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Abstract: This study investigated the effects of dietary fermented mulberry 

leaves (FML) on growth performance, carcass traits, muscle composition, and 

innate immune responses of juvenile Nile tilapia (Oreochromis niloticus). The 

use of functional feed additives is increasingly emphasized in aquaculture to 

reduce antibiotic dependence, particularly during early life stages when fish 

are highly susceptible to disease. Juvenile tilapias were fed diets containing 0% 

(control), 1%, 2%, or 4% FML for 60 days. Dietary supplementation with FML 

significantly improved weight gain, length gain, average daily gain, feed 

conversion ratio, and survival (P < 0.05). The 2% FML diet produced the most 

favorable outcomes in muscle nutritional quality, including elevated crude 

protein and reduced lipid and fiber contents (P < 0.05). Immune parameters 

were also enhanced in fish receiving FML. Agglutination titers, lysozyme 

activity, and phagocytic efficiency increased significantly across FML-treated 

groups (P < 0.05). Moreover, the 2% inclusion level resulted in higher 

concentrations of the pro-inflammatory cytokines TNF-α and IL-1, indicating 

activation of innate immune pathways (P < 0.05). These findings demonstrate 

that FML, particularly at a 2% dietary inclusion, is an effective and 

environmentally sustainable feed supplement capable of improving growth 

performance, muscle composition, and immune competence in juvenile Nile 

tilapia. The incorporation of FML may therefore contribute to reduced reliance 

on antibiotics and support more sustainable aquaculture practices.  
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1. Introduction 
The global aquaculture of Nile tilapia (Oreochromis niloticus) is 

continually driven by several key attributes: its rapid growth rate, significant 

tolerance to environmental uncertainty stressors, and relatively low 

production costs [1, 2]. This high-yield freshwater fish holds substantial 

economic importance, with its world market valuation projected to reach 

between USD 9.8 billion and USD 15.1 billion by 2025 [3 , 4 ]. Despite these 

advantages, high fry mortality during the nursery phase remains a major 

constraint, largely due to the immature immune systems of juvenile fish. In 

recent years, the emergence and re-emergence of pathogenic threats, including 

Streptococcus spp., Aeromonas hydrophila, Flavobacterium columnare, and Tilapia 
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Lake Virus (TiLV) have significantly disrupted production by increasing disease incidence and mortality [5, 6]. 

Consequently, there is a growing trend towards seeking safe and environmentally friendly alternative 

products, particularly those derived from herbal plants and probiotics. 

Among these, Mulberry (Morus alba) is recognized for its wide array of pharmacological properties, 

including antidiabetic, antimicrobial, antimutagenic, antioxidant, anticancer, anti-anxiety, antiparasitic, anti-

stress, immunostimulating, cholesterol-lowering, kidney-protective, and liver-protective effects. Its beneficial 

composition includes active compounds such as carotene, vitamin B1, folic acid, isoquercetin, quercetin, 

tannins, flavonoids, and saponins [7-9]. These bioactive compounds are known to enhance immune function, 

antioxidant capacity, and disease resistance in fish species, potentially reducing mortality rates. In largemouth 

bass (Micropterus salmoides), incorporating dried mulberry leaves into the diet has been reported to enhance 

growth performance, improve blood lipid parameters, increase antioxidant enzyme activities, and alleviate 

liver inflammation [10]. Similarly, research on Indian minor carp (Labeo bata) demonstrated that substituting 

up to half of the fishmeal with fermented mulberry leaves, while keeping dietary fiber content under 5.63%, 

led to improved growth rates and elevated digestive enzyme activities [11]. Nevertheless, the direct use of raw 

mulberry leaves in animal feed has been limited by their high dietary fiber content and the presence of anti-

nutritional factors (ANFs) like tannins and phytic acid, which can impede nutrient digestion and absorption 

in livestock [12, 13]. Biological fermentation presents a powerful solution for mitigating these adverse effects 

of ANFs in food and feed. This transformative process not only degrades these undesirable compounds but 

also significantly enhances the nutritional value of the product by releasing more digestible nutrients and 

fostering the growth of beneficial microorganisms [14, 15]. Fermentation by beneficial microbes such as lactic 

acid bacteria can reduce anti-nutritional factors while increasing the bioavailability of nutrients. The inclusion 

of fermented mulberry leaf meal has been demonstrated to enhance growth, boost antioxidant activity, and 

reduce lipid levels in largemouth bass and Indian minor carp [10, 11]. However, limited studies have 

investigated the effects of fermented mulberry leaf inclusion on juvenile Nile tilapia growth, immune status, 

and survival under controlled aquaculture conditions. 

Consequently, this research aimed to explore the impact of incorporating fermented mulberry leaves 

into the diets of juvenile tilapia. We evaluated various inclusion ratios to assess their effects on growth 

performance, survival rates, and overall health of the fish. Ultimately, this study sought to minimize reliance 

on antibiotics and synthetic additives while promoting safer, more sustainable aquaculture practices.  

2. Materials and Methods 
2.1 Ethical statement 

All experimental protocols, methods, and feeding regimes were approved on 30 July 2025 by the 

Institutional Animal Care and Use Committee of the Faculty of Fisheries Technology and Aquatic Resources, 

Maejo University (Chiangmai, Thailand). 

2.2 Feed preparation 

Experimental feeds were formulated using commercial ready-to-use pellets (Betagro 831) as the basal 

feed. Fermented mulberry leaves were prepared by combining 250 g of mulberry leaves, 150 g of banana 

shoots, and 150 g of molasses with 1 L of water and a yogurt inoculum containing 10⁸ CFU/mL Lactobacillus 

casei, followed by anaerobic fermentation for 30 days. The prepared fermented mulberry leaf powder was 

incorporated at inclusion levels of 0% (control), 1%, 2%, and 4% per kilogram of feed. Each diet was thoroughly 

mixed to ensure homogeneity, coated with 3% gelatin to enhance palatability and bind the ingredients, and 

then redried in a hot air oven at 55 °C for 24 h to achieve a stable moisture content before storage. The finalized 

feed samples were packaged in airtight bags and stored at 4°C until use. Before the feeding trial, all 

experimental diets underwent proximate analysis to determine their nutritional composition, including 

moisture, ash, crude protein, crude fat, and crude fiber content, following standard methods [16]. The 

nitrogen-free extract (NFE), representing carbohydrate content, was determined by difference. Fish were fed 

twice daily, specifically between 08:30-09:30 h and 16:30-17:30 h. To ensure optimal nutrition relative to 

growth, the daily feed ration was adjusted every 14 days based on the incremental increase in fish biomass. 
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The feeding trial was conducted for a total of 60 days, with fish growth performance monitored at 30-day 

intervals until the experiment's conclusion.  (Table 1). 

Table 1. The nutrient profile in mulberry leaves, fermented mulberry leaves, and experimental feeds. 

 

fermented 

mulberry 

leaves 

(MBL) 

mulberry 

leaves 

(ML) 

control 

(MBL0) 

1% 

(MBL1) 

2% 

(MBL2) 

4% 

(MBL4) 

Moisture (%) 4.26 ± 0.21d 6.59 ± 0.02c 3.25 ± 0.02b 3.22 ± 0.03b 3.01 ± 0.02b 2.38 ± 0.05a 

Ash (%) 23.91 ± 0.06c 12.90 ± 0.02b 10.80 ± 0.01a 11.13 ± 0.02a 11.27 ± 0.36a 11.45 ± 0.07a 

Protein (%) 24.08 ± 1.32a 18.98 ± 0.74a 34.46 ± 0.28b 34.62 ± 1.02b 35.45 ± 2.58b 36.13 ± 0.00b 

Lipid (%) 9.49 ± 0.29d 6.52 ± 0.07c 5.17 ± 0.04a 5.51 ± 0.09ab 6.09 ± 0.05bc 6.34 ± 0.03c 

Fiber (%) 11.53 ± 0.45b  16.59 ± 0.26c 9.86 ± 0.06a 9.93 ± 0.09a 10.25 ± 0.15a 10.81 ± 0.12ab 

NFE (%) 26.72 ± 1.54a 38.42 ± 0.78b 36.46 ± 0.24b 35.58 ± 0.91b 33.93 ± 2.50b 32.89 ± 0.22ab 

Note:Values in the same row with different superscripts are significantly different (P < 0.05)  

2.3. Fish and feeding trial 

Nile tilapia (Oreochromis niloticus) fingerlings were procured from the Faculty of Fisheries Technology 

and Aquatic Resources, Maejo University. Before the commencement of the experiment, all fingerlings 

underwent a 14-day acclimatization period, during which they were housed in cages and fed a control diet to 

apparent satiation twice daily (morning and evening). A total of 360 fingerlings, with an initial mean body 

weight of 13.06±2.64 grams, were then randomly selected and their individual lengths and weights measured. 

Subsequently, the fingerlings were evenly distributed into experimental cages measuring 1×1×1 meter (width 

× length × height). The experiment consisted of five dietary treatments (control and four levels of fermented 

mulberry leaf meal) with three replicates per treatment, each replicate containing 30 fish per cage. Throughout 

the experimental duration, fish were fed a daily ration equivalent to 5% of their total body weight, administered in 

two equal portions per day. 

2.4 Samples collection 

Upon the conclusion of the feeding trial, all experimental fish underwent a 24-hour fasting period to 

facilitate complete gut evacuation. To minimize stress during sampling, fish from each replicate cage were 

first anaesthetized in a 50 ppm clove oil solution. Following anesthesia, the final total count and body weight 

of fish in each cage were measured to determine growth performance indices. Subsequently, six fish were 

randomly selected per treatment for blood collection to analyse immunological responses (bacterial 

agglutination, lysozyme activity, and respiratory burst assays). Blood was drawn from the caudal vein of these 

selected fish using a sterile 1 mL syringe and immediately transferred into Eppendorf tubes. These samples 

were left to coagulate for 4 hours at room temperature. The coagulated samples were then subjected to 

centrifugation at 3,500 × g  for 5 minutes. The resulting supernatant (serum) was carefully harvested and 

immediately frozen at -80 °C for later biochemical and immunological analyses. 

2.5 Growth Performance Evaluation 

Throughout the experimental period, fish growth was periodically monitored. A random sub-sample 

comprising 30% of the fish from each cage was weighed (g) and measured for total length (cm). To ensure 

consistent nutritional intake, feed rations were meticulously adjusted biweekly based on the observed weight 

gain, thereby maintaining the prescribed feeding rate at 5% of the total fish biomass. At the conclusion of the 

60-day feeding trial, all fish within each experimental unit were enumerated and weighed to assess final 

growth performance. The following parameters were subsequently calculated: average weight gain (WG, g), 

average length gain (LG, cm), average daily gain (ADG), feed conversion ratio (FCR), and survival rate (SR).  

2.6 Carcass quality and Body composition analysis 

At the end of the feeding trial, five fish were randomly sampled from each experimental replicate. To 

assess yield and body composition, each specimen was meticulously dissected. The key bodily components—
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including the edible muscle, fins, bones, and gonads were separated and individually weighed. The weight 

data obtained from this detailed physical analysis were subsequently used to calculate critical morphometric 

and yield indicators. These parameters included the edible flesh percentage, dress-out percentage, carcass 

waste percentage, and the hepatosomatic index (HSI), determined according to the established methodology 

described by Hasan et al. [17]. To determine the nutritional profile of the fish, muscle samples were initially 

minced and then subjected to drying in a hot air oven until a constant weight was achieved. The dried tissue 

was subsequently ground into a homogeneous powder for analysis. Proximate analysis was performed to 

quantify moisture, ash, crude protein, crude fat, and crude fiber content. The carbohydrate fraction, reported 

as Nitrogen-Free Extract (NFE), was calculated using the formula: NFE (%) = 100 - (% Moisture + % Ash + % 

Crude Fiber + % Crude Fat + % Crude Protein). All procedures adhered to the methods outlined by AOAC [16]. 

2.7 Bacterial agglutination activity 

Antibody levels, specifically agglutination titers, were quantified using U-bottom microtiter plates. 

The assay was conducted following the modification of the protocols by [18, 19]. Briefly, serum samples were 

subjected to two-fold serial dilutions (ranging from 1:2 to 1:128) in phosphate-buffered saline (PBS). 

Subsequently, 50 µL of an Aeromonas hydrophila bacterial suspension (optical density at 540 nm [OD540nm] = 1.0; 

equivalent to 107 cells/mL) was added to each well containing the diluted serum. The plates were then 

incubated at room temperature for 24 hours, after which the agglutination titer of the antibody was 

determined. The agglutination titer was defined as the reciprocal of the highest dilution of serum that resulted 

in complete agglutination of the bacterial cells. 

2.8 Lysozyme determination 

Serum lysozyme activity was determined spectrophotometrically, based on the lysis of Micrococcus 

lysodeikticus, following the method described by [20]. Briefly, 25 µL of serum was combined with 175 µL of a 

Micrococcus lysodeikticus bacterial suspension in a microtiter plate well. The decrease in turbidity, indicating 

bacterial lysis, was subsequently measured at an optical density of 540 nm (OD540nm) using a microplate reader. 

Readings were recorded every 30 seconds for a total duration of 10 minutes. 

2.9 Respiratory burst activity 

The respiratory burst activity of leukocytes, serving as an indicator of their oxidative killing capacity, 

was assessed following the method described by Secombes [21]. Briefly, isolated leukocytes were seeded into 

a 96-well microtiter plate and mixed with 100 μL of 0.2 % Nitro blue tetrazolium chloride (NBT) solution. The 

plate was then incubated at room temperature for 2 hours. Upon completion of the incubation, the supernatant 

was carefully discarded. The wells were then thoroughly washed with methanol, followed by an additional 

wash with 70% methanol, and allowed to air-dry at room temperature for 2 minutes. To solubilize the 

formazan product, dimethyl sulfoxide (DMSO) and 2N KOH were sequentially added to the original wells. 

The entire well contents were then transferred to a new 96-well microtiter plate, and the optical density at 655 

nm (OD655nm) was measured using a Microplate reader. 

2.10 RNA extraction, cDNA synthesis, and quantitative real-time PCR (qPCR) 

At the end of the feeding trial, liver samples (~0.2 g) were excised from three randomly selected fish 

per treatment group. Samples were immediately preserved in RNAlater® (Amnion, Cambridgeshire, UK) and 

stored at –80 °C until RNA extraction. Total RNA was isolated using 1 mL of QIAzol® Lysis Reagent (Qiagen, 

USA) and further purified using the RNeasy® Mini Kit (Qiagen, Hilden, Germany) in accordance with the 

manufacturer's instructions. Residual genomic DNA was eliminated by DNase I treatment (Thermo Fisher 

Scientific, USA). RNA purity and concentration were assessed via absorbance at 260 and 280 nm using a 

Synergy™ H1 Multi-Mode Microplate Reader (BioTek Instruments Inc., USA), while RNA integrity was 

confirmed by electrophoresis on a 2% agarose gel. First-strand cDNA synthesis was performed using 1 µg of 

total RNA and the RevertAid™ First-Strand cDNA Synthesis Kit (Thermo Scientific, USA) following the 

manufacturer’s protocol. Synthesized cDNA was treated with RNase H (Invitrogen, USA) at 37 °C for 20 min 

and stored at –20 °C until use. 
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Quantitative real-time PCR was carried out on a PCRmax ECO 48 Real-Time PCR System (PCRmax, 

UK) using Maxima™ SYBR Green/ROX qPCR Master Mix (2×) (Thermo Fisher Scientific, Lithuania). Primer 

sequences used for amplification are provided in Table 2. β-actin was selected as the reference gene for 

normalization. Primer efficiency was validated via standard curve analysis using serially diluted cDNA, 

ensuring correlation coefficients (R²) > 0.99. A melt curve analysis was performed post-amplification to 

confirm product specificity. Each qPCR reaction was performed in triplicate in a 20 µL volume, comprising 2 

µL of 1:100 diluted cDNA, 10 µL of SYBR Green Master Mix, 1 µL of each primer (1 pmol), and 6 µL of 

nuclease-free water. The thermal cycling protocol included an initial denaturation at 95 °C for 3 min, followed 

by 40 cycles of denaturation at 95 °C for 10 s, and annealing/extension at 60 °C for 30 s. Relative gene expression 

was quantified using the 2^–ΔΔCt method. 

Table 2. Primers used to quantify the relative gene expression 

Genes Primer sequences (5′ - 3′) References 

TNF-α 
F-GCTGGAGGCCAATAAAATCA 

R-CCTTCGTCAGTCTCCAGCTC 
Kayansamruaj et al. [22] 

IL1-β 
F-AAGATGAATTGTGGAGCTGTGTT 

R-AAAAGCATCGACAGTATGTGAAAT 
Chadzinska et al. [23] 

Actin 
F-TGGTGGGTATGGGTCAGAAAG 

R- TGTTGGCTTTGGGGTTCA 
XM_003443127 

 

2.11 Statistical Analysis 

All experimental data were subjected to one-way analysis of variance (ANOVA) to determine 

significant differences among treatment groups. When statistical significance was detected, Tukey’s Honest 

Significant Difference (HSD) post hoc test was employed for multiple comparisons of treatment means. All 

statistical analyses were conducted using SPSS for Windows (Version 30.0), with a significance level 

established at p < 0.05. 

3. Results and Discussion 
3.1 Growth Performances 

Table 3 presents the effects of dietary fermented mulberry leaf (FML) inclusion on the growth 

performance of juvenile Nile tilapia. Fish received FML at inclusion levels of 1%, 2%, and 4% (MBL1, MBL2, 

and MBL4, respectively) exhibited significantly greater (P < 0.05) weight gain (WG), length gain (LG), and average 

daily gain (ADG) compared to the control group (MBL0). Specifically, WG increased from 45.25 ± 2.79 g in the 

control to 78.52 ± 1.93 g (MBL1), 81.30 ± 1.81 g (MBL2), and 77.33 ± 1.90 g (MBL4). LG rose from 7.07 ± 0.17 cm 

to a range of 10.09 ± 0.16 to 10.66 ± 0.22 cm, while ADG improved from 0.75 ± 0.09 g/day to 1.29 ± 0.06 to 

2.71 ± 0.06 g/day across FML-treated groups. No significant differences (P > 0.05) were observed among the 

FML-treated groups, indicating that increasing inclusion beyond 1% did not yield further statistical improvement. 

Feed conversion ratio (FCR) was significantly reduced (P < 0.05) in MBL1 (1.25 ± 0.01) and MBL2 

(1.24 ± 0.04) compared to MBL0 (1.43 ± 0.03), indicating improved feed efficiency. Although MBL4 (1.34 ± 0.02) 

showed numerically better FCR than the control, the difference was not statistically significant (P > 0.05). 

Survival rates (SR) were also significantly higher (P < 0.05) in all FML-supplemented groups compared to the 

control, with no statistical differences among the FML treatments. 

These improvements in growth performances and feed efficiency align with previous findings on the 

use of fermented plant-based additives in aquaculture diets [24, 25]. The enhanced outcomes are likely linked 

to the fermentation process, which degrades anti-nutritional factors (ANFs) such as phytic acid and tannins—

compounds known to inhibit nutrient digestibility and mineral bioavailability [26–28]. Fermentation not only 

mitigates these limitations but also promotes the release of bioactive compounds and beneficial microbial 

metabolites, which may further enhance digestive enzyme activity and nutrient assimilation [29-30]. 
Moreover, improved survival rates observed in FML-fed groups may be attributed to strengthened 

physiological resilience, potentially resulting from enhanced immunity and gut health, as reported in other 
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studies using fermented herbal additives [31-33]. However, no dose-dependent relationship was observed 

beyond the 2% inclusion level, suggesting a possible plateau effect in nutrient uptake or microbial stimulation. 

Future work may focus on investigating the optimal dosage window and long-term physiological impacts. 

Table 3. Growth performances of juvenile tiapla fed with the experimental diets for 60 days. 

 control 

(MBL0) 
1% 

(MBL1) 
2% 

(MBL2) 
4% 

(MBL4) 

WG (g) 45.25± 2.79a 78.52 ± 1.93b 81.30 ± 1.81b 77.33 ± 1.90b 

LG (cm) 7.07 ± 0.17a 10.11 ± 0.26b 10.66 ± 0.22b 10.09 ± 0.16b 

ADG (g/day) 0.75 ± 0.09a 1.31 ± 0.06b 1.35 ± 0.06b 1.29 ± 0.06b 

FCR 1.43 ± 0.03b 1.25 ± 0.01a 1.24 ± 0.04a 1.34 ± 0.02ab 

SR (%) 94.44 ±1.92a 98.89 ±0.83b 100 ± 0.00b 98.89 ±0.63b 

Note: Values in the same row with different superscripts are significantly different (P < 0.05). WG = Weight 

Gain, LG  = Length Gain, ADG = Average daily gain,   FCR = Food Conversion Rate and SR = Survival Rate  

3.2. Carcass Quality and Muscle Composition 

In addition to growth performance, body composition is a critical parameter in nutritional studies, 

serving as a reliable indicator of feed quality, carcass yield, and the overall nutritive value of fish muscle [33-

34]. The effects of dietary fermented mulberry leaf (FML) supplementation on carcass traits of juvenile 

Oreochromis niloticus are summarized in Table 4. No significant differences (P > 0.05) were observed among 

treatments in edible flesh percentage (EF: 32.96 ± 0.76% to 34.65 ± 0.62%), dress-out percentage (Do: 

0.43 ± 0.01% to 0.44 ± 0.00%), or carcass waste (CW: 56.37 ± 0.26% to 57.41 ± 0.97%), indicating that FML 

supplementation did not adversely affect marketable yield. However, the hepatosomatic index (HSI) showed 

a significant increase (P < 0.05) in fish fed 4% FML (MBL4: 1.34 ± 0.16%) compared to the control group (MBL0: 

0.61 ± 0.00%). Intermediate HSI values were recorded in the 1% and 2% FML groups (MBL1: 1.05 ± 0.09%  and 

MBL2: 1.17 ± 0.23%), though these did not differ statistically from either the control or MBL4. Given the liver’s 

central role in metabolism and detoxification, this elevation in HSI at higher inclusion levels may reflect 

hepatic metabolic stress or lipid accumulation, despite the absence of histological evidence of damage. Further 

studies employing liver histopathology and biochemical profiling are warranted to clarify this response. 

Table 4. Effect of mulberry leaves supplemented in the Nile tilapia diet on carcass quality. 

 control 

(MBL0) 

1% 

(MBL1) 

2% 

(MBL2) 

4% 

(MBL4) 

EF (%) 32.96 ± 0.76a 34.65 ± 0.62a 34.14 ± 0.29a 33.86 ± 0.24a 

Do (%) 0.43 ± 0.01a 0.43 ± 0.01a 0.43 ± 0.00a 0.44 ± 0.00a 

CW (%) 57.41 ± 0.97a 56.91 ± 0.69a 57.1 ± 0.21a 56.37 ± 0.26a 

HSI (%) 0.61 ± 0.00.a 1.05 ± 0.09ab 1.17 ± 0.23ab 1.34 ± 0.16b 

Note: Values in the same row with different superscripts are significantly different (P < 0.05)  

EF = Edible flesh, Do = Dress-out percentage, CW = Carcass waste and HSI = Hepatasomatic index 

Muscle proximate composition results are presented in Table 5. No significant differences (P > 0.05) 

were observed in muscle moisture or ash content across the groups. However, fish receiving 2% FML (MBL2) 

demonstrated a significantly higher crude protein content (53.61 ± 0.32%) compared to the control 

(47.05 ± 0.23%) and the 4% group (47.00 ± 0.09%) (P < 0.05). This enhancement in muscle protein is likely due 

to improved protein digestibility and assimilation, facilitated by fermentation processes that reduce anti-

nutritional factors such as tannins and phytic acid, known to inhibit protein utilization. Simultaneously, the 

MBL2 group exhibited a marked reduction in muscle lipid content (6.61 ± 0.03%) compared to MBL0 

(8.35 ± 0.09%) and MBL4 (7.85 ± 0.06%) (P < 0.05). These lipid-lowering effects may stem from the presence of 

polyphenols and flavonoids in FML, which have been shown to modulate lipid metabolism and enhance 
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hepatic lipid regulation in fish. A corresponding decrease in muscle crude fiber content in MBL2 (4.14 ± 0.02%) 

further suggests improved feed fiber utilization post-fermentation. 

Additionally, the nitrogen-free extract (NFE), an indicator of carbohydrate reserves, was significantly 

reduced (P < 0.05) in MBL1 (26.45 ± 0.84%) and MBL2 (26.09 ± 0.23%) compared to MBL0 (30.89 ± 0.44%) and 

MBL4 (31.06 ± 0.63%). This reduction implies a shift in energy partitioning, favoring protein deposition over 

carbohydrate storage, supporting the observed enhancement in lean tissue accretion. These findings align with 

previous reports demonstrating that mulberry leaf supplementation can enhance muscle protein content in 

Oreochromis niloticus [36] and improve protein-to-fat ratios in Megalobrama amblycephala [29]. Overall, dietary 

inclusion of FML at 2% appears optimal for improving muscle nutritional quality by increasing protein and 

reducing lipid and carbohydrate content without compromising carcass yield. Nevertheless, the increase in 

HSI at higher inclusion levels suggests that caution is needed when exceeding optimal dosages. Future 

investigations incorporating liver enzyme assays, histological evaluation, and gut microbiome analysis could 

provide further insights into the metabolic and immunological responses elicited by FML supplementation. 

Table 5. Muscle composition of juvenile Nile tilapia fed with the experimental diets. 

 control 

(MBL0) 

1% 

(MBL1) 

2% 

(MBL2) 

4% 

(MBL4) 

Moisture (%) 6.84 ± 0.22a 7.33 ± 0.76a 6.98 ± 0.34a 7.57 ± 0.77a 

Ash (%) 2.60 ± 0.32a 2.29 ± 0.07a 2.57 ± 0.04a 2.35 ± 0.04a 

Lipid (%) 8.35 ± 0.09c 7.90 ± 0.03b 6.61 ± 0.03a 7.85 ± 0.06b 

Fiber (%) 4.27 ± 0.01b 4.21 ± 0.02ab 4.14 ± 0.02a 4.16 ± 0.02a 

Protein (%) 47.05 ± 0.23a 51.82 ± 0.35b 53.61 ± 0.32c 47.00 ± 0.09a 

NFE (%) 30.89 ± 0.44b 26.45 ± 0.84a 26.09 ± 0.23a 31.06 ± 0.63b 

Note: Values in the same row with different superscripts are significantly different (P < 0.05) 

3.3 Immune Responses 

Figures 1 and 2 illustrate the effects of dietary fermented mulberry leaf (FML) supplementation on 

various immune parameters in Nile tilapia, including humoral and cellular immune markers. Key immune 

indices analyzed included agglutination titer, lysozyme activity, bacterial phagocytic efficiency, and the 

expression levels of pro-inflammatory cytokines—Tumor Necrosis Factor-alpha (TNF-α) and Interleukin-1 

(IL-1). Fish that received FML-supplemented diets exhibited significantly higher agglutination titers than 

those in the control group (P < 0.05), as shown in Figure 1A. Consistent titers of 6 were recorded across all 

treatment groups (1%, 2%, and 4% FML), compared to a value of 5 in the control, suggesting an enhancement 

in humoral immunity associated with FML inclusion. A dose-dependent increase in serum lysozyme activity 

was observed with FML supplementation (P < 0.05), as shown in Figure 1B. The highest activity was detected 

in the 2% FML group (4.73 U/ml), followed by 4% (4.59  U/ml) and 1% (4.22  U/ml), in contrast to the control group 

(2.84  U/ml). Given lysozyme's role in degrading bacterial cell walls, this elevation underscores the potentiation 

of non-specific immune defense mechanisms. Phagocytic activity of leukocytes was significantly enhanced in 

all FML-treated groups compared to the control (P < 0.05), as depicted in Figure 1C. Efficiency rose from 0.236 

µg/ml in the control to 0.287 µg/ml, 0.310 µg/ml, and 0.309 µg/ml in the 1%, 2%, and 4% FML groups, 

respectively. This indicates that FML supports the cellular immune response by promoting more effective 

pathogen clearance via phagocytosis. The immunostimulatory effect of dietary mulberry leaf supplementation 

was confirmed by changes in TNF-α and IL-1expression (Figures 2A and 2B, respectively). Specifically, the 2% 

group (MBL2) exhibited the highest TNF-α mRNA level, significantly exceeding all other treatments (P < 0.05), 

suggesting a robust inflammatory response at this concentration. In contrast, IL-1 expression was significantly 

induced across all inclusion levels 1% (MBL1), 2% (MBL2), 4% (MBL4), with these elevated values statistically 

comparable to one another but significantly greater than the control group (P < 0.05). Collectively, these 

cytokine profiles indicate that the bioactive components in mulberry leaves successfully activate inflammatory 

signaling pathways when supplemented at appropriate dietary concentrations. 
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Figure 1. Agglutination titer (A), Lysozyme determination (B), and testing the efficiency of destroying bacteria 

of white blood cells (C) of fish fed experimental diets supplemented with different levels of mulberry 

leaves. Different power signs indicate significant differences between groups (P < 0.05). 

 

These results indicate that FML supplementation significantly enhances both innate and adaptive 

immune responses in juvenile Nile tilapia. Improvements in humoral immunity (lysozyme activity and 

agglutination titers), innate cellular defense (phagocytic efficiency), and pro-inflammatory cytokine 

expression reflect a comprehensive upregulation of the immune system. Notably, the 2% inclusion level 

consistently yielded the most pronounced effects across all parameters, implying a threshold beyond which 

additional FML does not further enhance immunity and may even result in diminished responses. The 

inherent immune system is crucial for protecting fish health against microbial invaders [37 - 38]. This defense 

mechanism operates by inhibiting pathogen entry, mediating inflammatory reactions, and facilitating tissue 

repair [39]. Research suggests that immune responses in aquatic species can be significantly stimulated by 

dietary practices [40], gastrointestinal tract health [41], and ecological interactions, leading to increased 

resistance against disease and environmental stress. This enhancement occurs through the activation of 

immune cells and the modulation of the immune response towards anti-inflammatory cytokine production 

[42 - 43]. The resulting improvement in the first line of defense is frequently quantified by measuring 

parameters such as lysozyme activity, agglutination titers, and the rate of bacterial phagocytosis. Likely 

mediated by bioactive compounds in mulberry, such as flavonoids and saponins. These compounds, further 

potentiated through fermentation, may increase bioavailability and functional efficacy [7, 27, 44]. Furthermore, 

the significant upregulation of TNF-α and IL-1 aligns with previous findings in Megalobrama amblycephala and 

Oreochromis niloticus demonstrating that plant-derived polysaccharides can modulate immune gene 

expression and confer anti-inflammatory effects [29, 36]. Given that juvenile tilapia possess an 

underdeveloped immune system and are particularly vulnerable during early developmental stages, the 
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immunostimulatory effect of FML is especially valuable. The enhanced immune capacity may reduce reliance 

on antibiotics in aquaculture, supporting more sustainable and health-conscious farming practices. 

Figure 2. TNF-α (A) and IL-1 (B) of fish fed experimental diets supplemented with different levels of mulberry 

leaves. Different power signs indicate significant differences between groups (P < 0.05). 

4. Conclusions 
The dietary inclusion of fermented mulberry leaf meal, particularly at a 2% level, significantly 

enhanced innate immune responses as evidenced by increased lysozyme activity, respiratory burst activity, 

and upregulation of immune-related genes (TNF-α and IL-1). These results suggest that FML can improve 

immune competence and overall health in Nile tilapia. Moreover, FML appears to bolster the nutritional 

quality of the fish muscle, evidenced by an increase in protein content and a reduction in lipid content. These 

outcomes underscore the substantial potential of fermented mulberry leaves as a viable and sustainable feed 

additive in aquaculture. By fostering improved fish health and productivity through natural approaches, this 

study contributes significantly to the overarching objective of reducing dependence on antibiotics and 

promoting safer, more ecologically sound aquaculture practices. Prospective research could further explore 

the most effective fermentation conditions, assess the long-term impacts of FML supplementation on disease 

resistance under challenge conditions, and elucidate the precise molecular mechanisms through which FML 

modulates fish metabolism and immunity. 
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