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negative correlations were observed between AChE 
and the antioxidant enzymes indicating MCP toxicity 
mediated by oxidative stress.
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Introduction

Pesticides are chemical compounds used for the pre-
vention and eradication of a variety of pests persis-
tent in agriculture, forestry and households. In recent 
times, the use of pesticides on a larger scale has 
caused severe environmental implications as well as 
toxic effects in non-target organisms such as humans, 
livestock, beneficial insects and microorganisms and 
even aquatic organisms. Extensive agricultural activi-
ties and indiscriminate use of pesticides have led to 
contamination of the aquatic environment by direct 
application of the pesticides as well as surface run-
off and wind-borne drifts that carry these toxic sub-
stances to various water sources (Mundhe et  al., 
2016). As a result, there has been a gradual increase 
in the concentration of pesticides and their metabo-
lites in water columns and benthic sediments thus 
causing severe contamination of the aquatic environ-
ment (Patetsini et al., 2013). Chronic or acute expo-
sure to pesticides may cause deleterious problems for 
non-target organisms, leading to altered or disrupted 
biochemical processes. There is also often a high 
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expenditure of energy for the removal of the toxicants 
and repair of damaged processes (Calow, 1989).

Organophosphate (OP) compounds that are present 
in a majority of pesticides act primarily by inhibiting 
the action of acetylcholinesterase resulting in an exces-
sive buildup of acetylcholine at different nerves and 
receptors in the body, leading to their overstimulation 
and causing a wide range of disruptions of metabolic 
processes. The overstimulation of the nervous system 
caused by OPs is followed by an intense generation of 
reactive oxygen species (ROS) thereby causing oxida-
tive damage and can also inhibit antioxidant defenses 
(Banerjee et  al., 1999; Lukaszewicz-Hussain, 2010). 
ROS are highly reactive molecules, which indiscrimi-
nately interact with essential macromolecules such 
as DNA, protein, and lipids causing disturbances in 
physiological processes (Cnubben et al., 2001). These 
compounds exhibit alkylating properties which are 
also responsible for DNA damage (Cui et  al., 2006). 
Numerous in  vitro and in  vivo studies are available 
that report the genotoxicity of OP pesticides in vari-
ous organisms like bivalves, fishes, birds, and even in 
human lymphocytes (Bhunya & Jena, 1993; Mahboob 
et al., 2002; Pavlica et al., 2000; Revankar & Shyama, 
2009; Saleha Banu et al., 2001; Sharma et al., 2007).

Monocrotophos (MCP) is a broad-spectrum sys-
temic and contact OP insecticide which is known to 
be neurotoxic by inhibiting cholinesterase. It is used 
on a large scale in many parts of the world, particu-
larly in developing countries due to its high toxicity 
to phytophagous insects and mites and can also be 
procured at a low cost. However, as with other pes-
ticides, MCP can also affect non-target organisms 
such as birds, mammals, and even fishes. It can enter 
the aquatic environment by wastewater discharge and 
runoffs from agricultural land and severely affect 
the native fauna. It is a Category 1 chemical (highly 
toxic) (USEPA, 1985) and is also listed as a marine 
pollutant by FAO/UNEP (1997). A few studies are 
available on the genotoxicity and biochemical altera-
tions caused by MCP in non-target organisms such as 
fishes (Saleha Banu et al., 2001; Agrahari et al., 2007; 
Ali & Kumar, 2008; D’Costa et  al., 2018) and even 
fewer reports of the same in bivalves (Mundhe et al., 
2016; Revankar & Shyama, 2009).

Bivalves are filter feeders, thus able to accumulate 
toxins in their tissue, making them good bioindicators 
of pollution. Donax incarnatus (Gmelin, 1791) being 

one of the most common bivalves found along the 
coast of Goa, a state in the South of India and is reg-
ularly consumed by the local population as seafood. 
Although MCP is frequently used as an agricultural 
pesticide in Goa, no reports are available on the toxic-
ity of this pesticide in D. incarnatus. Hence, to verify 
the safety of the consumption of this bivalve, various 
biomarkers of genotoxicity as well as oxidative stress, 
neurotoxicity, and physiological condition are evalu-
ated in this estuarine bivalve D. incarnatus exposed 
to monocrotophos.

Materials and methods

Quality assurance and quality control

The procedures of preparation and handling of sam-
ples were carried out conforming to the guidelines by 
APHA, AWWA, WEF (2017). The chemicals used in 
experimentation were of analytical grade, procured 
from Himedia (Himedia, India).

Experimental organisms

The clams (Donax incarnatus) were collected from 
Galgibag, a pristine beach in Goa, India, and trans-
ported to the laboratory. The bivalves with an aver-
age weight of 1.27 ± 0.3  g and an average length of 
1.3 ± 0.5 cm were used for the study. They were trans-
ferred to 5L aquaria and acclimatized in seawater 
from Galgibag for 15 days prior to exposure to MCP. 
Water in the aquaria was changed daily to prevent 
fecal contamination and maintained with the follow-
ing conditions: 25  °C, pH 7.5, salinity 27 ppt, and 
dissolved oxygen 7.8 mg/L.

Monocrotophos

Anucron-monocrotophos [dimethyl-(E)-1-methyl-
2-(methyl carbamoyl) vinyl phosphate] (36%) of 
commercial grade was procured from Anu Prod-
ucts Ltd., Delhi, India (Batch number: FAP8361). 
MCP test solutions were prepared by dissolving it 
directly in water.
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Estimation of LC50

To determine the sub-lethal concentrations to be 
used for the study, an acute toxicity assay to estimate 
the 96  h LC50 value for monocrotophos was carried 
out using standard methods (APHA, AWWA, WEF, 
2017). A range-finding test was carried out prior to 
the definitive test. To estimate the LC50 for defini-
tive testing, the bivalves were divided into 12 groups, 
comprising 10 specimens each (tests for each group 
were conducted in triplicates) and exposed to various 
concentrations of MCP in a semi-static system to esti-
mate mortality for 96 h as follows:

Group Dose (in ppm)

1 0 (control)
2 10
3 15
4 20
5 25
6 30
7 35
8 40
9 45
10 50
11 55
12 60

During the experiment, the water was changed 
once daily with a fresh dose of pesticide to the aquar-
ium. Bivalves were considered dead when touching 
the opened valves did not stimulate their closure and 
were immediately removed from the tanks. The LC50 
values (with 95% confidence limits) were calculated 
using Probit Analysis Statistical Method (Finney, 
1971). Differences in the results obtained were con-
sidered to be statistically significant at a p value of 
< 0.05. The regression equation (Y = a + bX, where 
Y = probits of mortality; X = log concentrations) was 
calculated by maximum likelihood using IBM SPSS 
v23 and the 96 h LC50 was derived from the best-fit 
line obtained which was found to be 55.49 ppm.

Treatment schedule

To prepare the bivalves for dose response studies, they 
were first distributed into groups of 10 individuals. 

Based on the 96  h LC50 value, three sub-lethal con-
centrations 6.8, 13.7, and 27.45  ppm of monocro-
tophos (representing 1/8, 1/4, and 1/2 of the LC50 
value, respectively) were selected to which the bivalve 
groups were exposed once in triplicates for a period of 
72 h so as to observe any possible short-term effects. 
A time-dependent response was also studied at three 
different intervals of exposure to the pesticide, viz., at 
24, 48, and 72 h. Another group of clams was exposed 
to CdCl2 (0.75, 1.5 and 3.0  μg/L), which is a well-
known toxicant (Chen et al., 2001; Juhel et al., 2007) 
so as to validate the biomarkers in the present study.

Comet assay

The comet assay was carried out using the protocol 
devised by Lee & Steinert (2003). The gills of the 
clams were extracted and gently nipped in phos-
phate buffered saline (pH 7.2) to dissociate the cells. 
This was filtered through a muslin cloth to obtain a 
clear suspension, devoid of debris. The cell suspen-
sion was mixed with low melting agarose (0.5%) 
and carefully layered over a layer of normal melting 
agarose (1%) on frosted microscopic slides. After 
solidification, a third layer was created using 0.5% 
low melting agarose, and allowed to solidify. The 
slides were immersed in a cold lysis buffer (pH 10, 
4  °C) for 1  h, to allow lysis of cells thereby releas-
ing DNA. The DNA was then allowed to unwind by 
placing the slides in an alkaline (pH > 10), unwinding 
buffer for 20  min, following which electrophoresis 
was performed under alkaline conditions (pH 10) for 
20 min and the slides were then placed in a neutrali-
zation buffer (pH 7.5) for 5 min. The cells were then 
stained with ethidium bromide, observed under × 200 
magnification of a fluorescence microscope (Olympus 
BX53, Singapore) and their images were captured. 
The “comets” were analyzed with the help a software, 
CASP (Końca et al., 2003), and the percentage of tail 
DNA was recorded.

Preparation of homogenate for enzymatic tests

Whole soft tissues of clams were gently homogenized 
in phosphate buffer (pH 7.2) using a Potter–Elvehjem 
homogenizer and centrifuged at 10,000×g for 20 min 
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at 4  °C. The supernatant was collected and used for 
the subsequent enzymatic tests.

Catalase assay

The activity of catalase (CAT) was estimated fol-
lowing the protocol by Sinha (1972). The assay mix-
ture consisted of H2O2, phosphate buffer (0.01  M, 
pH 7.0), and deionized water, and the supernatant 
was added to initiate the reaction. The reaction was 
arrested by adding dichromate / acetic acid reagent to 
the mixture at intervals of 15, 30, 45, and 60 s. The 
mixture was subsequently heated in a boiling water 
bath until a stable green color developed which was 
read at 610 nm. The activity was expressed as μmoles 
of H2O2 decomposed /min/mg protein.

Glutathione peroxidase assay

Glutathione peroxidase (GPx) activity was deter-
mined as per Paglia and Valentine (1967). The reac-
tion mixture consisted of EDTA (2  mM), sodium 
azide (0.1 mM), reduced glutathione (4 mM), H2O2, 
sodium phosphate buffer (0.4  M, pH 7.0), distilled 
water, and supernatant. The reaction was terminated 
with trichloroacetic acid (10%), centrifuged, and the 
supernatant was added to phosphate buffer and DTNB 
reagent. The optical density was measured at 412 nm 
and the activity of GPx was expressed in terms of µg 
of glutathione utilized/min/mg protein.

Superoxide dismutase assay

The activity of superoxide dismutase (SOD) activity 
was assessed by the method of Das et al. (2000). Briefly, 
phosphate buffer (50  mM, pH 7.4), L-methionine 
(20  mM), Triton X-100, hydroxylamine hydrochloride 
(10 mM), and EDTA (50 mM) was added to the sample 
supernatant in microfuge tubes and incubated at 30 °C 
for 5 min. Riboflavin (50 M) was then added to the mix-
ture, and the tubes were exposed to 200-W fluorescent 
lamps for a period of 10  min following which Greiss 
reagent was then added. The optical density of the mix-
ture was measured at 543 nm. The activity was calcu-
lated as the amount of SOD which could inhibit 50% of 
nitrite formation.

Acetylcholinesterase assay

The activity of acetylcholinesterase (AChE) was 
measured using the protocol outlined by Ellman et al. 
(1961) with modifications by Galloway et al. (2002). 
The sample supernatant was incubated with DTNB 
(270 μM, pH 7.4) at 25 °C for 5 min. The activity of 
the enzyme was initiated by the addition of acetylthi-
ocholine iodide (3  mM), and the optical density 
was measured at 412 nm. The activity of AChE was 
expressed as nmol thiocholine/min/mg protein.

Protein estimation

The protein content of the supernatant was measured 
using the standard protocol developed by Lowry et al. 
(1951).

Condition index

The condition index (CI) of D. incarnatus was follow-
ing the protocol of Filgueira et al. (2013). Briefly, soft 
tissue was carefully separated from the shells and both 
were dried in an oven at 65 °C. CI was calculated as 
the ratio of dry soft tissue weight and dry shell weight.

Statistical analysis

Data were analyzed using IBM SPSS v23. Data were 
tested for normality and homogeneity, and parametric 
or non-parametric tests were used wherever applica-
ble. ANOVA or Kruskall–Wallis test was applied to 
test the effect (dose and time) of monocrotophos con-
centration on the biomarkers. Dunnet’s test was per-
formed post hoc to compare the differences with the 
control within the same treatment group. Correlations 
(Pearson’s) were tested for all the parameters to check 
for significant associations. The significance level 
was considered at p < 0.05.

Results

The biomarkers were validated using CdCl2 as a known 
toxicant. All the concentrations of CdCl2 induced sig-
nificant toxic effects such as increased % tail DNA, 
CAT, GPx, and SOD, as well as decreased AChE and 
CI in the clams (Supplementary data Table S1).
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The gill cells of D. incarnatus showed a significant 
concentration-dependent increase in the percentage 
tail DNA at all the time intervals (Fig. 1). The high-
est concentration of monocrotophos induced the high-
est DNA damage (% tail DNA) at 24 h (40.16 ± 3.08, 
p < 0.001). However, the percentage tail DNA was 
found to decrease significantly as the time of expo-
sure advanced for all the concentrations.

A significant increase in the activity of cata-
lase was observed in the soft tissues of the bivalves 
at all the time intervals of monocrotophos exposure 
(Fig. 2). Catalase activity in the lowest concentration 
group was non-significant compared to the control at 
24  h of exposure. Catalase activity was found to be 

the highest at 72-h exposure in the highest concentra-
tion group (49.47 ± 5.52, p < 0.001).

The activity of glutathione peroxidase was 
observed to be significantly increased in the soft tis-
sues of the bivalves exposed to the medium and high 
concentrations of monocrotophos (Fig.  3). However, 
the activity of GPx was found to be non-significant 
in the bivalves exposed to the lowest concentration of 
monocrotophos at all the time intervals. Significant 
variation was observed across all the concentrations 
and time intervals (F = 12.83, p < 0.001).

Superoxide dismutase activity was also found 
to be significantly increased in the tissues of the 
bivalves in all the pesticide-exposed groups (Fig.  4) 

Fig. 1   Percentage of tail 
DNA in the gill cells of 
D. incarnatus exposed to 
different concentrations of 
monocrotophos at different 
time intervals. Statisti-
cal differences (*p < 0.05, 
**p < 0.01, ***p < 0.001) 
are in relation to the control 
of the respective time 
interval
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Fig. 2   Activity of 
catalase in the tissues of 
D. incarnatus exposed to 
different concentrations of 
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time intervals. Statisti-
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(F = 26,279.92, p < 0.001). Further, SOD activity was 
found to be elevated in a time-dependent manner for 
each pesticide concentration (F = 153.19, p < 0.001).

The analysis of AChE activity in the soft tis-
sues of bivalves exposed to monocrotophos showed 
a significant decrease in its activity (F = 1452.20, 
p < 0.001). A constant decline of activity was 
observed as the time progressed for all the concen-
trations (F = 114.58, p < 0.001). Further, the activ-
ity of AChE remained significantly low at all time 
intervals in all the doses (Fig. 5).

A significant dose-dependent and time-dependent 
decrease in the condition index of the bivalves as 
compared to the control (Fig. 6) was observed. As the 
dose of the pesticide and time of exposure increased, 

the ratio of dry tissue weight to dry shell weight 
decreased (concentration F = 309.21, p < 0.001, 
and time F = 9.33, p < 0.001). Condition index was 
found to be the lowest at the highest concentration of 
monocrotophos at 72 h of exposure.

The two-way ANOVA carried out with time and 
concentration as the independent variables and the 
tested parameters as dependent variables are repre-
sented in Table 1. Significant variance was observed 
within the dependent variables with increasing con-
centration or advancing time. The variance within 
the dependent variables by the interaction of both 
concentration and time was also found to be signifi-
cant except for CAT activity which was found to be 
non-significant.

Fig. 3   Activity of glu-
tathione peroxidase in the 
tissues of D. incarnatus 
exposed to different concen-
trations of monocrotophos 
at different time intervals. 
Statistical differences 
(*p < 0.05, **p < 0.01) are 
in relation to the control of 
the respective time interval
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Fig. 4   Activity of superox-
ide dismutase in the tissues 
of D. incarnatus exposed to 
different concentrations of 
monocrotophos at different 
time intervals. Statistical 
differences (***p < 0.001) 
are in relation to the control 
of the respective time 
interval
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Based on the correlation matrix (Table  2), a sig-
nificant positive correlation was observed between % 
tail DNA and SOD (p < 0.01) as well as between % 
tail DNA and CAT (p < 0.05) and GPx (p < 0.05). A 
significant negative correlation was observed between 
% tail DNA and AChE activity (p < 0.05). Significant 
correlations were also observed between CAT and 
SOD (p < 0.05), CAT and GPx (p < 0.05), as well as 
between SOD and GPx (p < 0.001).

Discussion

The excessive and unregulated use of OP compounds 
as pesticides has often led to severe toxic effects on 

non-target organisms which include alterations in their 
DNA, biochemistry, and physiology.

DNA damage

Results of the present study indicate that monocrotophos 
induced significant DNA damage in the gill cells of the 
bivalves. This finding is on par with the studies of Mundhe 
et  al. (2016) in which they observed significant DNA 
damage in mussels (Lamellidens marginalis) exposed to 
monocrotophos for 7 days. The present results also find 
similarity with that of Revankar and Shyama (2009) in 
which they observed a high level of DNA damage in the 
clam Meretrix ovum exposed to monocrotophos. Vari-
ous genetic studies are available that help provide a better 

Fig. 5   Activity of acetyl-
cholinesterase in the tissues 
of D. incarnatus exposed to 
different concentrations of 
monocrotophos at different 
time intervals. Statistical 
differences (* p < 0.05, 
**p < 0.01, ***p < 0.001) 
are in relation to the control 
of the respective time 
interval
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Fig. 6   Condition index of 
D. incarnatus exposed to 
different concentrations of 
monocrotophos at different 
time intervals. Statisti-
cal differences (*p < 0.05, 
**p < 0.01, ***p < 0.001) 
are in relation to the control 
of the respective time 
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understanding of the mechanisms that cause this DNA 
damage. Saleha Banu et al. (2001) reported that the phos-
phate moiety of monocrotophos might cause phospho-
rylation of DNA leading to strand breaks. OPs can cause 
alkylation of DNA bases thereby altering DNA (Bhinder 
& Chaudhry, 2013). Additionally, the phosphorous group 
in the OP may be a substrate for nucleophilic attack which 
could cause DNA phosphorylation and subsequent dam-
age (Das et al., 2007; Rahman et al., 2002). The results 
of the two-way ANOVA indicate that both concentration 
and time influence the formation of DNA strand breaks. 
Further, a significant decrease in the % tail DNA was 
observed as the time of exposure increased.

Antioxidant enzymes

Antioxidant enzymes convert reactive oxygen species 
into stable non-toxic molecules, thus rendering them 
harmless and therefore constitute the most important 
defense mechanism against oxidative stress-induced 
cell damage. For instance, the dismutation of the highly 
reactive superoxide radical (O2

-) into hydrogen perox-
ide (H2O2) and oxygen (O2) is catalyzed by SOD. The 

H2O2 is then further converted into water (H2O) and 
oxygen (O2) by CAT. Glutathione peroxidase (GPx) 
also catalyzes the reduction of H2O2 to water by glu-
tathione. The activity of the SOD increased significantly 
in response to the dose of monocrotophos and time of 
exposure (as well as the interaction between both) to 
the pesticide. This could be attributed to the increased 
oxidative stress in bivalves induced by monocrotophos. 
Our present observations are in agreement with the 
findings of Mundhe and Pandit (2014) in which they 
observed a significant increase of SOD activity in 
bivalves exposed to monocrotophos. In another similar 
study, SOD was found to increase significantly in the 
clam Corbicula fluminea exposed to organophosphate 
flame retardants in sediment (Li et al., 2018). The sig-
nificant increase of CAT activity observed in the present 
study in a dose- and time-dependent manner is on par 
with the findings of Bianco et al. (2013) who observed 
a significant increase of CAT activity in the gastropod 
Chilina gibbosa exposed to the organophosphate pesti-
cide azinphos-methyl. These findings are also similar to 
that of Mundhe and Pandit (2014) who reported a time 
dependent increase of CAT activity in bivalves exposed 

Table 1   Two-way 
ANOVA testing the 
influence of monocrotophos 
concentrations and 
exposure time as well as 
the interaction between 
them (concentration × time) 
on the biomarkers in D. 
incarnatus 

Dependent variable Independent variables

Factors Interaction

Concentration Time Concentration × 
time

F value p F value p F value p

% Tail DNA 205.11 < 0.001 137.57 < 0.001 40.38 < 0.001
CAT​ 7.82 < 0.001 6.84 < 0.01 1.06 ns
GPx 1236.02 < 0.001 12.83 < 0.001 5.00 < 0.001
SOD 26,279.92 < 0.001 153.19 < 0.001 48.36 < 0.001
AChE 1452.20 < 0.001 114.58 < 0.001 54.57 < 0.001
CI 309.21 < 0.001 9.33 < 0.001 2.73 < 0.05

Table 2   Correlation matrix between the association of % tail DNA

CAT​ catalase, SOD superoxide dismutase, GPx glutathione peroxidase, AChe acetylcholinesterase, CI condition index
*p < 0.05; **p < 0.01; ***p < 0.001

% Tail DNA CAT​ SOD GPx AChE CI

% Tail DNA -
CAT​ 0.50* -
SOD 0.65** 0.52* -
GPx 0.61* 0.52* 0.98*** -
AChE −0.60* −0.50* −0.93*** −0.94*** -
CI −0.49* −0.50* −0.89*** −0.92*** 0.87*** -
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to monocrotophos. Our results also find similarities with 
that of (Al-Fanharawi et al., 2019) wherein they reported 
significant increases of both SOD and CAT in the soft 
tissues of mussel Unio tigridis exposed to 22 mg/L and 
35 mg/L of the organophosphate pesticide chlorpyrifos 
for a period of 21 days. The activity of GPx was also 
found to increase significantly with increased dose and 
time as a result of oxidative stress induced by mono-
crotophos. This is in accordance with the studies of Yu 
and Ai-li (2011) in which they observed a significant 
increase in the activity of GPx in the soft tissues of mus-
sels (Mytilus edulis) exposed to various concentrations 
of an organophosphate pesticide methamidophos. Thus, 
it is evident by the increase of the activities of antioxi-
dant enzymes that monocrotophos induces oxidative 
stress in D. incarnatus.

Additionally, although the activity of antioxidant 
enzymes increased over a period of 72  h, there was 
a concurrent decrease of DNA damage. This may be 
due to the DNA repair systems in the gill cells and the 
increased activity of first line of defense of the anti-
oxidant enzymes (CAT, GPx, and SOD) to combat the 
ROS generated by the pesticide and thereby decreasing 
the chances of ROS interacting with DNA. Thus, the 
increase in antioxidant enzymes can be correlated to 
the decrease in DNA damage over a period of 3 days.

Acetylcholinesterase

The bivalves exposed to monocrotophos in the pre-
sent study appeared to be lethargic and showed 
impaired movement. This may be due to inhibition 
of acetylcholinesterase induced by monocrotophos. 
Acetylcholinesterase is found in neuromuscular junc-
tions, and is responsible for the termination of syn-
aptic transmissions, by the breakdown of the neuro-
transmitter acetylcholine into acetate and choline. A 
significant decrease in AChE activity was observed 
in the MCP exposed bivalves both in a time- and 
concentration-dependent manner. Further, the inter-
action of both concentration and time influenced the 
inhibition of AChE which was inferred from the two-
way ANOVA. A similar observation was made by 
(Cooper & Bidwell, 2006) who witnessed a consider-
able decrease of cholinesterase activity in the Asian 
clam (Corbicula fluminea) exposed to an organo-
phosphate pesticide chlorpyrifos. The results of the 

present study also find similarity with the reports 
of Moncaleano-Niño et  al. (2018) in which they 
observed a decline in cholinesterase activity in oys-
ters (Saccostrea sp.) exposed to an organophosphate 
pesticide chlorpyrifos. It can therefore be concluded 
that organophosphate pesticides are potent inhibitors 
of acetylcholinesterase activity and can potentially 
exert neurotoxic effects in exposed non-target organ-
isms such as bivalves.

Condition index

Condition index is an important parameter to meas-
ure the overall health of an organism. The use of dry 
tissue weight measurements eliminates the weight 
fluctuations caused by changes in water content of 
the whole tissue. In the present study, there was a 
significant decrease in the condition index values 
due to physiological stress in the bivalves exposed 
to monocrotophos. Low condition index values of 
the bivalves may be due to an increase in energy 
expenditure to avoid/detoxify the pesticide (Lucas 
& Beninger, 1985). This is in agreement with the 
studies of Kim et  al. (2004) wherein they reported 
a decrease in the shell length and body weight 
of the Manilla clam (Ruditapes phillippinarum) 
exposed to an organophosphate pesticide chlorpyri-
fos. Another reason for decreased CI ratio could be 
due to a mechanism of survival adaption in which 
feeding is reduced and the bivalves’ shells close as a 
result of pollutant exposure.

Correlation analysis

In the Pearson’s correlation analysis (Table  2), DNA 
damage in the form of % tail DNA was found to be 
significantly positively correlated with the antioxidant 
enzymes CAT, SOD, and GPx. This correlation indicates 
that DNA damage in the bivalves occurred due to oxida-
tive stress as a consequence of MCP exposure. The DNA 
damage observed may thus be due to the generation of 
ROS which can directly interact with macromolecules 
like DNA and induce genotoxicity by causing single and 
double stranded breaks (Mundhe et  al., 2016). These 
free radicals may also affect DNA indirectly through 
lipid peroxidation and could cause DNA strand breaks. 
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Therefore, oxidative stress may be caused due to the pro-
duction of ROS that surpasses the initial rate of detoxifi-
cation and repair by the organism’s antioxidant enzymes 
(Ojha et al., 2013; Yaduvanshi et al., 2010). A significant 
negative correlation was observed between AChE activ-
ity and the antioxidant enzymes which could indicate 
that the inhibition of AChE activity may be linked to 
oxidative stress. A significant negative correlation was 
observed between % Tail DNA and CI. The decrease of 
CI may be attributed to altered DNA function which in 
turn may cause abnormal protein synthesis and function 
which is vital for normal physiological processes of the 
organism.

Conclusion

Exposure of Donax incarnatus to monocrotophotos 
induced a substantial amount of damage within the 
organism. The organophosphate monocrotophos induced 
the generation of ROS in the bivalves which in turn have 
deleterious effects on various macromolecules including 
nucleic acids. Significant DNA damage and an increase 
in the activities of anti-oxidant enzymes like catalase, 
glutathione peroxidase, and superoxide dismutase were 
observed as a result of monocrotophos exposure, thus 
implying that the bivalves experienced substantial oxi-
dative stress. The pesticide also caused significant inhi-
bition of acetylcholinesterase and decreased condition 
index. Comet assay, biomarkers of oxidative stress, ace-
tylcholinesterase activity, and condition index can be 
reliably used to assess the toxicity of monocrotophos in 
the environment. Donax incarnatus can be considered as 
a suitable bio-indicator for assessment of pesticide pol-
lution in the estuarine environment using appropriate 
markers.
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