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Abstract
The effects of mannitol to water stress on physiological , nutritional, secondary metabolites and antioxidant capacity were
investigated in Lepidium sativum L. Plants were grown under controlled temperature (25ºC) and light conditions (16 hours
light and 8 hours dark). Physiological parameters (carbohydrate, protein and proline) nutritional analysis (sodium and
potassium) secondary metabolites (alkaloid and saponin) and antioxidant activity (ABTS and DPPH) were determined after
35, 75 and 110 days. Exogenous application of mannitol (50µg/l, 100µg/l, and 250µg/l) were standardized and applied to
different water potential -0.01w MPa, -0.02w MPa and -0.03w MPa. Mannitol enhanced the physiological parameters,
nutritional factors, secondary metabolites and antioxidant activity in stressed plant; it is play a major role in cellular
osmotic adjustment. Present study indicating that the mannitol play pivotal role to water stress in Lepidium sativum L.
Therefore, it found that the plants are able to cope with abiotic stress when exogenous mannitol is applied.
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Introduction
Environmental factors influence the characters,

composition, growth and development of plant and plants
communities. When any environmental influence exceeds
the optimum tolerance of a plant, the result is stress to
that plant (Lawlor, 2002; Jaleel, 2007). Plants, as of their
sessile nature, are the leading creatures, which
continuously face several environmental stresses such
as extreme temperature, drought, water logging, salinity,
heavy metal etc., which affect productivity (Heidari,
2009). Plants exposed to various abiotic stresses because
of unescapable environmental conditions, which harmfully
affect their growth and development and generate a series
of morphological, physiological and biochemical changes
(Ahmad et al., 2008). In the consequence of global
climatic change, different biotic and abiotic stresses are
severe threats to the agricultural production worldwide.
In nature, plants unceasingly stressed by exposure to
multiple adverse conditions. The collective effect of
multiple biotic and abiotic stresses is a major yield-limiting
factor in agriculture. The stress concept in plants
described according to physiological and ecological
requirements of a plant throughout its life cycle (Godbold,

1998). The required resources can be any environmental
factor, and hence include chemical, physical and biotic
factors. Such stress factors distinct as extreme
environmental conditions that induce functional changes
in plants to such an extent that stress on the plants
develops, subsequent in inhibited growth, reduced bio
production, physiological acclimatization and adaptation
of species. ROS generated in plant cells by ordinary
cellular metabolism or due to unfavorable environmental
conditions such as drought, salinity, heavy metals, drought,
herbicides, nutrient deficiency, or radiation. Their
fabrications controlled by various enzymatic and non-
enzymatic antioxidant defense systems. Enzymatic
antioxidant defense systems, including catalase, ascorbate
peroxidase, peroxidase, super oxide dismutase,
monodehydroascorbate reductase, dehydroascorbate
reductase and glutathione reductase and non-enzymatic
antioxidant defense systems, including phenolic,
carotenoids, ascorbate, glutathione, compounds, proline,
glycine betaine, sugar, and polyamines (Ahmad et al.,
2008; Gill and Tuteja, 2010; Karuppanapandian et al.,
2011). Antioxidant defense mechanisms allow plants to
acclimatize and survive stressful events. However, long-
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term exposure of plants to biotic and abiotic stress induces
an interruption in plant metabolism implying physiological
costs and thus, leading to a reduction in suitability and
eventually in productivity (Shao et al., 2008). Osmolytes
are small molecules that exploited by cells as a defensive
system against stress conditions. Most osmolyte
compounds divided into three chemical classes: polyhydric
alcohols and sugars (polyols), amino acids and their
derivatives, and methyl ammonium compounds (Macchi
et al., 2012). Many plants accumulate organic osmolytes
in comeback to the imposition of abiotic stresses that
cause cellular dehydration. Mannitol, trehalose and
sorbitol exhibit marginal improvements in salt and/ or
drought tolerance (Garg et al., 2002). Metabolic
assistances of osmolyte accumulation may augment the
classically accepted roles of these compounds (Hare et
al., 1998). Glycine betaine and proline are two foremost
organic osmolyte that accumulate in a variety of plant
species in comeback to environmental stresses such as
drought, salinity, extreme temperature, UV radiation and
heavy metal. To improve plant forbearance to abiotic
stresses such as excess light, drought, extreme
environmental temperatures or salinity, the osmotic
potential of plant cells must increase, usually by increasing
the concentration of cell solutes. However, increasing
the deliberations of common solutes, such as organic
acids, carbohydrates and inorganic ions, can inhibit
enzymatic activity. These solutes consequently found
within plant cell vacuoles where their increasing
concentration does not harm cell metabolism. In contrast
to common solutes, compatible osmolytes
(osmoregulators) are membrane-impermeable solutes,
which accumulate in the cytoplasm at high concentrations
(C > 0.2 M), do not adversely affect functional activities
in the cell and as such, they considered valuable
osmoprotectors (Yancey et al., 1982).

Materials and Methods
Plant Growth

The seeds propagated in seed trays comprising soil
placed in a polyhouse with regulated temperatures ranging
among 20 to 25°C, under a long-day photoperiod (16h
light/8h dark). 10days old seedling shifted to different
pots. After sowing of 20 days water stress and osmolyte,
treatments started. Water stress imposed by watering
while weighing method. Different water potential (-
0.01WMPa, -0.02WMPa, and -0.03WMPa) were
achieved at 20 days of seed sowing. Seedling fertilized
by adding Hoagland nutrient solution to each pot after
every seven days. Plants parts (Leaves) sampled to
determine carbohydrate, protein, proline, sodium,

potassium, alkaloid, saponin, ABTS and DPPH of plant
after 35, 75 and 110 days. Osmolyte concentration used
for treatments 50µg/l, 100µg/l and 250µg/l apply through
foliar spray.
Estimation of Carbohydrates

Total carbohydrates were determined in plant tissue
method described by (Hedge and Hofreiter, 1962).
Weighed 100 mg of the sample. Hydrolyzed via keeping
it in hot water bath aimed at 180 minutes through 5 mL of
2.5N HCl then cooled. Deactivated it through dense
sodium carbonate until the bubbliness finishes.
Centrifuged at 10,000 rpm for 5 minutes. Collected the
supernatant and took 0.5 then 1ml aliquots for
examination. Made up the volume toward 1ml in all the
tubes comprising the sample tubes by addition of refined
water. Then, added 4 ml of anthrone reagent. Heated
aimed at eight minutes in a hot water bath. Cooled rapidly
and read the green to dark green color at 630nm. Drawn
a normal graph by scheming absorption of the standard
on the X-axis versus absorbance proceeding the Y-axis
from the graph calculated the quantity of carbohydrate
existing in the sample tube.
Estimation of Protein Content

Protein estimated by method as described by (Lowry
et al., 1951). Considered 0.5gm of the sample then grind
well through a pestle, mortar in 5-10 ml of the phosphate
buffer. Centrifuged and cast-off the supernatant aimed
at protein approximation. Pipette obtainable 0.2, 0.4, 0.6,
and 0.8 besides 1 ml of the operational standard hooked
on a series of test tube. Pipette obtainable 0.1 ml and 0.2
ml of the sample extract in dualistic test tubes. A tube
through 1mL of water aided as the blank. Added 5 ml of
mixture C (alkaline copper solution) to each tube including
the blank. Mixed well and permissible to stance for 10min.
Then added 0.5 ml of reagent D (Folin-Ciocalteau
Reagent) mixed well and kept at room temperature in
the dark aimed at 30min. Blue color developed. Took the
reading at 660nm. Drawn a standard graph using BSA
and calculated the amount of protein in the sample.
Estimation of Proline Content

Proline measured by the method given by (Bates et
al., 1973). Extracted 0.5g of plant material by
homogenizing in 10 ml of 3% aqueous sulphosalicylic acid.
Filtered the homogenate through Whattman No. 2 filter
paper. Took 2 ml of remainder in a test tube and added 2
ml of glacial acetic acid and 2 ml acid ninhydrin. Heated
it in the boiling water bath for 1h. Terminated the reaction
by retaining the tube in ice bath. Added 4 ml toluene to
the reaction mixture and stirred well for 20-30sec
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separated the toluene layer and warmed to room
temperature. Measured the red color intensity at 520nm.
Ran a series of standards with pure proline in a similar
way and prepared a standard curve.
Determination of Sodium and Potassium

Potassium and sodium in the acid-digest of plant
sample (leaf) was determined using Flame photometer.
Weighed 500 mg dried plant sample in 100 ml conical
flask. Additional 10 ml of conc. HNO3 placed funnel on
the flask and kept for about 6-8 hrs or overnight at a
covered place for pre-digestion. After pre-digestion when
the solid sample was no more visible, additional 10 ml of
conc. HNO3 and 2-3 ml HClO4. Kept on a hot plate in
acid proof chamber having fume exhaust system, heated
at about 100°C for first 1 hr and then raised the
temperature to 200°C. Continued digestion until the
contents became colorless and only white dense fumes
appeared. Reduced the acid contents to about 2-3 ml by
continuing heating at the same temperature. Filtered
through Whattman No. 42 filter paper. Gave 3-4 washings
of 10-15 ml portions of refined water then made the total
volume 100 ml. Measured Na+ and K+ concentrations in
the remainder by using Flame photometer. Recorded the
flame photometer readings aimed at each of the
operational standards of Na and K subsequently adjusting
blank to zero. Drawn a standard curve by scheming the
readings against Na and K readings.
Determination of Alkaloid

Adopted the method given by (Omoruyi et al., 2012).
5 g of plant extract mixed with 200 mL of 10% acetic
acid in ethanol. The mixture covered then permissible
toward stand for 4 h. This mixture filtered than the
remainder stood concentrated on a hot water bath to a
quarter of its original volume. Rigorous ammonium
hydroxide added in droplets to the extract until
precipitation (cloudy fume) accomplished. The solution
remained permissible to settle, washed through diluted
ammonium hydroxide then filtered. The residue collected
was dried and weighed then the alkaloid content calculated
by means of the equation:

% Alkaloid = Weight of precipitate/Weight of original
sample × 100
Determination of Saponins

Saponin content estimated as method described by
(Obadoni and Ochuko, 2001). 5 g of the crushed plant
sample added to 50 mL of 20% ethanol, retained on a
shaker aimed at 30 min and then heated in a water bath
on 550C for 4 h. The subsequent mixture filtered and
then remainder re-extracted through additional 200 mL

of 20% aqueous ethanol. The remainders were collective
and condensed to 40 mL in a boiling water bath at 900C.
The concentrate shifted into a splitting funnel, 20 mL of
diethyl ether added and then shaken enthusiastically. The
ether film, which was the upper film, discarded and then
the aqueous (bottom) layer retained in a beaker. The
retained layer re-introduced into a splitting funnel and 60
mL of n-butanol added then shaken enthusiastically. The
butanol extract, which is the upper layer, reserved
although the bottom layer thrown away. The butanol layer
was wash away twice with 10 mL of 5% aqueous sodium
chloride. The residual solution collected and heated to
evaporation in a boiling water bath, formerly dehydrated
to constant weight at 40°C in an oven. The saponin
content remained calculated by means of the equation:

% Saponin content = Weight of residue/Weight of
original sample× 100
Determination of 2, 2-azinobis (3-ethylbenzthia-
zoline) -6-sulfonic acid (Assay)

The 2, 2-azinobis (3-ethylbenzthiazoline)-6-sulfonic
acid (ABTS) free radicals scavenging assay was used
to define the antioxidant potential of extracts (Re et al.,
1999). Solutions in 100 ml of methanol were prepared
for ABTS (7 mM) besides potassium per sulphate (2.45
mM) these two solutions thoroughly mixed aimed at the
creation of free radicals and kept in the dark overnight.
Around 3 ml of this stock solution was taken and its
absorbance at 745 nm was set to 0.76 (control solution).
Approximately 200 µl of the test sample mixed through
three ml of ABTS solution then incubated at 25°C for 15
min. Absorbance measured using a spectrophotometer
with a double beam of 745 nm. The similar way followed
for the preparation of various ascorbic acid dilution
(positive control). The data collected in triplicates, and
the formula used to measure the percentage of ABTS
free radicals scavenging activity:

% Inhibition = (Ac-As/Ac) x 100
Determination of 2, 2-diphenyl-1-picrylhydrazyl
(Assay)

The method given by (Barros et al., 2007) calculated
the radical scavenging behavior of the extract DPPH.
Elucidation was prepared by dissolving DPPH in
methanol. 3ml was taken from this solution, and its
absorbance at 515 nm (control solution) was set to 0.75.To
prevent free radicals, the DPPH stock solution was
coated with aluminum foil and kept in the shady for 24
hours. 5 mg of separately extract was liquefied in 5 ml
methanol aimed at the preparation of stock solutions.
Approximately 200µl of test sample mixed by 2 ml DPPH
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then incubated aimed at 15 min in dark. Ascorbic acid
used as a typical antioxidant compound in all the assays
for comparative analysis. The percentage inhibition of
DPPH free radical by extracts remained calculated by
means of the following formula:

% Inhibition = (Ac-As/Ac) x 100
Where (Ac) remains the absorbance of control and

(As) absorbance of extract/standard.
At the end of experiment, data subjected to analysis

of variance (ANOVA) and mean separation. The
statistical analysis done using Graph Pad Prism®5.2. The
least significance difference (LSD) at 5% level used to
compare the means of different test parameters. Data
are mean ± SD of three replicates (n=3) remained
examined using graph pad prism 5.2 by Two way Anova
followed through Bonferroni multiple comparison post-
test P<0.05*, P<0.01**, P<0.001*** significance level.

Results
Carbohydrate

The effects of mannitol and water stress treatments
on carbohydrate content of Lepidium sativum L.
illustrated in Fig. 1 and table 1. The carbohydrate content
enhanced in concentration dependent manner. While
mannitol 50, 100 and 250µg/l applied with water potential
-0.01, -0.02 and -0.03WMPa the carbohydrate content
is significantly increased as compare to their respective
control at 35, 75 and 110 days.
Protein

The effects of mannitol and water stress treatments
on protein content of Lepidium sativum L. illustrated in
Fig. 2 and table 2. The protein content enhanced in
concentration dependent manner. While mannitol 50, 100,
and 250µg/l applied with water potential -0.01, -0.02 and
-0.03WMPa the protein content is significantly increased
as compare to their respective control at 35, 75 and 110
days.
Proline

The effects of mannitol and water stress treatments
on proline content of Lepidium sativum L. illustrated in
Fig. 3. and table 3. The proline content enhanced in
concentration dependent manner. While mannitol 50, 100,
and 250µg/l applied with water potential -0.01, -0.02 and
-0.03WMPa the proline content is significantly increased
as compare to their respective control at 35, 75 and 110
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Fig. 1: Effect of mannitol and water stress on carbohydrate
content.

Fig. 2: Effect of mannitol and water stress on protein content.
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days.
Potassium

The effects of mannitol and water stress treatments
on Potassium content of Lepidium sativum L. illustrated
in Fig. 5. and table 5. The potassium content enhanced in
concentration dependent manner. While mannitol 50, 100,
and 250µg/l applied with water potential -0.01, -0.02 and
-0.03WMPa the potassium content is significantly

days.
Sodium

The effects of mannitol and water stress treatments
on sodium content of Lepidium sativum L. illustrated in
Fig. 4. and table 4. The sodium content enhanced in
concentration dependent manner. While mannitol 50, 100,
and 250µg/l applied with water potential -0.01, -0.02 and
-0.03WMPa the sodium content is significantly increased
as compare to their respective control at 35, 75 and 110

Fig. 3: Effect of mannitol and water stress on proline content.
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Fig. 4: Effect of mannitol and water stress on sodium content.
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increased as compare to their respective control at 35,
75 and 110 days.
Alkaloid

The effects of mannitol and water stress treatments
on alkaloid content of Lepidium sativum L. illustrated in
Fig. 6. and table 6. The alkaloid content enhanced in
concentration dependent manner. While mannitol 50, 100,
and 250µg/l applied with water potential -0.01, -0.02 and
-0.03WMPa the alkaloid content is significantly increased

as compare to their respective control at 35, 75 and 110
days.
Saponin

The effects of mannitol and water stress treatments
on saponin content of Lepidium sativum L. illustrated in
Fig. 7. and table 7. The saponin content enhanced in
concentration dependent manner. While mannitol 50, 100,
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Fig. 5: Effect of mannitol and water stress on potassium con-
tent.

Fig. 6: Effect of mannitol and water stress on alkaloids con-
tent.
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and 250µg/l applied with water potential -0.01, -0.02 and
-0.03WMPa the saponin content is significantly
increased as compare to their respective control at 35,
75 and 110 days.
ABTS

The effects of mannitol and water stress treatments
on antioxidant activity by ABTS assay of Lepidium
sativum L. illustrated in Fig. 8. and table 8. The

antioxidant activity enhanced in concentration dependent
manner. While mannitol 50, 100 and 250µg/l applied with
water potential -0.01, -0.02 and -0.03WMPa the
antioxidant activity is significantly increased as compare
to their respective control at 35, 75 and 110 days.
DPPH

The effects of mannitol and water stress treatments
on antioxidant activity by DPPH assay of Lepidium
sativum L. illustrated in Fig. 9. and table 9. The
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Fig. 8: Effect of mannitol and water stress on antioxidant ABTS
assay.
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antioxidant activity enhanced in concentration dependent
manner. While mannitol 50, 100 and 250µg/l applied with
water potential -0.01, -0.02 and -0.03WMPa the
antioxidant activity is significantly increased as compare
to their respective control at 35, 75 and 110 days.

Discussion
Tolerance to abiotic stresses is very complex at the

whole plant and cellular levels (Foolad et al., 2003; Ashraf

and Harris, 2004). This is in part due to the complication
of interactions between stress factors and numerous
molecular, biochemical and physiological phenomena
affecting plant growth and development (Zhu, 2002).
Currently, there are no economically viable technological
means to facilitate crop production under stress
environments. However, development of crop plants
tolerant to environmental stresses reflected an auspicious
approach, which may help satisfy growing food demands
of the developing and under-developed countries.
Development of crop plants with stress tolerance,
however, requires, amongst knowledge of the physiological
mechanisms and genetic controls of the subsidizing traits
at different plant developmental stages. In the past 2
decades, biotechnology research has providing
considerable insights into the mechanism of abiotic stress
tolerance in plants at the molecular level (Hasegawa et
al., 2000; Zhu, 2001; Prabhavathi et al., 2002; Rontein
et al., 2002). For example, though stress forbearance
mechanisms may vary from species to species and at
different developmental stages (Foolad and Lin, 2001);Fig. 9: Effect of mannitol and water stress on antioxidant DPPH

assay.

Effect of Mannitol on Lepidium sativum L. under abiotic stress (Water stress) condition 8507



basic cellular comebacks to abiotic stresses conserved
among most plant species (Zhu, 2002). During the process
of adaptation to a water-deficit condition, the plant
experiences osmotic stress due to production of toxic
reactive oxygen species (ROS), which affects the plant’s
homeostasis. Tolerance to water-deficit condition is a
complex trait achieved by the plants through synchronized
action of physiological, biochemical and molecular
adaptations. The syntheses of organic osmolytes (proline,
glycine betaine and soluble sugars) and enzymatic
(superoxide dismutase, SOD; catalase, CAT; ascorbate
peroxidase, APX; and guaiacol peroxidase, GPX) (Mittler,
2002; Jaleel et al., 2009) and non-enzymatic antioxidants
such as ascorbate, glutathione, tocopherols and carotenoid
(Jaleel et al., 2009). Measurement of such processes in
comeback to water stress may deliver valuable
information on the numerous approaches of the plant
intended to remove or to reduce the detrimental effects
of water-deficit in soil or plant tissues. Furthermore,
different abiotic stress factors may provoke osmotic
stress, oxidative stress and protein denaturation in plants,
which lead to similar cellular adaptive comebacks such
as accumulation of compatible solutes, induction of stress
proteins, and acceleration of reactive oxygen species
scavenging systems (Zhu, 2002). One of the utmost
common stress responses in plants is overproduction of
different types of compatible organic solutes (Serraj and
Sinclair, 2002). Compatible solutes are low molecular
weight, extremely soluble compounds that are frequently
nontoxic at high cellular concentrations. Generally, they
defend plants from stress through different courses,
including contribution to cellular osmotic adjustment,
detoxification of reactive oxygen species, protection of
membrane integrity, and stabilization of enzymes/proteins
(Yancey et al., 1982; Bohnert and Jensen, 1996).
Furthermore, because some of these solutes also defend
cellular components from dehydration damage, they
frequently referred to as osmoprotectants. These solutes
include proline, sucrose, polyols, mannitol, trehalose and
quaternary ammonium compounds (QACs) such as
glycine betaine, alanine betaine, proline betaine, choline
O-sulfate, hydroxyl proline betaine, and pipecolate betaine
(Rhodes and Hanson, 1993). Alternatively, in some plants
augmented resistance to abiotic stresses has accomplished
by exogenous application of various organic solutes this
approach, which may significantly subsidize to increased
crop production in stress environments. Mannitol, an
important osmolyte, normally synthesized in large amount
in many plant species (Su et al., 1999; Mitoi et al., 2009).
Its proportion is about 50% of the total translocated photo
assimilates (Loester et al., 1992). Although mannitol plays

an important role in osmotic adjustment, it acts as an
antioxidant to scavenge of hydroxyl radicals (OH-) (Shen
et al., 1997; Srivastava et al., 2010). However, there is
little information available in the literature on the role of
mannitol in stress forbearance in plants of agronomic
importance. Mannitol found more effective in improving
the plants growth, development and stabilization of
membrane integrity (Ashraf & Ali, 2008). However, in a
number of plant species the fabrication of these organic
compounds is not adequate to fulfill the plant requirements.
In the present study, foliar-applied mannitol significantly
enhanced the carbohydrate, protein, proline, sodium,
potassium, alkaloid, saponin, ABTS and DPPH responses
in Lepidium sativum L. under water stress condition as
compared to their respective control. This enhancement
due to foliar application of mannitol, which utilized in the
leaves, where they might have acted as a source of C, as
has been previous reported in different studies (Mitoi et
al., 2009; Anjum et al., 2011).

Conclusion
Water stress causes osmotic stress in plants, which

causes reduction in growth, imbalance ion transport, and
a decrease in transpiration rate and an increase in
membrane permeability. Such effects consequence in less
water-absorbing capacity of crop plants, and diverse plant
species and genotypes within a species respond differently
to adverse environmental conditions. In mandate to
counteract unfavorable environmental circumstances,
plants accumulate different types of organic and inorganic
solutes in cytosol to decrease osmotic potential by which
they can maintain cell turgor. The safety and survival of
the plants depends on the coordination of these vital
osmoprotectants with antioxidant enzymes. The present
study summarized that the Lepidium sativum L.
maintained physio-biochemical responses during water
stress, which may be due to efficient osmotic regulation
maintained through exogenous application of mannitol.
Generally, application of mannitol under stress
circumstances, which not only assistances in maintaining
cell turgor is also involved in quenching free radicals,
upholding sub-cellular structures, and shielding cellular
redox potential. Exogenous solicitation of mannitol were
enhanced the carbohydrate, protein, proline sodium,
potassium, alkaloids, saponins as well as antioxidant, ABTS
AND DPPH capacity in Lepidium sativum L. plant as
compared to their respective control.

Acknowledgements
The authors acknowledge to Shoolini University of

Biotechnology and Management Sciences, Solan, H.P.
for providing platform for this work and thanks to the

8508 Somvir Singh et al.



Department of Basic Sciences for supporting and provide
lab facility to carry out this work.

References
Ahmad, P., M. Serwat and S. Sharma (2008). Reactive oxygen

species, antioxidants and signaling in plants. Journal
Plant Physiology, 51: 167-173.

Anjum, F., A. Wahid, M. Farooq and F. Javed (2011). Potential
of foliar applied thiourea in improving salt and high
temperature tolerance of bread wheat (Triticum aestivum).
International Journal of Agriculture Biology, 13: 251-
256.

Ashraf, M. and P.J. Harris (2004). Potential biochemical
indicators of salinity tolerance in plants. Plant Science,
166: 3-16.

Ashraf, M. and Q. Ali (2008). Relative membrane permeability
and activities of some antioxidant enzymes as the key
determinants of salt tolerance in canola (Brassica napus
L.). Environmental and Experimental Botany, 63: 266-
273.

Barros, L., M.J. Ferreira, B. Queiros, I.R. Ferreira and P. Baptista
(2007). Total phenols, ascorbic acid, b-carotene and
lycopene in Portuguese wild edible mushrooms and their
antioxidant activities. Food Chemistry, 103: 413-419.

Bates, L.S., R.P. Waldren and I.D. Teare (1973). Rapid
determination of free proline for water-stress studies. Plant
and Soil, 39: 205-207.

Bohnert, H.J. and R.G. Jensen (1996). Strategies for engineering
water-stress tolerance in plants. Trends Biotechnology,
14: 89-97.

Foolad, M.R. and G.Y. Lin (2001). Relationship between cold
tolerance during seed germination and vegetative growth
in tomato: analysis of response and correlated response
to selection. Journal of the American Society for
Horticultural Science, 126: 216-220.

Foolad, M.R., P. Subbiah, C. Kramer, G. Hargrave and G.Y. Lin
(2003). Genetic relationships among cold, salt and drought
tolerance during seed germination in an interspecific cross
of tomato. Euphytica, 130: 199-206.

Garg, A.K., J.K. Kim, T.G. Owens, A.P. Ranwala and Y.D. Choi
(2002). Trehalose accumulation in rice plants confers high
tolerance levels to different abiotic stresses. Proceeding
National Academy of Science United State America, 99:
15898-15903.

Gill, S.S. and N. Tuteja (2010). Reactive oxygen species and
antioxidant machinery in abiotic stress tolerance in crop
plants. Plant Physiology Biochemistry, 48: 909-930.

Godbold, D.L. (1998). Stress concepts and forest trees.
Chemosphere, 36: 859-864.

Hare, P.D., W.A. Cress and J. Van Staden (2002). Disruptive
effects of exogenous proline on chloroplast and
mitochondrial ultrastructure in Arabidopsis leaves. South
African Journal of Botany, 68: 393-396.

Hare, P.D., W.A. Cress and V.J. Staden (19198). Dissecting the
roles of osmolyte accumulation during stress. Plant Cell
and Environment, 21: 535-553.

Hasegawa, P.M., R.A. Bressan, J.K. Zhu and H.J. Bohnert
(2000). Plant cellular and molecular responses to high
salinity. Annual Review of Plant Physiology and Plant
Molecular Biology, 51: 463-499.

Hedge, J.E. and B.T. Hofreiter (1962). In: Carbohydrate
Chemistry, 17 (Eds. Whistler R.L. and Be Miller, J.N.),
Academic Press, New York.

Heidari, M. (2009). Antioxidant activity and osmolyte
concentration of sorghum (Sorghum bicolor) and wheat
(Triticum aestivum) genotypes under salinity stress. Asian
Journal of Plant Science, 8: 240-244.

Jaleel, C.A., R. Gopi, B. Sankar, M. Gomathinayagam and R.
Panneerselvam (2008). Differential responses in water use
efficiency in two varieties of Catharanthus roseus under
drought stress. Comptes Rendus Biologies, 331: 42-47.

Jaleel, C.A., R. Gopi, P. Manivannan and R. Panneerselvam
(2007). Responses of antioxidant defense system of
Catharanthus roseus L. G. Don. To paclobutrazol treatment
under salinity. Acta Physiologiae Plantarum, 29: 205-
209.

Jaleel, C.A., R. Ksouri, G. Raghupathi, P. Paramasivam, I. Jallali,
J.A. Hammed, C.X. Zhao, H.B. Shao and P. Rajaram (2009).
Antioxidant defense responses: physiological plasticity
in higher plants under abiotic constraints. Acta Physiol
Plant, 31: 427-436.

Karuppanapandian, T., J.H. Moon, C. Kim, K. Manoharan and
W. Kim (2011). Reactive oxygen species in plants: their
generation, signal transduction and scavenging
mechanisms. Australian Journal Crop Science, 15: 709-
725.

Lawlor, D.W. and G. Cornic (2002). Photosynthetic carbon
assimilation and associated metabolism in relation to water
deficits in higher plants. Plant Cell and Environment, 25:
275-294.

Loester, W.H., R.H. Tyson, J.D. Everard, R.J. Redgwel and R.L.
Bieleski (1992). Mannitol synthesis in higher plants:
evidence for the role and characterization of a NADPH-
dependent mannose-6-phosphate reductase. Plant
Physiology, 98: 1396-1402.

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall (1951).
(The Original Method). Journal of Biological Chemistry,
193: 265.

Macchi, F., M. Eisenkolb, H. Kiefer and E.D. Otzen (2012). The
Effect of Osmolytes on Protein Fibrillation. International
Journal of Molecular science, 13: 3801-3819.

Mitoi, E.N., I. Holobiuc and R. Blindu (2009). The effect of
mannitol on antioxidative enzymes In vitro long term
cultures of Dianthus tenuifolius  and Dianthus
spiculifolius. Romanian Journal of Biology, 54: 25-30.

Mittler, R. (2002). Oxidative stress, antioxidants and stress

Effect of Mannitol on Lepidium sativum L. under abiotic stress (Water stress) condition 8509



tolerance. Trends Plant Sci ence, 7: 405-410.
Obadoni, B.O. and P.O. Ochuko (2002). Phytochemical studies

and comparative efficacy of the crude extracts of some
hemostatic plants in Edo and Delta States of Nigeria. Global
Journal of Pure and Applied Sciences, 8: 203-208.

Ober, E.S. and R.E. Sharp (1994). Proline accumulation in maize
Zea mays L. primary roots at low water potentials (I.
Requirement for increased levels of abscisic acid). Plant
Physiology, 105: 981-987.

Omoruyi, B.E., G. Bradley and A.J. Afolayan (2012). Antioxidant
and phytochemical properties of Carpobrotus edulis (L.)
bolus leaf used for the management of common infections
in HIV/AIDS patients in Eastern Cape Province. BMC
Complementary and Alternative Medicine, 12: 215.

Prabhavathi, V., J.S. Yadav, P.A. Kumar and M.V. Rajam (2002).
Abiotic stress tolerance in transgenic eggplant (Solanum
melongena L.) by introduction of bacterial mannitol
phophodehydrogenase gene. Molecular Breeding, 9: 137-
147.

Re, R., N. Pellegrini, A. Proteggente, A. Pannala, M Yang and C.
Rice-Eas (1999). Antioxidant activity applying an improved
ABTS radical cation decolorization assay. Free Radical
Biology and Medicine, 26: 1231-1237.

Rhodes, D. and A.D. Hanson (1993). Quaternary ammonium
and tertiary sulfonium compounds in higher-plants.
Annual Review of Plant Physiology and Plant Molecular
Biology, 44: 357-384.

Rontein, D., G. Basset and A.D. Hanson (2002). Metabolic
engineering of osmoprotectant accumulation in plants.

Metabolic Engineering, 4: 49-56.
Serraj, R. and T.R. Sinclair (2002). Osmolyte accumulation: can

it really help increase crop yield under drought conditions?
Plant Cell Environment, 25: 333-341.

Shao, H.B., L.Y. Chu, C.A. Jaleel and C.X. Zhao (2008). Water-
deficit stress Induced anatomical changes in higher plants.
Comptes Rendus Biologies, 331: 215-225.

Shen, B., R.G. Jensen and H.J. Bohnert (1997). Increased
resistance to oxidative stress in transgenic plants by
targeting mannitol biosynthesis to chloroplasts. Plant
Physiology, 113:1177-1183.

Srivastava, A.K., N.K. Ramaswamy, P. Suprasanna and S.F.
D’Souza (2010). Genome-wide analysis of thiourea-
modulated salinity stress-responsive transcripts in seeds
of Brassica juncea: identification of signaling and effector
components of stress tolerance. Annals of Botany, 106:
663-674.

Su, J., P.L. Chen and R. Wu (1999). Transgene expression of
mannitol-1-phosphate dehydrogenase enhanced the salt
stress tolerance of the transgenic rice seedlings. Scientia
Agricultura Sinica, 32: 101-103.

Yancey, P.H., M.E. Clark, S.C Hand, R.D. Bowlus and G.N.
Somero (1982). Living with water stress: evolution of
osmolyte systems. Science, 217: 1214-1222.

Zhu, J.K. (2002). Salt and drought stress signal transduction in
plants. Annual Review  of Plant Physiology and Plant
Molecular Biology, 53: 247-273.

Zhu, J.K. (2001a). Plant salt tolerance. Trends Plant Science, 2:
66-71.

8510 Somvir Singh et al.


