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Abstract

:

A new insight into the synthesis of the herbal plant (White poplar, Poplus alba) leave extract using chitosan nanocapsule was studied. The in vitro antibacterial activity of chitosan white poplar nanocapsule (CWPNC) against Streptococcus agalactiae (S. agalactiae) was determined. About 120 fish were categorized for 7 days into four groups. The first and second (CWPNC) groups were treated with 0 mg/L and 3 mg/L CWPNC in the water, respectively, without being challenged; the first group was a control. The third (S. agalactiae) and fourth (CWPNC + S. agalactiae) groups were treated with 0 and 3 mg/L CWPNC, respectively, and challenged with S. agalactiae (0.5 × 107 CFU/mL). The obtained results revealed that CWPNC had an in vitro antibacterial activity against S. agalactiae. Moreover, S. agalactiae infection caused a significant elevation (p < 0.05) in the lipid peroxidation (malondialdehyde) and hepatorenal biomarkers, as well as the lowest significant (p < 0.05) survival rate (33.33%). Moreover, a significant depletion (p < 0.05) in the level of antioxidants (catalase and superoxide dismutase) and the immune indicators (immunoglobulin, lysozyme activity, and complement 3) were the consequences of S. agalactiae infection. Treatment of the infected fish with 3 mg/L CWPNC alleviated these bad circumstances.
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Key Contribution: Chitosan white poplar nanocapsule (CWPNC) at a dose of 3 mg/L can be used as water additives for mitigating the Streptococcus agalactiae challenge in Oreochromis niloticus.










1. Introduction


Aquaculture production on a global scale has increased significantly in recent decades. This is largely attributable to a variety of developments that have improved control and competitiveness over the production process. In this regard, the tissue investigation in fish specimens represents a valuable tool for assessing their health status. Further, hematological and biochemical research aid in the study of the relationship between blood properties and habitat, as well as the species’ ability to adapt to the environment [1,2]. The global production in aquaculture scale rose from 2.6 million metric tonnes (mt) in 1970 to 87.5 million mt in 2020 [3].



The Nile tilapia (Oreochromis niloticus) is the third most widely cultivated fish in the world, producing 4.5 million metric tonnes in 2018 [4]. Remarkably, our understanding of genetic variation within and among populations is still quite restricted, given the significance of O. niloticus to aquaculture and commercial fisheries, particularly in Africa [5].



Bacterial infections are one of the main causes and primary factors leading to the enormous losses every year in the fish farming business, which are estimated at billions of dollars [6]. The greatest barrier to the growth of fish aquaculture is bacterial illness [7].



Streptococcus spp. is a Gram-positive bacterium that is extremely pathogenic because it can infect various fish species worldwide, including fresh, marine, and brackish water fishes. It is important to note that Streptococcus has cost aquaculture around the world millions of dollars in economic damages. Additionally, tilapia is thought to be the ideal host for Streptococcus infection [8]. Streptococcus spp. affects the production of tilapia, and S. agalactiea is a widely distributed species [9].



Bacterial diseases control is a significant threat to the fish farming industry, and it is typically accomplished by using antibiotics, which the European Union forbade because they could lead to the development of bacterial strains which resistant to antibiotics and leave residues in fish muscles and aquatic water systems [10,11]. Recently, the use of antibiotics against outbreaks of aquatic diseases has been prohibited globally because of their apparent accumulation in tissues, which encourages the growth of bacteria that are resistant to them [12]. Thus, it has become necessary to find safe alternatives for antibiotics for controlling the most common fish pathogen.



Recently, medicinal plants have been thought to be a better alternative to antibiotics [13]. The white poplar tree (Populus alba L., P. alba) belongs to the family Salicaceae consisting of some three hundred species [14]. White poplar’s abundant and diverse secondary metabolite composition makes them potent antimicrobial agents [15].



Nanotechnology science is concerned with creating, designing, analyzing, and utilizing materials whose dimension is on the nanometer scale (one billionth of a meter) [16]. Nanotechnology has enormous potential to advance fields as varied as medical research, water purification, the technology of communication and information, as well as the creation of smaller and more powerful materials; nanoscience and nanotechnologies could confirm to be a godsend for human health [17,18,19,20]. The medical sciences will use the advancements of nanotechnology for patient care, drug delivery systems, and diagnostic procedures over the next two years. Nanotechnology is widely expected to continue evolving and expanding in many fields of life and science [21].



Chitosan, a biodegradable carbohydrate, is among the most widely used substances in the field of nanotechnology since it has a variety of uses [22]. There have been several papers on the use of herbal nanoparticles or nanocapsules in fish diets [23]. In addition, some nanomaterials had used for controlling bacterial infection, Aeromonas hydrophila in O. niloticus [24], and controlling fungal infection, Saprolegnia spp. in O. niloticus [23]. Chitosan is inexpensive, non-toxic, biocompatible, and biodegradable. These advantages have led to its application in a variety of sectors, such as biotechnology and medicine [25]. However, nothing is known regarding the use of chitosan white poplar nanocapsule (CWPNC) in controlling bacterial pathogens in the fish field. Therefore, this study was designated to investigate the in vitro antibacterial activity of CWPNC against S. agalactiae with the in vivo approach in Nile tilapia.




2. Material and Methods


2.1. Preparation of the White Poplar Leave Extract


About 5 g of the White poplar leaves were dissolved in 150 mL of deionized water and subjected to sonication power of 60 kHz and cycle 0.65 using a sonicator prop instrument (Hielscher UP400S, German) for 0.5 h. Finally, white poplar extract was filtered by Whatman No.1.




2.2. Preparation of the CWPNC


CWPNC was synthesized by ionic gelation method-assessing by the Sono-chemical method. However, 0.5 g of chitosan (CS) was added to 300 mL doubled deionized water and heated at 80 °C for 1 h with vigorous stirring, then an acetic acid solution (2% v/v) was added and stirred for 1 h until colorlessness was obtained. 50 mL of white poplar extract was added with continuous stirring until obtaining a homogenous solution, then a TPP solution (2% w/v) was added, drop by drop, until a whitish mixture was obtained. The mixture was washed by centrifugation method three times.




2.3. Characterization of the CWPNC


Characterization of CWPNC was carried out using atomic force microscopy (AFM instrument manufacturer, Agilent technology; model 5600LS), scanning electron microscopy (SEM), and transmission electron microscopy (TEM instrument manufacturer, JEOL; high-resolution model JEM-2100) for determining the morphology, composition, particle size distribution, pore size, surface area, and surface charge.



2.3.1. Characterization of CWPNC Using AFM


The sample was subjected to ultrasound waves for 0.5 h, a condition of 57 kHz, at an amplitude of 73% and 0.73 of a cycle (Up 400s manufactured by Hielscher, German). Afterward, a thin film was created by Spain coater instrument model Laurell-650Sz at the condition of 800 rpm under vacuum. AFM images were analyzed by Gwydion software. AFM images and data profiles were done for 100 nm × 100 nm through tap mode, gold tap, 0.2 In/S speed, I. gain 50, and P. gain 45.




2.3.2. Characterization of CWPNC Using TEM


Adding CWPNC was to double deionized water and sonication for 11 min through ultrasound prop with a 51 kHz, at an amplitude of 51% and 0.51 of a cycle (Up 400s, Hielscher, German). Afterward, 1 to 2 microns of desperation were placed onto a carbon-coated copper grid.




2.3.3. Characterization of CWPNC Using XRD


Thermo Scientific’s EQUINOX 1000 XRD instrument was utilized to analyze the production of CWPNC without any secondary products. Cu Kα radiation with a current of 34 mA and an applied voltage of 34 kV served as the light source. The scan speed was 0.1°/min, and the two angles ranged from 5 to 80°.




2.3.4. Characterization of CWPNC Using BET Surface Area and DA Pore Size


To determine the BET surface area and DA pore size of CWPNC, a Quanta Chrome Company model of the Nova Touch 4 L surface area and pore size analyzer was used. CWPNC was degassed for 1 h at 55 °C. Following the completion of the adsorption equilibrium, the materials were made to absorb nitrogen gas. The amount of gas that had been adsorbed was calculated using the applied pressure and the universal gas law.




2.3.5. Characterization of CWPNC Using DLS and Zeta Potential


Malvern Company’s Nano Sight NS500 zeta seizer instrument was used to measure dynamic light scattering (DLS) and zeta potential.





2.4. Isolation and Preparation of the Bacterial Isolates


S. agalactiae strain was isolated from diseased O. niloticus and cultured on tryptic soy broth (TSB) (Difco, Detroit, MI, USA) with supplementation with 3% NaCl and incubation at 25 °C for 24–48 h. Identification of the bacterial isolate was carried out by conventional tests and VITEK® 2 compact (BioMérieux) biochemical Identification (VITEK2 Compact System, BIOMERIEUX, and France). The criteria used to detect the isolates are based on the morphology of colonies which are characterized by gram staining of the microorganisms.




2.5. In Vitro Assay


2.5.1. Antibacterial Inhibition Activity by Disc Diffusion Assay


The antibacterial activity of CWPNC against S. agalactiae was carried out by the disc diffusion method [26]. Overnight culture of the bacterium isolate was spread on Muller Hinton agar (MHA). Sterile discs were soaked in 50 μL of CWPNC (0.1 mmole), and further sterile discs were soaked in 50 μL of chitosan (as control). The discs were placed in an incubator to dry and then placed on the MHA plates. The plates were then incubated at 28 °C for 24 h. Finally, measurement of the inhibition zones was carried out.




2.5.2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)


CWPNC were subjected to the MIC according to the protocol of Aliasghari et al. [27] assay in triplicate for the determination of MIC of CWPNC solution; the micro-dilution broth method was followed. Overnight, the bacterium isolate cultures in TSB were adjusted to 106 CFU/mL. CWPNC and chitosan (as positive control) solutions were prepared in tenfold serial dilution in broth to achieve final concentrations of 0 to 100 µg/mL. About 100 mL of each dilution of both solutions was added to the well containing 100 µL of the bacterial suspension in sterile 96-well plates. After 24 h of anaerobic incubation at 37 °C, turbidity measurements were taken for each well. The MBC is defined as the lowest concentration of antibacterial agents that completely kill the bacteria. The MBC was carried out by placing the suspension from each well of the microtiter plates onto an MHA for 24 h; the plates were incubated at 37 °C. The MBC value was determined as the lowest concentration on the MHA plate without any discernible growths.





2.6. In Vivo-Assay


2.6.1. Fish and Rearing Conditions


A total of 210 cultured O. niloticus fish that appeared to be in good health (average body weight: 20 ± 1.5 g) were used for the in vivo assay. Fish were purchased from the Fish Research Unit at the Zagazig University of Egypt’s, Faculty of Veterinary Medicine. Before the study, fish were monitored and acclimated for two weeks. To confirm that the fish were healthy, a medical examination was also performed. In glass aquariums (40 × 30 × 80 cm), the fish were kept at a ratio of 10 fish to 60 L of dechlorinated tap water. The laboratory’s water quality parameters, including dissolved oxygen (6.54 ± 0.20 mg/L), pH (6.7 ± 0.3), temperature (25 ± 1.4 °C), and ammonia (0.020 ± 0.02 mg/L), were maintained using a controlled day to night period (12 h dark: 12 h light). The fish received a basal diet (at a rate of 3% of their body mass). The experimental protocol, which adhered to NIH guidelines for the use and care of laboratory animals, was authorized (ZU-IACUC/2/F/310/2022) by the animal usage in the research committee at Zagazig University in Egypt.




2.6.2. Identifying CWPNC Therapeutic Dosage


About 90 fish were subjected to nine different levels of CWPNC (0, 1, 2, 3, 4, 5, 6, 7, and 8 mg/L) to determine the preliminary concentration (Table 1). The clinical manifestations and mortalities were recorded daily. The safe level of CWPNC was 3 mg/L.




2.6.3. Experimental Setup


The procedures used by Ibrahim et al. [28] were used to determine the lethal dose (LD50) of S. agalactiae, which was found to be 1 × 107 CFU/mL. The challenge used sub-lethal dosages of 0.5 × 107, and the outcomes were confirmed using a drop plate assay [29].



About 120 fish were randomly assigned into four groups for 7 days. The first group served as the control group, which was exposed with the second (CWPNC) group to 0 mg/L and 3 mg/L of CWPNC in water, respectively, without being challenged. The third (S. agalactiae) and fourth (S. agalactiae + CWPNC) groups were inoculated intraperitoneally with 0.2 mL of S. agalactiae (1 × 106 CFU) and subjected to 0 and 3 mg/L CWPNC, respectively. Throughout the trial, any clinical complaints, post-mortem lesions, and deaths were all recorded (7 days).




2.6.4. Blood Sampling


The fish (three fish/replicate; nine fish/group) were anesthetized (100 mg/L benzocaine solution) for blood sample collections. Blood sampling was carried out after the end of the experiment (7 days) from the caudal blood arteries of fish without anticoagulant. Centrifugation at 3000 rpm for 15 min to separate the serum was carried to the blood samples for evaluation of the immunological and biochemical indices. Additionally, the fish were euthanized using an overdose of a benzocaine solution (500 mg/L) for tissue sampling. Fresh samples of the liver for assessing the hepatic antioxidant activity were directly collected from euthanized fish following the instructions for fish use in the research [30].




2.6.5. Serum Oxidative Stress Assay


Superoxide dismutase (SOD) and catalase (CAT) were measured in liver homogenates using the techniques provided by Nishikimi et al. [31] and Aebi [32]. Malondialdehyde (MDA) was measured using the thiobarbituric acid reaction, as previously described by Ohkawa et al. [33].




2.6.6. Hepato-Renal Related Parameters


Serum activity of aspartate aminotransferase (AST) was measured according to the method used by Murray [34], and alanine aminotransferase (ALT) was measured according to the method used by Burtis and Ashwood [35]. The creatinine level was determined colorimetrically according to the Bartles and Bohmer [36] method.




2.6.7. Immune-Related Parameters Assay


According to the manufacturer’s instructions, Tina-quant IgM Gen.2 procedure utilizing Roche Cobas company diagnostic kits (Indianapolis, IN, USA) was used to estimate IgM levels (IgM, REF; 035071190) after an immunoturbidimetric test employing Anti-IgM antibodies. With an ELISA reader (Lambda EZ201; Perkin Elmer), the optical density (OD) value was calculated at 340 nm. Additionally, following a previously established technique [37], a commercial assay kit was used to assess the serum lysozyme activity, and the absorbance at 450 nm was calculated spectrophotometrically. Following the manufacturer’s instructions, serum complement 3 (C3) was evaluated using a fish-specific ELISA kit with CAT. NO. MBS005953 (sensitivity: 1 g/mL, control of the reaction: 31.2–1000 g/mL) (MyBioSource Company, Diego, CA, USA).





2.7. Data Analysis


Shapiro-test Wilk’s was applied to ensure the data’s normality. The Kaplan-Meier model was applied to calculate the survival probability of fish in each group. The log-rank test was used to look for any differences between groups in pairwise comparisons. Using SPSS version 18, a two-way analysis of variance (ANOVA) was used to examine the results of the biochemical, immunological, and oxidant/antioxidant indices (SPSS, Chicago, IL, USA). At a significance level of 0.05, Duncan’s multiple range tests were employed to find differences between means (N = 9/group).





3. Results


3.1. Characterization of the CWPNC


XRD curve illustrates the amorphous nature of CWPNC where there are not any peaks. Although the chitosan nanoparticles have characteristic XRD peaks, the Carley coating of white poplar extract on chitosan nanoparticles hides the XRD peaks of chitosan (Supplementary Material Figure S1A). TEM images confirmed AFM images shape where different fiber-shaped particles illustrate at different sizes (Supplementary Material Figure S1B). AFM images 3D (Supplementary Material Figure S2A) and 2D (Supplementary Material Figure S2B) illustrate the fiber shape of CWPNC with wide particle size distribution. The surface area determined by the multi-point BET method illustrates the high value of CWPNC. However, the BET surface area value is 61.1 m2/g (Supplementary Material Figure S3A), with pore volume determined by the DH method as 1.1 cc/nm (Supplementary Material Figure S3B). DLS (dynamic light scattering) illustrates the wide particle size distribution due to the presence of more than one peak in the DLS curve at 18 nm and 37 nm may be to fiber-shaped particles that have two different dimensions (Supplementary Material Figure S3C). The zeta potential value is −37 mV (Supplementary Material Figure S3D).




3.2. In Vitro Antibacterial Activity of CWPNC against S. agalactiae


As shown in Figure 1 and Table 2, CWPNC showed antibacterial activity against S. agalactiae with an inhibition zone diameter of 22 ± 1.23 mm. Further, chitosan exhibited an antibacterial activity with an inhibition zone diameter of 2.5 ± 0.20 mm. The MIC of CWPNC and chitosan were 10 and 80 µg/mL, respectively. While the MBC of CWPNC and chitosan were 20 and 100 µg/mL, respectively.




3.3. In Vivo Assay


3.3.1. Clinical Observation, Behavior Response, and Survival Rate


The non-infected fish (control and CWPNC groups) that were exposed to 0 and 3 mg/L CWPNC, respectively, had no mortality and revealed no abnormal signs (Figure 2A) or behaviors (Table 3). S. agalactiae-infected fish suffered a decrease in swimming activity, dark body coloration, fin rot, hemorrhages on numerous body parts, and skin ulcerations (Figure 2B,C) with congested internal organs. Likewise, exposure of infected fish to 3 mg/L CWPNC (CWPNC + S. agalactiae) group restored the prior clinical signs, except for fin rot (Figure 2D). Fish survival rates in the control, CWPNC, S. agalactiae, and CWPNC + S. agalactiae groups were 100%, 100%, 33.33%, and 66.67%, respectively, according to the Kaplan-Meier curves. The S. agalactiae group recorded the lowest significant (p < 0.05) survival rate (Figure 3). Furthermore, statistically significant differences (p < 0.05) were across the groups.




3.3.2. The Results of the Shapiro-Wilk Test


The normal distributions of MDA, CAT, SOD, AST, ALT, creatinine, IgM, LYZ, and C3 were tested using the Shapiro-Wilk method (Table 4). According to the Shapiro-Wilk test, all variables followed a normal distribution (p values greater than 0.05).




3.3.3. Oxidative Stress-Related Parameters


The infected groups showed a significant increase (p < 0.05) in the serum level of MDA and a significant decrease in the levels of CAT and SOD compared to the non-infected ones. Concerning the effects of CWPNC exposure, 3 mg/L exposure level reduced the level of MDA and increased the level of SOD (p < 0.05) compared to the 0 mg/L level and did not affect (p < 0.05) the level of CAT (Table 5). Regarding the interaction between the S. agalactiae infection and CWPNC exposure, the infected group exposed to 0 mg/L CWPNC showed the highest serum MDA level and the lowest CAT and SOD values, followed by the infected one and exposed to 3 mg/L CWPNC when compared to the non-infected groups treated with 3 and 0 mg/L CWPNC, respectively.




3.3.4. Hepato-Renal Related Parameters


According to Table 6, infected groups showed a significant increase (p < 0.05) in the levels of hepatic function indicators (ALT and AST) compared to the non-infected ones. Regarding the effects of CWPNC exposure, the 3 mg/L exposure level decreased significantly (p < 0.05) the level of hepatic function indicators compared to the 0 mg/L exposure level. Neither the S. agalactiae infection nor the CWPNC exposure affected (p > 0.05) the level of kidney function indicator (creatinine). Regarding the interaction between the S. agalactiae infection and the CWPNC exposure, the infected groups exposed to 0 mg/L CWPNC showed a significant increase (p < 0.05) in the levels of hepatorenal function indicators (ALT, AST, and creatinine) followed by the infected one exposed to 3 mg/L CWPNC level, then the non-infected groups exposed to 3 and 0 mg/L, CWPNC.




3.3.5. Immune-Related Parameters


As indicated in Table 7, the immunological parameters (IgM, LYZ, and C3) in the infected group noticeably declined (p < 0.05) in comparison to those of non-infected fish. Regarding the CWPNC exposure, the 3 mg/L exposure level significantly increased (p < 0.05) the immunological parameters compared to 0 mg/L levels. Regarding the interaction between the S. agalactiae infection and the CWPNC exposure, the infected group exposed to the 0 mg/L CWPNC showed a significant decrease (p < 0.05) in the immunological parameters (IgM, LYZ, and C3). These parameters were improved in the infected group by treatment with 3 mg/L CWPNC. The non-infected group exposed to 3 mg/L CWPNC showed the highest values of the immunological parameters, followed by the non-infected one exposed to 0 mg/L CWPNC.






4. Discussion


Despite the significant growth that the aquaculture industry has seen over the past three decades, infectious illnesses are now a barrier to sustainable development [38]. Antibiotic resistance has grown and spread as a result of the extensive and regular usage of antibiotics in aquaculture. Due to the health risks associated with the use of antibiotics in animal husbandry, there is a growing awareness that they should be administered with greater caution. This is demonstrated by the most recent adoption of stricter rules on the use of antibiotics for preventative purposes and the presence of antibiotic residues in aquaculture products [39].



Innovative bacterial infection control methods are required for the aquaculture industry to grow sustainably in the future. Several recently developed alternative control strategies are evaluated in this review. Few of these techniques have been tested in actual aquaculture environments. To increase the likelihood of successfully preserving the animals and minimize resistance development, it is critical to continue developing various techniques that might be combined or employed in rotation. Nanoparticles, which use completely different antibacterial activity pathways than conventional antibiotics, offer a strong substitute [40]. Therefore, in this investigation, an innovative substitute for antibiotic therapy was tested against S. agalactiae both in vitro and in vivo.



The results of this study investigated the preparation of CWPNC and their characterization by different techniques [41]. Similar preparation methods had conducted in various studies using chitosan nanocapsules; Abdel Rahman et al. [23] had been studied the preparation of Ocimium basilicum using chitosan nanocapsules. Another study synthesized the neem leave extract using a chitosan nanocapsule [42]. The results showed that CWPNC had an amorphous nature with a BET surface area value is 61.1 m2/g with a pore volume determined by the DH method is 1.1 cc/nm. The microporous and high specific surface area of chitosan–white poplar nanocapsules affect its bioactivity due to increasing chemical activity. CWPNC had wide particle size distribution due to the presence of more than one peak in the DLS curve at 18 nm and 37 nm may be due to fiber-shaped particles that have two different dimensions. The results of zeta potential indicated that CWPNC had a high zeta potential of about −37 mV, which explains the colloidal of CWPNC and negative charge due to the coating of white poplar extract where chitosan has a positive charge.



The results of the in vitro study revealed that CWPNC showed antibacterial properties against S. agalactiae. Further, chitosan exhibited a lower antibacterial activity against S. agalactiae compared to CWPNC. The antibacterial properties of CWPNC in this study could be explained by the synergistic effects of both white poplar leaf extract and chitosan; both have antimicrobial activity against various bacterial strains. A previous study had reported the antibacterial activity of white poplar extract against Mycobacterium spp. [43]. Several studies have reported the antibacterial activity of chitosan [44,45,46]. In addition, the presence of phenolic substances in the white poplar leave extract may prevent the nucleic acid synthesis of the bacterial cell [47,48] or via cytoplasmic membrane modification [43,49,50]. Additionally, phenolic chemicals are in charge of inhibiting the bacterial enzymes that produce and modify energy metabolic mechanisms by interfering with the ATP production cycle and by interfering with the transfer of nutrients or metabolites [49]. Moreover, chitosan interacts with surface molecules in addition to inhibiting mRNA by binding to bacterial DNA [51]. As stated by Ganan et al. [52] and Raafat et al. [53], chitosan has amine groups (NH3) of glucosamine, which may be a key factor in its ability to interact with negatively charged surface elements of many microorganisms and cause extensive surface alterations that lead to the leakage of intracellular substances and cell death.



The results of the in vivo exposure demonstrated that S. agalactiae produced worth effects on O. niloticus through disruption of the behavior response (decrease the swimming behavior and loss of the escape reflex), lowered survivability (33.33%), as well as producing serious disease signs, including hemorrhagic skin and fin rot. Similar results had been recorded in Nile tilapia infected with S. agalactiae [54,55,56]. These pathogenic consequences could be attributed to the virulence components of S. agalactiae (adhesins, invasins, and immune evasins), which are responsible for their pathogenicity in fish [57]. Adhesins enable the attachment of S. agalactiae to the fish cell wall [58,59]. Invasins are responsible for the crossing of the bacteria to the mucosal and blood-brain barrier [60]. Immune evasins are responsible for the escape from host immunity [61]. CWPNC therapy notably retrieved the previous clinical signs and enhanced the survivability (66.67%) of the infected fish; this could be attributed to the CWPNC antibacterial activity that was proven in this study by the in vitro assay.



Oxidative stress is caused by the imbalance between the antioxidant enzymes and the excessive reactive oxygen species (ROS) production [62,63,64]. Fish has an enzymatic antioxidant mechanism that protects them from oxidative stress [65,66,67]. MDA is the end product of lipid peroxidation caused by oxidative damage [68]. Since CAT is a sensitive enzyme, different factors, such as an abundance of superoxide radicals, might affect its activity. H2O2 and this enzyme combine to create water and oxygen molecules [69]. Antioxidant enzymes known as SOD serve as the first lines of defense against ROS [70]. On this subject, the S. agalactiae-infected group in this study exhibited lower levels of CAT and SOD but higher levels of MDA. The virulence components and metabolites of S. agalactiae could implicate in the cell wall increased lipid peroxidation (MDA) and ROS production, which could impair the antioxidant system and lead to oxidative stress. S. agalactiae infection elicited comparable features in Nile tilapia [71]. On the other hand, the application of CWPNC increased the activity of antioxidant enzymes in S. agalactiae-infected fish, proving the antioxidant activity of CWPNC. The previous study proved that white polar leaf has abundant phenolics which destroy free radicals, prevent lipid peroxidation, and display a variety of physiological antioxidant functions [72].



Increased hepato-renal function indicators (ALT, AST, and creatinine) in the serum indicate liver and kidney dysfunction [73,74,75]. S. agalactiae infection increased the hepatorenal function indicators in this study. In line with this study, a previous study proved that S. agalactiae produced severe pathological effects in the hepatorenal tissue [76]. Moreover, CWPNC therapy modulates the hepatorenal function indicators in the infected fish; these results could be related to the antioxidant properties of CWPNC proved here in the current study.



Immune function indicators (IgM, LYZ, and C3) were assessed in this study. LYZ is a bacteriolytic enzyme that is considered an indicator of a non-specific immune response against microbial invasion [75,77,78]. The primary systemic immunoglobulin usually seen in fish serum is IgM. Through several processes, including neutralization, complement pathway activation, and phagocytosis, IgM protects the fish against infection [79]. In fish and other vertebrates, the complement system is a collection of proteins that interact with both innate and adaptive immune systems. The complement system is a prominent and essential actor in the humeral component of innate immunity [80,81]. Immune function indicators (IgM, LYZ, and C3) were lowered in the S. agalactiae-infected fish; these results could be attributed to the virulence component of the bacteria. Several previously documented that S. agalactiae suppresses the immune functions of fish [82,83,84]. Treatment of S. agalactiae-infected fish with 3 mg/L CWPNC retrieved immune functions produced by the infection. Similar through enhancing the levels of IgM, LYZ, and C3, as well as enhancing survivability. These results could be attributed to the antibacterial properties of CWPNC that prevent disease progression and enhance the antioxidant and immune status of the infected fish.




5. Conclusions


It can be concluded that CWPNC had greater antibacterial activity against S. agalactiae based on the results of disc diffusion and MIC and MBC assays. CWPNC at a level of 3 mg/L ameliorated the negative effects of S. agalactiae challenge in O. niloticus health. Future studies are recommended for looking into different fish pathogens’ responses to CWPNC’s antimicrobial capabilities for promoting the sustainable development of the aquaculture industry.
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Figure 1. Inhibition zone of chitosan against S. agalactia (A) and CWPNC (B). 






Figure 1. Inhibition zone of chitosan against S. agalactia (A) and CWPNC (B).



[image: Fishes 08 00199 g001]







[image: Fishes 08 00199 g002 550] 





Figure 2. Effect of CWPNC as water exposure on clinical observation of experimentally infected O. niloticus with S. agalactiae for 7 days. (A) Fish in the control group or CWPNC group demonstrated normal appearance. (B,C) Fish in the S. agalactiae group showed skin ulcers (blue arrows), hemorrhagic patches on the body, and fin rot (yellow arrows). (D) Fish in the CWPNC + S. agalactiae group showed some fin rot (yellow arrow). 
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Figure 3. Survival curves (Kaplan–Meier) of experimentally infected O. niloticus with S. agalactiae and treated with CWPNC as water exposure for 7 days. 
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Table 1. Effect of exposure to different concentrations of CWPNC on mortality and clinical observations of O. niloticus for seven days.
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Conc. (mg/L)

	

	
Clinical Observations




	
Mortality

(N = 10)

	
Loss of Escape Reflex

	
Abnormal Swimming

	
External Skin Lesion






	
0.0

	
0/10

	
-

	
-

	
-




	
1

	
0/10

	
-

	
-

	
-




	
2

	
0/10

	
-

	
-

	
-




	
3

	
0/10

	
-

	
-

	
-




	
4

	
1/10

	
-

	
-

	
-




	
5

	
1/10

	
+

	
+

	
-




	
6

	
2/10

	
+

	
+

	
+




	
7

	
2/10

	
++

	
++

	
++




	
8

	
3/10

	
+++

	
+++

	
+++








(−) No abnormal observations, (+) Mild abnormal observations, (++) Moderate abnormal observations, (+++) Sever abnormal observations.
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Table 2. The inhibition zone, MIC, and MBC of CWPNC and chitosan against S. agalactiae.






Table 2. The inhibition zone, MIC, and MBC of CWPNC and chitosan against S. agalactiae.





	Test
	CWPNC
	Chitosan





	inhibition zone (mm)
	22 ± 1.23
	2.5 ± 0.20



	MIC (µg/mL)
	10
	80



	MBC (µg/mL)
	20
	100
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Table 3. Effect of exposure to 3 mg/L CWPNC on behavioral responses of O. niloticus infected with S. agalactiae for 7 days.






Table 3. Effect of exposure to 3 mg/L CWPNC on behavioral responses of O. niloticus infected with S. agalactiae for 7 days.





	Behavior
	Control
	CWPNC
	S. agalactiae
	CWPNC + S. agalactiae





	Surfacing
	-
	-
	+++
	+



	Abnormal swimming
	-
	-
	+++
	+



	Loss of escape reflex
	-
	-
	+++
	++







The score of symptoms was recorded as (−) No, (+) Mild (++) Moderate, (+++), and Severe.
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Table 4. Shaprio-Wilk test results for the measured parameters.






Table 4. Shaprio-Wilk test results for the measured parameters.





	Groups
	MDA
	CAT
	SOD
	AST
	ALT
	Creatinine
	IgM
	LYZ
	C3





	Control
	0.19
	1.00
	0.24
	1.00
	0.32
	0.17
	0.87
	0.95
	0.67



	CWPNC
	0.35
	0.79
	0.92
	0.99
	1.00
	1.00
	0.98
	0.88
	1.00



	S. agalactiae
	1.00
	0.89
	1.00
	1.00
	1.00
	1.00
	0.98
	1.00
	0.90



	CWPNC + S. agalactiae
	0.99
	1.00
	1.00
	1.00
	1.00
	0.17
	1.00
	1.00
	0.78
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Table 5. Effect of S. agalactiae infection and/or CWPNC as water exposure on oxidant/antioxidant biomarkers of O. niloticus for seven days.






Table 5. Effect of S. agalactiae infection and/or CWPNC as water exposure on oxidant/antioxidant biomarkers of O. niloticus for seven days.





	
S. agalactiae Infection

	
CWPNC (mg/L)

	
MDA (nmol/mL)

	
CAT (ng/mL)

	
SOD (ng/mL)






	
Effect of S. agalactiae infection




	
Non-Infected

	
1.42 ± 1.96 b

	
154.22 ± 9.94 a

	
162.46 ± 6.52 a




	
Infected

	
12.85 ± 2.98 a

	
30.80 ± 3.52 b

	
33.10 ± 1.66 b




	
Effect of CWPNC as a water additive




	

	
0

	
11.01 ± 1.96 a

	
86.29 ± 9.02

	
72.46 ± 4.23 b




	

	
3

	
3.26 ± 2.03 b

	
98.73 ± 3.52

	
123.09 ± 1.20 a




	
Interaction




	
Non-infected

	
0

	
1.14 ± 0.04 c

	
152.15 ± 5.40 a

	
133.90 ± 3.04 b




	
3

	
1.71 ± 0.01 c

	
156.30 ± 6.60 a

	
191.02 ± 0.96 a




	
Infected

	
0

	
20.89 ± 0.32 a

	
20.43 ± 0.44 c

	
11.03 ± 0.49 d




	
3

	
4.82 ± 0.17 b

	
41.17 ± 1.05 b

	
55.16 ± 0.93 c




	
Two-way Anova p-value

	




	
S. agalactiae infection

	
0.01

	
0.03

	
0.02




	
CWPNC water additive

	
0.02

	
0.39

	
0.01




	
Interaction

	
0.01

	
0.001

	
0.002








MDA, malondialdehyde; CAT, catalase; SOD, superoxide dismutase. The values are mean ± SE (N = 9/group). Values in the same column that did not share the same superscript letters (a, b, c, d) are significantly different (p < 0.05; Two-way ANOVA).
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Table 6. Effect of S. agalactiae infection and/or CWPNC as water exposure on hepatorenal biomarkers of O. niloticus for seven days.






Table 6. Effect of S. agalactiae infection and/or CWPNC as water exposure on hepatorenal biomarkers of O. niloticus for seven days.





	
S. agalactiae Infection

	
CWPNC (mg/L)

	
AST (U/L)

	
ALT (U/L)

	
Creatinine (mg/dL)






	
Effect of S. agalactiae infection




	
Non-Infected

	
84.87 ± 2.01 b

	
16.65 ± 3.15 b

	
0.25 ± 0.04




	
Infected

	
113.72 ± 5.82 a

	
36.68 ± 4.32 a

	
0.36 ± 0.06




	
Effect of CWPNC as a water additive




	

	
0

	
104.07 ± 2.01 a

	
32.40 ± 3.12 a

	
0.31 ± 0.03




	

	
3

	
94.52 ± 4.52 b

	
20.93 ± 4.02 b

	
0.30 ± 0.02




	
Interaction




	
Non-infected

	
0

	
85.74 ± 0.98 c

	
15.81 ± 1.12 c

	
0.23 ± 0.01 c




	
3

	
84.00 ± 2.00 c

	
17.50 ± 1.00 c

	
0.27 ± 0.02 c




	
Infected

	
0

	
122.40 ± 2.00 a

	
49.00 ± 2.00 a

	
0.40 ± 0.20 a




	
3

	
105.05 ± 3.05 b

	
24.37 ± 1.81 b

	
0.33 ± 0.11 b




	
Two-way Anova p-value

	




	
S. agalactiae infection

	
0.01

	
0.001

	
0.11




	
CWPNC water additive

	
0.001

	
0.02

	
0.82




	
Interaction

	
0.01

	
0.03

	
0.001








AST, aspartate aminotransferase; ALT, alanine aminotransferase. The values are mean ± SE (N = 9/group). Values in the same column that did not share the same superscript letters (a, b, c) are significantly different (p < 0.05; Two-way ANOVA).
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Table 7. Effect of S. agalactiae infection and/or CWPNC as water exposure on immunological biomarkers of O. niloticus for seven days.






Table 7. Effect of S. agalactiae infection and/or CWPNC as water exposure on immunological biomarkers of O. niloticus for seven days.





	
S. agalactiae Infection

	
CWPNC (mg/L)

	
IgM (ng/mL)

	
LYZ (ng/mL)

	
C3 (mg/dL)






	
Effect of S. agalactiae infection




	
Non-Infected

	

	
406.11 ± 6.43 a

	
5.88 ± 0.58 a

	
11.67 ± 3.42 a




	
Infected

	

	
177.92 ± 4.63 b

	
1.04 ± 0.11 b

	
3.34 ± 0.45 b




	
Effect of CWPNC as a water additive

	

	

	

	




	

	
0

	
269.41 ± 6.22 b

	
2.41 ± 0.49 b

	
5.51 ± 3.22 b




	

	
3

	
314.62 ± 4.12 a

	
4.51 ± 0.19 a

	
9.49 ± 0.44 a




	
Interaction




	
Non-infected

	
0

	
371.23 ± 10.13 b

	
4.60 ± 0.20 b

	
9.23 ± 0.49 b




	
3

	
441.00 ± 10.00 a

	
7.16 ± 0.10 a

	
14.11 ± 2.00 a




	
Infected

	
0

	
167.60 ± 2.74 d

	
0.23 ± 0.02 d

	
1.80 ± 0.10 d




	
3

	
188.25 ± 2.01 c

	
1.86 ± 0.02 c

	
4.88 ± 0.02 c




	
Two-way Anova p-value

	




	
S. agalactiae infection

	

	
0.001

	
0.01

	
0.01




	
CWPNC water additive

	

	
0.01

	
0.001

	
0.001




	
Interaction

	

	
0.01

	
0.001

	
0.001








IgM, immunoglobulin M; LYZ, Lysozyme; C3, complement 3. The values are mean ± SE (N = 9/group). Values in the same column that did not share the same superscript letters (a, b, c, d) are significantly different (p < 0.05; Two-way ANOVA).
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