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ABSTRACT


Microplastic pollution has emerged as a pervasive environmental threat, particularly in aquatic ecosystems where filter-feeding organisms are highly susceptible to contamination. The present study investigates the sub-lethal physiological effects of environmental microplastic exposure on the neurophysiological, immunological, and biochemical responses of the green mussel Perna viridis, a commercially important and widely consumed bivalve species. Mussels were collected from two coastal locations in Tamil Nadu, India - N4 Beach, Chennai (Site-1), and Pulicat Lake, Thiruvallur (Site-2) previously reported to differ significantly in microplastic abundance. Acetylcholinesterase (AChE) activity in gill tissues, haemolymph clotting time, total haemocyte count (THC), and total protein concentrations in gill and posterior adductor muscle were assessed using standard biochemical and immunological assays. Results revealed a significant inhibition of AChE activity, prolonged haemolymph clotting time, reduced THC, and markedly decreased protein concentrations in mussels from Site-1 compared to Site-2 (p < 0.05), indicating neurotoxicity, immunosuppression, and metabolic stress associated with higher microplastic exposure. The observed physiological alterations suggest that microplastics, either directly or as vectors for associated contaminants, disrupt essential biological functions in P. viridis. These findings underscore the utility of green mussels as effective bioindicators of microplastic pollution and raise concerns regarding ecosystem health and potential human exposure through seafood consumption. The study contributes valuable insights into the sub-lethal impacts of microplastics on marine bivalves and highlights the need for continued monitoring and risk assessment of microplastic contamination in coastal environments.
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INTRODUCTION

Plastic pollution in the terrestrial and aquatic ecosystem is of serious concern which is increasing day by day globally. The earth’s surface is covered by 70% water and around 0.5% of plastic waste from 460 million metric tons of plastics generated every year end at the aquatic ecosystem (Ritchie et al., 2023). Based on their size, plastic pollutants are divided into four categories: nanoplastics (less than 1 μm), microplastics (less than 5 mm), mesoplastics (5 mm to 2.5 cm), and macroplastics (more than 2.5 cm). Microplastics (MPs) in particular are getting more attention because of their widespread presence, high durability, small size, and effects on marine life (Jeyasanta et al., 2020, Ferreira et al., 2019, Yuan et al., 2022). MPs are seen in packaging, footwear, washed off domestic waste items from ships, fishing equipments (Obebe et al., 2020) and due to anthropogenic activities. There is a serious increase in environmental microplastic concentrations exposure into the ecosystem leaving more chance for it to interact and cause hazardous effects across food webs (Horton et al., 2020). 
Accumulation of microplastics in marine environment has negative impact starting from marine organisms to the whole ecology (Guzzetti et al., 2018), as they are found in the different zones of marine ecosystem either as afloat or in the marine sediment (Mani et al., 2015). When they get deposited in the marine sediments they are ingested by the deposit and filter feeders. The potential of bivalves to accumulate pollutants like microplastics, heavy metals, and persistent organic contaminants over a relatively long lifespan, as well as their extensive distribution, sedentary lifestyle, filter feeding mechanism, environmental roles, and commercial significance, have made them as appropriate bioindicators (Beyer et al., 2017; Phaksopa et al., 2022). Microplastics exposure can cause negative impact on the antioxidant enzymatic activity (superoxide dismutase, catalase, glutathione peroxidases, etc), altered haemolymph proteome, number of byssal thread, attachment strength as well as altered immune responses (Magara et al., 2019; Green et al., 2019; Pavičić-Hamer et al., 2022). Edible green mussels are a rich source of protein and are savored by humans in a healthy manner, thereby exposing them to the dangerous consequences of microplastics directly (Cherdsukjai et al., 2022). Green mussel, P. viridis was selected as the experimental organism for the current study due to their ecological significance in food web, commercial value at the fish market and widespread human consumption.
In the previous study, we detected and assessed microplastics both quantitatively and qualitatively in the soft tissues and shell of green mussel, P. viridis, from Site-1 N4 Beach, Chennai district, and Site-2 Pulicat Lake, Thiruvallur district, Tamil Nadu, India. From this, it was inferred that Site 1 exhibited a high amount of microplastics than Site 2 (Janani Kittan & Asha P., 2025). These two areas are key fish markets for green mussel, P. viridis, a commercially consumed bivalve species. The present study seeks to explore the physiological effects of microplastic exposure on neurophysiological, immunological, and total protein concentrations in green mussels obtained from the aforementioned areas. This study expands our understanding of the sub-lethal effects of microplastics on mussel health and their potential ecological consequences.

MATERIALS AND METHODS

Collection of Specimen:
Green mussels were collected from Site-1 N4 beach (13°08'02"N 80°17'56"E), Ennore, Chennai district, and Site-2 Pulicat lake (13°25'14"N 80°19'06"E), Thiruvallur district, Tamil Nadu, India (Fig. 1). During the month of September, before the onset of the Northeast monsoon, 20 samples of varied sizes were collected from each site and transferred to a container containing 2L of water collected from that site. The samples were selected at random and properly transported to the laboratory. To reduce background contamination, glassware and laboratory equipment were sterilized with distilled water throughout the course of the experiment. 
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Acetylcholinesterase activity (AChE):
AChE activity was measured using acetylthiocholine iodide (ATCh) and 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) with slight modifications of established Ellman et al method (Ellman et al.,1961). The reaction mixture was formed by adding 0.3ml of DTNB solution (0.01M) into a 3ml cuvette, followed by 0.1ml of substrate (Acetylthiocholine iodide, 0.075M) and 0.1ml of gill tissue extract (enzyme source) of the green mussels. The final volume was made up to 3ml with phosphate buffer (0.1M, pH 7.4) and incubated at 37˚C for 5-10 minutes. The total AChE enzymatic activity was then evaluated using ATCh against a blank (without adding the enzyme (gill extract) for 5 minutes at an absorbance of 412nm in a spectrophotometer to track the reaction kinetics. The enzymatic activity in the gill extract was adjusted to total protein, and AChE activity was determined using Ellman's method and reported as U/ml [enzyme activity per total reaction volume]. 

Haemolymph clotting time: 
The haemolymph was obtained from the posterior adductor muscle of the green mussel using a 1ml syringe without anti-coagulant, where 0.2ml of haemolymph from each animal were transferred to ice-cold vials. From this 25μl of haemolymph was made to pass through the microcapillary tube. The capillary tube was turned vertical at the top end, and time was recorded. The vertical position was maintained till the haemolymph touches the bottom end of the tube. The tube was again inverted until the haemolymph clotted, and the time was noted. 

Total haemocyte count [THC]: 
To measure total haemocyte count, 200μl of haemolymph from each animal was collected and fixed with 4% formaldehyde at a 1:1 ratio. Cells were counted in triplicate samples in the Neubauer chamber of the haemocytometer at 40X magnification using a binocular microscope. 

Estimation of protein: 
Protein estimation was performed using the Lowry et al. method (Lowry et al., 1951) in the gills and posterior adductor muscle of green mussels collected from both sites. An alkaline copper reagent was prepared by adding 2% sodium carbonate (50 ml) in 0.1N sodium hydroxide with 1ml each of 0.5% copper sulphate solution and 1% sodium potassium tartrate. Before use, the Folin-Ciocalteu reagent was diluted with distilled water in 1:1. 100mg of sample was then homogenized with 10ml of 1N sodium hydroxide.  It was centrifuged at 3000rpm for 10 minutes, from which 1ml of the supernatant was mixed with 5ml of alkaline copper reagent followed by incubation at 250 C for 10 minutes. Subsequently, 0.5ml of the diluted Folin-Ciocalteu reagent was added, and the mixture was incubated in the dark for 30 minutes. Absorbance was measured at 550nm with a UV-Visible spectrophotometer. Protein concentration wasquantified using Bovine Serum Albumin as standard (10-100μg/mL). 

Statistical analysis: 
The differences in microplastics quantification and their impacts on neurophysiological biomarker, immunological parameters, and protein estimation between mussels from Sites 1 and 2 were analysed using IBM SPSS Statistical Version 30.0 (172) (IBM Corporation, 1989, 2024). One-tail t-test was used to examine the statistical difference in average microplastic accumulation in green mussels between the two sites.

RESULTS

Acetylcholinesterase (AChE) activity – Neurophysiological biomarker
Acetylcholinesterase (AChE) activity was assessed in the gill tissues of green mussels from both sites using the Ellman et al. method. A significant difference (p < 0.05) was observed between Site-1 and Site-2 mussels (Fig. 2). The AChE activity in Site-1 mussels was recorded as 1.9575 ± 0.122 U/ml, whereas Site-2 mussels exhibited a higher activity of 2.285 ± 0.40 U/ml (Table 1).


Site-1 represent N4 Beach and Site-2 Pulicat Lake
Fig. 2: Acetylcholinesterase activity (AChE) in gills of green mussels 

Haemolymph Clotting Time
The clotting time of haemolymph collected from the posterior adductor muscle of green mussels showed a significant difference (p < 0.05) between the two sites (Fig. 3). Mussels from Site-1 exhibited a clotting time of 14.98 ± 1.38 minutes, while those from Site-2 showed a shorter clotting time of 11.14 ± 0.65 minutes (Table 1).

Site-1 represent N4 Beach and Site-2 Pulicat Lake
Fig. 3: Clotting time in green mussels

Total Haemocyte Count (THC)
Total haemocyte count (THC) was determined using the Neubauer chamber. Site-1 mussels showed an average THC of 1.17 × 10⁵ ± 0.087 haemocytes, whereas Site-2 mussels exhibited a higher count of 1.515 × 10⁵ ± 0.15 haemocytes. The difference between the two sites was statistically significant (p < 0.05) (Fig. 4).







Site-1 represent N4 Beach and Site-2 Pulicat Lake
Fig. 4: Total haemocytes count in green mussels

Table 1. Neurophysiological biomarker and Immunological parameters analysis in green mussels
	Site
	AChE activity in gill (U/mL)
(Mean ± SD)
	Clotting time (minutes)
(Mean ± SD)
	Total haemocyte count (THC)
(Mean ± SD)

	
1
	
1.9575± 0.122*
	
14.98 ± 1.38*
	
1.17 x 10^5 ± 0.087*

	
2
	
2.285 ± 0.40*
	
11.14 ± 0.65*
	
1.515 x 10^5 ± 0.15*



* Denotes significance, Site-1 N4 Beach and Site-2 Pulicat Lake

Protein Concentration
Protein concentration in the gill and posterior adductor muscle (PAM) was estimated using the Lowry et al. method. In gill tissues, Site-1 mussels showed a protein concentration of 19.79 ± 0.17 mg/100 mg, while Site-2 mussels showed 25.9 ± 0.58 mg/100 mg. In PAM tissues, protein concentration was 22.08 ± 0.91 mg/100 mg in Site-1 mussels and 43.95 ± 0.35 mg/100 mg in Site-2 mussels. The differences between sites were statistically significant (p < 0.05) (Fig. 5; Table 2).


Site-1 represent N4 Beach and Site-2 Pulicat Lake

Fig. 5: Protein concentration in gills and PAM of green mussels


Table 2. Protein concentration in gill and PAM of green mussels
	Site
	Protein levels in gill (mg/100 mg)

(Mean ± SD)
	Protein levels in PAM (mg/100 mg)

(Mean ± SD)

	
1
	
19.79 ± 0.17*
	
22.08 ± 0.91*

	
2
	
25.9 ± 0.58*
	
43.95 ± 0.35*



* Denotes significance, Site-1 N4 Beach and Site-2 Pulicat Lake

DISCUSSION
The potential impact of microplastics on the neurophysiology, immune parameters, and protein concentration of P. viridis from Site-1 and Site-2 was reflected through notable variations observed between the two sampling locations. Acetylcholinesterase (AChE) is a key enzyme involved in the breakdown of the neurotransmitter acetylcholine and is widely recognized as an important neurophysiological biomarker. The reduced AChE activity observed in P. viridis from Site-1 suggests increased exposure to neurotoxic contaminants such as heavy metals, carbamates, organophosphates, and microplastics (Deidda et al., 2021). Recent studies indicate that microplastics can act as vectors for harmful substances, including pesticides and heavy metals, thereby impairing neuromuscular function and inhibiting AChE activity (Rafa et al., 2024). Similar reductions in AChE activity have been reported in other bivalves exposed to microplastics (Capolupo et al., 2021; Ribeiro et al., 2017). As a filter-feeding organism, P. viridis is particularly vulnerable to the bioaccumulation of microplastics and associated pollutants, which likely explains the observed enzyme inhibition.
Alterations in immunological parameters further indicate physiological stress in mussels exposed to microplastics. The prolonged haemolymph clotting time observed in mussels from Site-1 suggests an impaired immune response. This delay in clot formation may be associated with higher microplastic occurrence at Site-1, as previously reported (Janani Kittan & Asha P., 2025). Pollutants such as persistent organic pollutants, heavy metals, and microplastics have been shown to interfere with hemocyte aggregation and clotting mechanisms (Okoye et al., 2022). Extended exposure can lead to a reduction in viable haemocyte numbers, thereby diminishing clotting efficiency (Canesi et al., 2015). Additionally, oxidative damage may impair clotting protein synthesis, contributing to prolonged clotting time (Paul-Pont et al., 2016).
The reduced total haemocyte count (THC) observed in Site-1 mussels further supports the possibility of immunosuppression. THC is a sensitive indicator of immune competence in bivalves and can be influenced by environmental stressors, including pollutants. Lower THC levels may reflect haemocyte apoptosis, reduced proliferation, or impaired immune function induced by microplastic exposure (Sun et al., 2020). Similar immune suppression has been documented in bivalves such as Mytilus species exposed to phthalates and polystyrene microplastics (Gao et al., 2025). The observed reduction in THC may therefore represent an early biomarker of sublethal environmental stress. 
Protein concentration plays a fundamental role in maintaining physiological, metabolic, and immune functions in bivalves. The significantly lower protein levels observed in both gill and posterior adductor muscle tissues of Site-1 mussels suggest metabolic disruption and cellular stress associated with higher microplastic exposure. Reduced protein content may result from impaired digestive efficiency and nutrient assimilation caused by microplastic ingestion (Trestrail et al., 2021). At the molecular level, exposure to polystyrene microplastics has been shown to downregulate genes involved in ribosomal function and metabolism, thereby limiting protein synthesis (Jaouani et al., 2023).
Furthermore, protein depletion may indicate increased energy expenditure to counteract stress conditions. Elevated antioxidant enzyme activity accompanied by reduced protein levels has been reported in P. viridis exposed to microplastics, suggesting protein diversion or degradation in response to oxidative stress (Li et al., 2022). Energy depletion resulting from stress responses and impaired energy allocation may also contribute to reduced protein reserves (Shang et al., 2021). Additionally, gut blockages, reduced food intake, and disrupted energy metabolism caused by microplastics have been shown to lower protein levels in bivalves (Sussarellu et al., 2016). The findings indicate that microplastics not only accumulate in mussel tissues and shells but are also associated with alterations in biological functioning.

CONCLUSION
The present study provides important insights into the sub-lethal physiological consequences of environmental microplastic exposure in the green mussel Perna viridis, a key ecological and commercially valuable bivalve species. By integrating neurophysiological, immunological, and biochemical biomarkers, this work highlights the sensitivity of P. viridis to microplastic-associated stress under natural environmental conditions. The findings collectively demonstrate that microplastic contamination poses a multifaceted threat to mussel health, affecting essential biological processes that are critical for survival, immune competence, and metabolic stability.
The observed physiological alterations emphasize the role of microplastics not only as physical stressors but also as vectors for co-contaminants capable of exacerbating toxicological impacts. The study reinforces the suitability of green mussels as effective bioindicators for monitoring microplastic pollution in coastal ecosystems, particularly in regions subjected to intense anthropogenic pressure. Given the widespread consumption of P. viridis, the bioaccumulation of microplastics in this species also raises concerns regarding potential human exposure through seafood intake.
Overall, this research contributes to a growing body of evidence underscoring the ecological risks associated with microplastic pollution and the need for comprehensive monitoring strategies. Future investigations should focus on long-term exposure effects, molecular and transgenerational impacts, and trophic transfer of microplastics (biomagnification) to better assess ecosystem level consequences and potential implications for food safety and human health.
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