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Abstract The present study was carried out to determine
interactive and comparative effects of salinity and water
stress on growth, proline accumulation, chlorophyll,
carotenoid and macro nutrient content and antioxidative
enzymes such as superoxide dismutase (SOD), guaiacol
peroxidase (POX), and polyphenol oxidase (PPO) in
hydroponically grown maize (Zea mays L.cv DKC647)
plants. Plants were treated two salt (NaCl) concentrations
and polyethylene glycol 6000 (PEG 6000) to create water
stress. The results obtained from this experiment show that
high salinity reduced growth through decreasing shoot and
root dry and fresh weight, chlorophyll, and carotenoid
content, but PEG treatment had no significant effect on this
parameters. Under NaCl and PEG 6000 treatment, uptake
and translocation of mineral nutrients changed drastically.
The high presence of Na* in nutrient solution affected
considerably the plant nutritional requirement, especially
influencing the uptake of Ca®* and K*, which were
restricted for competition. Proline accumulation, and SOD,
POX and PPO activities were increased with the increasing
intensity of NaCl stress, but PEG 6000 treatment in addi-
tion to NaCl had more significant effect on this enzyme
activities. These results suggest that maize plants may be
increased proline content to maintain osmotic adjustment
and increased the activity of antioxidant enzymes to have a
better protection against active oxygen species (AOS)
under salt and water stress.
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Abbreviations

AOS Active oxygen species
BSA Bovine serum albumin
EC Electrical conductivity
H,0, Hydrogen peroxide
MPa Megapascal

NBT Nitroblue tetrazolium
OH’ Hydroxyl radical

05~ Superoxide radical

PEG 6000 Polyethylene glycol 6000
POD Guaiacol peroxidase
PPO Polyphenol oxidase

PVP Polyvinylpyrrolidone
SOD Superoxide dismutase
Introduction

Plants are immobile and therefore unable to escape
stressful environments. Abiotic stresses such as salt excess
(especially NaCl) and drought are among the factors most
limiting to plant productivity (Bohnert et al. 1995). In
higher plants, exposure to abiotic stresses, e.g. water stress
and high salinity, often results in different damages such as
oxidative injury (Fadzilla et al. 1997).

Salinity is a major abiotic stress reducing the yield of a
wide variety of crops all over the world (Ashraf and Foolad
2007). The deleterious effects of salinity on plant growth
are associated with low osmotic potential of soil solution,
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nutritional imbalance, specific ion effect, or a combination
of these factors (Ashraf and Haris 2004). On the other
hand, water stress, one of the most common environmental
limitations affecting growth and productivity of plants,
causes many metabolic and oxidative changes in plants
(Kalefetoglu and Ekmekgi 2005).

Proline accumulation is one of the most frequently
reported modifications induced by water and salt stresses in
plants and is often considered to be involved in stress
resistance mechanisms, although its precise role still
remains a controversial subject (Kavi Kishor et al. 1995).
Proline accumulation serves as a defense against osmotic
challenge by acting as a compatible solute, and proline
appears to be a preferred organic osmoticum in many
plants. However, the significance of proline accumulation
in osmotic adjustment is still debated and varies from
species to species (Hoai and Shim 2003).

In addition to ionic and osmotic components, salt and
water stress, like other abiotic stresses, also leads to oxi-
dative stress through an increase in active oxygen species
(AOS), such as superoxide (O37), hydrogen peroxide
(H,0,), and hydroxyl radicals (OH®) (Mittler 2002; Neill
et al. 2002). AOS are highly reactive, and in the absence of
any protective mechanism they can seriously disrupt normal
metabolism through oxidative damage to lipids, protein, and
nucleic acids (Rout and Shaw 2001). Fortunately, plants
possess a number of antioxidant enzymes and antioxidants
that protect them against the damaging effects of activated
oxygen species (Dionisio-Sese and Tobita 1998). In plant
cells, one such protective mechanism is an antioxidant
system, composed of both non-enzymatic and enzymatic
antioxidants (Foyer et al. 1994). Plants have evolved
mechanisms to protect cellular and subcellular systems from
the effects of these active oxygen radicals by using enzymes
such as superoxide dismutase, catalase, peroxidase, gluta-
thione reductase, polyphenol oxidase and non-enzymic
ascorbate and glutathione (Agarwal and Pandey 2004).

Superoxide dismutases (SOD, EC 1.15.1.1) since dis-
covered by McCord and Fridovich (1969) attracted the
attention of many researchers because they are essential
component in an organism’s defense mechanism (Badawi
et al. 2004). The SOD (E.C. 1.15.1.1) is the first enzyme
involved in the antioxidative process (Rubio et al. 2002).
This enzyme converts superoxide radical to hydrogen
peroxide (H,O,) and molecular oxygen (O,) (Mhadhbi et al
2004). Hydrogen peroxide can be removed by “non-
specific” peroxidases (POD, E.C. 1.11.1.7) which use
H,0, as electron donor to metabolise phenolic compounds.
These latter enzymes are ubiquitous and are involved in
various processes such as cell growth control and tolerance
to environmental stress (Quiroga et al. 2000). Polyphenol
oxidase (PPO; E.C.1.10.3.1) is generally used as an indi-
cator enzyme for the adequacy of heat treatment of fruit
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purees (Williams et al. 1986). However, it is also used as
an indicator for the salinity stress. For example, Agarwal
and Pandey (2004) in senna and Demir and Kocaliskan
(2001) in bean seedlings studied the effect of salinity stress
on this enzyme activity.

We hypothesized that increased accumulation of proline
maintains osmotic adjustment, and increased activity of
antioxidant enzymes, SOD, POX, and PPO, contributes to
the protection of maize plants from salt and water stress.
Therefore, the aim of this study was to evaluate the effects
of salt and water stress on the accumulation level of pro-
line, the activity of antioxidative enzymes; chlorophyll and
carotenoid content, protein and macro nutrient content and
dry and fresh weight in maize plants, to better understand
salt and water stress effects and plant responses in maize.

Materials and methods
Plant material and growth conditions

The experiment was conducted under greenhouse condi-
tions in Mugla (Turkey) with maize (Zea mays L. cv., DK
647 F1). The seeds of maize plants were grown in hydro-
phonic environment and under greenhouse conditions at
25/20°C, 16/8 h, 75 & 5%, and 300 pmol m” s™' the mean
temperature, day/night length, relative humidity, and pho-
tosynthetic photon flux density were maintained, respec-
tively. There levels of salt (0) low-rate salt (5 dS m~!
NaCl), and high-rate salt (10 dS mfl) were formed. These
three salt treatments were divided into two drought regimes
as normal. In order to create water stress, a certain amount
of PEG 6000 was used enough to form —1 MPa osmotic
potential. For the control treatment, irrigation water and
nutrition solution were used. The basic nutrient solution
used in this experiment was a modified Hoagland and
Arnon formulation. All chemicals used were of analytical
grade, and composition of nutrient solution was (mg 17'):
270 N, 31 P, 234 K, 200 Ca, 64 S, 48 Mg, 2.8 Fe, 0.5 Mn,
0.5 B, 0.02 Cu, 0.05 Zn, and 0.01 Mo. The pH of the
nutrient solution was adjusted each time to 6.5 with
0.1 mM KOH. Each treatment was replicated three times in
a randomised block design and each replicate included six
plants (i.e., 18 plants per treatment).

Thirty day after germination, different treatments were
initiated. Treatments were: (i) control (C) plant receiving
nutrient solution, (ii) low salinity treatment (C + Sp): plant
receiving nutrient solution plus 5 dS m~" NaCl, (iii) high
salinity treatment (C + Sy): plant receiving nutrient solu-
tion plus 10 dS m~' NaCl, (iv) PEG 6000 treatment
(C 4+ PEG): plant receiving nutrient solution plus PEG
6000 (a certain amount of PEG6000 is used enough to
create —1 MPa osmotic potential), (v) low salinity and
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PEG treatment (Sp. + PEG): plant receiving nutrient solu-
tion plus 5 dS m~' NaCl plus PEG 6000 (a certain amount
of PEG 6000 was used enough to create —1 MPa osmotic
potential), (vi) high salinity and PEG treatment
(S + PEG): plants receiving nutrient solution plus
10 dS m~! NaCl plus PEG 6000 (a certain amount of PEG
6000 was used enough to create —1 MPa osmotic poten-
tial). Each treatment was replicated three times and each
replicate included three pots (i.e. nine pots per treatment).
Plants were harvested 90 days after seedling emergence.

Dry weight determination and macro nutrient analysis

Three randomly selected plants per replicate were divided
into shoots and roots, and dried in a forced air oven at 70°C
for 2 days to determine dry weights. Chemical analyses
were carried out on dry weight basis. Total N was deter-
mined in samples of 0.1 g dry weight using a Kjeldahl
method. The dried samples were ground to powder using a
pestle and mortar and stored in polyethylene bottles. Fresh
samples were ashed at 550°C for 6 h. The white ash was
taken up in 5 ml of 2 M hot HCI, filtered into a 50 ml
volumetric flask and made up to 50 ml with distilled water.
Na, Ca, K, Mg, and P were determined in these sample
solutions. All macro elements were analysed using an ICP
(Chapman and Pratt 1982).

Chlorophyll and carotenoid content

One plant per replicate was used for chlorophyll and
carotenoid determination. Prior to extraction, fresh leaf
samples were cleaned with deionized water to remove any
surface contamination. Chlorophyll and carotenoid
extractions was carried out on fresh fully expanded leaf
material; 1 g leaf sample was ground in 90% acetone using
a pestle and mortar. The absorbance was measured with a
UV/Visible spectrophotometer (Pye Unicam SP6-550,
UK), and chlorophyll concentrations were calculated using
the equation proposed by Strain and Svec (1966).

Chla(mg g~' f.w.) = 11.64 x (A663) — 2.16 x (A645)

Chl b (mg g~' f.w.) =20.97 x (A645) — 3.94 x (A663)

Car(mg g~' f.w.) =4.07 x (A450) — (0.0435 x Chla
+0.367 x Chlb)

where (A663) and (A645) represent absorbance values read
at 663 and 645 nm wavelengths, respectively.

Proline content
Proline was determined according to the method described

by Bates et al. (1973). Approximately 0.5 g of fresh plant
material was homogenized in 10 ml of 3% aqueous

sulfosalicyclic acid and filtered through Whatman’s No. 2
filter paper. Two millilitre of filtrate were mixed with 2 ml
acid-ninhydrin and 2 ml of glacial acetic acid in a test tube.
The mixture was placed in a water bath for 1 h at 100°C.
The reaction mixture was extracted with 4 ml toluene,
and the chromophore containing toluene was aspirated,
cooled to room temperature, and the absorbance was
measured at 520 nm with a Shimadzu UV 1601 spec-
trometer. Appropriate proline standards were included for
calculation of proline in the sample.

Enzyme extraction and enzyme assays

Leaves (0.5 g) were homogenized in 50 mM sodium
phosphate buffer (pH 7.0) containing 1% soluble polyvinyl
pyrolidine (PVP). The homogenate was centrifuged at
20.000g for 15 min at 4°C and the supernatant used for
assays of the activities of POX and SOD. The activity of
SOD was assayed by monitoring its ability to inhibit the
photochemical reduction of nitroblue tetrazolium (NBT)
(Beauchamp and Fridovich 1971). One unit of SOD was
defined as the amount of enzyme necessary to inhibit the
reduction of cytochrome ¢ by 50%. The activity of POX was
assayed by adding aliquot of the tissue extract (100 pl) to
3 ml of assay solution, consisting of 3 ml of reaction mix-
ture containing 13 mM guaiacol, 5 mM H,0,, and 50 mM
Na-phosphate (pH 6.5) (Chance and Maehly 1955). An
increase of the optical density at 470 nm for 1 min at 25°C
was recorded using a spectrophotometer. POD activity was
expressed as change in absorbance min~' mg™' protein.
The increase in A470 was measured for 3 min and activity
expressed as AA470 min~' mg~" protein.

Polyphenol oxidase activity (PPO) was assayed with
4-methylcatechol as a substrate according to the method of
Zauberman et al. (1991). Half gram of fresh leaf was
ground with 10 ml of 0.1 mol/l sodium phosphate buffer
(pH 6.8) and 0.2 g of polyvinylpyrrolidone (PVP, insolu-
ble). After centrifugation at 19.000g for 20 min, the
supernatant was collected as the crude enzyme extract. The
assay of the enzyme activity was performed using 1 ml of
0.1 mol/l sodium phosphate buffer (pH 6.8), 0.5 ml of
100 mmol/l 4-methylcatechol, and 0.5 ml enzyme solution.
The increase in absorbance at 410 nm at 25°C was recor-
ded automatically for 5 min. One unit of enzyme activity
was defined as an increase of 0.01 in absorbance per min
per mg protein. Protein content in the enzyme extracts was
determined according to Bradford (1976) using Bovine
Serum Albumin (BSA) V as a standard.

Statistical analysis

The experiment was performed twice under the same
environmental conditions. Statistical analysis (ANOVA)
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indicated that there were no significant differences in
measurements between the two runs; data presented here
are the averages of the two experiments. A two way
analysis of variance was performed on all data and the LSD
was calculated at P < 0.05.

Results
Plant growth and macro nutrients

In this experiment, dry and fresh weights of both shoot and
root were significantly inhibited by salt and water stress
(Table 1). Reduction in total plant dry weights in high
salinity (C + Sy: plants grown in nutrient solution plus
10 dS m~' NaCl) treatment was 52% compared to the
control (plant grown nutrient solution), while it was 56% in
high salinity and PEG 6000 (Sy + PEG: plants grown
nutrient solution plus 10 dS m~' NaCl plus PEG 6000).
Inhibition on plant growth was not significantly affected by
PEG 6000 in addition to NaCl treatment, but water stress
had been effective on root and shoot dry weights. The high
concentrations of NaCl were more harmful than PEG 6000
in maize plants. Total dry weight decreased with increasing
concentration of the osmotic agents, with a drastic effect at
the highest NaCl concentration.

Effects of the NaCl and PEG 6000 treatments on macro
nutrient uptake of maize are shown in Tables 2 and 3. The
presence of NaCl in the rooting medium induced an
important increase in Na® concentration in roots and
leaves. K* concentration in the leaves and roots gradually
decreased in response to NaCl but, in general, that was not
significantly affected by the PEG 6000 treatment. This
latter caused an important increase of the Na™ concentra-
tion of roots and leaves, with the highest concentrations.
The Na™ contents significantly increased, whereas the K+t
content decreased by the salt treatments. Potassium con-
centration of maize leaves was decreased by salinity while
it was unchanged in only PEG 6000 treated plants.

The high presence of Na* in the nutrient solution
affected considerably the plant nutritional requirement,
especially influencing the uptake of Ca’", which was
restricted for competition. As it can be seen from the
Tables 2 and 3, there were significant reductions in NaCl
and PEG 6000 treated maize plants calcium contents
compared to the control plants. Salinity was more effective
than water stress in reduction of calcium uptake.

In our experiment other macro nutrients uptake such as
Mg and P decreased when stress conditions increased,
indicating that salinity and water stress limited nutrient
uptake. It was found that P, K, Mg, and Ca content of
both shoots and roots were lowest in 10 dS m~' NaCl
plus PEG 6000 treatment; however, reductions in macro
nutrients, except P, were not significant statistically to
determine differences between the effects of salt and
water stress.

Under non-saline conditions Na™/K* and Ca*"/Na™*
ratios (Table 4) were low and increased significantly with
an increase in salinity in both leaves and roots in our
research. Ratios of Na/K™ and Na™/Ca®" were higher in
the salt treatment compared to the control, while water
stress had not significant effect on the ion ratios. However,
the ratio in leaves and roots significantly increased by the
interactive effect of salinity and water stress.

Chlorophyll, carotenoid, and proline contents

The results obtained from this experiment show that high
salinity and water stress enhanced proline content and
reduced chlorophyll and carotenoid contents of leaves and
indicated that the increases and decreases are more sig-
nificant at 10 dS m~' NaCl plus PEG 6000 treatment
compare to the other treatments (Table 5).

Proline content was increased in the leaves of maize
plants grown at high salinity (10 dS m~" NaCl) and water
stress (PEG 6000 treatment) compared to the unstressed
control plants. The data in Table 5 show that 5 dS m™'
NaCl treatment caused an increase in proline content in the

Table 1 Effects of NaCl and PEG 6000 treatments on the fresh and dry weight (g) of shoot and root of maize (Zea mays L.) plants

Shoot fresh weight

Root fresh weight

Shoot dry weight Root dry weight

C 250 + 3.32a 80 £ 1.32a
C + PEG 203 + 4.01b 75 £ 1.45a
C+ S 195 + 2.25b 75 £ 1.39a
S. + PEG 134 £ 2.13¢ 59 £ 2.21b
C+ Sy 94 £ 1.75d 54 £1.27b
Su + PEG 90 £ 1.89d 50 £ 1.71b

20 £ 1.01a 7.5 £ 0.12a
19 £ 0.97a 6.1 £ 0.09b
14 £ 0.98b 53 £ 0.15¢
11 £ 0.34c 4.2 £ 0.08d
9+ 0.21d 4.1 £0.11d
9 £031d 3.2 +£0.07e

Values followed by different letters in each column differ significantly (LSD test, P < 0.05)

C: Control, C + PEG: PEG 6000 treatment, C + S;: 5 dS m~! NaCl treatment, St + PEG: 5 dS m~ ! NaCl treatment plus PEG 6000 treatment,
C + Si: 10dS m~! NaCl treatment, Sy + PEG: 10 dS m~! NaCl plus PEG 6000 treatment
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Table 2 Effects of NaCl and PEG 6000 treatments on the macro nutrient content (%) in leaves of maize (Zea mays L.) plants

Ca K Mg Na P
C 0.65 £ 0.020a 543 + 0.32a 0.37 £ 0.050a 0.045 % 0.009¢ 0.74 £ 0.11a
C + PEG 0.51 4 0.040b 5.20 £ 0.47a 0.29 4 0.038b 0.031 %+ 0.010c 0.73 £ 0.19a
C+ S 0.42 £ 0.028¢ 4.07 £ 0.43b 0.29 & 0.041b 0.88 + 0.036b 0.64 £ 0.23b
Sy + PEG 0.45 &+ 0.033c 3.02 £ 0.28¢ 0.28 £ 0.043b 0.77 £ 0.041b 0.61 £ 0.21b
C+ Sy 0.36 £ 0.024d 2.52 £+ 0.40c 0.23 £ 0.058¢c 4.01 £ 0.31a 0.62 £ 0.25b
Sy + PEG 0.33 £ 0.030d 2.49 + 0.26¢c 0.21 £ 0.052¢ 4.65 £ 0.33a 0.57 £ 0.15¢

Values followed by different letters in each column differ significantly (LSD test, P < 0.05)

C: Control, C + PEG: PEG 6000 treatment, C + S;: 5 dS m™~! NaCl treatment, St + PEG: 5 dS m~! NaCl treatment plus PEG 6000 treatment,
C + Sy: 10 dS m™" NaCl treatment, Sy + PEG: 10 dS m~' NaCl plus PEG 6000 treatment

Table 3 Effects of NaCl and PEG 6000 treatments on the macro nutrient content (%) in roots of maize (Zea mays L.) plants

Ca K Mg Na P
C 2.92 £+ 0.16a 1.51 + 0.09a 0.54 + 0.02a 0.26 + 0.04d 224 £ 0.23a
C + PEG 2.83 £ 0.11a 1.15 + 0.07b 0.52 + 0.04a 0.17 £ 0.03d 2.32 + 0.34a
C+Sp 1.60 £ 0.09¢ 0.82 £ 0.03¢ 0.46 £ 0.05b 1.37 £ 0.12¢ 1.56 £+ 0.29b
Sy + PEG 1.98 £ 0.10b 0.79 £ 0.05¢ 0.45 £ 0.03b 2.03 £ 0.22b 1.58 £ 0.37b
C+ Sy 1.51 £ 0.12¢ 0.49 £ 0.08d 0.36 + 0.05¢ 2.09 £ 0.31b 1.44 £ 031c
Sy + PEG 1.34 + 0.15¢ 0.43 + 0.06d 0.30 % 0.06¢ 3.85 £ 0.45a 1.33 £ 0.38d

Values followed by different letters in each column differ significantly (LSD test, P < 0.05)

C: Control, C + PEG: PEG 6000 treatment, C + S;: 5 dS m~! NaCl treatment, S; + PEG: 5 dS m~! NaCl treatment plus PEG 6000 treatment,
C + Si: 10dS m~! NaCl treatment, Sy + PEG: 10 dS m~! NaCl plus PEG 6000 treatment

Table 4 Effects of NaCl and PEG 6000 treatments on Na*/K* and Na*/Ca®" ratios of leaves and roots of maize (Zea mays L.) plants

Leaf Root Leaf Root

Nat/K* Nat/K*+ Na*t/Ca>* Na*/Ca>*
C 0.0082 + 0.0011c 0.1721 + 0.091e 0.0692 + 0.021d 0.0890 + 0.007¢
C + PEG 0.0059 + 0.0009¢ 0.1478 + 0.098¢ 0.0607 + 0.018d 0.0600 + 0.003¢
C+S,. 0.2162 + 0.0213b 1.6707 + 0.085d 2.0952 + 0.269¢ 0.8562 + 0.013b
S, + PEG 0.2549 + 0.0342b 2.5696 + 0.456¢ 1.7111 + 0.278¢ 1.0252 + 0.074b
C+ Sy 1.5912 + 0.0562a 42653 + 0.678b 11.1388 + 1.376b 1.3841 + 0.056b
Su + PEG 1.8674 + 0.0435a 8.9534 + 0.784a 14.0909 + 1.462a 2.8731 + 0.079a

Values followed by different letters in each column differ significantly (LSD test, P < 0.05)

C: Control, C + PEG: PEG 6000 treatment, C + S;: 5 dS m~! NaCl treatment, St + PEG: 5 dS m~! NaCl treatment plus PEG 6000 treatment,
C + Sy: 10 dS m™' NaCl treatment, Sy + PEG: 10 dS m™' NaCl plus PEG 6000 treatment

leaves of maize plants, but the increase was more signifi-
cant at 10 dS m~' NaCl plus PEG treatment.

Salinity stress reduced chlorophyll and carotenoid con-
centration of maize plants in our study. Amounts of pho-
tosynthetic pigment substances that we have determined
after the NaCl and PEG treatments of the leaves of maize
plants are given in Table 5. In the maize plants, the highest
amounts of chlorophyll a and chlorophyll » were observed
in the control group, while the lowest values were found in
the high salinity (10 dS m~"' NaCl), low salinity (5 dS m™'
NaCl) plus PEG and high salinity (10 dS m~"' NaCl) plus

PEG treatments. As for the amount of carotenoid are
concerned, which is also an antioxidant, the highest values
were observed in the control group of the maize plants,
while the lowest values were found in 10 dS m~! NaCl
plus PEG treatment groups of maize plants.

Enzyme activities
We report in Fig. 1, the effects of various salt concentra-

tions and PEG 6000 on antioxidant enzyme activities such
as SOD, POX, and PPO. The activity of SOD, which
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Table 5 Effects of NaCl and PEG 6000 treatments on the chlorophyll
a (mg g f.w.), chlorophyll b (mg g™' f.w.), carotenoid (mg g™' f.w.),
and proline contents (UM g'l f.w.) of maize (Zea mays L.) plants

Chlorophyll a Chlorophyll » Carotenoid Proline
C 344 £0.78a 192 +0.12a 2.15 £ 0.43a 1.02 £ 0.12¢
C+ PEG 324 £0.65a 173 £0.34b 2.13 4+ 0.63a 0.51 & 0.08e
C+ S, 2.81 £ 0.84b 1.60 £ 0.63c 1.82 £ 0.75b 5.30 £ 0.34d
Sy + PEG 245 +£0.75¢c 123 £0.75d 1.81 = 0.64b 8.81 & 0.73c
C + Sy 230 £ 0.86c 1.30 +047d 1.82 £0.78b 12.4 & 0.8%
Sy + PEG 2.15 £ 1.02c 1.02+0.35¢ 1.63 £ 0.29c 21.4 &+ 0.94a

Values followed by different letters in each column differ significantly
(LSD test, P < 0.05)

C: Control, C 4+ PEG: PEG 6000 treatment, C + S;: 5dS m~' NaCl
treatment, S; + PEG: 5 dS m~! NaCl treatment plus PEG 6000 treat-
ment, C + Sy: 10 dS m™' NaCl treatment, Sy + PEG: 10 dS m~' NaCl
plus PEG 6000 treatment

converts superoxide radical to H,O,, was higher in all leaf
samples of plants under stress conditions compared to the
control plants. SOD activity was significantly (P < 0.05)
higher in high salt and PEG 6000 treated plants than in the
only high salt treated plants, and activity was more pro-
nounced in plants under NaCl stress than in the PEG 6000
treated plants. However, high salinity and PEG 6000
treated plants maintained higher (P < 0.05) SOD activity
than all other treatments.

POX activity, which decomposes the H,O, produced by
SOD, also changed with respect to salinity and water stress.
The activity of POX increased with increasing salinity and
water stress. However, POX activity was not significantly
(P < 0.05) higher in water stress treated plants than in
salinity treated. However, maize plants exhibited an
increase in POX activity with increasing magnitude of
salinity and water stress conditions.

The effect of increasing magnitude of salinity and water
stress on PPO activity in the leaves of maize plants is
shown in Fig. 1. PPO activity showed an increasing trend
with the increase in the NaCl concentrations. The highest
PPO activity was found in high salinity and PEG 6000
treatment, whereas the lowest was determined in control
plants. As POX activity, salinity was more effective than
water stress in increasing PPO activity. However, the
interactive effects of salt and water stress found very sig-
nificant on PPO activity.

In the present study, in general, salinity was more
effective on SOD, POX, and PPO than water stress in
maize plants. However, it was found that the interactive
effects of salinity and water stress induced antioxidant
enzymes such as SOD, POX, and PPO. Maize plants under
salt and water stress had significantly higher activities of
antioxidant enzymes compared to the control and salt or
PEG 6000 treated plants.
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Fig. 1 Effects of NaCl and PEG 6000 treatments on SOD, POX, and
PPO activities of maize plants. Values followed by different letters in
each column differ significantly (LSD test, P < 0.05). C: Control,
C + PEG: PEG 6000 treatment, C + S;: 5 dS m~! NaCl treatment,
S, + PEG: 5dS m~! NaCl treatment plus PEG 6000 treatment,
C + Sy 10 dS m™! NaCl treatment, Sy + PEG: 10 dS m™' NaCl
plus PEG 6000 treatment

Discussion

In this study, maize plant growth inhibition was more
significant at water stress treatment in addition to NaCl.
Similar result was reported in durum wheat plants by
Almansouri et al. (1999). However, it seems difficult to
determine differences between salt and water stress detri-
mental effects on plant growth, because PEG 6000 treat-
ment had also been decreased maize plants growth by
reduce plant dry and fresh weight. Although the cause of
growth inhibition by salinity is still unclear, Munns (1993)
suggested that growth is inhibited in two phases. In phase I,
growth is reduced by decreased soil water availability,
while in phase II, growth is inhibited by ion toxicity.
Furthermore, some similar physiological mechanisms have
been proposed by Neumann (1997), such as reduction in
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turgor pressure in expanding tissue, decreased photosyn-
thesis and specific ion toxicity in growing cells.

The relationship between salinity and mineral nutrition
of horticultural crops is extremely complex, and a complete
understanding of the interactions involved would require
the input from a multidisciplinary team of scientists
(Grattan and Grieve 1999). Salinity can induce water stress
as it increases the osmotic pressure of the soil solution
(Greenway and Munns 1980). Under NaCl and PEG 6000
treatment uptake and translocation of macro nutrients
changed drastically. The high concentration of Na® in
nutrient solution affected considerably the plant nutritional
requirement, especially influencing the uptake of Ca®" and
K*, which were restricted for competition. Antagonistic
relations between Na™ and K* or negative effect of salinity
on K" uptake in different plants were reported by Carjaval
et al. (2000) and Grieve and Poss (2000). Similar results
were reported in sugar beet cultivars (Ghoulam et al. 2002),
in rice (Lutts et al. 1996), and in Sorghum bicolor (Colmer
et al. 1996). Under non-saline conditions Na*/K™ and Na™/
Ca”" ratios (Table 4) were low and increased significantly
with an increase in salinity in both leaves and roots in our
research. The decreases in K™ and Ca*" concentration with
salinity increase contributed to increased Na*/K™ and Na*/
Ca®" ratios (Table 4) and probably had an adverse effect
on growth (Levitt 1980).

In this study, interactive effects of salinity and water
stress on nutrient uptake of maize plants were investigated.
It was observed that macro nutrient contents, such as K, Ca,
P, and Mg, of both shoots and roots were decreased with
the increasing intensity of stress conditions; however, there
is no consensus about the regulation of nutrient uptake in
response to salinity and water stress.

Chlorophyll contents have been suggested as one of
the parameters of salt tolerance in crop plants (Sairam
and Srivastava 2002), but it is also known that the
amount of chlorophyll drops in high-concentration NaCl
environments, CO, fixation is inhibited and Hill reaction
and electron transport system (E.T.S.) are negatively
affected (Hopkins 1995). NaCl reduces chlorophyll con-
tent in crop plants such as broad bean (Gadallah 1999),
cotton (Boyer 1965), and rice (Sultana et al. 1999). The
fact that high NaCl concentrations and water stress have
caused a decrease in the amounts of Chl a, Chl b, and
carotenoids in our results is consistent with the literature
reports.

Proline is known to occur widely in higher plants and
normally accumulates in large quantities in response to
environmental stresses (Kavi Kishore et al. 2005; Ashraf
and Foolad 2007). In response to drought or salinity stress
in plants, proline accumulation normally occurs in the
cytosol where it contributes substantially to the cytoplas-
mic osmotic adjustment (Ashraf and Foolad 2007).

Osmotic adjustment through the accumulation of proline
was also positively related to PEG concentration
(Al-Khayri and Al-Bahrany 2004). In this respect, our
research had significant results, because 10 dS m~! NaCl
plus PEG treatment caused higher increase than other
treatments in proline content of maize plants. Accumula-
tion of proline under stress in maize plants may be corre-
lated with stress tolerance, because its concentration has
been shown to be generally higher in stress-tolerant than in
stress-sensitive plants.

Antioxidant enzymes play important roles in adaptation
to stress conditions (Misra and Gupta 2006). Therefore, we
hypothesized that increased activity of antioxidant
enzymes, SOD, POX and PPO, contributes to the protec-
tion of maize plants from salt and water stress. As a result
of this study, it was found that maize plants under salt and
water stress had increased antioxidant enzymes activity
such as SOD, POX, and PPO.

The activity of SOD enzyme, which converts superoxide
radical to H,O,, was reported to increase under saline
conditions in the maize and sunflower seedlings (Rios-
Gonzalez et al. 2002), and cotton (Meloni et al. 2003).
Many workers found positive correlation between water
stress and the abundance of SOD in plants (McKersie et al.
1996; Badawi et al. 2004). Our results are in conformity
with these results.

It is known that high NaCl (Meloni et al. 2003) and PEG
treatment (Li and Staden 1998) induces POX activity in
plants. The results of this study are similar to those
reported results. High salinity and PEG 6000 treatment
were more effective in increasing POX activity.

Demir and Kocaliskan (2001) found that in bean plants
treated with NaCl PPO activity gradually increased as
NaCl concentrations increased. Some previous studies have
also shown that PPO activity is induced during water stress
(Shivishankar 1988; English-Loeb et al. 1997). Similar
results were obtained in this study.

In conclusion, the aim of this study was to evaluate the
effects of salt and water stress on growth, accumulation of
proline, the activity of antioxidative enzymes such as SOD,
POX, and PPO, chlorophyll and carotenoid amount, macro
nutrient content in maize plants, to better understand
interactive effects of stress conditions on plant. The results
obtained from this experiment show that high salinity and
water stress enhanced proline content, antioxidant enzymes
(SOD, POX, and PPO) activity, electrolyte leakage (EC)
and reduced chlorophyll and carotenoid contents of leaves
and salt stress being more effective than water stress on all
these stress parameters. However, interactive effects of
salinity and water stress on growth, proline accumulation,
chlorophyll and carotenoid amount, macro nutrient content
and antioxidative enzymes such as superoxide dismutase
(SOD), guaiacol peroxidase (POX), and polyphenol oxidase
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(PPO) in hydroponically grown plants of maize (Zea mays
L.) were more significant than only salt or water stress
treatment. Certainly, the present study in Zea mays L. plants
about its suffering from PEG 6000 and NaCl stresses is
probably not sufficient. Nevertheless, these results suggest
that increase in proline content in maize plants may be
involved in the maintenance of osmotic adjustment and
increased activity of antioxidants enzymes have a better
protection against AOS under salt and water stress.
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