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Abstract

Impact of varying concentrations and counts of toxic metals and indigenous bacteria on antioxidative
defense system in edible oyster, Saccostrea cucullata, collected from four tropical estuarine systems
of Goa (west coast of India), are presented in this study. Relatively high abundance of bacteria was
estimated from the oysters especially during monsoon season (June-September). Density of total and
fecal coliforms were about 24 times higher in the organism than the surrounding water (average TC:
4360 and FC: 3475 MPN 100ml™). Sedimentary Cd, Pb, and Hg concentrations varied from 0.12-0.48,
19.28-102.48, and 0.03-0.13 mg kg™ (dry wt.) while, bioaccumulation of Cd, Pb, and Hg in the oysters
ranged from 5.17-10.6, 0.18-7.99, and 0.06-0.22 mg kg (dry wt.) respectively. Higher degree of
pollution and moderate ecotoxicological risks with increasing toxicity (36-37%) was observed in two
of the tropical estuaries. Biomarker response in the oysters was somewhat inconsistent with pollution
load in the estuarine systems. Elevated environmental stress was observed during pre-monsoon
(March-May) followed by the monsoon period. Sedimentary metals were identified as predominant
inducers of antioxidative defence system in oysters from the study areas. This study suggests that,
biomarker can be useful in assessing the combined effects of metal and bacterial contaminations on
native oysters and in evaluating environmental quality in tropical estuarine systems.

Keywords: Sedimentary toxic metals; Bacteria; Antioxidant enzyme; Oxidative stress; Biomarker;
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Highlights

e Ecotoxicological risks assessment of estuarine sediment could prevent adverse biological
effects in marine organisms.

e Metals (especially Cd and Pb) and bacteria predominantly induce antioxidative defence system
in marine organisms.

e Site specific anthropogenic activities mostly responsible for exerting environmental stresses on
native organisms.

e Ecotoxicological risk elevates during the pre-monsoon season (March-May).
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1. Introduction

Biomarkers reflect an organism’s attempt to tolerate various biotic and abiotic stressors in
estuarine environment. Antioxidant enzymes are naturally produced within biological systems to
counterbalance the impact of stressors. They have been widely used as a potential biomarker in
evaluating quality of different coastal ecosystems (Orbea et al. 2002; Cravo et al. 2009; Serafim et al.
2012). Balance between pro-oxidants and antioxidant defences play crucial role in organisms,
maintaining cellular homeostasis. Environmental stress mediated cellular damages inevitably change
antioxidant enzymes activities (Benedetti et al. 2015) in addition to immunomodulation
(Gopalakrishnan et al. 2009). These phenomena increase vulnerability of marine organisms to

stressors, leading to variety of diseases and increased mortality rate (Paul-Pont et al. 2010).

Toxic metals, such as cadmium (Cd), lead (Pb), and mercury (Hg), are well-known for exerting
oxidative stress on marine organisms (Volety 2008). Wide uses of these three toxic metals in different
anthropogenic activities and their release in environments cause coastal marine pollution in many
developing maritime countries. The major sources of these metals in India (the fastest-growing major
economy) are summarised below. In general, sources of anthropogenic Cd are nickel-cadmium (Ni-
Cd) battery plant, electroplating, fertilizer, pigments, and plastics industries (ATSDR 1999). Major
anthropogenic Pb sources are sewage treatment plants, lead-based paint and pipes manufacturing
companies, mining industries, and combustion of coal and wood (Ansari et al. 2004; Mohammadi et
al. 2008; Chakraborty et al. 2021). Burning of fossil fuel (especially coal) in thermal power plants,
Chlor-alkali plants, production of chlorine, mining, and wastewater treatment plants are the major
sources of Hg in coastal environments (Pirrone et al. 2010; Chakraborty 2017). It is well known that
Pb, Cd and Hg are biologically non-essential and show harmful effects when accumulated in marine
organisms. They do interfere with different metabolic processes due to pseudo elements behaviors. Cd
has been reported to replace zinc (from carbonic anhydrase) in marine diatoms (Lane and Morel 2000).
Cd suppresses haemocyte metabolism, increases proton leakage in mitochondria, and suppresses
immune-related functions, resulting in decreased phagocytic activity and adhesion capacity in oysters
(Sokolova 2004; Achard-Joris et al. 2006; Ivanina et al. 2014). Pb has been identified to substitute
calcium (Ca) in many biological systems (Goldstein 1993). It hampers overall shell growth by ceasing
biomineralization (Gifford et al. 2006), hinder protein metabolism, and disturb Ca?* homeostasis in
oysters (Meng et al. 2018). Methylated Hg is readily absorbed and accumulated in bivalve tissue where
it is not easily excreted (Rice et al. 2014). Hg induces significant haemocyte mortality (Gagnaire et al.
2004) as well as abnormal embryogenesis, causing impaired immune functions in oysters (Beiras and
His 1994).


https://www.sciencedirect.com/topics/immunology-and-microbiology/phagocytosis

Like toxic metals, some bacteria including Vibrios, impact upon all life stages of bivalves
(Beaz-Hidalgo et al. 2010). It has been identified as the causative agent for the mass mortalities of
Pacific oyster in Japan (Sugumar et al. 1998) and the European flat oyster in France (Thompson et al.
2003). Vibrios and Aeromonas aggravate severe mortalities in oysters by causing bacillary necrosis
(Kaspar and Tamplin 1993). Bivalves are particularly susceptible to those pathogens depending upon
their biology and ecology (Saulnier et al. 2010). Moreover, these pathogens can modulate toxic metals
bioaccumulation in bivalves (Paul-Pont et al. 2010). Other bacteria, like coliforms, may not affect
bivalve's physiology per se but monitoring their abundance in tropical waters is necessary for

evaluating environmental quality (Bordalo et al. 2002).

Antioxidant enzymes such as superoxide dismutase (SOD), glutathione-S-transferase (GST),
catalase (CAT), and metallothionein (MT) play important roles in counterbalancing oxidative stress
caused by toxic metals and bacteria (Manduzio et al. 2005; Higashimoto et al. 2009; Dzoyem et al.
2014; Sarker and Oba 2018). SOD is a metal ion cofactor-requiring enzyme that catalyzes dismutation
of superoxide anion into hydrogen peroxide (H202). CAT converts H20 into water and oxygen. GST
inactivates secondary metabolites, such as unsaturated aldehydes, epoxides, hydroperoxides and
xenobiotic compounds, otherwise harmful to organisms. MT has a high affinity for metal ions and
plays important roles in regulating and detoxifying toxic metals through oxygen free radical
scavenging actions. Due to high specificity and ability of MT to bind metal ions, it is considered as

ideal biomarker to monitor metal contamination in coastal ecosystem (Kalpaxis et al. 2004).

Bivalves have been widely used for biomonitoring purposes in marine ecosystems because of
their large volume of water filtration capacity and sensitivity to oxidative pollutants (Gaspar et al.
2018; Jahan and Strezov 2019). Being sessile, they are always exposed to various toxic metals and
indigenous, non-indigenous bacteria present in the environment. Since, antioxidant enzymes activity
generally increases with higher pollution loading (Box et al. 2007; Jana et al. 2013; Benali et al. 2015),
therefore, study of molecular biomarkers have been extensively used in bivalves to assess quality of
different marine ecosystems (Kingtong et al. 2011). Along with other bivalves, oysters are well
distributed marine organism and being susceptible to environmental pollution, precisely reveal

cytotoxic effects of various pollutants on antioxidative defence system.

In India, most of the bivalves accumulated bacteria belong to Aeromonas, Salmonella, and
Vibrio genera. These bacteria are normally present in soft tissue and body fluid of oysters (Silvester et
al. 2017), crustacean (Parthasarathy et al. 2016) or clam (Sangeetha et al. 2017). Shellfish also
accumulate Clostridium botulinum or Listeria monocytogenes from their surrounding environments

(Gawade et al. 2010). Accumulation of toxic metals in oysters has been reported from different coastal
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parts of India (LaxmiPriya et al. 2011; Abhilash et al. 2013; Gawade et al. 2013; Chakraborty et al.
2015, 2016). Unfortunately, all these studies have mostly focused on estimating either bacteria or toxic
metals bioaccumulation in organisms, without addressing their biochemical response to prevent
stresses. Scarce information is available about assessment of ecotoxicological risk of toxic metals on
native organisms. In this study, an effort was made to evaluate the collective impact of metals and
bacteria upon antioxidative defence system of edible oyster Saccostrea cucullata in different tropical
estuarine systems from India. Different pollution indices were also evaluated to comprehend
ecotoxicological risk probability of selective toxic metals on resident organisms.

2. Materials and methods
2.1. Study area descriptions

Water, sediment, and oyster (S. cucullata) samples were collected from four different estuaries
along the Goa coast (Fig. 1) during three consecutive seasons i.e. pre-monsoon (March-May), monsoon
(June-September), and post-monsoon (October-November) in the year 2017. The sampling locations
were strategically chosen at mouth of the each estuary. The locations were Siolim (#S1), Nerul (#S2),
Chicalim (#S3) and Betul (#S4), located on the bank of the river Chapora, Nerul, Zuari, and the Sal
respectively (Table 1). The #S1 was selected as reference as it was reportedly less polluted (Fernandes
et al. 2014). At each location, the samples were collected in triplicates during low tide. The sediment
samples were processed as composite samples for further analysis. Adult oysters of consistent size
range (shell length 2.7 to 3.2 cm.) were chosen for the study. The oyster samples were also processed
as composite samples for further analysis. Forty-five oysters were collected from each location to
generate a pooled sample and kept in a bucket of seawater collected from same location until arrived

at laboratory.
2.2. Storing of samples

In laboratory, the oysters were carefully washed with tap water to remove mud and sand
particles and kept at -20°C for antioxidant enzymes analysis. Fifteen oysters were depurated for 24hrs
in filtered seawater, collected from respective locations (Sokolowski et al. 2002) and stored at -20°C
for metal analysis. The sediment samples were kept at -20°C till analysed for total metal
concentrations. For microbial analysis, the water, sediment, and the oyster samples were stored at 2-
8°C.

2.3. Determination of physico-chemical parameters

Temperature, pH, and salinity of the ambient water were recorded in situ by using a portable
thermometer, pH meter (Model- pHep HI96107, Hanna Instruments, Italy) and digital ERMA
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refractometer (Model RHS-10 ATC, Yhequipment Co. Ltd, China) respectively. The water samples
were collected into respective bottles and vials and brought to the laboratory for analysis of dissolved
oxygen (Winkler 1988) and total organic carbon (TOC analyzer; Shimadzu: Model- TOC LCPH).

2.4. Isolation of selective indigenous bacteria in estuarine samples

For quantification of five selective bacteria (i.e. Salmonella spp., Vibrio spp., Aeromonas
hydrophila, Clostridium botulinum, and Listeria monocytogenes) from the water, sediment, and the
oyster samples, standard microbiological procedures were followed as suggested by the U.S. Food and
Drug Administration Bacteriological Analytical Manual (USFDA 1995). Soft tissue portion of the
oysters were removed from the calcareous shells, the gills and digestive tracts were dissected out
aseptically. 2gm (pooled) of the sediment and the dissected gills and digestive tracts of the oysters
were immediately homogenized (1:1 w/v) with 1x PBS buffer for 5 minutes using a mortar and pestle.
Serially diluted samples were spread plated on respective selective media plates in triplicates and
incubated at 35-37°C for 24 hrs. Xylose-Lysine Deoxycholate agar (Himedia, Catalog No- M031F),
thiosulfate-citrate-bile salts-sucrose agar (Himedia, Catalog No- M189), Aeromonas Isolation Medium
Base (including ampicillin, 0.005 mg ml*; Himedia, Catalog No-M884), C. botulinum Isolation Agar
(including Cycloserine, 0.25 mg ml; Sulphamethoxazole, 0.076 mg ml™; and Trimethoprim, 0.004
mg ml?; Himedia, Catalog No- M911 with CBI supplement; Himedia, Catalog No- FD049), and
Listeria Selective Agar (containing Amphotericin B, 0.015 mg ml*; Nalidixic acid 0.04 mg ml*; and
acriflavin 0.05 mg mI; Himedia, Catalog No- M1474 with Listeria Selective Supplement II; Himedia,
Catalog No- FD063) were used for the selective and differential isolation of Salmonella species
(Taylor and Schelhart 1969), Vibrio species (Kobayashi et al. 1963), Aeromonas hydrophila (Pin et al.
1994), Clostridium botulinum (Salfinger and Tortorello 2015), and Listeria monocytogenes (Lovett et
al. 1987) respectively. Results are reported in cfu mI? (for the water) or cfu gm™ wet wt. (for the
sediment and the oysters).

To assess the water quality of the estuaries, most probable number (MPN) of the fecal and total
coliforms was determined. Conventional five-tube three-dilution procedure was adopted as
recommended by the FDA Bacteriological Analytical Manual (BAM) and American Public Health
Association (APHA 1970). Results are reported in MPN 100mlI (for the water) or MPN 100gm™* (for

the sediment and the oysters).
2.5. Sediment collection and metal analysis

Undisturbed surface sediments were collected using PVC corers (inner diameter 7.5cm and

length 15cm). Multiple core samples were collected from each location. From each location, the top



0-4cm section of three cores were mixed to prepare a composite sample and dried using hot air oven
(Model- KOMS 6FD, Make- KEMI, India) at 40°C for 48hrs. The dried samples were then sieved
through 63pm nylon mesh. The fraction <63pm was chosen for digestion with acid mixture (Friedler
et al. 1994). An approximate amount of 0.05gm of sediment samples were digested with 10.0ml of
Suprapur HF, HNOs, and HCIO4 mixture (in 7:3:1 ratio) in Teflon beakers on top of a hot plate at
200°C. After the acids were evaporated to dryness, the remaining residues were re-dissolved in 2%
(v/v) HNOgz (Chakraborty et al. 2016).

Fifteen oysters were dissected from each location using a plastic knife; the whole soft tissue
were freeze-dried and ground to a fine powder as described by Ruelas-Inzunza and Paez-Osuna (2000).
0.05gm of the powdered tissue samples were acid digested with 10.0ml of HNO3 and H202 mixture
(1:1) on top of a hot plate at 80-100°C (Ramteke et al. 2021). After complete digestion, the crystalline
pastes were re-dissolved in 2% HNOs. Total concentration of sedimentary and bioaccumulated Cd and
Pb were measured by using an Electro Thermal Atomic Absorption Spectrometer (ETAAS; Model-
PinAAcle 900T, Perkin Elmer, USA). Sedimentary and bioaccumulated Hg was determined by direct
mercury analyzer (Model- tri-cell DMA-80, Milestone, Italy). Detection limit of the ETAAS was 0.027
ug Lt for Cd and 0.05 ug L™ for Ph. Detection limit of direct mercury analyzer was 0.02 ng. Reagents
of high purity, suprapur and ultrapure acids were used throughout the analysis. Milli-Q water with 18.2
mQ2 resistivity was used to prepare solutions. Each sample was analysed in triplicates to ensure
precision. Certified reference materials (Channel sediment: BCR-320 R; bivalves: ERM-CE278k,

mussel tissue) were used to ensure accuracy.
2.6. Assessment of sediment contamination

Ecotoxicology deals with toxic effects of chemical agents on population and/or community
level of organisms within a defined ecosystem. Therefore, assessment of ecotoxicological risks
(through degree of sediment contamination) is particularly important to highlight and evade probable
adverse impacts of pollutants on the ecosystem or on the resident organisms (Gati et al. 2016; Lim et
al. 2021). To assess sediment contamination and potential ecotoxicological risk associated with
observed toxic metals concentration, two sets of sediment quality guideline (SQG) were followed
(Watts et al. 2017; Vetrimurugan et al. 2019). The first SQG was effect range low (ERL) and effect
range median (ERM) (NOAA 2012); and the second SQG was threshold effect level (TEL) and
probable effect level (PEL) (CCME 2002). Low range values (ERL or TEL) are concentration of
metals below which adverse biological effects are rare. In contrast, the higher range values (ERM and

PEL) are associated with frequent biological effects (Long et al. 1998).



To establish a summative indication of the overall toxic metal pollution at a particular estuary,
pollution load index (PLI) was calculated (Tomllinson et al. 1980) using the sedimentary and average
natural background concentration of respective metals (Turekian and Wedepohl 1961). The PLI value
<1 indicates no pollution, PLI=1 indicates presence of baseline pollutants. Whereas, PLI>1 indicate
pollution at particular locations (Chakravarty and Patgiri 2009). PLI was obtained by calculating the
contamination factor (CF) of each metal with respect to their natural background value in the sediment.
CF values for describing the contamination level are shown in Table 2 (Hakanson 1980). The
contamination factor (CF) was also used to determine the contamination status of the individual

sampling location.

CF = —sample (1)
Cbackground
PLI = 5/(CF; X CF, X CF5 X....x CFy) (2

Where, CF= Contamination factor, n= Total number of metals, Csample= Sedimentary toxic metal

concentrations, Crackground= Natural background value of that metal.

Mean SQG quotients have been related to prediction of toxicological risks present at a
particular location (Long and MacDonald 1998; Long 2000). Considering the complex nature of
coastal ecosystems, these indices are often helpful to evaluate overall ecotoxicological risk probability
of toxic metals to native organisms (Long and MacDonald 1998; Long et al. 1998). Mean ERM
(mERMg) and PEL quotients (mPELg) have been calculated as following (Long et al. 1998):

mERM = 21=21C/ER) 3)

51, (Ci/PEL,
mPELq = % )

Where Ci is the sediment concentration of metal i, ERM; is the ERM value for metal i, PEL; is the PEL
value for metal i and n is the number of metals. Initially, six quotient values (i.e. 0.1, 0.5, 0.5, 1.0, 1.5,
and 2.3) were considered by Long and MacDonald (1998). Each value corresponds to certain
percentage of toxicity probability to inhabitants. However, Fairey et al. (2001) used seven values
(Tables 3) for better evaluation of mean SQGs that falls in the lower ranges. A mean SQGQ value <0.1
indicates 21% toxicity probability (considering mPELg) or 31% toxicity probability (considering
MERMg) to the resident organisms (Table 3). However, if the mean quotient value is >2.3, it would
suggest 100% toxicity probability to the inhabitants. Increased percentage value indicates an increased

probability towards ecotoxicity.



2.7. Biochemical analysis

The whole soft tissue of fifteen oysters was dissected from each location; 2gm tissue was
homogenized with 1:5 (w/v) homogenization buffer (50 mM phosphate buffer, pH 7.4) using a Teflon
Potter homogenizer and the homogenates were centrifuged at 10,000g for 20 min at 4°C. The
supernatants were stored at -20°C for biochemical assays. The protein concentration of supernatants

was determined according to Lowry et al. (1951) by using bovine serum albumin (BSA) as standard.

SOD (EC 1.15.1.1) assay was conducted by using a SOD assay kit (19160 SOD determination
kit) obtained from Merck-Sigma Aldrich. SOD activity was determined by calculating its ability to
inhibit the reduction of WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-
tetrazolium, monosodium salt) by superoxide anion (O2~) which is generated by the action of Xanthine
oxidase (XO). Inhibition rate % of SOD was determined at 450nm with a microplate reader (Make-
BIORAD; Model- 680 XR).

CAT (EC 1.11.1.6) assay was carried out by using a CAT assay kit (CAT 100) procured from
Merck-Sigma Aldrich. CAT activity (umolesmin-*ml?) was determined (Aebi 1974) with the help of
a spectrophotometer (Make-Agilent; Model-Cary 300 UV-Vis) by calculating the decrease in
absorbance (A=520 nm) due to H,O2 consumption. Enzyme activity was expressed as Unit mg? of

protein.

GST (EC 2.5.1.18) assay was performed by using a GST assay kit (CS 0410) supplied by
Merck-Sigma Aldrich. GST activity was measured (Habig et al. 1974) by using 1-chloro-2, 4-
dinitrobenzene (CDNB) as substrate. (A=340nm, £=9.6 mMcm™). Enzyme specific activity

(umolesml™*min™) was expressed as Unit mg™ protein.

MT concentrations were estimated according to the method of Linde and Garcia-Vazquez
(2006) by utilizing GSH as standard (1 mg ml™). The concentration of reduced sulphydryl groups were
evaluated by recording the absorbance at 412 nm. MT concentrations were expressed as pug gm™ (wet
wt.).

2.8. Statistical analyses

All results were expressed as mean * standard deviation (SD). Statistical analysis was carried
out by using IBM® SPSS 23.0 statistical software package. A two-tailed Pearson's correlation analysis
(p<0.05) was performed to understand relationships between total organic carbon (TOC), coliforms,
metals and antioxidative responses in the studied oysters. Regression analysis between antioxidant
enzymes activities on coliforms and metals were performed to evaluate the influence of pollutants on

antioxidant enzymes activity. Data were tested for equality of variances by Levene's test. Principal
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components analysis (PCA) was performed with all the parameters to reduce the number of inter-
correlated variables. The locations and seasons were converted to dummy variables and used in the
PCA analysis. Varimax rotation with Kaiser Normalization was used to enhance interpretation of
obtained factors. The factor coefficients were used to derive factor scores. Factors with eigenvalues
greater than one were used as predictors for multiple regression analysis to eliminate multi-collinearity.
One-way analysis of variance (ANOVA) was used to understand the degree of bacterial or toxic metal
pollution in situ and subsequent antioxidative defence responses in the oysters. Mutual significance of
interactions among the variables were analysed by employing a post hoc Tukey test. Post hoc Dunnett’s
test was also performed to compare different study locations with the reference (#S1). The acceptable

level of statistical significance used throughout the study was p<0.001, 0.01 and 0.05.
3. Results and discussion
3.1. Analyses of physicochemical parameters

Seasonal variation of physico-chemical parameters (temperature, pH, salinity, dissolved
oxygen, and total organic carbon) from the surface water (depth <0.5m) at the four locations (Fig.1)
are represented in Table 4. Irrespective of locations, highest ambient water temperature was recorded
during the pre-monsoon season (30.5-32.4°C) whereas; lowest temperature was observed during the
monsoon season (26.9-28.1°C). Throughout the year (except monsoon season), pH of the water
samples varied from 7.6 to 8.3 at all the location. However, during monsoon season, relatively low pH
of surface water was observed at all the station. The lowest pH (6.8-7.9) was recorded at the #S54
station. Lowering of pH was probably due to influence of adjacent mangrove ecosystem. It has been
documented that degradation of mangrove litter releases tannins, phenolics, and various organic acids,
resulting in acidification of adjacent soil and subsequent lowering of pH of nearby water column
(Laanbroek et al. 2018).

Salinity of the surface water samples remained fairly constant (except for the monsoon season)
and ranged from 27 to 34 ppt at the study locations. During the monsoon, salinity was recorded
significantly low at all the locations (12-16 ppt) because of high river discharge and freshwater inputs.
Salinity of the four estuaries was found mesohaline (5 to 18 ppt) during the monsoon season, however
varied between polyhaline (18-30 ppt) and euhaline (>30 ppt) during rest of the year.

Dissolved oxygen (DO) concentrations in surface water at all the sampling stations varied from
2.17 to 6.73 ml L™ throughout the year and represented oxic environments (>2 ml L). DO level was
recorded highest during the monsoon season and lowest during the pre-monsoon season. Decreased in

the DO concentrations during the pre-monsoon season were attributed to increased microbial activities,



owing to its metabolism and degradation of available organic matters (Le Moigne et al. 2017; Eliku
and Leta 2018). It is interesting to note that, throughout the year, low concentration of D.O was
observed at the #S4 in comparison to the other locations. Untreated domestic effluents (containing
degradable organic compounds) from the nearby city Madgaon could be one of the reasons for
lowering in the D.O concentrations at the location #S4 (Edokpayi et al. 2017). Due to degradation of
mangrove litters, the #S4 was characterized by significantly higher amounts of total organic carbon
(TOC) all through the year (2.73-4.92 mg L) followed by the #S3 (2.42-4.26 mg L), #S2 (1.83-3.47
mg L), and the #S1 (1.66-3.09 mg L) respectively. Regardless of locations, TOC values were found
to be highest during the monsoon, probably because of high flow rate, precipitation, flushing of organic

carbon from nearby soils, and agricultural lands around the sampling locations.
3.2. Variation of bacterial abundance in different environmental matrices

A unique seasonal variation of total bacterial count (TBC), total coliform (TC) and fecal
coliform (FC); enumerated from the water, sediment, and oysters was observed in the study areas.
Relatively high abundance of indigenous bacteria and coliforms were estimated during the monsoon
whereas; comparatively lower abundance was recorded during the pre-monsoon at all the locations.
Generally, the abundance of coliforms and bacteria (except Vibrio spp.) were highest in the oysters
and lowest in the water samples irrespective of their spatio-temporal variations. Coliforms density in
the studied oysters was about 24 and 2 times higher than the coliform densities observed in water and
sediment respectively. Due to filter feeding, the oysters bioaccumuled higher amount of bacteria
compared to its surroundings. In general, highest indigenous bacteria were observed in both biotic and
abiotic compartments at the station #S3. Whereas, maximum nonindigenous bacteria were enumerated
from the #S4.

During the monsoon season, Salmonella spp. was found to vary between 96-402¢fu mi™ in the
overlying water, 914-11.6x10%cfu gm™ (wet wt.) in the sediment and 70.1x102-23.4x10%cfu gm™ (wet
wt.) in the oysters from all the locations (Fig. 2A). Relatively low density of Salmonella spp. was
recorded during the pre-monsoon period. It varied from 10-53cfu mI? in the overlying water, 117-

14.4x10%cfu gm™* (wet wt.) in the sediment and 893-78x102cfu gm™ (wet wt.) in the oysters.

Vibrio spp. level was estimated highest during the monsoon and ranged 535-21.4x10%cfu ml*!
in the overlying water; 94.8x102-27x10%cfu gm™ (wet wt.) in the sediment and 51.3x102?-17.6x10%cfu
gm™ (wet wt.) in the oysters from all the locations (Fig. 2B). During the pre-monsoon, lowest amount
of Vibrio spp. was enumerated from the water (21-194 cfu mlt), sediment (12.3x10%-95.8x10%cfu gm-

! wet wt.), and the oysters (827-42.5x10%cfu gm™ wet wt.). Abundance of sedimentary Vibrio spp. was
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relatively higher than the other samples. These bacteria are known as ‘particle-lovers' and tend to attach
to particulate matters that is available in plenty in the estuarine sediment (Froelich and Noble 2016),
making them less available to the water column and for subsequent bioaccumulation. Johnson et al.

(2012) had reported a similar observation from the coastal and estuarine waters of the USA.

During the monsoon, highest density of Aeromonas hydrophila was recorded and varied
between 116-568cfu ml™* in the overlying water, ranged from 24.6x102-15.7x10%cfu gm™ (wet wt.) in
the sediment and 10.4x103%-44.3x10%fu gm™ (wet wt.) in the oyster from all the locations (Fig. 2C).
However, the lowest abundance of A. hydrophila was observed during the pre-monsoon in the water
(17-82cfu mIY), sediment (430-24.4x10%cfu gm™ wet wt.) and the oyster samples (36.5x10%-16x10%cfu
gm™* wet wt.).

Maximum quantity of Clostridium botulinum was found in the sediment samples which varied
between 415-23.4x10%cfu gm™ (wet wt.), followed by 180-870cfu gm™ (wet wt.) and 40-230cfu gm™
(wet wt.) during the monsoon, post-monsoon and the pre-monsoon respectively (Fig. 2D). C.
botulinum was only present in the sediment samples. The bacteria is a spore forming, obligate
anaerobe; ubiquitous in coastal sediments worldwide. Well mixed oxygenated estuarine water and
oysters never provides a suitable condition for germination of spores. Therefore, the absence of C.
botulinum in the water and the oyster samples is justified. Listeria monocytogenes was absent in all
the estuarine samples throughout the year. Several studies have reported either absence (Fuchs and
Surendran 1989; Manoj et al. 1991; Kamat and Nair 1994; Anthony et al. 2002) or rare presence (1.3
% of total samples) (Dhanashree et al. 2003) of the species in raw fish and shellfish from India. As
suggested by Parihar et al. (2008), L. monocytogenes is considered as psychrotrophic bacteria and thus

could be less common from tropical waters.

Highest fecal coliform (FC) load was recorded during the monsoon in all the samples collected
from the #S4, succeeded by the #S3, #S2, and the #S1 respectively (Fig. 3A). However, the lowest
fecal coliform density was recorded during the pre-monsoon season. Like fecal coliforms, the
maximum quantity of total coliform was observed in the monsoonal samples collected from the #S4,
ensued by the #S3, #S2, and the #S1 respectively (Fig. 3B). Similar to FC, during the pre-monsoon,
lowest amount of TC was estimated in the samples collected from the #S4, after that the #S3, #S2, and

the #S1 respectively.

The density of coliforms in the tropical waters has long been used as indicator to ensure the
environmental quality. Elevated bacterial abundance at the #S3 and the #S4 throughout the year

indicated towards an unsuitable habitat available for the naive oysters. Our observation was in
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accordance with the latest report published by the Goa State Pollution Control Board (GSPCB 2018).
Presence of fish landing and marketing sites, restaurants and hotels, construction activities near the
sampling locations, and increased land runoff are the reasons behind the maximum coliforms density
during the monsoon. Apart from this, the Zuari and the Sal River serves as discharge points for
domestic effluents, sewage sludge, untreated municipal and industrial wastewater (from the nearby
city Vasco-Da-Gama and Madgaon respectively). Raw or improperly treated effluents from fishing
trawlers and ships anchored near the Mormugao port additionally contributed to the high coliform
counts at those locations. Reports on high degree of fecal coliform bioaccumulation during the
monsoon are in plenty from India (Hassan et al. 2013; Jana et al. 2014; Chinnadurai et al. 2016).
Overall, all the samples from the #S3 were mostly polluted with indigenous bacteria whereas, the #54
was typically polluted with the coliforms. Dunnett's test suggested that the #S1 had significant
difference (p<0.01 and p<0.001) regarding bacteria with the #S3 or the #S4 (supplementary Table
SM1).

3.3. Variation of toxic metal concentrations in the sediment and the oysters

Temporal and spatial distribution of total metal concentrations in the surface sediment and the
oysters are presented in Table 5. Regardless of spatio-temporal variations, the sedimentary toxic metal
concentrations were in the following descending order: Pb>Cd>Hg while, the bioaccumulated
concentrations followed the hierarchical order: Cd>Pb>Hg. Furthermore, the spatio-temporal
distribution showed that the #S3 had significantly higher sedimentary and bioaccumulated Pb
concentration (76.47+3.31-102.48+2.4 and 6.94+0.6-7.99+0.5 mg kg™ dry wt. respectively)
throughout the year. This increased Pb concentration at the #S3 might be attributed to unregulated use
of anti-fouling paints by different shipbuilding yards, road runoff, combustion of fossil fuel by boats
and subsequent atmospheric deposition, ferry, ships and heavy traffic loads in the vicinity of the

sampling location.

Spatial variation of sedimentary and bioaccumulated Cd and Hg concentrations were highest
at the #S4 (Cd: 2.1+0.18-3.4+0.25 and 9.4+0.52-10.6+0.5 mg kg * dry wt. respectively; Hg: 0.11+0.02-
0.13+0.03 and 0.15+0.02-0.22+0.02 mg kg* dry wt. respectively) across the seasons. It is important
to note that the #S4 (Sal estuary) is surrounded by densely populated areas, This estuary has been
indiscriminately used for releasing industrial sewage as well as untreated solid and domestic waste for
years (Saha et al. 2021). Regardless of locations, maximum sedimentary and bioaccumulated Cd
concentrations were recorded during the monsoon season (0.35+0.02-3.4+0.25 and 6.7+0.35-10.6+0.5
mg kg* dry wt. respectively) while minimum concentration was estimated during the post-monsoon
season (0.12+0.01-2.1+0.18 and 5.74+0.2-9.4+0.52 mg kg dry wt. respectively). Increased
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agricultural runoff, sewage drainage, and industrial waste were potential sources for the enrichment of
Cd during the wet season (Roberts 2014; Zhang et al. 2017; Shilla et al. 2019). Highest sedimentary
Pb concentrations were estimated during the pre-monsoon (35.7+1.4-102.48+2.4 mg kg * dry wt.) and
lowest during the post-monsoon (19.28+0.33-76.47+3.31 mg kg* dry wt.) from all the locations.
During the dry season, saline water from the Arabian sea could extend up to 40 km upstream of the
rivers (Shetye et al. 1987), turning the lower estuaries to an extension of the sea. Increased salinity
affects flocculation and coagulation of suspended particulate pollutants (like lead) and favours quick
settling near the source of discharge (Chakraborty et al. 2017). Temporal variation of bioaccumulated
Pb concentrations were negligible and remained somewhat constant. Seasonal variation of sedimentary
and bioaccumulated Hg concentrations were minimal in the locations. Sedimentary Hg concentrations
were maximum during the pre-monsoon whereas, minimum concentrations were estimated during the
post-monsoon. Dunnett's test confirmed that the #51 had less difference with the #S2 or the #S3 (except
Pb) regarding sedimentary or bioaccumulated metal concentrations (supplementary table SM2). Due
to the random seasonal fluctuations of bioaccumulated Pb and Hg concentrations, specific temporal
pattern could not be assigned for those metals. Growth rate of the oysters and differences in nutritional
availability changes in coastal ecosystems depending upon seasons and variation in source and degree
of bioavailable metal fraction could be responsible for the random patterns in metal bioaccumulation
(Pourang et al. 2010; Chalghmi et al. 2016) during different seasons.

Bioaccumulation of metals depends upon environmental factors such as, temperature, salinity,
pH, TOC (Mubiana and Blust 2007); source (Gupta and Singh 2011); and bioavailability of metals
(Langston and Brian 1984). These factors changes seasonally, causing spatio-temporal differences in
bioaccumulated metal concentrations. Interestingly, irrespective of spatio-temporal variations, the
bioaccumulated Cd concentrations were fairly higher than the surroundings (average eighteen times).
Bioaccumulated Cd concentration is independent of its sedimentary concentration but depend on its
speciation. High concentrations of labile Cd complexes has been reported from this region by
Chakraborty et al. (2016) suggesting, increased bioavailability of sedimentary Cd to native organisms.
Due to analogous ionic radius (Ca 9.7 nm & Cd 9.8 nm), Cd mimics Ca ions and can enter oyster tissue
by substituting Ca (Papadopoulos and Rowell 1988; Huanxin et al. 2000; Dar et al. 2018). Cadmium
also has a strong affinity towards metallothionein and could be sequestered by oysters in some
detoxified form (Rainbow 2002). High accumulation of Cd in oysters has also been reported earlier
from various parts of Goa (Chakraborty et al. 2015; ShenaiTirodkar et al. 2016). Though sedimentary
Pb concentrations were higher than Cd, bioaccumulation of Pb was comparatively less. It has been

reported that, bioaccumulated Pb is rapidly excreted from biological systems due to its inert nature
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(Denton and Burdon-Jones 1981). Furthermore, major proportion of sedimentary Pb are in complex
formation with organic matter and/or Fe/Mnoxyhydroxide, forming thermodynamically stable
complexes thus becoming partially bioavailable (Chakraborty et al. 2012, 2015) to the oysters. Also,
a major portion of sedimentary Pb is present within the structure of the sediments from this region
(Chakraborty et al. 2019b). Therefore, irrespective of locations, lesser amount of Pb bioaccumulation
was justified in the oysters. Earlier, less amount of Pb bioaccumulation was reported in oysters by
ShenoyTirodkar et al. (2016) from this region (0.1-1.7 mg kg™%). The bioaccumulated Hg concentration
was marginally higher than the sediment and agreed with our previous study from this region (Patra et
al. 2019).

3.4. Degree of sediment contamination and adverse biological effect on the oysters

Table 6 accounts for all the sediment samples in three ranges of toxic metal concentrations
where adverse biological effects are seldom (<TEL/ERL), moderate (>TEL/ERL and <PEL/ERM),
and recurrent (>PEL/ERM). Considering all the toxic metals, the sediment samples from the #S4 were
in moderate effect range. While considering only Pb, the sediment samples from the #S3 were in
moderate effect range all around the year. For all the studied metals, none of the sediment samples

were in the frequent or recurrent effect range.

The contamination factor and pollution load index are given in Table 7. CF values indicated
the location #S1 and the #S2 were low (regarding Hg) to moderately contaminated (for Cd and Pb)
throughout the year. Cd and Hg contamination was less at the #S3. However, this particular location
was considerably contaminated by Pb across the seasons. The #S4 was highly contaminated with Cd,
moderately contaminated with Pb, and less contaminated with Hg. The results suggested considerable
contamination especially at the #S4 was due to the influence of external sources like industrial and
agricultural runoff as well as local anthropogenic activities. Except for the #S4, PLI values from all
the other locations were less than unity (<1), suggesting lesser pollution at those locations. However,
PLI value at the #S4 was >1 (1.8) and suggested higher degree of toxic metal pollution.

To determine the potential biological effect of all the toxic metals combined, the mean quotient
was calculated (Table 7) using two empirically derived sets of SQG's (i.e. ERM and PEL). According
to MERMq classifications, the sediment samples from the #S1 and the #S2 were classified as “low
priority” with 31% probability of toxicity to the oysters. While, the sediment samples from the #S3
and the #S4 were classified as "medium priority" with a toxicity probability of 36-37% to the native
oysters. Similarly, the mPELq value indicated a minimum of 29% (at the #S1 and the #S2) to a
maximum of 36% (at the #S3 and the #S4) toxicity probability to the oysters. Both SQG values
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suggested that ecotoxicological risk to the oysters was higher in the #S3 and the #S4 than the #S1 and
the #S2.

3.5. Seasonal variation in antioxidative defence system of the oysters with respect to different
pollutants

In the present study, maximum antioxidant enzymes activity was observed in oysters collected
during the pre-monsoon season following, the monsoon (Amutha and Subramanian 2012; Jana et al.
2013). Interestingly, seasonal variation of antioxidant enzymes activity was somewhat inconsistent
with pollution loading at the locations. During the pre-monsoon season, increased temperature and pH
might have influenced in increasing the antioxidant enzyme activities (Malek et al., 2004; Glippa et
al. 2018). In addition, tropical estuaries are known for poor flushing, ensuring minimum net transport
and subsequent increase in resident time of pollutants during this season (Chakraborty et al. 2019a;
John et al. 2020). These factors altogether could have helped in increasing the enzymes activity during
the season. Temporal variation of CAT activity was minimal irrespective of locations (Fig. 4A). At the
#S1 and #S2, spatial variation of the enzyme was also insignificant (p<0.05). Oysters from the #S4
showed highest CAT activity while, the #S2 showed lowest activity throughout the year. SOD activity
ranged from 70-90% across the locations during the study period (Fig. 4B). Highest SOD activity was
observed during the pre-monsoon whereas; lowest activity was recorded in the post-monsoon.
Location wise, highest SOD activity was estimated at the #S3 and the #S4. Increased GST activity was
recorded during the pre-monsoon (Fig. 4C). Throughout the year, maximum GST activity was
recorded from the #S4 while, the minimum activity was estimated at the #S1. Except for the post-
monsoon, spatial variation of GST activity between the #S1 and the #S2 were insignificant (p<0.05).
Significant spatio-temporal differences were observed for MT concentrations at the locations (p<0.05;
Fig. 4D). Highest MT concentrations were observed during the pre-monsoon, followed by the
monsoon and the post-monsoon seasons. Highest MT level was recorded from the #S4 and lowest
concentrations were estimated at the #S1. MT level at the #S4 was significantly different (p<0.05)
from the other locations throughout the year. MT concentrations does not solely rely on the
environmental toxic metal contents and could differ because of differences in breeding time, age, and
sex of the oysters, temperature of the ambient water and seasons (lvankovi¢ et al. 2005). In general,
spatio-temporal variation of antioxidant enzymes level at the locations could be arranged in a
descending order as: #S1<#S2<#S3<#S4. Results from Dunnett's test confirmed that, except MT, the
#S1 was very similar to the #S2 when antioxidant enzymes were compared (supplementary table SM
3). Increased antioxidant enzymes activity at the Sal and the Zuari estuary across the year suggested

towards higher environmental stress at the estuaries. The increase in environmental stress might be
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attributed to higher degree of anthropogenic stress at the Sal followed by the Zuari estuary. Toxic
metals (especially Cd and Hg) and bacteria (Salmonella spp., Vibrio spp., A. hydrophila, coliforms)
showed significant positive correlation (p<0.01) with the antioxidant enzymes, indicating their role in
inducing antioxidative defence in the oysters (Table 8). Both the estuaries receive untreated domestic
effluents, sewage sludge, municipal and industrial wastewater from the nearby cities (Madgaon and
Vasco-Da-Gama respectively) as well as discharge from restaurants, hotels and tourism units located
upstream. These factors collectively helped in increasing overall environmental stress in those
estuaries. Sediment contamination factor (CF), pollution load index (PLI), mean SQG quotient
altogether indicated towards a higher degree of pollution including moderate ecotoxicological risks
and increased probability of toxicity to the oysters (36-37%) at the Sal and the Zuari estuary. Overall,
these results suggested that the #S1 and the #S2 were comparatively less polluted with the bacteria,
but somewhat polluted with toxic metals all through the year. The #S4 was considerably polluted with
the metals, coliforms and bacteria. Oxidative stress as well as ecotoxicological risk was least at the
#S1 and highest at the #S4. All four antioxidant enzymes positively correlated with bioaccumulated
coliforms and metals (supplementary Fig. SM1 and SM2), validating their possible use as biomarker
responsive to oxidative stress exerted by metals and bacteria in field conditions.

3.6. Statistical analysis

Pearson's correlation matrix was applied to assess relationships between TOC, coliforms,
metals and antioxidant enzymes (Table 8). A significant positive correlation was found between TOC
as well as coliforms with antioxidant enzymes (except MT). The sedimentary Cd concentration had a
significant positive correlation with all the antioxidant enzymes. While, the bioaccumulated Cd
showed significant correlation only with CAT. Sedimentary Pb concentration showed positive
correlation only with SOD. Both sedimentary and the bioaccumulated Hg showed positive correlation

with all the antioxidant enzymes.

Four components were selected after PCA analysis (Fig. 5). Those components together
accounted for 94.9% of the total variance of the original variables. The first component had a variance
of 55.45% and was categorized by high positive loadings of indigenous bacteria and coliforms. The
second component included a variance of 20.61% and was characterized by toxic metals. The third
component had a variance of 13.74% and identified for positive loading of physico-chemical
parameters. The fourth component only attributed to 5.05% of total variance but was considered for
linear regression as the eigenvalue >1. For linear regression, factor scores were used as independent
variables and each antioxidant enzyme was used as dependent variable. In general, component 2

showed highest significance (p<0.0001) among all the components analysed for standardized
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regression on production of antioxidant enzymes (supplementary table SM4). This analysis suggested
that among all the parameters, sedimentary toxic metals were probably the main reason for the
production of antioxidant enzymes in the studied oysters. Spatio-temporal variation of indigenous
bacteria, coliforms, metals and the antioxidant enzymes were significantly different from each other
when analysed through one-way ANOVA (supplementary Table SM5, SM6, and SM7). Post hoc

Dunnett’s test verified our supposition that the location #S1 was relatively pristine throughout the year.
4. Conclusion

Evaluation of antioxidant enzymes in edible oyster S. cucullata indicated towards the
prevalence of cytotoxic contaminants at different tropical estuaries along Goa coast. Factors like toxic
metal contamination and/or the presence of indigenous bacteria and coliforms could affect
antioxidative defense system in S. cucullata. This study provided a detailed understanding of the
present environmental conditions at four different estuaries, revealing that amount of Cd
bioaccumulation in the oysters was substantially high (much higher than the permissible limit) in all

the four estuaries.

Bioaccumulation of non-indigenous bacteria by the oysters was fairly high and suggested
towards poor environmental quality especially in the Zuari and the Sal estuary. Site specific activities
influenced more in those estuaries, particularly during the pre-monsoon (March-May) and the
monsoon (June-September). Probability of ecotoxicological risks to native organisms was more
prominent in those two estuaries. In addition to pollution load, physico-chemical factors (such as,
temperature and pH) could induce antioxidant enzymes production. Our study confirms that integrated
approach of evaluating biochemical responses of bioindicators against environmental stresses under

field condition could precisely descript the health status in tropical estuarine systems.
Acknowledgment

The authors are grateful to Director, CSIR-NIO, for his encouragement and constant support
for this work. Dr. Suhas S. Shetye and Dr. Maria-Judith Gonsalves are acknowledged for their
analytical help. One of the authors, Prantick Patra would like to acknowledge Academy of Scientific
and Innovative Research (AcSIR) and Council of Scientific & Industrial Research (CSIR), India for
providing the opportunity and fellowship to carry out his Ph.D. work. This article bears NIO
contribution number XXXX.

Conflict of interest

The authors declare no conflict of interest, financial or otherwise.

17



References-

Abhilash, K. R., Gireeshkumar, T. R., Venu, S., &Raveendran, T. V. (2013). Bioconcentration of trace
metals by Saccostrea cucullata (von Born 1778) from Andaman waters.

Achard-Joris, M., Gonzalez, P., Marie, V., Baudrimont, M., & Bourdineaud, J. P. (2006). Cytochrome
c oxydase subunit 1 gene is up-regulated by cadmium in freshwater and marine
bivalves. Biometals, 19(3), 237-244.

Aebi, H. (1974). Catalase. In Methods of enzymatic analysis (pp. 673-684). Academic press.

American Public Health Association. (1970). Recommended procedures for the examination of sea
water and shellfish. In Recommended procedures for the examination of sea water and shellfish (pp.
Viii-105).

Amutha, C., & Subramanian, P. (2012). Studies on the seasonal changes in antioxidant enzymes
activity on differently, polluted areas along the bay of bengal employing Pernaviridis as an animal
model. Am J Anim Vet Sci, 7(2), 96-103.

Ansari, T. M., Marr, I. L., & Tarig, N. (2004). Heavy metals in marine pollution perspective—a mini
review. Journal of Applied Sciences, 4(1), 1-20.

Anthony, M. M., Jeyasekaran, G., Jeyashakila, R., &Shanmugam, S. A. (2002). Microbiological
quality of raw shrimps processed in seafood processing plants of Tuticorin, Tamilnadu, India. Asian
Fisheries Science, 15(4), 305-314.

Achard-Joris, M., Gonzalez, P., Marie, V., Baudrimont, M., & Bourdineaud, J. P. (2006). Cytochrome
c oxydase subunit 1 gene is up-regulated by cadmium in freshwater and marine
bivalves. Biometals, 19(3), 237-244.

ATSDR 1999. Toxicological profile for cadmium. Atlanta: US Department of Health and Human
Services. NTIS Report No. PB/89/194476/AS. Retrieved from
https://www.atsdr.cdc.gov/csem/cadmium/docs/cadmium.pdf.

Beaz-Hidalgo, R., Balboa, S., Romalde, J. L., &Figueras, M. J. (2010). Diversity and pathogenecity
of Vibrio species in cultured bivalve molluscs. Environmental microbiology reports, 2(1), 34-43.

Beiras, R., & His, E. (1994). Effects of dissolved mercury on embryogenesis, survival, growth and
metamorphosis of Crassostrea gigas oyster larvae. Marine Ecology Progress Series, 95-103.

Benali, 1., Boutiba, Z., Merabet, A., &Chevre, N. (2015). Integrated use of biomarkers and condition
indices in mussels (Mytilusgalloprovincialis) for monitoring pollution and development of biomarker
index to assess the potential toxic of coastal sites. Marine pollution bulletin, 95(1), 385-394.

Benedetti, M., Giuliani, M. E., &Regoli, F. (2015). Oxidative metabolism of chemical pollutants in
marine organisms: molecular and biochemical biomarkers in environmental toxicology. Annals of the
New York Academy of Sciences, 1340(1), 8-19.

Bordalo, A. A., Onrassami, R., & Dechsakulwatana, C. (2002). Survival of faecal indicator bacteria in

tropical estuarine waters (Bangpakong River, Thailand). Journal of Applied Microbiology, 93(5), 864-
871.

18



Box, A., Sureda, A., Galgani, F., Pons, A., &Deudero, S. (2007). Assessment of environmental
pollution at Balearic Islands applying oxidative stress biomarkers in the mussel
Mytilusgalloprovincialis. Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology, 146(4), 531-539.

CCME (Canadian Council of Ministers of the Environment), 2002. Canadian sediment quality
guidelines for the protection of aquatic life: Summary tables, Updated. In: Canadian Environmental
Quality Guidelines, 1999. Canadian Council of Ministers of the Environment, Winnipeg.

Chakraborty, P. (2017). Mercury exposure and Alzheimer's disease in India-An imminent
threat?. Science of the Total Environment, 589, 232-235.

Chakraborty, P., Babu, P. R., &Sarma, V. V. (2012). A study of lead and cadmium speciation in some
estuarine and coastal sediments. Chemical Geology, 294, 217-225.

Chakraborty, P., Jayachandran, S., Lekshmy, J., Padalkar, P., Sitlhou, L., Chennuri, K., ... &
Khandeparker, R. (2019a). Seawater intrusion and resuspension of surface sediment control mercury
(Hg) distribution and its bioavailability in water column of a monsoonal estuarine system. Science of
The Total Environment, 660, 1441-1448.

Chakraborty, P., Ramteke, D., Chakraborty, S., Chennuri, K., &Bardhan, P. (2015). Relationship
between the lability of sediment-bound Cd and its bioaccumulation in edible oyster. Marine pollution
bulletin, 100(1), 344-351.

Chakraborty, P., Ramteke, D., Gadi, S. D., &Bardhan, P. (2016). Linkage between speciation of Cd in
mangrove sediment and its bioaccumulation in total soft tissue of oyster from the west coast of
India. Marine pollution bulletin, 106(1-2), 274-282.

Chakraborty, S., Chakraborty, P., Hathorne, E., Sarkar, A., Linsy, P., Frank, M., & Nath, B. N. (2021).
Evidence for increasing anthropogenic Pb concentrations in Indian shelf sediments during the last
century. Science of the Total Environment, 760, 143833.

Chakraborty, S., Chakraborty, P., Sarkar, A., & Nath, B. N. (2017). Kinetic and equilibrium based
fractionation study of Pb in continental shelf sediment of India. Marine pollution bulletin, 123(1-2),
188-196.

Chakraborty, S., Chakraborty, P., Sarkar, A., Kazip, A., Mascarenhas-Pereira, M. B. L.,
&NagenderNath, B. (2019b). Distribution and geochemical fractionation of lead in the continental
shelf sediments around India. Geological Journal, 54(3), 1190-1204.

Chakravarty, M., &Patgiri, A. D. (2009). Metal pollution assessment in sediments of the Dikrong
River, NE India. Journal of Human Ecology, 27(1), 63-67.

Chalghmi, H., Zrafi, 1., Gourves, P. Y., Bourdineaud, J. P., &Saidane-Mosbahi, D. (2016). Combined
effects of metal contamination and abiotic parameters on biomarker responses in clam
Ruditapesdecussatus gills: an integrated approach in biomonitoring of Tunis lagoon. Environmental
Science: Processes & Impacts, 18(7), 895-907.

Chinnadurai, S., Mohamed, K. S., Sharma, J., Venkatesan, V., &Kripa, V. (2016). Assessment of bio-
accumulation of bacteria in oysters from shellfish growing waters in Ashtamudi Lake (Kerala, India):
A RAMSAR wetland. Regional Studies in Marine Science, 7, 118-122.

19



Cravo, A., Lopes, B., Serafim, A., Barreira, L., Gomes, T., & Bebianno, M. J. (2009). A
multibiomarker approach in Mytilus galloprovincialis to assess environmental quality. Journal of
Environmental Monitoring, 11(9), 1673-1686.

Dar, M. A, Belal, A. A., & Madkour, A. G. (2018). The differential abilities of some molluscs to
accumulate heavy metals within their shells in the Timsah and the Great Bitter lakes, Suez Canal,
Egypt. The Egyptian Journal of Aquatic Research, 44(4), 291-298.

Denton, G. R. W., & Burdon-Jones, C. (1981). Influence of temperature and salinity on the uptake,
distribution and depuration of mercury, cadmium and lead by the black-lip oyster Saccostrea
echinata. Marine biology, 64(3), 317-326.

Dhanashree, B., Otta, S. K., Karunasagar, I., & Goebel, W. (2003). Incidence of Listeria spp. in clinical
and food samples in Mangalore, India. Food Microbiology, 20(4), 447-453.

Dzoyem, J. P., Kuete, V., &Eloff, J. N. (2014). Biochemical parameters in toxicological studies in
Africa: significance, principle of methods, data interpretation, and use in plant screenings.
In Toxicological Survey of African Medicinal Plants (pp. 659-715). Elsevier.

Edokpayi, J. N., Odiyo, J. O., & Durowoju, O. S. (2017). Impact of wastewater on surface water quality
in developing countries: a case study of South Africa. Water quality, 401-416.

Eliku, T., &Leta, S. (2018). Spatial and seasonal variation in physicochemical parameters and heavy
metals in Awash River, Ethiopia. Applied Water Science, 8(6), 177.

Fairey, R., Long, E. R., Roberts, C. A., Anderson, B. S., Phillips, B. M., Hunt, J. W., ... & Wilson, C.
J. (2001). An evaluation of methods for calculating mean sediment quality guideline gquotients as
indicators of contamination and acute toxicity to amphipods by chemical mixtures. Environmental
Toxicology and Chemistry: An International Journal, 20(10), 2276-2286.

Fernandes, S. O., Kirchman, D. L., Michotey, V. D., Bonin, P. C., &LokaBharathi, P. A. (2014).
Bacterial diversity in relatively pristine and anthropogenically-influenced mangrove ecosystems (Goa,
India). Brazilian Journal of Microbiology, 45(4), 1161-1171.

Fiedler, H. D., Lopez-Sanchez, J. F., Rubio, R., Rauret, G., Quevauviller, P., Ure, A. M., &Muntau,
H. (1994). Study of the stability of extractable trace metal contents in a river sediment using sequential
extraction. Analyst, 119(6), 1109-1114.

Froelich, B. A., & Noble, R. T. (2016). Vibrio bacteria in raw oysters: managing risks to human
health. Philosophical Transactions of the Royal Society B: Biological Sciences, 371(1689), 20150209.

Fuchs, R. S., &Surendran, P. K. (1989). Incidence of Listeria in tropical fish and fishery
products. Letters in applied microbiology, 9(2), 49-51.

Gagnaire, B., Thomas-Guyon, H., & Renault, T. (2004). In vitro effects of cadmium and mercury on
Pacific oyster, Crassostrea gigas (Thunberg), haemocytes. Fish & Shellfish Immunology, 16(4), 501-
512.

Gaspar, T., Chi, R., Parrow, M. W., & Ringwood, A. H. (2018). Cellular Bioreactivity of Micro-and
Nano-Plastic Particles in Oysters. Frontiers in Marine Science, 5, 345.

20



Gati, G., Pop, C., Brudasca, F., Gurzau, A. E., & Spinu, M. (2016). The ecological risk of heavy metals
in sediment from the Danube Delta. Ecotoxicology, 25(4), 688-696.

Gawade, L., Barbuddhe, S. B., &Bhosle, S. (2010). Isolation and confirmation of Listeria species from
seafood off Goa region by polymerase chain reaction. Indian journal of microbiology, 50(4), 385-389.

Gawade, L., Chari, N. V. H., Sarma, V. V., &Ingole, B. S. (2013). Variation in heavy metals
concentration in the edible oyster Crassostreamadrasensis, clam Polymesodaerosa and grey mullet
Liza aurata from coastline of India.

Gifford, S. P., MacFarlane, G. R., O'CONNOR, W. A., & Dunstan, R. H. (2006). Effect of the
pollutants lead, zinc, hexadecane and octocosane on total growth and shell growth in the Akoya pearl
oyster, Pinctada imbricata. Journal of Shellfish research, 25(1), 159-165.

Glippa, O., Engstrom-Ost, J., Kanerva, M., Rein, A., & Vuori, K. (2018). Oxidative stress and
antioxidant defense responses in Acartia copepods in relation to environmental factors. PLoS
One, 13(4), e0195981.

Goldstein, G. W. (1993). Evidence that lead acts as a calcium substitute in second messenger
metabolism. Neurotoxicology, 14(2-3), 97-101.

Gopalakrishnan, S., Thilagam, H., Huang, W. B., & Wang, K. J. (2009). Immunomodulation in the
marine gastropod Haliotisdiversicolor exposed to benzo (a) pyrene. Chemosphere, 75(3), 389-397.

GSPCB 2018, Goa state pollution control board (2018), polluted river stretches 2017-18, (2019, Sept.
16) retrieved from http://www.goaspcb.gov.in/water-quality.

Gupta, S. K., & Singh, J. (2011). Evaluation of mollusc as sensitive indicator of heavy metal pollution
in aquatic system: a review. The IIOAB Journal, 2(1), 49-57.

Habig, W. H., Pabst, M. J., &Jakoby, W. B. (1974). Glutathione S-transferases the first enzymatic step
in mercapturic acid formation. Journal of biological Chemistry, 249(22), 7130-7139.

Hakanson, L. (1980). An ecological risk index for aquatic pollution control. A sedimentological
approach. Water research, 14(8), 975-1001.

Hassan, F., Geethalakshmi, V., Jeeva, J. C., &Babu, M. R. (2013). Combined effect of lime (Citrus
aurantitolia) and drying on reducing bacteria of public health significance in Edible Oyster
(Crassostreamadrasensis). Journal of food science and technology, 50(1), 203-207.

Higashimoto, M., Isoyama, N., Ishibashi, S., Inoue, M., Takiguchi, M., Suzuki, S., ...& Sato, M.
(2009). Tissue-dependent preventive effect of metallothionein against DNA damage in dyslipidemic
mice under repeated stresses of fasting or restraint. Life sciences, 84(17-18), 569-575.

Huanxin, W., Lejun, Z., & Presley, B. J. (2000). Bioaccumulation of heavy metals in oyster
(Crassostreavirginica) tissue and shell. Environmental Geology, 39(11), 1216-1226.

Ivanina, A. V., Hawkins, C., & Sokolova, I. M. (2014). Immunomodulation by the interactive effects

of cadmium and hypercapnia in marine bivalves Crassostrea virginica and Mercenaria
mercenaria. Fish & shellfish immunology, 37(2), 299-312.

21


http://www.goaspcb.gov.in/water-quality

Ivankovié, D., Pavici¢, J., Erk, M., Filipovi¢-Mariji¢, V., &Raspor, B. (2005). Evaluation of the
Mytilusgalloprovincialis Lam. digestive gland metallothionein as a biomarker in a long-term field
study: seasonal and spatial variability. Marine Pollution Bulletin, 50(11), 1303-1313.

Jahan, S., &Strezov, V. (2019). Assessment of trace elements pollution in the sea ports of New South
Wales (NSW), Australia using oysters as bioindicators. Scientific reports, 9(1), 1416.

Jana, H., Mondal, K. C., Maity, C., Ghosh, K., Mitra, A., Banerjee, K., ...&Pati, B. R. (2013). Variation
of antioxidant biomarkers in the edible oyster Saccostrea cucullata collected from three different water
bodies of Sundarbans. Chemistry and Ecology, 29(8), 745-753.

John, S., Muraleedharan, K. R., Revichandran, C., Azeez, S. A., Seena, G., & Cazenave, P. W. (2020).
What Controls the Flushing Efficiency and Particle Transport Pathways in a Tropical Estuary? Cochin
Estuary, Southwest Coast of India. Water, 12(3), 908.

Johnson, C. N., Bowers, J. C., Griffitt, K. J., Molina, V., Clostio, R. W., Pei, S., ... & Hasan, N. A.
(2012). Ecology of Vibrio parahaemolyticus and Vibrio vulnificus in the coastal and estuarine waters
of Louisiana, Maryland, Mississippi, and Washington (United States). Applied and environmental
microbiology, 78(20), 7249-7257.

Kalpaxis, D. L., Theos, C., Xaplanteri, M. A., Dinos, G. P., Catsiki, A. V., &Leotsinidis, M. (2004).
Biomonitoring of Gulf of Patras, N. Peloponnesus, Greece. Application of a biomarker suite including
evaluation of translation efficiency in Mytilusgalloprovincialis cells. Environmental Research, 94(2),
211-220.

Kamat, A. S., & Nair, P. M. (1994). Incidence of Listeria species in Indian seafoods and meat. Journal
of food safety, 14(2), 117-130.

Kaspar, C. A., &Tamplin, M. L. (1993). Effects of temperature and salinity on the survival of Vibrio
vulnificus in seawater and shellfish. Appl. Environ. Microbiol., 59(8), 2425-2429.

Kingtong, S., Janvilisri, T., &McGevin, L. (2011). Molecular determinants in mussels as biomarkers
for environmental stress. Anatomy, Habitat and Environmental Impact. New York: Nova Science, 173-
196.

Kobayashi, T., Enomoto, S., Sakazaki, R., &Kuwahara, S. (1963). A new selective isolation medium
for pathogenic vibrios: TCBS agar. Jap. J. Bact, 18, 387-391.

Laanbroek, H. J., Zhang, Q. F., Leite, M., Verhoeven, J. T., & Whigham, D. F. (2018). Effects of
Rhizophora mangle leaf litter and seedlings on carbon and nitrogen cycling in salt marshes—potential
consequences of climate-induced mangrove migration. Plant and soil, 426(1-2), 383-400.

Lane, T. W.,, & Morel, F. M. (2000). A biological function for cadmium in marine
diatoms. Proceedings of the National Academy of Sciences, 97(9), 4627-4631.

Langston, W. J., & Bryan, G. W. (1984). The relationships between metal speciation in the
environment and bioaccumulation in aquatic organisms. In Complexation of trace metals in natural
waters (pp. 375-392). Springer, Dordrecht.

LaxmiPriya, S., Senthilkumar, B., Hariharan, G., Paneer Selvam, A., Purvaja, R., & Ramesh, R.
(2011). Bioaccumulation of heavy metals in  mullet (Mugilcephalus) and oyster

22



(Crassostreamadrasensis) from Pulicatlake, south east coast of India. Toxicology and Industrial
Health, 27(2), 117-126.

Le Moigne, F. A., Cisternas-Novoa, C., Piontek, J., Mallmig, M., & Engel, A. (2017). On the effect of
low oxygen concentrations on bacterial degradation of sinking particles. Scientific reports, 7(1),
16722.

Lim, K. Y., Zakaria, N. A., & Foo, K. Y. (2021). Geochemistry pollution status and ecotoxicological
risk assessment of heavy metals in the Pahang River sediment after the high magnitude of flood
event. Hydrology Research, 52(1), 107-124.

Linde, A. R., & Garcia-Vazquez, E. (2006). A simple assay to quantify metallothionein helps to learn
about bioindicators and environmental health. Biochemistry and Molecular Biology Education, 34(5),
360-363.

Long, E. R. (2000). Spatial extent of sediment toxicity in US estuaries and marine bays. In Monitoring
Ecological Condition in the Western United States (pp. 391-407). Springer, Dordrecht.

Long, E. R., & MacDonald, D. D. (1998). Recommended uses of empirically derived, sediment quality
guidelines for marine and estuarine ecosystems. Human and Ecological Risk Assessment, 4(5), 1019-
1039.

Long, E. R., Field, L. J., & MacDonald, D. D. (1998). Predicting toxicity in marine sediments with
numerical sediment quality guidelines. Environmental Toxicology and Chemistry: An International
Journal, 17(4), 714-727.

Lovett, J., Francis, D. W., & Hunt, J. M. (1987). Listeria monocytogenes in raw milk: detection,
incidence, and pathogenicity. Journal of Food Protection, 50(3), 188-192.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein measurement with the
Folin phenol reagent. Journal of biological chemistry, 193, 265-275.

Malek, R. L., Sajadi, H., Abraham, J., Grundy, M. A., & Gerhard, G. S. (2004). The effects of
temperature reduction on gene expression and oxidative stress in skeletal muscle from adult
zebrafish. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 138(3),
363-373.

Manduzio, H., Rocher, B., Durand, F., Galap, C., &Leboulenger, F. (2005). The point about oxidative
stress in molluscs. Invertebrate survival journal, 2(2), 91-104.

Manoj, Y. B., Rosalind, G. M., Karunasagar, |., &Karunasagar, I. (1991). Listeria spp. in fish and fish
handling areas, Mangalore, India. Asian fisheries science. Metro Manila, 4(1), 119-122.

Meng, J., Wang, W. X., Li, L., & Zhang, G. (2018). Tissue-specific molecular and cellular toxicity of
Pb in the oyster (Crassostrea gigas): mRNA expression and physiological studies. Aquatic
Toxicology, 198, 257-268.

Mohammadi, S., Mehrparvar, A. H., & Aghilinejad, M. (2008). Appendectomy due to lead poisoning:
a case-report. Journal of occupational Medicine and Toxicology, 3(1), 23.

23



Mubiana, V. K., &Blust, R. (2007). Effects of temperature on scope for growth and accumulation of
Cd, Co, Cu and Pb by the marine bivalve Mytilus edulis. Marine Environmental Research, 63(3), 219-
235.

NOAA, 2012. Screening Quick Reference Tables. National Oceanic and Atmospheric Administration.
Available from https://repository.library.noaa.gov/view/noaa/9327.

Orbea, A., Ortiz-Zarragoitia, M., Solé, M., Porte, C., & Cajaraville, M. P. (2002). Antioxidant enzymes
and peroxisome proliferation in relation to contaminant body burdens of PAHs and PCBs in bivalve
molluscs, crabs and fish from the Urdaibai and Plentzia estuaries (Bay of Biscay). Aquatic
toxicology, 58(1-2), 75-98.

Papadopoulos, P., & Rowell, D. L. (1988). The reactions of cadmium with calcium carbonate
surfaces. Journal of Soil Science, 39(1), 23-36.

Parihar, V. S., Barbuddhe, S. B., Danielsson-Tham, M. L., &Tham, W. (2008). Isolation and
characterization of Listeria species from tropical seafoods. Food Control, 19(6), 566-569.

Parthasarathy, S., Das, S. C., & Kumar, A. (2016). Occurrence of pathogenic Vibrio parahaemolyticus
in crustacean shellfishes in coastal parts of Eastern India. Veterinary world, 9(3), 330.

Patra, P., Mohandass, C., & Chakraborty, P. (2019). Snapshot of environmental condition in different
tropical estuarine systems by using S. cucullata (an edible oyster) as bio-indicator. Environmental
Science and Pollution Research, 26(11), 11342-11354.

Paul-Pont, I., Gonzalez, P., Baudrimont, M., Jude, F., Raymond, N., Bourrasseau, L., ...& De
Montaudouin, X. (2010). Interactive effects of metal contamination and pathogenic organisms on the
marine bivalve Cerastodermaedule. Marine pollution bulletin, 60(4), 515-525.

Pin, C., Marin, M. L., Garcia, M. L., & Casas, J. T. A. C. (1994). Comparison of different media for
the isolation and enumeration of Aeromonas spp. in foods. Letters in applied microbiology, 18(4), 190-
192,

Pirrone, N., Cinnirella, S., Feng, X., Finkelman, R. B., Friedli, H. R., Leaner, J., ... & Telmer, K.
(2010). Global mercury emissions to the atmosphere from anthropogenic and natural
sources. Atmospheric Chemistry and Physics, 10(13), 5951-5964.

Pourang, N., Richardson, C. A., &Mortazavi, M. S. (2010). Heavy metal concentrations in the soft
tissues of swan mussel (Anodontacygnea) and surficial sediments from Anzali wetland,
Iran. Environmental monitoring and assessment, 163(1-4), 195-213.

Rainbow, P. S. (2002). Trace metal concentrations in aquatic invertebrates: why and so
what?. Environmental pollution, 120(3), 497-507.

Ramteke, D., Chakraborty, P., Chennuri, K., & Sarkar, A. (2021). Geochemical fractionation study in
combination with equilibrium based chemical speciation modelling of Cd in finer sediments provide a
better description of Cd bioavailability in tropical estuarine systems. Science of The Total
Environment, 764, 143798.

Rice, K. M., Walker Jr, E. M., Wu, M., Gillette, C., &Blough, E. R. (2014). Environmental mercury
and its toxic effects. Journal of preventive medicine and public health, 47(2), 74.

24


https://repository.library.noaa.gov/view/noaa/9327

Roberts, T. L. (2014). Cadmium and phosphorous fertilizers: the issues and the science. Procedia
Engineering, 83, 52-59.

Ruelas-Inzunza, J. R., &Paez-Osuna, F. (2000). Comparative bioavailability of trace metals using three
filter-feeder organisms in a subtropical coastal environment (Southeast Gulf of California).
Environmental Pollution, 107(3), 437-444.

Saha, M., Naik, A., Desai, A., Nanajkar, M., Rathore, C., Kumar, M., & Gupta, P. (2021).
Microplastics in seafood as an emerging threat to marine environment: A case study in Goa, west coast
of India. Chemosphere, 270, 129359.

Salfinger, Y., &Tortorello, M. L. Fifth (Ed.), 2015. Compendium of Methods for the Microbiological
Examination of Foods, 5th Ed., American Public Health Association, Washington, DC.

Sangeetha, M. S., Shekar, M., &Venugopal, M. N. (2017). Occurrence of clinical genotype Vibrio
vulnificus in clam samples in Mangalore, Southwest coast of India. Journal of food science and
technology, 54(3), 786-791.

Sarker, U., & Oba, S. (2018). Catalase, superoxide dismutase and ascorbate-glutathione cycle enzymes
confer drought tolerance of Amaranthustricolor. Scientific reports, 8(1), 1-12.

Saulnier, D., De Decker, S., Haffner, P., Cobret, L., Robert, M., & Garcia, C. (2010). A large-scale
epidemiological study to identify bacteria pathogenic to Pacific oyster Crassostreagigas and correlation
between virulence and metalloprotease-like activity. Microbial ecology, 59(4), 787-798.

Serafim, A., Company, R., Lopes, B., Fonseca, V. F., Franca, S., Vasconcelos, R. P., ... & Cabral, H.
N. (2012). Application of an integrated biomarker response index (IBR) to assess temporal variation
of environmental quality in two Portuguese aquatic systems. Ecological Indicators, 19, 215-225.

Shenai-Tirodkar, P. S., Gauns, M. U., & Ansari, Z. A. (2016). Concentrations of heavy metals in
commercially important oysters from Goa, Central-West coast of India. Bulletin of environmental
contamination and toxicology, 97(6), 813-819.

Shetye, S. R., &Murty, C. S. (1987). Seasonal variation of the salinity in the Zuari estuary, Goa,
India. Proceedings of the Indian Academy of Sciences-Earth and Planetary Sciences, 96(3), 249-257.

Shilla, D., Pajala, G., Routh, J., Dario, M., & Kristoffersson, P. (2019). Trophodynamics and
biomagnification of trace metals in aquatic food webs: The case of Rufiji estuary in Tanzania. Applied
geochemistry, 100, 160-168.

Silvester, R., Alexander, D., George, M., & Hatha, A. A. M. (2017). Prevalence and multiple antibiotic
resistance of Vibrio coralliilyticus, along the southwest coast of India. Current Science
(00113891), 112(8).

Sokolova, 1. M. (2004). Cadmium effects on mitochondrial function are enhanced by elevated
temperatures in a marine poikilotherm, Crassostrea virginica Gmelin (Bivalvia: Ostreidae). Journal of
Experimental Biology, 207(15), 2639-2648.

Sokolowski, A., Fichet, D., Garcia-Meunier, P., Radenac, G., Wolowicz, M., & Blanchard, G. (2002).
The relationship between metal concentrations and phenotypes in the Baltic clam Macomabalthica (L.)
from the Gulf of Gdansk, southern Baltic. Chemosphere, 47(5), 475-484.

25



Sugumar, G., Nakai, T., Hirata, Y., Matsubara, D., &Muroga, K. (1998). Vibrio splendidusbiovar 11
as the causative agent of bacillary necrosis of Japanese oyster Crassostreagigas larvae. Diseases of
aquatic organisms, 33(2), 111-118.

Taylor, W. I, &Schelhart, D. (1969). Isolation of Shigellae. VII. Comparison of Gram-Negative Broth
with Rappaport's Enrichment Broth. Applied microbiology, 18(3), 393-395.

Thompson, F. L., Thompson, C. C., Hoste, B., Vandemeulebroecke, K., Gullian, M., & Swings, J.
(2003). Vibrio fortis sp. nov.and Vibrio hepatarius sp. nov., isolated from aquatic animals and the
marine environment. International Journal of Systematic and Evolutionary Microbiology, 53(5),
1495-1501.

Tomlinson, D. L., Wilson, J. G., Harris, C. R., & Jeffrey, D. W. (1980). Problems in the assessment of
heavy-metal levels in estuaries and the formation of a pollution
index. Helgolandermeeresuntersuchungen, 33(1), 566.

Turekian, K. K., &Wedepohl, K. H. (1961). Distribution of the elements in some major units of the
earth's crust. Geological Society of America Bulletin, 72(2), 175-192.

USFDA (1995) U.S. Food and Drug Administration. Bacteriological analytical manual, 8th ed.
Association of Official Analytical Chemist International, Gaithersburg, Md.

Vetrimurugan, E., Shruti, V. C., Jonathan, M. P., Roy, P. D., Sarkar, S. K., Rawlins, B. K., & Villegas,
L. E. C. (2019). Comprehensive study on metal contents and their ecological risks in beach sediments
of KwaZulu-Natal province, South Africa. Marine pollution bulletin, 149, 110555.

Volety, A. K. (2008). Effects of salinity, heavy metals and pesticides on health and physiology of
oysters in the Caloosahatchee Estuary, Florida. Ecotoxicology, 17(7), 579-590.

Watts, M. J., Mitra, S., Marriott, A. L., & Sarkar, S. K. (2017). Source, distribution and
ecotoxicological assessment of multielements in superficial sediments of a tropical turbid estuarine
environment: a multivariate approach. Marine pollution bulletin, 115(1-2), 130-140.

Winkler, L. W. (1888). Die bestimmung des imwassergelostensauerstoffes. Berichte der
deutschenchemischenGesellschaft, 21(2), 2843-2854.

Zhang, G., Bai, J., Xiao, R., Zhao, Q., Jia, J., Cui, B., & Liu, X. (2017). Heavy metal fractions and

ecological risk assessment in sediments from urban, rural and reclamation-affected rivers of the Pearl
River Estuary, China. Chemosphere, 184, 278-288.

26



Caption and legends:

Fig. 1 Map of sampling locations along Goa coast.

Fig. 2 Abundance of selective bacteria estimated from different tropical estuaries, during the pre-
monsoon (PM), monsoon (M) and the post-monsoon (pM) seasons. (A) Salmonella spp., (B) Vibrio
spp., (C) Aeromonas hydrophila, and (D) Clostridium botulinum

Fig. 3 Representation of (A) fecal and (B) total coliforms from four estuaries along Goa coast, during
2017.

Fig. 4 Antioxidant enzymes activity (A) Catalase, (B) Superoxide dismutase, (C) Glutathione-s-
transferase and (D) Metallothionein concentrations estimated from the oysters.

Fig. 5 Component plot generated by principal component analysis (PCA) -

Component 1 includes: indigenous bacteria and coliforms,

Component 2 includes: toxic metals,

Component 3 includes: physico-chemical parameters.
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Table 1: Coordinates of sampling locations.

Name Latitude Longitude

Siolim (#S1) 15°37'50"N  73°45'30"E
Nerul (#S2) 15°30'38"N  73°46'47"E
Chicalim (#S3) 15°24'41"N 73°51'12"E
Betul (#S4) 15°9'21"N  73°57'14"E

Table 2: Ranges of contamination factor (CF) and status of contamination.

Contamination Factor (CF) Contamination level

<1 Low
1<to<3 Moderate
3<to<6 Considerable

>6 Very high

Table 3: Percentage of. Acute biological toxicity assessed through Mean SQG quotient ranges.

SQG quotient range Percentage of toxicity Percentage of toxicity
probability (for mMERMg) probability (for mPELg)
>2.3 100 100
>1.5 88 76
>1.0 78 70
>0.5 62 53
<0.5 37 36
<0.2 36 29
<0.1 31 21
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Table 4: Seasonal variation* of physico-chemical parameters in the estuaries along Goa coast, during 2017.

Locations Seasons Temperature (°C) pH Salinity (ppt) D.O(mIL?Y) TOC (mgL?)

#S1 Pre monsoon 30.5£0.2 8.2+0.02 32 3.72+£0.12 1.66+0.08
Monsoon 27.1+0.1 7.5+0.07 14 6.27+0.15 3.09x0.22

Post monsoon 27.0£0.15 7.8+£0.05 29 4.19+0.1 2.3520.06

#S2 Pre monsoon 31.1+£0.15 8.1+0.05 31 2.43+0.2 1.83+0.1
Monsoon 26.9+0.4 7.3x0.1 13 4.68+0.09 3.47+0.15

Post monsoon 27.5£0.1 7.7£0.1 27 2.81+£0.19 2.82+0.14

#S3 Pre monsoon 32.4+0.1 8.3+0.09 34 3.89+0.15 2.42+0.04
Monsoon 28.1+0.12 7.8+0.1 16 6.73x0.17 4.26+0.2

Post monsoon 29.4+0.3 8.1+0.02 31 4.33+£0.08 3.07+£0.09

#54 Pre monsoon 32.1+0.12 7.9+0.02 30 2.17+0.08 2.73x0.07
Monsoon 27.4+0.15 6.8+£0.05 12 4.21+0.24 4.92+0.16

Post monsoon 28.1+0.3 7.6x0.09 24 2.52+0.14 3.58+0.12

*Data represented as MeanzStandard deviation (n=3).
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Table 5: Seasonal variations (Mean+SD; n=3) of total metal concentrations (mg kg dry wt.) in the sediment and the oysters

collected from the estuaries of Goa during 2017.

Metals Location Pre monsoon Monsoon Post monsoon
Sediment Oyster Sediment Oyster Sediment Oyster

Cd #S1 0.4+0.03 6.63+0.4 0.48+0.03 6.86+0.26 0.26%0.03 5.81+0.28
#S2 0.33+0.03 5.79+0.24 0.42+0.02 6.7+0.33 0.17+0.02 5.74+0.2
#S3 0.28+0.02 5.17+0.2 0.35+0.02 6.7+0.35 0.12+0.01 5.78+0.23
#S4 3.2+0.2 9.8+0.4 3.4+0.25 10.6+0.5 2.1+0.18 9.4+0.52

Pb #S1 39.12+0.48 0.18+0.11 31.2+1.3 0.18+0.08 24.41+0.24 0.2+0.04
#S2 35.7+1.4 0.23+0.07 27.19+2.2 0.21+0.03 19.28+0.33 0.33+0.17
#S3 102.48+2.4 7.9940.5 93.52+4.6 7.97+0.56 76.47+3.31 6.94+0.6
#S4 49.2+3.57 0.49+0.13 40.7+2.4 0.39+0.25 31.21+2.4 0.43+0.12

Hg #S1 0.043+0.01 0.067+0.02 0.037+0.01 0.068+0.01 0.031+0.01 0.061+0.01
#S2 0.068+0.02 0.082+0.01 0.066+0.01 0.087+0.01 0.063+0.02 0.079+0.01
#S3 0.051+0.01 0.094+0.01 0.046%0.01 0.086%0.01 0.042+0.01 0.08+0.01
#S4 0.129+0.3 0.217+0.02 0.121+0.02 0.161+0.02 0.114+0.02 0.148+0.02
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Table 6: Threshold effect level (TEL), Probable effect level (PEL), Effect range low (ERL), and Effect range median (ERM) for toxic metals*

and chance of adverse biological effect on the oysters.

Metals Location  Maximum Minimum TEL PEL ERL ERM % samples within range of SQG's Chance of adverse
concentration  concentration <TEL/ERL TEL/ERL- >PEL/ERM biological effect
PEL/ERM
Cd #S1 0.48 0.26 068 4.21 1.2 9.6 100 - - Seldom
#S2 0.42 0.17 100 - - Seldom
#S3 0.35 0.12 100 - - Seldom
#S4 3.4 2.1 - 100 - Moderate
Pb #S1 39.12 24.41 30.2 1122 46.7 218.0 100 - - Seldom
#S2 35.7 19.28 100 - - Seldom
#S3 102.48 76.47 - 100 - Moderate
#S4 49.2 31.21 78 22 - Seldom/Moderate
Hg #S1 0.043 0.031 0.13 0.7 015 0.71 100 - - Seldom
#S2 0.068 0.063 100 - - Seldom
#S3 0.051 0.042 100 - - Seldom
#S4 0.129 0.114 89 11 - Seldom/Moderate

*Values represented in mg kg™ dry wt.
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Table 7: Pollution Load index (PLI)* of metals (mg kg™* dry wt.) in the sediment samples.

Metals Locations Natural background
#51  #S2  #S3 #S4 concentration
Cd 038 031 025 290 0.3
(1.27) (1.03) (0.83) (9.67)
Pb 3158 27.39 90.82 40.37 20.0
(1.58) (1.37) (4.54) (2.02)
Hg 0.04 0.07 005 012 0.4
(0.1) (0.18) (0.13) (0.3
PLI Index 056 063 0.79 1.8
m-ERMg 0.08 0.09 017 0.22
m-PELg 014 014 031 041

*Values in parenthesis are the contamination factors (CF).

Table 8: Pearson's correlation (two tailed) for the TOC, accumulated bacteria, metals, and the antioxidant enzymes (p<0.05). Significant

correlations are in bold. * indicates correlation is significant at p<0.01 level.

TOC Sal Vib Aero TC FC Cd Pb Hg CAT SOD GST MT

TOC 1

Sal 7 1

Vib .79 94 1
Aero 18 .93 97 1

TC 91 73 12 .76 1

FC .90 78 79 .83 .98 1

Cd 55" .07 11 A1 57 51 1

Pb .07 51 51 .58 .07 19 46 1

Hg 53" .04 .03 A1 5 48 .68 13 1

CAT 58" 51" 51" 54" 4" 75" 52" .35 73" 1

SOD 55" .38 44 51" 57" 6 31 5 64" 81 1

GST a7 66" 63" 67" 79" 8" 54" 31 56" .89 .79 1

MT 34 .03 .04 15 .39 .36 51" 12 84" .64 .75 45 1
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Component 2
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1 17.74 55.45
2 6.61 20.61
3 4.4 13.74
4 1.62 5.05
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