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Abstract: This study was conducted to determine the tolerance of safflower (Carthamus tinctorius L.) cultivars (Dinger, Remzibey-05,
and Yenice) against salt stress based on some physiological and biochemical parameters at the vegetative stage. Eighteen-day-old plants
were subjected to salt stress [0 (control), 75, 150, 225, and 300 mM NaCl concentrations] for 12 days, which led to a significant decrease
in growth parameters (stem growth, fresh weight, and relative water content) and the photosynthetic pigment contents of the safflower
cultivars. The photochemical activities of photosystem II of the cultivars were negatively affected by salinity, especially at the highest
concentration (300 mM). Salt stress decreased K* content and K*/Na* ratio while it increased Na* content. Malondialdehyde and free
proline contents in the leaves of cultivars increased gradually in proportion to the increase of NaCl concentration. Analysis of antioxidant
enzyme activities showed that these enzymes responded differently to the NaCl concentrations. Dinger, with higher antioxidant enzyme
activities, had a more effective response than the other cultivars. Considering growth and biochemical and chlorophyll fluorescence
parameters with the endogenous defense system, Dinger had a higher withstanding capacity against salinity than the other cultivars.
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1. Introduction
Salinity is a major abiotic stress on both irrigated and
nonirrigated lands, inhibiting plant growth and crop
productivity (Gondim et al, 2012). Throughout the
world, more than 800 x 10° ha of lands are salt-affected
(Tirkan and Demiral, 2009), and, every year, 2 x 10° ha
of the world’s agricultural lands are disrupted by salinity
(Tuteja, 2007). Sodium chloride (NaCl) is one of the most
important components of salt and saline soils, which
is caused by Na*, composing a major part of all the salt-
affected soils worldwide (Pessarakli and Szabolcs, 1999).
In the rhizosphere, increasing salinity influences
plant growth and development by limiting the intake of
water and nutrients from the soil. The salinity response of
plants occurs in 2 phases. The osmotic effect is the first
phase, which causes a reduction of usable water outside
the roots (http://ucce.ucdavis.edu/files/repositoryfiles/
ca3810p38-72376.pdf). In the second phase, which is
known as the ionic effect, increasing Na* and Cl levels
compete with nutrients such as K*, Ca*?, and NO, and
inhibit nutrient uptake or induce imbalances (Hu and
Schmidhalter, 2005). In many studies it was reported that
salinity affected plant nutrients (Na*, K*, Ca*’, Mg", and
Cl), growth, membrane integrity, osmotic adjustment,
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photosynthetic activity, and antioxidant activity (M’rah
et al., 2006; Cicek and Cakirlar, 2008; Ejaz et al., 2012;
Shahzad et al., 2012).

Photosynthesis, which is one of the primary metabolic
processes in plant growth and production, is adversely
affected by salinity in various ways, such as the inhibition
of CO, intake with stomatal closure (Degl'Innocenti et al.,
2009), the reduction of photosynthetic pigment amount
(Qados, 2011), and damage to photosynthetic structures
[photosystems I and II (PSI and PSII), electron transport
proteins etc.] (Sudhir et al., 2005). Another reason for
restricted photosynthetic activity is the generation of reactive
oxygen species (ROS; 0,7, 'O,, H,O,, and OH). Under salt
stress, these ROS can cause damage to membranes and other
essential macromolecules such as pigment, proteins, DNA,
RNA, and lipids (Ashraf and Ali, 2008). To scavenge ROS
and remove oxidative stress, plants have a well-developed
complex antioxidant defense system including enzymatic
[superoxide dismutase (SOD), ascorbate peroxidase (APX),
glutathione reductase (GR), peroxidase (POD), etc.] and
nonenzymatic (ascorbate, glutathione, carotenoids, etc.)
antioxidant processes (Sekmen Esen et al., 2012).

Plants tend to cope with salt stress while synthesizing
and accumulating osmoprotective compounds such as
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proline, glycinebetaine, or polyols, which are known as
compatible solutes (Hussain et al., 2008). These compatible
solutes protect plants from stress in different ways,
including cellular osmotic adjustment, detoxification of
ROS, protection of membrane integrity, and stabilization
of enzymes/proteins (Vijayan, 2009).

Saftlower, which has high oleic acid and linoleic acid,
is one of the world’s oldest oil seed crops (Baydar and
Gokmen, 2003; Cosge et al, 2007) and its content of
linoleic acid is higher than those of hazel, olive, and other
oil seed plants (http://www.hort.purdue.edu/NEWCROP/
AFCM/safflower.html). Hence, safflower is used in many
areas, such as the food, medicinal, and dye industries
(http://www.ampc.montana.edu/briefings/briefing58.
pdf), and also in the production of biodiesel (Zareie et al.,
2013). Although safflower has been cultivated in a small
area in the world, it is one of the important alternative oil
crops (Cosge et al., 2007), especially in dry lands, because
of its tolerance to cold, drought, and salinity.

In Turkey, safflower seeds are mostly sown in spring
and grown in summer. In this period, salinity adversely
affects the growth and seed yield capacity (Siddigi et
al., 2011). For this reason, the determination of tolerant
genotypes and tolerance mechanisms of safflower
cultivars against salinity stress has attracted attention.
Most studies of safflower cultivars under salinity stress
focused on germination and seedling stages (Francois and
Bernstein, 1964; Kaya et al., 2003; Siddigi et al., 2007) or
the reproductive stage (Siddigi et al., 2011; Aymen et al.,
2012; Fraj et al.,, 2013). On the other hand, physiological
research at the vegetative stage of safflowers exposed
to salinity is inadequate (Hosseini et al., 2010; Tayefi-
Nasrabadi et al., 2011). The aim of this study was to obtain
a better understanding of the salt tolerance of safflower
cultivars at the vegetative stage by analyzing plant growth,
photochemical activity, and membrane integrity with
protective endogenous systems (proline and antioxidant
enzymes activities).

2. Materials and methods

2.1. Plant materials, growth, and treatment conditions

The seeds of 3 safflower (Carthamus tinctorius L.) cultivars
(Dinger, Remzibey-05, and Yenice) were obtained from
the Central Research Institute for Field Crops, Turkey.
The seeds were surface-sterilized with 5% (v/v) sodium
hypochlorite (NaOCI) solution for 3 min. They were
then washed and imbibed in distilled water for 2 h. After
incubation, 5 seeds were sown in plastic pots (14 cm in
diameter and 13 cm in height) filled with perlite. They
were watered every other day with modified half-strength
Hoagland’s solution (Hoagland and Arnon, 1950; Nagy
and Galiba, 1995). In each pot, 5 plants were grown in a
controlled growth room, with a temperature regime of 25
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t 1 °C, a 16-h photoperiod, 60 £ 5% humidity, and 200
pumol m s light intensity.

On the 18th day after sowing, salt treatment was
initiated. Pots of each cultivar were randomly divided into
5 groups, 1 of which served as the control while the others
were subjected to salt stresses. Salinized culture solutions
were prepared by adding various amounts of NaCl (75,
150, 225, and 300 mM) to the half-strength Hoagland
culture solution. Control and NaCl-stressed plants were
grown in the growth chamber under the same conditions
for another 12 days. Accordingly, plants were harvested on
the 30th day after sowing to provide suitable analyses.

2.2. Growth parameters

At the end of the experiment, shoot lengths (distance from
perlite surface to node of newly emerging leaf) of safflower
seedlings were measured (mm plant') and 3 plants
representing each treatment were harvested to determine
fresh weight (g FW™). The water status of the leaves [2 leaf
disks (R = 0.5 cm) of each treatment and 3 replications]
was evaluated by calculating relative water content (RWC)
(Farrant, 2000).

2.3. Chlorophyll a fluorescence measurements

Chlorophyll a fluorescence measurements were performed
with a portable, modulated fluorescence monitoring system
(FMS 2; Hansatech Ltd., UK) on randomly selected leaves
of the safflower cultivars (6 replicates). Following at least
30 min of dark adaptation, the minimum chlorophyll a
fluorescence (F,) was determined using a measuring beam
of 0.2 pmol m~s" intensity. A saturation pulse (1 s of white
light of 7500 pmol m™ s™' intensity) was used to obtain
the maximum fluorescence (F,,) after a dark-adapted state
was reached. The maximal quantum efficiency of PSII of
dark-adapted plants (F,/F, ) was calculated using (F, - F,)
/' F,,. F, is known to be the variable fluorescence (F,=F,,
- F,). Light-induced changes in chlorophyll a fluorescence
following actinic illumination (300 umol m= s™') were
recorded prior to the measurement of F', (minimum
chlorophyll a fluorescence in light-saturated state) and
F',, (maximum fluorescence in light-saturated state). The
quantum efficiency of PSII open centers in the light-
adapted state, referred to as ®PSII, (F’M -F/ F’M), was
determined from F', and F, (steady-state fluorescence in
the light-saturated state) values. The quantum efficiency of
excitation energy trapping of PSII (F' ,/ F', ) was calculated
according to Genty et al. (1989). Later, the actinic light
was shut oftf and the minimum fluorescence in the light-
adapted state (F')) was determined by illuminating
the leaves with far-red light (7 pmol m™ s™). Electron
transport rate (ETR) was determined by multiplying the
quantum efficiency by incident photon flux density and an
average factor of 0.84 for leaf absorbance and dividing by a
factor of 2 to account for the sharing of absorbed photons
between the 2 photosystems (PSI and PSII) [ETR = (F',,
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- F) / (F,) x PAR x 0.84 x 0.5] (Genty et al., 1989). The
photochemical quenching, qP = (F', - F,) / (F',,- F' ), and
the nonphotochemical quenching, NPQ =F, - F, /F,,
were calculated according to Genty et al. (1989).

2.4. Pigment analysis

To determine the content of chlorophylls (a+b) and
total carotenoids (x+c), fresh leaf samples (0.1 g) were
extracted in 10 mL of 100% acetone. The absorbance of
extracts was then measured at 470, 644.8, and 661.6 nm
using a Shimadzu Mini-1240 UV-Vis spectrophotometer.
The contents of chlorophylls (a+b) and carotenoids (x+c)
were determined using adjusted extinction coefficients
(Lichtenthaler, 1987).

2.5. Ion content

To determine the content of K* and Na* (mg g DW"),
10-mg dry leaf samples were extracted according to
Weimberg (1987). The ion contents were defined using an
atomic absorption spectrophotometer (PerkinElmer 2280)
and the K*/Na* ratio was calculated from the content of K*
and Na*

2.6. Malondialdehyde content

The level of malondialdehyde (MDA) content was
determined according to the method of Esterbauer
and Cheeseman (1990). Fresh leaf tissue (0.1 g) was
homogenized in 0.1% TCA at4 °Cand centrifuged at 10,000
rpm for 15 min. To determine the content of MDA, 0.1
M Tris-HCI (pH 7.6) and TCA-TBA-HCI (trichloroacetic
acid-thiobarbituric acid-hydrochloric acid) reagent were
added to the supernatant. This solution was boiled for 45
min in a water bath and then centrifuged at 10,000 rpm
for 5 min. The absorbance was read at 532 and 600 nm and
calculated using the extinction coeflicient 155 mM™ cm™.

2.7. Proline content

The free proline content was quantified using the method
of Bates et al. (1973), whereby 0.5 g of fresh leaves from
each treatment with 3 replicates was homogenized in
3% aqueous sulfosalicylic acid and the homogenate was
filtrated with filter paper. After addition of acid ninhydrin
and glacial acetic acid, the mixture was kept in a water
bath at 100 °C for 60 min. Toluene was then added to the
reaction mixture and the absorbance was read at 520 nm.
Finally, a proline standard curve was used to determine
the content of free proline.

2.8. Detection of activities of antioxidant enzymes
Fresh leaf samples (of 0.5 g with 3 replicates) were ground
with liquid nitrogen and soluble protein was extracted by
homogenizing in related buffer. The protein concentrations
from leaf extracts were determined according to Bradford
(1976).

The homogenates were homogenized in 1 mL of
buffer containing 9 mM Tris-HCI buffer (pH 6.8) and
13.6% glycerol, and the SOD (EC 1.15.1.1) activity was

determined according to Beyer and Fridovich (1987). One
unit of SOD is defined as the amount of enzyme that causes
50% decrease of the SOD-inhibited nitroblue tetrazolium
reduction.

APX (EC 1.11.1.11) activity was assayed according to
the method of Wang et al. (1991) and the reaction mixture
contained 50 mM Tris-HCI (pH 7.2) buffer, 2% PVP, 1 mM
Na,EDTA, and 2 mM ascorbate. The enzyme activity was
calculated from the initial rate of the reaction using the
extinction coefficient, ¢, of ascorbate (¢ = 2.8 mM cm™)
at 290 nm.

GR (EC 1.6.4.2) activities were determined according
to the method of Rao et al. (1995). The reaction mixture
contained 100 mM potassium phosphate buffer (pH
7.0), 2% PVP, and 1 mM Na EDTA. The enzyme activity
was calculated from the initial rate of the reaction after
subtracting the nonenzymatic initial oxidation rate using
the extinction coefficient of NADPH (¢ = 6.2 mM cm™) at
340 nm.

Guaiacol POD (EC 1.11.1.7) activity was based on the
determination of guaiacol oxidation (& = 26.6 mM cm™) at
470 nm by H,O,. The reaction mixture contained 100 mM
potassium phosphate buffer (pH 7.0), 20.1 mM guaiacol,
12.3 mM H,O,, and enzyme extract in a 3-mL volume
(Bergmeyer, 1974).

2.9. Statistical data analysis

The experiments were performed in a completely
randomized design with 3 replicates and SPSS was used to
determine the differences between the cultivars and their
treatments. To correct the variability of data and check
the validity of results, all data were subjected to analysis
of variance, and to detect differences between cultivars
and treatments, the least significant difference (LSD) was
calculated at the 5% level.

3. Results

3.1. Growth parameters

The effects of salt stress on some growth parameters (length
and fresh weight of shoot and RWC of leaves) are shown in
Table 1. Shoot length of all cultivars gradually decreased for
all NaCl applications; at the highest NaCl application (300
mM), the reduction was more than 50% compared to the
controls. Among the cultivars, the shoot length of Dinger
was less affected by salinity. Similar results were determined
in the shoot fresh weights of cultivars. With the 75 mM
NaCl application, the fresh weight of shoots was decreased
by 41% and 44% in Remzibey-05 and Yenice, respectively,
whereas the reduction was only 14% in Dinger. RWC also
decreased with increasing salt concentrations. More than
10% reduction of RWC was established in Yenice at 150
mM and higher NaCl concentrations, whereas the same
reduction level was determined at 225 and 300 mM NaCl
levels in Remzibey-05 and Dinger.
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Table 1. Effects of salt stress on the shoot elongation, fresh matter production, and relative water content (RWC) of
leaves of 3 safflower cultivars.

Cultivars Salt level Length of s_hoot Fresh w_eight of shoot RWC of leaves
(mM) (mm plant™) (g plant™) (%)

Dinger Control 234.5* + 4.6 4.33**+£0.25 83.8* + 0.1
75 199.7 £ 5.4 3.71+0.10 812+1.1
150 188.6 + 6.4 2.48 £0.10 78.0 £ 0.5
225 151.5+ 6.6 2.15+0.16 71.5+0.6
300 100.2 + 14.1 1.15+0.02 59.0+1.5

Remzibey-05 Control 240.3*+ 84 7.03** £0.22 83.2**+ 15
75 196.7 £ 4.5 4.13 £ 0.04 78.6 £ 3.5
150 1753 +3.3 3.01+0.12 76.7 +2.7
225 140.6 £ 9.8 2.81+£0.05 732+2.1
300 86.9 + 14.0 1.02 +0.21 51.6+1.4

Yenice Control 241.6* +10.3 6.197 + 0.21 79.0°¢ + 0.8
75 208.5+5.6 3.51+0.10 70.8 £0.3
150 156.1 +5.5 3.04+0.14 69.5+0.8
225 115.8+9.0 2.3+£0.02 63.7+0.2
300 66.5+11.5 2.11+0.11 47.53 £ 0.6

LSD 5% 20.4 0.56 5.9

*: Each value represents the mean + SE (n = 15).
**: Each value represents the mean + SE (n = 3).

3.2. Chlorophyll a fluorescence measurements

It was determined that no significant changes took place in
the chlorophyll a fluorescence of safflower cultivars at the
lower salt concentrations (75 and 150 mM NaCl) (Figures
1A-1D and 2A-2D) compared to their control groups,
except for F, values (Figure 1B). In the dark-adapted
leaves, the value of F " decreased in Dinger and Yenice at
225 and 300 mM NaCl compared to the control (Figure
1A). The F,, values of cultivars progressively decreased
in salt-treated leaves starting from 150 mM NaCl (Figure
1B). The F /F,, ®PSIL, F' /F' , and ETR parameters were
reduced depending on the increase of NaCl concentration,
but these reductions were only significant at the highest
salt treatment (300 mM NaCl) for Dinger (35%, 39%,
37%, and 39%, respectively) and Remzibey-05 (64%,
67%, 62%, and 67%, respectively) (Figures 1C, 1D, 2A,
and 2B). In addition, these reductions were significant
for Yenice under 225 and 300 mM NaCl. Except for the
comparison between 75 and 225 mM salt treatments, for
all salt treatments, there was no significant change in qP
and NPQ parameters of Dinger. Reductions in qP and
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NPQ parameters were significant for Remzibey-05 at the
highest salt treatment and Yenice at 225 and 300 mM NaCl
applications (Figures 2C and 2D).

3.3. Pigment analysis

Application of NaCl affected pigment contents of safflower
cultivars (Figure 3). In general, the chlorophyll content was
significantly reduced for all cultivars (Figure 3A). Among
the 150 mM and higher NaCl concentrations, alteration
of chlorophyll content was not important for Dinger and
the reductions were about 77% of the control with those
treatments. Similar to chlorophyll content, the carotenoid
contents of cultivars declined significantly with all salt
applications (Figure 3B).

3.4. Ion concentrations and K*/Na* ratio

The effects of salt stress on K* and Na* contents and K*/
Na* ratio are shown in Table 2. While the reduction of K*
content of Remzibey-05 was significant only at the highest
salt concentration (300 mM NacCl), in Dinger and Yenice
the K* contents were reduced markedly with all NaCl
treatments, except for 75 mM NaCl for Dinger. The Na*
content increased with increasing salt treatments and the
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Figure 1. F, minimum fluorescence (A), F, maximum fluorescence (B), F /F,,
potential quantum yield of PSII (C), and ®PSII efficiency of open reaction centre
of light adapted state (D) of safflower cultivars subjected to different salt stresses
(n=06).
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Figure 2. F' /F', quantum efficiency of excitation energy trapping of PSII of light-
adapted leaves (A), ETR electron transport rate (B), qP photochemical quenching
(C), and NPQ nonphotochemical quenching (D) of safflower cultivars subjected
to different salt stresses (n = 6).
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Figure 3. Effect of salt stress on total chlorophyll (A) and carotenoid (B) contents of safflower leaves (n = 3).

Table 2. Effects of salt stress on K* content, Na* content, and K*/Na* ratio of safflower cultivars. Each value

represents the mean + SE (n = 3).

Cultivars Salt level K* content Na* content K*/Na* ratio
(mM) (mgg DW™) (mg g DW)

Dinger Control 30.3+0.9 120+ 04 2.52+0.06
75 27.0+1.7 23.1+£09 1.17 £ 0.05
150 21.7+19 25.7+2.4 0.87 £0.15
225 21.7+3.0 49.1+3.1 0.45 +0.09
300 143 +0.9 63.1+1.0 0.23 £0.02

Remzibey-05 Control 23.7+£29 125+0.3 1.88 £0.21
75 233+1.2 34422 0.68 +£0.02
150 23.7+1.8 36.8+2.4 0.65 £ 0.06
225 18.7+1.7 47.5+0.8 0.39 £ 0.04
300 143+1.2 693+1.2 0.21 £0.02

Yenice Control 36.7+1.7 13.2+0.7 2.80+£0.23
75 24.0+29 33.8+0.7 0.71 +0.10
150 21.0+0.6 354+29 0.60 +0.07
225 20.3+0.3 57.1x1.6 0.36 £ 0.02
300 13.0+ 1.0 70.8 £ 6.3 0.18 £ 0.01

LSD 5% 6.9 9.2 0.39

lowest Na* content was determined in Dinger according
to its related control for all NaCl applications, except for
225 mM NaCl. Depending on alterations in K* and Na*
contents, K*/Na* ratios were reduced in the 3 safflower
cultivars at all NaCl concentrations. With the lowest NaCl
treatment, K*/Na* ratios of cultivars declined by 54%, 64%,
and 75% for Dincer, Remzibey-05, and Yenice, respectively,
compared to the controls.
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3.5. Lipid peroxidation

The lipid peroxidation level in the leaves of safflower
cultivars, measured as the content of MDA, is shown in
Table 3. The MDA content increased progressively due to
salt treatments in the 3 safflower cultivars, but this increase
was not significant with the 75 mM NaCl treatment
for Remzibey-05 and Yenice or at 150 mM NaCl for
Remzibey-05. At the highest salt concentration (300 mM
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Table 3. Changes in leaf MDA (nmol g FW™) content of safflower cultivars exposed to different salt concentrations. Each

value represents the mean + SE (n = 3).

Salt level (mM)
Cultivars

Control 75 150 225 300
Dinger 26.8+1.8 41333 42.7+£3.0 458 +2.7 46.1 £2.8
Remzibey-05 36.8 2.5 40.6 £ 1.2 413 1.2 50.2 £ 3.0 51.6 £3.0
Yenice 27.2+24 30.3+£0.7 39.6 £2.1 46.1 £ 2.5 47.8 £4.5
LSD 5% 10.3

NaCl), the MDA content was 1.72- and 1.76-fold higher
in Dinger and Yenice, respectively, and 1.4-fold higher in
Remzibey-05 compared to their controls.

3.6. Proline content

The free proline content of safflower cultivars increased
markedly in response to all salt treatments, except for
Yenice at 75 mM NaCl treatment (Table 4). Among all
salt treatments, the increase of proline content was the
highest in Remzibey-05 (more than 195-fold), although
the highest proline content was determined in Dinger.

3.7. Activities of antioxidant enzymes

Antioxidant enzyme activities in the leaves of safflower
cultivars showed differences under the various salt
concentrations (Figure 4). SOD activities increased
significantly in safflower cultivars, except in Yenice at 75
mM NaCl, compared to the controls. Salinity at 75 mM
resulted in the highest SOD activity in Dinger, whereas the
SOD activity at higher salt concentrations declined (only
significant at 300 mM) compared to 75 mM NaCl treatment
for this cultivar. Among all salt treatments, the lowest
increase in SOD activity was determined in Remzibey-05
compared to the controls (Figure 4A). With increasing
salt levels, the APX activities of Dinger increased while
the activities of other cultivars decreased (Figure 4B). The
GR activities of the safflower cultivars showed similarities
among APX activities under salt stress (Figure 4C). GR

activity increased only in Dinger, whereas in Remzibey-05
and Yenice the GR activity was significantly reduced.
The minimum APX and GR activities were determined
in Remzibey-05 at the highest NaCl concentration and
these reductions were 66% and 71% of the controls,
respectively. NaCl treatments of the safflower cultivars
caused significant increase in POD activity, especially in
Dinger with the highest activity (Figure 4D). However,
among the cultivars, Remzibey-05 had the lowest increase
in POD activity for all salt concentrations when compared
to the controls.

4. Discussion

Increasing concentrations of NaCl in the growth medium
caused a marked reduction in vegetative growth of the
saftlower cultivars. All growth parameters of Remzibey-05
and Yenice were affected more severely than those of Dinger
(Table 1). Kaya et al. (2003) reported that Remzibey-05
(spiny) was more resistant to high salt concentrations than
Dinger and Yenice (spineless) based on some parameters
(emergence rate, root and shoot length, root and shoot dry
weight, etc.). Contrary to these results, in the present study,
Dinger showed better performance than the others in terms
of growth and chlorophyll a fluorescence parameters with
antioxidant enzyme activities. The highest NaCl treatment
(300 mM) led to the highest decrease of shoot length of

Table 4. Changes in leaf proline (umol g FW™) content of safflower cultivars exposed to different salt concentrations. Each value

represents the mean + SE (n = 3).

Salt level (mM)

Cultivars

Control 75 150 225 300
Dinger 0.014 = 0.002 0.294 + 0.007 0.822 + 0.041 1.032 + 0.033 1.132 £ 0.031
Remzibey-05 0.001 £ 0.000 0.199 + 0.004 0.645 £ 0.034 0.730 £ 0.051 0.989 £ 0.045
Yenice 0.004 £ 0.001 0.074 £ 0.001 0.410 £ 0.005 0.669 £+ 0.037 0.921 £ 0.039
LSD 5% 0.11

555



CULHA ERDAL and CAKIRLAR / Turk J Biol

1400

® Control @75 mM @150 mM 0225 mM @300 mM|
1200

LSD 5%

1000

800

600

400

SOD activity (U mg protein-!)

200

Dinger Remzibey-05

25

20

GR activity (nmol NADPH min -! mg protein -!)

0 d —
Dinger Remzibey-05 Yenice

80

70

60

50

40

30

20

APX activity (nmol ascorbate min ! mg protein~')

Dinger Remzibey-05 Yenice

LSD 5% ‘

POD activity (nmol H,O, min-! mg protein-!)
w

Remzibey-05 Yenice

Cultivars

Figure 4. Changes in antioxidant enzyme activities of safflower cultivars exposed to different
salt concentration: SOD activity (A), APX activity (B), GR activity (C), POD activity (D) (n = 3).

cultivar Yenice (decrease of 72.5% compared to control),
while the reduction in shoot fresh weight was the most
remarkable for Remzibey-05 (decrease of 85.5% compared
to control). As with the length and fresh weight of shoots,
water contents of the cultivars were also markedly reduced,
which was most obvious in Yenice. The decrease of water
contents in safflower cultivars might be explained by the
decrease of water-flow from the root to the shoot due to the
impaired hydraulic conductivity in roots. Similar results
were reported by Siddiqi and Ashraf (2008), who found
reduction in shoot fresh biomass and all water parameters,
such as RWC, water potential (¥Yw), and osmotic potential
(Ws), of safflower cultivars. In the present study, the
changes in photosynthetic efficiency, pigment and ion
contents, and antioxidant enzyme activities might be the
reason for reduced growth parameters of the safflower
cultivars under saline conditions.

Along with plant growth, photosynthesis is the other
essential physiological process affected by salt stress. The
effect of stress on quantum efficiency of electron transport
through PSII can be evaluated by using the chlorophyll a
fluorescence technique, which estimates effects rapidly and
noninvasively (Genty et al., 1989; Baker and Rosenqyvist,
2004). The chlorophyll a fluorescence parameters showed
that lower stress levels (75 and 150 mM NaCl) did not
induce photoinhibition of PSII of the cultivars (Figures
1 and 2), except for F,, values. F, is considered to be the
evaluated amount of oxidized primary quinone electron
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acceptors of PSII (Q,) when all reaction centers are open
(Yusuf et al., 2010). In this study, high salt concentrations
induced significant decreases in F, parameters in Dinger
and Yenice (Figure 1A). Mehta et al. (2010) reported that
an increase in salt concentration cause a marked decrease
in F, in wheat leaves. This reduction may reflect the
impairment of the integrity of thylakoid membranes and
the decrease in the photosynthetic pigment content. The
F,, parameter, which represents a reduction in the amount
of the primary electron acceptor Q, (Lutts et al., 1996),
declined under salinity due to severity of stress in safflower
cultivars, except for the 75 mM NaCl treatment (Figure
1B). The decreasing F, parameter was indicated by the
inactive PSII reaction centers as well as the degradation
of D1 protein (Kalaji et al., 2011). Changes in the F, and
F,, parameters led to a reduced F /F, ratio (Figure 1C),
but this decline was only significantly important under
the highest salt concentration in Dinger and Remzibey-05
leaves. For the other salt applications, the alterations of F, /
F, parameters were not found significant, and these results
indicated no damage to the donor side or acceptor side of
PSII (Chen et al., 2004) and optimal functionality of PSII
(Sekmen et al., 2012). Our results showed that decreased
values of F /F, exhibited a correlation with ®PSIL, F' /F', ,
and ETR (Figures 1D, 2A, and 2B). With the 225 mM
NaCl treatment, these parameters declined distinctly
only in Yenice. Zribi et al. (2009) reported that decreased
®PSII was determined by qP and F' /F', , and their results
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showed a high correlation between either ®PSII and qP
or ®PSII and F' /F' . In this study our data showed that
decreased ®PSII was more related to F' /F', than qP
because F' /F', , which expressed the level of quenching in
PSII reaction centers and antenna, was affected more than
qP under salt stress. However, it was seen that a decrease in
F /F, was related to the inhibition of circulation and use
of photosynthetic electrons (M’rah et al., 2006) and also
reduced ETR. Except at 225 mM NaCl for Yenice, ®PSII,
F'/F,, and ETR were significantly reduced in safflower
cultivars only at the highest salt treatment compared to
controls (almost 40% for Dinger, 60% for Remzibey-05,
and 50% for Yenice), and this might reflect that salt stress
did not induce susceptibility of PSII to inhibition. qP,
which explains the trapping photon energy that derives
photosynthesis, was not affected significantly in Dinger at
any salt concentrations (Figure 2C). Likewise, the values
of NPQ of Dinger exhibited no significant change for all
NaCl treatments, and this result indicates that the cultivar
used different mechanisms to dissipate excitation energy
from PSII and its antenna (Figure 2D). The NPQ declined
in Remzibey-05 at 300 mM and in Yenice at 225 and 300
mM salt treatments, and the reason for this might be the
decrease in pigment content (Figure 3). The results for
chlorophyll a fluorescence indicated that Dinger was more
successful than other safflower cultivars in adapting to
salinity.

Salt stress influenced the pigment content of the
safflower leaves, which led to decrease in their chlorophyll
contents (Figure 3A). The decrease in chlorophyll contents
might be related to an increase of chlorophyll degradation
or a decrease of chlorophyll synthesis (Santos, 2004). It was
also reported that, under saline conditions, chlorophyll
content declined in soy bean (Cigek and Cakurlar, 2008),
sugarcane (Cha-um and Kirdmanee, 2009), and cotton
(Kawakami et al, 2013). As with chlorophyll content,
carotenoid amounts reduced in relation to salt treatments
(Figure 3B). Previous studies have shown that carotenoid
content of leaves decreased due to salt stress (Cicek and
Cakarlar, 2008; Cha-um and Kirdmanee, 2009; Cambrollé
et al, 2011). The reason for the decrease in pigment
contents could be the increasing levels of ROS and the loss
of membrane integrity.

Besides osmotic effects, salt stress affects plant growth
and development by causing an accumulation of ions in
detrimental concentrations in tissues (e.g., Na* and CI)
and alterations to the nutritional content of essential ions
(e.g., Ca** and K*) (Rejili et al.,, 2007). Our results showed
that Na* concentration increased while K* content reduced,
especially at 225 and 300 mM salt treatments for all
cultivars (Table 2). The alterations of Na* and K* contents
were more excessive at all salt levels for Yenice. Changes
in Na* and K* concentrations were reflected in the K*/Na*

ratio for safflower cultivars (Table 2). It has been reported
that the K*/Na* ratio is an important selection criterion for
salt tolerance (Morant-Manceau et al., 2004; Ashraf and
Orooj, 2006; Cigek and Cakarlar, 2008). Although the K*/
Na* ratio was decreased by increasing salt concentration
in safflower cultivars, the highest K*/Na* ratio was
determined in Dinger.

Peroxidation of membrane lipids, known as MDA,
caused by salt stress was reported in many previous studies
on various species such as Arabidopsis thaliana (Mrah et
al,, 2006), chickpea (Eyidogan and 0Oz, 2007), and Vigna
radiata (Hayat et al., 2010). Under salt stress, Dincer had
the highest increase in MDA content at 75 and 150 mM
salt treatments compared to the control (Table 3), while
the photosynthetic activities remained unchanged for this
cultivar at these NaCl concentrations (Figure 1).

Salt stress caused an increase in proline contents
and these contents of the cultivars rose progressively
depending on increasing NaCl concentrations (Table 4).
Although proline accumulation resulting from high salt
stress is known as the earliest response in higher plants,
its role as an adaptive process is still a matter of debate.
On one hand, positive relations between salt tolerance and
proline accumulation were reported by some researchers
(Ashraf and Orooj, 2006; Hajlaoui et al., 2010), but, on the
other hand higher accumulations of proline in sensitive
cultivars than in those with tolerance were also reported
(Heidari, 2010; Celik and Atak, 2012). Dinger had the
highest free proline contents, while Yenice had the lowest
for all treatments. As a result, we may suggest that there is
a positive relation between proline accumulation and salt
tolerance.

In many cases, salt tolerance is related to a higher
activity of antioxidant enzymes in plants (Tiirkan and
Demiral, 2009). Salt stress caused a significant increase
in all the examined antioxidant enzymes activities (SOD,
POD, APX, and GR) in Dinger for all salt treatments
(Figure 4). Many previous studies on various species
demonstrated the increase of some antioxidant enzyme
activities because of environmental fluctuations, such as
SOD, POD, and GR in Vigna radiata (Hayat et al., 2010);
APX in canola (Heidari, 2010); and POD in safflower
(Hosseini et al., 2010). In Dinger, the increases in activities
of SOD, APX, GR, and POD were not sufficient to prevent
lipid peroxidation as verified by the MDA formation.
Similarly, it was reported that lipid peroxidation increased
in Catharanthus roseus in spite of the induction of
antioxidant enzymes in response to salinity (Elkahoui
et al., 2005). Salt stress increased SOD activities while it
reduced APX and GR activities in Remzibey-05 and Yenice
(Figures 4A-4C). This shows that these cultivars may not
use the AsA-GSH cycle to overcome the accumulation of
H,O,. While APX and GR activities were reduced, POD
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activities were significantly increased in Remzibey-05 and
Yenice, except with 75 mM NaCl in Remzibey-05 (Figure
4D). Increases in POD activities may indicate that both
cultivars make use of this mechanism for protecting the
deleterious effects of H,O, instead of APX and GR.

In conclusion, determination of the cultivars’ responses
to salt stress and the development of more tolerant species/
cultivars are important. The results of this study showed
that salt stress negatively affected the safflower cultivars’
growth, water and ion contents, pigment amounts, and
photosynthesis at the vegetative stage. However, the safflower
cultivars tried to withstand severe salinity conditions by
upregulating protective mechanisms. Although Dinger
showed similar results to those of Remzibey-05 and Yenice
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