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Abstract: Oxidative stress responses were evaluated in the digestive gland tissue of Perna viridis exposed to water-

accommodated fractions (WAFs) of petrol and diesel at 0.5% and 5% concentrations over 5-, 10-, and 15-day periods. 

Increased lipid peroxidation, protein carbonyl, DNA integrity, and hydrogen peroxide in WAF-exposed specimens are 

indicative of oxidative damage due to dissolved petroleum extracts. A consistent increase in superoxide dismutase, 

catalase, glutathione peroxidase, glutathione reductase, glutathione-S-transferase, reduced glutathione, and ascorbic acid 

in WAF-exposed specimens signify the importance of antioxidants in protecting the cell against the oxidative damage 

arising from petroleum contamination. Th e responses of fi eld specimens collected from petroleum-contaminated sites 

support the observed laboratory experimental results. Th is research recommends the use of these oxidative stress indices 

in the digestive gland tissue of Perna viridis as biomarkers of petroleum contamination.

Key words: Perna viridis, water-accommodated fraction, petroleum contamination, oxidative stress, digestive gland, 
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Introduction

Tropical coastal waters that sustain rich benthic 
population diversity have been threatened by 
repeated incidents of oil pollution over the past few 
decades. Besides the Macondo well blowout in April 
2010 (1), which greatly challenged the US Protection 
Agencies, other such incidents are not uncommon 
along European, Gulf, and South Asian countries’ 
shores (2,3). As Fingas stated, an estimated 48% of 
the marine oil pollution is derived from fuels, 29% 
from crude oil, and some 5% from tanker accidents 
(4). In India, a signifi cant amount of oil spillage into 
the sea originates from bilge discharges and leakages 
of petrol and diesel used in the operation of fi sh 

trawlers, tourist speed boats, land vehicles, industrial 
processes, and harbor activities. Th is results in the 
presence of high amounts of petroleum hydrocarbons 
in water ranging from 10 to 2440 μg L–1, in inshore 
sediments from 0.4 to 570 μg g–1, and in beach sand 
up to 11,059 μg g–1, all of which aff ect the benthic and 
pelagic populations (5-7).

Among some of the recent incidents of massive oil 
spills along the Goa coast in India was that reported by 
Vethamony et al. regarding the collision of an iron ore 
barge with an oil tanker on 23 March 2005 (8). Other 
examples of oil pollution include regular depositions 
of a tar-like material on Goan beaches due to coastal 
perturbation during the monsoon. Th ese examples of 
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oil pollution pose a continuous threat to the coastal 
beach fauna, which is refl ected in the high polycyclic 
aromatic hydrocarbon (PAH) content in some of the 
gastropod tissues along the Goa coast, with values 
ranging from 22.32 to 53.78 μg g–1 (9). Similarly high 
PAH values of up to 186 mg g–1 in bivalves are also 
observed near Vishakhapatnam Harbor, where the 
average water PAH content is reported to be 108 
μg L–1 (10). Th e Goa coast is ecologically sensitive 
as it sustains a large number of benthic crustaceans 
(prawns and crabs), bivalves, fl at fi sh, and pelagic 
fi sheries (11). Th e bivalve mollusk, a sedentary 
organism living close to the intertidal region, comes 
in direct contact with various contaminants that 
induce oxidative stress in their tissues (12-15). 
Adverse eff ects, including genotoxicity, of water-
soluble petroleum products on marine life are 
well documented (16,17). However, most of this 
information pertains to bioaccumulation and other 
toxicological aspects. Petroleum hydrocarbons are 
known to produce diff erent metabolites as well as 
reactive oxygen species (ROS) causing oxidative 
damage to cells (18,19). Th is induces antioxidative 
responses to protect cells against the unfavorable 
eff ects of ROS. To this end, superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase 
(GPX), glutathione reductase (GR), and glutathione-
S-transferase (GST) constitute some of the enzymatic 
responses, while the nonenzymatic antioxidants 
include reduced glutathione (GSH) and ascorbic 
acid (ASA) as main scavengers of oxyradicals (20). 
Lipid peroxidation (LPX), protein carbonyl (PC), 
and DNA damage are the results of oxidative stress 
when antioxidants fail to eliminate the ROS (15,19). 
Bivalve mollusks have a well-developed system to 
sustain oxidative stress presented by contaminants 
such as organic pollutants, heavy metals, and abiotic 
changes (14,15,18). Th ese properties permit them to 
be the ideal organisms to study biomarker responses 
to environmental changes (21-24).

Th e digestive gland is a major tissue in the metabolic 
function of this bivalve, involved in xenobiotic 
uptake and oxyradical generation (12). Our earlier 
experiments on the measurement of antioxidants 
in natural populations of Perna viridis L. in relation 
to seasonal changes and laboratory exposures to 
contaminants such as mercury and temperature stress 
also showed well-defi ned responses in the digestive 

gland of this species (14,15,24). However, in this 
tropical region, little information is available on the 
changes in antioxidants of the digestive gland of these 
bivalves with reference to petroleum hydrocarbons 
in fi eld and laboratory specimens. Th erefore, the aim 
of this research was to investigate the antioxidant 
sensitivity of the digestive gland tissue of Perna 
viridis to water-accommodated fractions (WAFs) of 
petrol and diesel under laboratory conditions, and 
then to compare these results with natural specimens 
to evaluate the use of these antioxidant as pollution 
biomarkers.

Laboratory experiments were designed to measure 
oxidative stress responses in the digestive gland of P. 
viridis exposed to the WAF of petrol (WAF-P) and 
the WAF of diesel (WAF-D) for a continuous period 
of 15 days. Th e oil-exposed animals were dissected 
periodically to measure the antioxidant responses 
in the digestive gland. Th e parameters measured 
included LPX, PC, hydrogen peroxide (H

2
O

2
), GSH, 

ASA, and antioxidant enzymes such as SOD, CAT, 
GPX, GR, and GST as indices of oxidative stress, and 
DNA strand breaks as an index of genotoxic stress. 
Th ese results were examined with reference to our 
fi eld observations on the same species collected from 
polluted and unpolluted locations.

 

Material and methods

Chemicals

Th iobarbituric acid (TBA), bovine serum albumin 
(BSA), cumene-hydroperoxide, 5,5-dithiobis 
(2-nitrobenzoic acid) (DTNB), horseradish 
peroxidase (HRP), and streptomycin sulfate 
were procured from Sigma Chemical Co. (USA). 
Reduced nicotinamide adenine dinucleotide 
phosphate (NADPH), oxidized glutathione (GSSG), 
GSH, 1-chloro-2,4-dinitrobenzene (CDNB), 
phenylmethylsulfonyl fl uoride (PMSF), and 
2,4-dinitrophenyl hydrazine (DNPH) were obtained 
from SISCO Research Laboratory (India). All other 
chemicals used were of analytical grade.

Experimental animals and maintenance

Green-lipped mussels (Perna viridis L.), with a length 
of 8-10 cm, were collected from the Bambolim beach 
in Goa (15°27ʹN, 73°51ʹE), along the western coast of 
India. Animals were transported to the laboratory in 
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polythene bags fi lled with water from the seacoast. 
Fouling organisms were removed from the external 
part of the shells. In the laboratory, the mussels were 
acclimatized for 2-3 weeks in seawater with salinity 
of 31‰, pH 8.0, and temperatures ranging from 23 to 
25 °C. Th e light and dark regime was kept constant at 
12 h and 12 h. Th e mussels were fed with algae species 
Chlorella sp. twice daily during the acclimation and 
exposure period. To avoid fecal contamination, the 
water was exchanged every 24 hours and oxygen was 
provided by a continuous air-bubbling system.  

Preparation of WAFs and experimental setup

Th e WAFs of oils (petrol and diesel) were prepared 
according to the method of Phatarpekar and Ansari 
(25). In a volumetric fl ask, 1 part oil to 9 parts fi ltered, 
autoclaved seawater (1:9, v v–1) was mixed. Th e fl ask 
was tightly capped with a stopper and covered with 
aluminum foil to reduce the evaporation of volatile 
petroleum hydrocarbons. Th e solution was mixed at 
a slow speed with a magnetic stirrer for 20 h at room 
temperature. Aft er mixing, the oil and water phases 
were allowed to separate for 8 h in a separating funnel 
and then the aqueous phase was drained out. Th is 
preparation was used as the 100% stock solution. Th e 
WAF range was selected based on earlier observations 
on the eff ect of WAFs of oil on P. viridis (26).

PAH analysis in WAF 

For the measurement of total PAH, the WAF-P and 
WAF-D samples were extracted in double distilled 
hexane and quantifi ed by spectrofl uorometry using 
a Shimadzu 1501 spectrofl uorometer. Bombay high 
crude oil was used as the reference material for 
the quantifi cation of the hydrocarbons. Th e total 
petroleum hydrocarbon was measured in triplicates 
with the standard error of analysis as less than 1.05%.

Experimental designs

Experiment A

Group 1: Control mussels, untreated.

Group 2: Mussels treated with 0.5% WAF-P.

Group 3: Mussels treated with 5% WAF-P.

Experiment B

Group 1: Control mussels, untreated. 

Group 2: Mussels treated with 0.5% WAF-D.

Group 3: Mussels treated with 5% WAF-D.

For each of these treatments, 3 replicates were 
kept consisting of 45 mussels in a 90-L plastic tank 
(2 L of seawater per mussel). Th e test solutions were 
exchanged and the accumulation of fecal matter was 
removed at regular intervals to avoid any bacterial 
contamination. Th e mussels were sacrifi ced for 
biochemical tests aft er a period of 5, 10, and 15 days. 

Sample preparations

Th e digestive gland was carefully excised, surface-
dried with tissue paper, thoroughly washed with 
phosphate buff er (50 mM; pH 7.4), and homogenized 
with 50 mM phosphate buff er (pH 7.4) containing 
1 mM EDTA, 1 mM dithiothreitol (DTT), 0.15 M 
KCl, and 0.01% (w v–1) PMSF. Homogenization was 
carried out at 4 °C using 12-15 strokes of a motor-
driven Tefl on Potter homogenizer, aft er which the 
samples were centrifuged at 10,000 × g for 20 min 
at 4 °C. Th e supernatant was used for biochemical 
analysis (LPX, H

2
O

2
, SOD, CAT, GPX, GR, and GST). 

Lipid peroxidation measurement

LPX level was assayed by measuring the amount of 
malondialdehyde (MDA), a decomposition product 
of polyunsaturated fatty acid, and determined by the 
thiobarbituric acid (TBA) reaction as described by 
Ohkawa et al. (27). Th e absorbance was read at 532 
nm aft er the removal of any fl occulated material by 
centrifugation. Th e amount of thiobarbituric acid 
reactive substances (TBARS) formed was calculated 
using an extinction coeffi  cient of 1.56 × 105 M–1 
cm–1 (28) and expressed as nmol TBARS formed mg 
protein–1.

Estimation of protein carbonyl

Samples were homogenized in 50 mM phosphate 
buff er (pH 7.4) containing 2 mM EDTA, 0.1% (w 
v–1) digitonin, and 0.46 mM PMSF. Th e homogenate 
was centrifuged at 6000 × g for 15 min at 4 °C and 
the supernatant was used for determination. For the 
carbonyl quantifi cation, the reaction with DNPH 
was performed as described by Mecocci et al. (29). 
Th e PC content was calculated from the absorbance 
measurement at 366 nm with the use of a molar 
absorption coeffi  cient of 22,000 mol cm–1 and 
expressed as nmol mg protein–1.

Alkaline unwinding assay

Th e alkaline DNA unwinding assay was performed 
according to the method of Shugart with slight 
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modifi cation (30,31). Approximately 100-150 mg 
of the tissue was homogenized using 1 mL of 1 N 
NH

4
OH in 0.2% Triton X-100. Th e homogenate was 

transferred to a centrifuge tube containing 2 mL 
of water and 6 mL of phenol/chloroform/isoamyl 
alcohol (PCI) (25:24:1, v v–1 v–1), and the tube was 
allowed to stand for 10-15 min. Th e homogenate 
was then centrifuged at 10,000 × g for 20 min at 4 
°C. Th e aqueous layer was then digested by 5 μL of 
ribonuclease A (10 mg mL–1) for 30 min at 37 °C 
and extracted successively by an equal volume of 
PCI recovered by a Sephadex G-50 column (1 cm 
i.d., 4-mL settled bed volume) and equilibrated in 
a G-50 buff er (0.15 M NaCl, 0.01 M Tris (pH 7.4), 
1 mM MgCl

2
, and 5 mM EDTA). Th e DNA sample 

was diluted and separated into 3 equal proportions. 
Each tube contained 100 μL of the DNA sample and 
50 μL of 0.05 N NaOH. Th e contents were mixed 
and maintained at 4, 80, and 38 °C for 25 min for 
the fl uorescence determination of double-stranded 
DNA (ds DNA), single-stranded DNA (ss DNA), 
and partially unwound DNA (au DNA) using a 
spectrofl uorometer (Shimadzu RF-501) (excitation: 
360 nm, emission: 450 nm). 

Th e assay of each sample was performed in 
duplicate and the averaged fl uorescent values were 
used for the determination of the F-value with the 
following equation: (au DNA - ss DNA) / (ds DNA 
- ss DNA).

Antioxidant enzymes

Th e activity of total SOD was determined by the 
method of Paoletti et al. by monitoring the rate 
of oxidation of reduced nicotinamide adenine 
dinucleotide (NADH) (32). One unit of SOD activity 
was defi ned as a 50% inhibition of NADH oxidation 
in the reaction. Th e absorbance was recorded at 340 
nm and expressed as unit mg protein–1. CAT activity 
was determined according to the method of Aebi 
by monitoring the decrease in the absorbance of 
H

2
O

2
 at 240 nm, and enzyme activity was expressed 

as nkat mg protein–1 (33). Th e activity of GPX was 
determined by the method described by Paglia and 
Valentine, which uses cumene-hydroperoxide as the 
substrate, and enzyme activity was monitored by 
recording the oxidation of NADPH at 340 nm (34). 
Enzyme activity was expressed as nmol NADPH 
oxidized min–1 mg protein–1 using a molar extinction 

coeffi  cient of 6.22 mM–1 cm–1. Th e activity of GR was 

assayed according to the rate of NADPH oxidation at 

340 nm in the presence of GSSG (35). Enzyme activity 

was expressed as nmol NADPH oxidized min–1 mg 

protein–1 using a molar extinction coeffi  cient of 6.22 

mM–1 cm–1. GST activity was measured according to 

the method of Habig et al. using CDNB as a substrate 

(36). Th e change in the absorbance was recorded at 

340 nm and enzyme activity was expressed as nmol 

CDNB conjugate formed min–1 mg protein–1 using a 

molar extinction coeffi  cient of 9.6 mM–1 cm–1. 

Measurement of small antioxidant molecules

A 10% tissue homogenate was prepared in 5% 
trichloroacetic acid (w v–1) and centrifuged at 1000 
× g for 30 min. Th e deproteinized supernatant was 
used for the assay of GSH (37). Ascorbic acid was 
measured according to the method of Mitusi and 
Ohata (38). 

Hydrogen peroxide

Th e H
2
O

2
 content in postmitochondrial fractions was 

determined spectrophotometrically according to the 
method of Pick and Keisari using HRP and phenol 
red (39). Th e protein content was estimated by the 
Folin-phenol reaction as described by Lowry et al. 
using BSA as the standard (40).

Field observations

Th e present laboratory results were compared with 
earlier similar studies on the antioxidant status of 
fi eld specimens of Perna viridis collected from the 
following 3 coastal locations in Goa (13): Bambolim 
beach (BB; 15°270ʹN, 73°510ʹE), located away 
from commercial and industrial activities with low 
pollution levels; Malim fi sh jetty (ML; 15°300ʹN, 
73°500ʹE), a major fi sh-landing jetty; and Mormugao 
Harbor (MH) (15°240ʹN, 73°480ʹE), a major port 
along the central western coast of India (Figure 1). 

Statistical analysis

Th e experiments were conducted with 3 replicate 
groups per treatment and the results were expressed 
as mean ± standard deviation (SD). Th e diff erence 
among the means of the control and treated 
means were analyzed by 2-way analysis of variance 
(ANOVA), followed by Duncan’s new multiple 
range test. Diff erences were considered statistically 

signifi cant when P < 0.05. 
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Results

Petroleum hydrocarbon content in the WAF of oils

Analysis of the WAFs used in our exposure 
experiments showed a total petroleum hydrocarbon 
(TPH) content of 30 μg L–1 in the 0.5% solution and 
300 μg L–1 in the 5% solution of WAF-P, and 22.5 
μg L–1 in the 0.5% solution and 227 μg L–1 in the 
5% solution of WAF-D. Gas chromatography-mass 
spectrometry (GCMS) results, as described under 
Desai et al., indicated a diverse fraction of TPH 
from C9 to C36 in petrol and WAF-P (41). Petrol 
constituted 20.1% of C09 to C15, 77.5% of C16 to C25, 
and 2.1% of C26 to C36 fractions. Th e major fraction 
of TPH in WAF-P was C09 to C15, constituting 
97.8%, while the solubilities of the other 2 fractions 
were 1.8% and 0.4%, respectively. Detailed analysis of 
the hydrocarbon compounds in aqueous extracts of 
gasoline, diesel, and crude oil, using GCMS combined 
with high-performance liquid chromatography and 
UV fl uorescence, indicated a comparative absence of 
aliphatic compounds with greater water solubility of 
the more polarizable aromatics (16). Th erefore, water 
contaminated with gasoline (petrol) contains highly 
conjugated aromatics such as naphthalene and alkenyl 
benzenes (i.e., toluene, xylene, methyl styrene, ethyl 
xylene, naphthalene, and methyl naphthalene) with 
component ratios varying slightly as per the brand 

mark. Of these, methyl naphthalenes dominated by 
up to almost 95% in water extracts of standard diesel, 
while crude oil indicated lower volatility similar to 
diesel, as compared to gasoline (16). Pacheco and 
Santos demonstrated that the majority of PAHs 
measured displayed higher levels in water extracts of 
petrol than diesel (42). While naphthalene was the 
most abundant component in both of the fractions, 
the diff erence displayed was particularly evident for 
PAHs such as benzo(ghi)perylene, pyrene (P), and 
benzoic(a)preen, as they were several-fold higher 
in the water extracts of petrol than diesel. Th is is in 
agreement with our GCMS analytical results, which 
showed a high content of fused-ring hydrocarbons 
such as naphthalene, anthracene, phenanthrene, and 
their derivatives in the WAF-P (41). 

Lipid peroxidation 

A signifi cant increase in LPX content was seen on 
day 5 in P. viridis exposed to WAF-P concentrations 
of 0.5% and 5% in the digestive gland tissue in 
relation to the control (Figure 2A). LPX continued 
to increase up to day 10 in the 5% solution while 
the rest of the values did not diff er signifi cantly in 
relation to the control. As for WAF-D exposure, a 
signifi cant increase in LPX was seen at both of these 
concentrations with reference to the control during 
all sampling occasions (Figure 2B).

Protein carbonyl content

A signifi cant increase in PC content was recorded in 
the mussels exposed to 0.5% WAF-P on day 5, which 
remained almost similar to the control conditions 
for the rest of the period. Th e changes in PC were 
more consistent at 5% WAF-P, showing a signifi cant 
increase during the entire exposure period up to day 
15 (Figure 2C).

Although the WAF-D-exposed mussels showed 
increasing PC values during all sampling occasions, 
signifi cantly high values could only be recorded on 
day 10 for both concentrations and on day 15 for the 
5% WAF-D (Figure 2D).

DNA strand break

Th e decrease in F-values, although evident in both 
WAF-P concentrations throughout the exposure 
period, attained signifi cant diff erence only on day 10 
at 5% and day 15 at 0.5% WAF-P in relation to the 

control (Figure 2E). 
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As seen with WAF-P, the decreasing trend in the 
F-value was apparent with increasing concentrations 
in WAF-D-exposed mussels throughout the 
experimental period. However, a statistically 
signifi cant decrease could only be observed on day 15 
with the 5% WAF-D in relation to the control (Figure 
2F).

Hydrogen peroxide

H
2
O

2
, which is an intermediate product of the 

dismutation of the superoxide radical by superoxide 
dismutase and catalase, showed increasing values 
during the fi rst 10 days, but on day 15 the changes 
remained insignifi cant in relation to the control 

(Figure 3A). Although the H
2
O

2
 values in WAF-

D-exposed specimens remained higher than in the 
control during the entire experimental period, the 
signifi cant diff erence in values was only noticed on 
day 15 for both concentrations and on days 5 and 10 
for the 5% and 0.5% WAF-Ds, respectively (Figure 
3B).

Superoxide dismutase 

A signifi cant increase in SOD values in relation to 
the control was seen all throughout the exposure 
period for 5% WAF-P, while at 0.5% exposure such 
a diff erence was observed only on day 5 (Figure 
3C). For the WAF-D-exposed mussels, a somewhat 
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delayed SOD response could be observed at 0.5% 
exposure showing an increase only on day 15, but 
persistent elevated enzyme activity was observed at 
5% for the entire period of 5 to 15 days (Figure 3D). 

Catalase 

Catalase is involved in catalyzing H
2
O

2
 to water and 

molecular oxygen. Although elevated values were 
evident in WAF-P-exposed specimens, the diff erences 
were minor except for a signifi cant change on day 
10 at the 5% level (Figure 3E). A somewhat delayed 
catalase action was observed for WAF-D-exposed 
mussels with values attaining a signifi cant diff erence 

on day 10 onwards at both treatment levels (Figure 

3F).

Glutathione peroxidase 

GPX is also a scavenger of oxyradicals like CAT. Th e 

activity of GPX was more defi ned during the entire 

exposure period with increased values from days 5 

to 15 at both WAF-P concentrations (Figure 4A). As 

seen with CAT, delayed GPX action was observed 

under the WAF-D exposures, with values recording 

signifi cant increases on day 10 in both concentrations 

and day 15 only at the 5% level (Figure 4B). 
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Glutathione S-transferase

GST, which takes part in the detoxifi cation process 

of oxyradicals, showed elevated activity immediately 

on day 5 at both WAF-P concentrations. Th ereaft er, 

the increase could only be recorded on day 10 at 5% 

with reference to the control (Figure 4C). Th e GST 

increase showed a signifi cant diff erence in relation to 

the control at both WAF-D concentrations, except at 

the 0.5% level on day 5 (Figure 4D).

Glutathione reductase 

GR, which is involved in the regeneration of GSH 

from GSSG, also showed promising activity at both 

concentrations of WAF-P and WAF-D, registering a 

signifi cant increase in relation to the control during 

the entire period, except on day 5 at 0.5% WAF-D 

(Figures 4E and 4F). 

Reduced glutathione

GSH, which is a nonenzymatic antioxidant, showed a 

signifi cant increase in activity only on day 5 at both 

WAF-P concentrations and remained comparable to 

the control during the rest of the period (Figure 5A). 

Under WAF-D exposure, elevated GSH responses 

could be observed during the entire period except on 

day 15 at 0.5%, indicating a prominent role of this 

antioxidant in the ROS scavenging process (Figure 

5B). 
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Ascorbic acid

ASA, which is also a scavenger of superoxide and the 

hydrogen peroxide radical, showed a small change 

in activity under WAF-P exposure, but in the case 

of WAF-D, signifi cant increase in values could be 

recorded on day 10 at 0.5% and on days 5 and 15 at 

5% (Figures 5C and 5D).

Antioxidant responses in fi eld specimens

Our observations of fi eld specimens indicated that 

TBARS and other enzymatic parameters such as 

SOD, CAT, GPX, GST, and GR maintained higher 

values at the 2 contaminant-prone sites of MH and 

ML as compared to BB. Th is diff erence in the values 

of antioxidants is caused either by trace metals or 

PAH content (43,44). Th e monthly changes in water-

soluble PAH values from September to April, covering 

3 seasons of monsoon and the post- and premonsoon 

times, ranged from 3.26 to 25.44 μg L–1 (17.37 ± 6.15) 

at BB (44). Th e time series data collected during a 

24-h period once a month at MH during this period 

indicated wide fl uctuation in values between 2.76 

and 299.9 μg L–1, although the average monthly 

concentrations remained low, varying from 4.99 

to 19.39 μg L–1 (Figure 6) (44). Seasonal changes in 

PAH values recorded at ML ranged from 55 to 78.42 

μg L–1 (65.56 ± 8.6) and the highest value recorded 

during the observations was 170.4 μg L–1, with an 

average of 78.31 ± 28.49 μg L–1 (43). Th us, the average 

PAH concentration at ML remains much higher than 

even that at MH. Th is probably refl ects the water 
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exchange systems prevailing at these 2 locations. 
MH is located near the mouth of the Zuary estuary, 
which off ers a better dispersion of contaminants as 
compared to ML, which is located more inside the 
Mandovi estuary. Th us, the water exchange patterns 
at ML are more sluggish than at MH and off er limited 
scope for the pollutants to dissipate faster. As already 
discussed, the sediment trace metals remained 
slightly higher at the 2 pollution-aff ected sites than 
at BB (13). However, the fl uctuation in PAH values 
appeared to be more distinct at MH and ML, which 
could also contribute substantially to the observed 
higher antioxidant content in mussels at these 2 
locations compared to BB.

Discussion

PAH compounds in the WAF of oil interfere with 
enzyme processes in aquatic animals, resulting 
in typical responses in their gills or liver tissues 
(18,21). Th e observed enhanced levels of TBARS, 
PC, and DNA strand breaks suggest increased ROS 
production as a result of the mussels’ exposure to 
the WAF of petroleum oils. Similar biomolecular 
damaging eff ects of petroleum products in mollusks 
have been reported in earlier studies (19,22,42,45,46). 

Th e LPX responses were sharper in diesel 
extracts and evidently prevailed during the entire 
experimental period. Th is suggests that the dissolved 
naphthalene components of WAF could induce 
oxidative stress, resulting in damage to cell lipids. 
Th ese LPX products can react with amino acid groups 
of proteins and other molecules to form a variety of 
adducts (47,48). It has been established that direct 
damage to proteins or the chemical modifi cation 
of amino acids in proteins during oxidative stress 
can give rise to protein carbonyls (49,50). Protein 
carbonyl responses are positive at both concentrations 
of WAF-P and WAF-D. Th is suggests that protein 
oxidation occurs during petroleum pollution. Our 
observations on increased PC during oil exposure 
are in agreement with the results of Labieniec and 
Gabryelak with reference to their work on mussels 
exposed to tannins (46). 

Increased DNA strand breaks were seen during 
the entire exposure period with a signifi cant 
diff erence on day 5 with 0.5% WAF-P, and on days 
10 and 15 with 0.5% and 5% WAF-D, with reference 

to the control. Th is suggests that the mussels were 
highly sensitive to even low concentrations of petrol 
or diesel inducing mutagenic activity in their tissues. 
Th e presence of pyrene and other carcinogenic 
derivatives in these extracts could be responsible for 
these mutagenic changes (22,42). DNA strand breaks 
in mussels exposed to petroleum-related toxicants 
were also reported (22,45). Field experiments on 
marine snail Cronia contracta also showed similar 
impairment of DNA integrity (up to 39% in the 
coastal waters of Goa), which was mainly related to 
petroleum contamination (9).

Th e increased activity of SOD, CAT, GPX, GST, 
and GR seen in the present experiments is indicative 
of the adaptive response of the mussel cells to 
avoid oxidative stress induced by oil exposure. 
Th e signifi cantly high values of H

2
O

2
 that were 

recorded during most of the exposure period for 
both concentrations of WAF-P and WAF-D show the 
extent of oxidative damage that could be produced in 
mussel cells. Alternatively, the SOD activity is equally 
consistent with the generation of H

2
O

2
 and other 

cellular damage parameters such as LPX, PC, and 
F-values, which indicates the well-balanced role of 
this enzyme in scavenging ROS. Th e increased SOD 
activity seen here corroborates with that of Cheung et 
al. for mussels exposed to PAH (51).  

H
2
O

2
 can further alter the cell physiology through 

the formation of OH
•
 by the Fenton reaction (52). 

Interestingly, cells sustain a mechanism to enhance 
the activity of antioxidant synthesis in response to 
oxidative stress conditions (53,54). Th e signifi cant 
levels of CAT and GPX activities seen in this study 
under the exposure of WAFs of both petrol and 
diesel ensured quick removal of H

2
O

2
. In this, GPX 

appeared to be more active in eliminating the H
2
O

2 

than CAT. Th ese results are in agreement with those 
of Reid and MacFarlane and Pan et al., who also 
observed increased GPX activity in mollusks exposed 
to petroleum products (19,55). 

Our observations on increased GST activity in test 
specimens treated with the WAF of oils are similar 
to those reported by Lima et al. in mussels collected 
from an area contaminated with petrochemicals 
(56). Th e increased GST activity observed in our 
study could be directly involved in detoxifying 
the petroleum compounds, thereby relieving the 
tissue from oxidative stress (57). Cheung et al. also 
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documented signifi cant relationships between GST 
and PAH body burdens in mussels (51).

GR converts GSSG to its reduced form, GSH, at the 
expense of the oxidation of NADPH to NADP+ (20). 
Th erefore, increased GR activity is vital during stress 
conditions, and this was prominently seen during the 
longest exposure period in the present study (Figures 
3E and 3F). Our results are in agreement with those of 
Zhang et al., who also recorded a signifi cant increase 
in GR activity on days 7 and 10 in goldfi sh (Carassius 
auratus) exposed to WAF-D (58). Th e elevated GR 
activity during the exposure to the pollutant is a part 
of the protective response of the tissue to maintain 
its intracellular thiol status. GSH and GR maintained 
elevated activity during most of the WAF exposure 
period in our study. Th is suggests that GSH is active 
either as a substrate to accelerate the function of other 
antioxidant enzymes or as a scavenger of ROS by 
binding to them directly. Interestingly, the signifi cant 
induction of glutathione-related enzymes (GPX, GST, 
and GR) in the digestive gland of P. viridis exposed to 
the WAF of oils observed in our study indicates that 
the glutathione pathway is more competently used by 
the organism to protect its cells from ROS toxicity in 
an oil-contaminated environment. 

Suffi  ciently higher ASA activity was seen under 
WAF-D exposure as compared to WAF-P in the 
present study. Th is contaminant-specifi c increase in 
ASA content may be due to the increased availability 
of GSH, which reduces dehydroascorbate to 
ascorbate (59). Further studies along these lines may 
be required to understand the relationship between 
ASA content and stress generation in mussels due to 
oil exposure.

Our laboratory experimental results, which 
showed elevated LPX and antioxidant responses 
to the WAFs of oils, are well supported by the fi eld 
observations displaying similarly higher values in 
Perna viridis at the 2 PAH-contaminated locations, 
ML and MH. However, nonenzymatic antioxidants 
such as GSH and ASA showed a reverse trend, with 
values remaining higher at BB than at MH or ML. 
Th is is probably because of the direct involvement of 
both of these antioxidants in scavenging for ROS or 
metal ions at the contaminated sites, since GSH is also 
utilized in the synthesis of enzymatic antioxidants 
(13). Under similar laboratory studies, Luchmann et 
al. concluded that bioaccumulation of aliphatic and 

aromatic hydrocarbons and antioxidant responses 
in oyster Crassostrea brasiliana exposed to WAF-D 
could serve as biomarkers of petroleum toxicity 
(60). Th us, the increasing trend in cell damage 
parameters such as LPX, PC, DNA unwinding, and 
antioxidant enzymes under petroleum stress in fi eld 
and laboratory conditions observed here could be 
utilized as biomarkers for the detection of petroleum 
by-product pollution.

Our results showed that WAFs of petrol and 
diesel could retain aromatics and PAHs in signifi cant 
quantities. Considerable increases in LPX, PC 
content, and DNA damage in mussels measured 
over 5, 10, and 15 days of exposure to WAF-P and 
WAF-D indicated the toxic nature of these petroleum 
products to P. viridis. Th is is refl ected in the consistent 
increase in the activity of antioxidant enzymes such 
as SOD, CAT, GPX, GST, and GR. Similar responses 
of antioxidant enzymes obtained in fi eld specimens 
collected from petroleum-contaminated sites as in 
laboratory-exposed samples support the hypothesis 
that dissolved petroleum products in WAFs produce 
oxidative stress in the digestive gland tissue of 
Perna viridis. Th e results in fi eld and laboratory 
investigations support the fact that the cellular 
damage and oxidative stress indices in the digestive 
gland tissue of Perna viridis could suitably be used 
as biomarkers of petroleum pollution during coastal 
ecological investigations.
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