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Abstract: The study revealed the potential of fermented soybean meal (FSBM) as a fish meal (FM)
replacement in African catfish (Clarias gariepinus) feed formulation. Five isonitrogenous diets (32%
crude protein) were prepared with five different levels of FSBM as FM replacement, namely 0%
FSBM (T1), 40% FSBM (T2), 50% FSBM (T3), 60% FSBM (T4), and 70% (T5). The experimental fish
was given the formulated diet for eight consecutive weeks. At the end of the feeding trial, the fish
were subjected to growth performance, blood parameters, blood chemical, liver histology, and gut
microbiota assessment. The study findings demonstrated that the experimental fish that received
the T2 diet exhibited significantly higher (p < 0.05) growth performance. Experimental fish that
received diet T2 had significantly higher (p < 0.05) white blood cell (WBC) and significantly lower
(p < 0.05) in terms of cholesterol (CHOL), albumin (ALB), globulin (GLOB), and total protein (TP). The
replacement of FSBM to FM significantly affected liver morphology on the sinusoid, vacuole, nucleus,
and erythrocytes. Gut microbiota composition analysis showed a significantly high abundance
(p < 0.05) of Akkermansia muciniphila in the experimental fish that received the T2 diet. The gut
microbiota indicates that the experimental fish is in a healthy condition. In conclusion, replacing 40%
FSBM with FM in aquafeed could enhance C. gariepinus growth performance and health conditions.

Keywords: fish meal replacement; fermented soybean meal; African catfish; growth performance;
protein replacement; sustainable aquaculture

1. Introduction

Fish is an affordable protein source for approximately 1 billion people worldwide,
regardless of their socioeconomic status [1]. Fish consumption was reported to be 9.0 kg
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annually in 1961 and doubled to 20.5 kg in 2018 [1]. The rapidly increasing human popula-
tion is the major catalyst for the expansion of the aquaculture industry to fulfil the market
demand. As a result, aquaculture has become one of the fastest-growing industries, with
an average annual growth of 10%, contributing to approximately 90% of the global food
demand in the last 20 years [1,2]. In 2020, the aquaculture industry recorded 178 million
tonnes in production, generating a total revenue of USD 265 billion [3]. Nevertheless, high
feeding costs and inconsistent supply remain major challenges in aquaculture [2,4].

Feed is the main cost in an aquaculture operation, making up 30–70% of the total pro-
duction cost [5]. Fish meal (FM) is an important protein source in animal feed and is widely
used for ruminants, pets, and aquafeed. Overreliance on the FM as the primary protein
source in the aquafeed formulation has led to high demand and overpricing. Therefore,
numerous studies have been conducted in seeking fish meal replacement [6–14]. Currently,
soybean meal (SBM) is a plant-based protein identified as a potential FM replacement due
to the consistent supply, nutritional profile, and reasonable price [15]. Thus, SBM is a more
sustainable alternative as a feed ingredient than FM [16].

Despite being a promising ingredient for animal feed, plant-based proteins such as
SBM possess anti-nutritional factors (ANFs) [17,18] consisting of phytic acids, trypsin
inhibitors, and antigenic protein that can hinder protein absorption in animals [19] and
interfere with their digestive enzymes activities [20]. These ANFs have significant negative
impacts on fish growth performance [21–23]. At present, solid-state fermentation (SSF)
has been introduced to minimise ANFs in SBM. The SSF was used in bioprocessing to
detoxify agricultural wastes through fermentation [2,22,24]. Furthermore, SSF reportedly
improved the nutritional profile of SBM, and thus, was beneficial for animals [15] and
aquaculture [25–27]. Previous studies indicated that fermented soybean meal (FSBM) was a
better alternative ingredient that has the ability to improve growth and health performance
than SBM in fish feed [28,29].

Generally, lactic acid bacteria (LAB), such as Bacillus spp. and yeast, are utilised in
FSBM production [30]. In addition, the Staphylococci bacteria are regularly used in food
fermentation. Staphylococci can be divided into coagulase-positive staphylococci (CPS)
and coagulase-negative staphylococci (CNS). The CPS are pathogenic and responsible for
food poisoning [31]. On the other hand, CNS is a common starter in cheese production [32],
seafood [33], sausage [34], and soybean-based product processing [35,36]. For example,
Staphylococcus succinus is a commercially used CNS in soybean fermentation [35]. Nonethe-
less, reports on S. succinus for FSBM production as animal feed remain lacking. In the
current study, FSBM was designated as a model replacement material of FM. S. succinus
was employed as a model bacterium to demonstrate this research into African catfish. To
obtain optimum growth and health performance, the FSBM inclusion level should also be
at optimum. Therefore, the study was carried out to determine the impact of FSBM replace-
ment at different percentages (0%, 40%, 50%, 60%, and 70%) on the growth performance,
blood haematology, liver morphology, and gut microbiota regulation in African catfish,
Clarias gariepinus.

2. Materials and Methods
2.1. Research Ethic Approval

The present study was approved by the Faculty of Agro-based Industry Animal Ethics
Committee, Universiti Malaysia Kelantan (File No: UMK/FIAT/ACUE/UG/14/2021) and
complied with the National Institute of Health of Malaysia guidelines.

2.2. Experimental Fish Preparation

The experimental fish used in this study was prepared as described in a previous
study [37]. A total of 500 African catfish fingerlings, approximately 10 cm in length and 7 g
in weight, were purchased from a commercial farm located at Tanah Merah, Kelantan. The
fingerlings were acclimatised for 2 weeks and fed a commercial pellet (Star mill, Malaysia)
with a crude protein content of 30%. After the acclimatisation period, 300 healthy fish
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were selected for the feeding experiment. Each experimental tank (30 L) was stocked with
20 experimental fish that were provided with the formulated feed at a feeding rate of 5%
of body weight daily. The fingerlings were fed twice daily (8 am and 3 pm), while 70%
water changes were performed daily at 6 pm. The experiment was carried out for eight
weeks, and the total length and weight of the experimental fish were measured weekly.
Meanwhile, the water quality in the experimental tanks was measured and recorded once
a week. The water parameters were as follows: pH = 7–7.6, dissolved oxygen = 5.6 to
6.2 mg/L, temperature = 26.5–28.8 ◦C, and ammonia ≤ 1 mg/L.

2.3. Preparation of Defatted SBM Protein Mixture

Live bacteria of Staphylococcus succinus were cultured in Tryptic Soy Broth (TSB) (Merck,
Darmstadt, Germany) for 24 h at room temperature. The bacterial cells were harvested by
centrifugation using a minispin (Eppendorf, Hamburg, Germany) and the concentration of
bacterial cells was adjusted into 1 × 106 CFU/mL using physiological saline. The defatted
SBM protein mixture was prepared by adding 1 g of defatted SBM in 8 mL of distilled
water. Subsequently, 1 mL of Staphylococcus succinus suspension (Source: FSBM; Isolation
and identification as described by Thomson et al. [38]) was added to the mixture, followed
by homogenisation and incubation at room temperature for one week. The mixture was
homogenised and incubated at room temperature together with a mixture without bacterial
inoculation as a control. All the experiments were carried out in triplicate. The prepared
feed samples were subjected to soluble protein measurement (1 mL) followed the method
by Shen et al. [39] at an hourly interval for 8 h to monitor the total soluble protein content.

2.4. Fish Feed Preparation

The experimental fish feed was prepared as described by Abdul Kari et al. [22]. Five
types of fish feeds were prepared, namely T1, T2, T3, T4, and T5 as shown in Table 1. Fish
meal and SBM acted as protein sources in the control group (T1), whereas fermented SBM
(FSBM) was used as fish meal and SBM replacement for the other treatment groups. The
total protein content in the fish feed of all treatment groups ranged from 31.34 to 33.44%. All
raw materials were mixed homogenously and produced using a pellet extruder (diameter:
2–3 mm). The formulated feed was oven-dried at 40 ◦C for 24 h and refrigerated at 4 ◦C. In
addition, all formulated diets were subjected to proximate analysis following the AOAC
protocol described by Thiex et al. [40]. Meanwhile, the total amino acid of each formulated
feed was performed as described by Kader et al. [41] as shown in Table 2. All the feed
analyses in this study were performed in triplicate.
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Table 1. Composition and proximate analysis (g/100 g dry weight) of the experimental diets for
C. gariepinus.

Ingredients (g/kg)
Diets (%)

T1 T2 T3 T4 T5

Fish meal 1 40 30 20 10 0
SBM 30 0 0 0 0

FSBM 2 0 40 50 60 70
Wheat 20 20 20 20 20
Fish oil 6 6 6 6 6
CMC 3 2 2 2 2 2

Vitamin premix 4 1 1 1 1 1
Mineral premix 5 1 1 1 1 1

Total 100 100 100 100 100

Proximate analysis (%)
Protein 31.34 32.32 32.98 32.92 33.44

Carbohydrate 47.70 46.67 46.32 46.63 46.98
Lipid 5.50 5.21 5.01 4.78 4.63
Fibre 4.50 4.45 4.34 4.21 4.09
Ash 5.66 5.99 5.86 5.92 5.38

Moisture 5.30 5.36 5.49 5.54 5.48
1 Danish fishmeal; 2 Fermented soybean meal; 3 Carboxymethyl cellulose as a binder; 4 Vitamin premix (mg
or IU/kg diet): vitamin A, 6000 IU; vitamin D3, 2000 IU; ascorbic acid, 200 mg; vitamin E, 50 mg; menadione,
5 mg; thiamine,15 mg; riboflavin, 15 mg; nicotinic acid, 30 mg; pantothenic acid, 35 mg; pyridoxine HCl, 6 mg;
cyanocobalamin, 0.03 mg; biotin, 0.2 mg; inositol, 200 mg; folic acid, 3 mg; 5 Mineral premix (mg/kg diet):
iodine, 0.4 mg; cobalt, 0.1 mg; copper, 4 mg; iron, 150 mg; zinc, 80 mg; manganese, 20 mg; selenium, 0.1 mg;
magnesium, 100 mg.

Table 2. Total amino acid profile of formulated fish feed vs. African catfish requirement. Data
expressed as mean ± standard deviation.

Amino Acid (%) T1 T2 T3 T4 T5 (%)

Lysine 1.53 ± 0.04 1.51 ± 0.32 1.49 ± 0.04 1.46 ± 0.23 1.45 ± 0.28 1.43 *
Methionine 0.98 ± 0.03 0.82 ± 0.03 0.76 ± 0.04 0.73 ± 0.06 0.68 ± 0.04 0.64 *

Arginine 6.64 ± 0.32 6.31 ± 0.22 5.81 ± 0.54 5.51 ± 0.11 4.98 ± 0.32 1.20 *
Phenylalanine 1.23 ± 0.21 2.44 ± 0.32 2.56 ± 0.12 2.78 ± 0.45 3.68 ± 0.32 1.40 *

* African catfish nutritional requirement by National Research Council [42].

2.5. Growth Performance of Experimental Fish

The experimental fish was fasted for 24 h before euthanising them using clove oil at
the end of the experiment. The samples were collected for growth performance analysis
using the formulas recommended by Kari et al. [2]:

i. Survival rate (%) = (Total number of survived fish/Total number of experimental
fish at the beginning of the experiment) × 100%

ii. Weight gain (%) = (Final weight − initial weight) × 100%/initial weight
iii. Specific growth rate (%) = (log Final weight − log initial weight) × 100%/Experi-

ment duration
iv. Hepatosomatic (%) = (Weight of liver/body weight) × 100%
v. Visceral somatic (%) = (Visceral weight/body weight) × 100%
vi. Feed conversion rate (FCR) = Total feed consumption/Fish weight gain

2.6. Fish Gut Microbiology Analysis

The total bacteria and Staphylococcus succinus colonies in the fish samples were deter-
mined via the 10-fold dilution method as described by Seong Wei et al. [43], using Tryptic
Soy Agar (TSA) (Merck, Germany) and mannitol salt agar (Himedia, Mumbai, India),
respectively. First, the inoculated medium was incubated for 24 h at room temperature.
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Subsequently, the total bacterial colonies were recorded as colony-forming units (CFU)/g
of the fish gut. The experiment was conducted in triplicate.

2.7. Fish Blood Haematology and Biochemical Analysis

Blood haematology and biochemical assay for the fish samples were according to He
et al. [44]. First, three fish were randomly sampled in each treatment group and anesthetised
using clove oil. The insulin syringe was then used to draw the fish’s blood and store it in
heparinised tubes. In the blood haematology analysis, 150 µL of fish blood from each group
was subjected to a blood count test using the automatic hematology analyser (Mythic 18
Vet, Cormay, Fort Lauderdale, FL, USA). Meanwhile, another 150 µL of fish blood samples
characterised their blood biochemical properties. Finally, the blood sample was dropped
on cassettes (Idexx, Westbrook, ME, USA), and the results were visualised by the VetTest
analyser (Idexx, USA).

2.8. Histological Analysis

The histological analysis was conducted as described by Lee et al. [45] and Abdul
Kari et al. [22]. At the end of the feeding trial, the fish liver tissue from each treatment
group was sampled and examined under the light microscope (Leica, Wetzlar, Germany) at
40× magnification. Abnormalities found in the samples were visualised using imaging
software (Cellsens software, The Hague, The Netherlands) to evaluate the presence of
sinusoids, vacuole, nucleus, and erythrocytes.

2.9. Next Generation Sequence (NGS) Metagenomics Data Analysis
2.9.1. Fish DNA Preparation

The DNA extraction from the fish gut samples was performed following Miler et al. [46]
and Inglis et al. [47]. First, the samples were centrifuged (10,000× g) to obtain the pellet,
followed by washing with sorbitol buffer. The samples were resuspended using the ho-
mogenisation buffer, placed in silica beads (0.1 mm) microtubes (1.5 mL), and vortexed at
4000 rpm for 30 min. Subsequently, the suspension was subjected to protein precipitation
for 5 min at 0 ◦C before centrifugation (10,000× g) for 10 min. Isopropanol was added
to the supernatant (1:1) and centrifuged (10,000× g) for 10 min to precipitate the DNA
pellet. Finally, 75% ethanol was used to wash the DNA pellet twice prior to resuspension in
0.1 × TE buffer. The DNA sample was stored at −20 ◦C until use.

2.9.2. Library Data Preparation

The amplification of bacterial 16s rRNA V3 hypervariable region from provided gDNA
was performed using the following primers: 341F: CCTACGGGNGGCWGCAG and 518R:
ATTACCGCGGCTGCTGG following the methods of Klindworth et al. [48] and Garcia-
Lopez et al. [49]. Five additional bases were included at the 5′ end of the primers for inline
barcoding [50]. Subsequently, the polymerase chain reaction (PCR) amplification protocol
was executed as follows: 3 min of DNA denaturation at 95 ◦C, 30 s of DNA denaturation
at 95 ◦C for 28 cycles, 20 s primer annealing at 55 ◦C and 10 s strand extension at 72 ◦C.
Finally, the gel electrophoresis was performed to visualise the barcoded PCR products,
followed by normalisation and pooling based on the intensity and purified with 1.5× vol
of SPRI bead.

2.9.3. DNA Sequencing Assay

The purified pooled amplicons were processed to incorporate the Illumina adapter
and dual index barcodes using the NEB Ultra II Library preparation kit. The constructed
library was quantified with Denovix high-sensitivity assay and sequenced on an iSeq100
(Illumina, San Diego, CA, USA) for 2 × 150 paired-end sequencing.
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2.9.4. Data DNA Sequencing Analysis

Fastp v0.21 was used to overlap paired-end reads, and Cutadapt v1.18 was applied
to remove the merged reads, as per Chen et al. [51]. Reads that have been demultiplexed
and trimmed were then imported into QIIME2 v.2021.4 and denoised using dada2 as
described by Bolyen et al. [52] and Callahan et al. [53]. The Q2-feature-classifier was
used to taxonomically assign and train the ASV by feeding the updated GTDB release
r202 16s rRNA data, consisting of 254,090 bacterial and 5316 archaeal genomes [54,55].
The ASVs were then subjected to further analysis. The ASV and taxonomic classification
tables were exported into tab-separated values using QIIME 2 tools to produce Microbiome
Analyst—compatible input described by Chong et al. [56]. The input was utilised in
establishing the SparCC co-occurrence network, as described by Friedman and Alm [57].
Meanwhile, the linear discriminant analysis (LDA) effect size (LEfSe) data was statistically
analysed [58]. Furthermore, the QIIME2 plugins were used to determine the Alpha- and
beta-diversity. The filtered relative abundance table was also used as the input to generate
Krona plots for the intuitive exploration of relative abundances within the hierarchies
of taxonomic classifications [59]. In addition, only clusters with an accumulated relative
abundance of more than 1% and sample prevalence of more than 20% were utilised for
heatmap generation.

2.10. Statistical Analysis

All the collected data were tested for normality before further analysis. First, Levene’s
test examined the variance homogeneity of data to confirm the normality and homogeneity
of data. The statistical analysis of this study was performed using the Statistical Package
for the Social Sciences (SPSS) version 26.0. Specifically, the fish growth performances were
evaluated using a one-way analysis of variance (ANOVA) followed by the Tukey post hoc
test. The results were presented as mean ± SD at a significant level of p < 0.05.

3. Results
3.1. Fish Growth Performance

Table 3 presents the fish growth performance after the feeding trial. There were signifi-
cant differences (p < 0.05) for all growth performance parameters. The fish in the T2 diet
group demonstrated the best final weight (245.5 ± 8.35%), weight gain (2283.8 ± 104.21%),
and SGR (2.46 ± 0.034%). In addition, the T2 group recorded the lowest visceral somatic
index (2.85 ± 0.278), hepatosomatic index (1.15 ± 0.047), and FCR (1.06 ± 0.038%). Con-
versely, the fish in the T5 diet group exhibited the highest (p < 0.05) visceral somatic Index
(4.13 ± 0.147%), hepatosomatic index (1.47 ± 0.084%), and FCR (1.27 ± 0.033). Notably, no
mortality was recorded for all treatments throughout the study.

Table 3. Growth performance of African catfish fed with different FSBM percentage for eight weeks
(n = 3). Data expressed as mean ± standard deviation.

Parameters T1 T2 T3 T4 T5

IW (g) 10.3 ± 0.06 10.3 ± 0.10 10.2 ± 0.12 10.3 ± 0.06 10.2 ± 0.10
FW (g) 195.4 ± 14.47 d 245.5 ± 8.35 a 227.0 ± 4.80 b 214.7 ± 3.88 b 206.9 ± 5.03 c

WG (%) 1791.1 ± 148.79 d 2283.8 ± 104.21a 2118.4 ± 67.93 b 1991.4 ± 49.50 c 1928.3 ± 58.60 c

SGR (%) 2.28 ± 0.061 d 2.46 ± 0.034 a 2.40 ± 0.024 b 2.36 ± 0.018 c 2.33 ± 0.022 c

VSI (%) 3.59 ± 0.48 b 2.85 ± 0.278 a 3.53 ± 0.131 b 3.69 ± 0.218 c 4.13 ± 0.147 d

HIS (%) 1.34 ± 0.183 b 1.15 ± 0.047 a 1.28 ± 0.071 c 1.33 ± 0.118 b 1.47 ± 0.084 d

FCR 1.36 ± 0.106 d 1.06 ± 0.038 a 1.15 ± 0.026 b 1.22 ± 0.023 c 1.27 ± 0.033 c

Note: Different superscripts showed significant differences at p < 0.05. Abbreviation: IW, Initial weight; FW, Final
weight; WG, Weight gain; SGR, Specific growth rate; VSI, Visceral somatic Index; HIS, Hepatosomatic index; FCR,
Feed conversion ratio.
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3.2. Fish Gut Microbiology Analysis

Total bacteria and S. succinus in the fish gut were recorded in Table 4. The highest total
bacteria was found in the fish gut of the T5 group (3.67 ± 0.110 × 109 CFU/g). Meanwhile,
the highest total S. succinus was recorded in the gut of experimental fish that received a T2
diet (4.03 ± 0.164 × 106 CFU/g).

Table 4. Total bacteria in fish gut. Data expressed as mean ± standard deviation.

Parameters T1 T2 T3 T4 T5

Total bacteria CFU/g intestine × 109 2.78 ± 0.454 a 3.00 ± 0.498 b 3.20 ± 0.225 b 2.80 ± 0.427 a 3.67 ± 0.110 c

Staphylococcus succinus CFU/g intestine × 106 1.58 ± 0.332 a 4.03 ± 0.164 b 2.98 ± 0.023 c 1.70 ± 0.203 a 2.77 ± 0.210 c

Note: Different superscripts showed significant differences at p < 0.05.

3.3. Blood Parameters Analysis

Table 5 exhibits the blood parameters of fish fed with different diets. The group that
was provided with the T2 diet demonstrated significant (p < 0.05) and highest white blood
cell (WBC) count, followed by the control and T3 diet group. Conversely, the fish provided
with T5 diet demonstrated significant (p < 0.05) and the lowest WBC count. Meanwhile,
the T2 group recorded significant (p < 0.05) and the highest lymphocytosis. In contrast, all
groups observed no significant difference in monocyte (MON) count. Furthermore, the
lowest blood granulocytosis (GRA) (p < 0.05) was observed in the T2 diet fish samples.
On the other hand, the control group (T1) exhibited the highest GRA, followed by T5,
T4, and T3 groups. In addition, a significant variation was observed in the red blood cell
(RBC) count, where the significant and highest (p < 0.05) RBC was found in the T2 group.
Moreover, the haemoglobin (HGB) level, mean corpuscular haemoglobin concentration
(MCHC), red cell distribution width (RDW), platelet (PLT), mean platelet volume (MPV),
and platelet distribution width (PDW) were significantly different between treatments,
without any specific trend. On the contrary, no significant differences were observed in the
haematocrit (HCT), mean corpuscular volume (MCT), and procalcitonin (PCT) among the
treatment groups.

Table 5. Fish blood parameters fed with different dietary FSBM protein supplement level (n = 3).
Data expressed as mean ± standard deviation.

Blood Parameters T1 T2 T3 T4 T5

WBC (103/µL) 121.2 ± 3.23 a 132.9 ± 2.21 b 121.3 ± 2.31 a 116.7 ± 1.42 c 113.9 ± 2.31 d

LYM (%) 89.4 ± 4.51 a 109.8 ± 3.53 b 98.5 ± 2.67 c 96.7 ± 3.41 c 97.8 ± 5.67 c

MON (%) 13.8 ± 3.21 12.42 ± 2.21 13.8 ± 1.81 16.9 ± 3.34 12.4 ± 2.87
GRA (103/µL) 3.98 ± 0.36 a 2.34 ± 0.32 b 3.32 ± 0.28c 3.46 ± 0.31 d 3.56 ± 0.23 e

RBC (103/µL) 2.23 ± 0.13 a 2.78 ± 0.23 b 2.56 ± 0.34 c 2.21 ± 0.19 a 1.89 ± 0.21 d

HGB (g/dL) 6.28 ± 1.08 a 9.53 ± 0.68 b 9.83 ± 0.72 b 8.54 ± 0.34 c 8.34 ± 0.56 c

HCT (%) 26.5 ± 1.21 27.8 ± 1.89 25.6 ± 2.21 26.2 ± 2.31 27.2 ± 1.16
MCV (µm3) 125.3 ± 2.29 120.3 ± 3.18 125.7 ± 2.31 121.4 ± 3.32 126.8 ± 4.24
MCH (pg) 38.3 ± 3.18 a 44.5 ± 2.43 b 40.1 ± 2.56 c 38.7 ± 2.45 a 40.3 ± 3.78 c

MCHC (g/dL) 28.7 ± 4.52 a 36.4 ± 3.86 b 35.2 ± 3.12 b 34.3 ± 2.86 c 33.2 ± 3.42 c

RDW (%) 7.6 ± 0.45 a 5.3 ± 0.34 b 5.4 ± 0.28 b 7.2 ± 1.08 a 7.5 ± 0.86 a

PLT (103/µL) 42.3 ± 2.42 a 30.2 ± 3.46 b 32.5 ± 2.86 b 31.7 ± 3.48 b 39.4 ± 2.68 a

MPV (µm3) 7.12 ± 0.78 a 6.32 ± 1.34 b 6.48 ± 0.86 b 5.54 ± 0.98 c 5.48 ± 0.72 c

PCT (%) 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01
PDW (%) 7.68 ± 0.82 a 9.32 ± 1.44 b 7.42 ± 0.68 c 9.54 ± 0.76 b 9.42 ± 0.68 b

Note: Different superscripts showed significant differences at p < 0.05. Abbreviation: WBC = white blood cell,
LYM = lymphocytosis, MON = monocytes, GRA = granulocytosis, RBC = red blood cell, HGB = haemoglobin,
HCT = hematocrit, MCV = mean corpuscular volume, MCH = mean corpuscular haemoglobin, MCHC = mean
corpuscular haemoglobin concentration, RDW = red cell distribution width, PLT = platelet, MPV = mean platelet
volume, PCT = procalcitonin, PDW = platelet distribution width.
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3.4. Blood Biochemical Parameters

Table 6 presents the blood chemical profiles of the different experimental groups. The
groups supplemented with FSBM recorded significantly lower (p < 0.05) albumin (ALB),
globulin (GLOB), total protein (TL), cholesterol (CHOL), and glucose (GLU). Meanwhile, the
urea (BUN), creatinine (Crea), alkaline phosphatase (ALKP), gamma glutamyltransferase
(GGT), and total bilirubin (TBIL) of all groups were relatively similar. Furthermore, the
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were significantly
lower in the control (T1) and T2 groups compared to T3, T4, and T5.

Table 6. Blood chemical profiles of experimental fish (n = 3). Data expressed as mean± standard deviation.

Blood Chemical Profiles T1 T2 T3 T4 T5

ALB (g/dL) 0.74 ± 0.12 a 1.12 ± 0.10 b 1.14 ± 0.15 b 1.13 ± 0.17 b 1.21 ± 0.13 b

GLOB (g/dL) 1.98 ± 0.14 a 2.34 ± 0.10 b 2.45 ± 0.08 b 2.41 ± 0.16 b 2.56 ± 0.06 b

TP (g/dL) 2.98 ± 0.20 a 3.34 ± 0.24 b 3.45 ± 0.38 b 3.41 ± 0.42 b 3.56 ± 0.54 b

BUN/urea (mg/dL) 3.46 ± 0.18 3.56 ± 0.12 3.64 ± 0.46 3.34 ± 0.34 3.68 ± 0.24
Crea (mg/dL) 0.14 ± 0.03 0.13 ± 0.05 0.12 ± 0.05 0.13 ± 0.01 0.12 ± 0.02
ALKP (µ/L) 11.24 ± 0.52 12.34 ± 0.51 11.18 ± 0.64 12.26 ± 0.74 12.17 ± 0.48
ALT (µ/L) 13.36 ± 1.48 a 14.28 ± 2.32 a 20.76 ± 4.68 b 21.78 ± 3.78 b 21.22 ± 5.64 b

AST (µ/L) 68.18 ± 4.82 a 69.46 ± 5.36 a 84.62 ± 6.42 b 88.72 ± 6.24 b 86.24 ± 7.48 b

GGT (µ/L) 0.98 ± 0.13 0.96 ± 0.23 0.95 ± 0.12 0.94 ± 0.14 0.97 ± 0.24
GLU (mg/dL) 56.32 ± 3.42 a 70.42 ± 4.82 b 71.68 ± 5.62 b 72.14 ± 3.21 b 81.38 ± 3.12 c

CHOL (g/dL) 12.26 ± 0.14 a 7.22 ± 0.32 b 8.22 ± 0.32c 9.43 ± 0.42 d 9.86 ± 0.23 d

TBIL (mg/dL) 0.13 ± 0.02 0.13 ± 0.01 0.12 ± 0.02 0.12 ± 0.02 0.13 ± 0.01

Note: Different superscripts showed significant differences at p < 0.05. Abbreviation: ALB = Albumin, GLOB =
globulin, TP = total protein, BUN = blood urea nitrogen, Crea = creatinine, ALKP = alkaline phosphatase, ALT =
alanine aminotransferase, AST = aspartate aminotransferase, GGT = gamma glutamyltransferase, GLU = glucose,
CHOL = cholesterol, TBIL = total bilirubin.

3.5. Experimental Fish Liver Histological Analysis

The liver histomorphology of the experimental fish is presented in Figure 1. There
were changes in liver cells at varying levels, involving the sinusoid, vacuole, nucleus, and
erythrocytes with different FSBM diets. For instance, the liver cells of fish that were pro-
vided with a 40% FSBM diet exhibited better nuclei and cytoplasm in terms of arrangement
and structure than other treatment groups. Nevertheless, the nuclei and cytoplasm were
atrophied, while the hepatic cell cords were disorganized in groups T4 and T5. In addition,
the vacuolar cytoplasm increased with FSBM inclusion level; but this was not the case for
the T1 and T2 groups.

3.6. Experimental Fish Gut Microbiota Analysis

Figure 2 illustrates the abundance of gut microbiota in all experimental groups. Over-
all, 15 groups of gut microbiota were identified in this study. Bacteroides were significantly
present, and the highest in fish fed with the T3 diet, followed by control (T1). Meanwhile,
the presence of Bacteroides was comparable in T2, T4, and T5 groups. Furthermore, Proteus
mirabilis was significantly detected and the highest in the gut of T4 fish, whereas none
or small amounts were observed in other treatment groups. Akkermansia muciniphila was
significant, and the highest in the fish fed with the T2 diet, while the other treatment groups
exhibited a similar abundance of this microorganism. Anaerorhabdus furcosa was signifi-
cantly higher in T1 and T2 groups compared to T3 and T5. However, this gut microbiota
was not found in T4 fish. Meanwhile, Phocaeicola massiliensis was significant and the highest
in the T3 group, followed by T5 and T3. None or a small amount of gut microbiota was
detected in other treatment groups. Finally, the highest abundance of Edwardisiella tarda
was recorded in the T2 treatment group.



Life 2022, 12, 1851 9 of 17Life 2022, 12, x FOR PEER REVIEW 9 of 17 
 

 

 

Figure 1. Histological morphology of the African catfish liver fed with FSBM at different inclusion 

levels as seen under the light microscope at 40× magnification (Olympus BX43). Changes were evi-

dent in the sinusoid (S), vacuole (V), nucleus (N), erythrocytes (E), and central vein (CV); Scale bar: 

200 μm. 

3.6. Experimental Fish Gut Microbiota Analysis 

Figure 2 illustrates the abundance of gut microbiota in all experimental groups. Over-

all, 15 groups of gut microbiota were identified in this study. Bacteroides were significantly 

present, and the highest in fish fed with the T3 diet, followed by control (T1). Meanwhile, 

the presence of Bacteroides was comparable in T2, T4, and T5 groups. Furthermore, Proteus 

mirabilis was significantly detected and the highest in the gut of T4 fish, whereas none or 

small amounts were observed in other treatment groups. Akkermansia muciniphila was sig-

nificant, and the highest in the fish fed with the T2 diet, while the other treatment groups 

exhibited a similar abundance of this microorganism. Anaerorhabdus furcosa was signifi-

cantly higher in T1 and T2 groups compared to T3 and T5. However, this gut microbiota 

was not found in T4 fish. Meanwhile, Phocaeicola massiliensis was significant and the high-

est in the T3 group, followed by T5 and T3. None or a small amount of gut microbiota was 

Figure 1. Histological morphology of the African catfish liver fed with FSBM at different inclusion
levels as seen under the light microscope at 40×magnification (Olympus BX43). Changes were evident
in the sinusoid (S), vacuole (V), nucleus (N), erythrocytes (E), and central vein (CV); Scale bar: 200 µm.
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4. Discussion

The current study evaluated the effects of FSBM at different inclusion levels on
C. gariepinus growth performance and health. Several analyses were performed in this study,
including fish gut microbiology analysis, blood biochemistry, next-generation sequencing
(NGS), metagenomics data analysis, and liver histology. African catfish, C. gariepinus, was
selected for this study because it is an important aquaculture species and economically
important worldwide, adaptable to various conditions, can be farmed in high-density facili-
ties, has rapid growth, and has good quality meat for human consumption. It was reported
that biotechnological processes, such as FSBM as a protein supplement, can improve SBM
nutritional quality for carrying probiotics and other plant feedstuffs [2,60,61]. In this study,
FSBM can be included up to 40% in the African catfish diet without adverse effects on
growth performance (245.5 ± 8.35 g) compared to other treatments (0, 50, 60 and 70%
FSBM) after eight weeks. Several studies reported that FSBM is a promising FM replace-
ment and improved the growth performances of various species, namely orange-spotted
grouper, Epinephelus coioides [27], rainbow trout, Oncorhynchus mykiss [25], yellowtail, Seri-
ola quinqueradiata [62], black sea bream, Acanthopagrus schlegelii [63], pacific white shrimp,
Litopenaeus vannamei [64], and piglets [65]. Furthermore, Novriadi [66] concluded that
more than 40% FSBM inclusion level could decrease the growth performances of farmed
animals, consistent with the current study findings. The bioactive soy product in the fish
diet act as a protein supplement and growth promoter for African catfish by enhancing the
protein metabolic utilisation and delivery to the gut [2,18,22]. The benefits of FSBM as a
growth promoter were demonstrated by the improvements in morphology body indices,
biochemical, haematology, blood biochemical, and liver morphology variables in fish. In
addition, the quality of plant ingredients used in aquafeeds is indicated by the growth
performance, biochemical composition, immunological factors, and histopathology [67,68].

Earlier studies have reported that lactic acid fermentation can enhance the nutritional
profile of soybean by-products by partially removing anti-nutritional factors (ANFs) and
feed allergens, thus, improving the growth performance, digestibility, and physiology
(bile status, intestinal microbiota) in the aquaculture species [2,22,69–72]. Furthermore, the
highest weight gain (2283.8 ± 104.21g) and SGR (2.46 ± 0.034%) were obtained when the
fish was fed with the 40% FSBM diet. Furthermore, the application of FSBM as an aquafeed
has been widely reported. For instance, Li et al. [73] revealed that Enterococcus faecium
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FSBM improved the growth performance and immunity of turbot (Scophthalmus maximus L.).
Likewise, Silva-Carrillo et al. [74] claimed that FSBM has enhanced the growth performance
of juvenile spotted rose snapper Lutjanus guttatus (Steindachner, 1869). Additionally, FSBM
is a potential FM replacement in the diet of largemouth bass, Micropterus salmoides [75],
largemouth bass (Micropterus salmoides) [27], white shrimp (Litopenaeus vannamei) [76], and
African catfish (C. gariepinus) [2,22].

The Hepatosomatic Index (HSI) is essential to measure an animal’s energy reserves,
particularly fish. The present study demonstrated that increased FSBM inclusion in the fish
diet corresponded with improved growth performance, contrary to the fish hepatosomatic
index (HSI), which is directly correlated with the deposition of glycogen and lipids within
the liver [77,78]. Similarly, the gilthead sea fed with fish meal-based diets supplemented
with soybean by-products exhibited the same response [79]. In the current study, FSBM
supplementation significantly impacted the HSI values, indicating that the energy reserves
of fish varied between the experimental groups throughout the eight-week feeding trial.
The lowest HIS value was recorded by the 40% FSBM group (1.15 ± 0.047%), consistent
with Kari et al. [2], where fermented soy pulp was utilised as an FM replacement.

The fundamental biological ratio, such as the visceral somatic index (VSI), was eval-
uated in this study to assess the feed value [80]. The increase in FSBM percentage re-
sulted in the rise of the VSI; the lowest VSI was obtained in fish fed with 40% FSBM feed
(2.85± 0.278%), suggesting the high muscle composition of the fish and a desirable research
outcome. Previously, it was reported that VSI increases with carbohydrate content [81],
which contradicted the current study findings. The experimental feed was prepared as
four isonitrogenous diets, with a carbohydrate composition ranging from 40% to 45%.
In addition, FCR is crucial in estimating the feed required for the growing cycle of an
aquaculture species, besides helping farmers evaluate the profit of their business. The FCR
in the present study illustrated a decreasing trend for the experimental diet groups, except
for T3, where the FCR significantly increased throughout the study period. Meanwhile,
40% FSBM feed fish recorded the lowest FCR (1.06± 0.038). All the FSBM groups contained
approximately 32% crude protein and 4–5% lipid, resulting in FCR values of <2. This
finding is supported by an earlier study that revealed the bioactive role of dietary probiotics
in reducing the FCR [82]. Consequently, FSBM is a sustainable and cost-effective aquafeed
ingredient, which can reduce the overall feeding cost that makes up 30–70% of the total
production cost of an aquaculture farm [83].

Shiu et al. [84] reported that the histological status of the liver is a good indicator
of the actual nutritional status of the fish. In the present study, FSBM supplementation
contributed to histological, morphological, and functional changes in C. gariepinus liver
tissues after eight weeks. Previously, studies have revealed the adverse effects of using
SBM as a protein source in the aquafeed formulation. For instance, Heikkinen et al. [85]
reported that SBM could lead to abnormal histological changes in the liver of juvenile
rainbow trout liver, Atlantic salmon [86], Oncorhynchus mykiss [25], and Psetta maxima L. [87].
Nevertheless, histological alterations vary depending on fish species, feed formulation, and
experimental conditions. Furthermore, ANFs such as b- conglycinin and glycinin in SBM
could compromise digestion and nutrient absorption in animals [88]. Therefore, the ANFs
in SBM were reduced via fermentation involving various microbial species that produced
different by-products. For example, lactic acid bacteria (LAB) FSBM generates lactic acid
and antimicrobial peptides [89], Bacillus FSBM yields antibiotic substances [90], and yeast
FSBM produces β-glucan, vitamins, and organic acids [91]. Nonetheless, excessive FSBM in
feed formulation may be hazardous as FSBM by-products such as acetic acid and biogenic
amines (e.g., histamine) are harmful to animals [92]. Therefore, FSBM was added in
aqua feed at low percentages (±5%) in China commercial fish feed. Furthermore, FSBM
should not be exposed to high temperatures, which may inactivate the microbes and their
metabolites [93].
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In the present study, experimental fish in the T2 diet group exhibited significantly
high WBC (132.9 ± 2.21) and RBC (2.78 ± 0.23 103/µL). According to Taufek et al. [94]
and Abdul Kari et al. [22], the high WBC is due to the increasing amount of antigen
in the circulation system. High WBC and RBC in the circulatory system can increase
oxygen transportation capacity and boost animal immune systems [22]. Moreover, the
immunostimulatory effects of FSBM are evident due to the increased WBC in the T2 diet
group, consistent with their growth parameters. Furthermore, the experimental diets
did not affect the haematological values, which remained within the normal range for
a healthy African catfish [16]. Thus, it can be concluded that FSBM supplementation
boosted the haematological parameters in African catfish, leading to enhanced growth
performance and health status. Similarly, Svobodová et al. [95] evaluated the nutritional
status and feed composition of fish relative to the environmental conditions by referring to
the haematological parameters. Additionally, WBC, RBC, and HCT are useful indicators of
feed anti-nutritional toxicity and fish health [96]. Generally, the blood parameter values
often vary depending on several factors, including rearing conditions and species [94,97,98].
Meanwhile, mean corpuscular haemoglobin concentration (MCHC) is the haemoglobin
level in each RBC and can be utilised in assessing animal anaemia [22]. The MCHC value
of <28 g/dL often indicates anaemia. The MCHC values in this study ranged between
28.7 to 33.2 g/dL for all groups, suggesting that all the experimental fish were not anaemic.
Furthermore, albumin and globulin were significantly higher in the fish fed with the FSBM-
supplemented diet, indicating the good health status of the experimental fish [99]. The
blood parameters are also used to monitor liver and kidney diseases, whereas alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) are key indicators of stress
and tissue impairment in animals [100]. The experimental fish supplemented with a high
dose of FSBM recorded elevated ALT and AST levels, possibly compromising the health
status of African catfish.

Numerous studies have recently performed high-end sequencing to discover the ef-
fects of FSBM on the fish gut microbiota. For example, Li et al. [73] revealed the effect of
Enterococcus faecium FSBM on turbot, Scophthalmus maximus L. gut microbiota and Yang
et al. [101] reported that yeast, Saccharomyces cerevisiae, and Lactobacillus casei FSBM mod-
ulated and enhanced the gut microbiota in juvenile barramundi, Lates calcarifer. In the
present study, S. succinus MF 116251 FBSM at 40% inclusion improved the gut microbiota
of African catfish, which was validated by the presence of Akkermansia muciniphila in abun-
dance. A. muciniphila is a healthy biomarker bacterium present in the intestines of human
and animals [102–104] and one of the next generation probiotics that indicates the good
health status of an organism. Furthermore, A. muciniphila is essential for host immunity,
gut health maintenance, and metabolic modulation [105,106]. The absence of this bacteria
is often associated with diseases [107–109]. Therefore, A. muciniphila presence in the gut
of the experimental fish that consumed 25% FBSM diet indicated their good health status.
However, future studies should investigate other parameters, namely gut morphology,
digestive enzyme, and the gene expression of transforming growth factor-beta 1 (TGF-β1),
nuclear factor kappa-B (NF-kβ), heat shock protein (hsp90a), and lysozyme (lyzg), which
are crucial in evaluating new feed efficiency. Moreover, future studies should assess the
potential of S. succinus MF 116251 FSBM as a protein source for other aquatic animals.

5. Conclusions

In summary, FSBM is a promising FM alternative that could improve the growth
performance, health, and liver morphology of African catfish. At 40% inclusion in the fish
diet, FSBM enhanced the fish growth performance and health status. Furthermore, FSBM
inclusion promoted the fish gut microbiota and improved several blood parameters in
C. gariepinus. The study findings also revealed a decline in growth performance when the
FSBM level exceeded 40%. In addition, this study will provide the baseline information
for researchers to discover the full potential of S. succinus MF 116251 FSBM in the aqua-
feed industry.



Life 2022, 12, 1851 13 of 17

Author Contributions: Conceptualization, L.S.W. and M.K.Z.; formal analysis, K.W.G.; writing—
original draft preparation, Z.A.K. and L.S.W.; writing—review and editing, H.V.D., M.A.K. and
H.C.H.; visualization, S.A.M.S., W.W. and M.I.K.; supervision and funding, L.S.W. and Z.A.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the Ministry of Higher Education, Malaysia, under the scheme
of Niche Research Grant Scheme (NRGS) (R/NRGS/A0.700/00387A/006/2014/00152 and Funda-
mental Research Grant Scheme (FRGS) (R/FRGS/A0700/00778A/003/2022/01076).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The research article is a collaboration between Universiti Malaysia Kelantan,
Chiang Mai University, INTI International University, Universiti Sains Malaysia, Universiti Malaysia
Terengganu, and Sylhet Agricultural University. These collaborations are a part of the planning and
Doctoral Thesis by Advanced Livestock and Aquaculture Research Group—ALAReG under the
Faculty of Agro-Based Industry, Universiti Malaysia Kelantan, Jeli Campus.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Food and Agriculture Organization of the United Nations. The State of World Fisheries and Aquaculture 2020: Sustainability in Action;

Food and Agriculture Organization of the United Nations: Rome, Italy, 2020.
2. Kari, Z.A.; Kabir, M.A.; Dawood, M.A.; Razab, M.K.A.A.; Ariff, N.S.N.A.; Sarkar, T.; Pati, S.; Edinur, H.A.; Mat, K.; Ismail, T.A.

Effect of fish meal substitution with fermented soy pulp on growth performance, digestive enzyme, amino acid profile, and
immune-related gene expression of African catfish (Clarias gariepinus). Aquaculture 2022, 546, 737418. [CrossRef]

3. FAO. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation; FAO: Rome, Italy, 2022.
4. Dawood, M.A.O. Nutritional immunity of fish intestines: Important insights for sustainable aquaculture. Rev. Aquacult. 2021, 13,

642–663. [CrossRef]
5. Dossou, S.; Dawood, M.A.O.; Zaineldin, A.I.; Abouelsaad, I.A.; Mzengereza, K.; Shadrack, R.S.; Zhang, Y.K.; El-Sharnouby, M.;

Ahmed, H.A.; El Basuini, M.F. Dynamical Hybrid System for Optimizing and Controlling Efficacy of Plant-Based Protein in
Aquafeeds. Complexity 2021, 2021, 9957723. [CrossRef]

6. Amer, A.A.; El-Nabawy, E.M.; Gouda, A.H.; Dawood, M.A.O. The addition of insect meal from Spodoptera littoralis in the diets of
Nile tilapia and its effect on growth rates, digestive enzyme activity and health status. Aquac. Res. 2021, 52, 5585–5594. [CrossRef]

7. Elesho, F.E.; Krockel, S.; Ciavoni, E.; Sutter, D.A.H.; Verreth, J.A.J.; Schrama, J.W. Effect of feeding frequency on performance,
nutrient digestibility, energy and nitrogen balances in juvenile African catfish (Clarias gariepinus) fed diets with two levels of
crystalline methionine. Anim. Feed Sci. Tech. 2021, 281, 115098. [CrossRef]

8. Kari, Z.A.; Goh, K.W.; Edinur, H.A.; Mat, K.; Khalid, H.-N.M.; Rusli, N.D.; Sukri, S.A.M.; Harun, H.C.; Wei, L.S.; Hanafiah,
M.H.B.M.A. Palm date meal as a non-traditional ingredient for feeding aquatic animals: A review. Aquac. Rep. 2022, 25, 101233.
[CrossRef]

9. Kari, Z.A.; Wee, W.; Hamid, N.K.A.; Mat, K.; Rusli, N.D.; Khalid, H.N.M.; Sukri, S.A.M.; Harun, H.C.; Dawood, M.A.; Hakim,
A.H. Recent Advances of Phytobiotic Utilization in Carp Farming: A Review. Aquac. Nutr. 2022, 2022, 7626675. [CrossRef]

10. Abdel-Latif, H.M.; El-Ashram, S.; Yilmaz, S.; Naiel, M.A.; Kari, Z.A.; Hamid, N.K.A.; Dawood, M.A.; Nowosad, J.; Kucharczyk, D.
The effectiveness of Arthrospira platensis and microalgae in relieving stressful conditions affecting finfish and shellfish species: An
overview. Aquac. Rep. 2022, 24, 101135. [CrossRef]

11. Dawood, M.A.; Habotta, O.A.; Elsabagh, M.; Azra, M.N.; Van Doan, H.; Kari, Z.A.; Sewilam, H. Fruit processing by-products in
the aquafeed industry: A feasible strategy for aquaculture sustainability. Rev. Aquac. 2022, 14, 1945–1965. [CrossRef]

12. Azri, N.A.M.; Chun, L.K.; Hasan, H.A.; Jaya-Ram, A.; Kari, Z.A.; Hamid, N.K.A. The effects of partial replacement of fishmeal
with hermetia meal on the growth and fatty acid profile of African catfish fry. Agric. Rep. 2022, 1, 17–27.

13. Hazreen-Nita, M.K.; Kari, Z.A.; Mat, K.; Rusli, N.D.; Sukri, S.A.M.; Harun, H.C.; Lee, S.W.; Rahman, M.M.; Norazmi-Lokman, N.;
Nur-Nazifah, M. Olive oil by-products in aquafeeds: Opportunities and challenges. Aquac. Rep. 2022, 22, 100998. [CrossRef]

14. Maulu, S.; Langi, S.; Hasimuna, O.J.; Missinhoun, D.; Munganga, B.P.; Hampuwo, B.M.; Gabriel, N.N.; Elsabagh, M.; Van Doan,
H.; Abdul Kari, Z.; et al. Recent advances in the utilization of insects as an ingredient in aquafeeds: A review. Anim. Nutr. 2022,
11, 334–349. [CrossRef]

15. Rahman, M.M.; Nakagawa, T.; Bin Abdullah, R.; Embong, W.K.W.; Akashi, R. Feed intake and growth performance of goats
supplemented with soy waste. Pesqui Agropecu Bras 2014, 49, 554–558. [CrossRef]

16. Azarm, H.M.; Lee, S.M. Effects of partial substitution of dietary fish meal by fermented soybean meal on growth performance,
amino acid and biochemical parameters of juvenile black sea bream Acanthopagrus schlegeli. Aquac. Res. 2014, 45, 994–1003.
[CrossRef]

http://doi.org/10.1016/j.aquaculture.2021.737418
http://doi.org/10.1111/raq.12492
http://doi.org/10.1155/2021/9957723
http://doi.org/10.1111/are.15434
http://doi.org/10.1016/j.anifeedsci.2021.115098
http://doi.org/10.1016/j.aqrep.2022.101233
http://doi.org/10.1155/2022/7626675
http://doi.org/10.1016/j.aqrep.2022.101135
http://doi.org/10.1111/raq.12680
http://doi.org/10.1016/j.aqrep.2021.100998
http://doi.org/10.1016/j.aninu.2022.07.013
http://doi.org/10.1590/S0100-204X2014000700008
http://doi.org/10.1111/are.12040


Life 2022, 12, 1851 14 of 17

17. Elesho, F.E.; Krockel, S.; Sutter, D.A.H.; Nuraini, R.; Chen, I.J.; Verreth, J.A.J.; Schrama, J.W. Effect of feeding level on the
digestibility of alternative protein-rich ingredients for African catfish (Clarias gariepinus). Aquaculture 2021, 544, 737108. [CrossRef]

18. Zulhisyam, A.K.; Kabir, M.A.; Munir, M.B.; Wei, L.S. Using of fermented soy pulp as an edible coating material on fish feed pellet
in African catfish (Clarias gariepinus) production. Aquac. Aquar. Conserv. Legis. 2020, 13, 296–308.

19. Wu, P.; Golly, M.K.; Guo, Y.T.; Ma, H.L.; He, R.H.; Luo, X.; Luo, S.L.; Zhang, C.; Zhang, L.P.; Zhu, J.H. Effect of partial replacement
of soybean meal with high-temperature fermented soybean meal in antibiotic-growth-promoter-free diets on growth performance,
organ weights, serum indexes, intestinal flora and histomorphology of broiler chickens. Anim. Feed Sci. Tech. 2020, 269, 114616.
[CrossRef]

20. Manickavasagan, A.; Manickavasagan, A.; Lim, L.-T.; Ali, A. Plant Protein Foods, 1st ed.; Springer: Cham, Switzerland, 2022.
21. Gatlin, D.M.; Barrows, F.T.; Brown, P.; Dabrowski, K.; Gaylord, T.G.; Hardy, R.W.; Herman, E.; Hu, G.S.; Krogdahl, A.; Nelson, R.;

et al. Expanding the utilization of sustainable plant products in aquafeeds: A review. Aquac. Res. 2007, 38, 551–579. [CrossRef]
22. Kari, Z.A.; Kabir, M.A.; Mat, K.; Rusli, N.D.; Razab, M.K.A.A.; Ariff, N.S.N.A.; Edinur, H.A.; Rahim, M.Z.A.; Pati, S.; Dawood,

M.A. The possibility of replacing fish meal with fermented soy pulp on the growth performance, blood biochemistry, liver, and
intestinal morphology of African catfish (Clarias gariepinus). Aquac. Rep. 2021, 21, 100815. [CrossRef]

23. Habotta, O.A.; Dawood, M.A.; Kari, Z.A.; Tapingkae, W.; Van Doan, H. Antioxidative and immunostimulant potential of fruit
derived biomolecules in aquaculture. Fish Shellfish. Immunol. 2022, 130, 317–322. [CrossRef]

24. Dawood, M.A.O.; Koshio, S. Application of fermentation strategy in aquafeed for sustainable aquaculture. Rev. Aquacult. 2020,
12, 987–1002. [CrossRef]

25. Yamamoto, T.; Iwashita, Y.; Matsunari, H.; Sugita, T.; Furuita, H.; Akimoto, A.; Okamatsu, K.; Suzuki, N. Influence of fermentation
conditions for soybean meal in a non-fish meal diet on the growth performance and physiological condition of rainbow trout
Oncorhynchus mykiss. Aquaculture 2010, 309, 173–180. [CrossRef]

26. Jiang, Y.; Zhao, P.F.; Lin, S.M.; Tang, R.J.; Chen, Y.J.; Luo, L. Partial substitution of soybean meal with fermented soybean residue
in diets for juvenile largemouth bass, Micropterus salmoides. Aquac. Nutr. 2018, 24, 1213–1222. [CrossRef]

27. He, M.; Yu, Y.; Li, X.; Poolsawat, L.; Yang, P.; Bian, Y.; Guo, Z.; Leng, X. An evaluation of replacing fish meal with fermented
soybean meal in the diets of largemouth bass (Micropterus salmoides): Growth, nutrition utilization and intestinal histology. Aquac.
Res. 2020, 51, 4302–4314. [CrossRef]

28. Shiu, Y.L.; Hsieh, S.L.; Guei, W.C.; Tsai, Y.T.; Chiu, C.H.; Liu, C.H. Using B acillus subtilis E20-fermented soybean meal as
replacement for fish meal in the diet of orange-spotted grouper (E pinephelus coioides, H amilton). Aquac. Res. 2015, 46,
1403–1416. [CrossRef]

29. Wang, L.; Zhou, H.; He, R.; Xu, W.; Mai, K.; He, G. Effects of soybean meal fermentation by Lactobacillus plantarum P8 on
growth, immune responses, and intestinal morphology in juvenile turbot (Scophthalmus maximus L.). Aquaculture 2016, 464, 87–94.
[CrossRef]

30. Shi, M.; Yang, Y.N.; Guan, D.; Wang, Y.P.; Zhang, Z.Y. Evaluation of Solid-State Fermentation by Ganoderma lucidum Using
Soybean Curd Residue. Food Bioprocess Tech. 2013, 6, 1856–1867. [CrossRef]

31. Archer, G.L. Staphylococcus aureus: A well-armed pathogen. Clin. Infect. Dis. 1998, 26, 1179–1181. [CrossRef]
32. Heo, S.; Lee, J.H.; Jeong, D. Food-derived coagulase-negative Staphylococcus as starter cultures for fermented foods. Food Sci.

Biotechnol. 2020, 29, 1023. [CrossRef]
33. Guan, L.; Cho, K.H.; Lee, J.H. Analysis of the cultivable bacterial community in jeotgal, a Korean salted and fermented seafood,

and identification of its dominant bacteria. Food Microbiol. 2011, 28, 101–113. [CrossRef]
34. Leroy, F.; Verluyten, J.; De Vuyst, L. Functional meat starter cultures for improved sausage fermentation. Int. J. Food Microbiol.

2006, 106, 270–285. [CrossRef]
35. Jeong, D.W.; Lee, J.H. Complete Genome Sequence of Staphylococcus succinus 14BME20 Isolated from a Traditional Korean

Fermented Soybean Food. Genome Announc. 2017, 5, e01731-16. [CrossRef]
36. Jeong, D.W.; Han, S.; Lee, J.H. Safety and technological characterization of Staphylococcus equorum isolates from jeotgal, a Korean

high-salt-fermented seafood, for starter development. Int. J. Food Microbiol. 2014, 188, 108–115. [CrossRef]
37. Lee, S.W.; Farid, M.R.; Wendy, W.; Zulhisyam, A.K. Water hyacinth, Eichhornia crassipes (Mart.), leaf as an Alternative Protein

Source for Siamese Gourami, Trichogaster pectoralis. Int. J. Aquat. Sci. 2016, 7, 58–62.
38. Thomson, P.; García, P.; Miles, J.; Isla, D.; Yáñez, C.; Santibáñez, R.; Núñez, A.; Flores-Yáñez, C.; Del Río, C.; Cuadra, F. Isolation

and Identification of Staphylococcus Species Obtained from Healthy Companion Animals and Humans. Vet. Sci. 2022, 9, 79.
[CrossRef]

39. Shen, G.; Zheng, L.; Li, S.; Wu, H.; Li, M.; Luo, Q.; Yu, G.; Chen, A.; Zhang, Z. The role of soy protein degradation caused by
spoilage Bacillus amyloliquefaciens in texture deterioration of yuba, a soy product. LWT 2020, 123, 109108. [CrossRef]

40. Thiex, N.J.; Manson, H.; Anderson, S.; Persson, J.A. Determination of crude protein in animal feed, forage, grain, and oilseeds
by using block digestion with a copper catalyst and steam distillation into boric acid: Collaborative study. J. Aoac Int. 2002, 85,
309–317. [CrossRef]

41. Kader, M.A.; Koshio, S.; Ishikawa, M.; Yokoyama, S.; Bulbul, M. Supplemental effects of some crude ingredients in improving
nutritive values of low fishmeal diets for red sea bream, Pagrus major. Aquaculture 2010, 308, 136–144. [CrossRef]

42. Council, N.R. Nutrient Requirements of Fish; National Academies Press: Washington, DC, USA, 1993.

http://doi.org/10.1016/j.aquaculture.2021.737108
http://doi.org/10.1016/j.anifeedsci.2020.114616
http://doi.org/10.1111/j.1365-2109.2007.01704.x
http://doi.org/10.1016/j.aqrep.2021.100815
http://doi.org/10.1016/j.fsi.2022.09.029
http://doi.org/10.1111/raq.12368
http://doi.org/10.1016/j.aquaculture.2010.09.021
http://doi.org/10.1111/anu.12659
http://doi.org/10.1111/are.14774
http://doi.org/10.1111/are.12294
http://doi.org/10.1016/j.aquaculture.2016.06.026
http://doi.org/10.1007/s11947-012-0857-y
http://doi.org/10.1086/520289
http://doi.org/10.1007/s10068-020-00789-5
http://doi.org/10.1016/j.fm.2010.09.001
http://doi.org/10.1016/j.ijfoodmicro.2005.06.027
http://doi.org/10.1128/genomeA.01731-16
http://doi.org/10.1016/j.ijfoodmicro.2014.07.022
http://doi.org/10.3390/vetsci9020079
http://doi.org/10.1016/j.lwt.2020.109108
http://doi.org/10.1093/jaoac/85.2.309
http://doi.org/10.1016/j.aquaculture.2010.07.037


Life 2022, 12, 1851 15 of 17

43. Seong Wei, L.; Shareef, M.H.Z.; Aweng, E.R.; Wee, W. The effectiveness of developed depuration system in controling bacteria
colonized in Asian clam, Corbicula fluminea tissue. Int. J. Aquat. Sci. 2021, 12, 9–13.

44. He, Q.; Xiao, S.Q.; Zhang, C.L.; Zhang, Y.F.; Shi, H.R.; Zhang, H.F.; Lin, F.M.; Liu, X.C.; Yang, H.R.; Wang, Q.; et al. Modulation
of the growth performance, biochemical parameters, and non-specific immune responses of the hybrid grouper (Epinephelus
fuscoguttatus female xE. lanceolatus male) by two kinds of Chinese herb. Aquacult. Rep. 2021, 19, 100604.

45. Lee, S.W.; Tey, H.C.; Wendy, W.; Wan Zahari, M. The effect of house cricket (Acheta domesticus) meal on growth performance of red
hybrid tilapia (Oreochromis sp.). Int. J. Aquat. Sci. 2017, 8, 78–82.

46. Miller, S.A.; Dykes, D.D.; Polesky, H.F. A Simple Salting out Procedure for Extracting DNA from Human Nucleated Cells. Nucleic
Acids Res. 1988, 16, 1215. [CrossRef]

47. Inglis, P.W.; Pappas, M.D.R.; Resende, L.V.; Grattapaglia, D. Fast and inexpensive protocols for consistent extraction of high quality
DNA and RNA from challenging plant and fungal samples for high-throughput SNP genotyping and sequencing applications.
PLoS ONE 2018, 13, e0206085. [CrossRef]

48. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef]

49. Garcia-Lopez, R.; Cornejo-Granados, F.; Lopez-Zavala, A.A.; Sanchez-Lopez, F.; Cota-Huizar, A.; Sotelo-Mundo, R.R.; Guerrero,
A.; Mendoza-Vargas, A.; Gomez-Gil, B.; Ochoa-Leyva, A. Doing More with Less: A Comparison of 16S Hypervariable Regions in
Search of Defining the Shrimp Microbiota. Microorganisms 2020, 8, 134. [CrossRef]

50. Glenn, T.C.; Nilsen, R.A.; Kieran, T.J.; Sanders, J.G.; Bayona-Vásquez, N.J.; Finger, J.W.; Pierson, T.W.; Bentley, K.E.; Hoffberg, S.L.;
Louha, S. Adapterama I: Universal stubs and primers for 384 unique dual-indexed or 147,456 combinatorially-indexed Illumina
libraries (iTru & iNext). PeerJ 2019, 7, e7755.

51. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
52. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;

Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

53. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef]

54. Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; Gregory Caporaso, J. Optimizing
taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 2018, 6, 90.
[CrossRef]

55. Parks, D.H.; Chuvochina, M.; Chaumeil, P.A.; Rinke, C.; Mussig, A.J.; Hugenholtz, P. A complete domain-to-species taxonomy for
Bacteria and Archaea. Nat. Biotechnol. 2020, 38, 1079–1086. [CrossRef]

56. Chong, J.; Liu, P.; Zhou, G.; Xia, J. Using Microbiome Analyst for comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat Protoc 2020, 15, 799–821. [CrossRef]

57. Friedman, J.; Alm, E.J. Inferring Correlation Networks from Genomic Survey Data. PloS Comput. Biol. 2012, 8, e1002687.
[CrossRef]

58. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef] [PubMed]

59. Ondov, B.D.; Bergman, N.H.; Phillippy, A.M. Interactive metagenomic visualization in a Web browser. BMC Bioinform. 2011, 12,
385. [CrossRef] [PubMed]

60. Hou, X.; Liang, G.; Yang, H.; Liu, Y.; Tian, L. Replacement of fish meal by fermented soybean meal and crystal amino acid in diets
for hybrid tilapia. South China Fish. Sci. 2009, 5, 28–33.

61. Uczay, J.; Battisti, E.K.; Lazzari, R.; Pessatti, M.L.; Schneider, T.L.S.; Hermes, L.B.; Peixoto, N.C.; Fabregat, T.E.H.P. Fish meal
replaced by hydrolysed soybean meal in diets increases growth and improves the antioxidant defense system of silver catfish
(Rhamdia quelen). Aquac. Res. 2019, 50, 1438–1447. [CrossRef]

62. Nguyen, H.P.; Khaoian, P.; Fukada, H.; Suzuki, N.; Masumoto, T. Feeding fermented soybean meal diet supplemented with
taurine to yellowtail Seriola quinqueradiata affects growth performance and lipid digestion. Aquac. Res. 2015, 46, 1101–1110.
[CrossRef]

63. Zhou, F.; Song, W.; Shao, Q.; Peng, X.; Xiao, J.; Hua, Y.; Owari, B.N.; Zhang, T.; Ng, W.-K. Partial Replacement of Fish Meal by
Fermented Soybean Meal in Diets for Black Sea Bream, Acanthopagrus schlegelii, Juveniles. J. World Aquac. Soc. 2011, 42, 184–197.
[CrossRef]

64. Cherdkeattipol, K.; Chuchird, N.; Chonudomkul, D.; Yongmanitchai, W.; Pichitkul, P. Effect of partial replacement of fish meal by
Bacillus sp-fermented soybean meal on growth performance, immunity, hepatopancreas microbiota and disease resistance in
pacific White Shrimp (Litopenaeus vannamei). J. Fish. Environ. 2021, 45, 32–42.

65. Liu, X.; Ju, Y.; Huang, L.; Liu, M.; Bo, J.; Zhou, T.; Zhang, Y.; Liu, C.; Feng, M.; Zhang, S.; et al. Effects of a new fermented soya
bean meal on growth performance, serum biochemistry profile, intestinal immune status and digestive enzyme activities in
piglets. J. Anim. Physiol. Anim. Nutr. 2022, 106, 1046–1059. [CrossRef]

66. Novriadi, R. A Meta-analysis approach toward fish meal replacement with fermented soybean meal: Effects on fish growth
performance and feed conversion ratio. Asian Fish Sci. 2017, 30, 227–244. [CrossRef]

http://doi.org/10.1093/nar/16.3.1215
http://doi.org/10.1371/journal.pone.0206085
http://doi.org/10.1093/nar/gks808
http://doi.org/10.3390/microorganisms8010134
http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.1186/s40168-018-0470-z
http://doi.org/10.1038/s41587-020-0501-8
http://doi.org/10.1038/s41596-019-0264-1
http://doi.org/10.1371/journal.pcbi.1002687
http://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
http://doi.org/10.1186/1471-2105-12-385
http://www.ncbi.nlm.nih.gov/pubmed/21961884
http://doi.org/10.1111/are.14019
http://doi.org/10.1111/are.12267
http://doi.org/10.1111/j.1749-7345.2011.00455.x
http://doi.org/10.1111/jpn.13649
http://doi.org/10.33997/j.afs.2017.30.4.002


Life 2022, 12, 1851 16 of 17

67. Poleksic, V.; Lenhardt, M.; Jaric, I.; Djordjevic, D.; Gacic, Z.; Cvijanovic, G.; Raskovic, B. Liver, gills, and skin histopathology and
heavy metal content of the Danube sterlet (Acipenser ruthenus Linnaeus, 1758). Environ. Toxicol. Chem. Int. J. 2010, 29, 515–521.
[CrossRef] [PubMed]
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