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Abstract

Chromium (Cr) is one of the most serious pollutants in aquatic systems. This study was performed to understand the effect of Cr (VI) on halophilic algal strains of D.

salina and D. tertiolecta. The results revealed good tolerance of D. salina towards chromium (VI) up to 8 ppm concentration, whereas tolerance level in D. tertiolecta
was up to 2 ppm concentration. Cr (VI) not only inhibited the growth of D. tertiolecta, but also showed increased inhibition in the level of photosynthetic pigments,
protein and carbohydrate. Results have revealed that chromium (V1) induced higher increase in lipid peroxidation and H,O, production in D. tertiolecta than the D.
salina, particularly at higher concentration of chromium (VI). Chromium (VI) induced increase in the rate of RNO bleaching, loss of pigments and thiol (-SH) group
was relatively higher in D. tertiolecta than the D. salina, which is indicating that D. tertiolecta was prone to Cr (VI) induced oxidative stress. Results on RNO bleach-

ing in the presence of radical quenchers suggested that OH® radical played an important role in the chromium (VI)-induced general oxidative stress in D. tertiolecta.
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Introduction

The sensitivity of algae to various pollutants inclu-
ding heavy metal stress has been thoroughly studied (1,
2). Heavy metals are known to disrupt algal metabo-
lism either by inactivating the photosynthetic machi-
nery, enzymatic pathways or by altering the nutrient
transport and availability (3, 4). They are among the
major environmental hazards due to their affinity for
metal sensitive groups, such as thiol groups. Number
of metals constitutes functional groups of proteins, and
enzymes, if they are displaced or substitute other metals
that results in to conformational changes in proteins or
denaturation of enzymes and disrupt cells and organelle
integrity (5).

Heavy metal stresses are also known to affect the
production of active oxygen species in plants, causing
oxidative stress (6, 7). The imbalance between the pro-
duction of activated oxygen species and the quenching
activity of antioxidant machinery setup often results in
oxidative damage (6, 8). Oxygen radicals are also gene-
rated by plants during normal metabolism, and they are
consumed by the intracellular defense system just for
maintenance of normal growth (9). The key enzymes
involved in the scavenging of oxygen radicals are the
superoxide dismutase (SOD) and peroxidase which
convert the superoxide radicals into non toxic radicals
(10). A positive correlation has been demonstrated in
the level of enzyme and oxidative stress (11).

Chromium is a highly toxic heavy metal for microor-
ganisms and plants. Due to its widespread industrial
use, chromium (Cr) has become a serious pollutant in
diverse environmental settings. Chromium (VI) is one
of the most common pollutants in the aquatic environ-
ment and is toxic to plants and microorganisms (12, 13).
The present investigation is an attempt to study the Cr
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(VI) induced oxidative damage to the halophilic algal
strains of D. salina and D. tertiolecta.

Materials and methods

Chemicals and reagents

All reagents used were analytical grade and used
without any further purification. 1000 ppm concentrate
chromium (VI) stock solution was prepared in deio-
nized water with potassium dichromate (K,Cr,0.). The
pH of the aqueous solutions was adjusted with 1M HCI

or 1M NaOH solutions.

Source of alga and growth conditions

D. salina and D. tertiolecta used for the present
study was isolated from Sambhar salt Lake of Rajas-
than, India. They were maintained in Bold Basal me-
dium which consisted of NaNO, (2.94 mM), MgSO,
(0.3 mM), CaCl, (0.17 mM), K HPO, (0.42 mM),
KH,PO, (1.29 mM), FeNaEDTA (0.068 mM), Na-
HCO, (5 mM) and NaCl (6 %), and micronutrients
; HBO, (9.7 uM), MnSO, (1.79 uM), NaVO, (0.52
uM), ZnSO, (0.15 uM), CuSO, (0.06 uM), CoSO,
(0.02 uM) and (NH,) Mo.O,, (0.003 uM). The medium
was sterilized by autoclaving at 120 "C. The phosphate
components were autoclaved separately and the NaH-
CO, solution was filter-sterilized before being added to
the sterilized medium. pH of the medium was adjusted
to 7.5 by adding 40 mM of Tris buffer. Cultures were
kept at 25°C under white fluorescent light with an inten-
sity of 10 Wm?2.

Experimental design

To study the effect of chromium (VI) on the growth
and pigments synthesis in both the species of Duna-
liella (D. salina and D. tertiolecta), experiments were
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performed in 250 ml conical flask containing 100 ml of
growth medium with varying chromium (VI) concen-
trations (0, 2, 4, 6, 8, 10 ppm). The flasks were inocula-
ted with the 1% Dunaliella culture containing 10° cells/
ml up to 21 days. All the experiments were performed
in triplicates. The sample without Cr (VI) (0 ppm) was
used as the control.

Growth and pigments analysis
Growth was measured in terms of optical density at
660 nm by using UV-visible spectrophotometer (Schi-
madzu, Japan) (14). The photosynthestic pigments were
extracted and measured by the method given by McKin-
ney (15).

Scanning electron microscopy (SEM)

Scanning electron microscopy was used to monitor
the chromium (VI) induced damage in the Dunaliella
cells. The D. salina and D. tertiolecta cells were treated
with 40 ppm concentration of chromium (V1) for 24 hrs.
Cells were analyzed by using scanning electron micros-
cope (Model No. JEOL-JSM-5610LV, Japan).

Estimation of Lipid peroxidation and Hydrogen pe-
roxide concentration

Exponentially growing cells of D. salina and D. ter-
tiolecta were treated with the different concentration of
Cr (VI) (0, 4, 10, 20, 40, 60 ppm) for 48 h. Thiobarbitu-
ric acid reactive substances production in test samples
was measured by the method of Heath and Packer (16).
Absorbance of thiobarbituric acid-malondialdehyde
(TBA-MDA) adduct was read at 532 nm and 600 nm.
Absorbance of 600 nm was subtracted from the absor-
bance obtained at 532 nm, in order to correct the non-
specific turbidity. The amount of MDA was calculated
by using extinction coefficient of 155 mM/cm (Heath &
Packer, 1968). Protein was measured by the method of
Lowry et al. (17).

The H,O, concentration was determined according
to Sergiev et al. (18). 4.0 ml of cell suspension was
homogenized with 5 mL of 10 % (W/V) TCA in an ice
bath. The homogenate was centrifuged at 7000 xg for
10 min, and the supernatant (0.5 mL) was added with
1.5 mL of 50 mM potassium phosphate buffer (pH 7.0)
and 1 mL of 1 M potassium iodide (KI), and the absor-
bance was measured at 390 nm (UV 1800, Shimadzu,
Japan). H,O, was used as a standard.

Measurement of RNO (N, N dimethyl p-nitrosoani-
line) bleaching

Rate of RNO bleaching in the permeaplasts of D.
salina and D. tertiolecta was measured as described by
Joshi and Pathak (19). The reaction was started with the
addition of RNO (10 pg/ml), and change in the absor-
bance was read at 440 nm in the UV-Vis spectrophoto-
meter-1601 (Shimadzu, Japan). The assay mixture was
incubated in the light in the presence of graded concen-
trations of chromium (VI) (5, 10, 20, 40, 60 ppm). The
samples were withdrawn at regular intervals (20 min)
and were centrifuged (5000 g, 10 min) to obtain the
cell-free supernatant. The rate of RNO bleaching was
expressed in terms of O.D. ,,, nm/mg protein/min. The
radical scavengers like histidine, sodium azide, and
formate (10 mM each) was added to the assay mixture
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about 10 minutes prior to the addition of RNO.

Measurement of sulfhydryl (-SH) groups

The D. salina and D. tertiolecta cells were incuba-
ted in the light in the presence of different concentra-
tions of chromium (VI) (40 ppm) for 24 h. The total
-SH (sulthydryl) contents was measured by employing
the Ellman’s reagent (20). Absorbance of the cell-free
supernatant was read at 410 nm in a UV-Vis spectropho-
tom-eter (Shimadzu, Japan). The total sulfhydryl -SH)
content was calculated in terms of nmol -SH groups/
mg protein. A standard curve was prepared by using the
known concentrations of cysteine.

Measurement of superoxide dismutase (SOD) activity

D. salina and D. tertiolecta cells were treated with
chromium (VI) (40 ppm) for 24 h before the measure-
ment of superoxide dismutase (EC 1.15.1.1) activity.
Activity of SOD enzyme was measured by the method
described by Misra and Fridovich (21). The assay mix-
ture containing the permeaplasts of Dunaliella was sup-
plemented with xanthine-oxidase (0.4 units), xanthine
(0.4 mM) prepared in Tris-HCI buffer (50 mM, pH
8.0), and epinephrine (0.1mM). The mixture was light
incubated. The superoxide radicals (O,) generated by
xanthine and the xanthine-oxidase system react with
the epinephrine at pH 8.0 (10 mM, Tris-HCl buffer) to
yield the adrenochrome with absorption maxima at 480
nm. Absorbance of the supernatant was read at 480 nm
by using an appropriate blank. The rate of epinephrine
oxidation catalyzed by xanthine and the xanthine-oxi-
dase system in the absence of enzyme (permeaplasts)
was taken as the control (100%). The enzyme causing
50% inhibition of epinephrine oxidation was taken as
one unit enzyme activity.

Results

Growth analysis of algae at different concentrations of
chromium (VI)

To monitor the effect of Cr (VI) on the growth of iso-
lated Dunaliella strains (D. salina and D. tertiolecta),
the cells were grown in presence of varying concentra-
tions of Cr (VI) (from 0 ppm to 10 ppm) upto 21 days.
Growth was monitored in terms of optical density (665
nm). Growth of D. tertiolecta was significantly inhi-
bited in presence of Cr (VI), whereas no growth was
observed beyond 2 ppm of Cr (VI). On the other hand,
D. salina showed growth up to 8 ppm. D. salina showed
the concentration dependent growth pattern, while
maximum growth was observed at 0 ppm concentration.

Results showed a decline in the percent survival of D.
salina and D. tertiolecta with increasing concentration
of the metal. The LD-50 concentrations (50% growth
inhibitory concentrations) of Cr (VI) for D. salina and
D. tertiolecta were found to be 6.75 ppm and 0.96 ppm,
respectively. These results indicated that cells of D. sa-
lina were more tolerant to Cr (VI) in comparison to D.
tertiolecta (Figure 1).

Effect of chromium (V1) on the pigments
Effect on the chlorophyll ‘a’

The effects of chromium (VI) concentrations (0-10
ppm) on photosynthetic pigments have been observed in
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Figure 1. Effect of Chromium (VI) (0-10 ppm) on the growth of D.
salina and D. tertiolecta. All the values are mean of three replicates.

both the strains of Dunaliella, D. salina and D. tertiolec-
ta. Both the alga was treated with the different concen-
tration of Cr (VI). The chlorophyll a and carotenoids
were extracted during exponential phase (15" day). The
results obtained with methanolic extract of cells revea-
led that the chlorophyll ‘a’ content of D. salina and D.
tertiolecta gradually decreased with increasing concen-
tration of Cr(VI) concentration when compared with the
control (without metal). There was a marginal decline in
chlorophyll ‘a’ content upto 6 ppm in D. salina while
a steep decline in the level of Chlorophyll ‘a’ was ob-
served in D. fertiolecta at higher concentration of Cr
(VD). It has been observed that D. salina showed greater
tolerance against Cr (VI), while D. fertiolecta was more
susceptible (Figure 2).

Effect on the caotenoids

D. salina and D. tertiolecta cells were taken for the
measurement of total carotenoid level in the presence
of different concentration of Cr (VI) (0-10 ppm). The
level of total carotenoid showed a concentration de-
pendent decease under Cr (VI) supplemented condition.
A steep decline in total carotenoid level of D. tertiolecta
was recorded under Cr (VI) supplemented condition,
throughout the concentration range. Again the carote-
noid content pattern registered higher susceptibility of
D. tertiolecta than D. salina to Cr (VI).

Scanning electron microscopy analysis
The selected strains of D. salina and D. tertiolecta
were treated with 40 ppm concentration of chromium
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Figure 2. Effect of Chromium (VI) on the pigment production of D.
salina and D. tertiolecta (after 15 days of growth) (all data presented
are the mean of three replicate).
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Figure 3. Scanning electron microscope analysis showing Chro-

mium (VI) induced changes in Dunaliella cells. (A) D. salina
control, (B) D. salina treated (40 ppm).
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Figure 4. Scanning electron microscope analysis showing Chro-
mium (VI) induced changes in Dunaliella cells. (A) D. tertiolecta
control (B) D. tertiolecta treated (40 ppm).

(VD) and processed cells were analyzed by scanning
electron microscopy, results obtained were compared
with untreated cells (control). Results showed that both
the strains (D. salina and D. tertiolecta) were damaged
by selected concentration (40 ppm) of chromium (VI)
when compared with untreated control cells. The cells
of D. tertiolecta were apparently more damaged than
the D. salina. Results also showed that D. salina has
better tolerance for chromium (VI) than the D. tertio-
lecta (Figure 3 (a, b) and Figure 4 (a, b)).

Effect of Chromium (VI) on Lipid peroxidation and
H 0, production in D. salina and D. tertiolecta

Rate of lipid peroxidation (umol MDA formed/mg
protein/h) in D. salina and D. tertiolecta cells were
measured in the presence of different concentration of
Cr (VI). Results (Fig.5) showed that lipid peroxidation
in D. salina and D. tertiolecta increased with addition
of Cr (VI), which indicated a metal induced free radical
generation under stressed condition. In D. tertiolecta
an abrupt increase in the MDA formation was observed
at 20 ppm concentration. A further increase in the Cr
(VI) concentration resulted into reduced rate of MDA
formation. On the contrary, rate of lipid peroxidation
in D. salina gradually increased with increasing Cr
concentrations (0-60 ppm). The results suggested that
the higher concentration of Cr (VI) (20-60 ppm) induce
the oxidative stress as evident from the results of lipid
peroxidation. Therefore a study on production of H,0,
was necessitated. Enhanced level of H O, was noticed
in the Cr (VI) treated cells of D. salina and D. tertio-
lecta. The rate of H,O, production was higher in D. ter-
tiolecta cells (Figure 5).

A sudden increase in Cr (VI) induced H,O, produc-
tion in D. tertiolecta at 20 ppm could be because of
weak antioxidative defense mechanism of cells, leading
to high rate of peroxidative damage. On the contrary,
D. salina showed a steady response to Cr (VI) toxicity
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Figure 5. Effect of Chromium (VI) (0-60 ppm) on lipid peroxidation

(umol MDA formed/mg protein/hour) of D. salina and D. tertio-

lecta. All the values are mean of three replicates.
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Figure 6. Effect of Chromium (VI) (0-60 ppm) on H,O, production
(umol H,O, formed/mg protein/hour) of D. salina and D. tertiolecta.
All the values are mean of three replicates.

throughout the concentration range of Cr (VI) (Figure
6).

Effect of chromium (VI) on RNO bleaching

Rate of N,N-dimethyl 4-nitrosoaniline (RNO) blea-
ching (AOD 440 nm/mg protein/min) was measured in
the presence of varying concentrations of chromium
(VD) (0-60 ppm) in D. salina and D. tertiolecta. Results
showed chromium (VI) induced, concentration-de-
pendent steep rise in the rate of RNO bleaching up to
40 ppm concentration of chromium (VI) in case of D.
tertiolecta, and thereafter it was followed by a slight
decline in rate of bleaching above it. Same pattern was
followed by D. salina also but the rate of RNO bleachi-
ng was stimulated in D. fertiolecta in comparison with
D. salina (Figure 7).

Effect of oxygen radical quenchers on RNO bleaching

RNO bleaching was measured in the D. salina and
D. tertiolecta cells under chromium (VI) (40 ppm) trea-
ted and untreated conditions. The radical quenchers like
sodium azide, formate, histidine (10 mM each) were
used in the present study. Results obtained with radi-
cal quenchers showed a more pronounced quenching
effect of formate- a hydroxyl (OH®) radical quencher
on RNO bleaching. The effect of histadine (O, radical)
and sodium azide a singlet oxygen ('O,) quencher on
the rate of RNO bleaching were less pronounced in both
the strains of Dunaliella, D. salina and D. tertiolecta. It
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Figure 7. Effect of Chromium (VI) (0-60 ppm) on the rate of RNO

bleaching (AO.D.,,, nm/mg protein/min) in D. salina and D. tertio-

lecta.

was observed that formate showed highest quenching
effect in D. tertiolecta (66.66%) than in the D. salina
(76.19%), while histadine and sodium azide showed
slight more quenching effect in D. fertiolecta than in the
D. salina (Table. 1).

Effect of chromium (VI) on superoxide dismutase
(SOD) activity, sulfhydryl (-SH) content and carote-
noids content

D. salina and D. tertiolecta cells treated with (40
ppm) concentrations of chromium (VI) for 24 h were
used for measurement of the total -SH content. The re-
sults indicated a decrease in the total -SH content of the
cells of D. salina and D. tertiolecta, but decrease in the
total -SH content was more in case of D. tertiolecta than
the D. salina. This suggested that oxidative damage to
D. tertiolecta is an important mode of chromium (VI)
injury.

D. salina and D. tertiolecta were treated with (40
ppm) concentration of chromium (VI) for 24 h before
the cells were used for measurement of SOD activity.
Rate of superoxide dismutase (SOD) activity in Duna-
liella cells measured in terms of epinephrine oxida-
tion (AOD,,, nm/mg protein/min) revealed that SOD
activity declined in the presence of chromium (VI) in
both the strains of Dunaliella, D. salina and D. tertio-
lecta. However, the chromium (VI) induced decline was
found to be higher in case of D. tertiolecta (Table. 2).

However the same results were obtained with the
carotenoids synthesis, the decrease in the carotenoids
synthesis (in the Cr (VI) treated cells) was much higher
in D. tertiolecta than the D. salina.

Discussion

Photosynthetic organisms are highly sensitive to me-
tal compounds. The effect of metal ions on higher plants
includes the disruption of many physiological functions
such as water uptake, respiration, mineral nutrient up-
take and photosynthesis (22).

The results revealed good tolerance of D. salina to-
wards chromium (VI) up to 8 ppm concentration, whe-
reas tolerance level in D. tertiolecta was up to 2 ppm
concentration. Growth of D. tertiolecta was signifi-
cantly reduced in presence of Cr (VI). These results are
in agreement with Thapar et al., (23), who showed re-

93



N. Arun et al. / Chromium (VI) induced oxidative stress in halotolerant alga D. salina and D. tertiolecta.

Table 1. Effect of radical quenchers on RNO bleaching (AO.D.,,, nm/mg protein/min). The values are the mean of three independent observa-

tions.

Radical quenchers

RNO bleaching
(AO.D.,,, nm/mg protein/min)

D. salina D. tertiolecta
Control (without Cr (VI) 0.41 0.52
With 40 ppm Cr (VI) 0.63(100%) 0.78(100%)

Chromium (VI) (40 ppm) + Formate

0.48 (76.19%)

0.52 (66.66%)

Chromium (VI) (40 ppm) + Histadine

0.54 (85.71%)

0.69 (88.46%)

Chromium (VI) (40 ppm) + Sodium azide

0.58 (92.06%)

0.71 (91.02%)

The values given in the brackets indicate the percentage activity in relation to the control.

Table 2. Table showing the effect of Chromium (VI) on parameters of oxidative stress in D. salina and D. tertiolecta.

Parameters Without Cr (VI) With Cr (VI) (40 ppm)

D. salina D. tertiolecta D. salina D. tertiolecta
Lipid per oxidation 0.21 0.20 0.38 1.08
(umol MDA formed/mg protein/hr)
RNO bleaching 0.41 0.52 0.63 0.78
Superoxide dismutase (SOD) 4.9 3.7 3.8 1.1
(AOD/mg protein/min)
Total —SH group content 13.6 12.8 13.1 11.1

(nmol —SH group/mg protein/min)

duced growth of Anabaena doliolum in the presence of
Cd. The Synechocystis aquatilis also showed a decrease
in growth with increase in the copper ion concentration
(24).

A Cr (V) concentration dependent decrease in both
chlorophyll ‘a’ and carotenoids was observed in D. sa-
lina and D. tertiolecta cells. The results on the effect
of exposure time showed that chlorophyll ‘a’ content of
D. salina and D. tertiolecta gradually decreased with
increase in the exposure time as well as metal concen-
tration when compared with the control (without metal).
The Cr (VI) induced damage in the level of carotenoid
content indicated higher susceptibility of this pigment
in D. tertiolecta than D. salina. The Cr (V1) induced re-
duction in the chlorophyll ‘a’ content of both the strains
may be due to inhibition of chlorophyll biosynthesis
brought about by inhibition of d-aminolevulinic acid
dehydrogenase and protochlorophyllide reductase (25).

Scanning electron microscopic (SEM) analysis also
showed Cr (VI) induced greater damage to the D. tertio-
lecta cells than D. salina cells when treated with 40 ppm
concentration of chromium (VI). Thus the foregoing re-
sults indicated that the species D. salina was more tole-
rant to chromium as compared to D. tertiolecta.

A concentration dependent steady decline in the to-
tal carbohydrate and protein content of D. salina was
found throughout the concentration range, while a sharp
decline was observed in D. tertiolecta in presence of Cr
(VI). Thus, it was concluded that carbohydrate and pro-
tein synthesis in D. tertiolecta was more susceptible to
Cr (VI) than D. salina. Metal stress induced inhibition
in growth and biomolecule synthesis of D. tertiolecta
might be due to damage of the cellular constituents or
inactivation of vital processes such as nutrient uptake,
enzyme activities and photosynthesis as observed by
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Altamirano et al., (26) in Ulva rigida and Thapar et
al., (23) in Anabaena doliolum. Lamai et al., (27) also
observed significant decrease in the relative growth and
total chlorophyll content with increasing exposure time
and concentration.

The heavy metal induced enhanced photo-suscep-
tibility of the D. fertiolecta than D. salina cells under
the metal stress may be due to involvement of the toxic
oxygen radicals. Results have also revealed chromium
(VI) induced increase in the rate of lipid peroxidation
and H,O, production, particularly at higher concentra-
tion of chromium (VI). Similar results on metal stress
indicated MDA production was obtained in case of
higher plants, indicative of oxidative stress (28, 29).
Further, chromium (VI) induced high increase in the
rate of RNO bleaching, loss of pigment and thiol (-SH)
groups in D. fertiolecta, were indicative of relatively
high intensity oxidative stress than that in D. salina.
Results obtained with radical quencher demonstrated
that formate- a known OH radical quencher (30) has
more pronounced inhibitory effect on RNO bleaching
than histadine and sodium azide as observed in D. ter-
tiolecta. These results suggested that OH radical plays
a more predominant role in the chromium (VI) induced
general oxidative stress (30).

In view of the foregoing results, it was deduced that
Cr (VI) at high concentration is capable of inducing a
general oxidative stress, perhaps mediated by OH® radi-
cals. The Cr (VI) induced stress was more pronounced
in the D. tertiolecta than D. salina, causing overall da-
mage to the cells.

Other articles in this theme issue include references 31-
46).

94



N. Arun et al. / Chromium (VI) induced oxidative stress in halotolerant alga D. salina and D. tertiolecta.

References

1.Dudkowiak, A., Olejarz, B., Lukasiewicz, J., Banaszek, J., Sikora,
J. and Wiktorowicz, K., Heavy Metals Effect on Cyanobacteria Syn-
echocystis aquatilis Study Using Absorption, Fluorescence, Flow
Cytometry, and Photothermal Measurements. Int J Thermophys.
2011, 32: 762-773. doi: 10.1007/s10765-010-0852-3

2.Deniz, F., Saygideger, S. D. and Karaman, S., Response to Copper
and Sodium Chloride Excess in Spirulina sp. (Cyanobacteria). Bull
Environ Contam Toxicol. 2011, 87: 11-15. doi: 10.1007/s00128-
011-0300-5

3.Mallick, N. and Rai, L. C., Metal induced inhibition of photosyn-
thesis, photosynthetic electron transport chain and ATP content of
Anabaena doliolum and Chlorella vulgaris interaction with exog-
enous ATP. Biomed. Environ. Sci. 1992, 5 (3): 241.

4.Rai, L. C., Singh, S. and Pradhan, S., Biotechnological potential of
naturally occurring and laboratory grown Microcystis in biosorption
of Ni?* and Cd?**. Curr Sci. 1998, 74: 461-463.

5.Hall, J. L., Cellular mechanisms for heavy metal detoxification and
tolerance. J. Exp. Bot. 2002, 53: 1-11. doi: 10.1093/jexbot/53.366.1
6.Smirnoff, N., Role of active oxygen in the response of plants to
water deficits and desiccation. New Phytol. 1993, 125: 27-28. doi:
10.1111/5.1469-8137.1993.tb03863 .x.

7.Bartosz, G., Oxidative stress in plants. Acta Physiol. Plant. 1997,
19: 641-647.

8.De Vos, C. H. R., Vonk, M. J. and Schat, H., Glutathione deple-
tion due to copper induced phytochelatin synthesis causes oxidative
stress in Silene cucubalus. Plant Physiol. 1992, 98: 853-858. doi:
/10.1104/pp.98.3.853

9.Herbert, S. K., Samson, G., Fork, D. C. and Laudenbech, D. E.,
Characterization of damage to photosystem I and II in a cyanobac-
terium lacking detectable iron superoxide dismutase activity. Proc
Natl Acad Sci USA4. 1992, 89: 8716-8720.

10. Singh, D. P, Verma, K., Response of the wild type and high light
tolerant mutant of Anacystis nidulans against photooxidative dam-
age: differential mechanism of high light tolerance. Photochem Pho-
tobiol. 1995, 62: 314-319. doi: 10.1111/.1751-1097.1995.tb05274.x
11. Jansen, M. A. K., Shaaltiel, Y., Kazzes, D., Canaani, O., Milkins,
S., Gressel, J., Increased tolerance to photoinhibitory light in para-
quat resistant Conyza bonariensis measured by photoacoustic spec-
troscopy and 14 CO2-fixation. Plant Physiol. 1989, 91: 1174-1178.
12. Hauschild, M. Z., Putrescine (1,4-diaminobutane) as an indi-
cator of pollution-induced stress in higher plants: barley and rape
stressed with Cr(III) or Cr(VI). Ecotoxicol. Environ. Saf. 1993, 26:
228-47.

13. Travieso, L., Canizarez, R. O., Borja, R., Benitez, F. and
Dominguez, A. R., Heavy metal removal by microalgae. Bull.
Environ. Contam. Toxicol. 1999, 62:144-51. do0i:10.1016/S1567-
5769(03)00082-1

14. Lichtenthaler, H. K., Chlorophylls and carotenoids: pigments
of photosynthetic biomembranes. Methods in Enzymol. 1987, 148:
350-382. doi: 10.1016/0076-6879(87)48036-1

15. McKinney, G., Absorption of light by chlorophyll solutions. J. of’
Biological Chemistry, 1941, 140: 315-322.

16. Heath R. L. and Packer L., Photoperoxidation in isolated chlo-
roplasts. I. Kinetics and stoichiometry of fatty acid peroxidation.
Arch Biochem Biophys. 1968, 125: 189-198. doi: 10.1016/0003-
9861(68)90654-1

17. Lowry O. H., Rosenbrough N. J., Farr A. L. and Randall R. J.,
Protein measurements by Folin-phenol reagent. J Biol Chem. 1951,
193: 266-275.

18. Sergiev 1., Alexieva, V. and Karanov, E., Effect of spermine, at-
razine and combination between them on some endogenous protec-
tive systems and stress markers in plants. Proceedings of the Bulgar-

Copyright © 2014. All rights reserved.

ian Academy of Sciences. 1997, 51: 121-124.

19. Joshi, P. C. and Pathak, M. A., The role of active oxygen ('O,
and O,) induced by crude coal tar and its ingredients used in photo-
chemotherapy of skin disease. J Invest Dermatol. 1984, 82: 67-73.
20. Ellman, G. L., Tissue sulfhydryl groups. Arch Biochem Bio-
phys. 1959, 82: 70-77. doi: 10.1016/0003-9861(59)90090-6

21. Misra, H. P., Fridovich, 1., The role of superoxide anion in the
auto-oxidation of epinephrine and a simple assay for superoxide dis-
mutase activity. J Biol Chem. 1972, 247: 3170-3175.

22. Burzynski, M., Zurek, A., Effects of copper and cadmium on
photosynthesis in cucumber cotyledons. Photosynthetic. 2007, 45:
239-244. doi: 10.1007/5s11099-007-0038-9

23. Thapar, R., Srivastava, A. K., Bhargava, P., Mishra, Y. and Rai,
L. C., Impact of different abiotic stresses on growth, photosynthetic
electron transport chain, nutrient uptake and enzyme activities of
Cu-acclimated Anabaena doliolum. J Plant Physiology. 2008, 165:
306-316. doi: 10.1016/j.jplph.2007.05.002

24. Shavyrina, O. B., Gapochka, L. D. and Azovskii, A. 1., Develop-
ment of tolerance for copper in cyanobacteria repeatedly exposed to
its toxic effect. Biol. Bull. 2001, 28 (2): 183-187.

25. Ouzounidou, G., Cu-ions mediated changes in growth, chloro-
phyll and other ion contents in a Cu-tolerant Koeleria splendens.
Biol Plant. 1995, 37: 71-78.

26. Altamirano, M., Flores-Moya, A. and Figueroa, F. L., Long-term
effects of natural sunlight under various ultraviolet radiation condi-
tions on growth and photosynthesis of intertidal Ulva rigida cultivat-
ed in situ. Bot Mar. 2000, 43: 119-126. doi: 10.1515/bot.2000.012
27. Lamai, C., Kruatrachue, M., Pokethitiyook, P., Upatham, E. S.
and Soonthornsarathool, V., Toxicity and accumulation of lead and
cadmium in the filamentous green alga Cladophora fracta: A labora-
tory study. Science Asia. 2005, 31: 121-127.

28. Cavalcanti, F. R., Oliveria, J. T. A., Martins-Miranda, A. S., Vie-
gas, R. A. and Silveria, J. A. G., Superoxide dismutase, catalase and
peroxidase activities do not confer protection against oxidative dam-
age in salt-stressed cowpea leaves. New Phytol. 2004, 163: 563-571.
doi: 10.1111/j.1469-8137.2004.01139.x

29. Dhir, B., Sharmila, P. and Saradhi, P. P., Hydrophytes lack poten-
tial to exhibit cadmium stress induced enhancement in lipid peroxi-
dation and accumulation of proline. Aquat. Toxicol. 2004, 66: 141-
147. doi: 10.1016/j.aquatox.2003.08.005

30. Singh, D. P. and Kshatriya K., NaCl-Induced Oxidative Damage
in the Cyanobacterium Anabaena doliolum; Current Microbiology.
2002, 44: 411-417. doi: 10.1007/s00284-001-0009-5

31. Singh, V. K., Singh, M. P. Bioremediation of vegetable and agro-
wastes by Pleurotus ostreatus: a novel strategy to produce edible
mushroom with enhanced yield and nutrition. Cell. Mol. Biol. 2014,
60 (5): 2-6. doi: 10.14715/cmb/2014.60.5.2

32. Vishnoi, N., Singh, D. P., Biotransformation of arsenic by bacte-
rial strains mediated by oxido-reductase enzyme system. Cell. Mol.
Biol. 2014, 60 (5): 7-14. doi: 10.14715/cmb/2014.60.5.3

33. Srivastava, A. K., Vishwakarma, S. K., Pandey, V. K., Singh,
M. P, Direct red decolorization and ligninolytic enzymes produc-
tion by improved strains of Pleurotus using basidiospore derived
monokaryons. Cell. Mol. Biol. 2014, 60 (5): 15-21. doi: 10.14715/
cmb/2014.60.5.4

34. Kumari, B., Rajput, S., Gaur, P.,, Singh S. N., Singh D. P., Bio-
degradation of pyrene and phenanthrene by bacterial consortium and
evaluation of role of surfactant. Cell. Mol. Biol. 2014, 60 (5): 22-28.
doi: 10.14715/cmb/2014.60.5.5

35. Pandey, V. K., Singh, M. P., Biodegradation of wheat straw
by Pleurotus ostreatus. Cell. Mol. Biol. 2014, 60 (5): 29-34. doi:
10.14715/cmb/2014.60.5.6

36. Pathak, V. V., Singh, D. P., Kothari, R., Chopra, A. K., Phycore-
mediation of textile wastewater by unicellular microalga Chlorella

95



N. Arun et al. / Chromium (VI) induced oxidative stress in halotolerant alga D. salina and D. tertiolecta.

pyrenoidosa. Cell. Mol. Biol. 2014, 60 (5): 35-40. doi: 10.14715/
cmb/2014.60.5.7

37. Pandey, A. K., Vishwakarma, S. K., Srivastava, A. K., Pandey, V.
K., Agrawal, S., Singh, M. P., Production of ligninolytic enzymes by
white rot fungi on lignocellulosic wastes using novel pretreatments.
Cell. Mol. Biol. 2014, 60 (5): 41-45. doi: 10.14715/cmb/2014.60.5.8
38. Ayaz E., Gothalwal, R., Effect of Environmental Factors on Bac-
terial Quorum Sensing. Cell. Mol. Biol. 2014, 60 (5): 46-50. doi:
10.14715/cmb/2014.60.5.9

39. Singh, M. K., Rai, P. K., Rai, A., Singh, S., Alterations in lipid
and fatty acid composition of the cyanobacterium Scytonema geitleri
bharadwaja under water stress. Cell. Mol. Biol. 2014, 60 (5): 51-58.
doi: 10.14715/cmb/2014.60.5.10

40. Singh, M. P., Pandey, A. K., Vishwakarma, S. K., Srivastava,
A. K., Pandey, V. K., Singh, V. K., Production of cellulolytic en-
zymes by Pleurotus species on lignocellulosic wastes using novel
pretreatments. Cell. Mol. Biol. 2014, 60 (5): 59-63. doi: 10.14715/
cmb/2014.60.5.11

41. Chandra, P., Singh, D. P., Removal of Cr (VI) by a halotolerant
bacterium Halomonas sp. CSB 5 isolated from sambhar salt lake
Rajastha (India). Cell. Mol. Biol. 2014, 60 (5): 64-72. doi: 10.14715/

Copyright © 2014. All rights reserved.

cmb/2014.60.5.12

42. Tewari, S., Arora, N. K., Talc based exopolysaccharides for-
mulation enhancing growth and production of Hellianthus annuus
under saline conditions. Cell. Mol. Biol. 2014, 60 (5): 73-81. doi:
10.14715/cmb/2014.60.5.13

43. Kumar, M., Singh, P., Tripathi, J., Srivastava, A., Tripathi, M.
K., Ravi, A. K., Asthana, R. K., Identification and structure elucida-
tion of antimicrobial compounds from Lyngbya aestuarii and Apha-
nothece bullosa. Cell. Mol. Biol. 2014, 60 (5): 82-89. doi: 10.14715/
cmb/2014.60.5.14

44. Prakash, S., Singh, R., Lodhi, N., Histone demethylases and
control of gene expression in plants. Cell. Mol. Biol. 2014, 60 (5):
97-105. doi: 10.14715/cmb/2014.60.5.16

45. Singh, A. K., Singh, M. P., Importance of algae as a poten-
tial source of biofuel. Cell. Mol. Biol. 2014, 60 (5): 106-109. doi:
10.14715/cmb/2014.60.5.17

46. Dixit, S., Singh, D. P., Role of free living, immobilized and non-
viable biomass of Nostoc muscorum in removal of heavy metals: An
impact of physiological state of biosorbent. Cell. Mol. Biol. 2014, 60
(5): 110-118. doi: 10.14715/cmb/2014.60.5.18

96



