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This study explored the growth efficiency and the intracellular pathways by which Cnicus benedictus extract (CBE) acts. It investigated the antioxidant effects and efficacy of CBE as a fish supplement in attenuation of Aeromonas hydrophila in Oreochromis niloticus fish. Mono-sex Nile tilapia fish (n = 225) were randomly allocated to five groups in triplicate aquaria (n = 3 tanks per group, 15 fish per tank, with 120 L of water per tank) with a daily water exchange rate of 20%. After adaption for 2 weeks and body weight measuring, the experimental groups were fed isonitrogenous and isocaloric diets with different dosages of the ethanolic extract of C. benedictus for 10 weeks. The five groups were identified as the control group (CBE0.0), which was fed on the basal diet, while the second (CBE0.1), the third (CBE0.2), the fourth (CBE0.4), and the fifth (CBE0.6) groups were fed the basal diet supplemented with 0.1%, 0.2%, 0.4%, and 0.6% of C. benedictus extract, respectively. After the 10-week feeding trial was completed, the fish were inoculated with the PCR-identified pathogenic A. hydrophila in a challenge trial which lasted 15 days. A. hydrophila, one of the septicemic bacteria, causes severe economic losses, high mortality rates, and hemorrhages in Nile tilapia and other cultured freshwater fishes worldwide. The CBE was found to significantly increase the body mass, weight gain, and the specific growth rate, as well as the protein efficiency ratio of the fish. Increased survival percentage, accompanied by post challenge lymphocytosis with decreased liver enzyme levels, increased total protein, and improved kidney function markers were also seen. Additionally, CBE supplementation showed significant increases in phagocytic activity, phagocytic index, and lysosomal activity post challenge, accompanied by increases in antioxidant activity and the mRNA expression of cytokines genes hsp70 and tlr7 mRNA. The desirable effects of CBE treatment were confirmed by a histopathological examination of the height of intestinal villi and enterocytes lining the middle intestine and increases in the size of liver cells. We conclude that CBE increases the growth performance and modulates the antioxidant, inflammatory, stress, and immune-related genes in Nile tilapia. Moreover, the dietary inclusion of 0.42–0.47% CBE showed a better protective effect with the A. hydrophila challenge.
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GRAPHICAL ABSTRACT




1 Introduction

Fish feeds have improved in quality recently due to the addition of various plant ingredients. Using plant supplements enhances the growth performance of diverse fish species, lowers the feed conversion ratio, and improves survival rates. Biodegradable and non-toxic plant extracts hold great promise because they are healthy for fish and the environment and are relatively inexpensive (Erol-Florian et al., 2011). Currently, there is a lack of knowledge about the nutrigenomic pathways that explain the effects of plant supplements on the growth and health of various fish species, although some herbal additives have been used in aquaculture in place of antibiotics (Sharif Rohani et al., 2017).

Recent challenges affecting the growth of aquaculture include feed costs, pollution, climate change, poor water quality, and pathogenic invasion (Boyd et al., 2020). Bacterial infections are a significant concern for farmers, affecting production and profitability (Arunkumar et al., 2020). Septicemia caused by the pathogen Aeromonas hydrophila is lethal in cases of severe illness (Ashour et al., 2020). A. hydrophila therefore causes significant financial harm and is one of the threats to the long-term viability of aquaculture, which must be addressed (Igbinosa et al., 2017). Bacterial infections in aquaculture have traditionally been treated with antibiotics (Zhao et al., 2020), but these present risks to human health and the environment and delivering the necessary dosages of chemotherapy to all diseased fish in a pond are difficult, particularly in developing nations (Chen et al., 2020). As a result, antibiotics are not always a viable option for dealing with the expansion of infection, and beneficial additives in aquaculture are advocated as partial substitutes for antibiotics (Abdel-Latif et al., 2021; Diab et al., 2022). The ideal dosages, durations, and feeding schedules of these feed additives affect their effectiveness and must be identified (Elumalai et al., 2020).

The Asteraceae family includes Cnicus benedictus L., sometimes known as St. Benedict’s thistle or blessed thistle. C. benedictus L. is native to Turkey, where it is widespread, and is also found in other Mediterranean countries (Lucini et al., 2016). These plants contain secondary metabolites, including glycosides, bioactive azo compounds, flavonoids (silymarin), and rosmarinic acid (Rosmarin). These metabolites are used to treat lung and colon malignancies and hepatitis (Ahmed–Belkacem et al., 2010). Polyphenols contain several components, including phenolic acids, flavonoids, procyanidins, anthocyanins, tannins, and lignins, and make up a large family of natural chemicals. Antioxidant, antimicrobial, antiviral, antitumor, and anti-inflammatory properties are only a few physiological and non-physiological properties observed in these compounds (Can et al., 2017). The phenolic content of each plant species is linked to their bioactive qualities (Can et al., 2015). Polyphenols can function as reducing, scavenging, chelating, coagulating, stabilizing, stimulating, and surfactant agents, and have antibacterial properties as well. Hence, they can be used in various applications (Can et al., 2015). Flavonolignans, abundant in milk thistle and containing flavonoids such as silibinin A, silibinin B, isosilibinin A, and isosilibinin B, make up the silymarin combination (Yıldız et al., 2013).

Amaroidcninin, a primary component of C. benedictus L., has been used to treat anorexia because it promotes the release of saliva and gastric fluids (Van Wyk, 2015). The leaves, stems, and flowers of the blessed thistle have been a traditional “bitter” tonic used to stimulate appetite and digestion. It also contains various nutrients, minerals, and trace elements. C. benedictus L. has been shown to have antibacterial, cytotoxic, anti-inflammatory, wound healing, and bile boosting properties, and has been shown to aid digestion in prior research (Al-Snafi, 2016a). The anti-inflammatory effects of C. benedictus has been shown to suppress nuclear factor κB and inducible nitric oxide synthase (iNOS) and decrease reactive oxygen species (ROS) (Erel et al., 2011). It has been employed to return normal liver function, promote the body’s bile secretion, and aid digestion and detoxification (Al-Snafi, 2016b).

This study was designed to examine the effect of a C. benedictus extract on growth efficiency and the intracellular pathways by which it acts, by investigating the antioxidants, immunity, histopathological changes, and the expression of immune-related genes in Oreochromis niloticus fish challenged with A. hydrophila.



2 Materials and methods


2.1 Ethical approval

This trial was conducted at the Department of Aquaculture, Faculty of Aquatic and Fisheries Sciences, Kafrelsheikh University, Egypt, for 12 weeks during 2021. The university’s animal care and use committee approved the trial protocol (Number: IAACUC-KSU-2021-01).



2.2 Microwave-assisted ethanolic extraction of C. benedictus leaves

Dried C. benedictus leaf powder (400 g, 0.07 ± 0.01 g water/g dry sample) was well blended, sieved through a 100-mm mesh, and stored in a polyethylene bag until it was used in the extraction process. Next, 12 g of the leaf powder was added to 200 mL of 60% ethyl alcohol solvent (solvent/solid ratio = 16.7) in a 250 mL flask for 90 min. The mixture was then irradiated in a microwave oven (D100N30, Adexa Direct, Ltd., Rugby, England) for 5 min according to published protocol (Mirzapour et al., 2010; Karami et al., 2015). The extraction process was repeated until the required volume was obtained for the entire experiment. The obtained extract was then filtered using Whatman No. 1 filter paper (Whatman Intl., Ltd., Maidstone, UK) before drying using rotatory evaporation at 40°C with reduced pressure for the optimum removal of solvent (BUCHI Rotavapor™, Fisher Scientific UK Ltd., Loughborough, UK).

The Cluj-Napoca Botanic Garden in Romania, voucher specimen 665998 of C. benedictus, was used for analyses. A tested high-performance liquid chromatography mass spectrometry (HPLC-MS) technique was used for the measurement of components (Albu et al., 2017; Paun et al., 2019).



2.3 Experimental design and fish husbandry

A total of 225 mono-sex Nile tilapia fish (12.51 ± 0.14 g/fish; mean ± SE) were arbitrarily allocated to five groups stocked in aquariums (n = 3 tanks per group, 15 fish per tank, and water capacity of 120 L per tank) with a 20% daily water exchange rate. After adaption for 2 weeks and initial body weight measurement, the experimental groups were fed isonitrogenous and isocaloric diets (Table 1) with different dosages of the ethanolic extract of C. benedictus for 10 weeks.


Table 1 | Feed ingredients and proximate analysis of the experimental diets.



The five groups were identified as the control group (CBE0.0), which was fed the basal diet, while the second (CBE0.1), third (CBE0.2), fourth (CBE0.4), and fifth (CBE0.6) groups were fed the basal diet supplemented with 0.1%, 0.2%, 0.4%, and 0.6% of C. benedictus extract, respectively, twice daily (08:00 and 16:00 h) to apparent satiation. Water quality parameters were monitored throughout the trial and are reported in Table 2.


Table 2 | Water parameters under experimental conditions.





2.4 Bacterial challenge

To induce the microbial challenge after the 10-week feeding trial, fish were inoculated with PCR-identified pathogenic A. hydrophila, obtained from the Microbiology Research Center, Cairo University. Each fish in the challenged group was intraperitoneally inoculated with 0.2 mL bacterial suspension/fish of 1.3 × 108 CFU/mL of A. hydrophila strain as a sublethal dose to trigger the immune response, following a published protocol (Moustafa et al., 2020). The challenge trial lasted for 15 days with daily monitoring and mortality reporting.



2.5 Fish sampling

Individual fish were weighed to estimate growth parameters at the end of the feeding trial. Five randomly selected fish per group were anesthetized using 150 mg/L MS-222® (Sigma-Aldrich Corp., St. Louis, MO, USA) to obtain blood and intestine samples (Shukry et al., 2022). Blood samples were obtained from the caudal vein using sterile syringes and sub-divided into two parts. The first portion was transferred into a heparinized tube for hematological assays. Simultaneously, the second portion was kept in a 2-mL Eppendorf tube for serum separation to evaluate the total serum proteins (colorimetric Biuret protein assay), albumin (BCG dye-binding colorimetric assay), globulins, triglycerides (coupled enzymatic colorimetric assay), cholesterol (enzymatic rate assay), glucose (hexokinase assay method), ALT (coupled enzyme assay), AST (coupled enzyme assay), creatinine (Cayman’s creatinine colorimetric Assay), and blood urea nitrogen (diacetyl-monoxime colorimetric method) using the standard methods (Arneson and Brickell, 2007). Anterior intestinal samples were dissected for a digestive enzyme assay (amylase and lipase). Five days post challenge, serum samples (three samples/replicate) were collected to evaluate lysosome activity, phagocytic activity (phagocytosis assay), phagocytic index, superoxide dismutase (SOD) activity, and malondialdehyde levels (MDA colorimetric assay).

Additionally, at Five days post challenge, head kidney samples (three samples/replicate) were dissected, transferred into sterile 2-mL Eppendorf tubes, shocked in liquid nitrogen, and maintained at −80°C for further evaluation of the differential expressions of immune genes in interleukin 1 beta (il1b), tumor necrosis factor a (tnfa), heat shock cognate 70-kd protein (hsp70), and toll-like receptor 7 (tlr7). Liver and intestinal samples were fixed for further histological investigation, detailed in section 2.7.



2.6 Growth performance parameters and somatic indices

The following growth parameters were estimated according to Yassine et al. (2021): Weight gain (%) = (Final weight - Initial weight) × 100/Initial weight. Specific growth rate (SGR; % day-1) = (Ln (final weight) - Ln (initial weight) × 100)/t (in days), where Ln is the natural logarithm reading, and duration is 70 days of feeding. Feed Conversion Ratio (FCR) = feed intake (g)/weight gain (g). Protein Efficiency Ratio (PER) = live weight gain (g)/dry protein intake (g).



2.7 Hepatic and intestinal histological analysis


2.7.1 A. Sample collection and fixation

The fish were evaluated histologically at the end of the experimental period. Six fish from each treatment were anesthetized using 150 mg/L MS-222® (Sigma-Aldrich Corp., St. Louis, MO, USA) (Shukry et al., 2022) and sacrificed to collect the intestine and liver for histopathological examination. After each fish was sacrificed, the entire liver and crosss section of  the middle intestine were removed, cut to separate them, and preserved in a fixative solution for 24 h.

Samples were fixed using the following three fixatives:

1. Serra’s fixative was utilized to quickly fix samples for light microscopy.

2. Small liver tissue samples were fixed in formal calcium for lipid staining while frozen.

3. The Karnovsky fixative was utilized for transmission electron microscopy (Morris, 1965). This fixative utilized 10 ml of 25% paraformaldehyde, 10 mL of 50% glutaraldehyde, 50 mL of phosphate-buffered saline, and 30 mL of distilled water.



2.7.2 B. Sample preparation and fixation of paraffin-embedding blocks

Samples were fixed using Serra’s fixative. The fixative included 100% ethanol, 40% formaldehyde, and glacial acetic acid in the proportions 60: 30: 10 (Massoud et al., 2021). The fixing time at 4°C was approximately 24 h. The following procedures were used to prepare the samples for light microscopy. The fixed samples were cleaned with 70% ethanol alcohol over 3 days. The samples were dehydrated with ethanol alcohol (80% for 1 h, 90% for 1 h, 100% I and 100% II for 30 min each). They were then cleaned for two days each in methyl benzoate I and II. Each paraffin paraplast change, paraffin I, paraffin II, and paraffin III, took 1 h to embed. Each paraffin-embedded block was cut into 5–7-µm slices and mounted on glass slides (Leica RM2125 Microtome, Leica Biosystems, Inc., Nussloch, Germany). The slides were kept dry and maintained in a 40°C incubator.



2.7.3 C. Histochemical staining on paraffin sections

This study employed a variety of strains, including Periodic acid–Schiff reaction, Alcian blue (pH 2.5) (PAS), and Sudan Black B stains. These staining protocols were conducted according to published procedures (Suvarna et al., 2013). Mercury bromophenol blue for total protein stain was conducted as described by Naik (2002).



2.7.4 D. Alkaline phosphatase and lipase enzyme histochemistry

Both alkaline phosphatase and lipase enzyme histochemistry were conducted on frozen sections using the following method. A 0.5-cm3 sample from the liver and intestine was obtained. After formal calcium fixation, materials were soaked in an optimal cutting temperature compound (OCT compound) overnight in a refrigerator at 4°C, then stored at −20°C for cryosectioning. Histochemistry staining for alkaline phosphatase and lipase enzymes in the liver and histochemistry in the intestine was conducted as described by (Suvarna et al., 2013).



2.7.5 E. Acridine orange dye used to stain paraffin-cutting sections

Acridine orange is a cationic dye that can identify secretory vesicles and acidic lysosomes through staining of protein-containing membranous vesicles including membrane-bound acidic compartments. The metachromatic reaction of Acridine orange relates to the liberation of green and red fluorescence and combines with membrane-bound vesicles to produce orange or red colors. The method is based on previous findings, (Hoff et al., 1985) with modifications (Abd-Elhafeez et al., 2021), and the Acridine orange staining and the staining process have been detailed by El-Sherry et al. (2022) and Soliman et al. (2022a).



2.7.6 F. Semi-thin and ultra-thin section sample processing for transmission electron microscopy

Approximately 1-cm3 specimens from the intestine were used for semi-thin sections 1–2 mm in length, which were fixed overnight at 4°C using Karnovsky’s fixative (Karnovsky, 1965). These were processed according to Anwar et al. (2021) and Soliman et al. (2022).

Toluidine blue was used to stain semi-thin sections (1 mm) cut with an ultramicrotome Ultracut E (Leica Biosystems, Inc., Nussloch, Germany) (Suvarna et al., 2013). In the electron microscopy unit of Assiut University, ultrathin sections of the ileum were obtained using an ultramicrotome (ibid) stained with uranyl acetate and lead citrate (Reynolds, 1963) and examined using JEOL 100CX II transmission electron microscopy (TEM) (Georgia Institute of Technology, Atlanta, GA, USA).



2.7.7 G. Measurements of histomorphometric characteristics in the intestine and liver

Various histomorphometric features, such as villus height and width, enterocyte heights, migratory leucocytes, and the number of goblet cells in a villus, were measured using light microscopic semi-thin images of the intestines from three fishes from each group. The microvilli length was determined using TEM images. Various histomorphometric features, such as the hepatocyte and the nucleus areas, were measured on semi-thin images of the liver using light microscopy. Measurements were evaluated using Image J (http://fiji.sc/Fiji).




2.8 RNA extraction, cDNA synthesis, and quantitative real-time PCR assay

Total RNA from head kidney samples (5 days post-challenge) was extracted from 100 mg of tissue using the TRIzol reagent (iNtRON Biotechnology, Seongnam-Si, Korea) following manufacturer instructions. The quality and quantity of the RNA yield were confirmed using NanoDrop™ 2000/2000c spectrophotometers (Thermo Fisher Scientific, Waltham, MA, USA). The quality of extracted RNA was evaluated based on the A260/A280 ratio, followed with integrity assurance by electrophoresis, in which randomly selected RNA samples were run on a denaturing agarose gel stained with ethidium bromide (EtBr). The presence of sharp and clear molecular bands of 28S and 18S rRNA and the observation that the 28S rRNA band was approximately twice as intense as those of the 18S rRNA were substantiating evidence of extract integrity.

For cDNA synthesis, 2 μg of total RNA from each sample was reverse-transcribed using cDNA synthesis (iNtRON Biotechnology, Seongnam-Si, Korea) according to manufacturer procedures. Gene expression profiling was conducted in a Mic-qPCR thermocycler (Bio-Molecular Systems, Upper Coomera, Australia) with a 25-μl reaction volume. The qPCR mix contained 12.5 μl of 2× SYBR Green/no-ROX rtPCR master mix (SensiFAST cDNA kit, Bioline AgroSciences, Ltd., Little Clacton, UK), 2 μl of cDNA template, 1 μl of the forward primer, and 1 μl of the reverse primer with 8.5 μl of nuclease-free water. The gene-specific primers were designed using the online software Primer3 (Untergasser et al., 2012) (Table 3). The qPCR reaction involved preliminary denaturation at 95°C for 10 min, followed by 40 cycles of 15 s each at 95°C, 35 s at the specific annealing temperature as detailed in Table 3, and an extension of 20 s at 72°C. To ensure primer specificity, a melt curve with 0.5°C increments in the temperature range of 65°C–95°C was performed at the end of the qPCR reaction. The amplification efficiency was estimated based on the qPCR slope using the formula: E = 10−1/Slope (Rasmussen, 2001). Normalization of qPCR data was performed using the geometric averaging of the two reference genes used in this study: cell division cycle 34 homolog gene (cdc34) and beta actin gene (actb) to calculate the fold change accurately. The relative expression of the target genes was calculated comparing to the expression of internal control genes (Pfaffl, 2001).


Table 3 | Primers Sequences and qRT-PCR conditions.





2.9 Statistical analysis

Data were expressed as mean ± standard error of the mean. Prior to analysis, data were tested for normality and variance homogeneity using Shapiro–Wilk’s and Levene’s tests, respectively (p <.05). The growth performance data, biochemical analysis, relative gene expression, and histomorphometric measurements were analyzed using one-way ANOVA, followed by Tukey’s multiple comparison test (p <.05) to evaluate the differential response of experimental groups to the tested dosages of CBE in terms of mean differences. Pre- and post-challenge hematological data were subjected to two-way ANOVA with Tukey’s multiple comparison test (p <.05) to demonstrate the effect of CBE dosage, infection, and their interaction on the hematological performance of the fish. Quadratic polynomial regression analysis was conducted to interpolate the optimum supplementation levels of CBE for growth and immune performance (Ghalwash et al., 2022). The survival data distribution from the challenge trial was evaluated using Kaplan–Meier curves (Mantel-Cox test) during the 2-week challenge period, as well as the significance differences between groups at p <.05. The statistical analysis was conducted using GraphPad Prism (version 9.1, GraphPad Software, San Diego, CA, USA).




3 Results


3.1 Effects on body weight and feed utilization

Results revealed that there was a significant increase (p <.01) in final body weight, weight gain, and the specific growth rate, as well as in PER in the treated groups compared with the control group, with a noticeable increase in treated group 3 (CBE0.2) body weight. Among the treated groups, a significant reduction in FCR was seen compared with the control, as shown in Table 4. Polynomial-regression-based interpolation of the growth performance in terms of final body weight (FBW) and protein efficiency rate (PER) revealed that the optimum growth enhancing dosage was 0.31%–0.32% of CBE in Nile tilapia feed (Figure S1).


Table 4 | Growth and feed utilization parameters of Nile tilapia (Oreochromis niloticus) fed on different doses of for 10 weeks.





3.2 Hematological and biochemical parameters effects

Table 5 shows that in the pre-infection challenge there were significant increases in the RBC count in group 3 compared with the other treated groups. There were no significant changes pre- or post-infection observed for Hb concentration, PCV, MCV, or MCH. In the post-infection challenge, there were substantial increases in the total leukocyte count in group 3 and group 4 relative to the other treated groups. Additionally, there were significant increases in the lymphocyte concentrations in groups 3, 4, and 5, in addition to other treated groups, as shown in Table 5. Table 6 shows that there were significant increases in the total protein in groups 3 and 4 compared with the other treated groups, and there were substantial decreases in the glucose and cholesterol levels in group 5 relative to the other treated groups, with no significant variation seen in the different treated groups relative to the control. Additionally, Table 6 shows that there were substantial decreases in the AST, ALT, creatinine, and urea nitrogen in groups 4 and 5, relative to the other treated groups.


Table 5 | Hematological parameters of Nile tilapia (Oreochromis niloticus) fed on different doses of CBE for 10 weeks pre- and post-challenge.




Table 6 | Biochemical parameters of Nile tilapia (Oreochromis niloticus) reared for 10 weeks and fed on different doses of CBE.



Post-challenge results revealed significant increases in the phagocytic activity and index in the treated groups compared with the control, with substantial increases observed in the lysosomal activity in the treated groups and noticeable gains in groups 4 and 5. SOD activity significantly increased in groups 4 and 5 compared with the other treated groups. In contrast, glutathione peroxidase (GPx) activity showed substantial increases in groups 3 and 4, and a decreased level of MDA was seen in treated groups relative to the control.

Polynomial-regression-based interpolation of immune performance in terms of white blood cell count, lymphocytic count, and immunoglobulins, and phagocytic, lysosome, and superoxide dismutase activities revealed that the optimum immune-performance dosage was 0.42%–0.47% CBE in Nile tilapia feed (Figure S1).



3.3 Cumulative survival percentage

Figure 1 shows that the cumulative survival percentage increased significantly in group 4, followed by group 5. These were followed by group 3 and group 2 when compared to the control group at 15 days post challenge.




Figure 1 | The cumulative survival analysis in Nile tilapia groups fed different doses of CBE along 2 weeks post challenge with Aeromonas hydrophila, represented by Kaplan–Meier regression curves. Significance letters (a, b, c, and d) demonstrate the significantly different survival percent (p < 0.05) at the end of the challenge trial.





3.4 Gene expression

Data showed a significant upregulation in the mRNA expression of il1b (2.7- to 5.2-fold dose-dependent upregulation) and tnfa (4.3- to 6.8-fold dose-dependent upregulation) five days post challenge in the treated groups compared with the control, and substantial increases were observed in groups 4 and 5 compared with the other groups. hsp70 and tlr7 mRNA expression showed significant upregulation in the treated groups compared with the control five days post infection, up to seven- and five- fold increases, respectively, without an evident dose-dependent upregulation manner (Figure 2).




Figure 2 | Differential expression of immune-related genes in Nile tilapia groups fed different doses of CBE for10 weeks, sampled at 5 days post challenge with Aeromonas hydrophila. il1b, Interleukin 1 beta; tnfa, tumor necrosis factor alpha; tlr7, toll like receptor-7; hsp70, the heat shock cognate 70-kd protein. Columns (experimental groups) with different superscript letters in the same figure are significantly different (p ≤ 0.05).





3.5 Histopathological examination of intestine and liver


A. Intestine


Light microscopy investigation

The histological pattern of the intestinal structures was close to the standard in all the experimental groups, indicating no inflammation. Using paraffin sections and semi-thin sections, the height of intestinal villi and enterocytes lining the middle intestine were found to have increased in the treated groups in response to various CBE dosages compared with control samples (Figures 3, 4). The number of migratory leucocytes within the enterocytes and absorbed lipoids also increased in the enterocytes of the treated groups (Figure 3). Goblet cells increased in the treated groups compared with the control group (Figure 4).




Figure 3 | Semithin sections (A-E) stained with toluidine blue and frozen sections (F-J) stained with lipase enzyme histochemistry revealed the variation of enterocytes high lining the middle intestine in response to feeding on varied CBE dosages. (A-E) The height of enterocytes (En) increased in the treatment groups as compared to the control group. Inside the enterocytes, there is an increase in migratory leucocytes (arrows) and lipid (L) content. (F-J) increased lipase enzyme staining in enterocytes of treated groups vs. the control group.






Figure 4 | The number of goblet cells and the height of intestinal villi increased in response to various CBE dosages, as shown by paraffin sections of the middle intestine stained with PASHX (A–E) for neutral mucin in goblet cells and Alcian blue pH 2. 5 (F-J) for acid mucin inside the goblet cell.





Transmission electron microscopy investigation

According to TEM analysis, enterocytes from control samples contained a little smooth endoplasmic reticulum and small amounts of lipids, mitochondria, and endocytotic vesicles. The link between them was the Occulden Junction (Figures 5A, B, 6A, B, 7A). Group I enterocytes have a different ultrastructure, with smoother endoplasmic reticulum and mitochondria (Figures 5C, D, 6C, D). Group II enterocytes showed greater lipid absorption and well-developed smooth endoplasmic reticulum. The number of migratory leucocytes was seen to have increased, and mitochondria increased in the cytoplasm of enterocytes. The smooth endoplasmic reticula, which appeared as concentric lamellar bodies, surrounded lipid droplets (Figures 5E, F, 6E, F). Group III enterocytes had more mitochondria, smooth endoplasmic reticula, and endocytotic vesicles than group II. The number of migratory leucocytes were increased (Figures 5G, H, 6G, H), and compared with group IV, group VI enterocytes had more mitochondria, smooth endoplasmic reticula, and endocytotic vesicles (Figures 5I, J, 6I, J).




Figure 5 | Transmission electron micrograph showing ultra-structural changes of the enterocytes in response to feed on different doses of CBE. (A, B) The smooth endoplasmic reticulum (s), a little amount of lipid (l), mitochondria (m), and endocytotic vesicles were found in control enterocytes (v). Note the occulden junction (arrow), as well as the microvilli (mi). (C, D) Group I enterocytes have ultrastructure modification, with smoother endoplasmic reticulum (s) and mitochondria (m). Endocytotic vesicles (v), lipid (l), occulden junction (arrow), microvilli (mi) (v). (E, F) Enterocytes in group II absorbed a significant amount of lipid (l) and had a well-developed smooth endoplasmic reticulum (s). Increase migrating leucocytes (LC). The lipid droplet was enveloped in concentrated lamellar bodies by smooth endoplasmic reticulum (c). In the cytoplasm, mitochondria were detected in greater densities. Microvilli, endocytotic vesicles (v), and the occulden junction (arrow) are all apparent (mi). (G, H) Migratory leucocytes increased mitochondria (m), smooth endoplasmic reticulum (s), and endocytotic vesicles (v) in the enterocytes of group IV (LC). Take note of the occulden junction (arrow). (I, J) Compared to group enterocytes, group VI had more mitochondria (m), smooth endoplasmic reticulum (s), and IV, endocytotic vesicles (v). Increase the number of migratory leucocytes (LC). Take note of the occulden junction (arrow).






Figure 6 | Transmission electron micrograph showing ultra-structural changes of the enterocytes in response to feeding on different doses of CBE. (A, B) Enterocytes of control samples contained the smooth endoplasmic reticulum (s), a small amount of lipid (l), mitochondria (m), endocytotic vesicles (v). Note the occulden junction (arrow), microvilli (mi). (C, D) Enterocytes of group I exhibited morphological changes. The smooth endoplasmic reticulum (s) became more prominent and increased the absorption of lipid (l). Note the occulden junction (arrow), microvilli (mi), endocytotic vesicles (v). (E, F) Enterocytes of group II had a large amount of absorbed lipid (l) and well-developed smooth endoplasmic reticulum (s). Note the occulden junction (arrow), microvilli (mi), endocytotic vesicles (v). (G, H) Enterocytes of group IV increased the mitochondria (m), smooth endoplasmic reticulum (s), and endocytotic vesicles (v). Note the occulden junction (arrow). (I, J) Enterocytes of group VI increased the mitochondria (m), smooth endoplasmic reticulum (s) and endocytotic vesicles (v) compared to group IV. Note the occulden junction (arrow).






Figure 7 | Transmission electron micrograph showing microvilli modifications in response to feed on different doses of CBE. (A) The smooth endoplasmic reticulum (s), lipid (l), mitochondria (m), and endocytotic vesicles (v) were seen in control enterocytes. Note the occulden junction (arrow), as well as the microvilli (mi). (B) Microvilli (mi) height increased in group I enterocytes. Endocytotic vesicles (v), lipid (l), mitochondria (m), and smooth endoplasmic reticulum occulden junction (arrow). (C) Microvilli height was higher in group II enterocytes than in group (I) Concentric lamellar bodies (c) composed of smooth endoplasmic reticulum which enclosed the lipid droplet. Note the smooth endoplasmic reticulum (s), lipid (l), mitochondria (m), (s) endocytotic vesicles (v). occulden junction (arrow). (D) When compared to group II, enterocytes in group IV had higher microvilli height. Note the smooth endoplasmic reticulum (s), lipid (l), mitochondria (m), endocytotic vesicles (v). occulden junction (arrow). (E) Microvilli height in group VI enterocytes was higher than in group IV. Note the smooth endoplasmic reticulum (s), lipid (l), mitochondria (m), endocytotic vesicles (v). occulden junction (arrow).



In group I enterocytes, the microvilli height was increased (Figure 7B). Enterocytes in group II had longer microvilli than those in group I. The lipid droplets were enveloped in the smooth endoplasmic reticula and appeared as concentrated lamellar bodies (Figure 7C). Enterocytes in group IV had greater microvilli height than those in group II (Figure 7D). Enterocytes from group VI had longer microvilli than those from group IV (Figure 7E).




B. Liver


Light microscopy investigation

Using an LM, an increase in liver cell size was found in the treated groups compared with the control group using semi-thin sections stained with toluidine blue (Figures 8A-E). An increase in lipid content inside liver cells in the treated groups compared with the control group was discovered utilizing histochemical staining (Figures 8F-J).




Figure 8 | Semithin sections (A–E) stained with toluidine blue and frozen sections (F–J) stained with Sudan Black B revealed the variation of hepatocyte size and lipid content in response to feed on varied CBE dosages. (A–E) Increase in the size of liver cells (l) in the treated groups as compared to the control group. (F–J) Within the liver cells (I), fat content increased in the treated groups compared to the control group.



Compared with the control group, carbohydrate and protein accumulation in liver cells increased in the treated groups (Figure 9). Compared with the control group, the treated groups had higher levels of alkaline phosphatase and lipase (Figure 10). Additionally, when the treated groups were compared with the control group, the Acridine orange stain revealed increased secretory activity within the liver cells (Figure 11).




Figure 9 | Paraffin sections of liver stained with PAS-HX (photos A, B, E, F, I, J, M, N, Q, R) for glycogen or carbohydrate content staining and MercuryBromophenol (photos C, D, G, H, K, L, O, P, S, T) for protein staining. The treatment groups showed an increase in glycogen or carbohydratecontent staining and Mercury Bromophenol blue protein staining when compared to the control group.






Figure 10 | The staining affinity of frozen sections of liver stained with alkaline phosphatase (A–N) and lipase enzymes (C, F, I, L, O) varied in response to different dosages of CBE. When compared to the control group, the treatment groups demonstrated an increase in alkaline phosphatase and lipase content staining within the liver cells (l) and pancreas (S).






Figure 11 | Acridine orange-stained paraffin sections of liver cells (A-T) revealing secretory secretions in response to different doses of CBE on feed. When compared to the control group, the treated groups had more secretory secretions (arrowheads) within the liver cells (l).





Histomorphometrical measurements

The mean length of the intestinal villi (mm) in the middle intestine showed a highly significant difference (p <.01) between the different treated groups. The greatest length was recorded in group CBE0.2, and the shortest length was recorded in group CBE0.0. There was a highly significant difference between group CBE0.1 and CBE0.4, and other treated groups, but no significant difference was recorded between group CBE0.0 and CBE0.6 (Table 7 and Figure 12). In parallel, the width of the villi at the tip (mm) showed a highly significant difference (p <.01) between the different treated groups. The mean width of the villi showed a gradual incremental change from group CBE0.0 to group CBE0.4, while the lowest value was recorded in group CBE0.6. There was a highly significant difference between groups CBE0.1 and CBE0.6, and groups CBE0.3 and CBE0.4 (Table 7 and Figure 12).


Table 7 | Histomorphometric measurements of intestine and liver in Nile tilapia groups feed on different doses of CBE for 10 weeks.






Figure 12 | Morphometric analysis of intestine in Nile tilapia groups fed different doses of CBE for 10 weeks. (A) The mean length of the intestinal villi (mm) in the middle intestine. (B) The middle intestine villi width at the tip. (C) Enterocytes high at the middle intestine. (D) Microvilli length at the middle intestine. (F) Migratory leukocyte counts in a 400-mm2 field. (E) Number of Goblet cells per villi. Columns with different superscript letters in the same figure are significantly different (p ≤0.05) between different groups.



Enterocyte height (mm) varied between the different groups. The maximum height of the Enterocytes (mm) was observed in group CBE0.2, and the lowest value was recorded in CBE0.0. There was a highly significant difference between the treated groups (Table 7 and Figure 12). The mean length of the microvilli varied between the different groups, and the shortest length was recorded in CBE0.0, and the greatest length was in group CBE0.2. There was a highly significant difference (p <.01) between groups CBE0.0, CBE0.6, CBE0.1, CBE0.2, and CBE0. 4, but no significant difference between groups CBE0.0 and CBE0.6. (Table 7, Figure 12).

The mean number of goblet cells per villi varied between groups. The lowest number of goblet cells was recorded in group CBE0.0; the greatest number was in group CBE0.2. There was a highly significant difference (p <.01) between groups CBE0.0, CBE0.1, and CBE0.6, and groups CBE0.2 and CBE0.04. No significant differences were found between groups CBE0.0 and CBE0.1, and CBE0.6 (Table 7 and Figure 12).

The mean number of migratory leukocytes was highly significantly different (p <.01) between groups. The lowest number was recorded in CBE0.0 and the highest was in group CBE0.4. There was a highly significant difference (p <.01) between groups CBE0.0, CBE0.1, CBE0.2, and CBE0.4 and CBE0.06. A significant difference was also recorded between groups CBE0.0 and CBE0.1, and CBE0.2. No significant differences were recorded between groups CBE0.1 and CBE0.2, and groups CBE0.4 and CBE0.6 (Table 7 and Figure 12). We found that the treated groups hepatocyte and nuclear areas increased more than those of the control. The mean hepatocyte area and nuclear area of hepatocyte are highly significant between different group (Figure 13).




Figure 13 | Morphometric analysis of liver in Nile tilapia groups fed different doses of CBE for 10 weeks. (A) The mean hepatocyte area (μm). (B) Nuclear area of hepatocytes (μm). Columns with different superscript letters in the same figure are significantly different (p ≤ 0.05) between different groups.








4 Discussion

To meet the rising demand for animal protein in human nutrition, aquaculture has emerged as one of the world’s most quickly expanding food sectors. However, the rise of pathogens and disease prevalence, unsanitary disposal of aquatic pollution, rising costs of feed, and other problems pose great threats to this vital sector (Abdel-Latif et al., 2021). Therefore, scientists have been working to develop innovative ideas and approaches to combat these problems and enhance the health of aquaculture.

This study found that groups treated with the C. benedictus extract (CBE) showed significant increases in growth performance and PER compared with the control, accompanied by decreased FCR. This result is consistent with that of Koshinski et al. (2018) which showed that rainbow trout (Oncorhynchus mykiss) grew more quickly in a supplemented group which was fed C. benedictus extract. This resulted from improved digestion and detoxification due to increased bile flow, a key to this strategy (Al-Snafi, 2016b). This result appeared along with increased survival rate and concurred with other studies. C. benedictus extract has been shown to stimulate appetite and digestion, and there may be a link between improved fish development and feed utilization, increased feed intake, and enhanced fish performance due to feed appeal or palatability.

The use of hematological and biochemical testing in fish health evaluations is strongly recommended based on the findings of this study. Group 3 (CBE0.4) showed significant increases in the RBC count compared with other treated groups in the pre-infection challenge. In contrast, there were substantial increases in the total leukocyte counts in groups 3 and 4 compared with other treated groups in the post-infection challenge. Additionally, there were significant increases in the lymphocyte concentrations in groups 3, 4, and 5, and in the other treated groups. This result concurred with a previous study (Al-Snafi, 2016a) which showed that C. benedictus had antibacterial, cytotoxic, and anti-inflammatory effects which contributed to recovery following A. hydrophilia infection. This supported our finding that Nile tilapia given CBE had more significant RBC and WBC levels than control fish, suggesting that CBE affected their hematological functions.

Similarly, data in the present study showed that CBE significantly increased total protein and was accompanied by decreases in AST, ALT, creatinine, and urea nitrogen with no change in glucose concentration between the treated groups and the control in the pre-infected challenge. These results concurred with other studies (Al-Snafi, 2016a) which found no statistical difference in glucose levels and decreased urea and creatinine levels accompanied by increased total protein in rainbow trout. There may be structural changes in the liver that diminish aminotransferase activity and reduce deamination capability, thus increasing plasma protein concentrations (Chen et al., 2020). Additionally, these data proved that liver enzymes were significantly decreased. These findings indicate that C. benedicta extract has a beneficial influence on liver health.

Post-challenge results revealed that CBE significantly increased the phagocytic activity and phagocytic index and substantially increased the lysosomal activity in the treated groups, with noticeable gains in groups 4 and 5. These results confirmed the recovery effect of CBE following A. hydrophilia infection. Additionally, CBE significantly increased the antioxidant activity through increased SOD and GPx activity, with decreased MDA levels in the CBE groups. These effects may result from the cnicin content of C. benedicta which hinders NF-κB synthesis in PMA-induced SW1353 cells. Additionally, in LPS-induced macrophages (Erel et al., 2011), cnicin also suppresses the inflammatory mediator iNOS which reflects the immunomodulatory effect of CBE (Demiroz et al., 2018). A number of phenolics and flavonoids in CBE have a significant ferric-reducing antioxidant power (FRAP), 2,2 diphenyl-1-picrylhydrazyl free radical scavenging activity, as well as xanthine oxidase inhibitor characteristics (Can et al., 2017). Furthermore, CBE contains substantial polyphenols with antioxidant and scavenging activities (Paun et al., 2019).

As a result of its phytochemicals, including flavonoids, tannins, lignans, sesquiterpene lactones, and other triterpenoids, essential and volatile oils in C. benedicta have been shown to contribute to its antimicrobial, anticancer, and other therapeutic properties, as well as its anti-inflammatory and antioxidant properties (Mabona and Van Vuuren, 2013; Paun et al., 2019). This supported our finding that CBE supplementation upregulates the mRNA expression of il1b and tnfa 5 days post challenge and counteracts the effects of A. hydrophila. Additionally, we found that CBE-treated groups showed significant regulation of hsp70 and tlr7 mRNA expression. In fish, hsp70, the most important and prominent HSP, is a common method to stimulate protein production. An increase in GSH via the upregulation of the hsp70 gene was assumed to provide cellular protection against ROS (Mehlen et al., 1996). Additionally, co-supplementation with CBE modified the level of increased hsp70 mRNA expression. This could be attributed to reduced oxidative stress in the livers of O. niloticus. Examining immune-related gene expression patterns is another way to evaluate the effects of CBE. Toll-like receptors (TLR), the most well-known cell surface receptors, play an important role in pathogen identification and early host defense against pathogen invasion (Akira and Takeda, 2004). CBE-supplemented groups had significantly higher levels of tlr7 gene expression at 5 days post challenge, which suggested the role of CBE at the molecular level against pathogens and A. hydrophila infection in some way by altering the gene expression of molecules that could be its intended targets.

Histology and histopathological data demonstrated that the length and width of intestinal villi increased in the treatment groups compared with the control. The increase in villus breadth and height is critical for food absorption and utilization (Shalata et al., 2021), and enterocytes play a crucial role in nutrient absorption and gut immunity (Standen et al., 2015). Simultaneously, LM and TEM findings demonstrated that enterocytes in the treated groups were more structurally and functionally developed, with more developed smooth endoplasmic reticula, mitochondria, and cytoplasmic vesicle count with higher microvilli. The treated groups’ mean lengths of enterocytes and microvilli were more functionally developed than those of the control. In the histochemical examination of enzyme activity, lipase levels increased in the treated groups. Digestive enzyme activation in the gut has been shown to improve the digestive capacity of the gut (Pirarat et al., 2011; Salam et al., 2021), and notably, both LM and TEM data revealed that the treated groups had more smooth endoplasmic reticula than the control. Increased lipid absorption is linked to the smooth endoplasmic reticulum’s shape and development, which houses the monoacylglycerol pathway enzymes required for fat digestion (Gurr et al., 2016). Treated groups showed an increase in the number of endocytotic vesicles, which absorb glucose and protein (Standen et al., 2015), and increased goblet cell activity. This could be due to the improved enterocytes’ metabolic activities. We also found that the number of migratory leucocytes was higher in the treated groups. Finally, the intestine plays an essential function in fish immunity and infection prevention (Salinas, 2015), and the nutritional balance in fish is critical for gut immunity and fish health (Ahmadifar et al., 2019).

The liver is involved in the metabolism and storage of lipids, carbohydrates, and proteins (Matulić et al., 2020). Hepatocytes make up approximately 80% of the parenchyma of the fish liver. Hepatocytes are loaded with glycogen and fat under normal conditions (Picoli et al., 2019), and our microscopy findings revealed that the treated groups had more fat, protein, and carbohydrate content than the controls. Additionally, enzyme activity such as lipase and alkaline phosphate increased in the treated groups. We found that the treated groups’ hepatocyte and nuclear areas increased more than those of the control. The increase in hepatocyte area indicates that the hepatocytes’ storage capacity has increased (Campos et al., 2008). Rašković et al. (2011) demonstrated that lipid and glycogen content in hepatocytes, the hepatocytes’ nuclear area, and the hepatocytes’ surface area were considered essential indicators of liver metabolic activity.



5 Conclusion

This study confirmed a significant improvement in growth performance, hematological factors, immune-related parameters, and antioxidant and anti-inflammatory activity associated with CBE supplementation in fish feed. This indicated a beneficial response through the stimulation of digestion, the creation of an antioxidant defense, and by generating immune system components. Subsequently, the immune status of O. niloticus was promoted, and the immunosuppressive impact of A. hydrophila was modulated, thereby providing a promising feed supplement for O. niloticus aquaculture. This is the first report that investigated the intracellular molecular pathways of CBE.
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IBW (g) 12.66+0.11
FBW (g) 4491+ 0,65
WG (%) 255.0 +8.22¢
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p- value
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0.003
<0.0001
0.0004
<0.0001

Growth and feed utilization parameters of Nile tilapia (Oreochromis niloticus) fed on different doses of CBE. IBW; Initial body weight, FBW; final body weight, WG; weight gain, FCR; Feed
conversion ratio, SGR; specific growth rate, PER; protein efficiency rate. Data are expressed as Mean + SEM where n=3 as triplicate tanks for WG%, FCR, SGR and PER and n = 45 for IBW
and FBW. Values with different superscripts within a row are significantly different (p < 0.05).
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Gene Primer sequence (5™-3’) Access. no Annealing temp. (°C) Product size (bp) Efficiency (%)

Internal reference genes

acth F CATCTACGAGGGTTATGCCCTG EU887951 66.1 134 96.1
acth R CGATTTCCCTCTCGGCTGTG
cdc34 B+ AACCCACAGAAGACTGCGAG XM_003460024 65.1 127 98.6
cdc34 R AAGAAGTCAGGGCTGTGAGC

Immune-related genes

illb F TITTCGTGCTGGACACAGAGG XM_003460625 65.7 244 954
illb R GTGCTGTGTTCGCAGTTGTT

tnfa F GCAGCTGAATGAACCTCTCAC XM_013266976 65 249 983
tnfa R CGAGGCAAAGTGTGAATGCC

tir7 B ATTGGCACTCTTTGCGATGC XM_019352834 646 402 By
t7 R CAGTAACTTACCATTGCGCCT

hsp70 F CTTGTGAGAGGGCCAAGAGG GQ386800 662 162 97.8
hsp70 R ATTTCTCCACCGGCTCCAAG

The listed Primers Sequences, accession number of the targeted gene, annealing temperature, amplicon size, and amplification efficiency. (F) the forward sequence of the tested primers, (R)
the reverse sequence of the tested primers. (actb) beta actin gene (cdc34) cell division cycle 34 homolog gene that in human encodes the protein Ubiquitin-conjugating enzyme, (il1b)
interleukin 1 beta gene, (tnfa) tumor necrosis factor alpha gene, (tlr7) toll-like receptor 7 gene, (hsp70) the heat shock cognate 70-kd protein gene. * cdc34 gene is the accurate acronym of
the UBCE gene referred in the listed reference.
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p- value

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
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0.0017

Histomorphometric measurements of intestine and liver of Nile tilapia feed different doses of CBE. Data are expressed as Mean+SEM where n=5. Superscription letters indicate significant

differences in (one-way ANOVA) at p value <0.05.
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2.980+0.136
46.58+1.527°
2.100+0.086"
0.2040.008"
22.40£1.077
33.2042.332

33.800.73"
2.676+0.25"
37.06:0.96"
168.6+3.17°
1307+19.76"
33.801.24"

p-value

<0.0001
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0.0004
<0.0001
0.0001
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0.3730
0.255

<0.0001
<0.0001
<0.0001
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Biochemical parameters of Nile tilapia (Oreochromis niloticus) reared for 10 weeks and fed on different doses of CBE. Samples for Post-challenge analysis have been postponed 5 days post-
challenge. A:G ratio; Albumin; Globulin ratio, AST; Aspartate transaminase enzyme activity, ALT; Alanine transaminase enzyme activity, SOD; Superoxide dismutase activity, GPx;
Glutathione peroxidase activity, MDA; Malondialdehyde concentration. Data are expressed as Mean+SEM where n=5. small letters indicate significant differences in pre-infection or post
infection separately (one-way ANOVA). ** These parameters were measured in the anterior intestine, whereas the other parameters were measured in blood.
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Water parameter CBE0.0

Dissolved oxygen (mg/L)* 672 + 043
Temperature (°C)** 26.46 + 0.11
pH** 7.98 £0.17
TAN (mg/L)*** 0.23 + 0.09

CBEO.1

6.64 + 037
26.32 0.9

8.04 +0.09

0.27 + 0.03

CBEO.2

6.58 = 0.38
26.28 +0.22
8.03 £0.13
0.24 +0.02

6.67 = 0.52
26.38 + 0.18
7.95 % 0.16
0.25 + 0.05

6.52 + 0.47
26.4 + 041
8.15+ 0.08
0.26 + 0.03

pH: potential of hydrogen to specify the acidity or basicity of an aqueous solution, TAN; Total Ammonia Nitrogen. Data are presented as Mean + SD of daily measurements in experimental
units. * Dissolved oxygen was measured using Oxy guard® DO meter, Denmark. ** Temperature and pH were measured using HANNA 98128° pH meter, Hungary. *** TAN was measured

using HI-97733C Ammonia HR Portable®.
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Feed ingredients

Soybean meal (47% Cp)
Fishmeal (65% Cp)
Yellow corn (7.5% Cp)
Fish oil

Soy oil

Rice bran

Wheat bran

Corn gluten

Di calcium phosphate
Poultry-by meal (60% CP)
Vitamins and minerals mixture *
Choline

STAY c-35"*

Cnicus benedictus Extract (%)

Proximate composition (%)

Ether extract%

Crude protein %
Fiber%

Ash %

Gross energy (kJ/g) ***

% In diet

374

3.8

19.4

0.7

0.7

11.2

16.5

5.7

0.6

3.6

0.3

0.05

0.05
0.0 (CBE0.0)
0.1 (CBEO.1)
0.2 (CBE0.2)
0.4 (CBE0.4)
0.6 (CBE0.6)

6.37
30.1
5.14
6.09
18.07

* Vitamin and mineral mixture (mg/kg of the premix): vitamin B1 (200 mg), vitamin B2
(650 mg), vitamin B6 (500 mg), vitamin B12 (70 mg), biotin (9000 mg), vitamin A (3000
IU), vitamin D3 (600 1U), vitamin E (3000 mg), niacin (40 mg), pantothenic acid (2700
mg), inositol (250 mg), para-amino benzoic acid (7600 mg), manganese (500 mg), copper
(65 mg), iron (280 mg), cobalt (10 mg), iodine (10mg). ** Stay C-35; stabilized
(phosphorylated) salt of L-ascorbic acid with 35% vitamin C activity supplied by
DSM® (Heerlen, the Netherlands). *** Gross energy was calculated based on the values
for protein, lipid, and carbohydrate as 23.6, 39.5 and 17.2 k]/g, respectively.
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Parameters CBE0.0 CBEO.1 CBE0.2 CBE0.4 CBEO0.6 p. value of two-way ANOVA
(pre- and post-challenge)

CBE Infection interaction
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Post  33.69:2.11°%  33.16:248 A**  3631:293A%  35.41:184"™  32.19+2.16 4™
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Post 149.43.26 150.6+7.28 151.8+5.39 152.6+5.84 148.2+4.23
MCH (pg) Pre  38.61x1.52%  3814x2.04°™  3798+211°™  3987+107%°  3865:291*™ 0213 0.004 0.342
Post  36.64+1.83"™  37.36+2.07°™  3473:196 % 36.13:136""  37.71+2.13 A%
WBCs Pre 21.98+1.057°  24.00£0.41%°  24.42:103%°  2529+1.69°"  23.08:2.01<" 0.0001 0.0001 0.062
(x10%uL)
Post  34.59+1.04B° 3629092  39.59+1.06"™  4260:127%*  37.24x2.03%
Lymphocytes (x10*/uL) Pre  17.58+138™ 19724101 20.74+1.02%  21.78+135%  18.86+1.92"°  0.0001 0.0001 0.467
Post  20.13x094®  29.16+123"  32.82+1.41°™"  3331:2.16*  31.79:1.18%°
Monocytes Pre 1.320£0.04%° 14840034  1.556+0.01°  154040.2°%  1620+0.03"% 0.002 0.0001 0.004
(x10%/uL)
Post 1.26£0.09 3.440.10% 3.340.06™ 422004 1.7120.045°¢
Neutrophils Pre 28224005  3.29420.11°%  2.41220.10™  3.176£0.07°%"  2.946+0.09"* 0.674 0.038 0.609
(x10°/uL)
Post  3.130:0.10A™  33200.13A™  3.550£0.12* 3.6240.124% 3.40£0.12%
Eosinophils Pre 0.256+0.02*  0.09£0.00  0.0720£0.00  0.060£0.00°  0.116+0.01°®  0.0001 0.0001 0.144
(x10*/uL)

Post  0.35:0.02°* 0230£0.01™  0300.03*"  0.250:0.01° 0240014

Hematological parameters of Nile tilapia (Oreochromis niloticus) fed on different doses of CBE pre- and post-challenge. RBCs; red blood corpuscles, Hb; Hemoglobin, PCV; packed cell
volume, MCV; Mean Cell Volume, MCH; Mean Cell Haemoglobin. WBCs; White blood cells. Data are expressed as Mean+SEM where n=>5. For each parameter, values with different
superscripts are significantly different (p < 0.05). Capital letters indicate significant differences of two-way ANOVA (pre- and post-infection together), whereas small letters indicate
significant differences in pre-infection or post infection separately (one-way ANOVA).





