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| Abstract: Drought is important abiotic stress that negatively influences the growth and development of plants. Strong efforts are currently ongoing worldwide

to improve olive production under adverse environmental conditions by extending genetic diversity to improve key agro-physiological and biochemical features
through various breeding programs. This research was performed to evaluate the effect of drought stress on the changes of some physiological and biochemical
traits in 20 commercial and promising olive genotypes under field conditions during 2015-2017. Fruit oil content as well as some of physiological traits and
antioxidant activities under control and drought stress conditions were evaluated. The results of combined analysis of variance (ANOVA) for fruit yield and other
measured traits showed that year, irrigation treatments, genotype main effects and their interactions were highly significant. In general, fruit yield, relative water
content (RWC), oil content and total soluble proteins (TPs) showed a decreasing trend, whereas the electrolyte leakage, H,O, content and activity of catalase
(CAT), ascorbate peroxidase (APX) and peroxidase (POX) displayed an increasing trend in the tested olive genotypes during drought stress. A Principal component
analysis (PCA)-based biplot demonstrated that stress tolerance index (STI) positively correlated with POX and TPs. Results also revealed a high level of genetic
diversity in the tested olive genotypes, and among them, two commercial (Abou-satl) and promising genotypes (T2) responded better to drought by marinating a
good balance for fruit yield and some of the antioxidant activities. These genotypes could be used in future programs to develop new olive cultivars with beneficial

stress-adaptive traits.

((ey words: Biochemical activities; Drought; Olive; Stress tolerance index.

/
Introduction potential to access water in the deeper layer of soil and
improved water use efficiency. Fernandez et al. (5) sta-
Olive (Olea europaea) is an evergreen tree and it had ted that knowledge about the mechanisms implied in
been known as one of the oldest cultivated species in drought tolerance can help to optimize the water supply
the world. The olive tree is known for its tolerance to in olive orchards. In olive trees, many morpho-physio-
prolonged drought periods (1). The olives worldwide logical and biochemical traits have been found to be
production is persistently increasing in recent years by associated with drought tolerance through higher water
20.8 million tons in 2017, the second highest production potential gradient between root system and canopy (6),
level ever accomplished (2). development of osmotic adjustment (7), limitation of
Among environmental stresses, drought or water de- water loss through modulation of stomatal closure (8),
ficit is one of the main edaphic stresses for reduction of decrease of leaf area and increase of stomatal density
olive yield and this is particularly true in the Mediterra- (9). It has been shown the tolerant olive cultivars revea-
nean basin where the climate is typically characterized led lower stem growth (10), smaller leaf area and lower
by low rainfall and high evaporation (3). Similar to stomatal conductance (9), lower leaf water content
other plants, growth of olive tree is affected by drought (11) under drought condition than optimal conditions.
stress through a change in anatomical, morpho-physio- However, response to drought stress is different among
logical and biochemical mechanisms. Under drought olive cultivars (11).
conditions, a higher photosynthetic rate is an important During the drought stress, plants have employed
factor for better drought tolerance in olive cultivars, and various defence systems that allow them to confront
differences in drought tolerance among cultivars can with drought stress for continued growth and survival
be related to various physiological factors (4). Hence, (12). One of the key defence systems occurring during
the development of drought-tolerant varieties of olive drought stress is an increase in the accumulation of
is sought through plant breeding programs with better reactive oxygen species (ROS) (13). Various types of
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ROS including singlet oxygen ('O,), superoxide (O,),
hydroxyl radical (OH) and hydrogen peroxide (H,O,)
affect cell membranes, proteins and DNA so that fi-
nally leading to cell death (14). To defend against the
adverse effects of ROSs, plants have some defence
mechanisms to detoxify ROS by producing different
types of antioxidants. Antioxidants can be divided into
two main groups: [1] non-enzymatic including gluta-
thione (GSH), carotenoids, tocopherols and ascorbate
acid (AsA), which together alleviate the effects of oxi-
dative stress and [2] enzymatic including monodehy-
droascorbate reductase (MDHAR), peroxidase (POX),
catalase (CAT), glutathione reductase (GR), ascorbate
peroxidase (APX), superoxide dismutase (SOD) and
dehydroascorbate reductase (DHAR) (15). It has been
reported that the degree of drought tolerance in the olive
tree is correlated with the antioxidant capacity (16). For
instance, Bacelar et al. (4) indicated that drought stress
increased lipid peroxidation and this process led to the
improvement of drought tolerance in some of the olive
cultivars. In a study conducted by Ben Abdallah et al.
(17), drought stress increased the activity of CAT, GPX
and SOD antioxidant enzymes in olive.

So far, several works have focused on olive tree res-
ponses to drought stress, however, little information
is known about the association between drought tole-
rance and morphological and biochemical traits in the
olive tree. Hence, the main goals of this work were: (i)
to assess the response of 20 commercial and promising
olive genotypes under drought stress condition in terms
of fruit yield and some of the physiological and bioche-
mical traits, and (ii) to study the relationships between
fruit yield and measured traits.

Materials and Methods

Plant materials and experimental setup

The study was carried out during two consecutive
years (2015-2017) in the Tarom Research Orchard (La-
titude 36°47, Longitude 49°6, Altitude 335 m a.l.s.), lo-
cated in the Zanjan province, from the 100 Km Zanjan
City, Iran. The climate was characterized by mean an-
nual precipitation of 145 mm per year, annual minimum
temperature of 12.5 °C, annual maximum temperature
of 19.5 °C, and mean of annual evaporations 1229.4
mm. The experiment was a two-way factorial arran-
ged in a randomized complete blocks design with three
replications. Two levels of irrigation including full irri-
gation (100% FC) field capacity (control) and drought

stress conditions (50% FC) were selected as the first
factor. Duration of each irrigation, the second factor was
18-year-old trees of twenty olive cultivars (including 10
new promising genotypes, 3 local cultivars and 7 com-
mercial cultivars). Detailed information on the tested
cultivars is in Table 1. During the growth period of the
trees until the endocarp stage (until August 3), drought
treatments were applied based on 50% of the field capa-
city (FC = 50%) for each tree. The FC for each plot was
estimated according to Gholami et al., (18). Each plot
consisted of six tresses, and distance among them was 8
m. From each olive cultivar, two trees were selected to
sampling and record parameters as detailed below.

Determination of electrolyte leakage (EL) and rela-
tive water content (RWC)

To estimation of electrolyte leakage (EL), 200 mg
of fresh leaves were sliced into small discs and kept in
10 mL of double distilled water for 3 h at 37 °C. After
incubation, the conductivity of the solution was mea-
sured. The solution was then incubated at 95 °C for 30
min, and the conductivity was measured again (value
B). Finally, ion leakage was calculated according to the
following equation (17);

Conductivity of the initial solution
Conductivity of the second solution

EL (%) = x100 (1)

The leaf samples of each tested olive tree were used
for RWC assay according to Smart and Bingham (19).
After fresh weight (FW) determination, leaves were
floated on distilled water in the dark for 24 h. Then the
turgid weights (TW) were recorded and the samples
were transferred into oven drying at 70 °C for 48 h.
After determination of dry weights (DW), the RWC for
each genotype was estimated by the following equation:

FW-DW _

o/ —
RWC% TW-DW

100 (2)

Total protein and antioxidant enzymes assays

Leaf total soluble protein content was determined
spectrophotometrically based on the method described
by Bradford (20) using bovine serum albumin (BSA) as
a standard. Crude enzymes were extracted from olive
leaves as described by Beauchamp and Fridovich (21).
First, 0.5 g of fresh leaves were accurately measured
and homogenized at 4°C in 1 mL of 50 mM potassium
phosphate buffer (pH 7.0) containing 2% polyvinyl pyr-

Table 1. List of the studied olive genotypes in the present work.

Genotype code Genotype Origin  Genotype code Genotype Origin
Gl T2 Iran Gl11 Zard Iran
G2 T6 Iran Gl12 Roghani Iran
G3 T7 Iran Gl13 Mari Iran
G4 T10 Iran Gl4 Beladi Lebanon
G5 T17 Iran GI5 Mission USA
G6 T19 Iran Gl6 Manzanilla Spain
G7 T20 Iran G17 Koroneiki Greece
G8 T21 Iran G18 Kalamata Greece
G9 T18 Iran G19 Corfolia Spain
G10 T24 Iran G20 Abou-satl Syria
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rolidone (PVP) and 1 mM ethylenediaminetetraacetic
acid (EDTA) and the homogenate was centrifuged at
15,000 g for 15 min at 4°C. The supernatant was used as
the crude enzyme extract for estimation of hydrogen pe-
roxide (H,0,) content and activity of three antioxidant
enzymes including catalase (CAT), peroxidase (POX)
and ascorbate peroxidase (APX) according to Sergiev et
al., (22), Beers and Sizer (23) , Chance and Maehly (24)
and Nakano and Asada (25), respectively.

Determination of fruit yield and oil content

Fruits were harvested by hand and the total yield (kg
tree ') was determined at the maturity stage. Olive oil
extraction was performed following the procedures of
the IOOC protocol (26). Briefly, the fresh fruit (without
stone) samples were dried at 70 °C for 48 h. Then 2 g
of dried samples were charged to Soxhlet extractor with
500 ml of diethyl ether for 5 hours. In the next step, each
sample transferred into the oven for 2 h and dried at 70
°C. The oil content was estimated through the difference
between the two last dried samples.

Statistical analysis

Combined analysis of variance (ANOVA) was per-
formed using SAS software (SAS Institute, Cary, NC,
USA). Significant differences among the means of treat-
ments were determined by Duncan’s test at P < 0.05. To
identify the genotype belonging to Fernandez’s Groups
A, B, C and D (27), a three-dimensional plot was crea-
ted based on stress tolerance index (STI) and both fruit
yields under control and drought stress conditions. An

online toolkit, /PASTIC (28) was used to calculate
STI and illustrate the three-dimensional plot. Principal
component analysis (PCA) was used to discover inter-
relationships among fruit yield and different measured
physiological and biochemical traits using the XLSTAT
package (Addisonsoft XLSTAT, Paris).

Results

Effect of drought stress on physiological traits and
fruit yield

The results of combined analysis of variance (ANO-
VA) for relative water content (RWC), electrolyte lea-
kage (EL), fruit yield and oil content traits across two
years are shown in Table 2. Drought stress affected all of
these traits with significant differences (P <0.01) among
years and tested genotypes. The overall mean of the 20
tested genotypes for EL increased by 34.48%. Under
control condition, LE ranged from 18.72 (G9) to 27.03
(G4) with an average of 24.87%, while under drought
condition it varied between 29.75 (G9) and 36.95 (G14)
with an average of 33.45% (Table 3). Drought stress
decreased RWC in the stressed olive trees by 15.44%
(Table 2). Under control condition RWC varied between
64.25 and 86.95% with a mean of 72.66% and the
highest values recorded in G20 followed by G18 and
G10, whereas under drought condition it ranged from
43.82 to 71.58% with a mean of 62.23%. Three geno-
types (G20, G15 and G1) showed the highest RWC than
among the studied genotypes (Table 3).

Average fruit yield of olive genotypes was signi-

Table 2. Combined analysis of variance, mean values and percentage change due to drought stress in measured traits in the 20 different olive

genotypes.
Source of daf Mean square
variation EL RWC TPs POD APX POX CAT FY DFO
Year (Y) 1 484.67"  317.56°  3270.60" 5.95" 15280.10° 59.53"  556.62"  5782.02" 43.94"
R/Y 4 24.41 188.182  560.73  0.04 37681 676  1016.66 80.60 64526
g;‘ga“on 1 4417.67° 7553.192%  441™  21.34™ 6085530 30.06 23631.40" 2088.60" 383.29"
YxI 1 521 1423.94" 57898 146" 1450 444" 617628  66.15™  7.6™
((é}e)n"type 19 44.80"  338.58"  4641.89" 039" 198560  9.36™  4931.65" 180026 472.19"
YxG 19 5494  177.93" 104270  0.59" 81316.40™ 584" 102630 1520.86"  72.03"
IxG 19 1062  118.88"  283.98" 032" 5536130 6.04"  2907.86"  110.94°  10.89"
YXIxG 19 1171 79.86™  351.47" 023" 36869.50" 496"  1373.07"  70.22%  15.86™
Error 156 12.42 51.65 29.68 001 304466 057 376.04 61.34 13.05
Coefficient of 12.08 10.72 3.62 11.86 21.42 48.02 33.71 18.79 6.42
variance (%)
"Mean for optimal )/ ¢, 72.66° 1527908  0.62°  207.18° 123  46.05° 45.08°  57.45°
condition
Mean for drought 55 61.44°  147.8256  122°  307.88*  1.94*  69.00° 39180  54.93b
condition
ffPercentage of
change due to -34.48 15.44 324 9677  -48.61  -57.72  -49.83 13.08 438

drought

ns, " and ** Non-significant, significant at 0.05 and 0.01 probability levels, respectively. EL, RWC, TPs, POD, APX, POX, CAT, FY and DFO
indicate electrolyte leakage, relative water content, total soluble protein (mg g™ FW), H,O, content (m mol), ascorbate peroxidase activity (U g™
FW.min), peroxidase activity (U g! FW), catalase activity (U g! FW), fruit yield (kg tree™), dried fruit oil content (%) and oil content fresh fruit
(%), respectively. " The different letters indicate significant difference by Duncan’s test. f"Negative numbers show value higher than the control

condition.
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Table 3. Mean values of measured traits in the 20 olive genotypes under control and drought stress conditions over two years.

Code EL RWC FY DFO TPs POD APX CAT POX
C D C D C D C D C D C D C D C D C D
Gl 2626 3422 71.3% 67.2¢k 57+ 52.66% 66.8* 60.1¢ 174.0% 156.0¢° 0.61%" 1.05% 0.61 1.05% 3825 69.25¢ 185« 4272
G2 26.53 33.838 73.0*t 55.071 33.66" 27.66™ 61.4* 60.7>¢ 15327 151.67 047" 1.02¢ 047 1.02¢ 54250 108.25° 2.85>4 (.68M
G3 2694 35113 67.3¢% 5454 64.66® 54b¢  60.3>¢ 57.8%¢ 167.3% 165.1¢¢ 0.53% 1.27¢ 0.53% [.27¢ 3450 62.00M™ 0.90 1.56%
G4 27.03 32308 74.8+T 58.4M< 3266 31 5804 57.01¢c 137.2# [257% 0.56% 1.10% 0.56™ 1.10% 77.50% 1Ol}_é00 0.66" .44
G5 2538 34707 79.8*¢ 71.4% 40" 36.66"° 64.0°¢ 61.1* 162.7% 1529 0.55% (0.84h 0.55™ 0.84h 63.50¢m 51.25% 0367 4.65°
G6 2633 35332 73.5%t 61.6°% 31.16% 245 654® 649 124.7% 124.5% 0.52% 1.30° 0.52™ 1.30° 64.50¢! 101’00 0.51™  0.73h
G7 2241 32018 67.9¢% 59.5¢k 50.16°¢ 42.5% 61.5%¢ 548 168.4>¢ 163.1% 0.69" 1.20¢" 0.69* 120" 21.50™ 36.75%° 0.86& 1.89¢h
G8 2230 31.162 72.1%h 59,9k 3516 32 522 50.0% 135.1¢9 124.6% 0.81" 1.50« 0.81" 1.50¢ 29.00™° 72.25¢ 0.63" 0.497
G9  18.72 29.757 72.2%h 574 26337 24.83% 48.5mc 484mc 170.7°¢ 166.7¢¢ 0.75"% 1.30° 0.75% 1.30° 47.50% 5575t 3.74® 20950
G10 2699 35.623 80.8*¢ 60.87 29°r 20337 58.6% 564 123.5% 140.8¢ 0.65'm 1.58¢ 0.65'™ 1.58¢ 50.00% 6‘:;?0 2.87%4 2.43¢
GI1l 2552 36.66 70.8> 438' 69.83* 49.66°¢ 58.4¢ 58.14 177.0® 164.8« 0.43° 1.10% 043° 1.10% 16.75° 48.00™ 098 2.75b
G12 2443 34.182 683k 68.1¢F 51.5b2 495 62.1*¢ 594°h [284F [27.9% (048 1.96* 048" 1.96* 4575 81.00%¢ 0.74h7 (.58"
G13 2586 30.893 70.1% 65.1¢ 43834k 3]1.33kr 534bm 537m 18372 167.0¢¢ 0.77% 1.05% 0.77" 1.05% 2550™ 46.00¢° 0.69" 0.88%
Gl14 2450 3695 67.0%% 61.8k 49¢h  40.66™ 60.7>¢ 56.6%F 137.9¢" 1242k 0.67" 1.36% 0.67" 1.36% 63.00% 78.75%" 0.84" 1.06"¢
G15 2449 33.04 68.7% 653 45.83% 40.33&n 60.8> 56.5¢% 169.1%¢ 176.8* 0.33» 0.73* (0.33° (.73 22.50™ 3500 0945 22]c¢
G16 25.577 33.558 64.2¢% 55251 4554 4333en 53 1m 51.3km 353 131.0M 0737 1.07% 0.73%  1.07%  36.50% 67.50%¢" 1.24¢1 4392
G17 26.292 36.385 67.4¢% 62.8¢ 47.16¢1 431 593t 57.7¢ 171.9%4 170.4>4 0.84" (0.94&  0.84h 094 81.25%F 25.50™ 0.85hF  [.75¢¢
G18 2481 31.268 82.0* 68.3°* 21'_?6 2483 552F 529m [28.8™ 127.9Fk (.74 0.83h 0.74% (0.83" 71.00¢k 97.42° 0.55" 1.19¢
G19 21.892 303  75% 63.7¢ 57.66* 54.66°T 455v 41874 171.5%¢ 169.6>¢ 0.49™P [.35% 049m 1.35% 3475 36.75k 0917 1.69¢
G20 25.242 31.875 86.9* 71.6°" 63.83* 60.16*° 4324 39.5¢ 1353 [258% 0.76*% 1.77° 0.76" 1.77° 43.50* 139.50* 1.67¢ 2.22¢f

C and D indicate control and drought stress conditions, respectively. The different letters indicate significant difference by Duncan’s test.
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ficantly different (P < 0.01) between two years and
growth conditions (Table 2). As shown in Table 2,
drought stress reduced average fruit yield by 13%.
Under control condition, fruit yield ranged from 29 to
69.83 kg tree”! and genotypes G3, G11 and G20 pro-
duced the highest yield, whereas G9, G10 and G18 pro-
duced the lowest yield compared with other genotypes.
Under drought condition, a wide range of variability
was showed for fruit yield among the tested genotypes
so that it varied between 20.33 and 60.16 kg tree™'.
Three genotypes G20 (60.16 kg tree ™), G19 (54.66 kg
tree!) and G1 (52.66 kg tree!) were identified as the
high-yielding genotype, while G7 (24.5 kg tree™"), G10
(24.83 kg tree ') and G10 (20.33 kg tree!) produced the
lowest yield. Our results showed that oil content across
all tested genotypes is not closely related to the year and
water supply. In other words, no significant difference
was observed between a year and drought treatments.
However, there was a significant difference (P < 0.01)
among genotypes for this trait and interaction effects
between a year with genotype and stress with genotypes
were significant. Drought stress declined the average of
the oil content (~5%) compared to control condition.
Under control condition, oil content ranged from 43.28
to 66.81% and genotypes G1, G6 and G5 with 66.81,
65.45 and 64.01% showed the highest oil content, whe-
reas under drought stress the range of this trait varied
between 39.51 and 64.90% and genotypes G6, G5 and
G2 were identified as the best genotypes compared with
others by 64.9, 61.16 and 60.78% oil content, respecti-
vely.

Effect of drought stress on biochemical traits

The results of combined ANOVA showed that signi-
ficant differences (P < 0.01) occurred in the total soluble
protein (TPs) and the activity of (CAT), peroxidase
(POX), ascorbate peroxidase (APX) and hydrogen pe-
roxide (H,O,) between years (except for CAT), drought
conditions (except for TPs) and genotypes. Also, the
interaction between the main factors was significant
(P <£0.01) for all biochemical traits (Table 2). Drought
stress decreased TPs by 3.25% in relative to the control
condition. At control condition, TPs ranged from 123.45
to 183.74 with an average of 152.79 mg g! FW, whe-
reas under drought condition it ranged from 124.45 to
176.79 with a mean of 147.83 mg g! FW. All genotypes
had higher TPs content at control than drought stress
condition. However, as a result, two groups of tested
genotypes including G1, G13 and G17 under control
and G13, G15 and G19 under drought stress condition
accumulated more TPs than the other genotypes (Table
3). This result reveals that increasing protein content
during drought stress is an adaptive mechanism in these
genotypes. On the contrary, drought stress treatment
significantly increased hydrogen peroxidase content
(POD) by 96.44% compared with the control condition
(Table 2). With respect to mean comparisons, all tested
genotypes produced a high level of H,O, due to drought
stress and among the G9, G10, G12 and G20 produced
the highest H,O, content, whereas G17, G15 and G18
produced the lower content than others (Table 3).

According to our results, drought stress significantly
increased CAT activity by 49.83% as compared with
the control condition. Under control and drought stress

conditions, the tested olive genotypes exhibited a wide
range of variability for CAT activity. Under control
condition, CAT varied between 16.75 and 81.25 Ug™!
FW and genotypes G4, G7, G17 and G18 showed a signi-
ficant increase in CAT than other genotypes. In contrast,
under drought stress, CAT activity showed variability
between 25.50 and 139.50 U g*' FW. At this condition,
the highest activity occurred in G2, G4, G7 and G20 ge-
notypes. Among studied genotypes, G4 and G7 showed
the higher activity of CAT in both conditions, hence
these genotypes can be a candidate as the most tolerant
in relative to other genotypes (Table 3). Drought stress
significantly increased APX activity by 48.61% relative
to the control condition. Under both conditions, there
was a high level of variability among tested genotypes
so that it ranged from 77.17 to 430 U g' FW, and 80
to 597.83 U g FW under control and drought stress
conditions, respectively. Based on mean comparisons,
genotypes G7, G9 and G12 for control condition and
G12, G14 and G19 for drought stress condition were
selected as the best genotypes (Table 3). Peroxidase
(POX) as another antioxidant enzyme is widely found
in plants, and oxidizes a vast array of compounds in the
presence of hydrogen peroxide. Our results showed that
POX activity significantly affected by drought stress
(57.47%) (Table 2). The activity of POX under control/
stress conditions significantly varied between 0.36/0.44
and 3.74/4.65 U g!' FW. Among the tested olive geno-
types, two genotypes G1 and G10 showed a high level
of activity of POX under both growth conditions (Table
3).

Stress tolerance index (STI) and grouping olive ge-
notypes

Among drought tolerance indices, STI has been
suggested as an important selection criterion because
it identifies genotypes with high yield and stress tole-
rance potentials. Our results indicated that genotypes
with STI > 1 had a relative tolerance to drought stress.
The STI results demonstrated that following genotypes
showed a high value of STI (in brackets); G1 (1.70),
G5 (1.68), G2 (1.49), G17 (1.27), G19 (1.26), G9 (1.15)
and G13 (1.13) (Figure 1A). To identify the genotype
belonging to Fernandez’s groups A, B, C and D, a
three-dimensional plot was created based on STI and
both fruit yield under control and drought stress condi-
tions (27). According to this theory; group A consist the
genotypes with relatively uniform performance in both
control and stress conditions, B comprise the genotypes
with high performance in control condition, group C
includes the genotypes with high performance in stress
condition and group D consist the genotypes with low
performance in both control and stress conditions. As
shown in Figure 1B, genotypes G1, G3, G11, G12, G19
and G20 with the high fruit yield in both control and
drought stress conditions were identified as the most to-
lerant genotypes compared with other genotypes. Group
B consisted of genotypes G7, G14, G15 and G16. The
rest of genotypes (G2, G4, G5, G6, G8, G9, G10, G13,
G17 and G18) placed into Group D.

Principal component analysis (PCA)
Principal component analysis (PCA) was computed
to determine the interrelationships between different
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Figure 1. STI values in 20 olive genotypes tested under two non-
stress and drought stress conditions (A) and three-dimensional
plots rendered based on STI and fruit yields under non-stress (Yp)
and stress (Ys) conditions over two years (B). See Table 1 for defi-
nitions of genotypes.

measured traits. Our results showed that the two first
principal components (PCs) accounted for 52.79% of
the total variation of physio-biochemical and yield traits
under drought stress condition. As shown in Figure 2,
PCI1 justified 33.99% of the total variation, and strongly
correlated with El, TP, POX activity, FY, DFO and STI.
On the other hand, PC2 accounted for 18.79% of the
total variation and significantly affected by TPs, APX,
CAT activities and DFO. Hence, in order to the selec-
tion of genotypes using different measured traits a biplot
based on the two top PCs was performed. The biplot
analysis of the fruit yield and some physiological and
biochemical traits of 20 olive genotypes indicated that
the CAT, POD and APX activities as well as RWC were
positively associated with several olive genotypes, whe-
reas the fruit yield, TPs and STI were positively asso-
ciated with a number of olive genotypes. For example,
genotypes G9, G7, G16, G13 and G15 linked with fruit
yield, TPs and POX activity. APX and CAT activities
were associated with G18, G12, G4, G10 and G14, whe-
reas RWC and POD activity were associated with G8
genotype. Other associations between genotypes and
other traits are shown in Figure 2. In addition, the biplot
rendered by PCA was used to discovery associations
among different measured traits. Based on the cosine
angle between trait vectors, RWC positively correla-
ted with FY and POD activity. The correlations among
POX, TP and STI were positive and significant. Further-
more, CAT, APX and POD showed a strong correlation
with each other. Also, the correlation between EL and
DFO found to be positive and significant.

Discussion

Drought stress is one of the most important edaphic
stresses affecting plant growth and development (29).
Plant cells respond to drought by inducing scavenging
of reactive oxygen species (ROS) and activating antioxi-
dant defence compounds (30, 31). In the present study,
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Figure 2. Principal component analysis (PCA) based on several
physiological and biochemical traits in 20 olive genotypes across
two years under drought stress condition. EL, RWC, TPs, POD,
APX, POX, CAT, FY, DFO and STI indicate electrolyte leakage,
relative water content, total soluble protein, H,O, content, ascor-
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bate peroxidase activity, peroxidase activity, catalase activity, fruit
yield, oil content and stress tolerance index, respectively. See Table
1 for definitions of genotypes.

20 olive genotypes were evaluated for their physiologi-
cal and biochemical traits under drought stress condi-
tions. Our results showed that the response to drought
stress differed among the tested genotypes (Table 2).
Under drought stress condition, some of the measu-
red traits such as RWC, TP, FY and DFO decreased by
varying degrees. Of these, the highest reduction was
observed for RWC (15.44%) and FY (13.08%). Howe-
ver, two traits DFO and TP showed the lowest reduction
(4.38 and 3.24%, respectively) as compared with the
control condition (Table 2). RWC is a key physiological
trait of the grade of tissue hydration that is crucial for
optimum biochemical functioning and growth cycles
in plants (32). In this study, the reduction in RWC in
tested olive genotypes was agreed with previous reports
in olive (17), and some of the tested genotypes such as
G20, G15 and G1 exhibited the best situation for this
parameter. Hence, it seems that these genotypes have
a good capability in maintaining the water in their tis-
sues and cells (12). Ennajeh et al., (11), stated that late
embryogenesis abundant (LEA) and dehydrin (Dhn)
proteins are two important chaperons that accumulate
in response to drought. However, the accumulation of
soluble protein varies among plant species. Our results
indicated that drought stress decreased TPs only by
3.25% in relative to control condition, suggesting that
the entire tested genotypes well responded to drought
stress. Besides, this result reveals that the lowest reduc-
tion in protein content during drought stress is a tole-
rance mechanism for tolerant genotypes.

Despite average of fruit yield across all tested geno-
types reduced almost 13% less than the control condi-
tion, fruit yield in the drought condition (39.18 kg tree”
') was not notability lower than the control condition
(45.08 kg tree™!). This result shows that this irrigation
treatment could be applied in commercial orchards wit-

Cell Mol Biol (Noisy le Grand) 2019 | Volume 65 | Issue 7

51



Majid Golmohammadi et al.

Effect of drought on olive.

hout affecting yield (33). Similarly, it has been reported
that fruit yield reduced 30% in olive trees (cv. Cornica-
bra) in resulting drought stress (34). Ghrab et al., (35)
reported that fruit yield decreased significantly due to
drought stress in olive. However, fruit yield for olive
trees irrigated when the stem water potential dropped
below 2.5 MPa, was statistically similar to the control
(10). As a result, three genotypes G20 (60.16 kg tree
N, G19 (54.66 kg tree!) and G1 (52.66 kg tree™!) can
be identified as the most tolerant genotypes to use in
drought-prone environments. In the present study, STI
differed among the olive genotypes, which is in accor-
dance with results of other studies where this index dis-
tinguished the tolerant genotypes (such as G1, G29 and
G20) from sensitive ones (29, 36, 37, 38, 39, 40, 41).

In the present study, our results showed that oil
content across all tested genotypes is not closely related
to the water supply. In other words, no considerable dif-
ference was observed between drought treatments (~5%
in relative to control). However, there was a significant
difference among genotypes for this trait and interaction
effects between a year with genotype and stress with
genotypes were significant. A similar result regarding
the low effect of drought stress on oil content in olive
was reported by Breton et al., (42). Moreover, several
works have shown that drought stress may increase oil
content in comparison to optimal conditions. Motilva et
al., (43) indicated an increasing pattern for oil content
in the olive tree under the rainfed condition and stated
that rainfall watering probably restores the initial rate
for oil accumulation. Indeed, Brescia et al., (44) confir-
med a strong correlation between loss of water accessi-
bility and accumulation of oil in the olive tree. Howe-
ver, our results suggest that oil content is programmed
in the tested genotypes and relatively dependent to both
the genetic factors and environmental conditions (45)
so that some of the genotypes showed a similar pattern
in both growth environments. The ion leakage is a para-
meter of cell membrane stability and integrity, which
is usually considered as one of the best indicators of
drought tolerance in plants (46). The increase of EL in
all tested genotypes indicated that they have a range of
variability in response to drought stress. Hence, similar
to RWC, these traits can commonly be used as a key
physiological indicator of the water status of the plant
and a useful trait for drought tolerance (17).

Under drought conditions, ROS accumulate and then
cells will be damaged via lipid peroxides. At this condi-
tion, oxidative stresses induce as secondary stress and
cause a induction in various changes in plant growth
and development and finally yield performance (47).
Plants have some defence mechanisms to scavenging
ROS. One of the important mechanisms is the antioxi-
dant defense system. This system can be divided into
two enzymatic (such as glutathione reductase (GR), as-
corbate peroxidase (APX), catalase (CAT), superoxide
dismutase (SOD) and peroxidase (POX)) and non-en-
zymatic (such as ascorbate acid (AsA), glutathione
(GSH), carotenoids and tocopherols) components (15).
In this regard, some of the antioxidant enzymes such as
CAT, POX and APX counteract the negative effects of
ROS and thereby improving plant growth under such
condition (48). Owing to their ROS-scavenging acti-
vities, the levels of the key antioxidant enzymes CAT,

POX and APX were examined in the different olive
tree as a means to identify genotypes with enhanced
antioxidant activities. These examined antioxidant
enzymes exhibited a reverse trend in comparison with
TP, RWC, FY and DFO traits in the tested genotypes
in response to drought stress (Table 2). Drought stress
significantly increased hydrogen peroxidase content
(POD) by 96.77% compared with the control condition
(Table 2). APX is widely dispersed in plant cells, and
different isoforms are more efficient in removing H,O,
under stressor conditions (29, 49, 50). Drought stress
significantly increased APX activity by 48.61% than the
control condition. Under both conditions, there was a
high level of variability among tested genotypes so that
genotypes G12, G14 and G19 showed the highest APX
activity (Table 3). Under drought condition, CAT turns
over quickly in leaf cells and is vital for the eliminating
of free oxygen radicals formed in the peroxisomes by
photorespiration (50). Higher CAT activity improves
membrane stability due to reducing H,O, levels in cells
by breaking it down directly to form oxygen and water
(50). According to our results, drought stress signifi-
cantly increased CAT activity (49.83%). Under control
and drought stress conditions, the tested olive genotypes
exhibited a wide range of variability for CAT activity.
Under drought, the highest activity has occurred in G2,
G4, G7 and G20 genotypes. With respect to the selec-
ted genotypes, G4 and G7 showed the higher activity
of CAT in both conditions, thus these genotypes can
be a candidate as most tolerant as in relative to other
genotypes (Table 3). Indeed, the higher CAT activity
in the aforesaid olive genotypes suggests the more ef-
fective H,O, removal, which might be produced by an
enhanced tolerance at drought-prone conditions (1). Pe-
roxidase (POX) as another antioxidant enzyme is found
in plants. Several important physiological functions in-
cluding lignin biosynthesis, ageing, defensive responses
and control of cell enlargement and protection of plants
from ultraviolet radiation stress for POX have been sug-
gested (51). Our results showed that POX activity signi-
ficantly affected by drought stress (57.72%) (Table 2).
Among the tested olive genotypes, two genotypes Gl
and G10 indicated a higher level of activity of POX than
other genotypes (Table 3). The equilibrium between the
production and detoxification of ROS at the intracellular
level is a key mechanism for plant stress tolerance, and
the drought-induced overproduction of ROS may result
in oxidative damage to membrane lipids. Changes in the
activities of APX, CAT and POD in response to abio-
tic stresses have been reported in olive and other plant
crops (52, 17, 12). Similarly, Cansev et al., (51) and
Hashempour et al., (53) found high levels of the POD,
SOD, APX and CAT activities in the olive in response
to low-temperature stress relative to control conditions.

The principal component analysis revealed a posi-
tive and significant correlation between antioxidant
activities and other traits. RWC is positively correla-
ted with FY and POD activity. The correlations among
POX, TP and STI were positive and significant. Corre-
lations between CAT with APX and POD and between
STI with POX and TP are noteworthy (Figure 2). These
results are in agreement with previous studies, which
reported that some of the antioxidant activities and phy-
siological traits are directly correlated with final yield
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and a degree of tolerance in olive and other plant crops
(12, 31, 53). For instance, under cold treatment, Cansev
et al. (52), reported that CAT activity is directly associa-
ted with the degree of cold-hardiness in olive leaf tissue.
Hashempour et al., (53) indicated a significant relation
between APX, CAT and POD activities with frost tole-
rance of olive trees.

Changes in some of the physiological and biochemi-
cal activities may be one of the important steps for in-
creasing olive cultivation, especially in tropical and sub-
tropical zones suffering from limited water resources.
Our results revealed that some of twenty commercial
and promising genotypes like G20 and G1 responded
better to drought by marinating a good balance for fruit
yield and some of the antioxidant activities. These re-
sults suggest that these genotypes may cope better with
drought and could be more suited to be cultivated in
drought-prone zones.

Acknowledgements

Thanks to the Agricultural and Natural Resources Re-
search and Education Center, AREEO, Qazvin and to
University of Mohaghegh Ardabili, Ardabil, Iran for
cooperation in the implementation of this research.
Thanks to Zagros Bioidea Co., Razi University Incuba-
tor for all supports.

References

1. Ben Ahmed CB, Rouina BB, Sensoy S, Boukhris M, Abdallah
FB. Changes in gas exchange, proline accumulation and antioxi-
dative enzyme activities in three olive cultivars under contrasting
water availability regimes. Environ Exper Bot 2009; 67:345-352.

2. Faostat. Food and Agriculture Organization, FAOSTAT Data-
base 2017; Available at: http://www.fao.org/faostat/en/#data/QC,
Access in:2017.

3. Guerfel M, Boujnah D, Baccouri B, Zarrouk M. Evaluation
of morphological and physiological traits for drought tolerance in
12 Tunisian olive varieties (Olea europaea L.). Int J Agron 2007;
6:356-361.

4. Bacelar EA, Santos DL, Moutinho-Pereira JM, Gongalves BC,
Ferreira HF, Correia CM. Immediate responses and adaptative stra-
tegies of three olive cultivars under contrasting water availability
regimes: changes on structure and chemical composition of foliage
and oxidative damage. Plant Sci 2006; 170:596-605.

5. Fernandez J.E, Moreno F, Giron L.F, Blazquez O.M. Stomatal
control of water use in olive tree leaves. Plant Soil 1997; 190:179—
192.

6. Chartzoulakis K, Patakas A, Bosabalidis AM. Changes in water
relations, photosynthesis and leaf anatomy induced by intermittent
drought in two olive cultivars. Environ Exper Bot 1999; 42:113-120.
7. Dichio B, Xiloyannis C, Sofo A, Montanaro G. Osmotic regu-
lation in leaves and roots of olive trees during a water deficit and
rewatering. Tree Physiol Victoria 2006; 26:179—185.

8. Sofo A, Manfreda S, Dichio B, Fiorentino M, Xiloyannis C. The
olive tree: a paradigm for drought tolerance in Mediterranean cli-
mates. Hydrol Earth Syst Sc Gottingen 2007; 4:2811-2835.

9. Bosabalidis A.M, Kofidis G. Comparative effects of drought stress
on leaf anatomy of two olive cultivars. Plant Sci Amsterdam 2002;
163:375-379.

10.Trentacoste ER, Zanessi O.C, Marshall VB, Puertas CM. Geno-
typic variation of physiological and morphological traits of seven
olive cultivars under sustained and cyclic drought in Mendoza, Ar-
gentina. Agri Water Manag Amsterdam 2018; 196:48-56.

11.Enamel M, Tounekti T, Vadel AM, Khemira H, Cochard H. Water
relations and drought-induced embolism in olive (Olea europaea)
varieties Meski and Chemlali during severe drought. Tree Physiol
Victoria 2008; 28:971-976.

12.Ahmadi J, Pour-Aboughadareh A, Ourang SF, Mehrabi AA, Sid-
dique KHM. Wild relatives of wheat: Aegilops—Triticum accessions
disclose differential antioxidative and physiological responses to
water stress. Acta Physiol Plant 2018a; 40:90-101.

13.Hossain MS, Elsayad Al, Moore M, Dietz KJ. Redox and reac-
tive oxygen species network in acclimation for salinity tolerance in
sugar beet. J Exp Bot Oxford 2017; 68:1283-1298.

14.Yadav SK. Cold stress tolerance mechanisms in plants. A review
Agron Sustain Dev Berlin 2010; 30:515-527.

15.Verma KK, Singh M, Gupta RK, Verma CL. Photosynthetic
gas exchange, chlorophyll fluorescence, antioxidant enzymes, and
growth responses of Jatropha curcas during soil flooding. Turkish
JPN J BOT Ankara. 2014; 38:130-140.

16.Petridis A, Therios L, Samouris G, Koundouras S, Gianna-
kouls A. Effect of water deficit on leaf phenolic composition, gas
exchange, oxidative damage and antioxidant activity of four Greek
olives (Olea europaea L.) cultivars. Plant. Physiol Biochem. Ams-
terdam 2012; 60:1-11.

17.Ben Abdallah M, Methenni K, Nouairi I, Youssef N.B. Drought
priming improves subsequent more severe drought in a drought-
sensitive cultivar of olive cv. Chétoui. Sci Hort Amsterdam 2017,
221:43-52.

18.Gholami R, Sarikhani H, Arji 1. Effects of Deficit Irrigation on
some physiological and biochemical characteristics of six commer-
cial olive cultivars in field conditions. Iranian J Hort Sci Technol
2016; 17:39-52.

19.Smart RE, Bingham GE. Rapid estimates of relative water
content. Plant Physiol Monona 1974; 53:258-260.

20.Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem Amsterdam 1976; 72:248-254.
21.Beauchamp C, Fridovich J. Superoxide dismutase: improved
assays and an assay applicable to acrylamide gels. Anal Biochem
Amsterdam 1971; 44:276-287.

22.Sergiev L, Alexieva E, Karanov E. Effect of spermine, atrazine
and combination between them on some endogenous protective sys-
tems and markers in plants. Comptes rendus de 1'Académie bulgare
des Sciences, Sofia 1997; 51:121-124.

23.Beers PF, Sizer IW. A spectrophotometric assay measuring the
breakdown of hydrogen peroxide by catalase. J Biol Chem Maryland
1952; 195:133-138.

24.Chance B, Maehly SK. Assay of catalase and peroxidase.
Methods in Enzymology, Amsterdam 1955; 2:764-775.

25.Nakano Y, Asada K. Spinach chloroplasts scavenge hydrogen pe-
roxide on illumination. Plant. Cell Physiol Oxford 1980; 21:1295—
1307.

26.1.0.0.C. Methodology for the secondary characterization (agro-
nomic, phonological, pomological and oil quality) of olive varieties
held in collection. Project on conservation, characterization, collec-
tion of Genetic Resources in olive 2002.

27.Fernandez GCJ. Effective selection criteria for assessing plant
stress tolerance. In: Kuo CG (ed) Adaptation of food crops to tempe-
rature and water stress. Shanhua, Taiwan 1993; 257-270.
28.Pour-Aboughadarch A, Yousefian M, Moradkhani H, Moghad-
dam Vahed M, Poczai P, Siddique KHM. iPASTIC: An online tool-
kit to estimate plant abiotic stress indices. Appl Plant Sci 2019;
7:e11278.

29.Pour-Aboughadareh A, Ahmadi J, Mehrabi A.A, Moghaddam M,
Etminan A. Physiological responses to drought stress in wild rela-
tives of wheat: implications for wheat improvement. Acta Physiol

Cell Mol Biol (Noisy le Grand) 2019 | Volume 65 | Issue 7

53



Majid Golmohammadi et al.

Effect of drought on olive.

Plant Krakow 2017; 39:106.

30.Ahmadi J, Pour-Aboughadareh A, Ourang SF, Mehrabi AA, Sid-
dique, KHM. Screening wild progenitors of wheat for salinity stress
at early stages of plant growth: Insight into potential sources of va-
riability for salinity adaptation in wheat. Crop Pasture Sci 2018c;
69:649-458.

31.Suneja Y, Gupta AK, Bains NS. Bread wheat progenitors: Aegi-
lops tauschii (DD genome) and Triticum dicoccoides (AABB ge-
nome) reveal differential antioxidative response under water stress.
Physiol Mol Biol Pla Berlin 2017; 23:99-114.

32.Silva M, Jifon J, Silva JAG, Sharma V Use of physiological para-
meters as fast tools to screen for drought tolerance in sugarcane.
Braz J Plant Physiol 2007; 19:193-201.

33.Ahumada-Orellana LE, Ortega-Farias S, Searles PS, Retamales
JB. Yield and water productivity responses to irrigation cut-off
strategies after fruit set using stem water potential thresholds in a
super-high density olive orchard. Front Plant Sci Lausanne 2017;
8:1280-1306.

34.Moriana A, Pérez-Lopez D, Prieto M.H, Ramirez-Santa-Pau M,
Pérezrodriguez JM. Midday stem water potential as a useful tool for
estimating irrigation requirements in olive trees. Agri Water Manag
Amsterdam 2012; 112:43-54.

35.Ghrab M, Gargouri K, Bentaher H, Chartzoulakis K, Ayadi M,
Ben Mimoun M, Masmoudid MM, Mechlia NB, Psarras G. Water
relations and yield of olive tree (cv. Chemlali) in response to partial
root-zone drying (PRD) irrigation technique and salinity under arid
climate. Agri Water Manag Amsterdam 2013; 123:1-11.
36.Naghavi MR, Pour-Aboughadareh A, Khalili M. Evaluation of
drought tolerance indices for screening some of corn (Zea mays L.)
cultivars under environmental conditions. Notulae Scientia Biologi-
cae, Cluj-Napoca 2013; 5:388-393.

37.Khalili M, Pour-Aboughadareh AR, Naghavi MR, Mohammad
Amini E. Evaluation of drought tolerance in safflower genotypes
based on drought tolerance indices. Not Bot Horti Agrobo 2014;
42:214-218.

38.Pour-Siahbidi MM, Pour-Aboughadareh A. Evaluation of grain
yield and repeatability of drought tolerance indices for screening
chickpea (Cicer aritinum L.) genotypes under rainfed conditions.
Iranian J Gen Plant Breed 2015; 2:28-37.

39.Khalili M, Pour-Aboughadareh A, Naghavi MR. Assessment
of drought tolerance in barley: integrated selection criterion and
drought tolerance indices. Environ Exp Bot, Latvia 2016; 14:33—-41.
40.Ahmadi J, Pour-Aboughadareh A, Ourang SF, Mehrabi AA, Sid-
dique, KHM. Screening wheat germplasm for seedling root archi-
tectural traits under contrasting water regimes: potential sources
of variability for drought adaptation. Arch Agron Soil Sci 2018;
64:1351-1365.

41.Etminan A, Pour-Aboughadareh A, Mohammadi R, Shoshtari
L, Yousefiazarkhanian M, Moradkhani H. Determining the best
drought tolerance indices using artificial neural network (ANN):
Insight into application of intelligent agriculture in agronomy and
plant breeding. Cereal Res Commun 2019; 47:170-181.

42 Breton C, Souyris I, Villemur P, Berville A. Oil accumulation
kinetic along ripening in four olive cultivars varying for fruit size.
Fundamental, Nakajima 2009; 16:58—64.

43.Motilva M.J, Romero M, Alegre S, Girona J. Influence of regu-
lated deficit irrigation strategies applied to olive trees (Arbequina
cultivar) on oil yield and oil composition during the fruit ripening
period. J Sci Food Agr. New Jersey 2008; 80:2037-43.

44 Brescia MA, Pugliese T, Hardy E, Sacco A. Compositional and
structural investigations of ripening of table olives, Bella della Dau-
nia, by means of traditional and magnetic resonance imaging ana-
lyses. Food Chem Amsterdam 2007; 105:400-404.

45.Seymour GB, Manning K, Poole M, King GJ. The genetics and
epigenetics of fruit development and ripening. Curr Opin Plant Biol
Amsterdam 2008; 11:58-63.

46.Xu ZZ, Zhou G.S, Wang YL, Han G.X, Li YJ. Changes in chlo-
rophyll fluorescence in maize plants with imposed rapid dehydration
at different leaf ages. J Plant Growth Regul Berlin 2008; 27:83-92.

47.Ahmadipour S, Arji I, Ebadi A, Abdossi V. Physiological and
biochemical response of some olive cultivars (Olea europaea L.) to
water stress. Cell Mol Biol 2018; 64:20-29.

48.Yan W, Zhang XZ, Shi PL, Yang ZL, He YT, Xu LL. Carbon
dioxide exchange and water use efficiency of alpine meadow ecosys-
tems on the Tibetan Plateau. J Natural Resources 2006; 21:756-767.
49.Sharma P, Jha AB, Dubey RS, Pessarakli M. Reactive oxygen
species, oxidative damage and antioxidative defense mechanism in
plants under stressful conditions. Jpn J Bot London 2012; 217037:1—
26.

50.Noctor G, Veljovic-Jovanovic S, Driscoll S, Novitskaya L,
Foyer C.H. Drought and oxidative load in the leaves of C3 plants:
a predominant role for photorespiration. Ann Botany Oxford 2002;
89:841-850.

51.Jiménez A, Gémez JM, Navarro E, Sevilla F. Changes in the an-
tioxidative systems in mitochondria during ripening of pepper fruits.
Plant Physiol Biochem Amsterdam 2002; 40:515-520.

52.Cansev A, Gulen H, Eris A. The activities of catalase and ascor-
bate peroxidase in olive (Olea europaea L. cv. Gemlik) under low
temperature stress. Hortic Environ Biote Jeollabuk-do 2011; 52:113-
120.

53.Hashempour A, Ghasemnezhad M, Ghazvini R, Sohani MM.
Olive (Olea europaea L.) freezing tolerance related to antioxidant
enzymes activity during cold acclimation and non-acclimation. Acta
Physiol Plant 2014; 36:3231-3241.

Cell Mol Biol (Noisy le Grand) 2019 | Volume 65 | Issue 7

54



