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Phytobiotics are promising diet alternatives, yet their effectiveness in high-risk aquaculture conditions remains underexplored. Therefore, a 90-day feeding trial was conducted based on dietary supplementation of Nile tilapia, Oreochromis niloticus, with herbal extracts, namely, lemon balm [Melissa officinalis (MOE)], marjoram [Origanum majorana (OME)], and chamomile [Matricaria chamomilla (MCE)] with 0% water change. The treated groups were compared to groups untreated with herbs or control groups [positive control (PC; 0% water change) and negative control (NC; 20% water exchange per day]. Fish were cultured at stocking density (20 fish m-3: 1.8kg of biomass/m3). We conducted a physicochemical analysis of the water and the clinical responses, growth, and immune responses of the fish were evaluated. Furthermore, the herbal-supplemented fish were then challenged with a pathogenic Edwardseilla tarda strain and mortality was monitored. In the 1st and 2nd months, the water parameters were within the permissible limits. After that, a fatally low dissolved oxygen concentration and the highest levels of ammonia, nitrite, nitrate, and pH were recorded during the 3rd month. Blood and immune assays were conducted in the treated groups and control groups. The herbal-treated groups appeared healthy, but during the 3rd month, lethargy and decreased appetite were evident. Generally, the herbal-treated fish showed improved growth performance parameters, survival rates, and resistance against pathogenic bacteria E. tarda, particularly in the OME and MOE-treated groups compared to the positive control group. Finally, phytobiotic supplements were shown to improve fish stress tolerance and immune activation for a certain period under stressful conditions or unchanged water, based on the stocking density, dosages of herbs used, and the extent of deterioration of the water quality.
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Introduction

Recently, water scarcity, harsh climate, rapid population growth, and per capita consumption of animal protein have weighed on the modern aquaculture sector. The aquaculture sector is the largest contributor to the fish supply as production from sea-caught fisheries has almost stagnated in recent years (FAO, 2022; El-Sayed et al., 2022; Eyayu et al., 2024). However, the rapid evolution of intensification practices is exaggerating stressors on fish, increasing the risk of low water quality and disease outbreaks (Ndashe et al., 2023). Other challenges include wastewater-based agriculture, a major source of nitrogenous components, organic carbon, suspended matter, and phosphates, which pose a major threat to aquatic ecosystems (Kim et al., 2020; Li et al., 2023). These sources of pollution can lead to a rapid deterioration of water quality, which negatively affects fish health and the proliferation of pathogenic microbes; this can eventually lead to fish death and economic losses in farmed fish species (Mehrim and Refaey, 2023). Another important factor, fish stocking density, affects water quality as oxygen requirements vary with fish species, age, fish size, and water temperature (Dunham, 2023).

Faced with the water scarcity crisis, several alternative systems have been proposed including water exchange, biofilters for recirculating aquaculture systems, Biofloc technology, and aquaponics to maintain aquaculture water quality and quantity (Abdel-Aziz et al., 2024; Salin and Vinh, 2023). These aquaculture maintenance technologies have tended to provide sustainable models based on minimal and zero water use. However, some of these water-saving technologies can be laborious and expensive, incur high electricity generation costs, and introduce pathogens (Zimmermann et al., 2023). In addition, chemotherapeutic options have limitations such as negative effects caused by the excessive use of chemicals, disinfectants, and antimicrobials, which also pose risks to humans, the aquatic environment, and the development of microbial resistance (Bondad-Reantaso et al., 2023).

Nonetheless, these alternative technologies have shown differential efficacy responses in growth performance, immune response, and nutritional value. In Zero Exchange Biofloc (BFT) technology, adult Nile cichlids were stored in high densities and experienced poor growth performance, disturbances in clinical biochemistry, and a reduction in crude protein in their carcasses. Furthermore, high levels of settleable solids (74 ml L-1) and nitrate (1.09 g L-1) and degenerative effects on the gill structure of all stocking densities were found (Manduca et al., 2020).

Therefore, environmentally friendly and sustainable alternative approaches to aquaculture disease and ecosystem control have recently received attention (Hossein et al., 2023). For example, functional nutrition, optimized feeds, and feeding regimes help promote fish health and resistance to infection. Also, enhanced immunity is largely regulated by immune stimulants such as algae and plant extracts, probiotics, prebiotics, yeast extracts, and micro-ingredients such as minerals and vitamins (Sharawy et al., 2020; Van Doan et al., 2020). Phytobiotics or herbal extracts are promising alternatives because they minimize chemotherapeutic risks and help maintain ecosystem balance (Dien et al., 2023; Rabelo-Ruiz et al., 2023).

The effectiveness of phytobiotics is related to their bioactive metabolites, which may act as immunostimulants, improve digestive system functionality, increase feed conversion efficiency, improve growth performance, and increase antioxidant activities (Gabriel et al., 2015; Yang et al., 2015; Yilmaz, 2019; and Abdul Kari et al., 2022). In addition, phytobiotics are considered inexpensive alternative immunostimulants that are biofriendly and biodegradable (Hoseinifar et al., 2020; Zakaria et al., 2022). Among the vital dietary herbs, lemon balm, Melissa officinalis L., is a therapeutic herb and an aromatic perennial plant; it commonly grows in the Mediterranean region and Western Asia and is intensively cultivated in Europe. It is a good source of antioxidants, antimicrobials, and rosmarinic acid, all of which have beneficial effects on fish survival rates, growth performance, and immune response (Ghiulai et al., 2020; Bilen et al., 2020; Jafarpour and Fard, 2016). Also, Origanum majorana (marjoram) is a tender perennial undershrub, is naturalized in Mediterranean regions, and is particularly found in the temperate regions of the Himalayas. Its leaves are known to contain antioxidant and antimicrobial compounds and high concentrations of phenolic compounds that improve fish growth, nutrition, and economic efficiency (El-Dakar et al., 2004; El-Kholy, 2012; Roby et al., 2013). Currently, Matricaria chamomilla (chamomile) is widely distributed all around the world. M. chamomilla is an annual herb that grows on all soil types and is resistant to cold. It is native to southern and eastern Europe, and northern and western Asia. Its flower supplements have been found to improve non-specific immune responses and increase fish growth rates (Abdelhadi et al., 2010; Zaki et al., 2012).

Edwardsiellosis is a dangerous bacterial infection that infects various aquatic habitats and causes economic losses worldwide (Oh et al., 2020; Haenen et al., 2023). The Edwardsiella genus includes E. tarda, E. ictaluri, E. hoshinae, E. piscicida, and E. anguillarum (Shao et al., 2015). Outbreaks of Edwardsiellosis have been ecologically correlated with highly stressful conditions in poor water quality (Davies et al., 2018).

Although phytobiotics are a new frontier in aquaculture, there is a fundamental need to achieve a clear and direct dose-dependent stimulatory effect on fish growth, immune status, and physiology. Furthermore, there is limited knowledge on the effectiveness of herbal-based phytobiotics for maintaining fish health under stressors such as reduced and/or absent water exchange and intensive aquaculture conditions. Therefore, the efficacy of Matricaria chamomilla flower extract (MCE), Melissa officinalis leaf extract (MOE), and Origanum majorana leaf extract (OME) as feed additives in tilapia feeds was assessed in stressful conditions with unchanged water. We also measured immunological response, growth performance, and histological indications. Additionally, using the same severe culture conditions, an experimental study was conducted to determine the antibacterial efficacy of herbal feed additives against the pathogenic bacteria E. tarda.





Materials and methods




Study location

Both the nutritional experiment and the bacterial challenge experiment were conducted at the Aquatic Nutrition Laboratory of the Aquatic Wealth Research Station, NIOF, in Shakshouk, National Institute of Oceanography and Fisheries NIOF, Fayoum Governorate (Coordinates: 29° 28′ 20″ N, 30° 36′ 51″ E). The laboratory is equipped with cement ponds of different sizes coated with epoxy.





Management of rearing unit and basic water quality tests

Management practices were monitored to ensure proper pond health including aeration and filtration. The filtered water was stored in two large 10 m3 ponds for dechlorination before being used for water exchange. During the study period, the water was left untouched and water samples were taken regularly to assess the water quality. The water quality parameters were regularly recorded. Water temperature, pH, and dissolved oxygen (DO) were measured in situ. Total ammonia (TA), nitrite (NO2), and nitrate (NO3) were measured by chemical methods (APHA, 2012) using a spectrophotometer (LKB Bichrom UV visible spectrophotometer). Unionized ammonia was calculated by a correlation coefficient between temperature and pH (Emerson et al., 1975).





Preparation and phytochemical analysis of dietary herbal extracts

One kg of each freshly harvested herbal plant, i.e., lemon balm, marjoram, and chamomile (M. officinalis, O. majorana, and M. chamomilla flowers), was purchased from the National Agriculture Research Center NARC, Egypt. In order to obtain ethanolic (alcoholic) extracts, herbal parts were washed, dried by air circulation at 40°C for 3 days, and finally ground using an electric grinder into powder. Then, 200 g of the resultant powders of each plant were separately added to ethanol alcohol 70% (1:10 w/v) and blended. The mixtures were left at room temperature for 72 h and then mixed again using a magnetic stirrer (150 rpm for 24 hours) and filtered through Whatman papers No. 1 (42 μm pore size) twice. To create a concentrated powdered extract, the mixtures were distilled in a rotary evaporator to allow the alcohol to entirely evaporate. The extracts were eventually kept in sterile, dark glass containers at -20°C until usage (Van Hai, 2015; Mohammadi et al., 2020).





Determination of total phenolic compounds

The concentrations of total phenolics in all extracts were measured using a UV spectrophotometer (Jenway-6405-UV/VIS) based on a colorimetric oxidation/reduction reaction. The used oxidizing reagent was the Folin–Ciocalteu reagent (AOAC, 2010). To 0.5 mL of diluted extract, 2.5 ml of Folin–Ciocalteu reagent (diluted 10 times with distilled water) and 2 ml of Na2CO3 (75 g/1L) were added (Škerget et al., 2005). The sample was incubated for 5 min at 50°C and then cooled. For a control sample, 0.5 mL of distilled water was used. The absorbance was measured at 763 nm. Total phenolic contents were expressed as the gallic acid equivalent (GAE). The GAE was calculated based on the calibration curve using the following linear equation: y = 0.0187x + 0.0786, R² = 0.998, where y is the absorbance, x is the concentration (mg GAE g−1 extract), and R2 is the correlation coefficient.





Determination of total flavonoids

Total flavonoid contents were determined using the method of Ordonez et al. (2006) with some modifications. A 3 mL aliquot of a 10 g L−1 aluminum chloride (AlCl3) ethanolic solution was added to 0.5 mL of extract. After 1 hour of incubation in the dark, the absorbance at 420 nm was measured at room temperature. A yellow color indicated the presence of flavonoids. Extract samples were evaluated at a final concentration of 1 mg/ml. Total flavonoid contents were expressed as the quercetin equivalent (QE). The QE was calculated based on the calibration curve using the following equation: y = 0.0148x - 0.0118, R² = 0.9996, where x is the absorbance, y is the concentration (µg QE), and R2 is the correlation coefficient.





Experimental fish, rearing conditions, and dietary supplemention

A total of 300 healthy Nile tilapia (Oreochromis niloticus) with an average initial weight of 55.89 ± 1.06 g was obtained from a commercial farm in Shakshouk, Fayoum Governorate. The fish stock appeared to be healthy with no history of infectious diseases or rearing problems. It was then quickly transported to the laboratory and adapted for 2 weeks before experimental implementation. After fitting, the fish were distributed evenly over five treatments in 15 concrete ponds. All ponds were equipped with good aeration at a density of 20 fish/pond or 1.8kg/m3 (N=60 fish/group; pond size= 1 m3). The 1st group, T1 (negative control, NC), was fed the basal diet with 20% daily water changes. The 2nd group, T2 (positive control, PC), was fed the basal diet of completely unaltered water with 0% water change. The 3rd, 4th, and 5th groups were herbal-treated groups, named T3, T4, and T5, and received the basal diet supplemented with a 16.2 g MOE kg-1 diet (Haselmeyer et al., 2018), a 10 g OME kg-1 diet, and a 10g MCE kg-1diet (Van Hai, 2015) with 0% water changes per day, respectively.

Following NRC (National Research Council) (2011) recommendations, the basal fish diet was prepared to meet the optimal nutritional needs of tilapia (30% crude protein). The ingredients were ground and then combined mechanically using water (300 ml of water per kg of mixture for both the control and experimental diets). The mixtures were then pelleted using a 3 mm meat grinder, dried in an oven at 30°C, and stored at 4°C (Table 1). All fish groups were fed 3% of their biomass, adjusted weekly according to their average body weights. Fish were fed twice daily at 9:00 a.m. and 4:00 p.m. for six consecutive days per week for 90 days.


Table 1 | Ingredients of the basal diet, plant extract feed additives, and a proximate chemical composition on a dry matter basis.







Fish behavior, clinical signs, and growth performance

A daily surveillance program was conducted during the trial period, which included behavioral and clinical signs, morbidity and mortality rates, and postmortem lesions (Noga, 2010). Growth performance was calculated based on the obtained feeding patterns in terms of fish number, weight, length, and food consumed throughout the experimental period according to prescribed equations (Yarmohammadi et al., 2012).





Measurements and calculations

	

	

	

	

	

	

	

where W1 is the initial weight, W2 is the final weight, g denotes grams, ln is the natural log, t is the time in days, and L2 is the final fish length in cm.





Chemical composition of fish carcass

Replicates of five fish selected at random from each group were removed, autoclaved, and homogenized to assume a slurry form, then dried in an oven and reground. The moisture, crude protein, crude lipid, and ash of the whole fish body were determined according to standard methods of the Analysis of Association of Official Analytical Chemists[AOAC (2010)]. The values were reported on a dry matter basis.





Hematological and immune assays

Three fish were randomly selected per replicate (nine fish per group) and anesthetized with MS-222 (0.1 g L-1 tricaine methanesulfonate; Sigma-Aldrich). A blood sample was taken from the caudal vessel for hematological examination. A portion of the sample was placed in a microtube containing EDTA potassium salt. The other part of the sample was placed in a tube without anticoagulant and then centrifuged at 3,000 g for 5 min; this served as a serum sample which was stored at 20°C for serum separation and then used in biochemical and immunological assays. Blood smear, erythrocyte, and total leukocyte counts were established for differential leukocyte counts using the method of Blaxhall and Daisley (1973). In addition, the hemoglobin concentration was measured using the cyanmethemoglobin method (Dorafshan et al., 2008). Total protein, albumin, glucose (RBs), creatinine, urea, uric acid, and transferase [aspartate aminotransferase (ALT) and alanine aminotransferase (AST)] activities in serum were analyzed photometrically using specific kits from Spectrum Diagnostics, Egyptian Company for Biotechnology, Egypt. Serum catalase (Chelikani et al., 2004), glutathione, immunoglobulin M, interleukin 10 (IL-10) (Li et al., 2012), interleukin 6 (IL-6) (Hirano, 1998), interleukin 1/interleukin 1F2 (IL-1/IL-1F2), superoxide dismutase, lysozyme/muramidase (Ellis, 1990), and malondialdehyde (MDA) (Farmer and Davoine, 2007) were measured using ELISA kits available from Biosource Inc. (San Diego, California, USA) according to the manufacturer’s instructions. In addition, complement C3 was quantitatively determined using turbidimetry.





Histopathological evaluation

At the end of the experiment, 10 fish per group were randomly selected, and euthanized by decapitation, and representative tissue samples were collected from the gills, liver, and kidneys following standardized autopsy procedures. The collected samples were immediately fixed in 10% neutral buffered formalin solution for 48 h, dehydrated in a series of graded ethyl alcohol (70%, 80%, 90%, and 100%, 1 hour each), clarified in two changes of xylene (1 hour each), impregnated and embedded in paraffin wax, microtomed in 5 m sections, stained with hematoxylin and eosin according to standard methods (Suvarna et al., 2018), examined microscopically, and any histological changes that occurred were recorded.

Multiparametric quantitative scoring for the recorded histopathological changes in the gill, liver, and kidney tissues was performed according to the protocol proposed by (Bernet et al., 1999). In summary, the recorded histopathological changes in the three organs were categorized into five reaction patterns depending on the type of change: regressive, progressive, circulatory, inflammatory, or neoplastic (each pattern has a set of associated changes).





Challenge test: assessment of the antibacterial activity of the herbal supplements against bacterial infection in unchanged water conditions

This experiment was complementary to the first experiment and was performed sequentially on the remaining fish within the same fish groups of the 1st experiment. It was the second experimental evaluator of the efficacy of herbal-treated fish to resist bacterial infection by inoculation of a pure culture of E. tarda isolated from O. niloticus. We obtained an E. tarda strain (sodB accession- ON186569) from the Department of Hydrobiology, Veterinary Research Institute, National Research Centre, 12622, Dokki, Cairo, Egypt. They isolated the pathogenic strain from a natural outbreak of infected Nile tilapia (O. niloticus). A pure culture of the obtained E. tarda isolated from O. nilotis was boosted by culturing on salmonella-shigella agar (SS agar) plates and incubated at 30°C for 24-48 h. To prepare the inoculum, three pure colonies were collected and inoculated into the broth at 30°C for 24-48 h, broth cultures of the bacteria were centrifuged at 3,000 rpm for 30 min, after which the bacterial cells were resuspended in phosphate-buffered saline containing 0.9% NaCl and adjusted to a final concentration of 3 × 108 CFU (Amandi et al., 1982).





LD50 and pathogenicity test

A total of 270 O. niloticus fish (63 ± 4g) with no history of infectious diseases were obtained from a different source than the experimental fish (the farm of Aquatic Wealth Research Station, NIOF, in Shakshouk, National Institute of Oceanography and Fisheries NIOF). They were then acclimated for 2 weeks in a fiberglassed pond (3000 L) which was filled with declorinated fresh water and connected to aeration and filtration systems. Post-acclimation, the fish were distributed equally into nine triplicated groups (groups 1-9, each with 30 fish). Prior to the injection, the fish were gently caught in the ponds and bathed in anesthetics (50 ppm clove oil) for 2–3 min. For the median lethal dose (LD50), the fish from eight groups were injected intraperitoneally (I/P) with 0.1 ml of the corresponding serial dilution (3x101-3x108 CFU/ml/fish). The control fish in group 9 were injected with 0.1 mL of sterile saline solution PBS. The LD50 assay at which 50% mortality occured was 3× 106CFU.

Based upon the LD50, the second experiment, a pathogenicity test, was conducted. The T2 (positive control) and herbal-treated groups, i.e., T3 (MOE), T4 (OME), and T5 (MCE), were injected I/P with 0.1 mL of a 3 × 106 CFU ml-1 E. tarda bacterial suspension. The T1 group (negative control) was injected with sterile TSB. The cumulative morbidities and mortalities of the fish were recorded 2 weeks post-challenge. In addition, dead fish were collected and examined to verify the cause of death. Mortalities were accounted for when isolating E. tarda in sterile broth to meet Koch’s postulates. The relative percentage survival (RPS) index is the survival rate of fish after vaccination when compared with control fish and is calculated according the following equation:

	





Statistical analysis

Data were analyzed by a one-way analysis of variance (ANOVA) at a 95% confidence limit using SPSS (2007) software. Duncan’s multiple range test was used to compare means when the F values ​​from the ANOVA were significant (P ≤ 0.05).






Results




Total flavonoids and phenolic compounds in the tested extracts

The phytochemical analysis of the extracted samples revealed significant differences (P ≤ 0.05) in the total flavonoids and phenolic compounds among them. The highest levels of total flavonoids and phenolic compounds were found in the marjoram leaf extract, followed by chamomile flowers and lemon balm leaves (Table 2).


Table 2 | Analysis of total flavonoids and total phenolic content of the experimental herbal extracts.







Basic water analysis

The water parameters of the NC group showed the most significant values (P≤ 0.05) compared to the PC group and the MOE-, OME-, and MCE-treated groups. The water parameters of the NC group remained within the safe ranges until the end of the trial. In contrast, the water parameters of the herbal-treated groups and the PC group cultured in unexchanged water conditions showed gradual deterioration but were within the allowable limits by the 2nd month. In the constant, unexchanged water conditions, the water parameters of the PC control and the herbal-treated group showed increasingly significant deterioration compared to the NC control. In the third month, the lowest oxygen levels and the highest levels of ammonia, non-ionized ammonia, nitrite, and nitrate in the PC control, MOE, OME, and MCE groups compared to NC group were recorded (Table 3).


Table 3 | Water parameter means of herbal-treated Nile tilapia in unexchanged water during the first, second, and third months.







Clinical signs and survival rate

The NC group appeared healthy by the end of the experiment, with a good appetite and without any behavioral or clinical symptoms. For the other groups of fish that were cultured in unexchanged water conditions, the OME- and MCE-treated groups and the PC control demonstrated good behaviors and clinical condition up to month 2. However, by month 3, the fish in both the herbal treatment groups and the PC group had darker skin, lethargy, and decreased appetite. Later, the recorded survival rates were 100% in the NC group, 47% in the PC group, 100% in the MOE group, 100% in the OME group, and 57% in the MCE-treated group.





Growth performance indexes

After 90 days of supplementation, the herbal-treated MOE, OME, and MCE groups achieved an overall significant (P ≤ 0.05) improvement in growth parameters compared to the PC group. The best weight gain (WG) values ​​were recorded in the OME-treated group compared to the MOE- and MCE-treated groups. However, the NC group had a significantly higher WG than the herbal-treated groups (Table 4). Figures 1–3 show that specific growth rate (SGR), average daily gain (ADG), and feed conversion ratio (FCR) showed no significant variation between the NC group and the herbal-treated groups after 30 days. After 45 days, the herbal-treated OME group did not significantly differ from the NC group in SGR, ADG, and FCR, and these groups were followed by the herbal-treated MOE and MCE groups, respectively. The PC group had the worst of all growth indicators during the experimental stages. In addition, condition factor (CF), hepatosomatic index (his), and viscerosomatic (VSI) were reported in the herbal-treated groups, particularly in the OME-treated group after 90 days (Table 4).


Table 4 | Growth performance indexes after 90 days of herbal supplements in Nile tilapia cultured in unexchanged water.






Figure 1 | Specific growth rate (SGR, %/day) after 30, 45, and 90 days of herbal supplements in Nile tilapia cultured in unexchanged water. Specific growth rate SGR (%) = [(ln final body weight-ln initial body weight)/day] × 100. a, b, c, d in the same culomn color with different superscripts are significantly different (P≤0.05).






Figure 2 | Average daily gain (ADG, g) after 30, 45, and 90 days of herbal supplements in Nile tilapia cultured in unexchanged water. Average Daily Gain ADG (g/day) = average weight gain (g)/experimental period (day). a, b, c, d in the same culomn color with different superscripts are significantly different (P≤0.05).






Figure 3 | Feed conversion ratio (FCR) after, 30 45, and 90 days of herbal supplements in Nile tilapia cultured in unexchanged water. Feed Conversation ratio FCR = Feed intake (g)/Weight gain (g). a, b, c, d in the same culomn color with different superscripts are significantly different (P≤0.05).







Hematological and immune assays

The herbal-treated groups showed significant (P ≤ 0.05) activity in the blood hematological, biochemical, and immunological assays compared to the untreated controls. Significantly (P ≤ 0.05) higher levels of white blood cells (WBC), red blood cells (RBC), and hemoglobin (HGB) concentrations were achieved, particularly in the OME and MOE-treated groups. Conversely, lower hemocrit test (HCT), mean corpuscular Volume (MVC), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) levels were observed in the herbal-treated groups (Table 5). Serum biochemical indices recorded significant differences (P ≤ 0.05) between the herbal-treated and control groups. The herbal-treated groups had significantly (P ≤ 0.05) lower levels of creatinine, urea, ALT, and AST, and higher levels of albumin and total protein compared to the PC group (Table 5). In addition, the herbal-treated groups showed obvious activity in the immunoassays. In particular, the group treated with MOE had the highest nitric oxide, glutathione, lysozyme, catalase, superoxide dismutase, and IL-10 activity. Also, higher levels of immunoglobulin M, complement C, malondialdehyde, IL-1, and IL-6 were recorded in the OME- and MCE-treated groups compared to the PC group (Table 6).


Table 5 | Hematological parameters and serum biochemical assays after 90 days of herbal supplements in Nile tilapia cultured in unexchanged water.




Table 6 | Immunological assays after 90 days of herbal supplements in Nile tilapia cultured in unexchanged water.







Chemical analysis of fish carcass

The immediate chemical analysis of fish carcasses in the MOE-, OME-, and MCE-treated groups showed significantly (P ≤ 0.05) lower dry matter, fat, and ash content than that of the untreated control groups. Meanwhile, higher levels of crude protein were obtained in the herbal-treated groups compared to the non-treated control groups (Table 7).


Table 7 | Chemical composition of Nile tilapia fish carcasses on a dry matter basis after 90 days of herbal supplements and being cultured in unexchanged water.







Histopathological features




Gills

The gills of the NC control fish appeared bright red and shiny with no gross lesions (Figure 4A).The effect of non-exchanged water stress conditions was evident on the gill histology of the PC control, showing a variety of regressive, progressive, inflammatory, and circulatory changes as in Figures 4B, C. Concomitant supplementation with herbal extracts failed to maintain normal gill histology in all groups, but average recovery effects were observed in OME-treated fish, followed by mild recovery effects in MOE-treated fish, followed by weak beneficial effects in MCE-treated fish (Figures 4D-I).




Figure 4 | Representative photomicrograph of H&E-stained branchial tissue sections showing a normal histological picture in a fish from the NC group control (A). A PC fish showing notable congestions (arrowheads), inflammatory mononuclear cell infiltrate (arrow) (B), hyperplastic respiratory epithelium with the fusion of the secondary lamellae (black arrowheads), and desquamated lamellar epithelium (red arrowheads) (C). An MOE-treated fish showing aneurysm (arrowheads) (D), necrosis and sloughing of the secondary lamellae (black arrowheads), and epithelial lifting (red arrowhead) (E). An OME-treated fish showing disorganized secondary lamellae (arrowheads) (F) and epithelial lifting (arrowheads) (G). An MCE-treated fish showing focal hyperplasia of the respiratory epithelium with lamellar fusion (arrowhead) (H), and epithelial lifting (arrowheads), and mononuclear cell infiltrations of the primary lamella (arrow) (I).







Kidneys

The kidneys of the fish in the NC group showed normal histological structures (Figure 5A), while those of the PC group showed notable nephropathic regressive, progressive, inflammatory, and circulatory changes affecting the glomeruli, tubules, and interstitial tissue, as shown in Figures 5B, C. The ameliorating effects of concomitant herbal supplementation were significant with dietary OME (Figures 5D, E) and on average with both MOE (Figures 5F, G) and MCE (Figures 5H, I).




Figure 5 | Representative photomicrograph of H&E-stained renal tissue sections showing a normal histological picture in a fish from the NC group (A). A PC fish showing collapsed glomeruli (black arrowheads), tubular vacuolation (blue arrowheads), single-cell necrosis (black arrowhead), tubular necrosis (arrow) (B), collapsed glomeruli (arrowheads), necrotic glomerulus (ellipse), and calcified glomerulus (arrow) (C). An MOE-treated fish showing necrotic glomerulus (black ellipse), pyknotic (arrowhead) vacuolated, and necrotic tubules (blue ellipses), (D), collapsed glomerulus (arrowhead), tubular cast (arrow), and interstitial fibroblastic proliferation (blue ellipse) (E). An OME-treated fish showing hyperplastic melanomacrophage aggregate (red ellipse) (F), atrophied glomerulus (arrowhead), collapsed glomerulus (arrow), and accentuated glomerular lobulation (Triple-head arrow) (G). An MCE-treated fish showing focal interstitial edema infiltrated with numerous erythrocytes (ellipses) (H), collapsed glomeruli (arrowheads), tubular vacuolation (black arrow), and minute calcification (red arrowhead) (I).







Liver

The livers of the fish in the NC group showed normal histological features in their hepatopancreases, as shown in Figure 6A. The sections of liver tissue from the fish in the PC group showed a wide spectrum of histological changes, as shown in Figures 6B, C. Concomitant herbal extracts demonstrated differential restorative effects on liver histology, with notable, moderate, and minor reductions in the severity and frequency of non-exchanged water stress-associated lesions in the fish treated with OME (Figures 6D, E), MOE (Figures 6F, G), and MCE (Figures 6H, I).




Figure 6 | Representative photomicrograph of H&E-stained hepatic tissue sections showing a normal histological picture in a fish from the NC group (A). A PC fish showing notable hemorrhage (black ellipse0 (B), portal fibrous tissue proliferation (black arrows) and cholestasis (black arrowheads) (C). An MOE-treated fish showing vascular congestion (red ellipses), melanomacrophage aggregate (black ellipse), and numerous vacuolated hepatocytes (black arrowheads) (D), multifocal mononuclear inflammatory cell aggregations (black ellipses) and melanomacrophage aggregate (red ellipse) (E). An OME-treated fish showing hyperplastic melanomacrophage aggregates (black ellipse), vacuolated hepatocyte (black arrowhead), single-cell necrosis (blue arrowhead) (F), and almost normal hepatic tissue except for few pyknotic hepatocytes (black arrowheads) (G). An MCE-treated fish showing vacuolation focus (black ellipse) (H) and a necrotic area (black ellipse) infiltrated with mononuclear cells (blue arrowhead) and extravasated erythrocytes (red arrowheads) (I).








Challenge test: assessment of the antibacterial activity of herbal supplements against bacterial infection under unexchanged water conditions

Neither mortality nor morbidity was recorded in the saline-injected control group whereas the E. tarda-infected control group had a mortality of 80%. Conversely, for the herbal-challenged groups, the MOE-, OME-, and CME-treated groups showed lower cumulative mortality rates of 23.3%, 20%, and 43.3%, respectively, under no water exchange conditions, compared to the control, as shown in Figure 7. Furthermore, the RPS was 100%, 0%, 75.87%, 70%, and 45.87% for the NC, PC, MOE, OME, and CME groups, respectively.




Figure 7 | Cumulative mortality over 14 days after challenging O. niloticus with E. tarda in the herbal-treated and the postive control groups.








Discussion

Stimulating a non-specific immune system is a wise choice to enhance immunity and the growth performance of cultivated species. Therefore, ongoing research is consistently dependent on novel beneficial immunomodulating functional ingredients such as probiotics, prebiotics, synbiotics, and herbal-based phytobiotics (Vallejos-Vidal et al., 2016). The use of phytobiotics or herbal extracts to increase growth and health status is becoming a major focus in fish nutrition (Venkatramalingam et al., 2007). Herbal phytobiotics have been reported to favor various activities such as anti-pathogenic properties, immune stimulation, anti-stress, growth promotion, and appetite stimulation. The herbal extracts have active ingredients such as flavonoids, alkaloids, terpenoids, tannins, saponins, phenols, steroids, or essential oils and also reduce treatment costs (Citarasu, 2010). However, little is yet known about the tolerability and immunomodulatory and antibacterial potential of herbal-based phytobiotic supplementation, particularly under stressors of long periods of unexchanged water and high stocking densities.

O. niloticus’s tolerance to the unreplaced water conditions was assessed over the course of a 90-day feeding study using growth rates, survival rates, immunological response, and water quality measures. The water parameters of the OME- and CME-treated groups and for the PC control and MOE-treated group differed from the NC group in progressively significant ways.

Temperature is a vital abiotic factor affecting the metabolism of obligate poikilothermic organisms and there is an optimal range for growth and/or other physiological functions. Furthermore, it has a significant impact on oxygen solubility (Noga, 2010). Our results showed that temperature during the three months of the study was within the acceptable range for tilapia growth (Azaza et al., 2008; Ngugi et al., 2007).

There was a gradual increase in average pH of 7.7, 8.55, and 8.81 at months 1, 2, and 3, respectively. Fish species differ in their optimum pH requirements. A pH range of 6.5 - 9.0 is generally recommended for freshwater fish (Swingle, 1969). This range is generally considered satisfactory for salmonids and channel catfish, and most other edible freshwater fish. However, the optimal pH ranges of freshwater fish have also been shown to be 7.5-8.5 (Boyd, 1998).

Oxygen is a vital indicator of water quality and is a critical factor in achieving fish’s full potential for growth and activity, as well as their overall well-being through behavioral and/or metabolic adaptations (Zhang et al., 2009; Noga, 2010). During the first month of this experiment, the average DO (5.75 mg L-1) was within the acceptable range and the optimal range for tilapia growth. Then, during the 2nd and 3rd months, it began to gradually decrease to 3.39 mg L-1 and 2.83 mg L-1, respectively. Below this level, decreased feed intake reduced growth performance, decreased immune response, and increased fish mortality (Riche and Garling, 2003). Although certain fish species are better adapted to coping with hypoxic encounters, this long-term suboptimal dissolved oxygen level in the culture system could lead to chronic environmental hypoxia, causing immunosuppression, predispose fish to opportunistic infections, and kill fish (Taylor et al., 2010; Obirikorang et al., 2020). In addition, long-term exposure of the fish to constant, unexchanged water conditions could result in lethal nitrogen enrichment and the dangerous occurrence of lethal hypoxia, ammonia, and nitrate toxicity.

Ammonia is the end product of protein breakdown and the main component of nitrogenous excretions (Salin and Williot, 1991). Ammonia arises from feed waste, uneaten and rotting feed, and dead fish. As shown by USEPA Environmental Protection Agency (1989) the optimal ranges of ionized NH4 and non-ionized NH3 required for fish production were 0.261.8 mg/l and <0.020 mg/l. It was observed that there was a gradual increase in total ammonia levels (0.65 mg/l, 0.82 mg/l, and 1.13 mg/l) during the study months, Therefore, our approach model mainly depends on unexchanged water conditions; there was undoubtedly a high probability of ammonia toxicity (Salin and Williot, 1991). Ammonia toxicity is affected by the aeration system, pH, temperature, algal population, and bacteria consuming ammonia (Boyd, 1998). The constant aeration systems usually mitigate ammonia toxicity, prevent environmental hypoxia, and allow for higher fish densities (Noga, 2010). The exact mechanism of ammonia poisoning in fish is unknown, but high levels of aqueous ammonia increase ammonia levels in blood and tissues, causing increased blood pH, disorders of osmoregulation, increased tissue oxygen consumption, and decreased blood oxygen transport (Schwedler et al., 1985). Chronic ammonia poisoning slows the growth and lowers disease resistance (Walters and Plumb, 1980).

Likewise, a gradual increase in nitrite NO2 (1.504, 0.547, and 0.99 mg/l) and nitrate NO3 (2.45, 3.23, and 5.46 mg mg/l) during the 1st, 2nd, and 3rd months was recorded. These nitrogen levels were above the standard allowable limits: NO2< 0.5 mg/l and NO3< 3 mg/l (Swann, 1993). Thus, in month 3, we recorded the lowest oxygen levels and the highest concentrations of ammonia, unionized ammonia, nitrite, and nitrate in the PC, MOE, OME, and MCE groups compared to the NC group.

However, despite the constantly exceeded water parameter limits in the unexchanged water conditions, we did not observe the usual clinical toxicities of ammonia, nitrate, and nitrite. Surprisingly, the lowest mortality rates and dark skin, lethargy, and decreased appetite were reported in the MOE-treated group and the OME-treated groups, particularly in the third month. Therefore, we found that herbal dietary supplements have the potential to provide diverse mechanisms and diverse activities that enable fish to withstand constant exposure to high risks from harsh environments and management factors throughout the study period. These crops contain bioactive phytochemicals such as alkaloids, phenols, steroids, tannins, saponins, terpenoids, glycosides, and flavonoids (Galina et al., 2009; Mendam et al., 2015). Phytochemicals have been reported to stimulate appetite and promote growth performance, and have immunostimulant, antibacterial, antiviral, and antiparasitic effects in aquaculture (Gupta et al., 2021). Furthermore, it has been shown that herbal supplements have the ability to positively control the production of favorable gut microflora or microbial populations, which can enhance nutritional efficiency, improve digestion, and ultimately lower the amount of waste in the water (Noga, 2010).

Despite the lethal water parameter ranges, especially during the third month of the experiment, relative improvements were achieved in most growth parameters and there were higher survival rates in the herbal-treated groups compared to the PC group. Through periodic monitoring of growth rates, it was noted that the effect of herbal extracts as growth stimulants was clear until the middle of the second month of the experiment (45 days from starting the trial), that is, when water quality standards were within the optimal limits, as shown in Figures 1–3.

Compared to the positive control, the herbal-treated MOE, OME, and CME groups achieved an overall significant improvement in growth parameters. In particular, the group treated with OME achieved the best weight gain values and improved SGR, FCE, CF, HSI, and VSI percentages. Zhang et al. (2020) reported that dietary marjoram extracts improved gut morphology and increased the activity of digestive enzymes, which in turn promoted growth in fish. Nile tilapia fed diets containing 0.5% and 1.0% dried marjoram leaves had higher WG and FCE than the untreated controls (Khalafalla, 2009). Marjoram leaf meal as a feed supplement at 150 and 300 mg/kg improved the SGR of Nile tilapia when reared under optimal water quality conditions (El-Kholy, 2012). In another study, trout fed a M. officinalis-supplemented diet showed a significant increase in intestinal activity of amylase, lipase, and pepsin (Bilen et al., 2020). These beneficial effects of herbal extracts have been widely attributed to stimulating appetite and improving digestive performance (Chakraborty and Hancz, 2011). Herbal supplements can activate enzymatic digestive secretions and favorably stimulate eubiotic microflora (Wenk, 2003). In addition, herbal extracts have been shown to increase nutrient digestibility and bioavailability, which can ultimately increase feed conversion and cause higher protein synthesis and growth in fish (Nya and Austin, 2009). In contrast, the fish treated with CME were found to have lower growth performance and survival rates. Similar results were found in Nile tilapia supplemented with 1% chamomile flower meal which showed no significant differences in SGR compared to those fed a diet containing 1% dried marjoram leaves under optimal conditions (Khalafalla, 2009). Furthermore, red tilapia hybrids fed diets containing 2% and 4% chamomile flower powder had reduced WG compared to controls (Nordin et al., 2017). This nutritional efficiency can be attributed to herb type, dose, concentration, and the immune response to the herbal extract (Gabor et al., 2010). However, growth rates are impacted by the ongoing degradation of the water quality and the lengthening of the stress period that fish are subjected to. As a result, herbal extracts no longer function as growth stimulants; instead, they function as antioxidants and immune stimulants. Based on our findings, growth rates were significantly impacted in the second and third months. However, the survival rate was unaffected.

Therefore, the attainment of better growth performance in the herbal-treated groups, despite increasing ecological risk during the experimental period, is a true reflection of the strong immunological responses caused by the herbal supplements. Notably, the herbal-treated groups showed significant activity in the blood hematological, biochemical, and immunoassay tests compared to the untreated controls. Higher WBC, RBC, and HGB concentrations were achieved, especially in the OME- and MOE-treated groups. Furthermore, lower levels of creatinine, urea, ALT, and AST, and higher levels of albumin and total protein were found. In addition, the herbal-treated groups showed obvious activity of nitric oxide, glutathione, lysozyme, catalase, superoxide dismutase, and IL-10. Futhermore, higher levels of immunoglobulin M and G, complement C, malondialdehyde, IL-1, and IL-6 were recorded in the OME- and MCE-treated groups. Herbal supplementation has been found to enhance numerous immune-stimulating mechanisms in various fish species (Abd El-Naby et al., 2023). Herbal supplements have therapeutic immunostimulatory potential which is attributed to their active phytochemical compounds such as alkaloids, phenols, steroids, tannins, saponins, terpenoids, glycosides, and flavonoids (Galina et al., 2009). These bioactive phytochemicals act as antibiotics, antioxidants, antibacterial compounds, and antistress agents (Wenk, 2003; Harikrishnan et al., 2011; El Basuini et al., 2022). In addition, these phytochemical compounds enhance the activity of phagocytes and increase their bactericidal activity, stimulate natural killer cells, supplement activity, and proliferate lymphocyte, lysozyme, and antibody responses of fish (Abdel-Tawwab et al., 2023; Abdel-Aziz et al., 2023). In addition, herbal supplements contain active ingredients that counteract the negative effects of naturally occurring anti-nutritional factors such as gossypol, tannins, saponins, lectins, and phytic acid, thereby increasing feed efficiency (Alagawany et al., 2020).

Consequently, the herbal-supplemented fish produced high-quality carcasses compared to the unsupplemented groups. Immediate chemical analysis of fish carcasses in the MOE-, OME-, and MCE-treated groups showed significantly (P ≤ 0.05) lower dry matter, fat, and ash and higher levels of crude protein compared to the untreated control groups. This was consistent with the results of Shalaby et al. (2021) who found a significant decrease in fish body dry matter content and an increase in ash content at high TA concentrations. In contrast, El-Kholy (2012) and Alsaiad and AL-Zayat (2019) found an increase in total body DM content and a decrease in ash content in tilapia given varying amounts of powdered marjoram and ginger extract. Other studies found no significant impact of herbal supplementation on fish body composition (El-Dakar et al., 2004; Khalafalla, 2009).

A pathogencity test was considered another evaluator of the antibacterial properties of herbal supplements despite the accumulated deadly water stressors. When challenged with E. tarda, the herbal-treated groups showed significantly lower cumulative mortality rates compared to the non-treated challanged group. Similarly, higher RPS values were recorded for the herbal-treated groups compared to positive control group. Furthermore, Baba et al. (2016) reported herbal additives have been shown to stimulate immune responses, defense mechanisms, and resistance to pathogenic bacteria in various species of fish. For example, the incorporation of Citrus limon lemon peel at 0.50%, 0.75%, and 1.00% into the diet of O. mossambicus for 2 months improved the activities of respiratory bursts, lysozymes, myeloperoxidase, total protein, and resistance to E. tarda. Following the same trend, Asian sea bass Lates calcarifer fed Citrus depressa lemon leaves for 56 days showed enhanced respiratory blast, phagocytosis, lysozyme activity, and resistance to Aeromonas hydrophila (Shiu et al., 2016). Improvement in both the immunity and growth performance of O. niloticus as well as bactericidal effects against A. hydrophila were observed after 3 months of feeding with Camellia sinensis and green tea leaves (Abdel-Tawwab et al., 2010). Therefore, the role of herbal supplementation in relieving stress has been illustrated. These anti-stress effects were elicited in the supplemented diets with phytobiotics alone or in combination with antioxidant micronutrients, synbiotics, and probiotics (Gupta et al., 2021).





Conclusion

After culturing O. niloticus with different water quality and stocking density risk variables, it can be inferred that herbal dietary supplements have immunostimulatory, growth-promoting, and antipathogenic properties. The supplements increased the capacity of O. niloticus to tolerate well-exceeded deteriorated water limits that cause clinical toxicities of ammonia, nitrate, and nitrite. In addition, the herbal supplements yielded improvements in growth performance, feed conversion rate, and antibacterial effectiveness compared to the positive control group. Despite the benefits of the dietary herbal extracts, prolonged stress caused a significant decrease in growth rate and mortality rates. The current study confirmed the possibility of rearing fish without changing the water for 30 days using the tested doses of dietary supplementation with all the herbal extracts and for 45 days using the tested dose of leaf marjoram extract.
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PC: Positive control fed a non-supplemented basal diet and completely unexchanged water.
MOE: fed a basal diet fortified with Melissa officinalis extract (MOE) in unexchanged water.
OME: fed a basal diet fortified with Origanum majorana leaf extract (OME) in
unexchanged water.

MCE: fed a basal diet fortified with Matricaria chamomilla flower extract (MCE) in
unexchanged water.
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MCE: fed a basal diet fortified with Matricaria chamomilla flower extract (MCE) in
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Ingredients g/100g Treatments

T2 T3

PC control MOE
Fish meal 14 14 14 14 14
Soy bean meal 33.00 33.00 33.00 33.00 33.00
Yellow corn 38.70 38.70 38.70 38.70 38.70
‘Wheat bran 10 10 10 10 10
Starch 1 1 1 1 1
Soy oil 3 3 3 3 3
Vitamin & mineral* 0.3 0.3 0.3 0.3 0.3
Total 100 100 100 100 100
Extract doses % as feed additives - - 1.62 1 1

Chemical composition of a basal diets without additives on basis dry matter, %

Dry matter 90.42
Crude protein 29.5
Ether extract 6.6
Crude fiber 3.9
Ash 6.85
Nitrogen free extract*™ 59.15
Gross energykeal/ g** 463

*Vitamins and minerals mixture each 1Kg of mixture content: 62.5m L.U. vitamin A; 25m L.U. vitamin D3; 25 g vitamin E; 1.75g vitamin K; 0.5 vitamin B1; 2.75g vitamin B2; 1.25g vitamin B6; 10
mg vitamin B12; 20g niacin; 500mg folic acid; 50mg biotin; 37g zinc; 22g iron; 31g manganese; 2.5g copper; 50mg cobalt; 113 mg selenium; 650 mg iodine.

** NEE was calculated by difference.

**Gross energy was calculated according to the NRC (National Research Council) (2011).

NC: Negative control fed a non-supplemented basal diet with 20% daily water exchange.

PC: Positive control fed a non-supplemented basal diet and completely unexchanged water.

MOE: fed a basal diet fortified with Melissa officinalis extract (MOE) in unexchanged water.

OME: fed a basal diet fortified with Origanum majorana leaf extract (OME) in unexchanged water.

MCE: fed a basal diet fortified with Matricaria chamomilla flower extract (MCE) in unexchanged water.
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Treatments

T1 T2
NC PC

WBC (10°/mm® | 12350° 108209 = 150.90° = 147.10° 110.65° 6.40

HGB (g/dl) 890° 501 9.02° 942  1130° | 0.68

RBC (10°/mm®)  1.30° 1.03° 153 110° 1.83° 0.10

HCT (%) 2534° | 3261°  21.29% | 1841° | 30.75° | 1.80
MCV (fl) 1.76" 1.89° 1.39° 1.66" 1.73° 0.60
MCH (pg) 7 6135° | 7081° | 52229 | 57.61° | 56.90°  2.07
MCHC (%) 3820° | 4190°  37.51% 3471 3290°  1.03
Creatinine 0.395° 0914 04659 | 0.840° | 0.700° = 0.67
(mgy/dl)

Urea (mg/dl) 8.60° 1087°  7.69° | 874> | 893 034
RBs (mg/d) 6020 | 79.50° | 64.00° = 43.00° = 7450° @ 423
ALT (U/L) 9.70° 1502 13.45°  9.60° 8.55¢ 0.83
AST (U/1) 54109 | 85.14% 6675  34.90° | 7640°  5.87

Albumin (g/dL) = 1.69° 0914 1.89° 1.87° 217° 0.14

Total protein 2.89° Li2¢ o328 | 325 | 384° 0.31
(g/dl)

a, b, ¢, d in the same row with different superscripts are significantly different (P < 0.05).

*Pooled standard error.

WBCs, white blood cells; HGB, hemoglobin; RBCs, red blood cells; HCT, hematocrit test, i.e.,
the proportion of red blood, also known as a packed-cell volume (PCV) test; MCV, mean
corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular
hemoglobin concentration; TLC, total leucocyte count; ALT, alanine aminotransferase;
AST, aspartate aminotransferase.

NC: Negative control fed a non-supplemented basal diet with 20% daily water exchange.
PC: Positive control fed a non-supplemented basal diet and completely unexchanged water.
MOE: fed a basal diet fortified with Melissa officinalis extract (MOE) in unexchanged water.
OME: fed a basal diet fortified with Origanum majorana leaf extract (OME) in
unexchanged water.

MCE: fed a basal diet fortified with Matricaria chamomilla flower extract (MCE) in
unexchanged water.
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