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ABSTRACT 

	This study aimed to document the nitroblue tetrazolium (NBT) assay and lysozyme activity in red tilapia (Oreochromis spp.) intraperitoneally infected with Streptococcus agalactiae at 106 (T2), 107 (T3), and 108 (T4) CFU/mL concentrations. The S. agalactiae infected groups showed no visible signs of infection after 10 days observation although a number of literatures have proven its pathogenicity and virulence to tilapia. The NBT assay showed higher absorbance unit (wavelength 655 nm) in tilapia groups challenged with the bacterium (T2 = 0.048±0.001; T3 = 0.050±0.001; T4 = T4 0.053±0.001) as compared to control (T1 = 0.045±0.001), although statistical comparison showed no significant difference. Meanwhile, the lysozyme activity (units per minute) showed higher results in fish injected with S. agalactiae (T2 = 10.333±0.654; T3 = 13.235±0.742; T4 = 13.259±0.986) as compared to control (T1 = 9.765±0.402) with significant difference when T3 and T4 were compared to T1. Results indicate that the cells of infected fish had an increased capacity for generating respiratory burst and lysozymes as protection against the introduced bacterium.
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1. INTRODUCTION 
The aquaculture industry has experienced yearly losses amounted to US$ 1.05 to US$ 9.58 billion due to morality often linked to different diseases (Shinn et al., 2015). These diseases can be caused by pathogenic organisms such as bacteria, viruses, parasites and fungi, or because of inadequate nutrition and poor environmental (Talpur & Ikhwanuddin, 2012; Dias et al., 2016).  Diseases in aquaculture are usually managed by chemotherapeutic means, but their effectiveness and ease of application can be limited and complicated (Malheiros et al., 2016).	Comment by Anna Tomańska: If that was linked often there should be more literature showing that. Shinn et al. linked it… 	Comment by Anna Tomańska: Are viruses pathogenic organisms? 
I can suggest to change it as viruses can be pathogens but not organisms. 	Comment by Anna Tomańska: As well as	Comment by Anna Tomańska: Delete complicated

The group B Streptococcus agalactiae is a Gram-positive pathogenic bacterium isolated in both tropical and temperate regions of the world, significantly impacting the health of both humans and animals (Brudeseth et al., 2013; Yao et al., 2019). In fish and other aquatic animals, the disease caused by S. agalactiae, known as streptococcosis, is transmitted via the horizontal route such as direct contact with infected animals or indirectly via infected water and surfaces. The bacterium penetrates the intestine, and eventually overcomes the innate and adaptive immunity of the host (Iregui et al., 2016). There are a number of factors that might increase the risk of S. agalactiae occurrence in aquaculture, including high stocking density, large-scale operation, elevated water temperature, high pH level, very low dissolved oxygen, and poor bottom soil condition (Reyes et al., 2021). Systemic infection caused by S. agalactiae primarily targets the brain, kidney and intestine of the fish that leads to cell death (Iregui et al., 2016; Caruso, 2016; Liu et al., 2016). Clinical signs of streptococcosis include pronounced weakness, dorsal rigidity, and erratic swimming, arising from damage to the central nervous system and systemic inflammatory response (Iregui et al., 2016). S. agalactia has been found resistant to vancomycin, penicillin, amoxicillin, and ampicillin, however it is sensitive to nalidixic acid, gentamicin, tetracycline, chloramphenicol, and oxolinic acid (Reyes et al., 2022).	Comment by Anna Tomańska: That sentence is too general not showing differential diagnosis based on organ pathological lesions	Comment by Anna Tomańska: S, agalactiae, there is missing letter e. 	Comment by Anna Tomańska: Does this sentence correspond to both animal and humans, please check it. Because maybe we only see one species perspective. I am not sure to what it corresponds – tilapia, all aquaculture, S. agalactiae in general… 

Non-specific immune indicators are essential for evaluating fish health and assessing immunomodulatory agents. Important markers include superoxide production by neutrophils (as measured by the nitroblue tetrazolium [NBT] assay), hemagglutination, hemolysin activity, bacterial agglutination titers, myeloperoxidase activity, and lysozyme activity (Sahoo et al., 2005).

The NBT assay, as pioneered in 1968 (Baehner & Nathan, 1968), is a diagnostic tool originally applied for patients with chronic granulomatous disease. The tool at present is widely used in cell biology for studying mammalian metabolic activity and even microbial cells (Berridge et al., 2005). This test measures the conversion of colorless, soluble NBT into insoluble, blue-grey formazan through the activation of NADPH oxidase in neutrophils. This conversion is equivalent to the production of reactive oxygen species (ROS) during the oxidative burst (Muniz-Junqueira & de PaulaCoelho, 2008). The NBT assay is commonly used because of its simplicity, cost-effectiveness, and ability to efficiently process several samples using microplate-based spectrophotometric analysis (Secombes, 1990).

Lysozyme has significant role in the innate immunity of fish by assisting in the elimination of pathogens through the complement system, a series of proteins and pathways, which has greater activity in fishes compared to mammals (Yano, 1992; Holland & Lambris, 2002). The levels of lysozyme production in fishes can vary considerably depending on species (Anderson & Siwicki (1995).

The purpose of this study was to document the NBT assay and lysozyme activity of red tilapia (Oreochromis spp.) intraperitoneally infected with S. agalactiae at varying concentrations.	Comment by Anna Tomańska: To evaluate, to analyze or other 

2. material and methods 

2.1 Stocking of Red Tilapia in Aquaria

Red tilapia (15 g body weight, 12 cm total length) were conditioned for several weeks in concrete tanks before transferred in four glass aquaria (60 x 30 x 38 cm) filled with tap water. Each aquarium was stocked with 20 pieces of red tilapia. 

2.2 Preparation of Streptococcus agalactiae

Pure culture of S. agalactiae was inoculated in Trypticase Soy Broth (TSB) and then placed in a shaker for 12 hours to obtain log phase growth. The inoculum was streaked in Trypticase Soy Agar (TSA) plate and was incubated for 18 to 24 hours. To confirm the identity of the bacterium, it was subjected to Gram-staining following the standard procedures. The bacterium in TSB was adjusted to 106, 107 and 108 CFU/mL concentrations using spectrophotometry.	Comment by Anna Tomańska: Have you used a published protocol? If yes, you should provide citation. 

2.3 Experimental Injection of Streptococcus agalactiae to Red Tilapia

The red tilapia were intraperitoneally injected with 0.5 mL of 0.85% NaCl solution (T1), and 0.5 mL of 106 (T2), 107 (T3), and T8 (T4) CFU/mL of S. agalactiae suspension. The water level of aquaria was reduced in halves after 4 days of the set-up. Moreover, clinical signs of infection, mortality, and morbidity were noted for the past 10 days. 

2.4 Nitroblue Tetrazolium (NBT) Assay

Blood was collected from representative fish after 10 days prior to experimental injection of the bacterium. The leukocytes of the fish (up to 6 x106 cells/mL) were prepared and placed into 96-well plate (175 µl/well); one leukocyte sample was divided in 3 replicates. The NBT (25 µl/well) was added and was incubated at 25 °C for 2 hours. All supernatant was carefully removed before adding 100% methanol (125 µl/well). After 5 minutes, each well was washed twice with 70% methanol (125 µl/well) then afterwards, all solution was removed carefully. The microtiter plate was allowed to dry in room temperature before 2N KOH (125 µl/well) and DMSO (150 µL/well) were added. The supernatant was removed in each well. Quantitative analysis of absorbance of each sample was made at 655 nm. 	Comment by Anna Tomańska: Please provide if ethical commission approval was obligatory. 

2.5 Lysozyme Activity

Fish blood sample (0.5 mL) was placed in microtube and was permitted to clot under room temperature for about 4 hours. The blood sample was centrifuged at around 10,000 rpm for 5 minutes. The clear serum was aspirated from the top and stored at -20 °C.  For the analysis of lysozyme activity, serum (25 µL) was added to a 96-well microtiter plate, with 2 samples each, then a bacterial solution of Micrococcus lysodeikticus (100 µL) at a concentration of 3 mg/mL was added. The suspension was mixed well. The lysozyme's activity (units per minute) was measured by the reduced bacterial cells in every minute at a wavelength of 450 nm using a microplate reader. One unit of lysozyme activity is defined as a reduction of 0.001 in the solution's turbidity within 1 minute.

3. results and discussion

3.1 Clinical Signs of Infection

In this current research, no evident signs of infection were found in red tilapia groups that received injections of 106, 107, and 108 CFU/mL of S. agalactiae. This may be due to the loss of virulence of the isolate or the lower temperature during the experiment. According to Evans et al. (2002), S. agalactiae possesses genes responsible for hemolysis and adhesion, and formation of capsule, which are responsible for its pathogenicity and virulence. The loss of virulence in pathogenic bacteria is often linked to genetic mutations, horizontal gene transfer, evolutionary trade-offs, immune pressure, environmental changes, metabolic costs, and disruption of quorum sensing. Reyes et al. (2021) indicate that temperatures exceeding 33°C are considered a risk factor for the occurrence of streptococcosis in farmed Nile tilapia. Numerous studies have already demonstrated the ability of S. agalactiae to induce disease in aquatic organisms. Reyes et al. (2021) reported that Nile tilapia experimentally injected with S. agalactiae after 1-day post-inoculation (PI) showed clinical signs of infection such as scales’ removal, exophthalmia, and body discoloration. These findings align with those of Evans et al. (2002), who observed the onset of clinical signs within 24 hours PI. Postmortem examination of dead fish revealed liquified internal organs, increased size of spleen and liver, and hemorrhages in the liver and brain tissues (Reyes et al., 2021), which were similarly documented in a study of Rodkhum et al. (2011). In the same study of Rodkhum et al. (2011), they further observed a 100% mortality rate in S. agalactiae-infected tilapia 2-day P1 at a dose of 108 CFU/mL, increasing to 40% by the 7-day PI. Comparatively, Evans et al. (2002) reported a 30% mortality rate within 24 hours PI using a dose of 1.1 x 105 CFU/mL. Other studies have documented mortality rates of 48% (9 x 108 CFU/mL) and 90% (1.5 x 108 CFU/mL) after 7-day PI (Pretto-Giordano et al., 2010).	Comment by Anna Tomańska: You could provide what method did you use to conduct these evidences. Was it postmortem dissection study? You should also provide how it was conducted. 

3.2 Nitroblue Tetrazolium (NBT) Assay

The experimentally infected red tilapia (T2, T3, T4) showed higher NBT values compared to control (T1). This indicates that the cells of infected fish had an increased capacity for generating a respiratory burst and subsequently ROS. The respiratory burst, also known as an oxidative burst, is a rapid and transient increase in the production of ROS by immune cells, such as neutrophils and macrophages, in response to microbial infection or other stimuli (Dalmo et al., 1997; (Neumann et al., 2001; Rieger & Barreda, 2011). This process enhances the cells’ ability to kill and degrade invading microbes during phagocytosis (Johnston, 1978). During respiratory burst, the enzyme NADPH oxidase becomes activated and transfers electrons to oxygen molecules, producing superoxide anions. These anions are further converted into other ROS, such as hydrogen peroxide and hydroxyl radicals which are toxic to invading microbes, aiding to their destruction. The products of NBT reduction reactions serve as a reliable indicator of fish health status or the efficacy of immunization (Anderson et al., 1992).  In comparison to other techniques like chemiluminescence, NBT assay is considered less sensitive because it only detects intracellular oxygen activity (DeChatelet et al., 1982). Nevertheless, the NBT reduction assay has its advantages. It can be conducted in microplates, enabling the analysis of up to 96 samples simultaneously while providing both qualitative and quantitative results. Additionally, the quantification of superoxide anion production can be performed through spectrophotometric analysis of solubilized formazan deposits. This method is fast, simple, and cost-effective, as it does not require a luminometer or scintillation counter. Furthermore, there is no need to separate cells from plasma, which reduces handling steps that could potentially affect hemocyte functionality (Secombes, 1990).

In polymorphonuclear leukocytes, the NBT reduction happens at the cell membrane, as assisted by membrane-bound oxidase (Baehner, 1975; Briggs et al., 1975). In bacteria, the enzymes responsible for electron transport and oxidative phosphorylation are also membrane-associated. Since NBT competes with oxygen for hydrogen ions from NADPH or NADH, the reaction may require membrane disruption by NBT, as bacterial membranes are generally considered impermeable to this compound (Baehner, 1975; Briggs et al., 1975).

Sahoo et al. (2005) demonstrated that phagocytic cells in Indian major carp (Catla catla) and rohu (Labeo rohita) produced significant higher levels of ROS, as measured by the NBT assay, compared to white carp (Cirrhinus mrigala). In Japanese carp (Puntius gonionotus), Shariff et al. (2001) observed elevated NBT activity, reaching 0.746, following an injection of Aeromonas hydrophila. Similarly, small-scaled pacu (Piaractus mesopotamicus) infected with A. hydrophila showed an increased respiratory burst activity (Garcia et al., 2007; Biller-Takahashi et al., 2013). Meanwhile, Nile tilapia dietary-supplemented with Spirulina and challenged with A. hydrohila showed an enhanced superoxide anion production as compared to control diet (Abdel-Tawwab, 2008). In another study, NBT values showed a significant increase in vaccinated tilapia compared to the unvaccinated group during all periods, except for one-week post-vaccination (Aly et al., 2015). The reduction of NBT in the kidney phagocytes of red sea bream (Pagrus major) was significantly higher than that of the control group at 60 and 90 minutes after introducing live Nocardia seriolae. This indicates that the kidney phagocytes of red sea bream produced superoxide in response to N. seriolae (Itano et al., 2006). Roy et al. (2019) reported a significantly higher number of NBT-positive cells in the blood cytoplasm of L. rohita following infection, compared to sham-operated control fish. This finding suggests that pathogenic bacterial infection greatly enhances both phagocytic activity and respiratory burst in neutrophils as part of the innate immune response (MacArthur & Fletcher, 1985). The release of ROS from the phagocytic cells of infected L. rohita also increased the activity of antioxidative stress enzymes (Roy et al., 2019). The bacterial challenge significantly enhanced phagocytosis in the blood, a critical process for combating infectious diseases. Phagocytosis involves the internalization, killing, and digestion of invading microorganisms by immune cells. During this process, phagocytes generate free radicals through respiratory burst, which are toxic to pathogens. Moreover, several studies have shown that oral administration of probiotics can enhance phagocytosis (Rengpipat et al., 2000; Li & Gatlin, 2004; Panigrahi et al., 2005).

Abu-Zahra et al. (2024) showed that ascorbic acid (AA) alone or combined with oxytetracycline (OTC) enhanced the immunity of Nile tilapia (O. niloticus) through increasing the levels of total protein, globulin, beta 1%, gamma %, IgM, and NBT. This result was in agreement with the earlier studies showing that dietary AA enhances fish immunity (Hardie et al., 1991; Moradi et al., 2022). Other works revealed that OTC suppresses immune responses, including antibody production, total leucocyte count, and phagocytic activities in common carp (Cyprinus carpio) and Nile tilapia (O. niloticus) (Kasagala & Pathiratne, 2008; Reda et al., 2013, 2016). Similarly, Siwicki et al. (1989) observed a reduced NBT activity and phagocytosis in rainbow trout (Oncorhynchus mykiss) spleen phagocytes following an intraperitoneal injection of OTC (10 mg/kg). Nutritional intervention also enhanced NBT activity and innate immune responsiveness among fish. For instance, cinnamon nanoparticle supplementation enhanced NBT activity in Nile tilapia (Abdel-Tawwab et al., 2018). The same species fed with 1% thyme (Thymus vulgaris) showed an elevated white blood cell counts and a higher percentage of NBT-positive cells (Hassan et al., 2018). Increased NBT activity was also observed in fish treated with peppermint (Mentha piperita) (Harikrishnan et al., 2010a; Harikrishnan et al., 2010b). Dietary treatments containing 1%, 2%, and 3% M. piperita enhanced the respiratory burst of black sea roach (Rutilus frisii kutum) (Adel et al., 2015). In Nile tilapia, feeding on a diet containing 1% pink mempat (Cratoxylum formosum) improved respiratory burst and phagocytic activity following S. agalactiae infection, demonstrating its potential for preventing such infections (Rattanachaikunsopon & Phumkhachorn, 2010). Billen et al. (2013) observed that the methanolic extract of tetra (Cotinus coggygria) significantly increased NBT activity in koi carp (C. carpio) infected with Vibrio anguillarum. An increase in the NBT activity was also recorded in rainbow trout fed with EF203 by Sakai et al. (1995), and in Indian prawn (Fenneropenaeus indicus) fed with marine yeasts (Debaryomyces hansenii) and Candida tropicalis (Sarlin & Philip, 2011). Further support was given by the following studies representing the immunostimulatory effects of dietary supplements on NBT values. For example, Dina Rairakhwada et al. (2007) reported higher NBT values for fish fed with levan compared to control. Sakai et al. (2001) demonstrated an increased NBT values for common carp (C. carpio) fed with dietary nucleotides derived from yeast RNA. Finally, the highest recorded NBT optical density was 0.08 at 630 nm for giant tiger prawn (Penaeus monodon) fed with 0.2% β-glucan (Chang-Fang et al., 2003).

The NBT reduction activity in animals can be affected by several factors such as their physiological and immune states among others. According to several authors, the reasons for variability in NBT reduction rates between bacterial species and strains may be related to differences in cell wall structures that influence the accessibility or penetration of NBT to the cell membrane, rather than to differences in the oxidative metabolism of the strains (Fromtling & Abruzzo, 1985; Morvan et al., 1994). The reduction of NBT happens in all phases but was highest during the early logarithmic phase of bacteria (Urban & Jarstrand, 1979).
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Fig. 1. The result of NBT assay of red tilapia intraperitoneally injected with Streptococcus agalactiae (T1 = control; 0.85% NaCl solution); T2 = 106 CFU/mL S. agalactiae; T3 = 107 CFU/mL S. agalactiae; T4 = 108 CFU/mL S. agalactiae); different superscript statistically significant at P < 0.05).

Lysozyme Activity
The first line of defense in fish against infectious diseases is represented by peptides like lysozymes, antibodies, complement proteins, and other lipid factors that inhibit adhesion and colonization of microorganisms (Jha et al., 2007). Lysozyme secretions, similar to neutrophils, monocytes and macrophages present in marine and freshwater fish species have been shown to lyse cells by acting on the peptidoglycan layer of bacterial cell walls (Lie et al., 1989; Saurabh & Sahoo, 2008; Abreu et al., 2009). The levels of lysozyme vary depending on the tissue type analyzed in fish (Tort et al., 2003), with renal tissue showing higher concentrations of the enzyme due to its abundance of leukocytes (Lie et al., 1989; Balfry & Iwama, 2004).

In the current study, red tilapia exposed to S. agalactiae (particularly groups T3 and T4) exhibited an increased blood lysozyme production, a natural response aimed at defending against the introduced bacterium. Tort et al. (2003) found that high lysozyme concentrations are involved in the natural defenses of fish. The serum lysozyme of fish is believed to be derived from leukocytes (Lie et a1, 1989) and has been demonstrated to increase with both the leukocyte count (Fletcher, 1973) and the antibody titer (Valdimrov, 1968). The increased lysozyme activity in infected fish was consistent with Xie et al. (2008), Jiang and Wu (2002), and Bilen et al. (2011).

The study by Van Doan et al. (2020) found that berberine-supplemented diets significantly increased Nile tilapia skin mucus lysozyme activity, possibly mediated by the immunomodulatory effects of berberine. As for the mucosal immune system in aquatic animals, it has been established that herbal plants can exert positive effects on gut as well as skin and gill-associated lymphoid tissue (Caipang, 2015; Martin & Krol, 2017; Vallejos-Vidal et al., 2016). Aly et al. (2024) and Dorucu et al. (2009) also observed that black cumin (Nigella sativa), an herbal immunostimulant, boosts fish immunity by increasing lysozyme activity and serum bactericidal activity. Maqsood et al. (2009) showed that dietary supplementation of levamisole to fingerlings of common carp (C. carpio) significantly increases lysozyme activity, and it was also confirmed by Gopalakannan and Venkatesan (2006) that the levels of lysozyme were higher in fish fed with levamisole compared to control. Similarly, ß-glucans administration has been shown to increase the lysozyme activity in Atlantic salmon (Salmo salar) and turbot (Scophthalmus maximus) (Engstad et al., 1997; Jorgensen et al., 1993). The association of bacterial resistance in fish with an increase in serum lysozyme level along with an improvement in the phagocytic and bactericidal activities of head kidney leukocytes was reported by Robertsen et al. (1994). A higher activity of lysozyme was recorded among goldfish (Carassius auratus), infested with Argulus parasites than among healthy, uninfected fish. Similar trends have been reported among fish infected with the parasites Ceratomyxa shasta (Foott et al., 2004) and Sphaerospora dicentrarchi (Munoz et al., 2000). In Nile tilapia, feeding a diet containing 1% aqueous extract of pink mempat (C. formosum) enhanced lysozyme activity, especially after infection with S. agalactiae (Rattanachaikunsopon & Phumkhachorn, 2010). In rainbow trout (O. mykiss), infected fish had significantly higher mucus lysozyme activities than the control at all post-infection intervals (Fast et al., 2002). Mucus enzymes and proteins such as lysozyme possess bactericidal properties, thus underscoring its role in immune defense in fish (Dalmo et al., 1997).
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Fig. 2. The result of lysozyme activity of red tilapia intraperitoneally injected with Streptococcus agalactiae (T1 = control; 0.85% NaCl solution); T2 = 106 CFU/mL S. agalactiae; T3 = 107 CFU/mL S. agalactiae; T4 = CFU/mL 108 S. agalactiae); different superscript statistically significant at P < 0.05).

4. Conclusion

The experimental results suggest that S. agalactiae infection in red tilapia elicited a detectable immune response without causing visible clinical signs, morbidity, or mortality over a 10-day observation period. The NBT assay showed an increase in oxidative burst activity with higher bacterial concentrations, although the differences were not statistically significant among treatments. Meanwhile, lysozyme activity was significantly elevated in fish exposed to higher concentrations of S. agalactiae (T3 and T4) compared to the control (T1) and lower exposure group (T2), indicating an enhanced innate immune response. These findings demonstrate that red tilapia can mount an immune defense against S. agalactiae without succumbing to severe infection under the conditions of the study.
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