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Abstract

Intensive aquaculture practices heighten oxidative stress and infectious disease risk, necessi-
tating sustainable alternatives to antibiotics. This study evaluated the integrative probiotic
and postbiotic potential of Bacillus velezensis AAHM-BV2302 in red tilapia (Oreochromis
spp-), focusing on growth, antioxidant defense, immune modulation, and resistance to
Streptococcus agalactiae. Whole-genome sequencing confirmed its classification as B. velezen-
sis (4.16 Mb, GC 45.9%, ANI 99.4% with NRRL B-41580). Fish were fed diets supplemented
with probiotic cells (Cell), cell-free supernatant (Cfs), or their combination (Cell + Cfs) for
30 days, followed by 30 days without probiotic supplementation. Growth performance
significantly improved in Cell and Cell + Cfs groups at both Day 30 and Day 60 (p < 0.05).
Antioxidant enzymes (SOD, CAT, GSH) increased significantly across tissues at Day 30,
while malondialdehyde (MDA) declined (p < 0.05), indicating enhanced redox homeostasis.
Humoral immunity was elevated, with higher lysozyme, bactericidal activity, and total IgM
persisting post-supplementation (p < 0.05). Expression of il1b, il6, and il8 was upregulated
in immune-related and mucosal tissues, reflecting robust immune activation (p < 0.05). Af-
ter S. agalactiae challenge, survival rates were 55% in Cfs, 60% in Cell, and 70% in Cell + Cfs,
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corresponding to relative percent survivals (RPS) of 43.8%, 50.0%, and 62.5%, respectively
(p < 0.05). These results demonstrate that B. velezensis AAHM-BV2302 enhances growth,
antioxidant capacity, and immune resilience through complementary probiotic—postbiotic
mechanisms, supporting its application as a safe, multifunctional biotic for antibiotic-free
tilapia aquaculture.

Keywords: Bacillus velezensis AAHM-BV2302; probiotic; postbiotic; tilapia; antioxidant
defense; cytokine expression; Streptococcus agalactiae; redox homeostasis; humoral immunity

1. Introduction

Tilapia (Oreochromis spp.) ranks among the most extensively farmed freshwater fish
species worldwide and in Thailand, valued for its rapid growth, adaptability to diverse
environments, and strong consumer demand [1]. The hybrid red tilapia (O. niloticus x
O. mossambicus) has further accelerated regional aquaculture development due to its su-
perior growth performance, hardiness, and high market appeal [2]. However, the intensi-
fication of culture systems characterized by high stocking densities, nutrient enrichment,
and deteriorating water quality, has led to a marked increase in the prevalence of infectious
diseases [3,4]. Numerous bacterial and viral pathogens have been implicated in major
outbreaks affecting tilapia, including Streptococcus agalactiae, Edwardsiella tarda, Aeromonas
hydrophila, A. veronii, Francisella orientalis, Plesiomonas shigelloides, Flavobacterium oreochromis,
and tilapia lake virus (TiLV). These pathogens often cause external and systemic infections
manifested resulting in high mortalities and significant economic losses in both freshwater
and brackish-water systems [5-12]. Among them, S. agalactiaze induced streptococcosis
remains one of the most devastating bacterial diseases in tilapia aquaculture worldwide,
frequently responsible for severe mortality and recurrent outbreaks under intensive farm-
ing conditions.

To manage these infections, farmers traditionally rely on antibiotics and chemothera-
peutic agents; however, such practices contribute to antimicrobial resistance (AMR), disrupt
aquatic microbiota, and lead to drug residues in fish and the environment [13,14]. More-
over, oxidative stress induced by crowding, poor water quality, and pathogen infection
impairs the activity of key antioxidant enzymes-superoxide dismutase (SOD), catalase
(CAT), and glutathione (GSH), thereby exacerbating tissue damage and mortality [15].
These limitations emphasize the urgent need for sustainable, antibiotic-free interventions
that can reinforce both immune and antioxidant defenses in cultured fish.

Probiotics have emerged as eco-friendly biotherapeutics that enhance fish health by
modulating gut microbiota, strengthening mucosal barriers, and restoring redox homeosta-
sis. In fish, intestinal microbes are central to digestion, nutrient assimilation, and immune
regulation, and dysbiosis often precipitates inflammatory and oxidative disorders [16].
Dietary probiotics help restore microbial balance and augment enzymatic antioxidant
capacity, thereby mitigating reactive oxygen species (ROS) accumulation and improving
disease resistance [17]. Among bacterial probiotics, Bacillus species are particularly promis-
ing because of their spore-forming ability, which ensures survival during feed processing
and gastrointestinal passage [18,19]. Moreover, Bacillus spp. produce extracellular en-
zymes and secondary metabolites—including lipopeptides (surfactin, fengycin, iturin)
and polyketides (difficidin, bacillaene)—that exhibit antimicrobial, anti-inflammatory, and
antioxidant activities, supporting growth and immune performance [20-22]. Previous
studies have demonstrated that Bacillus supplementation enhances growth, antioxidant
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enzyme activities, and resistance to pathogens in freshwater species such as tilapia, catfish,
and carp [23-26].

Recently, postbiotics—non-viable microbial components or metabolites that confer
health benefits—have gained increasing attention as safe and stable complements to probi-
otics [27,28]. They can enhance growth, antioxidant status, and immune function without
the viability limitations of live bacteria [29]. However, few studies have directly compared
probiotic cells, their postbiotic cell-free supernatants (Cfs), and combined formulations in
fish. Most previous research has focused solely on live probiotics or short-term feeding
trials, without assessing the persistence of effects or responses across multiple tissues.
Accordingly, the present study provides an integrative assessment of probiotic, postbiotic,
and combined probiotic—postbiotic forms of Bacillus velezensis AAHM-BV2302, aiming to
elucidate their complementary mechanisms and sustained benefits in tilapia aquaculture
and representing the first integrated evaluation of probiotic (Cell), postbiotic (Cfs), and
combined (Cell + Cfs) formulations with assessment of post-supplementation persistence
across multiple tissues.

In this study, Bacillus velezensis has attracted increasing attention for aquaculture ap-
plications due to its strong antagonistic activity, ability to produce bioactive metabolites,
and proven safety as a probiotic. The present study investigates the integrated effects
of dietary B. velezensis AAHM-BV2302 isolated from healthy tilapia intestines on growth
performance, antioxidant defense, humoral immune responses, pro-inflammatory cytokine
expression, and resistance to S. agalactiae. By evaluating both probiotic (Cell) and postbi-
otic (Cell-free supernatant; Cfs) forms, this study elucidates how B. velezensis contributes
to oxidative stress mitigation and immune enhancement, providing a mechanistic foun-
dation for developing antioxidant-oriented, antibiotic-free probiotic strategies in tilapia
aquaculture industry.

2. Methodology

2.1. Bacterial Cultivation and Preparation

Bacillus velezensis AAHM-BV2302 was propagated in tryptic soy broth (TSB) (Difco™,
Franklin Lakes, NJ, USA) adjusted to pH 7.4 and incubated at 37 °C for 18-20 h until the
mid-logarithmic phase (OD600 = 1.0), as verified by a UV-Vis spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) against standard curves. Cell density was normalized
to 1 x 10° CFU/mL. Cultures were centrifuged at 5000 g for 8 min to obtain a cell-free
supernatant (Cfs) and a bacterial pellet (Cell). The supernatant (Cfs) was used directly
for feed top-dressing. The pellet was washed once with phosphate-buffered saline (PBS;
pH 7.4) and resuspended to the original concentration (1 x 10 CFU/mL) for probiotic use.

2.2. Whole-Genome Sequencing (WGS) and Taxonomic Identification

Genomic DNA libraries were prepared with the Illumina Nextera XT kit (San Diego,
CA, USA) and sequenced on an Illumina HiSeq platform (paired-end). Raw reads were
quality-checked and trimmed to remove adapters and bases with Q < 20 using Trimmomatic
v0.39 [30]. High-quality reads were assembled with SPAdes v4.0.0 [31]. Draft genomes
were annotated using Prokka v 1.14.5 for gene prediction and functional annotation [32].
Circular genome map was generated by Proksee web server (https://proksee.ca/ accessed
on 10 May 2025) [33].

The B. velezensis AAHM-BV2302 genome was submitted to the Type Strain Genome
Server (TYGS; https:/ /tygs.dsmz.de accessed on 20 May 2025) to determine the closest
type strains and digital DNA-DNA hybridization (dDDH) values [34]. Pairwise average
nucleotide identity (ANI) and nucleotide similarity were calculated using JspeciesWS
(version 5.0.2, https:/ /jspecies.ribohost.com/jspeciesws accessed on 15 May 2025). A
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maximume-likelihood phylogeny based on WGS was inferred with IQ-TREE (1000 ultrafast
bootstraps) [35]. The WGS-based phylogenetic tree was rendered in Interactive Tree of
Life iTOL) v.7 (https://itol.embl.de accessed on 10 May 2025). Additional phylogenetic
analyses with Bacillus reference genomes retrieved from NCBI were conducted to confirm
species-level resolution and evolutionary placement.

2.3. Effect of Dietary Supplementation with Probiotic B. velezensis AAHM-BV2302 on Tilapia
Growth, Health, and Disease Resistance

2.3.1. Ethical Statement

All experimental procedures involving aquatic animals were performed in compliance
with the Ethical Principles and Guidelines for the Use of Animals established by the
National Research Council of Thailand for research purposes. The study protocol was
reviewed and approved by the Animal Ethics Committee of Kasetsart University, Thailand.
(Approval ID: ACKU67-FIS-009. Approval date: 20 May 2024.)

2.3.2. Fish Husbandry

A total of 400 healthy red tilapia (Oreochromis spp.) with an average body weight of
30.0 + 5.0 g were procured from the Kamphaeng Saen Fisheries Research Station, Faculty
of Fisheries, Kasetsart University, Kamphaeng Saen Campus, Nakhon Pathom, Thailand.
Following collection, the fish were acclimated for 10 days at the Center of Excellence in
Aquatic Animal Health Management, Department of Aquaculture, Faculty of Fisheries,
Kasetsart University, Bangkok, Thailand. They were kept in 3000 L freshwater tanks under
continuous aeration for 24 h. During the acclimation period, fish were fed a commercial her-
bivorous floating pellet diet (CP 9932, Thailand) containing crude protein (>15.5%), crude
lipid (>3%), crude fiber (<10%), and moisture (<12%). Feeding was conducted three times
daily at 09:00, 12:00, and 17:00. Prior to the experimental trial, the initial biomass and mean
body weight of fish were recorded to ensure uniformity among treatments. Meanwhile,
water quality parameters were closely monitored on a weekly basis to maintain optimal
conditions for tilapia growth. The measured parameters remained within acceptable
ranges throughout the experiment, with total ammonia nitrogen (TAN) 0.03-0.09 mg/L,
alkalinity 95.6-109.2 mg/L as CaCO3, dissolved oxygen (DO) 3.2-5.0 mg/L, temperature
28.89-29.11 °C, pH 7.86-7.92 and, nitrite 0.07-0.13 mg/L, in accordance with standard
methods [36].

2.3.3. Bacterial Preparation, Diet Formulation, and Experimental Design

The experimental diets were freshly formulated each day by top-dressing a commer-
cial floating feed (CP 9932, Thailand; crude protein > 15.5%, crude lipid > 3%, crude
fiber < 10%, moisture < 12%). The feeding trial followed a completely randomized design
(CRD) comprising five treatment groups, each with 4 replicates of 20 fish (totaling 80 fish
per treatment). Upon completion of the acclimation period, fish were randomly allocated
into 250 L tanks containing 200 L of well-aerated freshwater, maintained under identical
environmental conditions as previously described.

1.  Control group: fish fed a basal diet top-dressed with 100 mL of PBS per kg of feed.

2. Control-TSB group: fish fed a basal diet top-dressed with 100 mL of sterile TSB per kg
of feed.

3. Probiotic (Cell) group: fish fed a diet supplemented with 100 mL of Bacillus velezensis
AAHM-BV2302 suspension (1 x 10° CFU/mL) per kg of feed, yielding an approximate
concentration of 1 x 108 CFU/kg of feed.
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4. Cfs group: fish were fed a diet supplemented with 100 mL of cell-free supernatant per
kg of feed, derived from bacterial cultures adjusted to an optical density of ODggpp = 1.0
(equivalent to 1 x 10° CFU/mL) after removal of the bacterial cells.

5. Cell + Cfs group: fish were fed a diet supplemented with 100 mL per kg of feed of
a mixture containing Bacillus velezensis AAHM-BV2302 cells and their correspond-
ing cell-free supernatant, prepared from cultures adjusted to an optical density of
ODgqo = 1.0 (equivalent to 1 x 10 CFU/mL).

Throughout the feeding trial, probiotic-supplemented diets were administered for
30 days at a feeding rate of 4% of body weight per day, divided into three equal meals at
09:00, 12:00, and 17:00. Following this initial phase, all groups were fed the supplemented
basal diet (CP 9932) for an additional 30 days to evaluate any residual probiotic effects. In
total, the experimental period lasted 60 days.

2.3.4. Sample Collection

The effects of probiotic supplementation on the health performance of red tilapia
were assessed over a 60-day experimental period comprising two sampling intervals. The
feeding trial involved probiotic administration for the initial 30 days, followed by additional
30 days of feeding with the basal diet (CP 9932) to assess post-supplementation effects.
Sampling was conducted at the end of the probiotic-feeding phase (Day 30) and again at
the conclusion of the trial (Day 60). At each sampling point, eight fish were randomly
chosen from each treatment group (two fish per replicate, totaling eight fish per group). For
serum collection, non-anticoagulated whole blood was drawn from the caudal vein using
sterile syringes. The samples were left to clot at room temperature for 1 h and subsequently
centrifuged at 5000 x g for 15 min. The separated serum was carefully collected and stored
at —80 °C for subsequent biochemical analysis. Fish tissues were also sampled on Days
30 and 60 and immediately stored at —80 °C for determination of antioxidant enzyme
activities and malondialdehyde (MDA) content. For gene expression analysis, intestinal
samples were obtained for immune-related genes, while brain, muscle, and liver tissues
were collected for growth-related gene expression. All tissue samples were aseptically
handled and promptly immersed in 1.0 mL of TRIzol™ reagent (RNA-spin™ Total RNA
Extraction Kit, iNtRON Biotechnology, Seongnam-si, Republic of Korea) following the
manufacturer’s instructions.

2.3.5. Growth Performance

Throughout the experimental period, fish were individually weighed one day before
the trial commenced and subsequently on Days 30 and 60. To assess growth perfor-
mance, red tilapia were randomly sampled from each replicate within all treatment groups
(10 fish per replicate; 40 fish per group). The evaluated growth parameters included
survival rate, weight gain (WG), average daily gain (ADG), total feed intake, and feed
conversion ratio (FCR). All growth performance indices were determined according to the
procedures described by [37].

1.  The following formulas were applied.
2. Total weight gain (TWG, g/30 or 60 days) = Wt — Wi
3. Average daily gain (ADG, g/day) = (Wt — Wi)/t

where Wt is the final weight, Wi is the initial weight, and t is the duration of the trial (30 or
60 days).

4.  Feed Conversion Ratio (FCR) was calculated as the ratio of the total feed share intake
to the individual weight gain (WG): FCR = Total feed share intake /Weight gain (WG)
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FCR for each fish was estimated by proportionally allocating the total feed intake of
the tank based on each fish’s initial body weight.

2.3.6. Determination of Oxidative Stress and Antioxidant Status in Target Organs

The tissues selected for antioxidant analysis included the spleen, head kidney, liver,
serum, muscle, skin, intestine and gills. For sample preparation, approximately 50 mg of
each tissue was accurately weighed and homogenized in 1 mL of phosphate-buffered saline
(PBS; 0.1 M, pH 7.4). The homogenates were then centrifuged at 1100x g for 10 min at 4 °C,
and the resulting supernatants were carefully transferred into microcentrifuge tubes. All
supernatant samples were stored at —20 °C until further biochemical analysis.

(1) Measurement of malondialdehyde (MDA) levels

Malondialdehyde (MDA) concentration was assessed using the thiobarbituric acid
reactive substances (TBARS) assay, as previously described [38,39] with minor modifica-
tions. In brief, 100 uL of the tissue supernatant was mixed with 450 uL of 0.85% (w/v)
normal saline, 1000 uL of 10% (w/v) trichloroacetic acid (TCA), and 200 uL of 0.67% (w/v)
thiobarbituric acid (TBA). The reaction mixture was then heated in a boiling water bath
for 30 min and subsequently cooled to room temperature. After cooling, 2 mL of distilled
water was added, followed by centrifugation at 1100x g for 10 min. The absorbance of the
resulting supernatant was recorded at 532 nm using a UV-Vis spectrophotometer. MDA
concentration was determined against a tetramethoxypropane (TMP) calibration curve and
expressed as nanomoles per milligram of protein.

(2) Measurement of catalase (CAT) enzyme activity

Catalase (CAT) activity was measured according to the method of Maehly [40] with
minor modifications. In brief, 100 uL of the tissue supernatant was combined with 2.5 mL of
phosphate buffer (50 mM, pH 5.0) and 0.4 mL of hydrogen peroxide (5.9 mM). The decrease
in absorbance at 240 nm was recorded using a spectrophotometer, with readings taken at
30 s intervals for 2 min. CAT activity was calculated relative to a catalase standard curve and
expressed as international units per minute per milligram of protein (IU/min/mg protein).

(3) Determination of glutathione (GSH) content

Glutathione (GSH) concentration was determined according to the method of Jollow
et al. [41] with minor modifications. Briefly, 1 mL of 4% (w/v) sulfosalicylic acid was
added to 1 mL of the tissue supernatant, and the mixture was incubated at 4 °C for 1 h to
precipitate proteins. Following incubation, the samples were centrifuged at 1100x g for
20 min at 4 °C, and the clear supernatant was collected. A 100 uL aliquot of this supernatant
was subsequently mixed with 2.9 mL of reaction mixture containing 100 mM phosphate
buffer (pH 7.4) and 100 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB). The formation of a
yellow-colored chromophore was monitored at 412 nm using a spectrophotometer. GSH
content was quantified using a standard calibration curve and expressed as micromoles
per milligram of protein (umol/mg protein).

(4) Measurement of superoxide dismutase (SOD) enzyme activity

Superoxide dismutase (SOD) activity was measured based on the method of Paankhao
et al. and Takada et al. [38,42] with minor modifications. In brief, 100 uL of the tissue
supernatant was combined with 1 mL of reaction mixture containing 0.1 mM xanthine,
0.025 mM nitro blue tetrazolium (NBT), 0.1 mM disodium ethylenediaminetetraacetate
dihydrate (EDTA-2H,0), 60 mM sodium carbonate buffer (pH 10.2), and xanthine oxidase.
The rate of NBT reduction was monitored at 560 nm using a spectrophotometer, with ab-
sorbance readings taken every 30 s for 2 min. SOD activity was quantified using a standard
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calibration curve and expressed as milli-international units per minute per milligram of
protein (mIU/min/mg protein).

2.3.7. Humoral Innate Immune Responses Assays
() Lysozyme activity

Lysozyme activity was determined according to the method of Parry et al. [43] with
slight modifications. Briefly, Micrococcus lysodeikticus (Sigma-Aldrich, Darmstadt, Germany)
was suspended in phosphate-buffered saline (PBS, pH 6.2) to obtain a final concentration
of 0.2 mg/mL, and the suspension was incubated for 1 h prior to use. Subsequently, 10 pL
of fish serum was pipetted into each well of a flat-bottomed microtiter plate, followed by
the addition of 250 puL of the M. lysodeikticus suspension. The absorbance at 540 nm was
measured using a microplate spectrophotometer (iMark™ Microplate Absorbance Reader,
BIO-RAD, Hercules, CA, USA) at 0 and 5 min during incubation at room temperature.

U/mL = (AA4s0/min x Vtotal) < (0.001 x Vsample) x DF

where
AA450/min = change in absorbance per minute

Vtotal = total reaction volume (mL)
Vsample = volume of serum sample (mL)
DF = dilution factor of the sample (DF = 1 if no dilution was applied)

(6) Bactericidal activity

The bactericidal activity assay was performed according to the method described
by [37] with minor modifications. A virulent strain of Streptococcus agalactiae was cultured
in tryptic soy broth (TSB) under the conditions detailed in Section 2.1, and subsequently
used to evaluate the bactericidal activity of serum samples. The bacterial suspension was
standardized to 1 x 10° CFU/mL in sterile phosphate-buffered saline (PBS, pH 7.4) based
on the absorbance measurement at 600 nm. For the assay, 40 pL of each sample was mixed
with 10 pL of the S. agalactiae suspension (1 x 103 CFU/reaction) and incubated at room
temperature for 2 h. After incubation, the mixtures were spread onto tryptic soy agar (TSA,
Germany) and incubated for 24 h. The colony-forming units (CFU) were then enumerated,
and bactericidal activity (BA) was calculated using the following equation:

BA (%) = [(To — T24)/To] x 100

where Tj is the initial bacterial count and T4 is the number of viable bacteria remaining
after 24 h of incubation.

(7) Total serum IgM

Serum immunoglobulin M (IgM) levels were determined using a direct ELISA tech-
nique, as described in previous studies [44,45], with slight modifications. Briefly, 96-well
microplates were coated with bicarbonate/carbonate buffer (pH 9.6) and incubated for 2 h
at room temperature (RT). After removal of the coating buffer, 100 pL of fish serum (diluted
1:100) was added to each well and incubated overnight at 4 °C. The plates were then washed
three times with PBST (PBS containing 0.05% Tween-20, pH 7.4) and subsequently blocked
with 100 pL of VisualProtein-BlockPRO™ Blocking Buffer for 2 h at RT. After another
washing step, a rabbit anti-tilapia [gM monoclonal antibody (GeneScript, Piscataway, NJ,
USA) was added and incubated for 2 h at RT. Following six additional washes, 100 pL
of TMB One Component HRP Microwell Substrate was introduced into each well and
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incubated for 45 min at RT in the dark. The enzymatic reaction was terminated by adding
100 pL of TMB Stop Solution, and the absorbance was recorded at 450 nm using an iMark™
Microplate Absorbance Reader (Bio-Rad Laboratories Ltd., Hercules, CA, USA). Negative
control wells (without fish serum) were included to determine the cutoff absorbance for
data interpretation.

2.3.8. Total RNA Isolation, First-Strand cDNA Synthesis and Gene Expression Analysis by
Quantitative Real-Time RT-PCR (qRT-PCR)

Total RNA was extracted from head kidney, spleen, PBLs, liver, muscle, intestine,
gills and skin using the RNA-spin™ Total RNA Extraction Kit (iNtRON Biotechnology,
Seongnam-si, Republic of Korea), following the manufacturer’s instructions. The purity and
concentration of RNA were determined using a NanoDrop™ spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). A total of 1.0 ug of RNA from each sample was used
as a template for first-strand complementary DNA (cDNA) synthesis using the Maxime™
RT PreMix kit (iNtRON Biotechnology, Seongnam-si, Republic of Korea). The synthesized
cDNA was stored at —20 °C until further use.

The quantitative real-time PCR (qRT-PCR) was performed using QuantiNova SYBR
Green PCR chemistry (Qiagen, Germany) on an Azure Cielo™ real-time PCR system (Azure
Biosystems, Dublin, CA, USA). The amplification program included an initial denaturation
at 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 90s,
with a final extension step at 72 °C for 10 min. The housekeeping genes (actbl and rnal8s)
were employed as internal controls to normalize mRNA and cDNA levels, ensuring the
reliability and consistency of quantification. Target genes were amplified to evaluate the
expression of non-specific immune-related and growth-related genes. All primers were
validated for amplification efficiency prior to qRT-PCR analysis.

All primers were standardized to ensure amplification efficiency prior to the qRT-PCR
analysis. The relative expression levels of target genes were calculated using the 2~4A¢T
method, following the procedure described by Livak and Schmittgen [46]. The primer
sequences for all analyzed genes are listed in Table 1.

Table 1. Primers used in the qRT-PCR analysis of gene expression.

Gene Group Genes Nucleotide Sequences (5’ —3') Tm (°C) Efﬁ(ct;e)ncy Reference
o
F:
Reference gene Actin, beta 1 (actbl) ACAGGATGCAGAAGGAGATCACAG 60 101.6 [38]
R: GTACTCCTGCTTGCTGATCCACAT
F: GGACACGGAAAGGATTGACAG
185 rRNA (rnal8s) g GTTCGTTATCGGAATTAACCAGAC 60 98.9 [12]
Growth-related F: TTACATCATCAGCCCGATCG
gene Growthhormone () . A G ATCGACAGCAGCTTCAGGA 60 959 [47]
Cytokines and
. . . . F: GTGCTGAGCACAGAATTCCAGGAT
signaling Interleukin-1p (i/1b) R: GAAGAACCAAGCTCCTCTTTIGGC 60 100.3 [48]
molecules '
. . F: ACAGAGGAGGCGGAGATG
Interleukin-6 (il6) R: GCAGTGCTTCGGGATAGAG 60 98.7 [38]
Interleukin-8 (il3) F: GCCTCTTCAGGGCTAGAGTCA 60 99.5 [38]

R: TGAAGCCTGAAGCGCTAAACT
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2.3.9. Disease Resistance and Survival Rate (SR) Following Streptococcus
agalactiae Challenge

At the end of the 60-day feeding trial, 20 fish from each treatment group (five fish per
replicate) were randomly selected and transferred to 250 L fiberglass tanks equipped with
continuous aeration.

The fish were experimentally challenged with Streptococcus agalactiae via intraperi-
toneal (i.p.) injection. The pathogen was cultured in tryptic soy broth (TSB; Difco™, Franklin
Lakes, NJ, USA), and the bacterial density was adjusted using a spectrophotometer, as
described in Section 2.1.

Each fish received an injection of 100 pL of S. agalactize suspension containing
1 x 10° CFU/mL, equivalent to 1 x 10° CFU/fish. The challenge dose was selected based
on preliminary LDs trials conducted in red tilapia over a 14-day period. Bacterial concen-
trations were verified by plate counting before and after injection to ensure dose consistency.
Fish mortality was monitored daily for 14 days, and survival rate (SR) was analyzed us-
ing the Kaplan—-Meier method [49]. The relative percent survival (RPS) was calculated
according to the following formula:

RPS (%) = [1 — (mortality in the treatment group -+ mortality in the control group)] x 100

2.3.10. Statistical Data Analysis

The statistical analysis was conducted using GraphPad Prism version 10.4.0 for macOS
(GraphPad Software, Boston, MA, USA), applying a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test after passing the Shapiro-Wilk test to assess
the normality of data distribution. Survival data were analyzed using the Kaplan—-Meier
method, and survival curves were generated in GraphPad Prism to illustrate survival
patterns over time. All data are presented as mean =+ standard deviation (SD). Different
letter superscripts and asterisks (*) indicate statistically significant differences among
groups, with a significance level of p < 0.05.

3. Results
3.1. Genomic Identification and Characterization of Bacillus velezensis AAHM-BV2302

The complete genome of Bacillus velezensis strain AAHM-BV2302 was sequenced
and successfully assembled into a single circular chromosome, spanning 4,156,630 base
pairs with a GC content of 45.9% (Figure 1A). Annotation revealed 4177 genes, including
4103 coding sequences (CDSs), 69 tRNAs, four rRNAs, and one tmRNA (Table 2).

Table 2. Genome features of Bacillus velezensis AAHM-BV2302.

Organism Bacillus velezensis AAHM-BV2302
BioProject no. PRJNA1320929
Accession no. JBQXGX000000000

Size 4,156,630 bp
GC content 45.9%
CDS 4103
Gene 4177
tRNA 69
rRNA 4

tmRNA
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Figure 1. Genomic features and phylogenetic relationship of Bacillus velezensis AAHM-BV2302.
(A) Circular representation of the draft genome showing coding sequences (CDSs), tRNAs, rRNAs,
and tmRNA. The inner rings display GC content and GC skew. (B) Phylogenetic tree based on
whole-genome sequences of B. velezensis AAHM-BV2302 and closely related Bacillus species, con-
structed using the neighbor-joining method. The assembled genome sequence has been deposited in
NCBI GenBank under the accession number JBQXGX000000000 and BioProject accession number
PRJNA1320929.
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Phylogenomic analysis based on whole-genome sequences confirmed that strain
AAHM-BV2302 clustered within the Bacillus velezensis clade, together with closely related
reference strains (Figure 1B). The strain exhibited the highest genomic similarity with
B. velezensis NRRL B-41580 (ANI = 99.43%, dDDH = 97.3%, nucleotide similarity = 93.42%)
and B. amyloliquefaciens subsp. plantarum FZB42 (ANI = 98.04%, dDDH = 90.6%, nucleotide
similarity = 87.09%). These values exceeded the accepted species delineation thresholds,
thereby confirming the taxonomic assignment of AAHM-BV2302 as B. velezensis. Col-
lectively, these results provide strong genomic evidence supporting the classification of
AAHM-BV2302 as a distinct B. velezensis strain (Table 3). The assembled genome sequence
has been deposited in NCBI GenBank under the accession number JBQXGX000000000,
within the BioProject accession number PRINA1320929.

Table 3. Taxonomic identification of Bacillus velezensis AAHM-BV2302 based on Average Nucleotide
Identity (ANI), digital DNA-DNA hybridization (dDDH), and nucleotide similarity compared with

reference genomes.

dDDH Nucleotide
Reference Genome ANI (ds, in %) Similarity (%)
Bacillus velezensis NRRL B-41580 99.43 97.3 93.42
Bacillus amyloliquefaciens subsp.
plantarum FZB42 98.04 90.6 87.09

3.2. Growth Parameters and Immune-Growth-Related Gene Expression
3.2.1. Growth Performance

The effects of dietary probiotic supplementation on growth performance in tilapia
are presented in Figure 2A—C. After 30 days of probiotic administration (D30), the D30-
Cell + Cfs group exhibited the highest average daily gain (ADG; 6.61 + 0.85 g day™!),
followed by D30-Cell (5.91 + 0.49 g day~!) and D30-Cfs (4.62 + 0.72 g day '), all of
which were significantly higher than D30-Control (3.38 + 0.67 g day~!) and D30-TSB
(3.71 4+ 0.48 g day ') (p < 0.05). After 30 days post-supplementation (D60), ADG in D60-
Cell and D60-Cell + Cfs remained significantly higher than in both controls (7.10 & 1.03
and 6.48 + 0.99 g day !, respectively; p < 0.05), while D60-Cfs (4.37 + 0.43 g day ')
remained comparable to controls (p > 0.05). For total weight gain (TWG), the D30-Cell +
Cfs (288.83 £ 9.41 g) was significantly greater than D30-Control (204.40 £ 26.06 g) and
D30-TSB (190.94 £ 14.19 g), followed by D30-Cell (260.21 + 21.58 g) (p < 0.05), while the
D30-Cfs (203.49 + 33.91 g) showed no significant difference from controls (p > 0.05). At
Day 60, probiotic-treated groups maintained significantly higher TWG values compared
with D60-Control (293.27 + 36.08 g), with D60-Cell, D60-Cfs, and D60-Cell + Cfs showing
465.57 £ 39.65, 331.87 £ 41.48, and 422.80 £ 41.05 g, respectively (p < 0.05), while D60-TSB
(314.96 £ 35.49 g) was significantly lower than D60-Cell and D60-Cell + Cfs (p < 0.05), but
not different from D60-Cfs (p > 0.05). Regarding feed conversion ratio (FCR), the D30-TSB
group exhibited the highest value (3.14 £ 0.30) compared with D30-Control, D30-Cell,
D30-Cfs, and D30-Cell + Cfs groups (p < 0.05). In contrast, D30-Cell (2.03 £+ 0.56) and
D30-Cell + Cfs (2.00 £ 0.40) showed the lowest FCR, significantly lower than D30-Control
(2.78 £ 0.47) and D30-TSB (3.14 £ 0.30) (p < 0.05), while D30-Cfs (2.63 £ 0.66) was lower
than D30-TSB (p < 0.05) but not different from D30-Control (p > 0.05). A similar trend
was observed at Day 60, where D60-Cell (1.84 + 0.35) and D60-Cell + Cfs (1.83 & 0.33)
maintained the lowest FCR, significantly lower than D60-Control (2.78 & 0.47) and D60-TSB
(2.91 £ 0.33) (p < 0.05), whereas D60-Cfs (2.64 £ 0.61) showed no difference from either
control group (p > 0.05).
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Figure 2. Growth performance and growth-related gene expression of tilapia following dietary
supplementation with B. velezensis AAHM-BV2302. Parameters include average daily gain (ADG)
(A), total weight gain (TWG) (B), feed conversion ratio (FCR) (C) (n = 40), and relative expression
(fold change) of gh in brain (D), liver (E), and muscle (F) after 30 days of probiotic administration
(Day 30) and 30 days post-supplementation (Day 60). Data are represented as mean & SD (n = 8).
Different letters above bars indicate statistically significant differences among groups (p < 0.05).

3.2.2. Expression of Growth-Related Genes

At Day 30, gh expression in the brain was increased only in the Cell + Cfs group
compared with D30-TSB (p < 0.05), but did not differ from D30-Control (p > 0.05). In the
liver and muscle, gh was significantly upregulated in both Cell and Cell + Cfs compared
with controls (p < 0.05), whereas the Cfs group showed no difference (p > 0.05). At Day
60, gh expression in the brain remained elevated in Cell and Cell + Cfs relative to both
controls (p < 0.05). In the liver, gh expression in Cell and Cell + Cfs was higher than in
D30-Control (p < 0.05) but not significantly different from D30-TSB (p > 0.05). In muscle, gh
remained significantly higher in Cell and Cell + Cfs than in both controls (p < 0.05), while
Cfs remained comparable (p > 0.05; Figure 2D-F).

3.3. Determining the Antioxidative Status and Oxidative Stress of Target Organs
3.3.1. Spleen

Overall, antioxidant enzyme activities in the spleen increased markedly during sup-
plementation (Day 30) and decreased toward baseline after withdrawal (Day 60). The GSH
level in the spleen showed a significant increase in the treatment groups at Day 30 com-
pared with the controls (p < 0.05). The D30-Cell group exhibited the highest SOD activity
among all groups, followed by D30-Cell + Cfs, and both were significantly higher than
the two controls (p < 0.05). No significant difference was observed in D30-Cfs compared
with the controls (p > 0.05). CAT activity was highest in D30-Cell, followed by D30-Cfs,
which was significantly higher than D30-TSB (p < 0.05) but not different from D30-Control
(p > 0.05). In contrast, D30-Cell + Cfs showed no significant difference from either control
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group (p > 0.05). By Day 60, CAT activity in both controls exceeded that of all treatment
groups (p < 0.05). No significant differences in GSH levels or SOD activity were detected
among the treatment groups compared with controls (p > 0.05). For MDA levels, signifi-
cant reductions were observed in the Cell and Cfs groups at Day 30 (p < 0.05), while the
Cell + Cfs group showed no significant difference compared with the controls (p > 0.05).
At Day 60, however, both controls exhibited the highest MDA levels compared with all

treatment groups (p < 0.05; Figure 3A-D).
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Figure 3. Antioxidant enzyme activities including catalase (CAT), glutathione (GSH), and superox-
ide dismutase (SOD)and levels of malondialdehyde (MDA) in spleen (A-D), head kidney (E-H),
liver (I-L), serum (M-P), and muscle (Q-T) of tilapia following dietary supplementation with B.
velezensis AAHM-BV2302 after 30 days of probiotic administration (Day 30) and 30 days post-
supplementation (Day 60). Data are represented as mean + SD (n = 8). Different letters above bars
indicate statistically significant differences among groups (p < 0.05).
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3.3.2. Head Kidney

In the head kidney, antioxidant responses were moderate and short-lived, with in-
creased CAT, SOD, and GSH activities during supplementation (Day 30) and a general
decline after withdrawal (Day 60). The activities of CAT, SOD, and GSH levels increased
significantly only in the D30-Cell group at Day 30 compared with the controls (p < 0.05). No
significant differences were observed in D30-Cfs and D30-Cell + Cfs relative to the controls
(p > 0.05). By Day 60, CAT activity in both controls was significantly higher than among
treatment groups (p < 0.05), whereas GSH levels remained higher in D60-Cell compared
with the controls (p < 0.05). For SOD activity, no significant differences were detected
between treatments and both controls (p > 0.05). The MDA levels were highest in Cell + Cfs
at Day 30 compared with the other treatments and controls (p < 0.05), while Cell and Cfs
did not differ from the controls (p > 0.05). By Day 60, MDA levels increased in both controls
as well as in Cell and Cfs, all of which were significantly higher than in D60-Cell + Cfs
(p < 0.05). No significant differences were detected for Cell and Cfs compared with the
controls (p > 0.05; Figure 3E-H).

3.3.3. Liver

Liver antioxidant enzymes showed tissue-specific fluctuations, with significant rises
in CAT and SOD at Day 30 and reduced MDA levels in treated groups compared with
controls. The CAT and SOD activities increased significantly only in the D30-Cell group at
Day 30 compared with the controls (p < 0.05). No significant differences were observed in
D30-Cfs and D30-Cell + Cfs relative to the controls (p > 0.05). For GSH levels, all treatment
groups were generally higher than the D30-Control, although D30-Cfs was significantly
lower than D30-TSB (p < 0.05). By Day 60, CAT activity was highest in D60-Cfs compared
with D60-TSB, whereas D60-Control exceeded both D60-Cell and D60-Cell + Cfs (p < 0.05).
No significant differences in GSH levels or SOD activity were detected among treatments
and controls (p > 0.05). At Day 30, MDA levels were significantly higher in the Cell group
than in all other treatments and controls (p < 0.05), whereas Cfs and Cell + Cfs did not
differ from controls (p > 0.05). By Day 60, MDA levels in both controls were significantly
higher than in D60-Cfs and D60-Cell + Cfs (p < 0.05), while D60-Cell remained comparable
to controls (p > 0.05; Figure 3I-L).

3.3.4. Serum

Serum antioxidant parameters reflected systemic redox improvement, as SOD, CAT,
and GSH were elevated during supplementation and MDA levels remained lower in
probiotic-fed fish throughout the experiment. The results showed that all treatment groups
at Day 30 had higher levels of GSH and SOD activity compared with both controls (p < 0.05).
A significant difference in CAT activity was observed only in D30-Cell + Cfs compared
with the controls (p < 0.05), whereas D30-Cell and D30-Cfs showed no significant difference
from controls (p > 0.05). By Day 60, CAT activity was significantly higher only in D60-Cfs
compared with D60-Control (p < 0.05), while the other treatments showed no differences
from either control (p > 0.05). Interestingly, GSH levels in both controls increased from Day
30, resulting in no significant differences among controls and treatments at Day 60 (p > 0.05).
Likewise, no significant differences in SOD activity were detected between treatments and
controls (p > 0.05). For MDA levels, significantly lower levels were observed in the Cell
and Cfs groups at Day 30 (p < 0.05), whereas Cell + Cfs did not differ from the controls
(p > 0.05). By Day 60, both controls exhibited the highest MDA levels compared with all
treatment groups (p < 0.05; Figure 3M-P).
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3.3.5. Muscle

Overall, antioxidant activity in muscle showed only minor variations, with a transient
increase in SOD activity at Day 30 and minimal changes in CAT, GSH, and MDA among
treatments. The SOD activity among treatment groups was significantly higher than in both
controls (p < 0.05), while CAT activity and GSH levels showed no significant differences
between treatments and controls (p > 0.05). At Day 60, CAT activity increased in both
controls compared with Day 30 and was significantly higher than in all treatment groups
(p < 0.05). For GSH and SOD, only D60-Cell showed significantly lower levels than D60-TSB
(p < 0.05), whereas D60-Cfs and D60-Cell + Cfs did not differ from either control (p > 0.05).
At Day 30, MDA levels were significantly higher in Cell + Cfs compared with all other
treatments and controls (p < 0.05), while Cell and Cfs did not differ from controls (p > 0.05).
By Day 60, both controls exhibited the highest MDA levels compared with all treatment
groups (p < 0.05; Figure 3Q-T).

3.4. Assessment of the Antioxidative Status and Oxidative Stress of Organs Associated with
Mucosal Immunity

3.4.1. Skin

In skin tissue, SOD and CAT activities increased markedly during supplementation
(Day 30), whereas MDA levels declined, indicating enhanced local antioxidant status that
gradually returned toward control values by Day 60. The activity of SOD was highest in
the Cell + Cfs group at Day 30 compared with all other groups, and D30-Cfs also showed
significantly higher activity than D30-TSB (p < 0.05). No significant difference was observed
in D30-Cell compared with either control (p > 0.05). For GSH, only D30-Cell showed
significantly lower levels than both controls (p < 0.05), while no significant differences were
observed in the other treatment groups relative to the controls (p > 0.05). CAT activity
did not differ significantly among groups (p > 0.05). By Day 60, both controls displayed
the highest CAT activity, significantly exceeding that of all treatment groups (p < 0.05). A
significant increase in GSH was also observed in D60-TSB compared with the other groups
(p < 0.05). No significant differences were detected in any treatment groups compared with
D60-Control (p > 0.05). Notably, SOD activity in all treatment groups decreased to levels
comparable with both controls (p > 0.05). For MDA, levels were highest in Cell + Cfs at Day
30 compared with all other treatments and controls (p < 0.05), while D30-Cell and D30-Cfs
did not differ from controls (p > 0.05). By Day 60, both controls exhibited the highest MDA
levels compared with Cfs and Cell + Cfs (p < 0.05), whereas MDA levels in the Cell group
remained comparable to controls (p > 0.05; Figure 4A-D).

3.4.2. Intestine

Antioxidant responses in the intestine varied among treatments, with pronounced
peaks in CAT and SOD at Day 30 and a normalization trend after withdrawal (Day 60).
MDA levels remained lower in all treated groups compared with controls. At Day 30
after probiotic supplementation, CAT activity was highest in the D30-Cfs group among
all treatments (p < 0.05), while the other treatment groups did not differ from the two
controls (p > 0.05). In contrast, GSH levels were lowest in D30-Cfs, whereas D30-Cell and
D30-Cell + Cfs did not differ significantly from the controls (p > 0.05). For SOD activity,
both D30-Cell and D30-Cfs were significantly higher than the controls (p < 0.05). Notably,
D30-Cell + Cfs was significantly higher than D30-TSB (p < 0.05) but did not differ from
D30-Control (p > 0.05). By Day 60, CAT activity was highest in Cell + Cfs compared
with D60-TSB, while the lowest CAT activity was observed in the Cell group relative to
both controls (p < 0.05). No significant differences were detected between D60-Cfs and
the controls (p> 0.05). GSH levels were highest in D60-Control compared with Cell, Cell
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+ Cfs, and D60-TSB, whereas D60-Cfs was significantly higher than D60-TSB (p < 0.05)
but not different from D60-Control (p > 0.05). The SOD activity in all treatment groups
was significantly lower than in D60-Control (p < 0.05). D60-TSB exhibited higher SOD

activity than D60-Cell (p < 0.05), whereas no significant differences were observed for
D60-Cfs and D60-Cell + Cfs relative to controls (p > 0.05). At Day 30, all treatment groups
exhibited higher MDA levels than both controls (p < 0.05). By Day 60, MDA levels in the
controls increased to levels comparable to those in D60-Cell and D60-Cell + Cfs (p > 0.05),

whereas D60-Cfs showed the lowest MDA level compared with both controls and the other

treatments (p < 0.05; Figure 4E-H).
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Figure 4. Antioxidant enzyme activities and the levels of malondialdehyde (MDA) in mucosal tissues
of tilapia following dietary supplementation with B. velezensis AAHM-BV2302. Tissues include skin
(A-D), intestine (E-H) and gills (I-L) after 30 days of probiotic administration (Day 30) and 30 days
post-supplementation (Day 60). Data are represented as mean & SD (n = 8). Different letters above
bars indicate statistically significant differences among groups (p < 0.05).

3.4.3. Gills

Gill tissues exhibited notable antioxidant activation during supplementation, as GSH
and SOD activities were elevated and MDA concentrations reduced in Cell and Cell + Cfs
groups, particularly at Day 30. These effects were partly retained after withdrawal. For Day
30, GSH levels and SOD activity in D30-Cell and D30-Cell + Cfs were significantly higher
than in both controls (p < 0.05), whereas the Cfs group did not differ significantly from the
controls (p > 0.05). CAT activity showed no significant differences between treatments and
controls (p > 0.05). By Day 60, CAT activity and GSH levels in D60-Cell + Cfs were lower
than in D60-Control (p < 0.05) but did not differ from D60-TSB (p > 0.05). Additionally,
D60-Cfs showed significantly higher GSH levels than both controls (p < 0.05) and higher
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CAT activity than D60-TSB, but not different from D60-Control (p > 0.05). No significant
differences in SOD activity were observed among treatments relative to both controls
(p>0.05). At Day 30, all treatment groups exhibited significantly higher MDA levels
compared with both controls (p < 0.05). By Day 60, however, MDA levels were lowest in
D60-Cell + Cfs compared with both controls and the other treatment groups (p < 0.05),
while the two controls had increased to levels comparable to those in D60-Cell and D60-Cfs
(p > 0.05; Figure 41-L).

3.5. Effects of Bacillus velezensis AAHM-BV2302 on Humoral Immune Responses and IgM
of Tilapia
3.5.1. Lysozyme Activity

The lysozyme activity in serum increased markedly in all treatment groups at Day
30, with D30-Cell + Cfs showing the highest value with 108.42 £ 22.47 unit/mL, followed
by D30-Cell and D30-Cfs with 87.69 £ 9.81 and 90.19 £ 17.72 unit/mL, respectively. All
treatment groups exhibited significantly higher activity than the two controls (p < 0.05). At
Day 60, lysozyme activity remained elevated in all treatment groups compared with both
controls (p < 0.05; Figure 5A).
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Figure 5. Humoral immune responses of tilapia following dietary supplementation with B. velezensis
AAHM-BV2302. Parameters include lysozyme activity (A), serum bactericidal activity (B) and
total serum IgM levels (C) after 30 days of probiotic administration (Day 30) and 30 days post-
supplementation (Day 60). Data are represented as mean + SD (n = 8). Different letters above bars
indicate statistically significant differences among groups (p < 0.05).

3.5.2. Bactericidal Activity

At Day 30, bactericidal activity against Gram-positive S. agalactize was signifi-
cantly higher only in the Cell + Cfs group compared with D30-Control, with a value
of 59.93 £ 6.77% (p < 0.05), but it did not differ from D30-TSB (p > 0.05). No significant
differences were observed in the Cell and Cfs groups relative to the controls (p > 0.05).
Interestingly, at Day 60, bactericidal activity in both Cell and Cell + Cfs remained signifi-
cantly higher than in the controls despite the withdrawal of probiotic feeding, indicating a
sustained protective effect. The values were 53.41 £ 14.54% and 61.26 + 12.57%, respec-
tively (p < 0.05). In contrast, D60-Cfs did not differ significantly from the controls (p > 0.05;
Figure 5B).

3.5.3. Total Serum IgM

Total serum IgM levels increased significantly at Day 30 in the D30-Cell and
D30-Cell + Cfs groups, with absorbance values of 0.50 + 0.16 and 0.50 + 0.19, respec-
tively, compared with D30-Control (0.23 % 0.05) and D30-TSB (0.26 £ 0.09) (p < 0.05). No
significant difference was observed in the D30-Cfs group compared with either control
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(p > 0.05). At Day 60, IgM levels remained significantly higher in D60-Cell, D60-Cell + Cfs,
and notably also in D60-Cfs, compared with both controls (p < 0.05; Figure 5C).

3.6. Effects of Probiotic Supplementation on the Expression of Immune-Related Genes

The expression levels of il1b, il6 and il8 in the head kidney, spleen, PBLs, liver, muscle,
intestine, gills and skin are presented in Figure 6A-X.
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Figure 6. Relative expression (fold change) of immune-related genes including il1b, il6 and il8 in

head kidney (A-C), spleen (D-F), PBLs (G-I), liver (J-L), muscle (M-0), intestine (P-R), gills (S-U)

and skin (V-X) of tilapia following dietary supplementation with B. velezensis AAHM-BV2302 after

30 days of probiotic administration (Day 30) and 30 days post-supplementation (Day 60). Data

8). Different letters above bars indicate statistically significant

are represented as mean + SD (n

differences among groups (p < 0.05).
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3.6.1. Expression of il1b Gene

The expression of i[1b was strongly induced by probiotic supplementation at both Day
30 and Day 60. At Day 30, il1b increased significantly in all treatment groups in the head
kidney, PBLs, liver, muscle, intestine, and skin compared with the controls (p < 0.05). In
the spleen and gills, significant upregulation was observed only in the Cell and Cell + Cfs
groups compared with both controls (p < 0.05), whereas D30-Cfs did not differ from the
controls (p > 0.05). At Day 60, i[1b remained significantly upregulated in the head kidney,
muscle, gills, and skin compared with the two control groups (p < 0.05). In the spleen and
intestine, significant increases were observed in D60-Cfs and D60-Cell + Cfs compared
with both controls (p < 0.05), while D60-Cell did not differ from controls (p > 0.05). In PBLs,
significant upregulation was observed in the Cfs and Cell + Cfs groups compared with both
controls (p < 0.05), and additionally the D60-Cell group showed significant upregulation
compared with D60-Control (p < 0.05) but not with D60-TSB (p > 0.05). In the liver, D60-Cell
and D60-Cfs were significantly upregulated relative to both controls (p < 0.05), whereas
Cell + Cfs showed significant upregulation compared with D60-TSB (p < 0.05) but did not
differ from D60-Control (p > 0.05; Figure 6A,D,G,J,M,PS,V).

3.6.2. Expression of il6 Gene

The expression of il6 was strongly induced by probiotic supplementation at both
Day 30 and Day 60. At Day 30, il6 increased significantly in all treatment groups in the
head kidney, spleen, PBLs, liver, muscle, intestine, gills, and skin compared with the
controls (p < 0.05). At Day 60, i/6 remained significantly upregulated in the spleen, PBLs,
liver, muscle, intestine, gills, and skin compared with the controls (p < 0.05). In the head
kidney, significant upregulation was observed in the Cell and Cell + Cfs groups compared
with both controls (p < 0.05), whereas no significant difference was detected in the Cfs
group compared with either control (p > 0.05; Figure 6B,E,H,K,N,Q,T,W).

3.6.3. Expression of il8 Gene

The expression of il8 was strongly induced by probiotic supplementation at both
Day 30 and Day 60. At Day 30, il§ increased significantly in all treatment groups in the
head kidney, spleen, PBLs, muscle, intestine, gills, and skin compared with the controls
(p < 0.05). In the liver, iI§ was upregulated in the Cell and Cell + Cfs groups compared
with both controls (p < 0.05), while D30-Cfs showed a significant increase only relative to
D30-Control (p < 0.05) but not to D30-TSB (p > 0.05). By Day 60, il8 remained significantly
upregulated across all treatment groups in these tissues compared with both controls
(p < 0.05; Figure 6C,ELL,O,R,U,X).

3.7. Challenge Test

The survival rate (SR) following S. agalactiae challenge differed significantly among
treatment groups (p < 0.05). The D60-Cell + Cfs group achieved the highest SR (70%) with
a relative percent survival (RPS) of 62.5%, indicating a strong protective effect against the
pathogen. The D60-Cell and D60-Cfs groups followed with SR values of 60% and 55% and
RPS values of 50% and 43.8%, respectively. All treatment groups exhibited significantly
higher survival than the controls, where SR values were 20% (D60-Control) and 25%
(D60-TSB) with an RPS of only 6.3% (p < 0.05) (Figure 7A,B).
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Figure 7. Survival probability (A) and relative percent survival (RPS) (B) of tilapia were determined
following S. agalactiae challenge at day 60, after an additional 30 days of dietary supplementation with
B. velezensis AAHM-BV2302. Kaplan-Meier survival curves are shown for D60-Control, D60-TSB,
D60-Cell, D60-Cfs, and D60-Cell + Cfs groups (1 = 20). Different letters above bars indicate statistically
significant differences among groups (p < 0.05).

4. Discussion

The present study provides an integrative evaluation of the probiotic, postbiotic (Cfs)
and combination between probiotic and postbiotic (Cell + Cfs) potential of B. velezensis
AAHM-BV2302 in tilapia, encompassing antioxidative capacity, mucosal barrier func-
tion, immune modulation, and resistance to S. agalactize. Whole-genome sequencing
and phylogenomic comparisons confirmed its taxonomic placement within B. velezen-
sis (genome size 4,156,630 bp; GC 45.9%; 4103 CDSs; ANI 99.43% and dDDH 97.3% to
B. velezensis NRRL B-41580; ANI 98.04% and dDDH 90.6% to B. amyloliquefaciens subsp.
plantarum FZB42), thereby validating strain identity without inferring functional gene con-
tent beyond assembly and similarity metrics reported in the results. Reported genomes of
B. velezensis strains generally range between 3.9-4.3 Mb with GC contents of 45.8-46.7%.
The genome of B. velezensis GY65 isolated from mandarin fish (Siniperca chuatsi) consisted
of a circular chromosome of 3,929,765 bp with a GC content of 46.50% [50]. The genome of
B. velezensis CPA1-1 comprised a 3,925,520 bp circular chromosome with an average GC
content of 46.49%, including 3762 protein-coding genes [51]. In addition, the genome of
B. velezensis VJH504 consisted of a circular chromosome of 3,980,733 bp with a GC content of
46.46% [52]. Thus, the genomic validation of AAHM-BV2302 as B. velezensis, together with
its host-adapted origin from the tilapia intestine and consistent functional performance,
supports the view that host-adapted B. velezensis strains are particularly well-suited to
deliver broad-spectrum benefits in aquaculture. These findings emphasize the value of cou-
pling genomic identification with functional assessment to establish reliable, strain-specific
probiotic strategies.

The present study demonstrated clear growth promotion by B. velezensis AAHM-
BV2302, as ADG and TWG were significantly higher in the Cell and Cell + Cfs groups at
both Day 30 and Day 60, while FCR improved transiently at Day 30 in Cell + Cfs, indicating a
rapid onset of benefits with partial persistence after post-supplementation. This accelerated
effect may be attributed to the spore-forming capacity of B. velezensis, allowing rapid
gut colonization and secretion of extracellular enzymes that enhance nutrient utilization
and digestive efficiency [18]. Such growth-promoting effects are consistent with previous
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studies on freshwater species such as striped catfish [53], Nile tilapia [23,54], and Amur
minnow [55], where Bacillus supplementation improved weight gain and FCR. In addition,
the upregulation of the growth hormone (gh) gene in the brain, liver, and muscle further
supports the observed growth enhancement, suggesting activation of the somatotropic axis
and increased anabolic activity. Similar findings have been reported in Nile tilapia fed with
multi-strains Bacillus spp., where gh and igf] expression were elevated alongside improved
feed conversion and muscle development [56]. In yellow perch (Perca flavescens), where
Bacillus-supplementation enhanced gh and igf1 transcription alongside improved growth
performance [57], reinforcing that probiotic Bacillus strains can modulate endocrine growth
regulation in fish.

In this study, activities of major antioxidant enzymes including SOD, CAT, and GSH
increased significantly in several tissues at Day 30, while MDA levels were markedly
reduced compared with the controls. By Day 60, CAT activity partially persisted in the
spleen, serum, and head kidney, whereas SOD and GSH trended back toward control levels,
and MDA remained lower in Cfs and Cell + Cfs groups, particularly in the spleen, gills,
intestine, and skin. These findings indicate that B. velezensis AAHM-BV2302 supplementa-
tion effectively enhanced redox homeostasis and mitigated oxidative stress during both
active feeding and the withdrawal phase. Major antioxidant enzymes, including SOD,
GSH, and CAT, constitute the first line of defense against reactive oxygen species (ROS)
in fish [58]. SOD catalyzes the dismutation of superoxide anions into hydrogen peroxide,
which is subsequently decomposed by CAT, while GSH serves as a versatile thiol buffer
to neutralize secondary radicals and maintain redox balance [59,60]. Elevated activities of
these enzymes generally denote enhanced antioxidant capacity, while a decline in MDA,
the principal biomarker of lipid peroxidation [61], indicates reduced ROS-driven cellular
injury [62]. Probiotics such as Bacillus spp. can stimulate host antioxidant systems through
both antigenic stimulation and bioactive metabolites, including organic acids and lipopep-
tides, which enhance enzymatic defense and attenuate free radical-induced damage [63].
Previous studies on Bacillus supplementation in fish have reported comparable antioxidant
responses. Elbahnaswy et al. [64] demonstrated that tilapia fed diets containing mixed
Bacillus strains showed significant increases in SOD and CAT activities and concomitant
reductions in MDA, both under basal conditions and following a heat challenge. Similarly,
Yu et al. [23] found that dietary B. subtilis in Nile tilapia markedly enhanced SOD and CAT
activities while lowering MDA levels. In mandarin fish, B. velezensis GY65 supplementa-
tion also elevated serum SOD and CAT [50]. Furthermore, studies on mixed Bacillus spp.
revealed a strong negative correlation between antioxidant enzyme activities of CAT, SOD
and MDA concentrations in European seabass [65]. Collectively, these findings suggest
that AAHM-BV2302 enhances oxidative balance in tilapia through dual actions-enzymatic
redox buffering during feeding and metabolite-mediated protection thereafter.

Innate humoral immunity represents the first line of systemic defense in teleost and
includes soluble effectors such as lysozyme, the complement system, and natural IgM
antibodies, all of which play central roles in limiting early pathogen proliferation [66].
Lysozyme hydrolyzes bacterial peptidoglycan and destabilizes cell walls, thereby exerting
rapid, broad-spectrum antimicrobial action [67], while serum bactericidal activity reflects
the combined action of lysozyme, complement, and antimicrobial metabolites [66]. IgM, the
predominant antibody isotype in fish, provides natural antibody activity, fixes complement,
and bridges innate and adaptive immunity, making it a critical indicator of humoral
readiness [68]. In the present study, lysozyme activity increased significantly in all treatment
groups at Day 30 and remained elevated at Day 60, while bactericidal activity persisted
in the Cell and Cell + Cfs groups post probiotic supplementation, and total serum IgM
rose early (Cell and Cell + Cfs at Day 30) and was maintained across all treatment groups
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by Day 60, indicating sustained humoral priming beyond the feeding phase. Similar
enhancements of lysozyme activity, serum bactericidal activity, and total IgM following
dietary Bacillus supplementation have also been reported in several aquatic animal species,
supporting the conserved capacity of Bacillus probiotics to strengthen innate humoral
immunity [69-72]. The magnitude and persistence of these humoral responses in our
study, particularly under the Cell + Cfs treatment, highlight the strong immunostimulatory
efficacy of host-adapted B. velezensis AAHM-BV2302, reinforcing its potential as a robust
probiotic candidate for tilapia health management.

IL-1B, IL-6, and IL-8 are key pro-inflammatory cytokines that regulate immune activa-
tion and host defense [73]. IL-1§ initiates inflammation, recruits leukocytes, and modulates
coagulation pathways [74]. IL-6 drives the acute-phase response, promotes B-cell differ-
entiation, and links immunity with coagulation through tissue factor regulation [75]. IL-8
functions mainly as a chemokine for neutrophil recruitment and activation, while also
contributing to platelet activation [76]. Together, these cytokines coordinate leukocyte
mobilization, inflammation, and hemostatic regulation, forming a critical axis of innate
immune protection [77]. In the present study, all three cytokines were markedly upregu-
lated in hematopoietic and mucosal tissues at Day 30, with many responses persisting to
Day 60. This sustained transcriptional priming paralleled elevated lysozyme and bacteri-
cidal activities together with reduced MDA, indicating a balanced cytokine environment
that facilitates pathogen clearance while limiting oxidative damage. The concerted in-
duction across systemic organs (spleen, head kidney, serum) and barrier sites (gill, skin,
intestine) suggests that B. velezensis AAHM-BV2302 enhances multilayer host defense at
both first-contact and central immune compartments. Similar patterns have been described
in fish receiving probiotic Bacillus, where increased expression of il1b, il6, il§, or broader
cytokine panels has been linked to improved disease resistance, supporting the robust
Cell and Cell + Cfs responses and their persistence beyond the supplementation period.
Comparable outcomes have been reported in red seabream, where dietary mixture probiotic
supplement significantly elevated il1b expression [78] and supplementation with Bacillus
sp. PM8313 further upregulated il6 expression [79]. Likewise, B. velezensis supplementation
in mandarin fish was shown to upregulate il8 transcripts [50]. These consistent findings
reinforce the capacity of Bacillus probiotics to modulate pro-inflammatory cytokine axes in
fish, supporting the durable Cell and Cell + Cfs responses observed in our study.

In the present study, survival following S. agalactiae challenge was markedly improved
in all probiotic-fed groups. The Cell + Cfs treatment achieved the highest survival rate
of 70% with an RPS of 62.5, followed by Cell and Cfs, each significantly outperforming
the controls. These findings demonstrate that AAHM-BV2302 supplementation provided
strong protection under pathogen stress. Live Bacillus spores can persist in the gastroin-
testinal tract, establish colonization resistance, and stimulate host immune receptors to
sustain humoral responses such as lysozyme activity, bactericidal activity, and total IgM.
At the same time, postbiotic metabolites including lipopeptides and organic acids exert
direct antimicrobial effects and modulate inflammation, thereby reducing oxidative damage
and enhancing clearance of invading bacteria. The superior protection in the Cell + Cfs
treatment reflects the synergy of these complementary actions. Similar improvements in
survival have been reported in other aquaculture species supplemented with Bacillus. For
example, dietary B. velezensis FLU-1 significantly increased survival of largemouth bass
challenged with Aeromonas hydrophila by reducing pathogen load in liver tissue [80]. In
zebrafish, fish-derived B. velezensis strains enhanced protection against Aeromonas veronii,
with survival rates markedly higher than controls [81]. Likewise, supplementation with
B. amyloliquefaciens improved survival of Nile tilapia exposed to A. hydrophila, reaching
over 90% survival compared with sharply lower rates in controls [82]. Collectively, these
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findings, together with our present results, confirm that Bacillus probiotics confer broad
protective benefits against diverse bacterial pathogens in fish, with synergistic formulations
such as Cell + Cfs offering particularly robust outcomes.

5. Conclusions

Whole-genome sequencing confirmed the taxonomic identity and safety of Bacillus
velezensis AAHM-BV2302, without direct inference of functional genes. This study demon-
strates that dietary supplementation with B. velezensis AAHM-BV2302—as cells (Cell),
cell-free supernatant (Cfs), or their combination (Cell + Cfs)—enhanced growth perfor-
mances, improved antioxidant capacity across multiple tissues, boosted lysozyme and
bactericidal activities with partially sustained effects after withdrawal, elevated serum IgM,
broadly upregulated pro-inflammatory cytokines across systemic and mucosal compart-
ments, and conferred substantial protection against S. agalactiae. The Cell + Cfs regimen
consistently exhibited the strongest overall effects, supporting a probiotic—postbiotic syn-
ergy model. These outcomes, while varying among tissues, indicate that the persistence of
antioxidant and immune responses depends on tissue-specific redox and immune dynamics.
Additionally, these findings position B. velezensis AAHM-BV2302 as a safe, multifunctional,
and scalable probiotic—postbiotic candidate for sustainable tilapia aquaculture, with practi-
cal potential to reduce disease losses and antibiotic dependence under intensive rearing
conditions. Future studies should further clarify metabolite-mediated mechanisms, gut
colonization dynamics, and long-term persistence to optimize its application.
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