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The objective of this study was to identify effective strategies for disease

prevention and control that circumvent antimicrobial resistance (AMR) issues,

thereby facilitating sustainable aquaculture practices. This research focused on

isolating probiotic Bacillus strains from the intestinal tract of healthy large yellow

croaker (Larimichthys crocea). Among the 11 strains tested, four demonstrated

protease and lipase activities. Further testing identified one strain, Lysinibacillus

sp. (LYD11), with strong inhibitory activity against Vibrio harveyi and Vibrio

alginolyticus, two major pathogens of the large yellow croaker. The screened

strains showed more than 45% co-aggregation with five pathogens and were

capable of inhibiting pathogen colonization through competition, repulsion, and

substitution adhesion of 20.56 to 48.45%, 40.37 to 75.62% and 55.51 to 85.30%,

respectively. The hydrophobicity and self-aggregation rates of LYD11 were

82.73% and 49.47%, respectively, indicating a potent ability for adhesion and

colonization within the fish intestine. LYD11 demonstrated robust growth under

the NaCl 0.5–3.5% and pH range of 6–8 and was unaffected by the

gastrointestinal environment. Safety evaluations at high concentrations in

grouper, in both injected and fed groups, indicated no adverse effects, as

evidenced by the absence of morbidity or mortality. Consequently,

Lysinibacillus sp. LYD11 emerges as a potential probiotic candidate for the

prevention and control of bacterial diseases in the large yellow croaker.
KEYWORDS

bacterial diseases, probiotics, Lysinibacillus sp., adhesion, colonization,
safety assessment
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1 Introduction

China stands as the leading nation in both aquaculture production

and consumption, with its aquaculture industry experiencing ongoing

expansion. However, this growth has been marred by frequent disease

outbreaks, leading to substantial economic losses (Wu et al., 2022). At

present, disease management poses a significant challenge and an

important factor restricting the healthy and sustainable development of

aquaculture in China (Yuan et al., 2022). Furthermore, the adverse

effects associated with the application of antibiotics and chemical

agents (Kumar et al., 2016; Kavitha et al., 2018) have intensified the

pursuit of innovative, antimicrobial-free strategies for disease

prevention and control within aquaculture, marking a critical area of

research in aquatic disease management.

Probiotics, originating from the Greek word meaning “for life” (El-

Saadony et al., 2021), are characterized by the World Health

Organization (WHO) as “live microorganisms that, when

accumulated in certain amounts, are beneficial to the health of the

host” (El-Saadony et al., 2021; Kasozi et al., 2023). Their application in

human nutrition and animal husbandry has expanded significantly,

demonstrating efficacy in the prevention and treatment of a variety of

diseases (Chauhan and Singh, 2019; Wang et al., 2021; Iorizzo et al.,

2022). However, despite their proven efficacy in humans and other

mammals, the integration of probiotics into aquaculture remains in its

infancy, with limited exploration of related mechanisms (Martıńez

Cruz et al., 2012). In aquaculture, probiotics are employed as safe

dietary supplements, boosting host health by promoting growth,

providing nutrients, regulating intestinal bacterial flora, maintaining

intestinal epithelial barrier integrity, improving immune responses,

increasing feed utilization, enhancing digestive and absorptive enzyme

activities, improving water quality, and increasing disease resistance in

fish (He et al., 2013; El-Saadony et al., 2021; Jahan et al., 2021). Bacillus

species are notable among probiotics for their superior characteristics,

stemming from their ability to synthesize antimicrobial compounds

that modulate microbial activity without toxicity or pathogenicity, and

their spore-forming capabilities, which confer enhanced heat resistance

and extended viability, offering a considerable survival advantage in

different environments (Geng et al., 2012; Kavitha et al., 2018;

Kuebutornye et al., 2019; Van Doan et al., 2020). Research has

documented the improvement of disease resistance in various aquatic

species, such as rainbow trout (Neissi et al., 2024), tilapia (Liao et al.,

2023), and white shrimp (Proespraiwong et al., 2023), following dietary

supplementation with Bacillus, suggesting potential viability as an

alternative to antibiotics.

Bacillus species applied in aquaculture originate from various

sources, including soil, water, decaying organic matter, commercial

products, and the gastrointestinal tracts of fish and other vertebrates

(Sankar et al., 2017; Sumon et al., 2018; Adorian et al., 2019). Previous

studies have demonstrated that host-associated probiotics can confer

beneficial effects, including enhanced growth performance and

disease resistance (Peixoto et al., 2021). However, most probiotics

utilized in aquaculture are commercially sourced and often fail to

colonize the fish gut or deliver probiotic benefits due to their non-

aquatic origins (Kavitha et al., 2018; Mortezaei et al., 2020). As such,

the aquaculture industry needs to adopt probiotics isolated from

aquatic organisms (Kuebutornye, 2020).
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The large yellow croaker (Larimichthys crocea), which is

primarily distributed in the southern Yellow Sea, East China Sea,

northern South China Sea, and Taiwan Strait, inhabits the lower

and middle layers of coastal and offshore waters at depths up to

80 m. This species is highly valued by consumers for its delicate and

flavorful flesh, golden scales and lips, and aesthetically pleasing

appearance (Huang et al., 2023). Despite being the most significant

marine fish in China in terms of aquaculture production, the large

yellow croaker is plagued by a variety of bacterial diseases. In the

current study, we investigated a novel approach for preventing and

controlling bacterial diseases in the large yellow croaker, focusing

on methods that do not lead to pathogen resistance. We isolated

and evaluated probiotic Bacillus strains from the intestinal tract of

healthy large yellow croakers, examining their ability to produce

enzymes, inhibit bacterial growth, and prevent the adhesion of

pathogenic bacteria.
2 Materials and methods

2.1 Ethics statement

All animal experiments were approved by the Animal Ethics

Committee of Jimei University (permit number JMULAC2011–58)

and were carried out in compliance with the National Institutes of

Health’s Guide for the Care and Use of Laboratory Animals.
2.2 Isolation of intestinal bacteria

Healthy fish (300–400 g body weight) were euthanized by

immersion in a tank containing MS-222 (100 ppm, West Gene,

China) for 15 min. Subsequently, the fish were rinsed several times in

sterile water and their body surface was disinfected with 75% alcohol

(XiLong, China). The abdomen was opened using sterile scissors and

the gastrointestinal tract was removed and rinsed with sterile saline to

remove intestinal contents. The weight of the extracted intestines was

recorded before the addition of saline (Concentration of 0.9%) at a

rate of 0.5 g/ml and homogenization on ice. The resulting

homogenate was then subjected to a 30 min water bath at 60°C,

followed by serial dilution and plating on LB agar. After incubation

for 24 h at 37°C, single colonies on the LB agar plates were isolated

and purified by plate streaking to obtain pure cultures. The purified

isolates were stored in Luria-Bertani (LB) broth supplemented with

20% glycerol (Macklin, China) at −80°C.
2.3 Screening of potential probiotics

2.3.1 Enzyme-producing capacity
The extracellular activities of protease, amylase, and lipase in

the selected bacterial strains were quantitatively estimated using

protease, amylase, and lipase test agar plates following previous

published methods (Leyva-Madrigal et al., 2011). The formula of

the medium used for the enzyme-producing capacity assay was:

Protease agar plate: beef paste (Macklin, China) 3g, peptone
frontiersin.org
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(Macklin, China) 10g, NaCl (Macklin, China) 5g, agar powder

(Macklin, China) 16g, skimmed milk powder (Biosharp, China) 2g,

distilled water 1000ml. Amylase agar plate: beef paste 3g, peptone

10g, NaCl 5g, soluble starch (Macklin, China) 10g, agar powder 16g,

distilled water 1000ml. Lipase agar plate: peptone 10g, calcium

chloride monohydrate 0.1g, Tween-80 (Macklin, China) 10ml, agar

powder 16g, distilled water 1000ml. Following incubation for 24 h

at 37°C in a thermostat, the presence of hydrolysis and precipitation

zones was determined, and their diameters were calculated.

2.3.2 Antimicrobial activity of isolated strains
The antimicrobial activity of isolated strained was tested

following previous study (Wang et al., 2022). Indicator strains,

including Vibrio harveyi, Vibrio alginolyticus, Pseudomonas

plecoglossicida, Aeromonas hydrophila, and Edwardsiella tarda

The strains used for the antimicrobial test were taken from

growth stationary phase cells and cultured three times in

passages, with their optical density at 600 nm (OD600) adjusted to

0.3. The bacterial culture samples of V. harveyi, V. alginolyticus, P.

plecoglossicida, A. hydrophila, and E. tarda were mixed with LB agar

medium at a volume ratio of 1:9. Three small holes (approximately

8 mm in diameter) were created in the medium, and added 100 mL
of isolated bacterial culture samples. After incubation at 37°C for

24 h in a constant temperature incubator, the diameter of the

inhibition zone was measured.

2.3.3 In vitro adhesion capacity
2.3.3.1 Bacterial culture and in vitro mucus preparation

Bacterial agglutination ability was determined following

previously published methods (Wang et al., 2022). In brief,

bacterial cultures were incubated at 37°C for 16–18 h, then

centrifuged at 4 500 rpm for 10 min and washed twice with sterile

phosphate-buffered saline (PBS, Biosharp, China). The bacteria were

suspended in Heps-Hank’s buffer with Hepes (HHBS: 10 mMHepes;

pH 7.4. ShangHai MaoKang, China) (1 × 108 CFU/mL) and stored at

4°C. Mucins were prepared following previously described protocols

(Xin et al., 2022). The gastrointestinal tract of healthy large yellow

croakers was harvested and washed with PBS containing 0.01%

gelatin (Macklin, China), with the inner surface of the intestine

then scraped to obtain the mucinous protein mixture, which was

transferred to HHBS. The supernatant was collected after

centrifugation and its concentration was adjusted to 0.5 mg/mL,

followed by storage at 20°C. Hoechst 33258 staining solution

(Beyotime, China) was added to the bacterial suspension to a final

concentration of 2 mg/mL. After 30 min of dark staining at 37°C, the

collected bacteria were twice washed with PBS and suspended in

HHBS by centrifugation. After adjustment to a concentration of 1 ×

108 CFU/mL, the bacterial suspension was stored at 4°C.

2.3.3.2 In vitro adhesion assay

Mucin was added to 96-well black polystyrene culture plates

and fixed at 4°C for 24 h. After washing the culture plate with 200

mL of HHBS, 100 mL of stained bacteria (1.0 × 108 CFU/mL) was

added to each well and incubated at 37°C for 1 h. After rewashing

the plate, 200 mL of 1% sodium dodecyl-sulfate (SDS, Macklin,
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China)-0.1 mol/L NaOH (XiLong, China) lysate was added to each

well and incubated at 60°C for 1 h. For the negative control, 100 mL
of unlabeled bacteria (1.0 × 108 CFU/mL) was added to each well.

For the positive control, 100 mL of labeled bacteria (1.0 × 108 CFU/

mL) was added to each well. Fluorescence intensities of the negative

control (t0), positive control (t1), and experimental group (t2) were

measured using an automatic fluorescence microplate reader, with

an excitation wavelength of 340 nm and fluorescence emission

wavelength of 460 nm. The adhesion rate was determined using the

equation adhesion rate (%) = [(t2 − t0)/(t1− t0)] × 100.

The effect of bacterial adhesion was observed according to

previous research (Yang et al., 2023). Mucus (20 mL) was evenly

spread onto a glass slide (22 × 22 mm, Biosharp, China) and fixed

with 200 mL of 4% methanol (Beyotime, China) for 30 min, after

which 200 mL of bacterial suspension (1.0 × 108 CFU/mL) was

evenly spread over the mucus. After incubation at 28°C for 2 h in a

humidified chamber, the slides were washed three times with PBS to

remove non-adhered cells. The adhered bacterial cells were fixed

using 200 mL of 4% methanol for 30 min, stained with 0.1% crystal

violet for 3 min, rinsed with PBS, and finally observed under a Leica

microscope. (×1 000).
2.4 Identification

Morphological observations and Gram staining were used for

preliminary identification of bacteria, which were cultured in LB

liquid medium at 37°C for 24 h. DNA extraction was performed

using a FastPure Cell DNA Isolation Mini Kit (Vazyme, China), in

accordance with the manufacturer’s instructions. Using polymerase

chain reaction (PCR) with the molecular identification targeting

16S rRNA genes primers sequences 27F (5’-AGAGTTTGAT

CCTGGCTCAG-3 ’) and 1492R (5 ’-TACGGCTACCTTG

TTACGACTT-3 ’). The PCR products were detected by

electrophoresis on a 1% agarose gel containing ethidium bromide.

The sequencing of the PCR products was carried out by Shanghai

Shengong Bioengineering Co., Ltd. (China). Sequence analysis was

performed using BLAST (National Institutes of Health, USA; http://

blast.ncbi.nlm.nih.gov/blast.cgi). Multisequence alignments were

obtained using CLUSTALW implemented in MEGA 7.0.

Phylogenetic reconstructions of sequencing data were performed

using the neighbor-joining (NJ) method, with branching reliability

tested using bootstrap resampling with 1 000 pseudo-replicates.
2.5 Blocking pathogenic bacterial
adherence and colonization ability

2.5.1 Co-aggregation assay
Bacterial agglutination ability was determined following

existing methods (Jlidi et al., 2022), with minor modifications. In

brief, V. harveyi, V. alginolyticus, P. plecoglossicida, A. hydrophila,

and E. tarda were selected as indicator bacteria. Bacterial cells were

collected by centrifugation at 5 000 rpm for 10 min and washed

twice with sterile saline (0.9%). The cells were then resuspended to a

final concentration of 1.0 × 108 CFU/mL (A0). Equal volumes of the
frontiersin.org
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LYD11 and indicator bacterial suspensions were combined,

vortexed for 1 min, and allowed to stand at room temperature.

The upper layer of the solution was collected, and OD600 was

measured for 2 h (At). Sterile saline was used as a blank control.

Co� aggregation rate ( % ) = (A0 –At)=A0 � 100

Where A0 represents absorbance at 0 h and At represents

absorbance at 2 h.

2.5.2 Bacterial adhesion assay
The bacterial adhesion assay was performed in reference to

existing methods (Wang et al., 2022), with some modifications.

2.5.2.1 Competitive inhibition adhesion assay

For the competitive inhibition adhesion assay, 100 mL of mucin

was placed in a 96-well black polystyrene culture plate and fixed at

4°C for 24 h. The culture plate was washed twice with 200 mL of

HHBS to remove non-adherent mucin, followed by the addition of

100 mL of stained (1.0 × 108 CFU/mL) and unstained bacteria (1.0 ×

108 CFU/mL). For the positive control, wells were inoculated with

100 mL of fluorescently labeled bacterial pathogens (1.0 × 108 CFU/

mL) and incubated at 37°C for 1 h, followed by two washes with

HHBS buffer. Afterwards, 200 mL of 1% SDS-0.1 mol/L NaOH

lysate was introduced to each well and incubated at 60°C for 1 h to

detach and elute the adherent bacteria. In the negative control, 100

mL of non-fluorescently labeled bacteria (1.0 × 108 CFU/mL) and

pathogenic bacteria (1.0 × 108 CFU/mL) were added, with

subsequent fluorescence measured using an automated

fluorescence microplate reader.

Adhesion inhibition rate  %   =

 
flourescence intensity of test group� flourescence intensity of negative control

flourescence intensity of positive control� flourescence intensity of negative control
� 100%
2.5.2.2 Rejection inhibition adhesion assay

In the rejection inhibition adhesion assay, 100 mL of mucin was

placed in a 96-well black polystyrene culture plate and incubated at

4°C for 24 h. The plate was then washed twice with 200 mL of

HHBS, to remove non-adherent mucin, followed by the addition of

100 mL of unstained bacteria (1.0 × 108 CFU/mL). After incubation

at 37°C for 1 h, the plates were washed twice with HHBS, followed

by the addition of 100 mL of stained bacterial strains (1.0 × 108 CFU/

mL). For the positive control, wells were inoculated with 100 mL of

fluorescently labeled bacterial pathogens (1.0 × 108 CFU/mL),

incubated at 37°C for 1 h, and subsequently washed twice with

HHBS. Then, 200 mL of 1% SDS-0.1 mol/L NaOH lysate was

introduced to each well and incubated at 60°C for 1 h to detach

and collect adherent bacteria. In the negative control, 100 mL of

non-fluorescent bacteria (1.0 × 108 CFU/mL) and non-fluorescent

pathogenic bacteria (1.0 × 108 CFU/mL) were added, with

fluorescence subsequently measured using an automated

fluorescence microplate reader.

Adhesion inhibition rate  %   =  

flourescence intensity of test group� flourescence intensity of negative control
flourescence intensity of positive control� flourescence intensity of negative control

� 100%
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2.5.2.3 Substitution inhibition adhesion assay

In the substitution inhibition adhesion assay, 100 mL of mucin

was placed in a 96-well black polystyrene culture plate and

incubated at 4°C for 24 h. The plate was then washed twice with

200 mL of HHBS, to remove the non-adherent mucin, followed by

the addition of 100 mL of stained pathogenic bacteria (1.0 × 108

CFU/mL) and incubation at 37°C for 1 h. The plate was then

washed twice with HHBS, followed by the addition of 100 mL of

unstained bacterial solution (1.0 × 108 CFU/mL). For the positive

control, wells were inoculated with 100 mL of fluorescently labeled

bacterial pathogens (1.0 × 108 CFU/mL), incubated at 37°C for 1 h,

and washed twice with HHBS buffer. Subsequently, 200 mL of 1%

SDS-0.1 mol/L NaOH lysate was added to each well and incubated

at 60°C for 1 h to elute the adherent bacteria. In the negative

control, 100 mL of non-fluorescent bacteria (1.0 × 108 CFU/mL) and

non-fluorescent pathogenic bacteria (1.0 × 108 CFU/mL) were

introduced to the wells, with fluorescence then measured using an

automated fluorescence microplate reader.

Adhesion inhibition rate  %   =  

flourescence intensity of test group� flourescence intensity of negative control
flourescence intensity of positive control� flourescence intensity of negative control

� 100%
2.6 Adhesion and colonization ability

2.6.1 Cell surface hydrophobicity
Bacterial cell surface hydrophobicity (CSH%) was assessed in

accordance with previously established methods (Kuebutornye,

2020), with some modifications. In brief, bacterial cells were

harvested by centrifugation at 5 000 rpm for 10 min, washed

twice with sterile saline, and resuspended to achieve a

concentration of 1.0 × 108 CFU/mL. The bacterial suspension (3

mL) was mixed with 1 mL of xylene (Macklin, China), pre-

incubated at room temperature for 10 min, then vortexed for

2 min. After allowing the mixture to stand for 40 min at room

temperature, the aqueous phase was separated and OD600 was

measured, using sterile saline as the blank control. The

hydrophobicity was determined based on set criteria (Santos

et al., 1990), where a CSH% greater than 50% indicates high

hydrophobicity, a CSH% ranging from 20% to 50% suggests

moderate hydrophobicity, and a CSH% less than 20% denotes

low hydrophobicity.

Cell surface hydrophobicity (CSH, % ) = (1 − A1=A0)� 100

Where A0 represents absorbance at 0 h and At represents

absorbance at 40 min.

2.6.2 Auto-agglutination assay
The self-aggregation ability of selected Bacillus strains was

analyzed based on previously published methods (Kuebutornye,

2020), with slight modifications. In brief, bacterial cells were

collected by centrifugation at 5 000 rpm for 10 min and

subsequently washed twice with sterile saline. The cells were then

resuspended to achieve a concentration of 1.0 × 108 CFU/mL. The

bacterial suspension (1.8 mL) was then placed in a 2-mL EP tube,
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vortexed for 30 s, and allowed to stand at room temperature for 2 h.

The OD600 of the upper layer of the solution was measured, using

sterile saline as a control.

Auto� aggregation rate ( % ) = (A0 –At)=A0 �  100

Where A0 represents absorbance at 0 h and At represents

absorbance at 4 h.

2.6.3 Fish colonization assay
Healthy groupers (average weight of 19 ± 1.0 g) were randomly

divided into two groups containing 30 fish each. The aquarium was

continuously aerated during the experimental period and the water

temperature was maintained at 27°C. To maintain water quality,

one-third of the aquarium water was replaced twice daily. The fish

were fed a basic diet, and fecal matter was regularly removed.

Following a one-week acclimatization period, the fish were prepared

for the experiment.

Use Jianma brand grouper compound feed, purchased from

Fujian Tianma Technology Group Co., Ltd. The LYD11 bacterial

cells were harvested by centrifugation at 5 000 rpm for 10 min,

washed twice with sterile saline, and resuspended to achieve a

concentration 1.0 × 1010 CFU/ml. Then mixed with the basal diet

and dried at low temperature to obtain the LYD11 diet (bacterial

content 1.0 × 109 CFU/g). The basic feed containing equal amount

of sterile saline (0.9%) was prepared as a control. Each group of fish

was fed once a day (8.5 g per group) for 7 days. Intestinal tissue

samples were collected from the intestinal tract on days 7 and 10

following the commencement of the feeding regimen. These tissues

were homogenized in sterile saline (0.9%) to achieve a mass-to-

volume ratio of 1 g/mL, then incubated in a water bath at 60°C for

30 min. Subsequently, the homogenized samples were coated on LB

agar medium to assess the presence of bacterial colonies.
2.7 Tolerance test

2.7.1 NaCl concentration tolerance
The salinity of the LB liquid medium was modified to varying

NaCl concentrations (0.5%, 1.5%, 2.5%, 3.5%, 4.5%, 5.5%, and

6.5%). Bacterial cultures were then incubated overnight under

constant temperature (37°C) with shaking. Subsequently, the

cultures were diluted 1:50 into LB liquid medium at the

designated salinity levels. After a 5 min stabilization period,

incubation proceeded for 24 h with continuous shaking and then

the OD600 of the bacterial culture samples was measured.

2.7.2 pH tolerance
The pH levels of the LB liquid medium were adjusted to 2, 4, 6,

8, and 10 with the addition of dilute hydrochloric acid (HCl, Luqiao,

China) solution and 1 mol/L NaOH solution. The bacterial cultures

to be tested were incubated overnight under a constant temperature

(37°C) with shaking. Inoculate 1:50 into different concentrations of

LB liquid medium, start timing after 5 min and incubate for 24 h

with shaking and then the OD600 of the bacterial culture samples

was measured.
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2.7.3 Simulated gastrointestinal tolerance assay
The resilience of strains to simulated gastric and intestinal fluids

was evaluated using a modified method (Zhang et al., 2022). To

prepare the simulated gastric fluid, 16.4 mL of 10% HCl and 1 mg/

mL pepsin (Solarbio, China) were mixed into LB liquid medium,

with the pH adjusted to 3, followed by sterilization through a

0.22 mmmembrane filter. For the simulated intestinal fluid, 1.36 g of

KH2PO4 was dissolved in 100 mL of LB liquid medium, with trypsin

added to achieve a concentration of 10 mg/mL (Solarbio, China)

and the pH adjusted to 6.8, following by sterilization using a

0.22 mm membrane filter. The bacteria to be tested underwent

overnight incubation at a constant temperature (37°C) with

shaking. The bacteria were then diluted at a ratio of 1:50 into LB

medium adjusted for the respective assays, with timing starting

5 min later and incubation continuing for 4 h with shaking, and

then the OD600 of the bacterial culture samples was measured.

2.7.4 Bile salt tolerance
LB liquid medium was prepared with concentrations of porcine

bile salts (Biosharp, China) at 0.15, 0.3, and 0.45 mg/mL. A control

medium without any additions was also prepared. Both media were

then filtered using a 0.22 mm filter. The bacterial cultures designated

for evaluation were inoculated into the prepared LB medium at a

1:50 dilution and subjected to incubation with shaking. The OD600

of the bacterial culture samples was recorded after a 4 h

incubation period.
2.8 Safety evaluation

2.8.1 Hemolytic activity
Hemolytic activity was assessed according to earlier research

(Chang et al., 2000). In brief, bacterial colonies were streaked onto

blood agar plates supplemented with 5% defibrinated sheep blood

(Vazyme, China) and incubated at 37°C for 24–48 h. The presence

of transparent zones around the bacterial colonies on the agar plate

suggests b-hemolysis, while green zones signify a-hemolysis, and

the absence of any change indicates g-hemolysis.

2.8.2 Antibiotic susceptibility assay
The antibiotic susceptibility of the selected isolates was evaluated

based on previous research (Thankappan et al., 2015). The screened

strains were inoculated in LB liquid medium and incubated at 37°C

for 18–24 h. Subsequently, 100 mL of bacterial suspension was evenly

spread on an LB solid medium plate, and a drug-sensitive paper sheet

(HangWei, China) was placed on the surface of the petri dish

medium. The plates were incubated at a constant temperature (37°

C) for 24 h. The sensitivity of the strains to antibiotics was assessed

based on the diameter size of the final inhibition ring. The test results

were evaluated using the WS/T125–1999 Standard for Antimicrobial

Drug Sensitivity Test by Paper Slice Method.

2.8.3 Biosafety evaluation
Healthy groupers (average weight of 19 ± 1.0 g) were randomly

divided into two groups containing 30 fish each. The aquarium was
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kept continuously aerated during the experimental period and the

water temperature was maintained at 27°C. To maintain water

quality, one-third of the aquarium water was replaced twice daily.

The fish were fed a basic diet, and fecal matter was regularly

removed. Following a one-week acclimatization period, the fish

were prepared for the experiment.

The bacterial strains were incubated at 37°C until reaching the

exponential growth phase, followed by centrifugation at 6 000 rpm

for 10 min. The concentration of the bacterial suspension was then

adjusted to 1.0 × 109 CFU/mL for safety evaluation using both

injection and feeding approaches. Each fish received an injection of

0.1 mL of the bacterial solution. Post-injection, the groupers were

returned to their original aquatic environment for further

cultivation. Feed infused with bacteria (1.0 × 109 CFU/g) was

prepared, while the control group received a similar quantity of

blank feed (sterile saline) daily (8.5 g/group) for a duration of 7

days. Mortality rates were documented throughout a 15 day

observation period.

After 15 days of observation, three fish were randomly selected

from each group and anesthetized with MS-222 (100 ppm). The

liver, spleen, and blood were then removed under aseptic

conditions. All samples, apart from the blood, were weighed and

homogenized in 0.9% sterile saline at a mass-volume ratio of 1 g/

mL. The homogenized samples were then coated on LB agar

medium, with the absence of bacterial growth indicative of

probiotic safety. Other liver and spleen tissues were fixed in

Dietrich’s fixative (70% paraformaldehyde, 5% glacial acetic acid,

and 25% anhydrous ethanol). After dehydration and paraffin

embedding, 10 mm serial sections were created using a

microtome. Pathological changes were assessed via hematoxylin-

eosin (H&E) staining.

After 7 days of feeding, the entire intestine was removed.

Midgut tissues were collected and fixed in Dietrich’s fixative.

After dehydration and paraffin embedding, 10 mm serial sections

were prepared using a microtome and examined using H&E

staining. The presence of intestinal tissue damage was assessed.
2.9 Statistical analysis

Statistical analyses were conducted using one-way analysis of

variance (ANOVA) with SPSS v22.0. Duncan’s multiple

comparison test was used to evaluate differences among groups. A

P-value of less than 0.05 was considered significant. All experiments

were performed in triplicate.
3 Results

3.1 Isolation and enzyme-
producing capacity

A total of 11 strains were isolated from the intestinal tract of the

yellow croaker, among which four strains were screened to produce

protease and lipase (Table 1). These four strains formed substantial

discoloration zones on more than one type of medium after 24 h of
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incubation. Thus, these four strains, demonstrating high enzyme

production capacities, were selected for further analysis.
3.2 Antimicrobial activity of isolated strains

The results from in vitro assays evaluating the antagonistic

potential against common pathogens are shown in Table 2 and

Figure 1. These results indicate that the LYD11 strain exhibited

inhibitory capabilities against two significant pathogens after 24 h of

incubation, characterized by inhibition zones extending beyond

22 mm in diameter. Conversely, the LYD6 strain exhibited

antagonistic properties against only one common pathogen.
3.3 In vitro adhesion assay

Figure 2 presents the adhesion rates of the LYD6 and LYD11

strains to the mucus protein of the large yellow croaker. Results

indicated that the mucus protein adhesion rate of LYD11 (13.57%)

was higher than that of LYD6 (P< 0.05). Based on comparative

analysis of adhesion capabilities, the LYD11 strain was chosen for

further experimentation.
3.4 Identification

Strain morphology was characterized by observational analysis.

The LYD11 colonies formed on the LB solid medium were white,

with a raised center and a rough and irregular morphology. Gram

staining and microscopic examination identified LYD11 as a gram-

positive bacterium with a short rod-shaped morphology (Figure 3A,

B). The 16S rDNA sequences of the strains were compared with

BLAST sequences in GenBank, revealing a homology of more than

99.8%. Phylogenetic analysis based on the 16S rDNA sequences was
TABLE 1 Diameters (mm) of enzymatic circles of each isolated strain on
protease, lipid, and amylase agar plates.

Bacterial
strain

Protease
agar plate

Lipase
agar plate

Amylase
agar plate

LYD1 7.90 ± 0.14 / /

LYD2 / / /

LYD3 / / /

LYD4 9.59 ± 0.38 9.06 ± 0.46 /

LYD5 / / /

LYD6 10.42 ± 0.57 9.12 ± 0.01 /

LYD7 / / /

LYD8 12.05 ± 0.11 9.46 ± 0.10 /

LYD9 / 9.25 ± 0.34 /

LYD10 / 10.33 ± 0.42 /

LYD11 20.85 ± 0.44 33.51 ± 0.33 /
Values are mean ± standard deviation (SD). “/” Indicates no enzyme-producing capacity.
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conducted using the proximity method. Results showed that the

LYD11 strain was clustered with Lysinibacillus species, forming a

distinct branch. Thus, comparison of the 16S rDNA gene sequences

and phenotypic characteristics confirmed the identification of

LYD11 as Lysinibacillus sp. (Figure 3C).
3.5 Blocking pathogenic bacterial
adherence and colonization ability

The LYD11 strain demonstrated significant co-aggregation

capabilities with various pathogens, with co-aggregation percentages

surpassing 40% (Figure 4A). Specifically, LYD11 exhibited the highest

co-aggregation percentages against E. tarda (57.21%), P. plecoglossicida

(54.08%), and A. hydrophila (47.15%) following 2 h of incubation.

Additionally, LYD11 showed notable co-aggregation ability against V.

alginolyticus (45.16%) and V. harveyi (43.77%).

The capacity of the isolated LYD11 strain to engage in

competition, rejection, and substitution with five pathogenic

bacteria, E. tarda, A. hydrophila, P. plecoglossicida, V. alginolyticus,

and V. harveyi, was further explored (Figures 4B–D, 5). Notably,

LYD11 exhibited strong competition inhibition against all five

pathogens, with a significantly greater inhibitory effect on V.

alginolyticus than on the other four pathogens (P< 0.05), reaching

approximately 50%. The LYD11 strain also exhibited strong rejection

inhibition against all five pathogenic bacteria, with a significantly

higher inhibitory effect on V. alginolyticus and V. harveyi than on the

other pathogenic bacteria, exceeding 60% (P< 0.05). LYD11 also

exhibited significant and varying substitution inhibition against all

five pathogens, with the highest inhibitory effect on V. harveyi,
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V. alginolyticus, and P. plecoglossicida, reaching approximately 80%,

and the weakest inhibitory effect on E. tarda, still achieving over 50%

(P< 0.05).
3.6 Tolerance test

The LYD11 strain demonstrated high survival across various

tolerance tests during the study (Figure 6), including a wide salt

tolerance range. Notably, LYD11 growth remained robust at NaCl

concentrations ranging from 0.5% to 3.5% but decreased

significantly (P< 0.05) at levels exceeding 3.5%.

The screened strains were also subjected to pH tolerance tests

under different culture conditions. Results showed that LYD11

exhibited broad adaptability to both acidic and alkaline

environments, thriving in a pH range of 2–10, with optimal

growth observed between 6 and 8. While the growth capabilities

of LYD11 were significantly diminished at the extremes of pH 2, 4,

and 10, it still managed weak growth.

The resilience of the strains in simulated gastric and intestinal

fluids was tested to gauge their survival potential within the

gastrointestinal tract of the host. Results showed that LYD11 grew

slower in the simulated gastric fluid after 4 h, but grew significantly

faster in the simulated intestinal fluid, indicating potential

preferential adaptation to this environment.

LYD11 also showed good tolerance to bile salt exposure at

concentrations of 0.15%, 0.30%, and 0.45% over 4 h. At a bile salt

concentration of 0.15%, LYD11 growth did not differ significantly

from the control. While bacterial growth was influenced at a bile salt

concentration of 0.45%, growth activity remained high.
TABLE 2 Diameter (mm) of inhibition zones for each isolate against common pathogens of large yellow croaker.

Bacterial strain E. tarda A. hydrophila P. plecoglossicida V. alginolyticus V. harveyi

LYD4 / / / / /

LYD6 / / / / 11.52 ± 0.46

LYD8 / / / / /

LYD11 / / / 26.53 ± 0.38 22.38 ± 0.24
Values are mean ± SD. “/” Indicates no antimicrobial capacity.
A B C

FIGURE 1

Inhibitory effects of (A) LYD6 strain against V. harveyi, (B) LYD11 strain against V. harveyi, and (C) LYD11 strain against V. alginolyticus..
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3.7 Adhesion and colonization ability

As detailed in the surface hydrophobicity and agglutination

tests (Figure 7A), the LYD11 strain exhibited high hydrophobicity

(82.73%) after 40 min, as well as strong self-agglutination capability

(49.47%) after 2 h.
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Intestinal tissues were collected on days 7 and 10 following one-

week administration of a bacterial-containing diet. Analysis of

homogenized samples revealed the absence of Bacillus colonies in

the control group, while the group that received the LYD11 strain

diet showed the presence of colonies. Colonies exhibiting similar

morphological characteristics were selected and confirmed as
A B

FIGURE 2

(A) In vitro adhesion results of LYD6 and LYD11 strains. (B) Bacterial LYD11 adhesion images.
A B

C

FIGURE 3

(A) Colony morphology and (B) Gram staining results of LYD11 strain. (C) Phylogenetic tree of LYD11 strain isolated from intestinal tract of large
yellow croaker.
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Lysinibacillus strains by DNA sequencing (100% similarity). While

the number of colonies decreased with increasing days, a small

amount of LYD11 was still detectable in the intestines on day 10

post-feeding (Figure 7B). These findings suggest a robust

colonization ability of the strain, providing a solid foundation for

its beneficial effects.
3.8 Biosafety evaluation

Figure 8A illustrates the hemolytic behavior of the LYD11

strain, which did not produce zones around the colonies,

classifying it as g-hemolytic. In vitro antibacterial tests indicated

that LYD11 was highly sensitive to 11 antibiotics, moderately

sensitive to 15, and resistant to four (Table 3). In vivo biosafety
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testing showed no mortality in either the experimental or control

groups, maintaining a survival rate of 100%. There were no

noticeable changes in the physical or anatomical findings between

the control and experimental groups (Figure 9). Cultures from

blood, liver, or spleen homogenates did not yield any bacterial

colonies. Further, histological analysis of liver and spleen tissue

sections revealed the absence of lesions, with cells appearing closely

packed and intact, suggesting a high safety level of LYD11 for

grouper application (Figure 10). The survival rate for grouper fed

with feed containing LYD11 also stood at 100%. Histological

examination of grouper midgut sections (Figure 8B) showed no

pathological changes. Notably, there was an increase in the

thickness of the muscularis layer in the midgut for the group

treated with LYD11, suggesting improved nutrient absorption,

unlike in the control group.
A B

DC

FIGURE 4

(A) Co-aggregation results of LYD11 strain with five pathogenic bacteria. (B) Rate of adhesion inhibition of LYD11 strain against five pathogenic
bacteria by competition. (C) Rate of adhesion inhibition of LYD11 strain against five pathogenic bacteria by rejection. (D) Rate of adhesion inhibition
of LYD11 strain against five pathogenic bacteria by substitution. Different letters indicate significant differences between groups (P < 0.05, ANOVA
and Duncan’s multiple comparison test).
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4 Discussion

The origin of probiotics plays a critical role in their screening

and application, directly affecting their efficacy, with inappropriate

strains potentially damaging host intestines upon introduction. The

diminished effectiveness of many commercial aquatic micro-

ecological products may stem from their non-aquatic origins,

leading to inefficiencies within the intestinal tracts and aquatic

environments of their intended hosts (Cerezuela et al., 2012).

Aquatic and terrestrial animals differ significantly in their living

environments, growth, development, and intestinal flora

composition (Vine et al., 2004). The aquatic animal gut

constitutes a dynamic ecosystem, hosting a multitude of

microorganisms vital for animal health, yet largely unexplored

(Kuebutornye, 2020; Medina et al., 2020; Jlidi et al., 2022b). The

gastrointestinal microbiota is considered a prime candidate for the

isolation and screening of potential probiotics, with those derived

from the host itself being safer and more effective than those

screened from other animals and environments (Zorriehzahra
Frontiers in Marine Science 10
et al., 2016; Yamashita et al., 2020; Santos et al., 2021). In this

study, we isolated Bacillus species from the intestinal tract of large

yellow croaker and evaluated their probiotic potential and safety,

aiming to identify the most suitable strain for disease prevention

and control in large yellow croaker culture.

Bacterial diseases continue to constrain the development of

large yellow croaker aquaculture, with probiotics emerging as a

viable alternative to manage these diseases (Khan et al., 2021). In the

present study, key pathogenic bacteria in large yellow croaker

aquaculture were selected as indicator bacteria for inhibition

experiments, revealing V. alginolyticus and V. harveyi as the most

sensitive to the Lysinibacillus LYD11 strain. Vibrio species, known

as opportunistic pathogens in aquatic environments, pose a threat

to marine fish, with most species being vulnerable to at least one

Vibrio species (Khan et al., 2023). As a result, Vibrio infections have

become economically significant in marine aquaculture, adversely

affecting many fish and farmed species (Uzun and Ogut, 2015).

Previous research has highlighted the efficacy and beneficial activity

of Lysinibacillus as a feed additive in tilapia (Reda et al., 2018), as
FIGURE 5

Competition, rejection, and substitution adhesion inhibitory effects of LYD11 strain against five pathogenic bacteria. LYD11 strain is the larger and
darker colored bacterium. (100×).
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well as its antimicrobial activity against Gram-positive and Gram-

negative bacteria and fungi. Reda et al. (Reda et al., 2018) isolated

Lysinibacillus strains from the intestinal tract of Nile tilapia,

demonstrating potential probiotic properties and antagonistic

activity against specific pathogens, including A. mildewii, A.

hydrophila, P. aeruginosa, P. malodorata, and Staphylococcus
Frontiers in Marine Science 11
aureus. Furthermore, Rosland et al. (Rosland et al., 2021)

identified Lysinibacillus strains A-1 and C1–3, which exhibited

inhibitory effects on V. harveyi and V. parahaemolyticus,

consistent with our findings. However, this investigation marks

the first isolation of a Lysinibacillus species with probiotic potential

from the intestinal tract of the large yellow croaker. In the previous
A B

DC

FIGURE 6

Growth of LYD11 strain under different (A) NaCl concentrations, (B) pH conditions, (C) simulated gastric and intestinal fluids, and (D) bile salt
concentrations. Different letters indicate significant differences between groups (P < 0.05, ANOVA and Duncan’s multiple comparison test).
A B

FIGURE 7

(A) Hydrophobicity and self-agglutination rate of LYD11 strain. (B) Intestinal homogenate smear results of grouper after 10 days of LYD11-
strain feeding.
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A B

FIGURE 8

(A) Hemolytic activity of LYD11 strain. (B) H&E staining of midgut tissues after feeding LYD11 strain to grouper.
TABLE 3 Antibiotic susceptibility testing of LYD11 strain.

Antibiotic Drug content mg/piece
Inhibition zone diameter stan-

dard/mm
LYD11

R I S Inhibition zone diameter/mm Sensibility

Penicillin G 10 U ≤17 18~20 ≥21 22.34 S

Oxacillin 1 ≤10 11~12 ≥13 8.06 R

Ampicillin 10 ≤13 14~16 ≥17 20.31 S

Carbenicillin 100 ≤19 20~22 ≥23 20.78 I

Piperacillin 100/10 ≤17 18~20 ≥21 19.77 I

Cefalexin 30 ≤14 15~17 ≥18 16.72 I

Cefazolin 30 ≤14 15~17 ≥18 20.74 S

Cephradine 30 ≤14 15~17 ≥18 19.43 S

Cefuroxime 30 ≤14 15~22 ≥23 19.19 I

Ceftazidime 30 ≤14 15~17 ≥18 8.29 R

Ceftriaxone 30 ≤13 14~20 ≥21 17.00 I

Cefoperazone 75 ≤15 16~20 ≥21 18.15 I

Amikacin 30 ≤14 15~16 ≥17 14.66 I

Gentamicin 10 ≤12 13~14 ≥15 14.14 I

Kanamycin 30 ≤13 14~17 ≥18 15.66 I

Neomycin 30 ≤12 13~16 ≥17 13.17 I

Tetracycline 30 ≤14 15~18 ≥19 18.59 I

Doxycycline 30 ≤12 13~15 ≥16 19.12 S

Minocycline 30 ≤14 15~18 ≥19 19.05 S

Erythromycin 15 ≤13 14~22 ≥23 13.76 I

Midecamycin 30 ≤13 14~17 ≥18 18.46 S

Norfloxacin 10 ≤12 13~16 ≥17 14.08 I

Ofloxacin 5 ≤12 13~15 ≥16 19.11 S

Ciprofloxacin 5 ≤15 16~20 ≥21 21.04 S

Vancomycin 30 ≤14 15~16 ≥17 12.24 R

(Continued)
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literature, no isolation of Lysinibacillus with potential probiotic

properties has been reported from the intestinal tract of large yellow

croaker, and our study may be the first time that a Lysinibacillus

species with potential probiotic properties has been isolated from

the intestinal tract of large yellow croaker.
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An important prerequisite for the efficacy of probiotics is their

ability to colonize the host gut, with adhesion representing the initial

phase of colonization, immune activation, and antagonistic activity

against pathogens. Many pathogenic bacteria establish infections by

attaching to the mucosal layer of the gastrointestinal tract, whereas
TABLE 3 Continued

Antibiotic Drug content mg/piece
Inhibition zone diameter stan-

dard/mm
LYD11

R I S Inhibition zone diameter/mm Sensibility

Polymyxin B 300 ≤8 8~11 ≥12 26.41 S

Sulfamethoxazole 23.75 ≤14 15~21 ≥21 21.70 S

Furazolidone 300 ≤14 15~16 ≥17 10.27 R

Chloramphenicol 30 ≤12 13~17 ≥18 12.11 I

Clindamycin 2 ≤14 15~20 ≥21 19.47 I
“S” means highly sensitivity, “I” means inhibition, “R” means drug tolerance.
FIGURE 9

Appearance of different groups of grouper after injection.
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probiotics benefit the host by colonizing the gut and competing with

pathogenic bacteria for adhesion sites. Consequently, we selected

strains that exhibit both potent bacterial inhibition and substantial

adhesion ability to maximize their potential in blocking the adhesion

and colonization of pathogens. Many Bacillus species, including

Bacillus KUAQ1, Bacillus KUAQ2, Bacillus C-3102, Bacillus subtilis,

and B. velezensis LF01, have demonstrated the capacity to compete for

adhesion sites on the gastrointestinal epithelium of the Nile tilapia (He

et al., 2013; Zhang et al., 2019; Sookchaiyaporn et al., 2020; Tabassum

et al., 2021), with B. pumilus, B. firmus, B. subtilis, and B. cereus found

to effectively inhibit the growth of V. harveyi, V. parahaemolyticus, V.

alginolyticus, and Mycobacterium species in Nile tilapia when used as

probiotic bacteria (Das et al., 2010). Consistent with these findings, our

studied strains exhibited inhibitory activity against all five pathogenic

bacteria through competitive, substitutive, and rejection mechanisms,

with substitutive adhesion inhibition proving particularly effective.

The capability for co-aggregation is regarded as a mechanism

for pathogen exclusion from the host, enhancing competition for

epithelial cell receptors and potentially safeguarding the intestines

against pathogenic microbial invasions (Balakrishna, 2013; Dutta

et al., 2018; Kaktcham et al., 2018; Meidong et al., 2018;

Rungsirivanich et al., 2020). In the present study, all evaluated

strains demonstrated the ability to co-aggregate with pathogenic

bacteria, achieving inhibition rates exceeding 45%. Notably, the

LYD11 strain exhibited the highest co-aggregation rates with E.

tarda (57.21%) and P. plecoglossicida (54.08%) after 2 h of

incubation. These results align with earlier studies documenting

co-aggregation rates of 43.4% for B. HLJ1 and 36.7% for B. C1 with

V. parahaemolyticus following a 2-h incubation period (Jiang et al.,

2023). Overall, these findings highlight the considerable potential of

LYD11 in managing bacterial infections among aquatic animals.

Assessing hydrophobicity and auto-aggregation of bacteria serves

as an indirect measure of the adhesion potential of a probiotic strain.
Frontiers in Marine Science 14
Significant correlations between hydrophobicity, auto-aggregation,

and cellular adhesion have been noted, underpinning the role these

properties play in enabling probiotic bacteria to colonize aquatic

animals. Moreover, probiotic aggregation is key not only to intestinal

adhesion and colonization but also to immune system modulation

(Balakrishna, 2013; Dutta et al., 2018; Kaktcham et al., 2018; Khan

et al., 2021). In the present study, the evaluated strain showed 82.73%

hydrophobicity after 40 min of incubation and 82.73% self-

aggregation capacity after 2 h of incubation, mirroring previously

documented findings. The capacity for probiotic strains to bind to

mucus on the intestinal wall is deemed essential for their activity,

serving as a critical mechanism for probiotic function (Adams, 2010).

The fish colonization results were consistent with those of the indirect

assessment, suggesting that prolonged intestinal retention post-

feeding facilitates the probiotic efficacy of the strains.

The ability of microorganisms to survive in a simulated

gastrointestinal environment is an effective indicator for evaluating

probiotics. To navigate the complex digestive tract, probiotics need to

possess resilience against the low pH of the gastrointestinal

environment, withstand destruction by gastric and intestinal fluids,

and adapt to elevated bile concentrations for successful survival and

colonization (Zhang et al., 2022). Guo et al. (2016) reported that

except for B. subtilis, which was isolated from the intestinal tract of

grass carp and capable of tolerating strong acidic environments (pH

2.0), the growth of all other Bacillus species was inhibited to varying

degrees at the same pH level. Similarly, our study showed that the

growth of the LYD11 strain was very slow but persisted after 4 h

under both pH 2.0 and artificial gastric fluid conditions. The presence

of trypsin in the intestinal fluid, which hydrolyzes bacterial proteins,

did not appear to hinder the cultivation of LYD11, with no inhibition

of growth observed. Bile salts, antimicrobial compounds present in

the digestive system, can pose a significant challenge to bacterial

survival and function (Nguyen et al., 2023; Saravanakumar et al.,
FIGURE 10

H&E staining of liver and spleen tissues after intraperitoneal injection. (40×).
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2023). In this study, the addition of bile salts did not significantly

affect the growth of LYD11, with growth inhibition only occurring at

a concentration of 0.45%. Therefore, the strains investigated in this

study demonstrate considerably adaptability to the extreme

environments of the aquatic animal digestive tract, providing

strong evidence for their potential as probiotics in aquaculture.

While the effectiveness of probiotics is often the primary focus of

research, assessing their safety and suitability for use in animal

feeding remains essential (Fu et al., 2023). The antibiotic resistance

profile of probiotics is important from a safety perspective (Emam

and Dunlap, 2020). In this study, we observed no formation of

hemolytic rings on blood agar plates with Bacillus, and antibiotic

sensitivity tests revealed that LYD11 was sensitive to 26 antibiotics.

Moreover, no instances of fish morbidity or mortality were recorded

in the subsequent fish injection and feeding trials, indicating that

LYD11 is safe for fish, warranting further investigation. Interestingly,

after 7 days of feeding with LYD11, a significant increase in the

thickness of the intestinal muscular layer was observed, promoting

intestinal digestion and demonstrating beneficial probiotic effects.
5 Conclusions

This study identified a strong adhesion-capable Lysinibacillus

strain from the intestinal tract of the large yellow croaker with high

enzyme-producing capacity and strong inhibitory activity against

prevalent Vibrio species. This strain demonstrated effective co-

aggregation and adhesion exclusion capabilities, crucial for

preventing the adhesion and colonization of pathogenic bacteria.

Such characteristics make it a viable candidate for combating

diseases caused by common aquatic pathogens in cultured fish.

Capable of thriving across various NaCl concentrations, pH levels,

bile salts, and digestive enzymes, the strain also possesses notable

hydrophobicity and self-aggregation capacity and does not harm

the host, enabling it to safely colonize the gastrointestinal tract of

the host. Furthermore, the strain also promotes the thickening of

the intestinal muscular layer, thereby enhancing the digestion and

absorption of nutrients. Collectively, these findings underscore the

promising probiotic properties and potential practical application

of the identified strain as a beneficial agent in the large yellow

croaker culture.
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