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ABSTRACT: In the present study, the effect of salt (NaCl) on antioxidant enzymes, osmolytes (proline and
glycine betaine), abscisic acid (ABA), lipid peroxidation and electrolytic leakage were investigated in two ragi
varieties (Indaf-7 and PAIYUR-1). Salinity was given as a basal dose of different concentrations (0, 40, 80,
120mM) and sampling was done in leaves after 30 days of treatments. The activities of superoxide dismutase
(SOD), catalase (CAT), guaiacol peroxidase (POD), ascorbate peroxidase (APX) and glutathione reductase
(GR) were assayed in the leaf extracts of control and salt treated plants. Antioxidant enzyme activities were
enhanced in two ragi varieties in response to salinity treatment. However, Indaf-7 showed significantly higher
activities of all the five antioxidant enzymes in response to salinity compared to leaves of PAIYUR-1. Foliar
content of osmolytes and phytohormone (abscisic acid) showed variation in two ragi varieties under salt
stressed conditions. The leaves of Indaf-7 accumulated more proline, glycine betaine and abscisic acid
under salt stress compared to PAIYUR-1. Membrane lipid peroxidation and electrolytic leakage were lower in
the leaves of Indaf-7 than PAIYUR-1. The results show that variety Indaf-7 exhibits an efficient antioxidant
regulatory mechanism and osmoprotectants, which could prevent the oxidative damage in the leaves caused

by salt stress.
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I. INTRODUCTION

Salinity is an environmental stress that limits growth and
development in plants and is a major constraint for the
global agricultural production [1, 2]. Finger millet
(Eleusine coracana (L.) Gaertn) is an important minor
cereal in India, rich in calcium, dietary fiber and known
for its health benefits. The stresses most commonly
associated with water deficits are drought, high salinity
and low temperature [3]. When CO:; fixation is limited
because of stomata closure caused by water deficit, the
rate of active oxygen formation increases in chloroplasts
because an excess of excitation energy that is not
dissipated by the protective mechanisms, is used to
form reactive oxygen species (ROS) such as hydrogen
peroxide (H20), superoxide (.O2), hydroxyl radicals
(.OH) and singlet oxygen ('O,) [4, 5]. Plants possess
defense antioxidant mechanisms, which can overcome
this oxygen toxicity and delay the deleterious effects of
free radicals and these ROS attack lipids, proteins and
nucleic acids, causing lipid peroxidation, protein
denaturation and DNA mutation [6]. Plants are endowed
with a complex antioxidant system to cope with ROS [7],
which includes three general classes: (1) lipid-soluble,
membrane-associated antioxidants (e.g. e<-tocopherol,
B-carotene); (2) small, water-soluble antioxidant
molecules (e.g. ascorbate, glutathione); and 3.
enzymatic antioxidants. The enzymatic system in turn
includes superoxide dismutase (SOD), which catalyze
the reaction from superoxide (.O2) to H-O» and catalase
(CAT), guaiacol-type peroxidases and enzymes of the
ascorbate-glutathione cycle, e.g. ascorbate peroxidase

(APX), peroxidase (POD) and glutathione reductase
(GR), which function to detoxify the HO» produced [8].
Melondialdehyde (MDA) is decomposition product of
polyunsaturated fatty acids of membranes under stress
and the rate of lipid peroxidation level in terms of MDA
can therefore be used as an indication to evaluate the
tolerance of plants to oxidative stress as well as the
sensitivity of plants to salt stress [9]. Cell membrane
stability is frequently related to salt tolerance in plants
[10] and electrolytic leakage is usually used as an
indicator of membrane injuries in salt treated plants [11].
Proline and glycine betaine are two major organic
osmolytes that accumulate in a variety of plant species
in response to environmental stresses such as drought,
salinity, extreme temperatures, UV radiation and heavy
metals [12]. Abscisic acid (ABA), the phytohormone
plays prominent role in various physiological and
biochemical processes related to environmental
stresses [13]. In this study, we investigated the
relationship between salinity stress and the antioxidant,
osmolytes and ABA responses in two ragi varieties. To
find out the severity of salinity, also measured the
membrane lipid peroxidation and electrolytic leakage.

Il. MATERIALS AND METHODS

The certified Finger millet seeds (varieties Indaf-7 and
PAIYUR-1) were procured from PASIC, Pondicherry.
Seeds with uniform size were selected and the plants
were raised in pots containing red and clay soil. After 20
days, seedings were thinned and plants of uniform vigor
were maintained in each pot. The maximum irradiance
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(PAR, 400-700 nm) available during growth was 1800-2000
umol m?s” on clear day.

Daily maximum and minimum temperatures were 29-33°C
and 20-22°C, respectively. After germination, plants
were watered for the first 20 days. The seedlings were
divided into four groups. One group of seedlings was
maintained under non-salinized condition which served
as control. The watering solution for control plants
consists of tap water and one-fourth strength of
Hoagland nutrients [14]. Other three group were
salinized by irrigation daily to soil capacity (500 ml d)
with the nutrient medium containing 40mM, 80mM and
120mM NaCl. All the plants used in this study were of
comparable size. Young and fully matured leaves were
taken at 30 days after salinity treatments for all the
experiments described below.

Enzymes are extracted from leaf tissues using an ice-
cold mortar and pestle, 60 mg polyvinyl polypyrrolidone
and 1ml of following optimized extraction media: SOD
(100mM K-phosphate buffer, pH 7.8, 0.1mM EDTA, and
0.1% Triton X-100); CAT, GR (100mM K-phosphate
buffer, pH 7.0 and 0.1mM EDTA); APX (50mM K-
phosphate buffer, pH 7.0 and 1mM ascorbate) and
Peroxidase (POD) (50mM K-phosphate buffer, pH 7.0).
The resulting slurry was centrifuged at 15000Xg for
15min at 4°C. The supernatants were collected and
used for the assays of protein content [15] and enzyme
activities.

The activity of SOD (EC 1.15.1.1) was assayed by
measuring its ability to inhibit the photochemical
reduction of nitro-blue tetrazolium [16]. The activity of
CAT (EC 1.11.1.6) was estimated by measuring the rate
of decomposition of H2O> [17]. GR (EC 1.6.4.2) activity
was measured by oxidized GSH-dependent oxidation of
NADPH [18]. APX (EC 1.11.1.11) activity was
estimated by monitoring the decline in absorbance at
240nm [19]. POD (EC 1.11.1.7) activities were
determined with guaiacol at 470nm (extinction
coefficient 25.2mM cm™) [20].

Lipid peroxidation rates were determined by measuring
the malondialdehyde (MDA) equivalents [21].
Electrolytic leakage was recorded by measuring the
total inorganic ions leaked out in the leaves during
salinity stress [22]. Proline and glycine betaine contents
were estimated in leaf extracts under salinity stress [23,
24].

Extraction and quantification of ABA was done in leaves
by ELISA method [25]. One gram of the leaf tissue was
homogenized with 15ml of extraction medium containing
80% methanol, 100mg/1 butylated hydroxy toluene
(BHT) and 0.5g/l citric acid monohydrate. These
suspension was centrifuged at 1000xg for 20min at 4°C.
The supernatant was passed through Sep-Pak-C-18
cartridge and the pooled washings were evaporated
under vacuum. The residue was partitioned three times
against equal volume of ethyl acetate (pH 3.0).
Resulting organic phase was evaporated and the
residue was re-dissolved in 2ml of TBS buffer (pH 7.5).
The aliquots were conjugated with bovine serum
albumin (BSA) and the conjugate was administered
subcutaneously to albino rabbits (1kg body weight). The
antibodies were extracted from rabbit’s blood and were
used for the estimation of ABA.

ELISA was performed on a 96 well micro titration plate
and each well on the plate was coated with 100ul

coating buffer (1.5gI" Na,COs, 2.93gI" NaHCO; and
0.02gI" NaNs, pH 9.6) containing 0.25ugml™ antigen of
the hormone. The coated plates were incubated for
overnight at 4°C and then kept at room temperature for
32-40min. After washing four times with PBS-tween 20
(0.1%, v/v) buffer (pH 7.4), each well was filled with 50ul
of 20ugml” antibody raised against ABA antigens,
respectively. The plate was incubated for three hours at
28°C and then washed as given before. One hundred
microliters of 1.25ugml™ 1gG horse radish peroxidase
substrate was added to each well and incubated for 1h
at 30°C. The plate was rinsed five times with above
PBS-tween 20 buffer and 100ul of solution containing
1.5mgml™ O-phenylenediamine and 0.008% (v/v) HzO2
was added to each well. The reaction was stopped by
adding 50ul of 6N HSO4. The colour development in
each well was detected using ELISA reader (Multi-
scope, Lab systems, Finland) at optical density Asgo.

For statistical analysis, five samples were taken for each
treatment from five individual plants. Student’s t-test and
analysis of variance (ANOVA) were applied for
analyzing significant differences between the control
and treated plants (P<0.05)

lll. RESULTS AND DISCUSSION

Oxidative stress is a complex chemical and
physiological phenomenon that accompanies virtually all
biotic and abiotic stresses in higher plants and develops
as a result of overproduction and accumulation of
reactive oxygen species (ROS) [26]. Antioxidant levels
and the activities of ROS scavenging enzymes have
been correlated with tolerance to several different
environmental stresses [27, 28]. Superoxide dismutase,
since discovered by McCord and Fridovich, [29]
attracted the attention of many researchers because
they are essential component in an organism’s defense
mechanism and is the first enzyme involved in the
antioxidative process and this enzyme converts
superoxide radical to hydrogen peroxide (H202) and
molecular oxygen (O) [30]. In this study, both the ragi
varieties treated with salinity showed increased SOD
activity compared to control plants (Table 1). For
instance, SOD activity was enhanced to the tune of 69%
in Indaf-7 and 35% in PAIYUR-1 as compared to
respective control plants under higher (120mM) salinity
treatment. In response to salinity, SOD activity in Indaf-7
was relatively high compared to PAIYUR-1 at all the
treatments. Although activity of SOD in two ragi varieties
in response to high salinity treatment may suffice to
withstand the amount of oxidative stress, our results
clearly show that Indaf-7 is more tolerant than PAIYUR-
1.

Catalase (CAT) and peroxidase (POD and APX) appear
to play an essential protective role in the scavenging
processes when coordinated with SOD activity [27].
They are chloroplastic or cytosolic enzymes which
scavenge H>O» generated primarily through SOD action.
An increase in the activity of CAT was observed in both
varieties of salinity treatment (Table 1). The activities of
guaiacol peroxidase (POD) and ascorbate peroxidase
(APX) increased almost coordinately with SOD activity
in both ragi varieties (Table 2). As observed in case of
SOD, higher activities of CAT, POD and APX were
observed in Indaf-7. Another factor that would contribute
to counter the oxidative stress by maintaining reduced
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glutathione content at the cellular level is the activity of
the enzyme glutathione reductase (GR).

Table 1: Influence of salinity stress on superoxide
dismutase, catalase and glutathione reductase
activity in two ragi varieties.

Species Salinity treatments (mM)
Control| 40 [ 80 | 120
Superoxide dismutase (units/mgprotein/min)
Indaf-7 119.03 | 193.48 | 223.18 | 375.47
+6.15 +6.93 | +7.42 +7.98
117.70 | 152.37 | 170.26 | 182.22
PAIYUR +5.06 | +6.72 | +6.95 | +7.20
Catalase (mmol/mgprotein/min)
Indaf-7 16.97 26.75 | 34.50 44.62
+2.02 +2.63 | +2.85 +3.49
15.52 20.84 | 23.62 26.14
PAIYUR-1 +1.06 | +2.74 | +2.98 | +2.70
Glutathione reductase (umol /mgprotein/min)
Indaf-7 38.21 55.33 58.72 94.27
+3.95 +3.09 | £3.22 +4.31
37.18 39.11 43.53 49.24
PAIYUR-1 +3.92 | +3.01 | #3.12 | +3.88

The data are expressed as mean £S.E. for five independent
determinations (P<0.05).

Table 2. Changes of ascorbate peroxidase and
peroxidase activity in two ragi varieties under
salinity stress.

. Salinity treatments (mM)
Species I Gontrol | 40 | 80 | 120
Ascorbate peroxidase (mmol/mgprotein/min)
Indaf-7 28.72 | 35.02 ] 45.18 | 59.47
+1.95 | +2.09 | +2.22 | +2.31
26.97 | 30.35|32.84| 37.22
PAIYUR-1 +1.92 | +2.01 | +2.12 | +2.20
Peroxidase activity (umol/mgprotein/min)
Indaf-7 13.11 [ 16.98 | 23.12 | 26.31
a +1.29 | £1.38 | £1.47 | +1.54
12.02 | 14.29 | 1519 | 17.72
PAIYUR-1 +1.22 | +1.32 | +1.41 | +1.45

The data are expressed as mean £S.E. for five independent
determinations (P<0.05).

An increase in the GR activity was also observed in both
ragi varieties (Table 1) and ascribe this due to de nove
synthesis [31]. In this study, 60% of GR activity was
observed in Indaf-7, while 24% in PAIYUR-1 under high
salinity treatments. The elevated levels of GR might be
able to increase the ratio of NADP*/NADPH, thereby
ensuing the availability of NADP* to accept electrons
from the photosynthetic electron transport chain [32].

It is conceivable that acquisition of the stress tolenrance
in any plant is a multi—factorial function and amelioration
of ROS-scavenging systems is an important index to
assess the abilities of ragi varieties to tolerate the
stressful conditions like salinity. We presume that the
metabolism of the reactive oxygen species under
stressful environment is dependent on different
functionally interrelated antioxidant enzymes. The
increased activities of ROS scavenging enzymes should
have a greater significance as invaluable tools in the
elucidation of plant metabolic regulation under stressful

environment. SOD is an essential component of these
defense mechanisms as it dismutase to produce
hydrogen peroxide and oxygen [33]. Hydrogen peroxide
has been implicated as an essential elicitor of several
different genes related to both abiotic and biotic stress
tolerance [34]. The reduction of H»O. by ascorbate—
glutathione cycle is an extremely efficient reaction
sequence that dissipates energy and aids in the
adjustment of ATP/NADPH ratios at times, when the
severity of the salinity is more. Certain POD isomers
utilize the phenolic compounds and H.O: to initiate the
biosynthesis of several secondary metabolites required
for the plant growth, development and differentiation
[35]. A significant increase in the POD activity, using
guaiacal as an artificial substrate under the stress
conditions like salinity, indicates the formation of large
amounts of H20: in ragi leaves which indicates that ragi
is capable of effectively scavenging the ROS for the
production of certain secondary metabolites to withstand
during salinity stress. GR activity is believed to be an
important factor, limiting the degree of photo—damage
experienced by the ragi under salinity stress conditions.
This enzyme has been suggested to play a pivotal role
in the glutathione cycle in the eukaryotic cells [36]. GR
over producing plants had a greater capacity to
regenerate ascorbate during oxidative stress [37]. From
this study, it is clear that the damage which was inflicted
by salinity can be ameliorated by over—expression of
antioxidant enzymes as noticed in Indaf-7 and there are
certain variations in the activity of these antioxidant
enzymes between two varieties to counteract the
stresses.

Lipid peroxidation is a destructive chain reaction and it
can directly damage the structure of membrane [28]
[38]. Salt stress affected the activity of plasma
membrane ATPase activity and peroxidation of
memebrane lipids is an indication of membrane damage
and leakage under salt stress conditions [39]. Lipid
peroxidation and electrolytic leakage were more in
variety PAIYUR-1 compared to Indaf-7 under salt stress
(Table 3). At higher salinity treatment, Indaf-7 showed
29% of membrane lipid peroxidation, while in PAIYUR-1
by 58% when compared to respective control plants.
Variation in MDA contents were found in rice [40], cotton
[41] and Alfalfa [42] cultivars differing in salt tolerance.
Lower levels of lipid peroxidation are associated with
higher APX activity in drought or salt tolerant tomato
[43], sugar beet [44] and rice [45] plants. In the present
study, higher percentage of electrolytic leakage was
observed in PAIYUR-1 under salinity stressed
conditions (Table 3). An undamaged plasma membrane
is crucial to the survival of the whole cell [44, 46] and
electrolytic leakage can indicate plasma membrane
injury induced by salt stress [47].

To counteract the salinity stress, plants developed
different adaptive mechanism and one of them is the
synthesis and accumulation of low molecular weight
organic compounds such as proline and glycine betaine
in cytosol and organells and these compounds are
collectively called compatible osmolytes because they
accumulate and act without perturbing intracellular
biochemistry in the cell [48]. Osmolytes have positive
effects on enzyme and membrane integrity along with
adaptive roles in mediating osmotic adjustment in plants
grown under stress conditions [12].
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Table 3. Effect of salinity stress on lipid
peroxidation and electrolytic leakage in two ragi

varieties.
Species Salinity treatments (mM)
P Control | 40 | 80 | 120
Lipid peroxidation (nmol/ml)
Indaf-7 1.42 1.61 1.76 1.99
+0.062 | +0.071 | #0.085 | +0.097
1.65 1.88 2.47 3.89
PAIYUR-1 +0.078 | #0.089 | 0.10 +0.25
Electrolytic leakage (%)
Indaf-7 1.73 2.07 2.21 2.49
+0.079 | +0.081 | +0.092 +0.12
2.11 2.69 3.82 5.11
PAIYUR-1 +0.098 | +0.11 | +0.28 +0.57

The data are expressed as mean £S.E. for five independent
determinations (P<0.05).

Quantitative estimation of proline and glycine betaine,
between the two ragi varieties were depicted in Table 4.
Sigificantly higher amount of proline and glycine
betaine were accumulated in the variety Indaf-7 at all
salnity treatments when compared to PAIYUR-1. Indaf-
7 accumulated proline by 59% and glycine betaine by
62% when compared to respective control plants at 120
mM salinity treatments. Proline and glycine betaine are
known to serve as nitrogen and carbon source which
can be used as during recovery from the stress [48].
These compatible solutes also involved in cell
osmoregulations and protects the photosystem Il (PS II)
complex by stabilizing the association of the extrinsic
PS Il complex proteins under salt stress [49]. Enhanced
synthesis of proline under drought or salt stress has
been implicated as a mechanism to alleviate
cytoplasmic acidosis and maintain NADP*: NADPH at
values compatible with metabolism [50]. Glycine betaine
accumulates in response to stress in many crops,
including spinach, barley, tomato, potato, rice, carrot,
wheat and sorghum [51].

Table 4. Accumulation of proline, glycine betaine
and abscisic acid content in two ragi varieties under
different salinity concentrations.

Species Salinity treatments (mM)
Control | 40 | 80 | 120
Prolene (mg/gfw)
Indaf-7 2.20 3.1 3.93 5.37
+0.23 +0.26 | +0.32 +0.46
1.90 2.06 2.22 2.40
PAIYUR-1 +0.072 | £0.089 | +0.13 +0.16
Glycine betaine (mg/gfw)
Indaf-7 4.87 7.80 9.21 12.25
+0.20 +0.32 | +0.44 +0.52
4.03 5.27 5.84 6.14
PAIYUR-1 $0.085 | £0.096 | +0.27 | +0.30
Abscisic acid (ug/gfw
Indaf-7 8.1 12.23 14.12 18.85
+0.95 +1.09 | £2.11 +2.31
6.92 8.24 9.09 10.13
PAIYUR £0.71 | #0.98 | #1.01 | +1.23

The data are expressed as mean £S.E. for five independent
determinations (P<0.05).

Abscisic acid is found in a wide variety of organisms and
in the plant kingdom, ABA’s role in mediating responses
to abiotic stress has been conserved and enhanced
throughout evolution [28, 52]. ABA accumulation was

investigated in the leaves of Indaf-7 and PAIYUR-1
under control and salt-stressed conditions (Table 4).
There was approximately two-three fold increase of ABA
content in salt-stressed leaves compared to well
watered plants. However, Indaf-7 possessed nearly 1.5-
2 fold higher amount of ABA compared to PAIYUR-1.
Accumulation of ABA in higher plants is well known to
limit the transpirational losses particularly under water
deficit conditions [53]. Our results clearly suggest that
accumulation of ABA is a sensitive indicator to changes
in soil water availability to the ragi varieties. ABA
accumulation in higher plants was reported to be related
to oxidative stress tolerance in plants [54]. Further ABA
is also known to induce the expression of antioxidant
genes encoding SOD, CAT, GR APX and POD in plant
tissues [55].

IV. CONCLUSION

Two ragi varieties used in the present study have a
different relative tolerance to high salinity and this
tolerance was larger in Indaf-7 compared to PAIYUR-
1. The present study clearly shows that Indaf-7 is
superior with respect to its antioxidant defense systems,
osmoprotectant and ABA accumulation than PAIYUR-
1. Variety Indaf-7 also showed lower rates of lipid
peroxidation and electrolytic leakage under salinity
stressed conditions. Such studies can be used in ragi
breeding programmes or transgenic ragi research to
generable plants with elevated activities of antioxidant
systems for improved tolerance to salinity.
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