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Abstract

Accretion of nonessential ions such as sodium
and chloride due to the selective ion-uptake
process into the root and/or the use of poor-
quality irrigation water may adversely affect
the production potential of crops such as
Chinese kale in closed-loop hydroponic sys-
tems. This research identifies the effects of
salt on the plant’s growth and the damage
avoidance mechanisms in foliage of hydro-
ponically grown Chinese kale. Twenty-one-
day-old plants (at the 4-leaf stage) were
exposed to salinity (0, 25, 50, 75, and 100 mM
NaCl) for 16 days. Results indicated that
growth parameters, leaf water status, photo-
synthetic pigments, and photosystem II effi-
ciency declined as salinity increased in the
rhizosphere, whereas proline biosynthesis
was stimulated progressively. Salinity induced

higher H,O, endogenesis and lipid peroxidation
while triggering antioxidant enzymes activity
in the leaf tissues. Activity of ascorbate per-
oxidase and peroxidase gradually increased
with salinity, although peroxidase activity was
decreased at high salinity (>75 mM NaCl).
Catalase, a crucial component of the free radi-
cal neutralization process, was also observed
at high salinity (>75 mM NaCl). Chinese kale
plants were tolerant to salinity at 25 mM and
employed a complex mechanism composed of
an excess energy dissipation system along
with the enzymatic antioxidant system, thus
making it relatively tolerant to salinity beyond
75 mM NaCl.
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Introduction

Salinity is one of the major environmental factors
limiting plant productivity worldwide. It affects
plant growth and development through osmotic
and ionic disruption (Munns and Tester 2008).
Accumulation of toxic ions such as sodium and
chloride in plant tissues can adversely affect plant
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biomass production partially due to restriction in
the uptake of essential elements (Ghoulam et al.
2002). At higher salinity, ionic cytotoxicity may
be the predominant cause of crop susceptibility
due to replacement of Na* instead of K* and bind-
ing Na* and Cl~ ions with amino acids (D’Souza
and Devaraj 2010) that can negatively affect
major processes including photosynthesis, pro-
tein and lipid metabolisms, as well as energy con-
servation (Parida and Das 2005). Imbalanced
metabolism under such condition may result in
oxidative stress (D’Souza and Devaraj 2010).

Limited CO, availability under stress-induced
stomatal closure restricts carbon reduction, which
implies lower NADP accessibility to act as the
specific electron acceptor from photosystem
I. This could trigger O, reduction to superoxide
by the Mehler reaction and initiate chain reac-
tions that generate more noxious reactive oxygen
species (ROS). Singlet oxygen as an unusual
product might also be generated at photo system
II owing to ineffective energy dissipation pro-
cesses (Sekmen et al. 2007; Gill and Tuteja
2010).

Accelerated ROS formation causes oxidative
damage to biomolecules such as membrane lip-
ids, proteins, and nucleic acids and may lead to
plant death (D’Souza and Devaraj 2010; Merati
et al. 2014). Plants undergo some changes in
their normal metabolism to cope with the unbal-
anced conditions caused by salinity in their
environment (Daneshmand et al. 2010). They
have evolved specific cellular and subcellular
preventative-protective complexes consisting of
an energy dissipation mechanism and an anti-
oxidative system to mitigate oxidative damage.
For example, superoxide dismutase (SOD) con-
verts superoxide (O*7) to H,O, in various sub-
cellular compartments. H,0O, is eliminated by
ascorbate peroxidase (APX) and catalase (CAT)
with a lower affinity than APX (Asada 2006;
Sekmen et al. 2007). Different classes of peroxi-
dase (POX) also are associated with scavenging
H,0, generated in chloroplasts and physiologi-
cal processes such as growth and cell formation
(Sekmen et al. 2007). The capability to neutral-
ize ROS and reduce their harmful effects on
macromolecules is an important trait of stress

tolerance in higher plants (Xiong and Zhu 2002)
(Fig. 8.1).

Plants exposed to osmotic stress may accumu-
late low molecular weight compatible solutes
such as proline, which is considered to have
multiple roles in osmoregulation, protein and
membrane protection, energy conservation, and
free radical scavenging, as well as being a
component of stress-related signaling processes
(Daneshmand et al. 2010; Tayebi-Meigooni et al.
2014).

In closed-loop hydroponic systems, increas-
ing salinity can be caused by differential ion
uptake by the crop itself and/or use of low-quality
irrigation water containing nonessential ions
such as sodium and chloride and may negatively
affect salt-sensitive hydroponically grown plants.
Chinese kale (Brassica alboglabra L.) can be
successfully planted in hydroponic systems and
be used as fresh or cooked vegetables in the
human diet. Recent research shows a high level
of potential anticancer capability of Chinese kale
due to high levels of glucosinolates and ascorbic
acid (Hecht et al. 2004). Despite the vast litera-
ture on salinity, no attention has been particularly
devoted to investigate the physio-biochemical
mechanisms contributing to salinity tolerance in
Chinese kale. Therefore, the aim of this study
was to determine the effect of NaCl salinity on
subsequent changes on growth, leaf water status,
energy harvesting/dissipating complex, and elu-
cidation of antioxidative defense mechanisms.
Results obtained in this study may contribute to a
better understanding of the responses of Chinese
kale plants to salinity and breeding program
development.

Materials and Methods

Planting Materials and Growth
Conditions

The seeds of Chinese kale (B. alboglabra L.) cv.
‘Standard Kailan” were sown in trays maintained
with frequent water applications until seedling
emergence. Young seedlings were then placed in
a plastic film pool and fed with basic nutrient
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Fig. 8.1 Effect of salinity on growth of Chinese kale plants. Plants were subjected to different concentrations of NaCl

as indicated for 12 days

solution containing 250, 67, 239, 160, 30, 80, 3,
0.62, 0.44, 0.02, 0.11, and 0.048 mg L' of N, P,
K, Ca, Mg, S, Fe, Mn, B, Cu, Zn, and Mo,
respectively.

Salt Stress Treatment

Fifteen-day-old seedlings of uniform size were
installed in a static aerated hydroponic system
containing the basic nutrient solution. Six days
later, plants at the 4-leaf stage were exposed to
salinity by adding 0, 25, 50, 75, and 100 mM
NaCl to the basic solution. Osmotic shock was
avoided by gradually increasing the NaCl salt
(25 mM each day) until reaching the desired con-
centrations. Salt treatments were continued for
16 days. Plants grown on nutrient solution with-
out NaCl served as the control.

Collecting Samples

Five plants from each experimental unit were
used to estimate growth parameters, including
leaf surface area as well as the dry mass of leaf,
shoot and root tissues. Fresh samples for bio-
chemical assays were taken from new fully
expanded leaves and frozen immediately in liquid

N on-site and kept at —80 °C. Leaf relative water
content (RWC) was also determined using fresh
leaf samples.

Determination of Relative Water
Content

The relative water content (RWC) was measured
according to the following formula described by
Smart and Bingham (1974).

RWC =[(fresh weight —dry weight)

o . 8.1)
/ (turgld weight —dry weight )] x100

Determination of Chlorophyll
Fluorescence

Two weeks after initiation of salinity increase,
maximum efficiency of photosystem II (Fv/Fm)
in dark-adapted leaves (new fully expanded) of
five plants for each experimental unit was ran-
domly measured using a portable Plant Efficiency
Analyzer (Hansatech, UK). Measurements were
done at 10.00am-12.00md with the approximate
solar irradiance 1100 to 1300 pmolm=2 s~!. Fv/
Fm was calculated according to Schreiber et al.
(1995).
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Determination of Photosynthetic
Pigments

Chlorophylls @ and b and carotenoids were
extracted in 95% (v/v) acetone and calculated
using the following relationships described by
Lichtenthaler and Buschmann (2001).

Chlorophylla(ug /ml) =11.24 A, —2.04A,
(8.2)

Chlorophyllb (/,tg /ml) =20.13A,,,, —4.19A,
(8.3)

Carotenoids (g / ml)

(8.4)
= (1000A,,, —1.90Ca —63.14Cb) / 214

Determination of Proline

Proline content was measured according to the
procedure of Bates et al. (1973). Leaf samples
(0.2 g) were homogenized in 3 ml sulfosalicylic
acid (3% w/v) and then centrifuged. The superna-
tant was gently mixed with glacial acetic acid and
ninhydrin solution, by volume in a ratio of 1:1:1,
respectively, and then incubated at 95 °C for 1 h.
The cooled mixture was then treated with tolu-
ene, and the absorbance of the upper phase
(chromophore-containing) was read at 520 nm.
Proline content was estimated using a standard
curve and was expressed as pmol g=! fresh
weight.

Determination of Hydrogen Peroxide
and Lipid Peroxidation

Content of hydrogen peroxide was measured
based on Velikova et al. (2000). Fresh leaf sam-
ples (0.5 g) were homogenized in 5 ml 0.1%
(w:v) trichloroacetic acid (TCA) and centri-
fuged at 12,000 g for 15 min. 0.5 ml (10 mM)
phosphate buffer and 1 ml (1 M) KI were added
to 0.5 ml of the supernatants. The absorbance
of the final solution was read at 390 nm. The
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content of H,O, was estimated using a standard
curve.

Lipid peroxidation was estimated by measur-
ing the level of malondialdehyde (MDA) accord-
ing to the method of Du and Bramlage (1992).
Leaf samples (0.25 g) were homogenized in 5 ml
of 0.1% (w/v) (TCA) solution and centrifuged at
15000 x g for 15 min. The supernatant (1.0 ml)
was added to 4 ml 0.5% (w/v) thiobarbituric acid
(TBA) in 20% TCA (w/v). The mixture was then
heated at 95 °C for 30 minutes and immediately
cooled to stop the reaction. The absorbance of the
colored solution was recorded at 532 nm and cor-
rected for nonspecific turbidity by subtracting the
absorbance at 600 nm. MDA concentrations were
calculated from the extinction coefficient of
155 mM~! cm™! using the following formula.

MDA (umol/g fresh weight)
=[(Ass, — Ago ) /155 |x10° x Dilution factor

(8.5)

Extraction for Protein and Enzyme
Assays

The frozen samples (0.2 g) were homogenized
with 3 ml ice-cold extraction buffer (50 mM
potassium phosphate buffer, pH 7.8, 0.5% (w/v)
PVP, 0.1 mM EDTA, and 0.2 (v/v) triton X-100)
and centrifuged at 18,000 x g for 20 min at
4 °C. Extraction media for ascorbate peroxidase
(APX) was prepared with inclusion of ascorbate
(2 mM) in the main buffer. The supernatants were
used as crude extract in the protein and enzymes
assays.

Assay of Protein and Antioxidant
Enzymes

Total protein content was determined using
bovine serum albumin (BSA) as a standard fol-
lowing the method described by Bradford (1976).

Catalase (CAT) activity was determined fol-
lowing the method of Cakmak et al. (1993). The
assay mixture contained 25 mM phosphate buffer
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(pH 7.0), 10 mM H,0,, and enzyme extract
(100 pl) in a total volume of 1.0 ml. The reduc-
tion of absorbance at 240 nm as a result of H,O,
degradation was recorded every 30 s with spec-
trophotometer (Model Varian Cary 50 UV-Vis
Spectrophotometer, USA). CAT activity was cal-
culated using the extinction coefficient for H,0O,
(39.4 mM~! cm™).

Ascorbate peroxidase (APX) activity was esti-
mated according to the method of Webb and
Allen (1995) with a slight modification. The
reaction mixture (1 ml) was made up of enzyme
extract (100 pl) along with 50 mM phosphate
buffer (pH 7.0), 0.2 mM EDTA, 0.25 mM H,O,,
and 0.5 mM sodium ascorbate. The decrease in
absorbance at 290 nm was recorded for 1 min.
The APX activity was expressed as units mg~!
protein (extinction coefficient 2.8 mM~! cm™).

Peroxidase (POX) activity was assayed by the
guaiacol oxidation method as described by
Ghanati et al. (2002). The reaction mixture con-
tained 100 pl crude extract as well as 50 mM
potassium phosphate buffer (pH 7.0), 28 mM
guaiacol, and 10 mM H,0, in the final volume of
3.0 ml. Changes in optical density of the reacting
samples were monitored every 30 s by an increase
in absorbance at 470 nm. The APX activity was
expressed as units per mg soluble protein (extinc-
tion coefficient 26.6 mM~! cm™").

Experimental Design and Statistical
Analysis

A randomized complete block design (RCBD)
with five replications was used. Each experimen-
tal unit was composed of a hydroponic tray with
12 plants. Data were analyzed using SAS 9.1
software (SAS Institute Inc. 2004). Means com-
parisons were conducted using least significant
differences (LSD) at 5% level of probability.

Results

Increased salt levels in the root zone for 2 weeks
resulted in significant changes for all morpho-
logical and physio-biochemical traits (Table 8.1).

Table 8.1 Mean square of NaCl salinity level (NaCl) for
leaf area; leaf, stem, and root dry weights; plant total dry
weights; root/shoot ratio; concentrations of Chla, Chlb,
total chlorophyll, carotenoids and Chla:b ratio, and RWC;
chlorophyll fluorescence and content of hydrogen perox-
ide; MDA and proline; contents of total soluble protein;
and activities of CAT, APX, and POX

Independent variable
Dependent variable NaCl
Leaf area 109027.545%**
Leaf dry mass 1.698%**
Root dry mass 0.0066%*
Stem dry mass 0.613%**
Total dry mass 4.820%**
Root/shoot ratio 0.0380%**
Relative water content 228.0123%%*
Chlorophyll a 0.1773%*
Chlorophyll b 0.0467%**
Total chlorophylls 0.4040%*
Chlorophyll a:b ratio 0.229%
Carotenoids 0.00812%*
Chlorophyll fluorescence 0.00115*
Proline 12342.017%%%*
Hydrogen peroxide 38.973%%*
MDA 19.242% %%
Protein 5.252%%
APX 5.910%*
POX 8.271%#%%
CAT 0.418%#%*

*P<0.05. % P<0.01. #* P <0.001

Plant Growth

Leaf area was significantly reduced by 65% in
100 mM salinity compared to the control. The
corresponding reductions were approximately
5.4% for 25, 37.7% for 50, and 52.5% for 75 mM,
respectively (Table 8.2). Leaf area IC50 (half the
maximum inhibition concentration) occurred at
about 75.31 mM NaCl (calculated using linear
regression (y = 533.83-3.6566x)).

Reductions were 14.4%, 34.9%, 47.2%, and
58.3% for leaf dry mass (LDM) and 11.7%,
37.2%, 51.7%, and 57.7% for stem dry mass
(SDM) as NaCl concentration increased from 0
to 25, 50, 75, and 100 mM, compared to the non-
salinized plants, respectively. Root dry mass
(RDM) was also significantly reduced by 30.6%
for 100 mM salt compared to the control. RDM
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Table 8.2 Effect of different NaCl concentrations on leaf area, leaf dry weight, stem dry weight, root dry weight, total
plant weight, and root/shoot ratio

NaCl | Leaf area (cm? Leaf dry weight | Shoot dry weight | Root dry weight | Total dry weight | Root/shoot
(mM) | plant™) (g plant™) (g plant™) (g plant™) (g plant™) ratio
0 516.90 +43.34a 2.45 +0.06a 1.40 = 0.05a 0.25 = 0.02a 4.09 = 0.10a 0.18 £0.01c
25 488.90 £50.19a | 2.10 £0.12b 1.23 £0.10b 0.21 £0.01b 3.72 £ 0.23b 0.17 £ 0.02¢c
50 322.19+21.87b | 1.59 = 0.04c 0.88 + 0.06¢ 0.18 +0.01bc 2.68 +0.08¢c 0.21 +0.02¢
75 245.52 +23.73bc | 1.29 £ 0.05d 0.67 = 0.06d 0.25 +0.02a 2.22 +0.06d 0.38 £ 0.05a
100 181.51 £ 10.85¢c | 1.02 = 0.04e 0.59 £0.01d 0.17 £ 0.02¢c 1.78 £ 0.02e 0.29 = 0.03b
Values are means + SE. based on five replicates (n = 5). Means followed by the same letters are not significantly differ-
ent at P < 0.05
g5 | 0.81
_ =
= —
< 75t =078 |
Y E
- <
= B
65 - = 0.75 F
y=92.875-82231x +0.6762x2 y=0.801 - 0.0026x -0.001x>
R*=10.987 R*=0.801
55 1 1 L 1 0 ?2 1 1 1 1
0 25 50 75 100 0 25 50 75 100
NaCl (mM) NaCl (mM)

Fig. 8.2 Effect of different NaCl concentrations on rela-
tive water content (A) and Fv/Fm ratio (B) (means + SE,
n = 5). Different letters indicate significant differences

increased about 2.7% by salt stress at 75 mM
(Table 8.2).

Total dry mass (TDM) was significantly
reduced by 52.7% at the highest salinity com-
pared to the control. The corresponding reduc-
tions were approximately 9.8%, 24.1%, and
38.4% for 25, 50, and 75 mM, respectively
(Table 8.2). TDM (IC50) calculated using
linear regression (y = 4.1227-0.0245x) was at
84.73 mM NaCl. The negative impact of
salinity was greater on SDM than RDM;
hence a significant increase in root/shoot ratio
was revealed in comparison to the control
(Table 8.2).

according to least significant difference (LSD) multiple
range test (P < 0.05)

Relative Water Content

RWC markedly declined in response to increas-
ing salinity. RWC was reduced by 7.92, 11.14,
14.42, and 17.58% as NaCl concentration
increased from O to 25, 50, 75, and 100 mM,
respectively (Fig. 8.2A).

Chlorophyll Fluorescence

Maximum quantum yield (Fv/Fm) was affected
by salinity (P < 0.05) and a slight reduction in Fv/
Fm (5.2%) observed at 100 mM NaCl compared
to the control (Fig. 8.2B).
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Fig. 8.3 Effect of different NaCl concentrations on the
contents of chlorophyll a (A), chlorophyll b (B), total
chlorophyll (a + b) (C), Chla:b ratio (D), and carotenoid
(E) in leaves of Chinese kale (means + SE, n = 5).

Photosynthetic Pigments

Chlorophylls a and b and their total were
reduced by 41.9, 52.2, and 44.9%, respectively,
at 100 mM NacCl (Fig. 8.3A—-C). The Chlorophyll
a:b ratio increased at higher salinity. At the
highest salinity level, Chlorophyll a:b ratio was
1.2-fold greater than the control (Fig. 8.3D).
Content of carotenoids decreased about 36.7%

0.6 3

o

ab

be
0.4 - ¢

02 |

y = 0.5508 -0.0604x
R*=0.977

0.0 1 L 1 1

Chlorophyll # (mg.g'FW)
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Chlorophyll a/b ratio

y=2.6216 - 0.2412x + 0.0592x>
R*=0.979

1‘5 L 1 1 1
0 25 50 75

NaCl (mM)

100

Different letters indicate significant differences according
to least significant difference (LSD) multiple range test
(P<0.05)

at 100 mM NaCl compared to the control
(Fig. 8.3E).

Proline, Hydrogen Peroxide,
and Lipid Peroxidation

Changes in proline content were about 2.17-,
4.2-,5.3-, and 7.6-fold compared to the control as



106 A. Tayebi-Meigooni et al.
160 20
— B
= - a
E 120 t Z 15 | ab
iy b be
g ! 210 - ¢
g 80 3 o
P =2
5 ') 5 +
E 40 r y=-16.327 + 31.195x o y=6.0739 + 0.694x + 0.1746x>
& R*=0.985 —- R*=0.986
0 1 | 1 1 0 1 1 1 1
12 0 25 50 75 100
_ C b 2 @ NaCl (mM)
= 9 I
= C
e c
¥
g 6
2
<
2 3 y=3.1281+25771x-0.2363%
= R? = 0.968

0 1 1 L 1
0 25 50 75

NaCl (mM)

100

Fig. 8.4 Effect of different NaCl concentrations on the
contents of proline (A), hydrogen peroxide (B), and MDA
(C) in leaves of Chinese kale (means = SE, n = 5).

salinity increased to 25, 50, 75, and 100 mM
NaCl, respectively (Fig. 8.4A).

Content of H,O, was boosted from 7.16 (pmol.
g 'FW) in control plants to 7.65, 9.96, 11.85, and
13.77 (pmol.g"'FW) in plants subjected to 25,
50, 75, and 100 mM of NaCl, respectively
(Fig. 8.4B). MDA level enhancement was about
1.19-, 1.57-, 1.73-, and 1.74-fold as salinity
increased from 0 to 25, 50, 75, and 100 mM
NaCl, respectively (Fig. 8.4C).

Protein and Antioxidant Enzymes

Protein content decreased with increasing salin-
ity (P < 0.01). These reductions were about 4.1,
6.4, 25.8, and 28.5% for the 25, 50, 75, and
100 mM NaCl, respectively (Fig. 8.5A).

Different letters indicate significant differences according
to least significant difference (LSD) multiple range test
(P <0.05)

CAT activity remained constant in response to
salinity up to 50 mM NaCl, although higher
salinity (75 and 100 mM NacCl) caused a notable
increase (P < 0.01) in CAT activity with as much
as 1.65- and 2.35-fold, respectively, compared to
the control (Fig. 8.5B).

APX activity showed a significant increase in
plants subjected to salinity compared to the con-
trol (P < 0.01). APX activity progressively
increased from 1.3- to 2.2-fold for 25 to 100 mM
NaCl salinity. No significant changes in APX
activity between 75 and 100 mM were observed
(Fig. 8.5C). A similar increase in POX activity
was found as well. POX activity increased
(P £ 0.01) by 6.6-, 12.1-, 16.3-, and 14.8-fold
when salinity increased from 0 to 25, 50, 75, and
100 mM NacCl (Fig. 8.5D).
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Fig. 8.5 Effect of different NaCl concentrations on the
contents of protein (A) and antioxidant enzymes activity
of CAT (B), APX (C), and POX (D) in leaves of Chinese

Discussion

In this study, we investigated the effects of NaCl
salinity on growth, water status, content of pig-
ments, proline, hydrogen peroxide, and
magnitude of lipid peroxidation, as well as mani-
festations of adaptive mechanisms in foliage of
Chinese kale plant. Increasing level of NaCl in
the rhizosphere results in the osmotic stress, ion
cytotoxicity, and imbalanced nutrition which can
decline plant growth and development (Kholova
et al. 2009).

RWC reflects plant water status generally, and
it is positively correlated with rates of cell
enlargement and leaf elongation (Singh et al.
2007). RWC decreased under salinity and this
reduction increased with increasing NaCl con-
centration in the root zone as reported in previous
studies (Singh et al. 2007; Kholova et al. 2009).
Lower RWC implies smaller photosynthetic

1.2
=
2
=
= 0.8
5
=
£ 04
> y = 0.0673x - 0.2409x + 0.6738
S R? = 0.989
0 1 1 1 1
= D ab
v
237
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E 2 1
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O 1 1 L 1
0 25 50 75
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100

kale (means + SE, n = 5). Different letters indicate signifi-
cant differences according to least significant difference
(LSD) multiple range test (P < 0.05)

surface under salinity, which can be manifested
as lower growth and developments on the whole
plant.

Salinity resulted in a significant reduction in
growth parameters such as number of leaves, leaf
surface area, and plant organ dry masses. Our
results (Table 8.2) showed that salinity reduced
dry mass of leaf, shoot, and root, which is consis-
tent with earlier reports for various plant species
(Ashraf and Orooj 2006; Psarras et al. 2008).
Unequal reduction in dry weights of shoot and
root under salinity resulted in root/shoot ratio
magnification, which is in agreement with the
findings of Essa (2002).

Maximum quantum efficiency of PSII photo-
chemistry (Fv/Fm) is usually used as a photoinhi-
bition index (Krause and Weis 1991; Netondo
et al. 2004). Several reports have noted that PSII
photochemistry is tolerant of moderate salt con-
ditions and few changes in light utilization have
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been reported (Ma et al. 1997; Lima et al. 2002;
Santos 2004). In sorghum, the efficiency of PSII
photochemistry was considerably impacted only
at high salinity beyond 200 mM (Notondo et al.
2004). In this study, the Fv/Fm ratio was mea-
sured to investigate the possible photoinhibition
occurrence at different salt levels. Based on the
results, downregulation of PSII photochemistry
in plants subjected to high salinity implies the
existence of a mechanism for keeping excessive
energy away from the PSII photo apparatus (Weis
and Berry 1987; Krause and Weis 1991). The
results show that efficiency of PSII photochemis-
try changed under moderate and high salt treat-
ments (Fig. 8.2B).

Pigments content was decreased as salinity
increased in root media. A positive correlation
between chlorophyll degradation and concentra-
tion of NaCl has been reported previously
(Hernandez et al. 1995, 2000). The rate of chloro-
phyll degradation under salinity is linked with the
size of ROS generation, chlorophyllase activity,
and chlorophyll synthesis (Renault 2005).
Increase in Chlorophyll a:b ratio (Fig. 8.3A-C)
under salt stress implies more vulnerability of
Chlorophyll b to salinity than Chlorophyll a
(Fig. 8.3D), which is in agreement with result
reported by Kholova et al. (2009) and
Daneshmand et al. (2010). Decrease in the con-
tent of carotenoids under salt stress (Fig. 8.3E)
may be attributed to degradation of f-carotene
and formation of zeaxanthins (Sultana et al.
1999). The process is thought to provide protec-
tion of photosynthetic apparatus by quenching
excessive energy of chlorophyll excitation
(Daneshmand et al. 2010).

Content of proline was progressively ampli-
fied with the increase in salinity (Fig. 8.4A). This
phenomenon is considered to facilitate the reten-
tion of water and balancing the osmotic potential
of the cytoplasm (Hasegawa et al. 2000; Kholova
et al. 2009). Osmolytes like proline also are
believed to protect the structure and function of
various macromolecules related to higher mem-
brane stability and enzymatic antioxidant activity
(Kholova et al. 2009).

Salt stress may cause molecular damage to
plant cells either directly or indirectly through

the formation of ROS. They can react with a tar-
get substance, such as lipids, proteins, and/or
nucleic acids. H,O,, as well as other ROS, dis-
turbs metabolic functions and causes oxidative
damage at sites where it accumulates (Foyer et al.
1997). H,0, is also responsible for lipid peroxi-
dation (Parida and Das 2005). Estimating malo-
ndialdehyde (MDA) is used as an indicator of
lipid peroxidation to evaluate the extent of oxida-
tive damage to biomembranes (Lin and Kao
2000). Our results show that content of H,O, pro-
gressively increased with salinity (Fig. 8.4B)
while statistically remaining constant at
75-100 mM NaCl salinity. A similar trend for
MDA content was also observed (Fig. 8.4C).
Changes in H,O, and MDA contents under salt
stress have been reported in several studies
(Kholova et al. 2009; Daneshmand et al. 2010;
Tayebimeigooni et al. 2012). However, small
changes in MDA level and membrane stability
index in tolerant plants facing salinity or drought
(Egert and Tevini 2002; Sairam et al. 2005;
Ashraf and Ali 2008) support the existence of a
high potential scavenging system to overcome
oxidative stress.

Decrease in the protein content of plants sub-
jected to salinity was observed in the present
study (Fig. 8.5A). Reduction of protein content
was probably linked with the stimulating effect
of ROS on protein degradation (Davies 1987).
Faced with salinity, plants employ a number of
nonenzymatic and enzymatic antioxidants to pre-
vent and overcome oxidative stress (Sekmen
et al. 2007; Manchanda and Garg 2008). The
existence of a positive correlation between the
activity of the antioxidant enzymes and salinity
tolerance has been reported (Sekmen et al. 2007;
Garg and Manchanda, 2009; Chawla et al. 2013).
SOD dismute superoxide to hydrogen peroxide.
H,0, is later eliminated through conversion to
H,O in subsequent reactions by CAT and
APX. APX has a higher affinity than CAT for
scavenging H,O, and uses ascorbate as its spe-
cific electron donor (Asada 2006; Sekmen et al.
2007). APX association with monodehydroascor-
bate reductase, dehydroascorbate reductase, and
glutathione reductase (GR) appeared to be the
most important peroxidase to remove H,0,,
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through the Foyer-Halliwell-Asada pathway
(Hernandez et al. 2010).

Based on our results, CAT and APX activities
in leaves of plants subjected to salinity increased
(Fig. 8.5B, C). Our results suggest that CAT and
APX most likely were significant in the detoxifi-
cation of hydrogen peroxide in this cultivar.
Similar to our results, salt-induced activity of
CAT and APX in salt-tolerant plantago and rice
have been observed (Turkan et al. 2013; Chawla
et al. 2013).

POX involvement in growth and development,
the lignification and suberization processes, as
well as H,0O, scavenging process has been
reported (Dionisio-Sese and Tobita 1998). Under
salinity stress, POX activity has been found to be
stimulated in salt-tolerant plants (Ashraf and Ali
2008; Turkan et al. 2013; Chawla et al. 2013). In
this study, POX activity significantly increased in
leaf tissues of plants exposed to NaCl salinity.
Induction of POX activity continued to 75 mM
NaCl and showed a slight reduction as salinity
reached 100 mM NaCl (Fig. 8.5D). Increasing
POX activity is in agreement with previous
results reported on Indian mustard (Yusuf et al.
2008), plantago (Turkan et al. 2013), and jatro-
pha (Hishida et al. 2014).

Various enzymatic antioxidants participate in
ROS detoxification process. SOD counteracts
superoxide radical and converts it to H,O, (Asada
2006). H,0, is detoxified by scavengers such as
APX, CAT, and POX, and in the absence or lack
of scavengers, H,0, accumulates in tissues.
Several researches proved that NaCl salinity tol-
erance is closely correlated to the antioxidant
capacity of plants as observed in purslane, canola,
Indian mustard, plantago, and rice (Yazici et al.
2007; Ashraf and Ali 2008; Yusuf et al. 2008;
Turkan et al. 2013; Chawla et al. 2013)

Conclusions

In this study, changes in pigment content, as well
as a downregulation in PSII photochemistry, are
manifestations to maintain a balance between
harvesting and utilizing energy in order to reduce
the risk of salt-induced oxidative stress.

Accumulation of osmoregulators such as proline
eased water stream continuance throughout the
salinized plants, thus facilitating gas exchange
and higher PSI performance and less ROS forma-
tion. The induction of antioxidant enzyme activ-
ity, including APX, CAT, and POX, by NaCl
treatment suggests their pivotal role in the detoxi-
fication process in leaves of stressed plants. Our
result shows that cv. ‘Standard Kailan’ is moder-
ately tolerant to NaCl salinity, whereas higher
salinity (>75 mM) suppressed the oxidative
defense system. The energy regulation system
and enzymatic antioxidant system are promi-
nently contributing to salt tolerance in this study.
Chinese kale was less affected by salinity up to
25 mM and employed a complex defense system
making it relatively tolerant to high NaCl salinity.
Our research potentially provides salinity guide-
lines for hydroponic production of standard
Chinese kale.
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