is a

metallo-enzyme that scavenges the toxic superoxide radi-

cals and catalyzes the conversion of two superoxide anions

into oxygen and H2O2 (Miyake and Yakota 2000). Then,
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POD and CAT convert H2O2 into H2O and O2, whereas

APX decomposes H2O2 by oxidation of co-substrates such

as phenolic compounds and/or antioxidants (Sudhakar et al.

2001). Furthermore, polyphenol oxidase (PPO) and phen-

ylalanine ammonia-lyase (PAL) activities are also impor-

tant in the response of plants against freezing stress,

because they can help to avoid serious oxidative damage

induced by freezing (Ortega-Garcı́a and Peragón 2009).

Indeed, tolerance of plant towards adverse environmental

conditions is correlated to increasing capacity to scavenge

or detoxify ROS (Guo et al. 2006).

Olive is one of many tropical and subtropical crops

which are often grown close to climatic limits of their cold-

tolerance (Bartolozzi et al. 1999). The optimum tempera-

ture for growth in olive tree is 20–30 �C. The majority of

olive cultivars cannot survive below -12 �C (Gomez del

Campo and Barranco 2005) and are damaged by frost

below -7 �C (Palliotti and Bongi 1996). However, the

increasing demand for olive oil has extended the cultiva-

tion of olive tree into regions with colder climates than

those of original Mediterranean basin. Moreover, the better

oil can be yielded from olive trees growing in the colder

climates (Palliotti and Bongi 1996). To find a way for the

trees to survive and be productive in the colder climate is a

goal of economic value. Selection and use of cold-hardy

cultivars are the most effective ways of avoiding freezing

damage.

Previous studies also showed that there is a correlation

between some physiological and biochemical characteris-

tics such as stomatal density (Roselli et al. 1989), stomatal

size (Roselli and Venora 1990), phenolic compounds

(Roselli et al. 1992), differential thermal analysis (Martin

et al. 1993), ionic leakage (Barranco et al. 2005; Azzarello

et al. 2009), fractal analysis (Azzarello et al. 2009),

impedance spectroscopy (Azzarello et al. 2009), soluble

sugars (Bartolozzi and Fontanazza 1999; Bartolozzi et al.

2001; Gulen et al. 2009) and total soluble proteins (Eris

et al. 2007; Cansev et al. 2009) with frost-tolerant in olive

genotypes. Currently, interesting results to quantify cold

tolerance have come from the study of some antioxidant

enzymes (Solecka and Kacperska 2003; Cansev et al.

2009; Ortega-Garcı́a and Peragón 2009). A significant

increase in the activity of CAT, APX and nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase as well

as in dehydrin protein levels in cold-acclimatized olive

trees was reported (Cansev et al. 2009). In addition,

recently was documented that PPO and PAL can be con-

sidered elements for determining the recovery capacity and

resistance to freezing temperatures of different olive

varieties (Ortega-Garcı́a and Peragón 2009). Furthermore,

Luo et al. (2007) found that FT in Populus suaveolens

cuttings to be closely correlated to the levels of SOD,

POD, CAT and APX during freezing acclimation stage.

Overall, our knowledge on the biochemical response of the

olive tree to freezing stress is not still well known. The

understanding of the role and behavior of antioxidant

protective system, protein and proline contents in the

response of the olive tree to freezing stress can help pre-

vent the injury caused by this abiotic stress. The present

study was evaluation of the changes in the defensive

enzymes activities (SOD, POD, APX, CAT, PPO and

PAL), total protein and proline content and, their corre-

lations with freezing hardiness (expressed as LT50) at 11

different olive cultivars during both CA and NA stages.

Materials and methods

Plant material

Fully expanded, uniformly sized leave from 2-year old

shoots of 11 local and introduced olive (Olea europaea L.)

cultivars, Arbequina, Coratina, Fishomi, Zard, Mari, Rou-

ghani, Mission, Amigdalolia, Shengeh, Leccino and Man-

zanilla, were collected from 40-year-old trees from the

Roudbar olive Research Institute, Iran, at CA and NA

stages. CA leaves were field-collected in winter (in Feb-

ruary), while NA leaves were collected from the same

individual olive trees in summer (in August). The average

temperature was 8.5 �C (range 2.8–14.2 �C) and 25.7 �C

(range 22.8–30.6 �C) in February and August, respectively.

Mean of minimum and maximum daily temperatures dur-

ing experimental recorded in Roudbar region (from March

2011 to February 2012) was recorded in Roudbar region as

presented in Fig. 1.

Leaf samples were collected randomly from three trees

of each cultivar, packed on ice and taken to the laboratory.

Fig. 1 Mean of minimum and maximum daily temperatures during

experiment period in Roudbar region
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The leaves were divided into two groups, either frozen

immediately in liquid nitrogen and kept at -80 �C until

further biochemical analysis or wrapped (ten leaves per

temperature in each replication) in aluminum foil along

with moistened paper and were placed into a programma-

ble test chamber (KATO, Japan) to determine FT.

Determination of FT

Ion leakage was used to assess FT in olive cultivars during

CA and NA stages, by exposing whole and healthy leaves

(ten leaves in each replication per each temperature) to

different freezing temperatures. The programmable cham-

ber temperature was decreased stepwise at 1.5 �C/h to

-5 �C and thereafter at 5 �C/h until -20 �C. Then, whole

leaf samples were exposed to freezing temperatures (-5,

-10, -15 and -20 �C) for 10 h. The unfrozen control

treatment consisted of samples placed directly at 4 �C in

the dark for 24 h (unfrozen samples). Relative humidity

(RH) inside the test chamber was kept at 45–50 % and

darkness condition was simulated. After exposing whole

leaf samples to each freezing temperature, recovery was

performed by rising the temperature at the same rate until

4 �C for slow thawing. Then, the leaves were cut into equal

pieces (one disc with 10 mm in diameter from each leaf)

using a metal cork borer (10 mm) with sharp edges. Ion

leakage of leaf discs was measured as described by

Deshmukh et al. (1991) with some modification. Leaf discs

(ten pieces in each replicate), were placed in the test-tube

containing 10 mL of distilled water, and kept at 45 �C for

30 min in a water bath. The initial conductivity of the

solution was measured using Mi 306 EC/TDS meter con-

ductivity meter (‘‘Milwaukee Instruments’’, Hungary). The

tubes were then kept in a boiling water bath for 10 min,

and their conductivity was measured once again after

cooling to room temperature. Percentage of ion leakage for

each treatment was converted to percentage of injury as:

Percentage of injury ¼ ½% IL (t)�% IL (c)=100

�%IL (c)� � 100

where % IL (t) and % IL (c) are measurements of per-

centage of IL from the respective freeze-treatment tem-

perature and the unfrozen control, respectively (Lim et al.

1998). Finally, LT50, a measure of FT, was derived for 11

olive cultivars by determining the freeze test temperature at

which 50 % injury (midpoint of maximum and minimum

percentage of injury) occurred, as explained in Lim et al.

(1998).

Enzymes assay

Olive leaves (0.5 g) were ground with pestle and mortar in

liquid nitrogen. The hard leaf tissue of olives was strongly

ground into a fine powder by the pestle with high pressure

and speed. Then, fine powder transferred into precooled

tubes and 1 mL of 50 mM potassium phosphate buffer (pH

7.0), containing 1 mM EDTA and 4 % PVPP was subse-

quently added to tubes. The homogenate was centrifuged at

15,000g for 15 min at 4 �C. The supernatant was used to

measure the activities of SOD, POD, APX, CAT, and PPO

and to determine total protein content. All assays were

done at 25 �C using a spectrophotometer (T80, PG

Instrument., UK).

SOD (EC 1.15.1.1) activity was determined by mea-

suring its ability to inhibit the photoreduction of nitro blue

tetrazolium (NBT) according to the methods of Beau-

champ and Fridovich (1971). The reaction mixture con-

tained 50 mM phosphate buffer (pH 7.0), 200 mM

methionine, 1.125 mM NBT, 1.5 mM EDTA, 75 lM

riboflavin, and 0–50 lL of the enzyme extract. Riboflavin

was added as the last component. Reaction was carried

out in test-tubes at 25 �C under illumination supplied by

two fluorescent lamps (20 W). The reaction was initiated

by switching on the light and allowed to run for 15 min,

and light switching off stopped the reaction. The tubes

were then immediately covered with aluminum foil in

order to stop the reaction, and then absorbance of the

mixture was then read at 560 nm. Identical tubes with

complete reaction mixture containing no enzyme extract

and developing maximum color served as a control. A

non-illuminated complete reaction mixture with no color

development served as a blank. Under experimental con-

ditions, the initial rate of reaction, as measured by the

difference in the increase of absorbance at 560 nm in the

presence and absence of leaf extract was proportional to

the amount of enzyme. One unit SOD activity was defined

as the amount of enzyme required to inhibit 50 % of the

rate of NBT reduction measured at 560 nm. The SOD

activity of the extract was expressed as activity unit/g

fresh weight (U/g FW).

POD (EC 1.11.1.7) activity in leaves was assayed by the

oxidation of guaiacol in the presence of H2O2. The increase

in absorbance was recorded at 470 nm (Chance and Mae-

hly. 1955). The reaction mixture contained 100 lL of

crude enzyme extract, 500 lL of 5 mM H2O2, 500 lL of

28 mM guaiacol, and 1,900 lL of 50 mM potassium

phosphate buffer (pH 7.0). POD activity of the extract was

expressed as activity U/g FW min.

CAT (EC 1.11.1.6) activity was assayed according the

method of Beers and Sizer (Beers and Sizer 1952). The

decomposition of H2O2 was monitored by the decrease in

absorbance at 240 nm. The assay mixture contained

2.6 mL of 50 mM potassium phosphate buffer (pH 7.0),

400 lL of 15 mM H2O2, and 40 lL of enzyme extract. The

CAT activity of the extract was expressed as activity

U/g FW min.
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APX (EC 1.11.1.11) activity was measured according to

Nakano and Asada (1980). The reaction mixture contained

50 mM (pH 7.0) potassium phosphate buffer (pH 7.0),

0.1 mM EDTA, 0.25 mM ascorbate, 1.0 mM H2O2, and

100 lL of the enzymes extract. H2O2-dependent oxidation

of ascorbate was followed by a decrease in the absorbance

at 290 nm. The APX activity of the extract was expressed

as activity U/g FW min.

PPO (EC 1.10. 3. 1) activity was assayed with 4-meth-

ylcatechol as a substrate as described in (Luh and Phith-

akpol 1972) with some modifications. The assay of the

enzyme activity was performed using 2 mL of 0.1 mM

sodium phosphate buffer (pH 6.8), 0.5 mL of 100 mM

4-methylcatechol, and 0.5 mL of the enzyme solution. The

increase in absorbance at 420 nm was recorded. The PPO

activity was expressed as activity U/100 g FW min.

PAL activity was assayed according to the method of

Assis et al. (2001), with slight modifications. One hundred

microliter of enzyme extract was incubated with 2.4 mL of

borate buffer 50 mM, pH 8.8 and 0.5 ml of L-phenylala-

nine (20 mM) for 60 min at 37 �C. The reaction was

stopped with 1 mL HCl (1 M). PAL activity was deter-

mined by the production of cinnamate, which was mea-

sured at 290 nm absorbance. The control mixture was

stopped by adding 1 ml HCl immediately after mixing the

crude enzyme preparation with L-phenylalanine. Specific

enzyme activity was defined as lmoles cinnamic acid/h/

FW.

Proline and protein content

Proline content was determined spectrophotometrically by

adopting the ninhydrin method of Bates et al. (1973). Three

hundred mg of fresh leaf samples were homogenized in

3 % sulfosalicylic acid and the homogenate was centri-

fuged at 12,000g for 10 min. Two microliter of the

supernatant was reacted with 2 mL acid ninhydrin (Acid-

ninhydrin was prepared by warming 1.25 g ninhydrin in

30 mL glacial acetic acid and 20 mL�6 M phosphoric acid,

with agitation, until dissolved) and 2 mL of glacial acetic

acid in a test tube for 60 min at 100 �C, and the reaction

terminated in an ice bath. The reaction mixture was

extracted with 4 mL toluene, mixed vigorously with a test

tube stirrer for 15–20 s. Free proline was quantified spec-

trophotometrically at 520 nm using L-proline as a standard,

and its content was expressed as lmol/g FW.

Protein content was also determined according to the

method of Bradford (1976) using BSA as a standard.

Statistical analysis

The experiment was performed in a randomized complete

block design in factorial arrangement. The values are mean

values ± SE of three replicates. Statistical analysis was

carried out using SAS software (Version 9.1, SAS Insti-

tuted, Cary, NC, USA). Analysis of variance between

treatment means was carried out with using LSD test at

p B 0.05. Regression and correlations between LT50 and

biochemical traits were also analyzed using Sigmaplot

(version 11). The graphics were made using Excel and

Sigmaplot softwares.

Results

Seasonal pattern of FT

FT was indicated as LT50 of 11 olive cultivars by plotting

all the conductivity data against temperature (Fig. 2). The

results showed that FT of all studied cultivars increased

significantly during CA stage (winter, mean of LT50 was

-11.89 �C), in compared to NA stage (summer, mean of

LT50 was -6.97 �C). At CA stage, the most FT was found

with Fishomi (LT50 -13.4 �C), Mission (LT50 -13.2 �C)

and Shengeh (LT50 -13 �C) cultivars, respectively,

whereas Zard (LT50 -9.8 �C), Manzanilla (LT50

-10.6 �C) and Amigdalolia (LT50 -10.8 �C) were found

to be the most sensitive cultivars respectively (Fig. 2).

Leccino, Arbequina, Coratina, Roghani and Mari have

shown moderate tolerance. Similarly, during the NA stage,

Fishomi (LT50 -8.2 �C), Mission (LT50 -8.1 �C) and

Shengeh (LT50 -8 �C) were the most freezing resistant,

respectively, whereas Amigdalolia (LT50 -5.9 �C), Zard

Fig. 2 Changes in LT50 of 11 olive cultivars (Fis Fishomi, Mis

Mission, She Shengeh, Lec Leccino, Cor Coratina, Arb Arbequina,

Rog Roughani, Man Manzanilla, Ami Amigdalolia, Mar Mari, Zar

Zard) during cold (CA) and non (NA) Acclimation. Vertical bars

indicate standard errors from means (n = 3). Values with different

letters are significantly different, as determined by the LSD test

(p B 0.05)
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(LT50 -6 �C), and Manzanilla (LT50 -6.4 �C) were the

most sensitive cultivars, respectively.

Antioxidant enzymes activity

The enzymatic activities of SOD, POD, APX, CAT, PPO

and PAL in leaves of the 11 olive cultivars were measured

under CA and NA stages.

The SOD activity of all studied cultivars, except for

Mari and Amigdalolia, were significantly increased at the

CA stage compare to NA stage (Fig. 3a). In addition, SOD

activity was different among cultivars in both CA and NA

stages. The highest SOD activity was assessed in cvs.

Leccino (229.23 U/g FW), Mission (223.59 U/g FW) and

Arbequina (204.61 U/g FW), at CA stage, whereas the

highest SOD activity was assayed in cvs. Mari (226.01 U/

g FW), Leccino (213.85 U/g FW) and Amigdalolia

(203.38 U/g FW) at NA stage. In contrast, the lowest SOD

activity was assessed in cvs. Shengeh (163.58 U/g FW),

Zard (166.66 U/g FW) and Mari (167.18 U/g FW) at CA

stage, whereas the lowest SOD activity was observed in

cvs. Arbequina (120.27 U/g FW), Fishomi (120.6 U/

g FW) and Shengeh (122.97 U/g FW) at NA stage.

There was no linear regression between SOD activity

and LT50 at both of CA and NA stages. Furthermore, there

was no significant (ns) correlation coefficient between LT50

and SOD activity under CA (r = -0.489ns) and NA

(r = 0.229ns) stages.

The APX activity of all studied cultivars, except for

Zard was significantly higher at CA stage than NA stage

(Fig. 3b). The highest APX activity was found in Mari

(599.87 U/g FW min), Amigdalolia (597.74 U/g FW min)

and Roughani (597.18 U/g FW min) in CA stage, whereas

the lowest APX activity was assessed in Arbequina

(262.11 U/g FW min), Manzanilla (306.66 U/g FW min)

and Mission (352.97 U/g FW min) at NA stage. There was

no linear regression between the APX activity and LT50 at

both of CA and NA stages. Furthermore, there was no

significant correlation coefficient between LT50 and SOD

activity at both CA (r = 0.220ns) and NA (r = -0.010ns)

stages.

There was no significant difference in POD activity

between the CA and NA stages (Fig. 4a). However, POD

activity was different among cultivars at both CA and NA

stages (Fig. 4a). At CA stage sampling, the highest POD

activity was found in the freezing-tolerant cvs. Fishomi

(1.6 U/g FW min) and Mission (1.5 U/g FW min),

whereas the lowest POD activity was observed in the

freezing-sensitive cvs Zard (0.38 U/g FW min) and Ami-

gdalolia (0.39 U/g FW min). Similarly, the freezing-toler-

ant cvs Mission (1.61 U/g FW min) and Fishomi (1.2 U/

g FW min) had the highest POD activity, whereas the

freezing-sensitive cvs i.e. Amigdalolia (0.35 U/g FW min)

and Zard (0.38 U/g FW min) had the highest POD activity

at the NA stage sampling.

There was a linear regression between POD activity and

LT50 at both of CA and NA stages. In addition, a significant

negative correlation was found between the LT50 and POD

at both of CA (r = -0.752**) and NA (r = -0.816**)

stages (Fig. 4b).

Fig. 3 Changes in antioxidant enzyme activities; SOD (a) and APX

(b) of 11 olive cultivars (Fis Fishomi, Mis Mission, She Shengeh, Lec

Leccino, Cor Coratina, Arb Arbequina, Rog Roughani, Man Manza-

nilla, Ami Amigdalolia, Mar Mari, Zar Zard) during winter (CA stage)

and summer (NA stage). Vertical bars indicate standard errors from

means (n = 3). Values with different letters are significantly differ-

ent, as determined by the LSD test (p B 0.05)
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The results showed, CAT activity all of olive cultivars

significantly increased during the CA stage than NA stage

(Fig. 4c). Significant differences in CAT activity were also

found among cultivars at both of CA and NA stages

(Fig. 4c). The highest CAT activity during CA stage was

found in the freezing-tolerant cvs Fishomi (70.11 U/

g FW min), Mission (65.01 U/g FW min) and Leccino

(60.11 U/g FW min), whereas the lowest CAT activity was

found in the freezing-sensitive cvs Manzanilla (37.49 U/

g FW min), Coratina (39.79 U/g FW min) and Amigdalo-

lia (40 U/g FW min). Similarly to CA stage, the highest

and the lowest CAT activity was found in Fishomi

(52.43 U/g FW min) and Manzanilla (30.71 U/g FW min),

during the NA stage, respectively.

There was a linear regression between CAT activity

with LT50 at both of CA and NA stages (Fig. 4d). Fur-

thermore, a significant negative correlation was also found

between the LT50 and the CAT activity at both of CA

(r = -0.78**) and NA (r = -0.68*) stages (Fig. 4d).

The PPO activity of the leaf tissue of all studied olive

cultivars except for Shengeh and Roughani was signifi-

cantly higher at CA stage compare to NA stage (Fig. 4e).

In addition, PPO activity was different among cultivars at

both CA and NA stages (Fig. 4e). The highest and the

lowest PPO activity was found in the freezing-tolerant cv

Mission (0.96 U/100 g FW min) and in the freezing-sen-

sitive cv Zard (0.27 U/100 g FW min) at CA stage,

respectively. Also, at NA stage, cultivars such as Fishomi,

Shengeh, and Coratina showed higher PPO activity than

those of Zard, Amigdalolia, Manzanilla, Roughani and

Mari cultivars. At NA stage, the highest and the lowest

PPO activity was detected in Mission (0.86 U/

100 g FW min) and Amigdalolia (0.14 U/100 g FW min),

respectively.

There was linear regression between PPO activity with

LT50 at both of CA and NA stages, (Fig. 4f). In addition, a

significant negative correlation was also found between

LT50 with PPO activity at both of CA (r = -0.810**) and

NA (r = -0.878**) stages.

According to the results, PAL activity of almost all

studied cultivars, except for Shengeh and Zard, were sig-

nificantly increased at the NA stage, which were higher

compare to CA stage (Fig. 5). During the CA stage, the

highest and the lowest PAL activity were observed in Zard

(29.8 U/g FW) and Fishomi (18.00 U/g FW), respectively.

At the NA stage, Roughani, Leccini and Amigdalolia cul-

tivars had the highest PAL activity, while, Shengeh, Ar-

biqeina and Manzanilla cultivars had the lowest activity.

There was no linear regression between LT50 with PAL

activity both CA and NA stages. Furthermore, there was no

significant correlation coefficient between LT50 and PAL

activity at both CA (r = 0.493ns) and NA (r = 0.162ns)

stages.

Total protein content

According to the Fig. 6a, total protein content of all cul-

tivars significantly increased during the CA stage than NA

stages. Furthermore, total protein content was different

among cultivars at both CA and NA stages (Fig. 6a).

During CA stage, the highest and the lowest total protein

content were observed in Mission (73.32 mg/g FW) and

Shengeh (32.48 mg/g FW) cultivars, respectively. In NA

stage, Leccino (47.65 mg/g FW) showed the highest total

protein content and shengeh (28.76 mg/g FW) demon-

strated the lowest total protein content in the NA stage.

There was no linear regression between total protein con-

tent and LT50 at both CA and NA stages. In addition, there

was no significant correlation between protein content and

LT50 at both CA (r = -0.232ns) and NA (r = 0.018ns)

stages.

b Fig. 4 Changes in POD activity (a) and the relationship of LT50 with

POD activity (b); CAT activity (c) and the relationship of LT50 with

CAT activity (d); PPO (e) and the relationship of LT50 with PPO

activity (f) of 11 olive cultivars (Fis Fishomi, Mis Mission, She

Shengeh, Lec Leccino, Cor Coratina, Arb Arbequina, Rog Roughani,

Man Manzanilla, Ami Amigdalolia, Mar Mari, Zar Zard) during

winter (CA stage) and summer (NA stage). Vertical bars indicate

standard errors from means (n = 3). Values with different letters are

significantly different, as determined by the LSD test (p B 0.05)

Fig. 5 Changes in PAL activity of 11 olive cultivars (Fis Fishomi,

Mis Mission, She Shengeh, Lec Leccino, Cor Coratina, Arb Arbequ-

ina, Rog Roughani, Man Manzanilla, Ami Amigdalolia, Mar Mari,

Zar Zard) during winter (CA stage) and summer (NA stage). Vertical

bars indicate standard errors from means (n = 3). Values with

different letters are significantly different, as determined by the LSD

test (p B 0.05)
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Proline content

In contrast to protein, leaf proline content of olive cultivars

did not change or decreased slightly at CA stage compared

to those at NA stage (Fig. 6b). Zard (2.60 lmol/g FW) and

Manzanilla (1.9 lmol/g FW) cultivars had the highest and

the lowest proline content at NA stage respectively

(Fig. 6b). However, there was no significant difference in

proline content at the CA stage among the cultivars.

There was no linear regression between proline content

and LT50 at both of CA and NA stages. In addition, there

was no significant correlation between the LT50 and the

proline content at both of CA (r = 0.376ns) and NA

(r = -0.383ns) stages.

Discussion

Olive cultivars may differ in freezing tolerance due to the

differential survival of their specific organs and tissues

(Bartolozzi and Fontanazza 1999). Therefore, selecting

freezing tolerant cultivars and recognition the mechanism

of FT could greatly progress freezing resistance for olive

plants (Bartolozzi and Fontanazza 1999). In this study, we

determined FT of 11 olive cultivars as indicated by LT50

during winter and summer. FT of all studied cultivars

considerably increased during winter (CA stage), in com-

parison with non-acclimation (NA) stage during summer.

The results also showed that Fishomi, Mission and Shen-

geh cultivars can be considered as the most freezing-

tolerant among the other studied cultivars (Fig. 2). In

contrast, Zard, Amigdalolia and Manzanilla can were

considered as the most freezing-sensitive cultivars. The

values of LT50 obtained in the present work are, somewhat

similar to those reported in the literatures. Asl Moshtaghi

et al. (2009) also reported that cvs. Zard (LT50 -8.7 �C)

and Roghani (LT50 -8 �C) were more sensitive than

Dehghan (LT50 -12.3 �C). Furthermore, Manzanilla was

reported as a frost-sensitive cultivar in previous studies

(Barranco et al. 2005; Cansev et al. 2009). In this study, we

found also that Leccino, Coratina and Arbequina have

freezing resistance values close to that of freezing-tolerant

cultivars (Fig. 2). In previous studies (Bartolozzi and

Fontanazza 1999; Mancuso 2000; Gomez del Campo and

Barranco 2005) Leccino, Coratina and Arbequina cultivars

were showed a moderate to high resistance values close to

that of cultivars tolerant. These results suggest that during

CA, freezing-tolerant cultivars may develop superior

defense responses to alleviate ROS toxicity and have lower

ion leakage and LT50 when compared with cold-sensitive

cultivars. Therefore, the cultivars difference LT50 may be

associated with their genetic background and capacity of

metabolic defense responses (such as antioxidants, mem-

brane lipids, and fatty acid constituents) during CA (Cyril

et al. 2002; Zhang and Ervin 2008). The scavenging

enzymes are a key protein fraction in the acquisition of FT

in plants (Lee and Chen 1992). The current study also

support the hypothesis that scavenging enzymes play an

important role in protecting olive plants against freezing

stress.

Fig. 6 Changes in leaf protein content (a) and proline content (b) of

11 olive cultivar (Fis Fishomi, Mis Mission, She Shengeh, Lec

Leccino, Cor Coratina, Arb Arbequina, Rog Roughani, Man Manza-

nilla, Ami Amigdalolia, Mar Mari, Zar Zard) during winter (CA stage)

and summer (NA stage). Vertical bars indicate standard errors from

means (n = 3). Values with different letters are significantly differ-

ent, as determined by the LSD test (p B 0.05)
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SOD is a metallo-enzyme that scavenges the toxic

superoxide radicals and catalyzes the conversion of two

superoxide anions into oxygen and H2O2 (Miyake and

Yakota 2000). SOD activity significantly increased in olive

cultivars during winter except, in Mari and Amigdalolia

cultivars (Fig. 3a). Increase in SOD activity during cold

acclimation has also been reported at pine and spruce

(Tandy et al. 1989; Tao and Jin 1992). In our study, the

highest SOD activity was detected in Leccino, Mission and

Arbequina cultivars, in contrast, the lowest ones was

assayed in Shengeh, Zard and Mari cultivars at CA stage.

However, a similar increase was not seen in olive cultivars

during NA stage. In addition, correlation coefficient

between LT50 with SOD activity under CA and NA was not

statistically significant. This is in agreement with previous

study that showed SOD activity is not directly related to FT

(McKersie et al. 1999).

APX is one of the key enzymes of the ascorbate gluta-

thione cycle and decomposes H2O2 by oxidation of co-

substrates such as phenolic compounds and/or antioxidants

(Sudhakar et al. 2001). APX activity increased significantly

in olive cultivars at the CA stage, except for Zard (Fig. 3b).

The highest APX activity was found in Mari, Amigdalolia

and Zard cultivars during CA stage; in contrast, Manzanilla

and Mission showed the lowest activity. No significant

difference was found between LT50 and APX activity

under CA and NA stages. The cultivars such as Zard,

Amigdalolia and Mari, showed the lowest FT, while the

higher APX activity was found in the freezing-tolerant

cultivars i.e. Shengeh and Mission. The result suggests that,

although it may contribute to the detoxification of ROS, the

activity of the APX enzyme is not a direct key factor in the

FT of olive cultivars. Cansev et al. (2009), also suggested

that, in cold-tolerance of olive genotypes, APX activity

may not be correlated with the degree of cold hardiness. In

contrast, Lin et al. (2005) and Luo et al. (2007) reported a

significant correlation between APX activity and frost

tolerance of hardened leaves in poplar tree.

POD is another antioxidant enzyme that converts H2O2

into H2O and O2 (Sudhakar et al. 2001). Under CA and NA

conditions, POD activity in the freezing-tolerant Fishomi

and Mission cultivars was the highest, whereas in the

freezing-sensitive cultivars such as Zard, Amigdalolia and

Manzanilla its activity was the lowest (Fig. 4a). The results

also showed a significant negative correlation between the

LT50 and POD under both CA and NA stages (Fig. 4b).

The higher POD activity in freezing-tolerant cultivars

reflects the better ROS-scavenging capacity that resulted to

the lower damage to lipids of the plasma membrane under

freezing stress conditions. In accordance with this study,

Lin et al. (2005) also reported that the rise of POD activ-

ities during freezing acclimation was closely correlated to

the decrease LT50 of Prunus tomentosa cuttings.

CAT enzyme found mainly in peroxisomes and converts

H2O2 into H2O and O2 (Sudhakar et al. 2001). CAT

activity increased significantly in all studied olive cultivars

during cold acclimation, which suggests a more efficient

scavenging of H2O2 that may result in a better protection

against peroxidation (Cansev et al. 2009). The highest CAT

activity was assayed in the freezing-tolerant Fishomi and

Mission cultivars, during both CA and NA condition,

whereas the lowest activity was observed in the cold-sen-

sitive cultivars such as Manzanilla, Amigdalolia and Zard

cultivars (Fig. 4c). Furthermore, a quite high correlation

was also found between the LT50 and the CAT activity in

both CA and NA stage (Fig. 4d). The higher CAT activity

at freezing-tolerant olive cultivars suggests the more

effective H2O2 removal, which might be produced by an

enhanced activity of SOD under freezing-stress conditions.

These results are in agreement with previous study of

Cansev et al. (2009), reported that CAT activity is directly

correlated with the degree of cold-hardiness in olive leaf

tissue. Furthermore, Luo et al. (2007) found that the LT50

in P. suaveolens cuttings to be closely correlated to the

levels of CAT during freezing acclimation.

PPOs catalyze the oxidation of O-diphenols to O-diq-

uinones, as well as the hydroxylation of monophenols at

enzymatic browning reactions (Mayer 2006). PPOs are

also important in the response of plants against freezing

stress and they can help avoid serious oxidative damage

induced by freezing (Ortega-Garcı́a and Peragón 2009). In

the present study, PPO activity in the leaf tissues of all

cultivars except Shengeh and Manzanilla cultivars

increased significantly at CA stage (Fig. 4e). The highest

and the lowest PPO activity were found in the freezing-

tolerant cv. Mission and in the freezing-sensitive cv. Zard

at both of CA and NA stages, respectively. A negative

correlation was found between LT50 and PPO activity at

both CA and NA stages (Fig. 4f). These finding suggests

that PPO might be considered as an elements to determine

the recovery capacity and resistance to freezing temper-

atures of different olive cultivars (Ortega-Garcı́a and

Peragón 2009).

The response of PAL activity may be part of a recovery

process of the olive leaf against cold stress (Ortega-Garcı́a

and Peragón 2009). In present study, the highest and the

lowest PAL activity was found in Zard and Fishomi cul-

tivars during CA stage, respectively (Fig. 5). However,

there was no significant correlation between LT50 and PAL

activity both CA and NA stage. In agreement with this

study, Ortega-Garcı́a and Peragón (2009) demonstrated

that when the cold stress is low or medium, the high PAL

activity may be a mechanism for plant recovery but when

the cold stress is high, the elevated level PPO activity can

help avoid serious oxidative damage induced by freezing

stress as we find about PPO activity in this study.
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The induction of protein synthesis during cold accli-

mation has been suggested to be causally related to the

induction of FT in plants (Chen and Li 1982). An accu-

mulation of soluble and specific proteins may help to avoid

the alteration of the permeability of the cell membranes,

caused by dehydration during the formation of extracellular

ice (Levitt 1980; Guy 1990). In the present work, total

protein content in the leaf tissues of all cultivars increased

considerably during CA stage in comparison with NA stage

(Fig. 6a). But, there is no significant correlation between

the LT50 and the total protein content at both during CA

and NA stages. However, Fishomi and Mission which have

high level FT had the highest total protein content at CA

stage, but Shengeh, which has high FT also exhibited the

lowest total protein content during CA and NA stages. The

results obtained in this study are contradictory to pervious

report for olive cultivars (Cansev et al. 2009). Cansev et al.

(2009) reported that the higher total protein content was

associated with the greater cold-hardiness of the olive

cultivars.

Proline has been suggested to play a multiple role in

plant stress tolerance. Proline may inhibit membrane lipid

peroxidation in plant tissues by acting as an antioxidant to

neutralize the chilling-induced free radicals (Xin and Li

1993). In this study, the accumulation of leaf proline

content during NA stage was higher than CA stage. The

highest and lowest proline content at NA stage was found

in Manzanilla and Zard, respectively. However, no sig-

nificant difference was found for proline content among

olive cultivars at CA stage (Fig. 6b). No correlation was

also found between the LT50 and the proline content at both

CA and NA stages. In contrast with this result, a positive

correlation between the accumulation of proline and

improved cold tolerance was reported in maize (Zhou et al.

2002).

Conclusions

Based on observation in this study, Fishomi, Mission and

Shengeh cultivars were found to have the highest FT

among the 11 studied olive cultivars. In contrast, Zard,

Manzanilla, Amigdalolia and Mari cultivars were more

sensitive, while Leccino, Coratina, Arbequina and Rou-

ghani cultivars had values close to FT cultivars. The results

also showed that CA enhanced the activities of SOD, POD,

APX, CAT, PPO enzymes and total protein content.

However, proline content and PAL activity of olive culti-

vars did not change or even decreased slightly in CA stage

compared with those in NA stage. LT50 in olive cultivars

was found to be correlated to the levels of POD, CAT, and

PPO activity during both summer (NA) and winter (CA).

Therefore, substantial activity of POD, CAT, and PPO

could be used as selection criteria for screening tolerant

olive tree for cold zone climates.
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