
Original Research Article

Nitroblue Tetrazolium (NBT) Assay and Lysozyme Activity of Red Tilapia (Oreochromis spp.) Challenged with Streptococcus agalactiae 








ABSTRACT 

	Aquaculture production is increasingly constrained by bacterial diseases, among which Streptococcus agalactiae is an important pathogen causing streptococcosis in tilapia. Assessment of respiratory burst and lysozyme activity provides useful insight into the innate immune response of red tilapia (Oreochromis spp.) following bacterial challenge. This study evaluated respiratory burst activity, measured using the nitroblue tetrazolium (NBT) assay, and serum lysozyme activity in red tilapia (Oreochromis spp.) experimentally challenged with Streptococcus agalactiae. Fish were assigned to a saline-injected control (T1) or intraperitoneally challenged with 10⁶ (T2), 10⁷ (T3), or 10⁸ (T4) CFU/mL. Clinical signs were monitored for 10 days, after which NBT absorbance at 655 nm and lysozyme activity were determined. No visible clinical signs, morbidity, or mortality were observed in the challenged groups during the observation period. Mean NBT absorbance was 0.045 ± 0.001 in T1, 0.048 ± 0.001 in T2, 0.050 ± 0.001 in T3, and 0.053 ± 0.001 in T4. Although values increased with bacterial concentration, differences among treatments were not statistically significant. Mean lysozyme activity was 9.765 ± 0.402 units/min in T1, 10.333 ± 0.654 in T2, 13.235 ± 0.742 in T3, and 13.259 ± 0.986 in T4. Lysozyme activity was significantly higher in T3 and T4 than in T1. Under the conditions of this study, red tilapia displayed measurable innate immune activation following S. agalactiae challenge despite the absence of overt clinical disease. The findings indicate that NBT reduction and lysozyme activity can provide complementary information on the early cellular and humoral immune responses of red tilapia to experimental streptococcal exposure.
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1. INTRODUCTION
 
Aquaculture is one of the fastest-growing food production sectors worldwide and plays a crucial role in ensuring global food security, nutrition, and livelihoods (Food and Agriculture Organization of the United Nations, 2024). However, the sustainability and profitability of aquaculture are continually threatened by infectious diseases, which remain among the leading causes of production losses. It has been estimated that disease outbreaks account for annual economic losses ranging from US$1.05 to US$9.58 billion globally (Shinn et al., 2015). These diseases may result from infections caused by bacteria, viruses, fungi, and parasites, or from non-infectious factors such as poor nutrition, inadequate husbandry practices, and unfavourable environmental conditions that compromise fish health and immune competence (Talpur & Ikhwanuddin, 2012; Makrinos & Bowden, 2016). Although chemotherapeutic agents and antibiotics have been widely used to control disease outbreaks, their effectiveness is often limited by the emergence of antimicrobial resistance, drug residues in aquatic products, environmental contamination, and increasing regulatory restrictions on antibiotic use (Cabello, 2006; Malheiros et al., 2016; World Health Organization, 2023). Consequently, increasing emphasis is being placed on understanding the immune responses of cultured fish to infectious agents as a basis for developing sustainable disease prevention and management strategies.

Among bacterial pathogens affecting aquaculture, Streptococcus agalactiae (Group B Streptococcus) is one of the most economically important Gram-positive bacteria infecting freshwater and marine fish species. The pathogen has been isolated from both tropical and temperate regions and poses a significant threat to aquaculture as well as animal and human health because of its zoonotic potential (Brudeseth et al., 2013; Yao et al., 2019). In tilapia culture, S. agalactiae is the primary causative agent of streptococcosis, a disease characterised by acute septicaemia and meningoencephalitis that can result in severe mortality during outbreaks. Transmission occurs primarily through horizontal routes via direct contact with infected fish or exposure to contaminated water and culture facilities. Following entry into the host, the bacterium colonises the intestine, invades the bloodstream, and disseminates to various organs while evading both innate and adaptive immune defences (Iregui et al., 2016). Disease outbreaks are frequently associated with intensive production systems, where environmental stressors such as elevated water temperature, high stocking density, poor water quality, low dissolved oxygen, elevated pH, and deteriorated pond bottom conditions increase fish susceptibility to infection (Reyes et al., 2021). Recent evidence further indicates that immune responses to S. agalactiae can vary with bacterial serotype and host resistance phenotype, supporting direct evaluation of host responses under defined challenge conditions (Appel et al., 2025; Zhang et al., 2024).

Systemic infection caused by S. agalactiae primarily affects the brain, kidney, spleen, and intestine, resulting in tissue damage, inflammation, and cellular degeneration (Iregui et al., 2016; Caruso, 2016; Liu et al., 2016). Infected fish commonly exhibit anorexia, lethargy, melanosis, exophthalmia, corneal opacity, erratic or spiral swimming, loss of equilibrium, and increased mortality resulting from neurological impairment and systemic inflammatory responses (Iregui et al., 2016). The emergence of antibiotic-resistant strains further complicates disease control. Previous studies have reported resistance of S. agalactiae isolates to vancomycin, penicillin, amoxicillin, and ampicillin, while susceptibility has been observed to nalidixic acid, gentamicin, tetracycline, chloramphenicol, and oxolinic acid (Reyes et al., 2022). These findings emphasise the need for alternative approaches to disease management, including the development of vaccines, immunostimulants, and immune-monitoring tools that facilitate early detection of host responses to infection.

Evaluation of the innate immune response provides valuable information on the health status and disease resistance of cultured fish because innate immunity serves as the first line of defence against invading pathogens. Unlike adaptive immunity, innate immune responses are activated immediately after pathogen invasion and involve cellular and humoral defence mechanisms that limit pathogen proliferation (Ellis, 1999). Common non-specific immune indicators include respiratory burst activity of phagocytic cells, lysozyme activity, complement activity, myeloperoxidase activity, haemagglutination, haemolysin activity, and bacterial agglutination titres (Sahoo et al., 2005). These immunological parameters have been widely employed to evaluate host immune competence, disease progression, and the effectiveness of vaccines and immunostimulatory compounds in fish. Recent studies have also used respiratory burst and lysozyme measurements as complementary indicators of infection-related and immunostimulant-associated changes in fish innate immunity (Gutte & Nalle, 2026; Monisha et al., 2025).

Among these biomarkers, the Nitroblue Tetrazolium (NBT) assay is one of the most widely used methods for assessing the respiratory burst activity of phagocytic cells. Initially introduced by Baehner and Nathan (1968) for diagnosing chronic granulomatous disease in humans, the assay has since become an important technique in immunological and cell biology studies involving both mammals and aquatic organisms (Berridge et al., 2005). The assay quantifies the reduction of the yellow, soluble NBT dye into insoluble blue formazan crystals through activation of NADPH oxidase during the oxidative burst of neutrophils and macrophages. This reaction reflects the generation of reactive oxygen species (ROS), which are essential for intracellular killing of invading pathogens (Muñiz-Junqueira & de Paula-Coelho, 2008). Because the assay is simple, rapid, inexpensive, and suitable for high-throughput spectrophotometric analysis, it has become a standard indicator of phagocytic activity in fish immunology (Secombes, 1990).

Another important indicator of innate immunity is lysozyme, an antimicrobial enzyme capable of hydrolysing the peptidoglycan layer of bacterial cell walls, thereby inhibiting bacterial growth and facilitating pathogen elimination. In fish, lysozyme also interacts with the complement system and enhances phagocytic activity, making it an important component of non-specific immune defence (Yano, 1992; Holland & Lambris, 2002). Lysozyme activity has been extensively used as a biomarker of immune status because its production changes rapidly in response to pathogen exposure, stress, vaccination, and immunostimulant administration. However, lysozyme responses may vary considerably among fish species and according to the intensity and duration of infection (Anderson & Siwicki, 1995). A recent vaccination study in Nile tilapia likewise included lysozyme among the innate immune indicators used to evaluate responses to S. agalactiae immunisation and challenge (Guha et al., 2025).

Although several studies have described the pathology and epidemiology of streptococcosis in tilapia, information regarding the innate immune responses of red tilapia following exposure to different concentrations of S. agalactiae remains limited. Characterising changes in respiratory burst activity and lysozyme production following experimental infection can provide valuable insights into host-pathogen interactions and contribute to the development of improved disease management strategies for tilapia aquaculture.

Therefore, this study evaluated the NBT assay response and lysozyme activity of red tilapia (Oreochromis spp.) experimentally challenged by intraperitoneal injection with varying concentrations of Streptococcus agalactiae. The findings of this study are expected to enhance understanding of innate immune responses during streptococcal infection and provide baseline information for future studies on disease diagnosis, vaccine evaluation, and immunological assessment in tilapia.

2. MATERIAL AND METHODS
2.1 Experimental Layout

A completely randomised design (CRD) consisting of four treatment groups was employed in the study. Preconditioned red tilapia were randomly assigned to the following treatments:

Table 1. Experimental design and treatment allocation for red tilapia challenged with Streptococcus agalactiae.
	Treatment
	Injection
	Description

	T1 (Control)
	0.5 mL of 0.85% NaCl solution
	Negative control

	T2
	0.5 mL of Streptococcus agalactiae suspension (1 × 106 CFU/mL)
	Low bacterial challenge

	T3
	0.5 mL of Streptococcus agalactiae suspension (1 × 107 CFU/mL)
	Moderate bacterial challenge

	T4
	0.5 mL of Streptococcus agalactiae suspension (1 × 108 CFU/mL)
	High bacterial challenge


Each treatment was replicated three times and consisted of 20 red tilapia maintained in a glass aquarium (60 × 30 × 38 cm). The bacterial suspensions and control solution were administered via intraperitoneal injection. Four days after the bacterial challenge, the water level in each aquarium was reduced by approximately 50% and maintained until the completion of the 10-day observation period. Water quality parameters were not monitored throughout the experiment. During the experimental period, the fish were provided with a maintenance ration equivalent to approximately 1% of their body weight per day.

2.2 Preparation of Streptococcus agalactiae

A pure culture of S. agalactiae, previously isolated from fish, was inoculated into Trypticase Soy Broth (TSB) and placed in a shaker for 12 hours to obtain log-phase growth. The inoculum was streaked onto a Trypticase Soy Agar (TSA) plate and incubated for 18 to 24 hours. To confirm the identity of the bacterium, it was subjected to Gram staining following standard procedures. The bacterial suspension in TSB was adjusted to concentrations of 106, 107, and 108 CFU/mL using spectrophotometry (Reyes et al., 2021, 2022).

2.3 Experimental Injection of Streptococcus agalactiae into Red Tilapia

The S. agalactiae isolate used in this study had a median lethal dose (LD50) of 5.4 × 106 CFU/mL for red tilapia, as previously determined by the author. Red tilapia were intraperitoneally injected with 0.5 mL of 0.85% NaCl solution (T1) or 0.5 mL of S. agalactiae suspension at 106 (T2), 107 (T3), and 108 (T4) CFU/mL.

2.4 Observation of Clinical Signs Following Infection

The fish were monitored daily for 10 days following bacterial challenge to assess the progression of infection. Clinical signs associated with S. agalactiae infection, including lethargy, reduced feed intake, erratic or spiral swimming, loss of equilibrium, darkened body colouration, exophthalmia (pop-eye), corneal opacity, skin haemorrhages, fin erosion, abdominal distension, and/or ulcerative lesions, were carefully observed and recorded.

2.5 Nitroblue Tetrazolium (NBT) Assay

Blood was collected from representative fish in each replicate after 10 days prior to experimental injection of the bacterium. Fish leukocytes (up to 6 × 106 cells/mL) were prepared and placed in a 96-well plate (175 µL/well); each leukocyte sample was analysed in triplicate. NBT (25 µL/well) was added, and the plate was incubated at 25 °C for 2 hours. The supernatant was carefully removed before 100% methanol (125 µL/well) was added. After 5 minutes, each well was washed twice with 70% methanol (125 µL/well), after which all solution was carefully removed. The microtitre plate was allowed to dry at room temperature before 2 N KOH (125 µL/well) and DMSO (150 µL/well) were added. The supernatant was removed from each well. The absorbance of each sample was quantified at 655 nm.

2.6 Lysozyme Activity

A fish blood sample (0.5 mL) from representative fish in each replicate was placed in a microtube and allowed to clot at room temperature for approximately 4 hours. The blood sample was centrifuged at approximately 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 in duplicate to a 96-well microtitre plate, after which a bacterial suspension of Micrococcus lysodeikticus (100 µL) at a concentration of 3 mg/mL was added. The suspension was mixed thoroughly. Lysozyme activity (units per minute) was measured as the reduction in bacterial-cell turbidity per minute at a wavelength of 450 nm using a microplate reader. One unit of lysozyme activity was defined as a reduction of 0.001 in the turbidity of the suspension within 1 minute.

2.7 Statistical Analysis

Data obtained from the NBT assay and lysozyme activity were expressed as the mean ± standard deviation (SD). Prior to statistical analysis, the data were examined for normality using the Shapiro–Wilk test and for homogeneity of variances using Levene's test. Differences among treatment means were analysed using one-way analysis of variance (ANOVA). When significant differences were detected (P < 0.05), Tukey's honestly significant difference (HSD) test was performed for pairwise comparisons of treatment means. Statistical analyses were conducted using IBM SPSS Statistics version 29.0 (IBM Corp., Armonk, NY, USA), and differences were considered statistically significant at P < 0.05.

3. RESULTS AND DISCUSSION

3.1 Clinical Signs of Infection

In the present study, no evident clinical signs of infection were observed in red tilapia groups that received injections of 106, 107, and 108 CFU/mL of S. agalactiae. This may have been due to a loss of virulence in the isolate or the lower temperature during the experiment. Differences in disease manifestation following S. agalactiae challenge may also depend on bacterial strain characteristics, host condition, environmental factors, and dietary status. Recent investigations in red tilapia have demonstrated that nutritional interventions can influence resistance to S. agalactiae-associated disease (Karaket et al., 2025). In addition, differences in disease manifestation following S. agalactiae challenge may be associated with variations in bacterial virulence traits, including adhesion, haemolysis, host invasion capacity, and survival mechanisms within the host (Ma et al., 2026). Similar observations have been reported in Nile tilapia, in which dietary interventions enhanced innate immune indicators, including NBT activity and antioxidant responses (Abd Allah et al., 2025). According to Evans et al. (2002), S. agalactiae possesses genes responsible for haemolysis, adhesion, and capsule formation, which contribute to 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) indicated that temperatures exceeding 33 °C are considered a risk factor for the occurrence of streptococcosis in farmed Nile tilapia. Numerous studies have demonstrated the ability of S. agalactiae to induce disease in aquatic organisms. Recent studies on red tilapia have also emphasised the importance of preventive strategies against S. agalactiae infection, including vaccination approaches that enhance immune protection and disease resistance (Ridzuan et al., 2025). Reyes et al. (2021) reported that Nile tilapia experimentally injected with S. agalactiae showed clinical signs of infection, such as scale loss, exophthalmia, and body discolouration, at 1 day post-inoculation (PI). These findings align with those of Evans et al. (2002), who observed the onset of clinical signs within 24 hours PI. Post-mortem examination of dead fish revealed liquefied internal organs, enlargement of the spleen and liver, and haemorrhages in the liver and brain tissues (Reyes et al., 2021), which were similarly documented by Rodkhum et al. (2011). In the same study, Rodkhum et al. (2011) further observed a 100% mortality rate in S. agalactiae-infected tilapia at 2 days PI at a dose of 108 CFU/mL, increasing to 40% by 7 days PI. By comparison, Evans et al. (2002) reported a 30% mortality rate within 24 hours PI using a dose of 1.1 × 105 CFU/mL. Other studies have documented mortality rates of 48% (9 × 108 CFU/mL) and 90% (1.5 × 108 CFU/mL) after 7 days PI (Pretto-Giordano et al., 2010).

3.2 Nitroblue Tetrazolium (NBT) Assay

The experimentally challenged red tilapia (T2, T3, and T4) exhibited higher NBT values than the control group (T1), indicating enhanced respiratory burst activity and increased production of reactive oxygen species (ROS) by phagocytic cells. This response reflects the activation of innate immune defences following bacterial challenge and represents one of the earliest cellular responses against invading pathogens. The respiratory burst, also known as the oxidative burst, is characterised by a rapid increase in ROS production by neutrophils, macrophages, and other professional phagocytes following microbial stimulation (Dalmo et al., 1997; Neumann et al., 2001; Rieger & Barreda, 2011; Uribe et al., 2011; Esteban, 2023). These ROS play a crucial role in intracellular killing and degradation of microorganisms during phagocytosis by damaging bacterial membranes, proteins, and nucleic acids (Johnston et al., 1978; Magnadóttir, 2006). During this process, NADPH oxidase transfers electrons to molecular oxygen, producing superoxide anions that are subsequently converted into hydrogen peroxide, hydroxyl radicals, and other reactive intermediates with potent antimicrobial activity (Esteban, 2023). Consequently, the reduction of Nitroblue Tetrazolium (NBT) to insoluble formazan remains a reliable indicator of respiratory burst activity and innate immune competence in fish (Anderson et al., 1992; Uribe et al., 2011).

Compared with chemiluminescence assays, the NBT assay is less sensitive because it primarily detects intracellular ROS production (DeChatelet et al., 1982). Nevertheless, the method remains widely used because it is simple, rapid, inexpensive, and suitable for high-throughput microplate analysis. The assay permits the simultaneous evaluation of numerous samples while providing both qualitative and quantitative measurements through spectrophotometric determination of solubilised formazan crystals (Secombes, 1990). These practical advantages continue to make the NBT assay one of the standard techniques for evaluating phagocytic activity and innate immune responses in fish immunological studies (Esteban, 2023).

In polymorphonuclear leukocytes, NBT reduction occurs at the plasma membrane through the action of membrane-bound NADPH oxidase (Baehner, 1975; Briggs et al., 1975). Similar membrane-associated electron transport systems occur in bacteria, where oxidative phosphorylation enzymes are localised within the cytoplasmic membrane. Because NBT competes with oxygen for electrons derived from NADPH or NADH, membrane permeability influences the reduction reaction (Baehner, 1975; Briggs et al., 1975). The activation of membrane-bound oxidase during bacterial infection ultimately increases ROS production, thereby enhancing microbial killing (Uribe et al., 2011; Esteban, 2023).

The increased respiratory burst activity observed in the present study agrees with previous investigations demonstrating enhanced NBT activity following bacterial infection in teleost fish. Sahoo et al. (2005) reported elevated ROS production in phagocytes of Indian major carps, while Shariff et al. (2001), Garcia et al. (2007), Biller-Takahashi et al. (2013), Abdel-Tawwab et al. (2008), Aly et al. (2015), Hardie et al. (1996), and Roy et al. (2019) likewise documented increased respiratory burst following bacterial challenge or vaccination. Similar responses have been recognised as characteristic features of innate immune activation during streptococcal infection in tilapia, where phagocyte activation and oxidative burst constitute essential mechanisms for limiting bacterial proliferation (Amal & Zamri-Saad, 2011). These findings further support the present results, demonstrating that experimental infection with S. agalactiae stimulates ROS production in red tilapia.

The increase in NBT activity observed after bacterial challenge also reflects enhanced phagocytic function. During phagocytosis, leukocytes internalise invading microorganisms and generate ROS through the respiratory burst to destroy engulfed pathogens (MacArthur & Fletcher, 1985). The increased oxidative metabolism reported in infected Labeo rohita by Roy et al. (2019) similarly corresponded with elevated antioxidant enzyme activity, indicating coordinated regulation of oxidative stress and host defence. Recent reviews likewise emphasise that respiratory burst remains one of the most reliable biomarkers of innate immune activation and disease resistance in teleost fish (Uribe et al., 2011; Esteban, 2023; Magnadóttir, 2006).

Numerous studies have demonstrated that nutritional immunostimulants enhance respiratory burst activity in fish. Abu-Zahra et al. (2024) reported that dietary supplementation with ascorbic acid alone or in combination with oxytetracycline significantly increased NBT activity in Nile tilapia. Similar improvements in respiratory burst have been reported following supplementation with Spirulina, cinnamon nanoparticles, thyme, peppermint, pink mempat, β-glucans, probiotics, nucleotides, marine yeasts, and plant-derived immunostimulants (Abdel-Tawwab et al., 2018; Hassan et al., 2018; Harikrishnan et al., 2010a, 2010b; Adel et al., 2015; Rattanachaikunsopon & Phumkhachorn, 2010; Bilen et al., 2013; Sakai et al., 1995, 2001; Chang et al., 2003). More recently, comprehensive reviews have confirmed that phytogenic feed additives, probiotics, prebiotics, and β-glucans consistently enhance respiratory burst activity, phagocytosis, and resistance against bacterial diseases in cultured fish (Dawood et al., 2018). These observations support the concept that enhancement of NBT activity represents an effective indicator of improved innate immune responsiveness.

The NBT reduction assay may also be influenced by physiological condition, immune status, pathogen virulence, and bacterial cell-wall characteristics. Earlier studies suggested that interspecific differences in NBT reduction are largely attributable to differences in bacterial cell-wall architecture affecting NBT penetration rather than intrinsic oxidative metabolism (Fromtling & Abruzzo, 1985; Morvan et al., 1994). Likewise, bacterial growth phase influences NBT reduction, with the highest activity generally occurring during the early logarithmic phase (Urban & Järstrand, 1979). Despite these variables, respiratory burst activity measured by the NBT assay remains one of the most informative and widely accepted biomarkers for evaluating innate immune activation in fish following bacterial infection (Uribe et al., 2011; Esteban, 2023).
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Fig. 1. The results 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); the same superscript not statistically significant at P > 0.05).

Lysozyme Activity

The first line of defence in fish against infectious diseases is represented by antimicrobial peptides, lysozymes, antibodies, complement proteins, and other humoral factors that inhibit the adhesion, colonisation, and proliferation of invading microorganisms (Jha et al., 2007; Uribe et al., 2011; Esteban, 2023). Lysozyme, together with neutrophils, monocytes, and macrophages present in marine and freshwater fish species, contributes to innate immunity by hydrolysing the peptidoglycan layer of bacterial cell walls, thereby promoting bacterial lysis and facilitating phagocytosis (Lie et al., 1989; Saurabh & Sahoo, 2008; Abreu et al., 2009; Esteban, 2023). In addition to its direct bacteriolytic activity, lysozyme acts synergistically with the complement system and other innate immune components to enhance pathogen clearance (Uribe et al., 2011; Esteban, 2023). Lysozyme levels vary depending on the tissue analysed in fish (Tort et al., 2003), with renal tissue exhibiting relatively higher concentrations because of its abundance of leukocytes and haematopoietic cells (Lie et al., 1989; Balfry & Iwama, 2004). Furthermore, lysozyme is an important component of the mucosal immune system of teleosts, providing protection at the skin, gills, and gastrointestinal tract, which constitute the primary interfaces between fish and the aquatic environment (Xu et al., 2021).

In the current study, red tilapia exposed to Streptococcus agalactiae, particularly in treatment groups T3 and T4, exhibited increased blood lysozyme activity, indicating activation of the innate immune response following bacterial challenge. Similar increases in lysozyme activity and humoral immune parameters have recently been reported in tilapia receiving immunomodulatory dietary treatments and under bacterial challenge conditions (Meachasompop et al., 2026). Increased lysozyme activity represents a rapid defence mechanism against bacterial invasion and is one of the earliest indicators of immune activation in teleost fish (Uribe et al., 2011; Esteban, 2023). Tort et al. (2003) likewise reported that elevated lysozyme concentrations play an important role in the natural defence mechanisms of fish. Serum lysozyme is believed to originate primarily from leukocytes (Lie et al., 1989), and its activity has been associated with increased leukocyte counts (Fletcher, 1973) and antibody production (Vladimirov, 1968). The observed increase in lysozyme activity following experimental infection agrees with previous reports by Xie et al. (2008), Jian and Wu (2002), and Bilen et al. (2011), demonstrating that bacterial infection stimulates the production of antimicrobial enzymes as part of the host's non-specific immune response. Similar immune activation has been described during streptococcosis in tilapia, where S. agalactiae infection induces phagocyte activation and enhanced antimicrobial defence mechanisms during the early stages of infection (Amal & Zamri-Saad, 2011).

The enhancement of lysozyme activity observed in the present study is also consistent with numerous investigations demonstrating that dietary immunostimulants can augment innate immune responses in fish. Van Doan et al. (2020) reported that berberine supplementation significantly increased skin-mucus lysozyme activity in Nile tilapia, likely through its immunomodulatory properties. Likewise, herbal-derived compounds positively influence gut-, skin-, and gill-associated lymphoid tissues, thereby enhancing mucosal immunity and disease resistance (Caipang, 2015; Martin & Krol, 2017; Vallejos-Vidal et al., 2016; Xu et al., 2021). More recently, comprehensive reviews have highlighted that phytogenic feed additives, probiotics, prebiotics, and other natural immunostimulants consistently improve lysozyme activity, respiratory burst activity, and disease resistance in cultured fish (Dawood et al., 2018).

Similarly, Aly et al. (2024) and Dorucu et al. (2009) demonstrated that black cumin (Nigella sativa) enhances fish immunity by increasing lysozyme activity and serum bactericidal capacity. Maqsood et al. (2009) reported that dietary levamisole significantly increased lysozyme activity in common carp (Cyprinus carpio), while Gopalakannan and Venkatesan (2006) likewise observed elevated lysozyme levels in fish receiving levamisole supplementation. Administration of β-glucans has also been shown to stimulate lysozyme activity in Atlantic salmon (Salmo salar) and turbot (Scophthalmus maximus) (Engstad et al., 1992; Jørgensen et al., 1993). Recent reviews further confirm that natural immunostimulants, including medicinal plants, probiotics, β-glucans, and prebiotics, consistently enhance lysozyme production and improve resistance against bacterial pathogens in tilapia and other cultured fish species (Dawood et al., 2018).

The relationship between elevated serum lysozyme activity and enhanced disease resistance has also been demonstrated in several fish species. Robertsen et al. (1994) associated increased lysozyme activity with improved phagocytic and bactericidal activities of head-kidney leukocytes. Similarly, higher lysozyme activity has been reported in goldfish (Carassius auratus) infested with Argulus spp. and in fish infected with Ceratomyxa shasta (Foott et al., 2004) and Sphaerospora dicentrarchi (Muñoz et al., 2000), suggesting that lysozyme production represents a generalised innate immune response against diverse pathogens. In Nile tilapia, dietary supplementation with 1% aqueous extract of pink mempat (Cratoxylum formosum) significantly enhanced lysozyme activity following S. agalactiae infection (Rattanachaikunsopon & Phumkhachorn, 2010). Likewise, rainbow trout (Oncorhynchus mykiss) challenged with a bacterial pathogen exhibited elevated lysozyme activity compared with untreated fish (Irianto & Austin, 2002). These findings collectively support the results of the present study and reinforce the importance of lysozyme as a reliable biomarker of innate immune activation and disease resistance in teleost fish (Uribe et al., 2011; Esteban, 2023).
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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

This study demonstrated that red tilapia developed measurable innate immune responses following intraperitoneal challenge with Streptococcus agalactiae, despite the absence of visible clinical signs, morbidity, or mortality during the 10-day observation period. Respiratory burst activity, assessed using the nitroblue tetrazolium assay, increased progressively across the bacterial challenge concentrations; however, the differences among treatments were not statistically significant. In contrast, serum lysozyme activity was significantly higher in fish challenged with 10⁷ and 10⁸ CFU/mL than in the control group, indicating a stronger humoral response at the higher bacterial concentrations. Taken together, these results suggest that the challenged fish activated both cellular and humoral components of innate immunity under the experimental conditions, although the lysozyme response was more clearly differentiated among treatments. The findings support the use of NBT reduction and lysozyme activity as complementary indicators for assessing early immune responses in red tilapia after experimental exposure to S. agalactiae. Further studies should include longer observation periods, water-quality monitoring, additional immune and pathological measurements, and alternative challenge routes to clarify the relationship between immune activation and clinical disease.

Limitations
This study was limited to a 10-day observation period and did not monitor water-quality parameters. The challenge used one bacterial isolate and an intraperitoneal route, which may not fully represent natural exposure. Immune assessment was restricted to NBT reduction and serum lysozyme activity, and no bacterial-load, reisolation, histopathological, or broader immunological measurements were reported. The absence of clinical signs, morbidity, and mortality should therefore be interpreted only within the experimental conditions and challenge design used.
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