

[image: Long-term effects of chlorine stress on the growth and biochemical indices of Cyclina sinensis]
Long-term effects of chlorine stress on the growth and biochemical indices of Cyclina sinensis





ORIGINAL RESEARCH

published: 05 June 2025

doi: 10.3389/fmars.2025.1603510

[image: image2]


Long-term effects of chlorine stress on the growth and biochemical indices of Cyclina sinensis


Chaohua Wang 1,2,3†, Guoliang Ren 1,4†, Shiyu Yan 1,2,3†, Guolong Zhou 1,2,3, Zhengyi Li 1,2,3, Yihua Chen 1,2,3,5* and Zhiguo Dong 1,2,3,5*


1Jiangsu Key Laboratory of Marine Genetic Resources and Breeding, Jiangsu Ocean University, Lianyungang, China, 2Jiangsu Key Laboratory of Marine Bioresources and Environment, Jiangsu Ocean University, Lianyungang, China, 3Co-Innovation Center of Jiangsu Marine Bio-Industry Technology, Jiangsu Ocean University, Lianyungang, China, 4Affair Center of Animal Husbandry and Aquaculture in XiangXi Autonomous Prefecture, Jishou, Hunan, China, 5Jiangsu Key Laboratory of Marine Biotechnology, Jiangsu Ocean University, Lianyungang, China




Edited by: 

Ana Varela Coelho, Universidade Nova de Lisboa, Portugal

Reviewed by: 

Jaime Eugenio Figueroa, Austral University of Chile, Chile

Yuwen Dong, University of Pennsylvania, United States

*Correspondence: 

Yihua Chen
 cyihua@163.com 

Zhiguo Dong
 dzg7712@163.com

†These authors have contributed equally to this work


Received: 31 March 2025

Accepted: 16 May 2025

Published: 05 June 2025

Citation:
Wang C, Ren G, Yan S, Zhou G, Li Z, Chen Y and Dong Z (2025) Long-term effects of chlorine stress on the growth and biochemical indices of Cyclina sinensis. Front. Mar. Sci. 12:1603510. doi: 10.3389/fmars.2025.1603510



Chlorine in seawater is toxic to bivalves. This study explored the long-term effects of 20 mg/L, 40 mg/L, and 60 mg/L chlorine on the survival rate, growth, immune, and antioxidant performance of the Cyclina sinensis. After 30 days, neither the 20 mg/L nor 40 mg/L treatment group demonstrated any significant disparity compared with the control group. Nevertheless, significant mortality rates were subsequently observed in all treatment groups. The weight, shell length, and monthly growth rate of C. sinensis in the 60 mg/L group were significantly lower than in the control group (P <0.05). Residual chlorine also triggered the antioxidant stress response mechanism. After 90 days, a significant increase occurred in both the total antioxidant capacity and activity of superoxide dismutase (P <0.05). Chlorine toxicity caused an immune response in the nonspecific immune system of C. sinensis, with alkaline phosphatase and acid phosphatase activities significantly increasing at 30 days and then significantly decreasing (P <0.05). Lysozyme activity also showed a continuous decline after 30 days. These results indicated that C. sinensis was unable to adapt to long-term chlorine toxicity stress but was able to resist chlorine toxicity for a short period (30 days) only when the chlorine concentration was <40 mg/L. Long-term chlorine exposure damaged the immune system of C. sinensis, inhibiting growth and increasing clam mortality. Therefore, in areas where chlorine is used as a disinfectant, the residual chlorine concentration should be tested in the water every 30 days to prevent harm to bivalves caused by long-term chlorine toxicity stress.
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1 Introduction

Chlorine-based disinfectants, such as chlorine dioxide and trichloroisocyanuric acid, are widely used in aquaculture (e.g., pathogen control in ponds) and industrial cooling systems (e.g., biofouling prevention in nuclear power plants) due to their potent antimicrobial properties (Chen et al., 2023a; Liu C. et al., 2024; Zou et al., 2003). However, the persistent residual chlorine released into aquatic environments poses critical threats to biodiversity and ecosystem health. While short-term acute exposure to chlorine is known to induce mortality and biochemical stress in aquatic organisms, the long-term impacts of low-concentration chlorine accumulation in water and sediments—especially on benthic species adapted to stable microhabitats—remain poorly understood.

Previous studies have highlighted that shellfish, including the burrowing bivalve Cyclina sinensis, are sensitive to environmental stressors like heavy metals and thermal fluctuations (Chen et al., 2009; Li et al., 2024). Notably, chlorine residues in aquatic sediments, which degrade slowly and can persist for extended periods, may impose chronic stress on these organisms, potentially disrupting growth, immune function, and physiological homeostasis. Despite the ecological and economic importance of Cyclina sinensis in Chinese coastal ecosystems, no research has systematically evaluated the effects of long-term chlorine exposure on its survival, growth performance, and enzymatic responses.

This study addresses this knowledge gap by investigating the impacts of chlorine dioxide—a commonly used chlorinating agent—on Cyclina sinensis, focusing on how chronic, low-concentration exposure influences its growth parameters, antioxidant enzyme activities, and immune responses. By bridging the gap between industrial/aquaculture practices and benthic organism health, our findings aim to provide critical insights into the ecological risks of residual chlorine and inform sustainable management strategies.

Chlorine toxicity arises from its ability to oxidize cellular components, induce oxidative stress, and impair osmoregulation in aquatic organisms (Chen et al., 2023a; Chen et al., 2023b; Liu L. et al., 2024; Venkatnarayanan et al., 2021; Chavan et al., 2016). This sustained oxidative damage and physiological disruption progressively overwhelms antioxidant and osmoregulatory systems, leading to chronic stress responses when organisms cannot fully counteract these perturbations (Pan et al., 2006). Owing to their limited mobility, bivalves are unable to rapidly move to different suitable habitats, rendering them more susceptible to prolonged stress from adverse water conditions. There have been many studies on long-term stress resulting from high temperatures (Liu M. et al., 2024), algal toxins (Benli et al., 2008), heavy metals (Nakanishi and Rosenberg, 2013), and ammonia nitrogen (Ni et al., 2023, 2024), particularly in relation to bivalves, given their aquacultural importance (Liu C. et al., 2024). The burrowing bivalve C. sinensis is an economically important bivalve in China and is widely distributed in coastal tidal flats. Various studies have focused on C. sinensis, investigating its nutritional components (Yan et al., 2024), germplasm resources (Dong et al., 2021), and the effects of high temperature and ammonia nitrogen stress (Liu M. et al., 2024; Ni et al., 2024, 2023; Hongxing et al., 2022), among others. However, less is known about the effects of long-term chlorination stress on C. sinensis.

This study aimed to investigate the long-term effects of chlorine dioxide on the survival, growth, antioxidant capacity, and nonspecific immune responses of C. sinensis under controlled laboratory conditions. By quantifying changes in survival rate, shell length, weight gain, and enzyme activities (total antioxidant capacity [T-AOC], superoxide dismutase [SOD], acid phosphatase [ACP], alkaline phosphatase [AKP], and lysozyme [LZM]), we sought to determine the threshold concentrations and duration of chlorine exposure that trigger detrimental effects. These findings provide critical insights for managing chlorine use in aquaculture and industrial sectors to safeguard C. sinensis populations and maintain coastal ecosystem health.




2 Materials and methods



2.1 Experimental materials

C. sinensis were bred and cultured at a breeding base in Lianyungang, Jiangsu, China. We selected C. sinensis with an average shell length of 1.20 ± 0.10 cm and a body weight of 0.70 ± 0.2g. After cleaning and disinfection, they were acclimatized for 7 days at a salinity of 20–22 ppt, pH 7.9–8.2, water temperature 22°C ± 3°C, light intensity between 1,000 and 8,000 lux, and a light/dark photoperiod of 12:12 h, with continuous microaeration. The clams were fed every morning and evening with a mixed microalgae solution of Isochrysis galbana, Chaetoceros calcitrans, and Platymonas subcordiformis at a feeding concentration of 3 × 105 cells/mL. Any deformed or diseased individuals were removed during the acclimatization period. All clams were treated in strict accordance with the guidelines for the care and use of experimental animals established by the Administration of Affairs Concerning Experimental Animals of the State Council of the People’s Republic of China and approved by the Committee on Experimental Animal Management of the Jiangsu Ocean University.

Chlorine dioxide was sourced from South Ranch effervescent tablets (effective chlorine content: 35%). Tablets were ground into a fine powder, accurately weighed (0.0001 g precision, Mettler Toledo balance), and dissolved in deionized water to prepare a 1000 mg/L stock solution via magnetic stirring for 20 minutes (Wang et al., 2023). Prior to each daily exposure, the stock solution was diluted with filtered seawater (0.45 μm) to target concentrations (0.1, 0.5, 1.0 mg/L ClO2) and mixed for 10 minutes to ensure homogeneity.

Water in exposure tanks was renewed daily at a 30% replacement rate of aged seawater was siphoned from the bottom, and 30% of fresh seawater pre-adjusted to the corresponding chlorine dioxide concentration (using the same dilution method) was gently added to maintain stable salinity and temperature. Chlorine concentrations were monitored hourly during the experiment using a portable chlorine meter (Hach DR900) and adjusted via micropipette titration of stock solution to maintain constant nominal concentrations (coefficient of variation < 5%), ensuring consistent exposure conditions throughout the trial.




2.2 Experimental design

In previous research, we determined that, for C. sinensis, the 96-h median lethal concentration (96 h LC50) of chlorine was 200 mg/L (Wang et al., 2023). Thus, the stress concentration gradient for the current study was set at 20 mg/L (10% LC50), 40 mg/L (20% LC50), and 60 mg/L (30% LC50). Three parallel experiments were conducted for each chlorine dioxide concentration level; a residual chlorine meter (Pocket Colorimeter II, DR 800, HATCH) was used to adjust the chlorine concentration daily (Wang et al., 2023). A control group with no added chlorine was also set up. Each group had three replicates, with 200 clams in each replicate. The culture tanks were filled with 5 cm of sterilized sea mud, and the salinity, dissolved oxygen, pH, daily water exchange volume, light intensity, light/dark photoperiod, microaeration, and feeding of bait were the same as those used for clam acclimatization. During the experiment, dead individuals were promptly removed to avoid affecting the culture water quality. The experimental period was 90 days.




2.3 Sample collection and determination

After the start of the study, the growth of C. sinensis was measured on Days 30, 60, and 90. From each parallel group, 30 C. sinensis were randomly selected, washed, and their surface wiped dry with absorbent paper. The weight of each clam was measured using an electronic balance accurate to 0.001 g, and each shell length was measured using a digital vernier caliper accurate to 0.01 mm. The monthly growth rate of shell length (MGR) and weight gain rate (MWR) of each group were calculated using Equations 1, 2. The number of surviving individuals was counted at each sampling point to calculate the survival rate (Sn) using Equation 3.







where Wn and Wn-1 represent the weight (g) of the nth month and the (n-1)th month respectively; Lnand Ln-1 represent the shell length (cm) of the nth month and the (n-1)th month respectively; F is the number of living clams at each sampling point, and I is the initial number of clams.

On the 30th, 60th, and 90th days of sampling, five clams were taken from each parallel group. Each hepatopancreas was collected, rapidly frozen in liquid nitrogen and stored at -80°C for the determination of enzyme activity indicators.

To prepare the hepatopancreas tissue homogenate, the frozen hepatopancreas tissues were mixed with homogenization medium at a ratio of 1:9 (g:mL). The mixture was homogenized in an ice-water bath using a mechanical homogenizer to obtain a 10% tissue homogenate solution. Then, the homogenate was centrifuged at 2500 rpm for 10 min at 4°C, and the supernatant was collected for the determination of immune enzyme activity. All enzyme activities were analyzed using kits produced by the Nanjing Jiancheng Bioengineering Institute following the manufacturer’s instructions. The total protein content of the tissues was determined by the Coomassie brilliant blue method using the kit from the Nanjing Jiancheng Bioengineering Institute and following the manufacturer’s instructions (Wang et al., 2023).




2.4 Data analysis

SPSS (v.24.0, SPSS Inc., Chicago, IL, USA) was used for all data analysis. One-way ANOVA and Duncan’s analysis were used to compare the differences in the data between groups. All graphs were plotted using Origin 2024 software (Learning edition; OriginLab, Northampton, MA, USA). Differences were considered statistically significant at P <0.05.





3 Results



3.1 Survival rate of C. sinensis after exposure to chlorine stress

There was a consistent decrease in survival rate of C. sinensis at the higher chlorine concentrations (Figure 1A). At 60 mg/L, chlorine, the survival rate of C. sinensis at Day 30 was significantly different from that of the control group (P <0.05) (Figure 1B). On Days 60 and 90, the survival rate across all three experimental groups was significantly lower than in the control group (P <0.05). This effect was particularly pronounced on Day 90, when the survival rates of clams in the 40 mg/L and 60 mg/L groups were both <50%.




Figure 1 | (A, B) Survival probability and risk tables of Cyclina sinensis after chlorine stress. (Significant differences between groups are indicated with different letters, P < 0.05; ns, indicates no significant differences).






3.2 Growth of C. sinensis under chlorination stress

The shell length of C. sinensis differed significantly from that in the control group only in the 40 mg/L and 60 mg/L groups at Day 90 (Table 1). In contrast, body weight was significantly lower than that of the control group only in the 60 mg/L group at Day 90 (Table 2). After 30 days, the MGR of the control group was significantly higher than that of the three treatment groups (P <0.05). After 60 days, the MRG of the 60 mg/L group was significantly lower than that of the other two treatment groups and the control group (Table 3). The MWR in the 60 mg/L group was the lowest observed. On Day 30, the MWR at chlorine concentrations of 40 mg/L and 60 mg/L were significantly different from that of the control group (P <0.05), remaining consistently lower than the control by Day 90. In contrast, the MWR of the 20 mg/L group was significantly different from that of the control group only at Day 60 (Table 4).


Table 1 | Changes of shell length (cm) of Cyclina sinensis under different chlorine concentrations stress.




Table 2 | Changes of body weight (g) of Cyclina sinensis under different chlorine concentrations stress.




Table 3 | Changes of monthly growth rate (%) of Cyclina sinensi under different chlorine concentrations stress.




Table 4 | Changes of monthly weight gain rate (%) of Cyclina sinensi under stress of different chlorine concentrations.






3.3 Antioxidant status of C. sinensis under chlorine stress

After chronic exposure to different concentrations of chlorine, T-AOC activity in the hepatopancreas of C. sinensis first increased, then decreased, before then increasing again over the study period (Figure 2A). At 60 days, the T-AOC of each treatment group reached the lowest value, with the differences being significant (P <0.05); at 90 days, T-AOC activity in the 40 mg/L and 60 mg/L groups peaked, and were significantly higher than those at other time points (P <0.05).




Figure 2 | (A, B) T-AOC and SOD enzyme activities in hepatopancreas of Cyclina sinensi after chlorine stress. (Significant differences between different periods are indicated by different letters, P < 0.05).



SOD activity in the 20 mg/L and 60 mg/L groups first increased, then decreased, and then increased again (Figure 2B). In contrast, in the 40 mg/L group, SOD activity first increased but then continued to decrease after Day 30, being significantly lower at Day 90 than that at Days 30 and 60 (P <0.05). The lowest value in the 60 mg/L group occurred at Day 60, which was significantly lower than at the other time points across the treatment groups (P <0.05); however, it was significantly higher at Day 90 compared with the other treatment groups (P <0.05). The 20 mg/L group showed less extreme changes in SOD activity.

`After long-term exposure to chlorine stress, ACP activity in the hepatopancreas of the clams in each treatment group first increased and then decreased (Figure 3A). ACP activity in the 20 mg/L concentration group peaked at Day 30 and then began to decline, being significantly lower than the Day 0 value at Day 90 (P <0.05). There was no significant change in ACP activity in the 40 mg/L concentration group compared with Day 0(P > 0.05). By Day 30, the ACP activity in the 60 mg/L concentration group was significantly higher than at Day 0; however, by Day 90, it was significantly lower (P <0.05).




Figure 3 | (A-C) ACP, AKP and LZM enzyme activities in hepatopancreas of Cyclina sinensi after chlorine stress. (Significant differences between different periods are indicated by different letters, P < 0.05).



AKP activity also showed an initial increase followed by a decrease, although this was less obvious in the 40 mg/L group (Figure 3B). In the 20 and 60 mg/L groups at Day 60, AKP activity was significantly higher than at Day 0 (P < 0.05), being lowest at Day 90, although the difference was not significant compared with that at Day 0 (P >0.05). In the 40 mg/L group, AKP activity continuously decreased from Day 0 and was significantly lower than that of the control group (P <0.05).

LZM activity continuously decreased before Day 60 and then increased, although this increase was less obvious in the 40 mg/L group (Figure 3C). At Day 60, LZM activity in the 20 and 60 mg/L groups was significantly lower than at Day 0 (P <0.05). LZM activity in the 40 mg/L group was significantly lower than at Day 0 across all three time points (P <0.05).





4 Discussion



4.1 Survival and growth: Concentration- and time-dependent toxicity

Chlorine-based disinfectants, widely used in aquaculture and industrial systems (Sorong, 2024; Wang L. et al., 2024), impose pronounced concentration- and time-dependent toxicity on Cyclina sinensis. In this study, survival rates declined significantly after 90 days of exposure to ≥20 mg/L chlorine, with a steep concentration gradient (60 mg/L > 40 mg/L > 20 mg/L), consistent with the concentration-dependent lethality reported in juvenile bamboo clams (Solen strictus) by Wu et al. (2018). This pattern aligns with our prior short-term acute stress study (DOI: 10.3389/fmars.2023.1105065), where the 96-h LC50 of chlorine for C. sinensis was 217.6 mg/L (Wang et al., 2023). Notably, the concentrations tested here (20–60 mg/L) are sub-lethal in acute scenarios but induce chronic toxicity over prolonged exposure, highlighting the critical distinction between short-term high-dose and long-term low-dose stressors.

Time-dependent toxicity was equally evident: survival rates in all treatment groups decreased progressively over 90 days, whereas the control group remained stable. This aligns with Ma et al. (2023), who observed cumulative toxicity in Chlorella vulgaris and koi carp under prolonged chlorine exposure, indicating that C. sinensis lacks adaptive resilience to chronic stress. In contrast to our previous transcriptomic analysis—where acute exposure (50–500 mg/L) disrupted immune signal transduction, apoptosis, and antioxidant gene expression (e.g., GST, HSP) (Wang et al., 2023)—the present study reveals that chronic low-concentration stress (≤60 mg/L) primarily impacts physiological endpoints like enzyme activities and growth. Growth parameters (shell length, body weight) further corroborated this effect: high-concentration treatments (≥40 mg/L) significantly inhibited growth by Day 60, likely due to energy reallocation from anabolic processes to stress adaptation (Bu et al., 2017). Together, these complementary findings—acute molecular perturbations vs. chronic physiological decline—comprehensively characterize chlorine’s dual-threat paradigm: short-term high doses cause immediate cellular damage, while long-term low doses erode fitness through cumulative metabolic strain. This dual framework is essential for establishing safety thresholds in industrial discharge management and aquaculture practices.




4.2 Antioxidant system response: dynamic activation and adaptive limits

The antioxidant enzymes total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) exhibited concentration-dependent activation, peaking at 60 mg/L by Day 90. This upregulation signifies C. sinensis’s attempt to counteract chlorine-induced oxidative stress, a common adaptive mechanism in aquatic invertebrates (Tian et al., 2024). SOD specifically scavenges reactive oxygen species (ROS), preventing lipid peroxidation and DNA damage, while T-AOC reflects the overall scavenging capacity of the organism (Liu L. et al., 2024).

Notably, the delayed peak (Day 90) suggests a gradual escalation of oxidative pressure rather than immediate stress response, implying that low-to-moderate chlorine concentrations (≤40 mg/L) initially induced compensatory mechanisms. However, this adaptive capacity was finite: at 60 mg/L, enzyme activities plateaued after Day 60, potentially indicating saturation of antioxidant defenses and onset of cellular damage, as observed in previous studies on bivalves under heavy metal stress (Wang W. et al., 2024).




4.3 Non-specific immune system changes: Enzymatic responses and ecological implications

Chronic chlorine exposure elicited distinct patterns in non-specific immune enzymes. Acid phosphatase (ACP) and alkaline phosphatase (AKP), key markers of lysosomal activity and immune homeostasis, showed transient activation followed by suppression. ACP increased significantly at all concentrations by Day 30, most pronounced at 60 mg/L, reflecting heightened phagocytic activity or lysosomal membrane permeability (Tian et al., 2024). However, by Day 90, ACP and AKP activities dropped below baseline, indicating immune system exhaustion—a finding consistent with black carp larvae (Mylopharyngodon piceus) under prolonged chemical stress (Wu et al., 2024).

In contrast, lysozyme (LZM), which degrades bacterial cell walls, showed no significant activation across concentrations. Instead, LZM activity was partially inhibited at ≥40 mg/L by Day 60, likely due to energy reallocation toward antioxidant and detoxification pathways (Sokolova, 2013; Sokolova et al., 2012). This trade-off between immune functions highlights the ecological cost of chronic stress: reduced pathogen resistance may increase susceptibility to secondary infections, exacerbating mortality risks in natural populations (Zhang and Wang, 2020).




4.4 Management implications: Mitigating long-term chlorine risks

The concentration- and time-dependent effects observed here underscore the need for cautious chlorine use in aquaculture and industrial settings. First, routine monitoring of residual chlorine in water and sediments is critical, especially in bivalve cultivation areas where C. sinensis serves as an ecological and economic indicator species (Chen et al., 2023a). Second, reducing prolonged high-concentration applications (e.g., >20 mg/L for ≥30 days) and adopting low-dose, intermittent disinfection protocols could minimize cumulative toxicity while maintaining pathogen control.

Industrial systems, such as nuclear power plant cooling systems, should prioritize alternative biofouling control methods (e.g., UV disinfection) in sensitive coastal zones, complemented by regular assessments of benthic community health (Wang W. et al., 2024). These strategies would balance operational efficiency with ecological sustainability, mitigating the long-term threats of chlorine residues to vulnerable species like C. sinensis.





5 Conclusions

In this study, long-term exposure to high concentrations of chlorine increased the mortality rate of C. sinensis. At a chlorine concentration <40 mg/L, C. sinensis was able to resist stress for 30 days, with relatively minor impacts. However, this resistance was not sustained over extended periods and the clams failed to adapt to chronic chlorine exposure. Therefore, when using chlorine as a disinfectant, it was vital to regularly monitor the residual chlorine concentration in the water every 30 days to prevent any long-term adverse effects on these and other aquacultural organisms.
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