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Abstract

This study was conducted in two phases: first, to assess the impact of microbial fermenta-
tion on enhancing the nutritional quality of fish by-products, and second, to evaluate the
effects of replacing fishmeal with these fermented by-products in the diet of Nile tilapia
(Oreochromis niloticus) on growth performance, blood parameters, antioxidant indices, im-
munity, digestive enzyme activity, and carcass composition. In the initial phase, proteolytic
activity of five bacterial strains including Bacillus subtilis (ATCC: 6051), B. licheniformis
(IBRCM: 10204), Lactiplantibacillus plantarum (PTCCs: 1058 and 1745), and Lactobacillus
casei (PTCC: 1608) was evaluated using growth assays in skimmed milk culture media and
analyzed using Image-] software. B. licheniformis exhibited the highest proteolytic activity
and was selected for fermentation. Resulting hydrolyzed proteins were characterized by
peptides with molecular weights below 11 kDa. In the second phase, fishmeal was replaced
with fermented by-products at five levels (0 (control), 25, 50, 75, and 100%). Two hundred
ten Nile tilapia with an average weight of 2.83 £ 0.05 g were stocked in fifteen 200 L
plastic tanks at three replicates, with 14 fish per tank, and fed daily at a rate of 7% of their
body weight for 63 days. With increasing levels of fishmeal replacement (25% to 75%),
significant improvements (p < 0.05) were observed in final weight gain, body weight gain,
specific growth rate, protein production value, and protein efficiency ratio. Additionally,
blood plasma concentrations of hormones T3 and T4, immunoglobulin level, the activities
of complement (ACHsg), and antioxidant enzymes (catalase and superoxide dismutase)
increased significantly in fish fed the diets with fermented by-products compared to those
of the control diet (p < 0.05). The optimal replacement levels for specific growth rate and
feed conversion ratio were identified as 86.28% and 83.91%, respectively.

Keywords: Oreochromis niloticus; fermented fish by-products; growth performance; blood;
biochemical responses

Key Contribution: Bacillus licheniformis-fermented fish by-products can generate hy-
drolysates with peptides < 11 kDa, enabling effective replacement of fishmeal in Nile tilapia
diets. Substituting fermented by-products at 25-75% levels enhances growth performance,
PER, and PPV. Optimal replacement levels for production efficiency are approximately
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86.3% for specific growth rate and 83.9% for feed conversion ratio, indicating substantial
potential for partial to near-complete fishmeal substitution with fermented by-products in
Nile tilapia on growth and health indices.

1. Introduction

Aquaculture has emerged as a pivotal strategy for global food security, experiencing
substantial growth from 14.9 million tons in 1986 to 87.5 million tons in 2020 [1]. Among
cultured fish species, Nile tilapia (O. niloticus) stands out, ranking third in global production
with 4407 .2 thousand tons produced in inland waters [2]. Owing to its rapid growth rate,
high protein content, and economic viability, Nile tilapia has become a cornerstone of
freshwater aquaculture and is poised to be a primary source of animal protein in the
future [3].

Approximately 70% of aquatic animals are processed into waste, including heads,
skin, fins, scales, viscera, and entrails, resulting in significant environmental damage. The
considerable value of these by-products is also frequently overlooked [4]. Aquatic animal
waste is a valuable source of bioactive compounds such as proteins, fish oil, carotenoids,
caroteno proteins, and polysaccharides like chitin and chitosan [5,6]. However, fish by-
products are not a suitable raw material for conversion into fishmeal due to their low quality
and limited shelf life, deterring producers from utilizing it [7]. Sustainable aquaculture
requires high-quality protein sources, and fishmeal derived from marine fish has tradition-
ally been considered the most effective option [2]. Overfishing has led to ecological and
environmental consequences, raising concerns about sustainability within the aquaculture
industry [8,9]. The increasing demand for fishmeal has prompted research into identifying
alternative protein sources [2,10]. Notably, official statistics from the Food and Agriculture
Organization in 2020 indicate that 27% of fishmeal and 48% of fish oil were derived from
fish waste [2].

In recent years, the utilization of biological methods, such as fermentation, for the con-
version of waste materials into value-added products has garnered considerable attention
from researchers. Fermentation, based on moisture content and the type of microorgan-
ism employed, is classified into two primary categories: solid-state fermentation and
submerged fermentation. Fermentation has been recognized as an effective technique
for the production of bioactive peptides, wherein bacteria facilitate the hydrolysis of pro-
teins into smaller peptide units [11]. Microbial proteases are predominantly synthesized
during submerged fermentation, with comparatively lower yields observed in solid-state
fermentation, typically during the growth phase, specifically post-exponential or stationary
phases. Submerged fermentation is often preferred due to its ease of engineering, uniform
distribution of microbial cells within the culture medium, and reduced fermentation time.
The judicious selection of both the enzyme-inducing substrate and the microbial strain is
deemed essential for the efficient production of the desired product [12]. Probiotic bacterial
species, including various Bacillus spp., such as B. subtilis [13] and B. licheniformis [14],
as well as Lactobacillus spp., encompassing L. plantarum [15] and L. casei [16], have been
effectively utilized in the fermentation of fish waste.

Among the key advantages of fermentation is the enhancement of antioxidant pep-
tide efficacy, which, in conjunction with glutathione (GSH), provides protection against
oxidative stress-induced damage [17]. Investigation into the antioxidant and antimicro-
bial properties of Sardinella aurita fish fermented with B. subtilis revealed that the isolated
fermented protein exhibited significant antimicrobial activity against a broad spectrum
of Gram-positive bacteria, as well as desirable antioxidant activity against oxidation and
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free radicals [13]. Furthermore, peptides derived from fermentation processes demonstrate
potent antioxidant and antimicrobial properties. For instance, two peptides obtained from
fermented anchovy, with sequences PQLLLLLL and LLLLLLL, exhibit strong antioxidant
activity [18]. In another study, fermentation of Indian carp head with lactic acid bacteria
demonstrated both antioxidant and antimicrobial activities [19].

Despite the growing interest in sustainable aquafeed alternatives, data on the use of
fermented Nile tilapia by-products in fish diets remain scarce. However, the beneficial
effects of incorporating fermented feed ingredients on fish growth performance have been
well-documented. Previous studies have demonstrated significant improvements using
various substrates fermented with microbial agents such as Saccharomyces cerevisiae, Bacillus
subtilis, and Aspergillus oryzae including soybean meal [20,21], sunflower meal [22], date
palm seed meal [23], olive cake [24], wheat bran [25], and Spirulina platensis [26]. These
findings highlight the potential of microbial fermentation to enhance the nutritional quality
and functional value of unconventional feed resources. The improvement in growth perfor-
mance is likely attributed to the enhanced amino acid composition and protein content, as
well as the reduction of anti-nutritional compounds, crude fiber, cellulose, and non-starch
polysaccharides as a result of the fermentation process [27]. Various microorganisms (Bacil-
lus sp., Lactobacillus sp., Saccharomyces sp.) have been employed for the production of a wide
range of microbial metabolites such as enzymes, amino acids, bacteriocins, organic acids,
pigments, polyphenols, and vitamins. Such metabolites are beneficial for the health of the
animal’s gut or digestive system and improve the activity of digestive enzymes as well as
the nutritional value of raw materials. In addition, various enzymes such as proteinase,
amylase, cellulase, and catalase are produced by these microbes, which break down large
compounds into simpler biomolecules, thereby improving growth performance in fish.

In summary, it can be stated that the fermentation process is contingent upon the
number and type of microbial strain (bacteria and fungi), inoculum concentration, and the
physical and chemical factors of the fermentation environment (fermentation time, temper-
ature, concentration, and initial pH of the culture medium). The proximate composition of
fish waste is also dependent on the fish processing method (manual vs. mechanical), species
type, fishing season, and the type of fish feed. Limited information is available regarding
the fermentation of waste generated in the tilapia farming industry and its utilization in the
aquaculture feed sector. It appears that fermented products, due to improved digestion and
absorption processes, lead to enhanced growth performance and other hematological and
immunological responses. However, these effects are also dependent on the fish species,
diet (herbivorous, carnivorous, omnivorous), and the specific biological responses assessed.
In this context, the fermentation of Nile tilapia waste with Bacillus licheniformis bacteria has
not yet been investigated.

Alternative protein sources to fishmeal in aquafeed diets should possess high protein
content and essential amino acid profiles, while minimizing non-starch polysaccharides,
fiber, particularly insoluble carbohydrates, and anti-nutritional compounds. They should
also exhibit palatability and high digestibility. This research aims to investigate the effect
of submerged fermentation on the protein and chemical composition of Nile tilapia (Ore-
ochromis niloticus) waste and to evaluate the impact of replacing fishmeal with fermented
protein derived from this waste on growth performance and hematological parameters in
Nile tilapia. The partial replacement of fishmeal with fermented protein in the aquafeed
industry can significantly contribute to improving the economic and environmental sus-
tainability of the aquaculture sector.



Fishes 2025, 10, 556

40f21

2. Materials and Methods

This research was conducted in two phases: an in vitro experiment (Experiment 1)
and an in vivo experiment (Experiment 2). Experiment 1 aimed to evaluate the impact of
microbial fermentation on improving the nutritional value of fish waste and the resulting
hydrolyzed protein. Experiment 2 was designed to investigate the effects of replacing
fishmeal with fermented protein derived from this waste in the diet on growth performance,
hematological parameters, antioxidant and immune indices, and digestive enzyme activity,
as well as the chemical composition of the carcass in Nile tilapia.

2.1. Preparation of Microorganisms and Investigation of Protease Properties

Five lyophilized bacterial strains—Bacillus subtilis (ATCC 6051), B. licheniformis (IBRCM
10204), Lactiplantibacillus plantarum subsp. plantarum (PTCC 1058), L. plantarum subsp.
plantarum (PTCC 1745), and Lactobacillus casei (PTCC 1608)—were sourced from the Iranian
Microbial Resources Center and the Microbial Bank (Tehran, Tehran Province, Iran). Strains
were activated in MRS and LB media (Merck®, Darmstadt, Germany) for Lactobacillus sp.
and Bacillus sp., respectively, per manufacturer instructions. Protease activity was assessed
using skim milk agar with trypan blue; clear halos indicated proteolytic capability [28,29].
Lactobacillus spp. protease activity was evaluated in a modified MRS medium replacing
meat extract and peptone with skim milk. B. licheniformis demonstrated the highest halo-to-
colony diameter ratio and was selected for fish waste fermentation.

2.1.1. Submerged Fermentation of Fish By-Product

The tilapia by-products were sourced from a fish processing and sales market, specif-
ically from Nile tilapia fish raised for aquaculture, weighing between 600 to 800 g in
Mashhad (Khorasan Razavi Province, Iran) and stored at —20 °C in a freezer for next
experiments. Initially, the fish by-product, including heads, tails, skin, fins, scales, and
vertebrae (excluding intestine and viscera), was thoroughly minced using an industrial
meat grinder (Ebtekar Steel®, Isfahan, Isfahan Province, Iran). Subsequently, water was
added at a ratio of 20% w/v, and the mixture was heated at 120 °C for 15 min to autoclave
and remove fats. The mixture was then dried in a vacuum oven (SDR-0121%®, Isfahan, Isfa-
han Province, Iran) at 60 °C for 24 h. Finally, the dried material was completely powdered
using an electric grinder (Zisko®, Hartmannsdorf, Germany). The fermentation medium,
consisting of 1% glucose, 0.5% sodium chloride, and 10% dried fish waste, was prepared.
The initial pH of the medium was in the range of 7.2 £ 0.1 using a calibrated pH meter
(Ohaus ST 2200 E, Shanghai, Chaina). The prepared basal medium was autoclaved at 121 °C
for 15 min. The spectrophotometric absorbance of B. licheniformis at ODggy was read at
0.5 using a Nano Drop spectrophotometer (Bio Tec®, San Diego, CA, USA). Subsequently,
a 5% bacterial inoculum was introduced into the culture medium under a laminar flow
hood (Zhal Tajhiz®, Tehran, Tehran Province, Iran) and incubated at 35 °C with shaking at
150 rpm. Samples were collected from the culture medium at 0, 24, 48, and 72 h during the
fermentation process. Additionally, a sterile medium blank was included for background
correction. Finally, the fermented fish waste was dried in a vacuum oven (SDR0121, Isfahan,
Isfahan Province, Iran) at 60 °C for three days.

2.1.2. Bacterial Growth During Fermentation

Bacterial population during fermentation was determined using the colony counting
method. Following the enumeration of colonies on each plate, the resulting count was
multiplied by the dilution factor, and the result was reported as the number of colony
forming units per ml of the sample [30].
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The present study focused on the nutritional /functional evaluation of batch-fermented
products intended for use in aquaculture feeds. Safety assessments specific to downstream
production-scale safety, including comprehensive pathogen screening and mycotoxin risk
assessment, were beyond the scope of this investigation. All fermentation was conducted
under controlled laboratory conditions with defined starter cultures and verified sterile

handling procedures to minimize contamination risk (ACECR, Mashhad, Khorasan Razavi
Province, Iran).

2.1.3. Soluble Protein Assay

To prepare samples for soluble protein concentration measurement, 200 pL of super-
natant from the culture medium at various time points (blank, 24, 48, and 72 h) were mixed
with 200 pL of trichloroacetic acid (Merck®, Darmstadt, Germany) and incubated at room
temperature for 20 min. Subsequently, the supernatant was separated by centrifugation
(Hermle, Gosheim, Germany) at 10,000 rpm for 10 min. The soluble protein concentration
resulting from bacterial activity was determined using the Bradford method [31].

To determine the molecular weight of the hydrolyzed protein, protein analysis was
performed on a polyacrylamide gel fish during the fermentation process. The approximate
molecular weight of the peptides resulting from the breakdown of waste protein was
determined using a pre-stained protein weight marker (SinaClon Co., Tehran, Tehran
Province, Iran; Cat. No: SL7001) in the range of 10-250 kDa.

2.2. Conditions of Experimental Treatments

A basal diet containing 377.1 g Kg~! crude protein, 100.8 g Kg~! crude fat, and
448.8 g Kg~! carbohydrates [32] was formulated using several locally available feed in-
gredients (e.g., fishmeal, soybean meal, wheat flour, corn flour, and corn gluten meal).
Fermented by-product protein was substituted for fishmeal protein in the control diet at
four levels: 25, 50, 75, and 100% (Table 1). Considering the low protein content of fermented
tilapia waste compared to fish meal, carboxymethyl cellulose (CMC) was used as a filler in
the range of 5-36 g Kg~! (Table 1). In this study, a total of five dietary treatments, each at
three replicates, were used.

Table 1. Formulation and chemical composition of the control diet and different levels of fishmeal
replacement (25, 50, 75, and 100%) with fermented by-product.

Different Fishmeal Replacement Levels with Fermented By-Product (%)

Feed Ingredient (g kg—1) Control
25 50 75 100
Fishmeal 2 200 150 100 50 0
Fermented by-product * 0 57.5 115.5 173.2 231.0
Soybean meal @ 270 270 270 270 270
Wheat gluten ? 145 145 145 145 145
Wheat flour 2 127 127 127 127 127
Corn flour 2 127 127 127 127 127
Fish oil @ 40 40 40 40 40
Soybean oil ? 40 40 40 40 40
Mineral supplement b 7.5 7.5 75 7.5 7.5
Vitamin supplement b 75 7.5 75 7.5 7.5
Carboxymethyl cellulose (CMC) € 36 28.3 20.5 12.8 5
Chemical composition (g Kg~1) d
Dry matter 921.3 928.7 928.7 930.6 929.3
Crude protein 377.1 377.1 377.1 377.1 377.1
Crude fat 100.8 100.7 100.7 100.7 100.7
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Table 1. Cont.

Different Fishmeal Replacement Levels with Fermented By-Product (%)

Feed Ingredient (g kg—1) Control
25 50 75 100
Chemical composition (g Kg~1) 4
Crude fiber 35 35 34.7 34.6 34.5
Nitrogen-free extract 413.8 412.9 412.3 412.0 411.8
Ash 73.3 74.3 75.2 75.6 75.9

a Saramad Fish Aquafeed Co., Borazjan, Iran. Fishmeal contained 691.2 g Kg~! crude protein and 50.1 g Kg~!
ether extract. Fermented by-product contained 576.1 g Kg~! crude protein and 50.4 g Kg~! ether extract.
b Kimia Roshd Co. Isfahan, Iran. ¢ Sigma, Darmstadt, Germany. ¢ All proximate chemical composition of
feed ingredients and control diet was measured according to AOAC (2005) protocols with the exception
of NFE. NFE = dry matter — (crude protein + crude fat + crude fiber + ash). ¢ 25%: fishmeal replacement
with fermented fish by-product by 25%; 50%: fishmeal replacement with fermented fish by-product by
50%; 75%: fishmeal replacement with fermented fish by-product by 75%; 100%: fishmeal replacement with
fermented fish by-product by 100%; * Mineral supplements (per Kg) containing magnesium, 100 mg; zinc,
60 mg; iron, 40 mg; copper, 5 mg; cobalt, 0.1 mg; iodine, 1 mg; antioxidant (butylhydroxytoluene), 100 mg.
** Vitamin supplements (per Kg) containing vitamin E, 30 mg; vitamin K, 3 mg; thiamine, 2 mg; riboflavin,
7 mg; pyridoxine, 3 mg; Pantothenic acid, 18 mg; niacin, 40 mg; folacin, 1.5 mg; choline, 600 mg; biotin,
0.7 mg; and cyanocobalamin, 0.02 mg.

2.2.1. Feeding Trial

All procedures in this study were conducted in accordance with the ethical guidelines
of the Ferdowsi University of Mashhad’s Institutional Animal Care and Use Committee,
under the code IR.UM.REC.1401.142. Two hundred ten mixed-sex Nile tilapia (O. niloticus)
fish with an average weight of 2.83 £ 0.05 g were obtained (Shahrood, Semnan Province,
Iran) and transported to the laboratory (Aquatics Lab, FUM, Mashhad, Khorasan Razavi
Province, Iran). The fish were acclimated for two weeks in a 500 L tank and fed with
a control diet. Subsequently, they were randomly distributed into fifteen 200 L tanks
at a stocking density of 14 fish per tank at three replicates. The fish were fed with the
experimental diets four times a day (8:00, 10:00, 12:00, and 16:00) at a rate of 7% of their body
weight for 63 days. To correct consumed feed content, the remaining feed was siphoned 2 h
after feeding, oven-dried, and weighed daily. Biometric measurements of the test fish were
performed every 21 days to adjust the subsequent feeding rate. Daily, 25% of the water in
the rearing tanks was replaced with fresh and aerated water.

During the feeding trial, water quality parameters (mean =+ standard deviation) were
monitored. Physical and chemical water quality parameters, including temperature (daily), dis-
solved oxygen, electrical conductivity (EC), and pH (weekly until the end of the experiment),
were measured using a portable meter (model AZ-860, Taichung, Taiwan). Measurements
were performed using a spectrophotometer (model DR 5000TM, Loveland, CO, USA) at
wavelengths of 425 and 500 nm. Total ammonia nitrogen (TAN) and nitrite concentrations
in the water used for rearing Nile tilapia were measured at the start of the experiment in
triplicate using the Nessler and cadmium reduction methods, respectively. The measured
values were as follows: total ammonia nitrogen (TAN), 0; nitrite, 3.26 = 0.081 mg L1 water
temperature, 28.3 £ 1.5 °C; dissolved oxygen, 6.11 & 0.11 mg L1 pH, 7.88 £+ 0.008; and
electrical conductivity, 1105.77 + 9.83 uS cm~!. These values were maintained within the
acceptable range for Nile tilapia [33].

2.2.2. Biological Indices

Growth indices, nutritional efficiency indices, hepatosomatic indices, and visceroso-
matic indices were calculated based on standard formulas as follows [34]:

Weight gain (WG, g) = Final body weight (FBW, g) — initial body weight (IBW, g)

Specific growth rate (SGR; % BW day_l) =100 x [(LnW¢ — LnW;)/time (day)]
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Feed conversion ratio (FCR) = Feed given (g)/Weight gain (g)
Condition factor (K; %) = (W (g)/L¢ % (cm)) x 100

Protein effciency ratio (PER) = (W¢(g) — W; (g))/Crude protein intake (g)

Protein productive value (PPV; %) = (Whole-body protein gain (g))/Protein consumption (g)) x 100

Hepatosomatic index (HSI; %) = (Hepatopancreas weight (g)/total body weight (g)) x 100
Viscerosomatic index (VSL; %) = (Viscera weight (g)/total body weight (g)) x 100

2.2.3. Blood Sampling

After the feeding trial period, the fish were fasted for 24 h and then randomly sampled.
After anesthetizing the fish with clove oil (0.5 mg L1 Clove Aqua®, Imad Khorasani
aquaculture cooperative, Mashhad, Khorasan Razavi Province, Iran), blood samples were
collected from the caudal peduncle (nine fish per treatment) using 25 heparinized sy-
ringes one by one without pooling. Following centrifugation (5000 rpm for 10 min), the
resulting plasma was transferred to a —80 °C freezer [35]. The concentrations of triiodothy-
ronine (T3) and thyroxine (T4) and immune parameters levels, including lysozyme activity,
complement (ACHsp), and total immunoglobulin were measured in the fish plasma as
described below.

Thyroid hormone (T3 and T4) concentrations were measured using a MY BioSource
kit (San Diego, CA, USA) and ELISA method in blood plasma at wavelengths of 450 and
600 nm, respectively [36]. Lysozyme activity was measured using a MY BioSource assay
kit (CA, USA) via ELISA at a wavelength of 450 nm. Complement (ACHsg) levels were
determined based on the method described [37], using a MY BioSource assay kit (CA, USA)
and ELISA at a wavelength of 414 nm. Total immunoglobulin level was assessed following
the method described [38], using a MY BioSource assay kit (CA, USA) at a wavelength of
450 nm.

2.2.4. Measuring the Enzyme Activities of Hepatopancreas Tissue

After a 24 h fasting prior to sampling, the experimental fish was fainted deeply in
clove oil (0.5 mg L™!; Clove Aqua®, Imad Khorasani aquaculture cooperative, Mashhad,
Khorasan Razavi Province, Iran). Then, the hepatopancreas tissue of nine fish per treatment
was homogenized in phosphate buffer solution (Merck®, Darmstadt, Germany) using a
homogenizer one by one without pooling in order to assess the antioxidant indices of
catalase and superoxide dismutase, as well as the enzymes aspartate aminotransferase
and alanine aminotransferase. Following centrifugation and separation of the supernatant,
catalase enzyme activity was measured using a MY BioSource kit (CA, USA) at a wavelength
of 450 nm, based on the method described [39]. Superoxide dismutase enzyme activity
was measured using a MY BioSource kit (CA, USA) at a wavelength of 570 nm, following
the methods described [40,41] Aspartate aminotransferase and alanine aminotransferase
enzyme activities were measured using a MY BioSource kit (CA, USA) at a wavelength of
450 nm, according to the methods described [42,43].

2.2.5. Measuring Digestive Enzyme Activities

Experimental fish were fasted for 24 h prior to sampling and fainted deeply in clove oil
(0.5 mg L™1; Clove Aqua®, Imad Khorasani aquaculture cooperative, Mashhad, Khorasan
Razavi Province, Iran). Then, foregut tissue (nine fish per treatment) was excised and
homogenized in a 0.2 M NaCl solution (Merck®, Darmstadt, Germany) using a homogenizer.
The resulting supernatant was stored at —80 °C until analysis [44]. Enzyme activity was
expressed as milligrams per unit. Protease activity was evaluated using azocasein as



Fishes 2025, 10, 556 8 of 21

substrate at 366 nm [45]. Amylase activity was measured using a MY BioSource kit with
starch as a substrate [46] at 450 nm. Lipase activity was measured using o-naphthyl
caprylate as substrate at final reading 540 nm [47].

2.2.6. Proximate Chemical Composition

The proximate chemical composition of the feedstuffs, experimental diets, and ini-
tial and final fish carcasses were determined at triplicate (nine fish per treatment) using
standard methods [48]. The analysis of dry matter (oven drying, 105 °C), crude protein
(N x 6.25, Kjeldahl system: Buchi Labortechnik AG, Flawil, Switzerland), crude fat (Soxhlet
system HT 1043: Foss Tecator, AB, USA), crude fiber (after digestion with H,SO,4 and
NaOH) was determined using a Fibertec apparatus and ash content by incineration in an
electric furnace at 550 °C.

2.2.7. Statistical Analysis

All samplings were determined using a simple random sampling method [49]. Data
were presented as mean =+ standard deviation (SD). Statistical analysis was performed
using SPSS version 22. Following confirmation of the two main assumptions of parametric
tests (homogeneity of variance and normality of data) [50], one-way ANOVA was used
to assess the main effects. Differences between means were determined using Duncan’s
multiple range test at a significance level of 5%. Graphs were generated using Excel 2010.

3. Results
3.1. Protease Halo and Colony Diameter

According to Figure 1, B. licheniformis showed the highest protease halo diameter (p < 0.05).
The highest colony diameter belonged to the B. licheniformis and L. casei (Figure 2) (p < 0.05).
The highest ratio of protease halo to colony diameter was observed in B. licheniformis (Figure 3)

(p < 0.05).
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Figure 1. The mean (£SD) of protease halo diameter (cm) of bacteria grown on the selected media at
three replicates. The letters a—c showed one-way ANOVA comparison at p < 0.05.
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Figure 2. The mean (£SD) of colony diameter (cm) of bacteria grown on the selected media at three
replicates. The letters a—c showed one-way ANOVA comparison at p < 0.05.
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plantarum (PTCC: 1058)

Figure 3. The mean (+SD) of protease halo (cm) to colony diameter (cm) ratio of bacteria grown
on the selected media at three replicates. The letters a—c showed one-way ANOVA comparison at
p <0.05.

3.2. Soluble Protein Concentration and Bacterial Growth

As shown in Figure 4a, the soluble protein concentration (mg mL~!) and bacterial
colony count over time (h) during fermentation at blank, 24, 48, 72, and 96 h are presented.
The soluble protein concentration decreases with increasing bacterial colony count. Consid-
ering the increase in bacterial colony count from 0 (Immediately after bacterial inoculation)
to 72 h and the decrease from 72 to 96 h during fermentation, 72 h was selected as the
optimal time for mass production of the fermented product (Figure 4a).
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Figure 4. (a) Soluble protein concentration (mg mL™1) and bacterial count (colonies mL 1) versus
time (h), (b) Display of hydrolyzed protein from Nile tilapia by-product using polyacrylamide gel;
bands numbered 1, 2, 3, and 4 corresponded to peptide bands blank sample, 24, 48, and 72 h post-
fermentation. Bands numbered 5 and 6 related to bovine albumin protein at concentrations of 1 and
10 mg mL ™!, respectively, and band number 7 corresponded to the marker. The arrows indicate the
presence of protein bands below 11 kilo Dalton (kDa) at 48 and 72 h of fermentation time, respectively.

3.3. Polyacrylamide Gel Electrophoresis of Soluble Protein

To investigate the effect of fermentation with B. licheniformis on the molecular weight of
hydrolyzed protein, polyacrylamide gel electrophoresis was performed. Figure 4b showed
the protein bands resulting from the fermentation of fish by-product with B. licheniformis
at blank, 24, 48, and 72 h during fermentation. With increasing fermentation time, more
protein is broken down into peptides. At 48 and 72 h post fermentation, protein bands
of lower than 11 kDa were observed. Crude protein, ether extract, and ash contents of
Nile tilapia by-product were measured 336.12, 446.54, and 64.86 g Kg ™!, respectively. B.
licheniformis fermented by-product contained 576.1 g Kg~! crude protein, 50.4 g Kg~! ether
extract, and 87.12 g Kg~! ash.

3.4. Growth Performance and Carcass Chemical Composition

As shown in Table 2, with increasing use of fermented by-product at levels of 25 to
75% in the diet of Nile tilapia, a significant increasing trend (p < 0.05) was observed in the
indices of final weight gain, body weight gain, specific growth rate, protein production
value, and protein efficiency ratio. With increasing replacement of fermented by-product
at levels of 75 to 100%, body weight gain, specific growth rate, and protein production
value significantly decreased (p < 0.05). With increasing replacement levels of fermented by-
product with fishmeal, the viscerosomatic index significantly decreased (p < 0.05). Although,
no statistically significant difference (p > 0.05) was observed between replacement levels of
50 to 100% (Table 2). Based on the broken-line regression model, the optimal replacement
level was calculated to be 83.91% for feed conversion ratio (Figure 5a), 86.28% for specific
growth rate (Figure 5b), and 85.7% for protein productive value (Figure 5c). As shown in
Table 3, the highest level of carcass crude protein was observed in fish fed the diet with
100% replacement of fermented by-product (p < 0.05). The highest level of carcass crude fat
was observed in fish fed the control diet (p < 0.05) (Table 3).
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Table 2. Growth performance and feed utilization parameters of Nile tilapia (O. niloticus) fed the
diets supplemented with different levels of fermented by-products for 63 days (mean + SD, n = 3) *.

Fishmeal Replacement Levels with Fermented by-Products (%)

Control

25 50 75 100
Iniﬁal(;)’eight 2.83 + 0.03 2.81 + 0.05 2,814 0.07 2.83 + 0.06 2.85 + 0.06
Fi“al(;‘;eight 1246 £0.10° 13164020  1340+032°  1435+£031°¢  1424+027°
Weight gain (g)  347.27 +1.93% 36893 +427P 376314+ 431¢  407.66+0.85°  399.72 + 1.41 ¢
?a‘?crt‘gr“(‘j’r)‘ 244 +0.19 2.50 + 0.38 2.23 + 0.43 222 +0.07 2.29 + 0.30
o
efﬁcl.l’;ggr;aﬁo 19440032  214+001°  230£003¢  276+0029 289 4002¢
Hepatosomatic 2.88 + 1.06 2.31 + 0.56 2.36 + 0.67 2.50 4 1.00 2.70 4 1.10
index (%)
Viﬁf;g;(;@;‘ﬁc 8854238  768+£163%  693+140° 6.89 +1.352 6.70 +1.682

* The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

(a) (b)

SGR =4.052 x 1077 X3 + 4.665 x 1075 X2 + 0.001X + 2.382
r2=0.93; p < 0.05

FCR =3.698 x 1077 X3 —3.912 x 105 X2 - 0.002X + 1.446

15 r2=0.93; p<0.05
2.6 4 e
T
=
=
2
o
=
o
(U]
w
_ 86.28
0 20 40 60 80 100 2.35
0 20 40 60 80 100
Fishmeal replacement levels with fermented by-product (%) Fishmeal replacement levels with fermented by-product (%)
(9

PPV = —6.578 x 1075 X3 + 0.009 X2 —0.121X + 32.17
53 r2=0.99; p <0.05

48

43

PPV (%)

38

33

85.7
28 4 T ! ! ! ! ! ! ! - )
0 10 20 30 40 50 60 70 80 90 100
Fishmeal replacement levels with fermented by-products (%)
Figure 5. The mean (& SD) effects of using different levels of fermented by-products in the diet on

(a) FCR, (b) SGR (% BW dayfl), and (c) PPV (%) of Nile tilapia fed the experimental diets for 63 days
at three replicates. The letters a—e showed one-way ANOVA comparison at p < 0.05.
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Table 3. Proximate chemical composition of Nile tilapia (O. niloticus) carcass fed the diets supple-
mented with different levels of fermented by-product for 63 days (mean + SD, nn = 3) *.

Fishmeal Replacement Levels with Fermented By-Products (%)

25 50 75 100
Dry matter (%) 9553 +0.112 9563 +£0.06% 9577 +0.15% 9590 +0.32%>  96.10 & 0.36°
Crude protein (%)  57.33+£0.06% 5787 +006> 5843 +0.15° 5987+049  60.50+0.36°
Crude lipid (%) 9.134+0.20¢ 8.73 + 0.06 4 8404 0.10°¢ 7.93 +0.15P 7.50 £0.10 2
Ash (%) 6.80+0.102 7.40 +£0.10° 7.80 £0.10 8.60 +0.10 4 8.87 4+ 0.06 ©

Carbohydrates (%)  26.73+ 0234  26.00 +0.17 ¢ 25.37 £ 0.15P 23.60 = 0.62 23.13 +£0.292
* The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

Control

3.5. Thyroid Hormone Concentrations

In the present study, it was observed that increasing the replacement of fermented
by-product at levels of 25 to 100% in the diet of Nile tilapia resulted in a significant
increase (p < 0.05) in the concentrations of T3 and T4 hormones in the blood plasma of fish
fed with fermented by-product compared to those of fed the control diet. However, in
the replacement levels of 75 to 100% of fermented by-product, no statistically significant
difference (p > 0.05) was observed in the concentrations of the mentioned hormones (Table 4).

Table 4. The concentrations of triiodothyronine and thyroxine hormones (ng mL~1) in the blood
plasma of Nile tilapia (O. niloticus) fed the diets supplemented with different levels of fermented
by-products for 63 days (mean £ SD, n = 3) *.

Fishmeal Replacement Levels with Fermented By-Products (%)
25 50 75 100

Control

Triiodothyronine
(ngmL~")
Thyroxine (ng mL™') 226 £0.03%  23740.02> 250+£0.02¢ 2904 0.029 290 +0.034
* The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

1.33 +£0.01° 1.40 £0.02° 1.60 +0.02 1.87 +0.014 1.85 4 0.01 4

3.6. Immune Responses

The results of measuring immune responses were shown in Table 5. With increasing
use of fermented by-product at levels of 25 to 100% in the diet of Nile tilapia, the activity of
lysozyme and ACHsy, as well as the level of total immunoglobulin in the plasma, showed
a significant increase (p < 0.05) compared those of fed the control diet. However, with
increasing replacement level from 75 to 100%, the level of ACHsj and total immunoglobulin
significantly decreased (p < 0.05).

Table 5. Lysozyme (mg mL~1), ACHsy (Unit mL~1), and total immunoglobulin levels (mg mL~1)
of blood plasma of Nile tilapia (O. niloticus) fed the diets supplemented with different levels of
fermented products for 63 days (mean + SD, n = 3) *.

Fishmeal Replacement Levels with Fermented By-Products (%)

Control
25 50 75 100
L
ysozyme 247 4£001° 2604 0.02> 277 4+0.02°¢ 2,93 4 0.01¢ 3.00 4+ 0.02°¢
(mgmL™")
ACHs 3124001 3364001° 3.60 £ 0.02°¢ 3.79 +0.03¢ 3.74 +0.01 4
(Unit mL~1) ' ' ) ) . ' ‘ . ' .
Total
immunoglobulin 2114001 2344+001> 246+001°¢ 2.65+£0.01¢ 2.62 +£0.014
(mg mL™1)

* The values with different letters in the same row are significantly different (ANOVA, p < 0.05).
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3.7. Hepatopancreas Enzymes and Antioxidant Indices

In the present study, it was observed that with increasing replacement level of fer-
mented by-product at levels of 25 to 100% in the diet of Nile tilapia, the activities of
antioxidant enzymes including catalase and superoxide dismutase, as well as liver en-
zymes aspartate aminotransferase and alanine aminotransferase, showed a significant
increasing trend (p < 0.05) compared to fish fed the control diet (Table 6). Based on the
broken-line regression model, the optimal replacement level was calculated to be 80.2%
for SOD.

Table 6. The activities (Unit L™!) of catalase, superoxide dismutase, aspartate aminotransferase,
and alanine aminotransferase in the hepatopancreas tissue of Nile tilapia (O. niloticus) fed the diets
supplemented with different levels of fermented by-products for 63 days (mean + SD, n = 3) *.

Fishmeal Replacement Levels with Fermented By-Products (%)

Control
25 50 75 100
Catalase (Unit L™1) 1.11 +£0.022 1.19 £ 0.02° 1.37 £ 0.01 ¢ 1.47 +0.02¢ 1.40 £ 0.024
superoxide
dismutase 236 +0.012 2404 0.01° 2.58 £0.01°¢ 2.80 £0.01¢ 2.70 +0.014
(Unit L™1)
Aspartate
aminotransferase 0.97 £ 0.0052 1.05 £+ 0.025° 1.12 +0.01¢ 1.16 £ 0.01 ¢ 1.22 +£0.03 ¢
(Unit L™1)
Alanine
aminotransferase 1.344+0.022 1.38 £ 0.01P 1.58 £0.01°¢ 1.80 +0.02¢ 1.79 4 0.03 ¢
(Unit L~1)

* The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

3.8. Digestive Enzyme Activities

As can be seen in Table 7, with increasing replacement levels of fermented by-product
at levels of 25 to 100% in the diet of Nile tilapia, the activities of digestive enzymes
including amylase, protease, and lipase in the intestinal tissue significantly increased
(p < 0.05) compared to fish fed the control diet (Table 7).

Table 7. The activities (Unit mg~! protein) of amylase, protease and Lipase in the intestinal tissue of
Nile tilapia (O. niloticus) fed the diets supplemented with different levels of fermented by-products
for 63 days (mean + SD, n = 3) *.

Fishmeal Replacement Levels with Fermented By-Products (%)
25 50 75 100

Control

Amylase

. 7 . 1.34 £0.005%  1.38+0.01° 1.44 £0.01¢ 1.60 +£0.024  1.60 +0.01¢
(Unit mg™" protein)

Protease b d d
(Unit mg’l protein) 1.66 +0.01°2 1.80 4+ 0.02 1.97 +0.02 ¢ 2.16 + 0.06 2.10 £+ 0.01

Lipase
(Unit mg~! protein)
* The values with different letters in the same row are significantly different (ANOVA, p < 0.05).

1.81+0.01% 2.024+0.03° 227 £0.03 ¢ 2.61+0.104 254 +0.014

4. Discussion
4.1. Bacteria Growth and Selection

In the present study, it was observed that with increasing fermentation time from 0
(immediately after bacterial inoculation) to 72 h, the number of bacteria (colonies mL 1)
increased, and then decreased from 72 to 96 h. Nitrogen plays an important role in
bacterial growth and can significantly affect the bacterial growth curve. Nitrogen source
limitation leads to the accumulation of waste products and a decrease in the bacterial
population. In the cell death phase, the reduction of nitrogen and other nutrients, as well
as the accumulation of toxic substances, lead to a decrease in the bacterial population and
cell death [51]. Examination of the amount of hydrolyzed protein during fermentation
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showed that simultaneously with the increase in bacterial colony count from blank (before
inoculation with bacteria) to 72 h, the amount of soluble protein also significantly decreased,
which indicated the consumption of protein by the bacteria during fermentation. Based on
the data shown on the protease halo diameter and colony diameter of bacteria grown on
the selected media in the present study, B. licheniformis showed the maximum growth and,
consequently, it was selected for mass production of fermented Nile tilapia by-product in
Experiment 2. Nutritional sources such as carbon and nitrogen sources, as well as mineral
elements, affect the production of microbial protease by bacteria. The need for a source
of organic and inorganic nitrogen is required for the production of amino acids, nucleic
acids, proteins, and other cellular components of the bacteria [51]. The nitrogen source
for the growth of B. licheniformis was supplied from fish by-product and soluble protein
resulting from the activity of the bacteria itself, which is consistent with the results obtained
from measuring the amount of protein by the Bradford method and indicated a decrease
in the amount of soluble protein during fermentation. The results of the examination of
hydrolyzed protein at 48 and 72 h during fermentation on a polyacrylamide gel showed
the presence of peptides with a molecular weight of less than 11 kDa. This research is
also consistent with the results of some other researchers. During the fermentation of
L. klunzingeri fish with B. licheniformis [5], and Keropok Lekor by-products by indigenous
Lactobacillus casei [16], it was reported that microbial fermentation leads to the achievement
of hydrolyzed protein rich in peptides with low molecular weight. The fermentation of A.
irradians clam with B. licheniformis isolated peptides with a molecular weight of less than
3 kDa [52].

4.2. Growth Performance and Nutritional Efficiency Indices

This study demonstrated that increasing the replacement of fermented by-product
in the diet of Nile tilapia led to a significant increase in the indices of final weight, body
weight gain, specific growth rate, protein production value, and protein efficiency ratio
compared to fish fed the control diet. However, the indices of body weight gain and protein
productive value significantly decreased with increasing replacement level of fermented by-
product from 75 to 100%. The feed conversion ratio and viscerosomatic index of Nile tilapia
showed a significant decreasing trend with increasing percentage replacement of fermented
waste in the diet compared to fish fed the control diet. It should be noted that, based on
available resources, there is no information regarding the use of fermented Nile tilapia
by-product in the diet. The results of this research are consistent with previous studies.
Hassan et al. [22] reported that replacing at least 25% of sunflower meal with fermented
sunflower meal using S. cerevisiae yeast and B. subtilis bacteria had a positive impact on
the growth performance and feed conversion ratio of O. niloticus fish. Dawood et al. [23]
reported that using different levels of fermented date palm kernel (0% as control, 5%, 10%,
15%, and 25%) in the diet of O. niloticus improved growth performance and feed conversion
ratio in fish fed diets containing fermented kernel compared to the control group. In a
study by Ismail et al. [53], fermentation of olive cake with A. oryzae in the diet of O. niloticus
improved growth performance, which reported that the use of fermented products in the
diet of O. niloticus up to an optimal level leads to improved growth performance and feed
efficiency in fish. Fermentation, by breaking down more complex compounds into simpler
forms and reducing anti-nutritional compounds, improves growth rate and digestibility in
fish [54].

When it comes to fermenting products with bacteria to determine which bacteria
have better fermentation effects, which is more accurate than using only the hydrolysis
products of fermented products to judge the breeding effect, more information and research
is needed in the future. Fermentation leads to the bioavailability of protein and the release
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of bioactive compounds, which may have beneficial effects on health when consumed [25].
Numerous studies have shown changes in protein efficiency ratio as a result of feeding
fermented diets [55,56], which is consistent with the measured protein efficiency ratio in the
present study. Fermentation, by improving the acid solubility and water solubility of large
proteins, increases the digestibility and nutritional value of compounds and also makes
essential amino acids available to the fish. Increasing low-molecular-weight proteins leads
to increased protease enzyme activity and, as a result, improves the protein production
value index and leads to protein deposition in the muscle tissue of animals [57]. In the
present study, it was observed that with increasing replacement of fermented by-product
in the diet, the levels of carcass crude protein and ash in Nile tilapia significantly increased,
and the level of carcass crude fat significantly decreased. This research is consistent with
the results of some other researchers [20,53,58]. Based on the growth performance data (e.g.,
SGR and FCR) in the present study, 84-87% of fishmeal (crude protein content: 50.1 g Kg 1)
replacement with fermented Nile tilapia by-product (crude protein content: 50.4 g Kg1)
was possible. This equaled to the range of 198.67-205.77 g Kg~! fermented by-product
in the diet contained peptides with molecular weight lower than 11 kDa. Increments in
the inclusion level of fermented by-product higher than 205.77 ¢ Kg~! led to a decrease in
the growth performance. It may be related to the nature of produced bioactive peptides
such as antimicrobial, antioxidant, antihypertensive, antidiabetic, and anti-inflammatory
functions [59], which need to be investigated further in the future.

4.3. Blood Biochemical Indices

This study observed that increasing the replacement of fermented by-product in the
diet of Nile tilapia fish led to an increase in the concentration of triiodothyronine and
thyroxine hormones in the blood plasma of fish fed with fermented waste compared to
the control diet. However, in the replacement of 75 to 100% of fermented by-product,
no statistically significant difference was observed in the concentration of the mentioned
hormones. Fish endocrine systems are sensitive to changes in nutrient intake. Aquatic
animal by-product (e.g., skin, head, fins, tail, viscera, and bones) is important due to its
high content of protein, essential amino acids, vitamins, and minerals [60]. Several studies
have investigated the effect of maternal injection of thyroid hormones on increasing growth
and survival rate in newly hatched larvae of fish such as sturgeon [61] and tilapia (O.
mossambicus) [62]; this effect varies depending on the fish species and the concentration
of thyroid hormone consumed. Triiodothyronine and thyroxine hormones, like other
vertebrates, are secreted from the thyroid gland in fish. These hormones play an important
role in growth rate, development, reproduction, metabolism, osmotic regulation, skin
pigment accumulation, and metamorphosis in fish [61]. The fermentation process, by
increasing the digestibility and improving the bioavailability of food compounds such as
proteins, fats, and carbohydrates, provides more nutrients to the metabolic process and
the Krebs cycle, and thus increases the concentration of triiodothyronine and thyroxine
enzymes. These hormones, as an endocrine gland, affect the metabolism of compounds
such as proteins, fats, and carbohydrates. Thyroid hormones directly affect growth through
their respective receptors or indirectly through interaction and positive effects with other
hormones [63].

The present study revealed that increasing the replacement of fermented by-product
in the diet of Nile tilapia led to a significant increase in the activity of antioxidant enzymes
such as catalase and superoxide dismutase (SOD) compared to the control group. This
observation aligns with previous findings. Sherif ef al. [26] reported increased catalase and
SOD activity in O. niloticus fed diets containing varying levels of S. platensis fermented
with S. cerevisige. Similarly, Hajirezaee et al. [64] demonstrated enhanced catalase and SOD
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activity in Cyprinus carpio fed the diets supplemented with L. rhamnosus and betaine. While
the specific bioactive compounds present in the fermented tilapia waste were not quantified
in the current study, it is plausible that certain low-molecular-weight peptides and other
bioactive molecules generated during fermentation contributed to the observed increase in
antioxidant enzyme activity. These compounds may act as free radical scavengers, thereby
mitigating oxidative stress. Indeed, the antioxidant properties of protein hydrolysates
derived from fermentation have been documented in several studies [17,65]. Although
further research is warranted to specifically investigate the impact of bioactive peptides
from fermented Nile tilapia by-product on antioxidant indices, the existing literature
suggests a positive influence of protein hydrolysates on antioxidant enzyme systems in
other vertebrates [5,65], highlighting a potential area for future investigation in fish.

Furthermore, this study found that increasing the dietary inclusion of fermented tilapia
by-product significantly increased the activity of the hepatopancreatic enzymes aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) compared to the control group.
The effects of fermented feed ingredients on AST and ALT activities in aquatic animals
have been reported to vary. Hassan et al. [22] observed the lowest AST and ALT activities
in the serum of fish fed a control diet and 25% fermented sunflower meal (fermented
separately with B. subtilis or S. cerevisiae), while the highest activities were observed in fish
fed 75% fermented sunflower meal. AST and ALT activities are closely related to amino
acid metabolism in fish, and transaminase activity increases with enhanced amino acid
metabolism. It is conceivable that certain low-molecular-weight compounds present in the
fermented by-product may have stimulated amino acid metabolism in the experimental
fish [66,67]. Additionally, the high nucleic acid content in the bacterial biomass of the
fermented waste could have influenced the activity of these enzymes [68].

The present study demonstrated that increasing the dietary inclusion of fermented
tilapia by-product significantly increased the activities of lysozyme and ACHs, as well
as the levels of total immunoglobulin. However, ACHsy and total immunoglobulin levels
significantly decreased with increasing replacement from 75 to 100%. The application of fer-
mentation technology in aquatic animal diets has been shown to enhance the proliferation
of beneficial gut bacteria while suppressing the growth of pathogenic bacteria [69]. The
observed increase in immune indices in tilapia fed with fermented by-product is consistent
with previous studies [26,70]. It has been reported that fermented feed, by improving
growth, feed utilization, and intestinal health, enhances the immune system’s resistance to
diseases in fish [71,72]. Wang et al. [58] fermented soybean meal with Pediococcus pentosaceus
and used it in the diet of O. niloticus at two levels: control and 100%. The results showed
that feeding with fermented soybean meal protein improved the intestinal microbial flora
of O. niloticus. Wang et al. [58] suggested that the increased immunity in fish fed with
fermented soybean may be due to the increased attachment and colonization of probiotics
within the intestinal epithelium, reducing the risk of pathogen colonization and leading to
resistance against pathogens. Beneficial bacteria in the fermentation process improves gut
health in fish through two mechanisms: firstly, by preventing the colonization of harmful
bacteria in the gut, and secondly, by activating non-specific immunity through the secretion
of antimicrobial compounds and glycoproteins [73].

The present study revealed that increasing the dietary inclusion of fermented tilapia
waste in Nile tilapia significantly increased the activity of the digestive enzymes amylase
and protease in the intestinal tissue. This observation aligns with the findings of previous
research [26,64]. Beneficial bacteria utilized in fermentation are known to play a crucial
role in improving intestinal digestive activity in fish by producing vitamins and digestive
enzymes. These beneficial bacteria enhance the intestinal bacterial flora and stimulate
the activity of intestinal digestive enzymes by producing protein-hydrolyzing enzymes
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and breaking down macromolecules [74]. In the present study, the increased activity of
intestinal digestive enzymes may be attributed to the extracellular enzymes produced by
the bacteria after colonization in the intestine [75]. It is likely that the fermentation process
improves gut health in fish through two mechanisms: (1) by promoting the colonization of
beneficial bacteria in the intestine and (2) by activating non-specific immunity through the
secretion of antimicrobial compounds and glycoproteins [73]. Enhanced gut health, in turn,
contributes to increased activity of digestive enzymes [54]. However, the present study did
not examine the microbial flora of the intestine, and therefore more studies are needed in
the future.

5. Conclusions

In the current trial, B. licheniformis showed the highest protease halo diameter and
colony diameter among five bacteria strains. B. licheniformis-fermented Nile tilapia by-
product was substituted with fishmeal content of the control diet at the inclusion levels of
25,50, 75, and 100% in the diet of Nile tilapia fry. The highest final weights (14.25-14.34 g)
were observed in fish fed the diets containing 75-100% fishmeal replacement levels with
fermented by-product. With an increment in the inclusion level of fermented by-product
in the diet, PPV and SOD enhanced up to 85.7 and 80.2% fishmeal replacement level,
respectively, based on the broken-line regression model.
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