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Introduction

India’s coastal ecosystems have been severely damaged in recent years as a result of increased urban and industrial development (Dheenan et al., 2014; Dheenan et al., 2016; Yuvaraj et al., 2018; Jha et al., 2022). The contaminants that originate from these anthropogenic actions have the potential to negatively impact various ecosystems such as corals (Jha et al., 2011; Jha et al., 2013a), mangroves (Das et al., 2014), and the ecological health and functioning of coastal regions (Pandey et al., 2022) as well as estuaries (Pandey et al., 2021). Previous studies have also shown that the areas subjected to minimal human interference generally contain better seawater quality (Jha et al., 2012; Jha et al., 2013b; Jha et al., 2015). Among the various contaminants such as nutrient eutrophication, microbial pollution, and pesticide, metal contamination plays a significant role in regulating the fisheries dynamics in the coastal regions (Jha et al., 2021). Because of their abundance, persistence, bioaccumulation, and toxicity, trace metals have been proven to influence coastal ecosystems (Ali et al., 2013; Jha et al., 2018). Fish are at the end of the aquatic food chain and thus can accumulate metals and pass them on to humans via the food chain, causing severe health problems (Al-Yousuf et al., 2000). The coastal population is highly dependent on fish and related products for their dietary supplement, and hence, it is important to estimate the metal concentration in the different organs of fish for better health management.

Seabass is protandric and generally grows up to 150 cm in size tolerating a wide range of salinity up to 40 ppt making it euryhaline (Mozanzadeh et al., 2021), and reproduces through catadromous migration (Noakes, 1988). However, these attributes, i.e., the high salinity tolerance and reproductive migration, also make them prone to various contaminations. It is well known that natural processes such as mineral weathering, volcanic eruptions, dust deposition, human-caused activities such as mining, burning fossil fuels, agriculture, industry, marine traffic, urban development, and sewage, can all contribute to metal pollution in the near-shore environment. Some metals are essential, at optimal concentration, for biological functions whereas others have no known biological role and are recognized for their toxic effects on aquatic organisms, even at environmental concentrations (Mason, 2013). The toxicity of non-essential metals such as aluminum (Al), cadmium (Cd), mercury (Hg), and lead (Pb) increases with concentration. These metals are thought to be more bio-available in their dissolved ionic form, causing toxicity. On the other hand, toxic effects of essential metals such as copper (Cu), zinc (Zn), chromium (Cr), nickel (Ni), cobalt (Co), and iron (Fe) occur either at metabolic deficiencies or at high concentrations. Fishes mostly absorb metals through their gills and digestive tract, and little amounts are absorbed through their skin (Sfakianakis et al., 2015). Heavy metals act as neurotoxins and can alter the brain and neurological systems if consumed in higher concentrations through the food chain (Fu and Xi, 2020). Considering the commercial importance and high demand of Lates cacarifer for food, this study aimed to examine the concentration of heavy metals in the different organs such as the 1) muscle, 2) liver, 3) intestine, and 4) gills. Through multivariate statistical analysis, our study estimates heavy metal contamination in the different organs of fish and helps in the assessment of environmental conditions.



Methods

Seawater and sediment were also collected with the fish samples from the Rameswaram coastal region, Tamil Nadu (Figure 1A). The area is a known religious destination in India and thousands of pilgrims visit every day. The sewage, fuel combustion, cosmetics etc., resulting from domestic and industrial discharge increase various contaminants in the nearshore environment.


Sample collection and analysis

Niskin and Van Veen Grab samplers that had been acid-cleaned were used to collect surface seawater (30–50 cm depth) and sediment samples, respectively. The samples were collected during monsoon (MON) (June to September). The collected seawater and sediment samples were transferred into acid-cleaned polypropylene bottles and polyethylene airtight bags, respectively. The seawater samples were promptly brought to pH 2–3 using supra-pure HNO3, and then stored at 4°C until analysis. Following the prescribed procedure, the sediment samples were first dried, crushed in an agate pestle and mortar, and then sieved through a 2 mm sieve (USEPA, 2001). A significant quantity of seawater and sediment in triplicates were taken and kept in an ice box for metal analysis (USEPA, 2001).

Forty-two fish of similar size groups were collected and transported to the laboratory in an ice box for further processing and subsequent analyses. In the laboratory, after recording the length and weight of fishes, they were dissected from their anal aperture using a sterile dissection knife and forceps to collect the organs like 1) muscle, 2) liver, 3) intestine and 4) gills. The organs were stored in labeled pre acid-cleaned falcon tubes at −20°C until analysis. Analytical-grade chemicals and Milli-Q water (Elix UV5 and Milli-Q, Millipore, USA) were used to prepare the solution and reagent. The Teflon container and polypropylene containers were cleaned by soaking in 5% HNO3 for 24 h, followed by a rinse in Milli-Q water and drying. Following the standard digestion protocol, 1 g of dried sediment was digested at 140°C with 5 mL HNO3 (Suprapur®, Merck) in a microwave digestion system (Anton Paar) (APHA, 2005). After digestion, the clear solution was transferred to centrifuge tubes, and 10 mL of Milli-Q water (Millipore, resistivity: 18.2 M/cm) was added to make the volume equal (Cortada and Collin, 2013). Similar procedures were used to add 5 mL of concentrated HNO3 to a 5 mL seawater sample before microwave digestion. Fish organs were digested in 5 mL of pure HNO3 and diluted to 20 mL with Milli-Q water for trace metal analysis. Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the concentrations of trace elements (Agilent 7500). Samples, certified reference materials (CRM), and duplicate analytical blanks were all examined for any potential contamination as per the procedure followed by Jha et al. (2019). The reference value (seawater and sediment), as well as the analyzed mean and standard deviation of the elemental values obtained for the CRM [NIST CRM048 (sediment) and NIST CRM QC3163 (seawater)], is adopted from Jha et al. (2019). By comparing the analyzed value to the CRM value, the precision and correctness of the analysis were confirmed. The metal concentrations in seawater were represented as ppb, whereas in sediment and fish organs as ppm.

Seawater was tested for pH, salinity, and temperature using the multi-parameter water quality probes (HANNA, HI98194) (APHA, 2005). The data collected for seawater, sediment, and fish were subjected to descriptive statistics to estimate the metal concentration. An analysis of variance (ANOVA, one-way) test was used to examine the significant differences (α = 0.05) among the different organs of fish. Though a detailed analysis was carried out for the seawater, sediment, and fish organs, the major focus was on metal concentration in the fish organs. Box-whisker plots and correlation between metal levels in various organs of the fish were determined. Hierarchical clustering was performed using Ward’s method, through squared Euclidean distances as a measure of the dissimilarity matrix. All multivariate analyses were carried out using the SPSS software (version 18).




Results and discussion

The length and body weight of L. calcarifer ranged from 10.2 to 12.4 cm and 10.93 to 23 g, respectively. Trace metal concentrations and bioavailability in coastal environments are heavily influenced by water quality characteristics such as pH, salinity, and organic matter, since they can precipitate as fresh/estuarine water interacting with seawater (Jha et al., 2019). The seawater temperature variation (29.00°C–30.65°C), pH (7.95–8.15), and salinity (30.5–31.5 PSU) were measured during the study. The trace metal percentage of CRM for seawater and sediment are given in Supplementary Table S1. The trace metal concentration in seawater and sediment are summarized in Table S2. However, trace metal concentrations in different fish organs are summarized in Table S3. Heavy metals like Cd, Hg and Pb were below detection level (BDL) in seawater and sediment samples. However, Fe had comparatively higher concentrations in seawater, sediment, and also in fish samples.

The concentration of Nickel (Ni) in seawater varied from 1.86 to 5.43 ppb, whereas it ranged from 6.9 to 7.62 ppm in sediment. Further, in fish organs, gills showed a higher value (1.31–4.89 ppm) whereas muscle showed BDL. The variation of Ni was significant (p < 0.05, F = 11.915) in various fish organs.

Copper (Cu) and zinc (Zn) enter the coastal ecosystem mostly through anthropogenic wastes such as fertilizers, algaecides, fungicides, and molluscicides, which in turn are deposited in the atmosphere and return to the sea through precipitation (Srichandan et al., 2016). Copper concentration varied from 24.3 to 96.6 ppb in seawater, while the concentration ranged from 1.5 to 10.6 ppm in sediment. This could be attributed to the application of biocides (antifouling paints) in ships and boats to prevent the growth of potential fouling organisms and also due to organic inputs from anthropogenic activities such as agriculture and industry in the coastal regions (Anbuselvan et al., 2018). Cu showed a higher value in the gills (10–48.26 ppm) whereas it was least in the muscle (0.85–4.49 ppm) of the fish. Zinc varied from 16.24 to 24.30 ppb in seawater, while the concentration ranged from 3.91 to 4.86 ppm in sediment. Ships and boats use anticorrosive paint, in which zinc sulphate is one of the chemical component (Yasar et al., 2001). The Zn showed a higher value in gills (16.4–24 ppm) and lower value was observed in the liver (5.44–11.09 ppm).

Manganese (Mn) is a transition metal that is essential in low concentrations but toxic in high concentrations (Srichandan et al., 2016). Its concentration in seawater ranged from 12.69 to 26.38 ppb and from 231 to 243 ppm in sediment. Further, in fish organs, liver showed a higher concentration (2.44–102.39 ppm) whereas it was least in the intestine (0.001–0.43 ppm), followed by muscle (0.82–1.6 ppm). Mn variation was significant (p < 0.05, F = 8.828) in various fish organs.

The concentration of cobalt (Co) in seawater was below detection level (BDL), whereas it ranged from 3.2 to 3.49 ppm in sediment. Further, fish organs, gills, and liver showed a similar value of 0.72 ppm whereas muscle and intestine showed negligible value. It is reported that (Tovar-Sánchez and Flegal, 2004) Co reaches to the coastal environment through the estuary system. During the current investigation, Co variation was insignificant (p > 0.05, F = 2.774) in various fish organs.

Total aluminum (Al) normally exists in relatively low amounts (5 ppb) in seawater; but in river water, it may reach 400 ppb (Jha et al., 2019). It is toxic to fish at 1500 ppb level in seawater (https://www.lenntech.com/periodic/water/aluminum/aluminum-and-water.htm). Total Al concentrations in seawater varied from 3.30 to 5.47 ppb, whereas in sediment it ranged from 3759 to 4918 ppm. Further, in fish organs, gill showed a higher concentration (16.95–68 ppm) whereas it was least in the muscle (0.96–1.89 ppm). During the current investigation, Al variation was significant (p < 0.05, F = 15.589) in various fish organs. The seawater contained higher concentrations of Iron (Fe) (355–463 ppb). Similarly, in sediment also higher Fe concentration was recorded ranging from 3665 to 4986 ppm. However, in fish, the maximum value of Fe was observed (43–159 ppm) in the gills compared to the other organs and it was least in the muscle (11.74–19.89 ppm). The concentration in the muscle was well within the permissible level as per the guidelines of WHO (1989).

The main sources of Cr are river drainage, dredging sludge, and dumping of industrial wastes (Jha et al., 2019). The concentration of Cr varied from 0.40 to 0.58 ppb in seawater, while it ranged from 15.48 to 16.80 ppm in sediment. Further, in fish organs, gills showed a higher value of 2.6 to 78 ppm whereas it was least in the muscle (0.001 to 0.55 ppm). The concentration of lead (Pb) varied from 2 to 4.6 ppb in seawater, while it ranged from 3.57 to 4.60 ppm in sediment. It enters the coastal ecosystem mainly by atmospheric deposition (Mukai et al., 1993), fly ash (Selvaraj et al., 2003), coal combustion (Anbuselvan et al., 2018), and anthropogenic activities. The Pb concentration in the fish organ was observed as BDL.

The rank order distribution in terms of mean metal concentration in seawater was: Fe (424 ppb) > Cu (56.67 ppb) > Mn (17.89 ppb) > Al (4.32 ppb) > Ni (3.83 ppb) > Pb (3.1 ppb) > Cr (0.46 ppb) > Co (BDL). In comparison, the rank order of metals in sediment was: Al (4226 ppm) > Fe (4117 ppm) > Mn (236 ppm) > Cr (15.95 ppm) > Ni (7.26 ppm) > Cu (5.66 ppm) > Zn (4.52 ppm) > Pb (3.97 ppm) > Co (3.32 ppm). The concentration of each metal varied considerably based on different organs (Table S3); however, the overall rank order of mean concentration of metals in fish was: Fe (56.99 ppm) > Mn (22.27 ppm) > Cr (13.82 ppm) > Zn (12.31 ppm) > Al (11.91 ppm) > Cu (9.02 ppm) > Ni (1.33 ppm) > Co (0.26 ppm) > Pb (BDL).

The box-whisker plots for trace metals in fish organs are given in Figures 1B–H. Ni, Cu, Fe, Cr, Al, Co (Figures 1B–G), and Mn (Figure 2A) show that the underlying distribution is skewed toward high concentration in the fish organs and has long whiskers at the top of the box. Overall, the concentration of metals was found higher in gills compared to other organs. The mild outliers (circles) and extreme outliers (asterisks), which are randomly distributed, suggest the natural variability of metal in different organs of the fish. The one-way ANOVA results showed that apart from Co (p > 0.05), the concentration of all the metals significantly varied (p < 0.05) between different organs of the fish (Table S5).




Figure 1 | Study area map and box-whisker plots for selected metal variables in different parts of fish. (A) Sampling location, (B) Nickel, (C) Copper, (D) Iron, (E) Chromium, (F) Aluminum, (G) cobalt, and (H) Zinc. In each plot, the median is represented by the central point, the interval is represented by the rectangle (i.e. 25% and 75% percentiles), and the range is indicated by the whisker (*: extreme outlier; ◦: mild outlier).






Figure 2 | Box-whisker plots for selected metal variables in different parts of fish and Cluster analysis. (A) Manganese, and (B) dendrogram of the metal variables in different organs of the fish.



The hierarchical clustering (Figure 2B) grouped the fish organs in the same or different clusters based on similarity or dissimilarity in the concentration of each metal. The resultant dendrogram produced one cluster keeping the intestine and muscle together whereas the gills and liver corresponded to outliers. The concentration of metals in gills was significantly different from that of other organs; therefore, it formed an outlier in the dendrogram. The metal concentration in the intestine and muscle was quite similar to each other; therefore, they formed a separate cluster. The concentration of metals in the liver showed similarity with the gills and therefore formed a separate cluster associated with the gills.

The concentration of metals in each organ of the fish was analyzed using Pearson’s correlation to establish their relationship, and the results are shown in Table S4. Except for a few, all metals showed a significant positive correlation (p < 0.05) with each other. The correlation of Zn with Mn and Co was not significant (p > 0.05); Al and Cr were also not significantly correlated. This could be attributed to different concentrations of these metals in different organs of the fish.

The heavy metal concentration in fish muscle was found in trace quantities for essential metals whereas toxic metals such as Pb, Hg, and Cd were BDL. The mean concentration of trace metals in fish organs, seawater, and sediment was well within the permissible level as per the guidelines (WHO, 1989). However, considering that this location is a tourist hotspot, regular monitoring is required to estimate the metal concentration, develop a mitigation plan for promoting healthy habitats for flora and fauna, and contribute to coastal conservation and fisheries management (Murugan et al., 2005; Vijayakumaran et al., 2005; Kumar et al., 2009; Jha et al., 2017; Pandey et al., 2021; Pandey et al., 2022).



Conclusion

The study reveals that heavy metal concentrations of cadmium, lead, and mercury were below detection level, whereas other metal concentrations especially for the fish muscle were well within the permissible level. The highest heavy metal concentrations were found in gills and the lowest concentration occurred in the muscle. Since fish muscle is a consumable part, metal contamination may be harmful to human beings. Results indicate that the level of metals in the fish muscle is well within the standard levels and safe for human consumption. Although the concentration of heavy metals is negligible, routine metal toxicology studies must be conducted to evaluate the health of the coastal ecosystem and fish stock assessment in the region.
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