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This study evaluated in vitro antimicrobial properties of Bacillus subtilis KCTC 1326 as an environ-
mentally friendly alternative to antibiotics. B. subtilis KCTC 1326 was characterized on biochemical
properties and antibiotics susceptibility. It exhibited antimicrobial effects against all 12 species of
fish bacteria used in this experiment. Among them, the largest antibacterial zone was observed for
Streptococcus parauberis (34 mm), while the smallest antibacterial zone was observed for Citrobacter
freundii (8§ mm). Additionally, in the co-culture inhibitory assay of B. subtilis and Edwardsiella piscici-
da, the growth of E. piscicida was suppressed with increasing concentrations of B. subtilis KCTC
1326, with complete inhibition observed at 10" and 10° CFU/mL of B. subtilis KCTC 1326 after
24 hours of incubation. Moreover, at 48 hours of incubation, the growth of E. piscicida was inhibited
across all concentration ranges of B. subtilis KCTC 1326. Therefore, this study indicated the utilizing
of B. subtilis KCTC 1326 as an antimicrobial for controlling fish bacterial diseases.
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Introduction

Bacterial diseases cause significant economic loss-
es to the aquaculture industry worldwide aquaculture
(Pereira et al., 2022; Nair et al., 2021). These bacte-
rial diseases can be controlled using appropriate anti-
biotics and chemotherapy drugs. However, this can
have a negative impact on the environment due to
residual residues, and overuse of antibiotics can lead
to the development of antibiotic-resistant bacterial
strains or antibiotic-resistant genes (El-Saadony et al.,
2021; Nair et al., 2021; Abarike et al., 2018). To

overcome these problems, new environmentally
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friendly alternatives are needed.

Bacillus sp. are widely used in aquaculture as
promising alternatives to overcome these issues as an-
tibiotic substitutes. They offer advantages of safety
and non-pathogenicity, along with the ability to toler-
ate a broad range of physiological conditions and pro-
duce a wide range of enzymes, antibiotics, metabo-
lites, and other physiologically active compounds
(Nayak, 2021). The most commonly used Bacillus sp.
include Bacillus subtilis, Bacillus licheniformis, Ba-
cillus pumilus, and Bacillus amyloliquefaciens (Cau-
lier et al, 2019; Kuebutornye et al., 2019).

Bacillus subtilis is a gram-positive, rod-shaped
aerobic bacterium (Lee et al., 2017). They can also
form spores, are more heat-stable than non-spore-

forming bacteria and can survive and reach the intes-
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tines even with high bile acid and the low pH of the
gastric barrier (Guo et al., 2016). Additionally, B.
subtilis has been used as a substitute for antibiotics
by adding it to feed for a long time and has been
reported to improve growth, digestive enzyme activ-
ity, and disease resistance (Abarike et al., 2018; Hao
et al., 2017, Zuenko et al., 2017).

In this study, the biochemical and antibiotic sus-
ceptibility characteristics of B. subtilis KCTC 1326
were investigated. In addition, an antimicrobial activ-
ity was evaluated on fish-derived bacterial species to
determine whether it could be used as an eco-friendly

alternative to fish bacterial diseases.

Materials and Methods

Bacteria strains and culture conditions

The fish disease bacteria and culture temperatures
used in the experiment are shown in Table 1. Bacillus
subtilis KCTC 1326 (ATCC 33234; J. Spizizen strain
168) was supplied from Korean collection for type
cultures (KCTC, Korea). The fish pathogens Aeromo-
nas hydrophila, A. salmonicida, Lactococcus gar-
vieae, and Vibrio harveyi were supplied by professor
Do-Hyung Kim at Pukyong national university. Addi-
tionally, the other bacterial strains were isolated di-
rectly in our laboratory (Kim et al, 2023a; Kim et
al., 2023b).

Characterization of Bacillus subtilis KCTC 1326

1) API 50 CHB biochemical tests

The sugar utilization ability of the bacteria was
tested using the API 50 CHB tests. Following the
manufacturer's protocol, B. subtilis KCTC 1326 was
cultured overnight on Nutrient agar (NA; Sigma-
Aldrich, USA) at 37°C. For the inoculum, several col-
onies of B. subtilis KCTC 1326 were taken in API
50 CHB medium (bioM¢érieux, France), and the tur-
bidity was adjusted with 2 McFarland. The inoculum
was distributed to 50 test strips and mineral oil was
added. The results were read after incubation at 37°C
for 48 hours. The resulting readout was tabulated +/-
according to the color change.

2) Protease activity

Protease activity was performed to see enzymatic
activity. Protease activity was assessed by dropping
20 pL of B. subtilis KCTC 1326 cultured in de Man,
Rogosa and Sharpe (MRS) broth (BD Difco ™, USA)
onto MRS agar supplemented with 1% skim milk and
then culturing at 37°C for 24 hours to confirm the

presence of a clear zone.

3) Gelatinase activity

Gelatinase activity was determined using gelatinase
from the API 20E kit (bioMérieux, France). The ex-
periment was performed according to the manufactur-

Table 1. Bacterial isolates and culture condition used in this study

Bacteria species Strain Medium Temperature Origin
Aeromonas hydrophila AC133 TSA 27°C Crucian carp
Aeromonas salmonicida 18KR23 TSA 20°C Rainbow trout

Aeromonas sobria OMKO91 BHIA 27°C Rainbow trout
Aeromonas veronii OMI61 BHIA 27°C Rainbow trout
Edwardsiella piscicida BYPO22 BHIA (1% NaCl) 27°C Olive flounder
Lactococcus garvieae KEO3-MRL9 BHIA (1% NaCl) 27°C Olive flounder
Streptococcus parauberis JJPO21 BHIA (1% NaCl) 27°C Olive flounder
Vibrio harveyi DHPO20 TSA (1% NaCl) 27°C Olive flounder
Yersinia ruckeri OMI25 BHIA 22°C Rainbow trout
Citrobacter freundii AJ28 BHIA 27°C Japanese eel
Enterobacter cloacae AJ191 BHIA 27°C Japanese eel
Plesiomonas shigelloides Al24 BHIA 27°C Japanese eel
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er's instructions. Briefly, a single colony of B. subtilis
KCTC 1326 was collected, suspended in 5 mL of sus-
pension medium and distributed onto strips. Then, af-
ter overnight incubation at 37°C, the gelatinase re-

action was confirmed.

Antimicrobial effects of B, subtilis KCTC 1326
against fish bacteria

B. subtilis KCTC 1326 was inoculated in MRS
broth with 2% of the preculture and then placed in
a shaking incubator at 37°C for 24 hours at 180 rpm.
An empty paper disc was prepared by applying 10
pL of B. subtilis KCTC 1326 at an OD of 1.5 (625
nm). The prepared discs were then used for the disk
diffusion method with modifications based on the
Clinical and Laboratory Standards Institute (CLSI)
guidelines. In brief, diluted bacterial were spread onto
sterilized cotton swabs and smeared onto Mueller-
Hinton agar. Subsequently, B. subtilis discs were
placed onto the agar inoculated with the pathogenic
bacteria. Cultures were then incubated at the re-

spective optimal temperatures for each bacterial strain.

1) Antibiotic susceptibility test

The antibiotic susceptibility test was conducted
with modifications based on the CLSI and the Becton,
Dickinson and Company (BD) antibiotics manual. For
fish disease bacteria, 2% of the preculture was cul-
tured as described in Table 1 and used with turbidity
adjusted to OD 0.01 (625 nm). After smearing the
bacterial solution on Mueller-Hinton agar using a ster-
ile cotton swab and then 9 types of antibiotics discs
(ampicillin, amoxicillin/clavulanic acid, erythromycin,
kanamycin, tetracycline, sulfamethoxazole/trimetho-
prim, nalidixic acid, ciprofloxacin, and norfloxacin;
BD Difco ™, USA) were used to compare the anti-
microbial activity of B. subtilis KCTC 1326 with
those of conventional antibiotics.

2) Co-culture inhibitory assay
Co-culture inhibitory assay was B. subtilis KCTC

1326 precultured in MRS broth and Edwardsiella pis-
cicida precultured in brain heart infusion (BHI; BD
Difco ™, USA) broth containing 1% NaCl were used.
Control group added BHI broth containing 1% NaCl
and incubated for 96 hours at 27°C at 180 rpm. Every
day, 100 pL of the culture medium was taken, serially
diluted 10-fold until 10"°, and then 10 pL was added
dropwise to Salmonella-Shigella (SS) agar (BD Difco
™ USA). The plates were incubated at 27°C for 24
hours and the colonies obtained on the plates were
counted and expressed as logl0 CFU/mL.

Minimal inhibitory concentration (MIC)

To evaluate the minimal inhibitory concentration
(MIC), B. subtilis KCTC 1326 was incubated over-
night at 37°C on an MRS agar. The bacterial solution
was adjusted to 0.5 McFarland by picking 2-3 colo-
nies in DW. After mixing 50 pL of bacterial solution
and 11 mL of Mueller-Hinton broth for each panel
(KRAQ3, KRAQ4), 100 pL per well was dispensed
using a multi-pipette. After attached sealing paper to
the well plate, the MIC result was read by overnight
at 37°C.

Results

Characterization of B. subtilis KCTC 1326

B. subtilis KCTC 1326 presented positive results
for glycerol, L-arabinose, D-ribose, D-xylose, D-gal-
actose, D-glucose, D-fructose, D-mannose, inositol,
D-mannitol, D-sorbitol, Methyl-o. D-glucopyranoside,
N-acetylglucosamine, amygdalin, arbutin, esculin,
salicin, D-cellobiose, D-maltose, D-lactose (bovine
origin), D-melibiose, D-saccharose (sucrose), D-tre-
halose, inulin, D-raffinose, amidon (starch), glycogen,
gentiobiose, protease, and gelatinase. But B. subtilis
KCTC 1326 isolate cannot utilize erythritol, D-arabi-
nose, L-xylose, D-adonitol, Methyl-p D-xylopyrano-
side, L-sorbose, L-rhamnose, dulcitol, Methyl-a D-
mannopyranside, D-melezitose, xylitol, D-turanose,

D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol,
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L-arabitol, potassium gluconate, potassium 2-keto-
gluconate, potassium 5-ketogluconate (Table 2).

Comparison of inhibitory effects of B. subtilis
KCTC 1326 against fish bacteria

Bacillus subtilis (BS) exhibited the highest patho-
gen inhibition against Aeromonas, with a diameter of
25 mm observed on A. veronii. Conversely, the lowest
inhibitory effect was observed on 4. salmonicida, with
a diameter of 11.5 mm, indicating the lowest anti-
bacterial activity among the 9 types of antibiotics
compared (Fig. 1). Bacteria isolated from marine fish,
BS demonstrated the highest antibacterial activity

Table 2. Biochemical characters of B. subtilis KCTC 1326

against S. parauberis, with a diameter of 34 mm. This
activity surpassed that of ampicillin, kanamycin, tetra-
cycline, nalidixic acid, and norfloxacin (Fig. 2).
Lastly, a group of intestinal bacteria isolated from
freshwater fish, the BS in E. cloacae was 31 mm,
showing higher antibacterial activity than the anti-
biotics ampicillin, amoxicillin/clavulanic acid, eryth-
romycin, tetracycline, and sulfamethoxazole/trime-
thoprim. On the other hand, C. freundii had the lowest
antibacterial activity among the isolated enteric bac-
teria at 8§ mm, and among the nine antibiotics, all
except ciprofloxacin, nalidixic acid, and norfloxacin

showed antibiotic resistance (Fig. 3, Table 3).

Percentage Percentage
Active ingredients Result positive results Active ingredients Result positive results
(Logan and (Logan and

Berkeley, 1984) Berkeley, 1984)
Glycerol + 97 Salicin + 100
Erythritol - 0 D-cellobiose + 100
D-arabinose - 0 D-maltose + 100
L-arabinose + 98 D-lactose (Bovine origin) + 48
D-ribose + 99 D-melibiose + 80
D-xylose + 89 D-saccharose (Sucrose) + 100
L-xylose - 0 D-trehalose + 100
D-adonitol - 0 Inulin + 83
Methyl-p D-xylopyranoside - 0 D-melezitose - 0
D-galactose + 30 D-raffinose + 90
D-glucose + 100 Amidon (Starch) + 98
D-fructose + 100 Glycogen + 98
D-mannose + 94 Xylitol - 0
L-sorbose - 2 Gentiobiose + 96
L-rhamnose - 2 D-turanose - 97
Dulcitol - 0 D-lyxose - 0
Inositol + 95 D-tagatose - 0
D-mannitol + 96 D-fucose - 0
D-sorbitol + 88 L-fucose - 0
Methyl-a D-mannopyranoside - 0 D-arabitol - 0
Methyl-a D-Glucopyranoside + 99 L-arabitol - 0
N-Acetylglucosamine + 22 Potassium gluconate - 4
Amygdalin + 99 Potassium 2-ketogluconate - 0
Arbutin + 100 Potassium 5-ketogluconate - 2
Esculin + 100 Gelatinase + 100

+, positive reaction; -, negative reaction.
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Fig. 1. Antibacterial activity of B. subtilis KCTC1326 against Aeromonas species and comparison with antibiotics
BS, Bacillus subtilis; AM, ampicillin (10 pg); AmC, amoxicillin/clavulanic acid (20/10 pg); E, erythromycin (15
ng); K, kanamycin (30 pg); TE, tetracycline (30 pg); CIP, ciprofloxacin (5 pg); NA, nalidixic acid (30 pg); NOR,
norfloxacin (10 pg); SXT, sulfamethoxazole/trimethoprim (23.75/1.25 pg).

1) Co-culture inhibitory assay

Co-culture was performed to observe the antago-
nistic effect of B. subtilis KCTC 1326 against the
pathogen E. piscicida. When compared to the group
without B. subtilis KCTC 1326 inoculation, the
growth of E. piscicida was inhibited in the B. subtilis
KCTC 1326 (10°-10° CFU/mL), with respective
counts of 4.44 x 10° CFU/mL and 5.64 x 10° CFU/mL
after 24 hours of co-culture. Furthermore, 100% in-
hibition of E. piscicida growth was observed in the
B. subtilis KCTC 1326 (10’-10° CFU/mL) at higher

concentrations. From 48 hours of cultivation onwards,

the growth of E. piscicida was completely inhibited
in all concentration intervals where B. subtilis KCTC
1326 was co-cultured (Fig. 4).

MIC value of B. subtilis KCTC 1326

MIC values of B. subtilis KCTC 1326 was shown
in Table 4. Ceftiofur from the cephalosporin family
showed an MIC value of 0.5 pg/mL, amoxicillin from
the B-Lactam family showed MIC values of 0.12 pg/
mL, and amoxicillin/clavulanic acid showed MIC val-
ues of 0.12/0.06 pg/mL. For the lincomycin class,
clindamycin exhibited a MIC value of 0.5 pg/mL,
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Fig. 2. Antibacterial activity of B. subtilis KCTC1326 against marine fish bacteria and comparison with antibiotics
BS, Bacillus subtilis; AM, ampicillin (10 pg); AmC, amoxicillin/clavulanic acid (20/10 pg); E, erythromycin (15
ng); K, kanamycin (30 pg); TE, tetracycline (30 pg); CIP, ciprofloxacin (5 pg); NA, nalidixic acid (30 pg); NOR,
norfloxacin (10 pg); SXT, sulfamethoxazole/trimethoprim (23.75/1.25 pg).

while for the macrolide class, erythromycin had a
MIC value of 0.12 pg/mL, and for the phenicol class,
florfenicol had a MIC value of 1 pug/mL. Additionally,
for the tetracycline class, doxycycline, oxytetracy-
cline, and tetracycline showed MIC values of 1, 64,
and 8 pg/mL, respectively. Moreover, for the quino-
lone class, ciprofloxacin and enrofloxacin had MIC
values of 0.06 pg/mL, flumequine had a MIC value
of 0.5 pg/mL, and nalidixic acid had a MIC value
of 8 ug/mL. Furthermore, no antibiotic resistance was
observed for the aminoglycoside and sulfonamide

classes.

Discussion

Bacillus sp. are known to produce a variety of anti-
microbial compounds, including peptides and lip-
opeptides, which act as antibiotics (Blibech et al.,
2019). Among them, B. subtilis has been used as a
substitute for antibiotics by adding it to feed for a
long time and has been confirmed to inhibit the
growth of E. piscicida in zebrafish (Ren et al., 2019).
It was confirmed that when fed to flounder, it induces
a non-specific immune response and strengthens re-

sistance to S. parauberis (Kim and Heo, 2019).
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Fig. 3. Antibacterial activity of B. subtilis KCTC1326 against gut bacteria isolated from freshwater and comparison
with antibiotics BS, Bacillus subtilis; AM, ampicillin (10 pg); AmC, amoxicillin/clavulanic acid (20/10 pg); E, eryth-
romycin (15 pg); K, kanamycin (30 pg); TE, tetracycline (30 pg); CIP, ciprofloxacin (5 pg); NA, nalidixic acid
(30 pg); NOR, norfloxacin (10 pg); SXT, sulfamethoxazole/trimethoprim (23.75/1.25 pg).

Additionally, supplementation of B. subtilis in aqua-
culture improved water quality, growth performance,
and digestive enzyme activity in Litopenaeus vanna-
mei, while also enhancing resistance against V. har-
veyi infection (Zokaeifar et al., 2014). Additionally,
B. subtilis has the advantage of being spore-forming
and heat-stable. Therefore, it is not inactivated by the
heat generated during product manufacturing and can
be stored in a dry form (De Souza et al, 2012).
This study conducted to evaluate the biochemistry
characteristics of B. subtilis KCTC 1326. Logan and
Berkeley (1984) performed API SOCHB test on 131

B. subtilis isolates and presented the percentage pos-
itive results for each tests. While they presented 97%
of positive results of D-turanose, this result showed
negative. The percentage positive results of L-sor-
bose, L-rhamnose, potassium gluconate, and potas-
sium 5-ketogluconate ranged 2~4%, but in this study,
they were found to be negative. Other reactions were
consistent with 131 B. subtilis isolates. Furthermore,
the results of this study showed that the protease ac-
tivity was consistent with the findings of the previous
paper (Hashmi et al., 2022).

In this study, 9 types of antibiotics were used.
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Table 3. Antimicrobial activity of B. subtilis KCTC 1326 and comparison with antibiotics

Antibiotics (mm)

BS

AM  AmC E K TE CIP NA NOR  SXT

Aeromonas hydrophila 16.5 0 15 19 25 30 37 41 33 33
Aeromonas salmonicida 11.5 43 46 25 30 19 42 16 38 40
Aeromonas sobria 20 0 21 24 28 18 38 17 39 37
Aeromonas veronii 25 0 27 32 26 35 38 13 40 29
Edwardsiella piscicida 17 33 44 0 24 10 42 0 38 41
Lactococcus garvieae 24 57.5 53 46 12 38 33 0 26 26
Streptococcus parauberis 34 30 57 66 26 0 40 0 33 36
Vibrio harveyi 14 0 22 14 15.8 28 25 30.5 25 25
Citrobacter freundii 8 0 0 0 0 0 37 29 35 0
Enterobacter cloacae 31 0 16 0 395 10 48 58.5 50 0
Plesiomonas shigelloides 10 11 27 15 20 32 0 0 0 33
Yersinia ruckeri 18.5 28 28 0 26 30 50 43 44 40

AM, ampicillin; AmC, amoxicillin/clavulanic acid; E, erythromycin; K, kanamycin; TE, tetracycline; CIP, cipro-
floxacin; NA, nalidixic acid; NOR, norfloxacin; SXT, sulfamethoxazole/trimethoprim.
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Fig. 4. Inhibitory activity of B. sub-
tilis KCTC 1326 against E. piscicida
in co-culture. The data represent the
average values of triplicate samples
and are presented as mean + stand-
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Among them, ciprofloxacin and norfloxacin are
fluoroquinolones. Although the use of fluoroquino-
lones is currently prohibited in aquaculture, they were
utilized in this experiment for scientific research
purposes. When comparing the antibacterial activity
against bacteria isolated from freshwater fish, in-
testinal bacteria, and bacteria isolated from marine
fish, B. subtilis KCTC 1326 exhibited antibacterial
effects regardless of salinity conditions in both fresh-
water and marine environments. All Aeromonas genus
used in the experiments, except for 4. salmonicida,

exhibited resistance to the antibiotic ampicillin. B.

96h ard deviation (SD).

subtilis KCTC 1326 showed as much antibacterial ac-
tivity as other antibiotics against 4. sobria and A.
veronii. In the case of marine-derived bacteria, over-
all, B. subtilis KCTC 1326 exhibited high antimicro-
bial activity, with S. parauberis showing the highest
antimicrobial effect at 34 mm. C. freundii, E. cloacae,
P. shigelloides, and Y. ruckeri belonging to the Enter-
obacterales order exhibited higher antibiotic resist-
ance compared to bacteria isolated from Aeromonas
genus and marine fish. Specifically, in this study, C.
freundii showed resistance to 6 types of 9 types of

antibiotics tested (ampicillin, amoxicillin/clavulanic
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Table 4. Antibiotics susceptibility analysis of Bacillus subtilis KCTC 1326 using minimum inhibitory concentration

MIC) test
Antibiotics Group Antibiotics Range MIC (pg/mL)
Cephalosporin Ceftiofur 0.03~32 0.5
Cephalexin 0.25~64 -
Ampicillin 0.25~128 -
B-Lactam Amoxicillin 0.06~16 0.12
Amoxicillin/Clavulanic acid 0.06/0.03~8/4 0.12/0.06
Lincomycin Clindamycin 0.015~16 0.5
Macrolide Erythromycin 0.03~64 0.12
Phenicol Florfenicol 0.06~64 1
. . Gentamycin 0.12~32 -
Aminoglycoside Neorny};in 0.5~64 -
Doxycycline 0.12~128 1
Tetracycline Oxytetracycline 0.12~256 64
Tetracycline 0.06~64 8
Sulfonamide Trimethoprim/Sulfadiazine 0.12/2.38~16/304 -
Ciprofloxacin 0.015~64 0.06
Enrofloxacin 0.03~32 0.06
Quinolone Flumequine 0.12~128 0.5
Nalidixic acid 0.5~64 8
Oxolinic acid 0.5~32 -

acid, erythromycin, kanamycin, tetracycline, sulfame-
thoxazole/trimethoprim), which aligns with previous
findings showing resistance to B-lactam antibiotics
such as ampicillin, clindamycin, lincomycin, and pen-
icillin (Zhao et al., 2022). Additionally, E. cloacae
and P. shigelloides also demonstrated resistance to
various antibiotics in line with our study, consistent
with the results of other researchers (Mabrok et al.,
2024; Adesiyan et al., 2019).

For our co-culture inhibition study, B. subtilis first
needed to demonstrate antimicrobial effects against
the fish pathogenic bacteria. Additionally, it was nec-
essary to distinguish between the colonies of B. sub-
tilis and the fish pathogenic bacteria for CFU
measurement. In this regard, E. piscicida was selected
as the optimal bacterium for co-culture inhibition ex-
periments because B. subtilis KCTC 1326 does not
grow on the selective SS agar, whereas E. piscicida
produces H,S and forms black colonies on SS agar.
In this study, B. subtilis KCTC 1326 and E. piscicida

were co-cultured to observe inhibition of E. piscicida
growth. Co-culture experiments showed that increas-
ing concentrations of B. subtilis KCTC 1326 inhibited
the growth of E. piscicida in vitro. This could be due
to the inhibition caused by antibacterial substances
produced by B. subtilis, such as lantibiotics, rhizocti-
cin, surfactin, and mycosubtilin (Abriouel et al.,
2011).

According to our research findings, B. subtilis ex-
hibited discursive antimicrobial activity against all 12
species of fish disease bacteria, indicating promising
potential for its application as a probiotic in aquacul-
ture. When fed a diet supplemented with Bacillus
spp., Nile tilapia showed increased immunity and in-
testinal microvilli (Costa et al., 2024). Additionally,
for future use as probiotics in fish, they must not only
be safe for fish but also should not harbor acquired
and transferable antibiotic resistance (Guo et al.,
2016). Therefore, our study also measured MIC to

assess the potential as probiotics in the future.
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According to the European food safety authority
(EFSA), B. subtilis KCTC 1326 has shown antibiotic
susceptibility to clindamycin, erythromycin, gentamy-
cin, and tetracycline. However, clear criteria for inter-
preting MIC values for other antibiotics were not
provided. However, in this study, the MIC values of
oxytetracycline and nalidixic acid were 64 pg/mL and
8 ng/mL, respectively, which are relatively high com-
pared to other antibiotics, indicating the possibility
of antibiotic resistance. This suggests that if B. sub-
tilis KCTC 1326 accumulates in the body at high con-
centrations, it is easily removed by antibiotics.

In conclusion, this study demonstrated the anti-
bacterial effects of B. subtilis KCTC 1326 against
bacterial diseases occurring in 12 species of fish, in-
dicating its potential as a promising candidate for con-
trolling bacterial diseases in aquaculture. Further ex-
ploration into its mechanisms of action, ecological
impacts, commercial viability, and long-term effects
is warranted to fully assess its utility and safety in

aquaculture practices.
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