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Introduction

Global warming and ocean acidification (OA) are being brought on by an increase in atmospheric carbon dioxide (CO2) concentration (Feely et al., 2004; Orr et al., 2005), and both are now widely acknowledged as significant factors in modulating physiological systems in the marine organism (Srinivasan et al., 2022). Increased CO2 levels in the surface waters result in a drop in seawater pH, and changes in the chemistry of carbonates, and can have an impact on the bioavailability of contaminants (Bijma et al., 2013). Although OA has a significant impact on the acid-base balance, energy metabolism, and biomineralization of marine organisms (Kroeker et al., 2010), its effects on immune functions are still poorly understood (Calder-Potts et al., 2008), which makes it difficult to predict how susceptible marine fish to overcome the parasites and diseases attack as the ocean physicochemical concentration changes.

The survival of marine organisms are significantly influenced by good seawater quality (Jha et al., 2013), diseases and parasites free suitable locations, which are regarded as the main risk factor in both fish farms and the open ocean (Kumar et al., 2009; Jha et al., 2017). The resistance of aquatic organisms to parasites and diseases can be modulated by environmental stresses, such as fluctuations in temperature, salinity, and pollution (Galloway and Depledge, 2001; Marcogliese, 2008). Fish that live in water are constantly exposed to a variety of pathogenic and non-pathogenic microorganisms; as a result, they may evolve powerful defence systems that aid in their survival. Aquatic organism immune systems, like that of fish, are constantly impacted by periodic or unanticipated changes in their surroundings. Fish health status may be negatively impacted by adverse environmental circumstances either acutely or chronically, either by changing certain biochemical parameters or by regulating innate and adaptive immune responses (Domingueza et al., 2004). Fish may therefore serve as significant indicator in the biomonitoring of water quality, particularly immunotoxic environmental contaminants, depending on their biological factors related to immunity.

The available literature regarding the alteration of immunity in shellfish because of ocean acidification shows that earlier studies were focused on marine invertebrates since the shellfish are more vulnerable to acidified environment since most of the higher invertebrates rely more on these environment for calcification (Ivanina et al., 2014). Our previous study documented that acidified environment impairs haematological and serum biochemical parameters in Lates calcarifer (Srinivasan et al., 2022). In the present study, it was further observed that long-term chronic exposure to acidified medium modulated the immunocompetence of fish in terms of the change in immune-associated parameters tested. To our knowledge, negligible work has been carried out to observe the impact of seawater acidification on immunomodulation in fish with different size groups. Therefore the present study investigated the effect of acidification on the nonspecific immune-associated parameters, including respiratory burst, myeloperoxidase (MPO) activity, bactericidal activity, circulating total immunoglobulin, and on cellular components (leukocytes) in two different size groups (fish fry and fingerlings) of Lates calcarifer.



Methods

The collection of fish and experimental design were explained in detail as described in Srinivasan et al., 2022. Briefly, a total of 360 fish were used for this study (180 fry and 180 fingerlings). The control, pH 7.7, and pH 7.4 were three groups and for time point, we used 18 fish per experimental group. Sampling was done at 20, 40, and 60 days (d) of exposure. Fish were anesthetized for 30 seconds in ice-cold aquarium water before collecting the blood. Blood samples were split into two aliquots; one was heparinized (at a concentration of 50 IU/ml blood), and the other was left to coagulate at room temperature for 30 minutes before being stored at 4°C for 24 hours. The serum was extracted from the clotted sample by centrifuging it at 3,500 rpm for 5 minutes at 4°C, and it was then kept at -20°C until it was used. Heparinized blood was utilised for Nitroblue tetrazolium assay and differential leukocyte counts. The University of Madras’ Animal Ethics Committee authorized the aforementioned animal procedures.

Differential leukocyte count was done according to the method described by Horton and Okamura (2003). Briefly, by preparing a blood smear on a slide by using 20 µL of heparinized blood, the slide was then fixed in 95% methanol before staining with Giemsa for 5 min. The slides were washed gently in tap water and allowed to dry before microscopic examination. The percentage of monocytes, lymphocytes, neutrophils, and thrombocytes in the blood was determined by counting leukocytes under a microscope randomly until the count reached 100 cells per slide.

Respiratory burst activity was assessed by following the modified method described by Thilagam et al. (2009) and Havixbeck et al. (2016). About 50 µL of heparinized blood was incubated at 37°C for 1 h to facilitate adhesion of cells in the Eppendorf tube followed by washing with phosphate buffer. About 50 µL of nitroblue tetrazolium was added to the tube and incubated for a further 1 h. The tubes were shaken well and centrifuged at 1000 rpm for 15 minutes, after which the supernatant was removed. Absolute methanol was used to fix the cells followed by washing in 30% methanol. The tubes were air dried and extraction fluid of 2 mL (potassium hydroxide and dimethyl sulfoxide) was added to each tube to dissolve the precipitate. Tubes were then centrifuged at 6,000 rpm for 10 minutes to collect the supernatant and read at 630 nm optical density.

Myeloperoxidase (MPO) was measured in the serum following the method described by Quade and Roth (1997). A serum sample (10 µL) and 140 µL of Hank’s balanced salt solution (Ca2+ and Mg2+ free) were added to a 96- well plate. The 50 µL of 20 mM 3,3’,5,5’ tetra methyl benzidine, and 5 mM H2O2 were added to initiate the reaction. After 2 minutes the reaction was stopped by adding 50 µL of 4 M sulphuric acid and the absorbance was measured at 450 nm in a microplate reader.

The procedure described by Siwicki and Anderson (1993) was adapted to test the total immunoglobulin level. Briefly, polyethylene glycol was used to precipitate immunoglobulin. Blood serum was incubated with equal volume polyethylene glycol solution for two hours at room temperature followed by spinning the sample tube at 3,000 rpm for 15 minutes, the supernatant was used for measuring the protein content using Bradford method (1976). The quantity of measured protein was subtracted from the serum protein content to determine the total immunoglobulin level.

Serum bactericidal activity was measured following a modified method described by Rainger and Rowley (1993). A pellet of Aeromonas hydrophila was washed and suspended in phosphate buffer. The absorbance of the suspension was adjusted to 0.500 at 600 nm and the suspension was serially diluted (1:10) with phosphate buffer. The bactericidal activity was determined by incubating 2 µL of the A. hydrophila suspension with 20 µL of serum in a microvial for 1 h at 37°C. In control group, phosphate buffer was used in place of serum sample and nutrient broth was used in place of the serum for positive control. By counting the colonies that appeared on a nutrient agar plate after 24 hours at 37°C following incubation, the number of live bacteria was ascertained.

SPSS software was used to perform the statistical analysis (version 20). Graph pad prism (version 8) was used to plot the graph. Prior to using a two-way analysis of variance (ANOVA) to assess differences between the groups, the data were normalized, and homogeneity test also conducted. The statistical difference between various treatment groups was assessed using Tukey’s multiple comparison post hoc tests, and a p-value of less than 0.05 was regarded as significant.



Results and discussion

Leukocytes count in fish fry and fingerlings are given in Figures 1A–D. Monocyte counts in the fish fry and fingerlings increased significantly (p<0.05) when the fish were exposed to pH 7.4. All the exposure periods showed a significant rise in monocyte counts (Figure 1A). There were no discernible changes between the respective control and fish fry or fingerling exposed to pH 7.7. In contrast, the neutrophil counts decreased significantly in fry exposed to pH 7.7 and pH 7.4 after 20 d (Fig. 1B). Both fry and fingerlings exposed to pH 7.7 reduced neutrophil counts after 40 d of exposure. However, fish exposed to both pH (7.7 and 7.4) for 60 d showed no significant difference with respective control groups (Figure 1B)




Figure 1 | (A-D) is the data representing the biochemical components such as (A) Monocytes (B) Neutrophil (C) Thrombocytes (D) Lymphocytes (E) Respiratory burst (F) Myeloperoxidase (G) Immunoglobulin (H) Bactericidal activity in fish fry and fingerling of Asian seabass exposed for 60 d under different acidified conditions. Each bar represents mean ± standard deviation of six samples. Two-way analysis of variance followed by Tukey’s post hoc test was used. The asterisk indicates significant difference between the exposure and control groups whereas NS letters No significant difference (p< 0.05) between different groups.



After 20 d and 40 d of exposure, fish fry exposed to pH 7.7 and pH 7.4 had considerably less thrombocytes than the corresponding control group. However, fingerlings exposed to pH 7.7 and pH 7.4 exhibits a rise in thrombocytes that was statistically significant over 40 d (Figure 1C) of exposure. With respect to the control groups, fingerling exposed to pH 7.4 for 60 d exhibits an increase in thrombocytes but no discernible change. After 20 d and 40 d of exposure to pH 7.7 and pH 7.4, the lymphocyte counts in fry dramatically dropped, but after 60 d of exposure, there was no discernible change observed (Figure 1D). Fish fingerlings subjected to pH 7.7 and pH 7.4 did not significantly differ from the corresponding control in terms of lymphocyte count, except for fish fingerlings exposed to pH 7.4 for 60 d (Figure 1D). Reduced circulating lymphocyte count were a sign that immunosuppression had taken place in fish exposed to the lower pH, as documented by Machado et al. (2020). Additionally, after 20 d of exposure, neutrophils in fish fry drastically reduced, but not in fingerling for the same exposure period. On the contrary monocytes, the count was increased when the fish were exposed to pH 7.4. Increase in circulating lymphocyte and thrombocyte count were a sign of nonspecific immunological activation (Machado et al., 2020) and the drastic change in these leukocyte counts in fish may lead to immunomodulation (Thilagam et al., 2009).

The increase in respiratory burst activity in fish is a measure of the amount of oxidative radicals produced as a result of acidified exposure (1 E). When the fish fingerlings and fry were exposed to pH 7.7 and pH 7.4 respiratory burst activity increased significantly after 20 d and 40 d respectively compared to the respective control group of L. calcarifer (Figure 1E). Interestingly fish fry exposed to both pHs (7.7 and 7.4) showed no significant change after 60 d of exposure when compared to the respective groups showing that the fish might adapt to the acidified environment.

In recent times, respiratory burst activity has been utilised to examine how fish’s immune systems respond to exposure to environmental factors (Barbosa et al., 2020). An indicator of the modulation of nonspecific immunity is the increase in respiratory burst activity in fish, which is a measure of oxidative radical production due to environmental stress (Thilagam et al., 2009). Furthermore, the ROS produced during the respiratory burst activity are thought to be potent microbicidal agents. The current investigation found that exposure of fish to acidified environment increased respiratory burst activity in both groups and that the increase depended on the amount of acidity and the length of exposure. It’s interesting to see that the prolonged acidification exposure (60 d) to the fish fry did not significantly increase the ROS. Though both fry and fingerlings were shown to be more vulnerable to acidified environment, according to the findings of the current study and these modulations in ROS generation after prolonged exposure could be either fish adaptability to the environmental condition or due to enhance the antioxidant defence of the fish and needs to be elucidated.

The MPO activity increased when fish fry and fingerlings were exposed to acidified environment throughout the exposure period as compared to the corresponding control group (Figure 1F). At 20 d, both groups exposed to pH 7.4 showed greater MPO activity. MPO activity had a similar pattern to that of the respiratory burst. In many situations where neutrophils play a role in pathological diseases, MPO levels, and neutrophil activation can be connected. A significant association between the respiratory burst and MPO was found (Figures 2A, B), indicating that most of the   produced during this respiratory burst was transformed to the bactericidal oxidant hypochlorous acid via a sequence of events involving superoxide dismutase and MPO (Thilagam et al., 2009).




Figure 2 | Correlation Analysis and heat map showing the relationship between the immune associated parameters when the Asian seabass L. calcarifer exposed to OA for 60 d. (A) Fry (B) Fingerlings. The values and colour depict the relationship between the parameters.



Total immunoglobulin levels in fish exposed to acidified environment is given in Figure 1G. Both the fry and fingerling groups showed a drop in total immunoglobulin levels after exposure to acidified medium, however, only fish exposed to pH 7.4 experienced a significant drop in total immunoglobulin during the exposure period. Fingerling exposed to pH 7.7 showed a noticeable rise in total immunoglobulin levels, but such increase was not statistically significant. Environmental influences are thought to interact with cell nucleoproteins and nucleic acids, changing protein synthesis and cell integrity. Changes in blood protein levels as a result of environmental stress have been documented (Dominguez et al., 2004; Srinivasan et al., 2022). Except for fish fingerlings exposed to pH 7.7 in the current investigation, the total immunoglobulin level was significantly lower in fish exposed to experimentally acidified environment compared to the respective control group. When Nile tilapia were exposed to acidified environment it was observed that there was no appreciable change in immunoglobulin levels (Dominguez et al., 2004), but the fish did react to changes in salinity and temperature. Machado et al. (2020) recorded a decrease in total immunoglobulin when Senegalese sole exposed to acidified seawater and in the present study decrease in total immunoglobulin was statistically significant (p< 0.05) in the fish fry which supports the previous study by Machado et al. (2020) and revealed that decrease in total immunoglobulin could be attributed to increasing acidification in the oceanic environment. The discrepancy in the results for fish fry and fingerlings could be attributed to the adaptability of different size groups to the acidified environment and subsequent stress.

Figure 1H illustrates how exposure to acidified environment affected the serum bactericidal activity in both fish fry and fingerlings. When the fry was exposed to pH 7.7 and pH 7.4 for 20 d, 40 d, and 60 d, the serum bactericidal activity drastically reduced. Similarly declines in bactericidal activity were observed in fingerling serum at both pH (7.7 and 7.4) after 20 and 40 d. However, fingerling exposed to pH 7.7 after 60 d did not exhibit any significant differences from the respective control group. The decrease in serum bactericidal activity at all exposure periods in both groups as compared to the respective control group can be used to explain why fish exposed to acidified environment developed less resistance to A. hydrophila.

Statistically significant (p< 0.05) associations were observed between parameters of the immune system in the blood components of fish (Figure 2). There were statistically significant correlations between leukocyte counts and other parameters studied in both fish fry and fingerlings. A significant positive correlation was found between the leukocytes (Monocytes and Lymphocytes) with most of the immune associated parameters in fish fingerlings and the same was negative correlated in fish fry. This discrepancy might due to the size variation or adaptation of the fingerling to the acidified environment needs to elucidate further.

This is the first comparison study of how the immune system in L. calcarifer modulated when two different size groups of fish are exposed to an acidified environment. In light of the findings of current study, we hypothesised that seawater acidification might have an impact on the structure and immune function of L. calcarifer leukocytes. Acidification exposure led to an excess of ROS, which was responsible for causing oxidative stress in the leukocytes, and at the same time, the acidified environment induced further accumulation of ROS by inhibiting the activity of the antioxidant system and these changes might result in immune system dysfunction, which could have negative effects including decreased disease resistance, growth impairment, and poorer survival rates. Furthermore it has been demonstrated that the increasing H+ level is just one of several stressors brought on by the CO2-induced acidification of seawater. In order to clarify the underlying processes, further study should concentrate on analysing the energy metabolism, oxidative stress and antioxidant defense of L. calcarifer subjected to acidified environment.
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