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A B S T R A C T

Acute Hepatopancreatic Necrosis Disease is a shrimp bacterial infection caused by particular isolates of Vibrio 
spp., especially Vibrio parahaemolyticus and Vibrio harveyi, which carry the pVA1 plasmid responsible for 
expressing the pirAB toxins. These pathogens initially establish biofilms in the shrimp forestomach before 
releasing toxins that destroy hepatopancreatic tissue. Therefore, biofilm inhibitors are a promising prevention 
approach to antibiotics. This study evaluated the biofilm-inhibitory potential of cell-free supernatants (CFS) from 
four Bacillus strains, Bacillus sp., B. amyloliquefaciens, B. licheniformis, and B. safensis isolated from sea cucumbers 
(Stichopus sp). Using microtiter-plate assays, each CFS was analyzed for its ability to suppress the growth and 
biofilm development of AHPND-causing V. parahaemolyticus and V. harveyi, employing in vitro assays on un
coated (growth) and 0.4% chitosan-coated (biofilm) 96-well plates. All four Bacillus CFS can significantly reduce 
biofilm formation up to 90.4% and 74.9% inhibition for V. parahaemolyticus and V. harveyi, respectively. Results 
also indicate that the probiotic supernatants may exert quorum-quenching effects by reducing AI-2 synthesis and 
activity. Two out of four bacteria isolates were used for in vivo study by mixing it with feed by 1:1 ratio. Shrimp 
were given either CFS supplemented test feeds or buffer-supplemented control feed for seven days prior to the 
immersion challenge with the respective pathogens at 106 CFU/mL. The result showed that the addition of 
Bacillus CFS can reduce shrimp mortality when infected with V. parahaemolyticus and V. harveyi. Confirmatory 
histology also showed that it reduces epithelial cells sloughing into the shrimp's hepatopancreas lumen.

1. Introduction

Shrimp is one of the most frequently exported commodities by vol
ume and value, often produced via aquaculture (Henriksson et al., 2019; 

Xuan et al., 2021; Setyawan et al., 2022). There are many shrimp spe
cies, but the most cultured shrimp are white-leg shrimp (Penaeus van
namei). To meet the demand, large-scale farming and intensification are 
often implemented. However, both practices have led to a rise in the 
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occurrence of infections caused by pathogenic bacterial strains, mostly 
the Vibrio strain that resulted in mortalities and economic loss 
(Prachumwat et al., 2019; Amatul-Samahah et al., 2020). Moreover, 
compared to other seafood, shrimp farming produces high greenhouse 
gas (GHG), thus reduced mortality rate can improve sustainability and 
productivity (Bianchi et al., 2022).

Infection by pathogenic Vibrio species can cause vibriosis, with Acute 
Hepatopancreatic Necrosis Disease (AHPND) representing the most se
vere infection (Devadas et al., 2019). This infection predominantly af
fects shrimp at the post-larval stage and is a major contributor to high 
mortality during early development (Sirikharin et al., 2015; Phiwsaiya 
et al., 2017; Kumar et al., 2021). The initial stage of AHPND patho
genesis involves bacterial adhesion to host tissues, followed by biofilm 
formation. During this process, the bacteria secrete toxins that damage 
and slough off hepatopancreatic epithelial cells (Restrepo et al., 2021; 
Tran et al., 2013). Biofilm development is one of several virulence 
mechanisms expressed by bacteria once their population reaches a 
critical density, a process regulated by cell-to-cell signaling known as 
quorum sensing (QS) (Kareb and Aïder, 2020; Papenfort and Bassler, 
2016).

Preventing vibriosis is therefore essential to reduce economic losses 
in aquaculture systems. A range of management strategies has been 
adopted, including lowering stocking densities, routine removal of 
organic waste, and the application of antibiotics. Nevertheless, the use 
of antibiotics is no longer recommended, primarily because of their 
diminishing effectiveness against vibriosis, but more significantly, their 
usage has been discouraged due to the residual antibiotic residues that 
could harm the environment and consumers by potentially causing al
lergies or adverse reactions to the drugs (ADR) (Sahandi et al., 2019). 
Moreover, the use of antibiotics resulted in antibiotics-resistant Vibrio 
species due to genetic mutation and horizontal gene transfer 
(Ashrafudoulla et al., 2019; Ventola, 2015).

Investigating alternative strategies to suppress biofilm formation 
without relying on antibiotics has emerged as a promising and effective 
approach for controlling bacterial infections, while also presenting 
fewer safety and environmental concerns (Sanches-Fernandes et al., 
2022). Various probiotic strains, including Lactobacillus, Bacillus, Pseu
domonas, and Pediococcus, are commonly used in aquaculture (Abdel- 
Latif et al., 2022; Yilmaz et al., 2022). These probiotics contribute to 
the establishment of a balanced microbial community in shrimp and 
help limit the growth of pathogenic bacteria, particularly Vibrio spp. 
However, because probiotics are live microorganisms, their use carries 
the potential risk of serving as reservoirs for antibiotic resistance genes 
(Montassier et al., 2021; Wong et al., 2015).

To address these limitations, the present study focuses on the use of 
probiotic-derived metabolites, referred to as postbiotics, obtained from 
culture supernatants. Unlike live cells, culture supernatants reduce the 
risk of transferring virulence factors or antibiotic resistance genes and 
offer advantages such as greater stability and extended shelf life (Liang 
and Xing, 2023). This research aims to identify novel probiotics isolated 
from sea cucumber, evaluate the potential of their postbiotics in 
reducing vibriosis in shrimp aquaculture, and delve into its mechanism 
through quorum sensing analysis.

2. Materials and methods

2.1. Probiotics isolation and identification

Probiotic bacterial strains were isolated from sea cucumbers 
collected and processed at Diponegoro University. The isolation pro
cedure was conducted according to (Wulandari et al., 2024). Briefly, 3 g 
of soft coral polyps were first rinsed with sterile seawater to remove 
surface contaminants and then homogenized. Approximately 1 g of the 
homogenized sample was suspended in 9 mL of sterile distilled water 
and serially diluted up to 10− 8. Aliquots from dilutions 10− 6 to 
10− 8were spread onto Marine Agar plates using the spread plate 

method. Following incubation, distinct colonies were purified by 
repeated streak plating. Pure isolates were subsequently maintained on 
Marine Agar slants for further use. The obtained isolates were screened 
through a series of enzymatic activity assays. Based on their perfor
mance in the selection assays, four bacterial isolates were selected for 
further analysis.

The selected isolates were subjected to molecular identification using 
partial 16S rRNA gene sequencing. Genomic DNA was extracted from 
each isolate and used as a template for PCR amplification with universal 
16S rRNA gene primers. The amplified PCR products were purified and 
verified by gel electrophoresis prior to sequencing. Raw sequencing data 
were quality-checked, trimmed, and converted into FASTA format. 
Reference 16S rRNA gene sequences of closely related Bacillus species, 
along with Vibrio parahaemolyticus as an outgroup, were retrieved from 
the GenBank database (KM073271.1). All sequences were aligned using 
the MUSCLE algorithm in MEGA version 12, followed by manual in
spection and trimming. Phylogenetic analysis was performed using the 
Maximum Likelihood method based on the Kimura 2-parameter sub
stitution model. The robustness of the inferred tree topology was eval
uated by bootstrap analysis with 1000 replicates. The resulting 
phylogenetic tree was visualized and edited using MEGA.

2.2. Bacteria strain and cultivation

The probiotics used in this study were grown on Tryptic Soy Broth 
(TSB; Difco, USA) +3% NaCl (Sigma-Aldrich, USA) diluted with salt 
water with respective salinity (Table 1.). The different pathogenic bac
teria strains (Table 2.) were obtained from the Center of Excellence for 
Shrimp Molecular Biology and Biotechnology, Mahidol University, and 
the American Type Culture Collection. The pathogenic bacteria were 
grown on Mueller-Hinton Broth (MHB) supplemented with 3% NaCl. All 
bacteria were added with 20% of 80% glycerol and stored at − 80 ◦C for 
further analysis.

2.3. Probiotics cell free supernatant preparation

2.3.1. TSB media
The preparation of probiotics cell-free culture supernatant was done 

according to the method described by Koohestani et al. (2018) with 
modification. A single colony bacterium, grown on Tryptic Soy Agar 
(TSA) with 3% NaCl was inoculated into a 50 mL centrifuge tube con
taining 25 mL of TSB with 3% NaCl. The cultures were incubated at 
37 ◦C with 200 rpm overnight. The supernatants from the probiotic 
culture were separated by centrifugation at 4 ◦C and 10,000 xg for 8 min. 
The supernatants were collected carefully into a new sterile tube. To 
obtain cell-free culture supernatants (CFSs), the supernatants were 

Table 1 
List of probiotic species and growth media salinity.

Probiotic Isolates Salinity Code GenBank Accession Number

Bacillus sp. 20 ppt 1(8) PZ287847.1
Bacillus amyloliquefaciens 30 ppt BSSM7 PZ287849.1
Bacillus licheniformis 40 ppt 1(5) PZ287846.1
Bacillus safensis 40 ppt 4(8) PZ287848.1

Table 2 
List of pathogenic bacteria strain.

Strains Autoinducers Sensor ATCC Catalog number

V. harveyi VH1 1+; 2+ 1+; 2+
V. harveyi BAA-1116 (BB120) 1+; 2+ 1+; 2+ ATCC® BAA-1116™
V. harveyi BAA-1119 (BB152) 1-; 2+ 1-; 2+ ATCC® BAA-1119™
V. harveyi BAA-1121 (MM32) 1+; 2- 1-; 2+ ATCC® BAA-1121™
V. harveyi BAA-2363 (KM413) 1-; 2- 1+; 2+ ATCC® BAA-2363™
V. parahaemolyticus 3HP n/d n/d
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filtered through 0.2 μm filter membranes and stored at 4 ◦C until further 
use.

2.3.2. 5% soybean media
The preparation of CFS in 5% soybean is similar to the procedure 

above, however, 100 μl of the overnight culture was cultured again into 
a new tube containing 5 mL of TSB + 3% NaCl and incubated until 
Optical Density (OD) reached 1–2 measured on 600 nm. The new sub
cultures were diluted until OD600 was 0.05 with TSB + 3% NaCl added 
into 100 mL 5% soybean media (1 mL) with different salinity for 
different probiotic isolates. The cultures were incubated at 37 ◦C with 
200 rpm overnight. The supernatants from the probiotic culture were 
separated through centrifugation at 4 ◦C and 10,000 xg for 12 min using 
a centrifuge. The supernatants were carefully filtered with Whatman 
paper before being filtered using 0.2 μm membranes to obtain the CFSs. 
The CFS were stored at 4 ◦C until further use.

2.4. Preparation of pathogenic Vibrio isolates culture

Two lyophilized cells of shrimp pathogenic bacteria were revived by 
plating in MHA + 3% NaCl plates and were incubated at 30 ◦C over
night. To prepare the starter culture for growth and biofilm inhibition 
test, a single colony of VH1 or 3HP was inoculated into 3 mL of MHB +
3% NaCl in sterile 15 mL centrifuge tubes. The tubes will be incubated at 
30 ◦C overnight with 200 rpm agitation. The overnight cultures were 
subcultured again using the same media incubated at the same condi
tions and stopped until OD600 reached 1–2. The cultures with OD600 1–2 
will be diluted until OD600 0.1 with the same medium before being 
diluted 10 more times. The media for the growth inhibition assay were 

MHB + 3% NaCl, while for the biofilm assay, the media was added with 
an additional 1% glycerol.

2.5. Vibrio growth inhibition assays

The method for the Vibrio growth inhibition assay was done ac
cording to the protocol described by Soowannayan et al. (2019). The 96- 
well microplate was seeded with 180 μl of diluted Vibrio starter culture 
before 20 μl of CFSs from probiotic bacteria were added into each well of 
the seeded microplate (Fig. 1.). For the negative control wells, the 
seeded microplate was added with either 20 μl TSB or 5% soybean media 
instead. All microplates will be incubated overnight at 30 ◦C in an 
incubator with 200 rpm agitation. The growth inhibition activity was 
measured using a SpectraMax® iD3 microplate reader at 600 nm light 
wavelength. Vibrio growth inhibition was expressed as mean relative 
inhibition (%) calculated using the following formula:  

2.6. Vibrio biofilm inhibition assays

The Vibrio biofilm inhibition assay was done with a similar protocol 
described in Section 2.5, except the microplate wells were coated with 
0.4% chitosan and let dry overnight in a biosafety cabinet. The coated 
microplate was seeded with 180 μl of diluted Vibrio starter culture and 
20 μl of CFSs and was incubated for 24 h at 30 ◦C in a static incubator 
(Fig. 1.). After that, the culture medium was removed and washed with 
sterile water, then the microplates were air-dried in a fume hood. To 
stain the formed biofilm, the air-dried microplates were added with 200 

Fig. 1. The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987). The optimal tree is shown. The percentage of replicate trees 
in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown above the branches (Felsenstein, 1985). The evolutionary distances 
were computed using the Maximum Composite Likelihood method (Tamura et al., 2004). and are in the units of the number of base substitutions per site. This 
analysis involved 19 nucleotide sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There were a total of 1474 
positions in the final dataset. Evolutionary analyses were conducted in MEGA11 (Tamura et al., 2021).

Mean Relative Inhibition (%) =

[

1 −

(
Sample Mean absorbance at 600 nm

Negative Control Mean Absorbance at 600 nm

)]

×100 
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μl of 0.3% crystal violet for 15 min. The excess stain was removed and 
rinsed with tap water and was allowed to dry overnight. To dissolve the 
stained biofilm, 200 μl of 33% acetic acid was added to each well of the 
microplate and was allowed to stand for 15 min at room temperature, 
after which an absorbance at 600 nm was measured using a microplate 
reader. The mean absorbance at 600 nm was also calculated into the 
mean percentage of relative inhibition using the formula mentioned in 
Section 2.5.

2.7. Bioluminescence inhibition assay

2.7.1. Screening for bioluminescence inhibitors
To determine the effect of the CFS on bacteria quorum sensing, a 

bioluminescence assay was employed according to Karnjana et al. 
(2019) with modifications. A single colony of the reference wild-type 
strain V. harveyi BAA-1116 (BB-120) was grown on MHA + 3% NaCl 
media and then cultured into autoinducer bioassay media (AB ATCC 
2746) overnight at 30 ◦C. The overnight culture was subcultured again 
in AB medium until OD600 reached 1, after which it was adjusted to 
OD600 0.05 and then distributed to each well (180 μL) of a 96-well black- 
bottomed microtiter plate. Different CFS were then added onto each well 
(20 μL) or media as the controls. The microtiter plates were incubated at 
30 ◦C for 6 h at 200 rpm. After that the bioluminescence inhibition ac
tivity was measured using a SpectraMax® iD3 microplate reader. Some 
wells needed to be skipped to avoid any light interference between 
samples.

2.7.2. CFS effect on autoinducers activities

2.7.2.1. Autoinducers synthesis. Vibrio harveyi mutant strains BAA-1119 
(BB152), in which the luxM gene has been deleted, and BAA-1121 
(MM32), a luxS deletion mutant, were used as external sources of AI-2 
and AI-1, respectively. To determine whether the addition of CFSs 
affected autoinducer production, these strains were cultured in AB me
dium supplemented with 5% (v/v) CFS at 30 ◦C for 6 h with agitation at 
200 rpm. Cultures were then centrifuged at 12,000 rpm for 10 min to 
obtain supernatants containing the autoinducers, which were subse
quently sterilized by filtration through 0.2 μm syringe filters to remove 
residual bacterial cells. The V. harveyi mutant strain BAA-2363 
(KM413), which lacks both luxS and luxM, was employed as the re
porter strain. BAA-2363 was grown overnight in AB medium and diluted 
to an OD₆₀₀ of 0.05 before being dispensed into black-bottom 96-well 
microplates. Autoinducer-containing supernatants (10%, v/v) were 
then added. Wells containing BAA-2363 supplemented with autoinducer 
supernatants derived from media-treated cultures served as the negative 
control. The plates were incubated at 30 ◦C for 6 h with shaking at 200 
rpm.

2.7.2.2. Autoinducers activity. To evaluate autoinducer activity, 
V. harveyi mutant strains BAA-1119 (BB152) and BAA-1121 (MM32) 
were employed as external sources of AI-2 and AI-1, respectively. These 
strains were cultivated in AB medium at 30 ◦C for 24 h with agitation at 
160 rpm. Cultures were subsequently centrifuged at 12,000 rpm for 5 
min to obtain cell-free supernatants containing the respective auto
inducers. The supernatants were sterilized by filtration through 0.2 μm 
syringe filters to remove residual bacterial cells. The V. harveyi mutant 
strain BAA-2363 (KM413), which lacks both luxS and luxM, was used as 
the reporter strain. BAA-2363 was grown overnight in AB medium and 
diluted to an optical density at 600 nm (OD₆₀₀) of 0.05 before being 
dispensed into black-bottom 96-well microplates. Autoinducer- 
containing supernatants (5%, v/v) were then added, followed by the 
addition of CFS at 10% (v/v). Wells containing BAA-2363 and the su
pernatant containing the autoinducer added with media served as the 
negative control. The plates were incubated at 30 ◦C for 6 h with shaking 
at 200 rpm.

2.8. Shrimp challenge experiments

2.8.1. Feed preparation
The supplemented feeds were obtained by mixing CFS that has the 

strongest biofilm inhibition against Vibrio species with a commercial 
feed on a clean petri dish. In this research, B. amyloliquefaciens and 
B. safensis grown on 5% soybean media were selected for supplemen
tation. The commercial feed was thoroughly mixed with a ratio of 1 mL 
of CFS to 1 g of dry feed. For the control, feed was supplemented with 
5% soybean media with 30 or 40 ppt salinity. The blend was desiccated 
within a fume hood. Subsequently, the resulting product was placed into 
clean plastic bags and stored at 4 ◦C until it was ready for use.

2.8.2. Animal husbandry
Pathogen-free post-larvae (PL) of Penaeus vannamei were put into a 

tank containing artificial seawater (15 ppt), with an air stone for aera
tion, and acclimatized for 3 days before the experiment began. A total of 
20 PLs were put into jars filled with 300 mL artificial seawater (15 ppt), 
additionally, each jar was added with an air stone to aerate and maintain 
the dissolved oxygen (DO). The jars were placed in a plastic tank con
taining water. To maintain a good quality of water in each jar, shrimps' 
waste was sucked periodically using a plastic pipette, and 50% of the 
water was replaced with new artificial seawater (pre-aerated overnight) 
every 3 days.

2.8.3. Challenge experiment (survival rate)
The groups were divided into negative control, positive control, and 

experimental groups. In the negative control group, the shrimps were 
given normal feed. The positive control group was given normal feed or 
5% 30 ppt or 40 ppt soybean-supplemented feed, and the experimental 
group was given CFSs supplemented feed that had biofilm biofilm- 
inhibiting effect against the Vibrio isolate.

Within the first 7 days, all the shrimps were fed accordingly, twice a 
day with 10% body weight per meal. On day 7, the shrimp in the positive 
and experimental groups were added with VH1 or 3HP for the bacteria 
immersion challenge. The negative control jars were added with sterile 
MHB + 3% NaCl. The feeding continued and the mortalities of each 
group will be monitored.

2.8.4. Growth performance
The shrimps were weighed before and after 7 days of feeding (prior 

to bacterial infection) to determine the average daily gain (ADG; g/day), 
total weight gain (WG %), and specific daily growth (SGR; %/day) using 
the formula below: 

ADG =
final weight

days of feeding 

WG =

[
(final mean body weight − initial mean body weight)

initial mean body weight

]

× 100 

SGR =

[
ln (final mean body weight) − ln(initial body weight)

days of feeding

]

×100 

2.8.5. Histopathology preparation and staining
Moribund shrimp were fixed in Davidson's solution for 24 h and 

subsequently preserved in 70% ethanol. Samples were then processed 
for histopathological examination following the paraffin-embedding 
protocol of Bell and Lightner (1988). The tissues were first dehydrated 
through a graded ethanol series, cleared in xylene, and infiltrated with 
molten paraffin. After embedding, the blocks were chilled and sectioned 
at a thickness of 5 μm.

Prior to staining, the sections were deparaffinized in xylene and 
rehydrated through a descending alcohol series. Hematoxylin and eosin 
staining was then applied. Following staining, the slides were dehy
drated again using an ascending alcohol series, air-dried, and finally 
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immersed in xylene. A drop of mounting medium was added before 
cover slipping, and the prepared slides were examined under a light 
microscope.

2.9. Data analysis

The data obtained was statistically analyzed using SPSS. For most 
datasets, differences among groups were evaluated using one-way 

ANOVA followed by Tukey's post hoc test, while independent t-tests 
were applied where appropriate. Specifically, t-tests were used to 
compare B1 and B2 samples with the control, as these comparisons 
involved fewer than three groups. Prior to analysis, assumptions of 
normality and homogeneity of variance were verified. The test was done 
with a confidence interval (CI) of 95%. Statistical differences were found 
between samples at p < 0.05.

3. Results

3.1. Probiotics isolation and identification

Phylogenetic analysis of partial 16S rRNA gene sequences (Fig. 1) 
showed that all bacterial isolates clustered within the Bacillus subtilis 
group, indicating a close evolutionary relationship with the reference 
strain. The short branch lengths and strong bootstrap support suggest a 

Fig. 2. Growth and biofilm inhibition of bacillus CFS on (A) Vibrio parahaemolyticus 3HP and (B) Vibrio harveyi VH1. 
Blue bar: biofilm inhibition, orange bar: growth inhibition. 
A1: Bacillus sp. on TSB + 3% NaCl; A2: Bacillus amyloliquefaciens on TSB + 3% NaCl; A3: Bacillus licheniformis on TSB + 3% NaCl; A4: Bacillus safensis on TSB + 3% 
NaCl; B1: Bacillus sp. on 5% soybean; B2: Bacillus amyloliquefaciens on 5% soybean; B3: Bacillus licheniformis on 5% soybean; B4: Bacillus safensis on 5% soybean (*) 
indicates a significant difference in mean absorbance between the test sample well and the control well. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

Table 3 
Summary of probiotic isolates and its effect on growth and biofilm formation.

Vibrio Strain Growth Biofilm Sample Code

3HP Inhibit Inhibit A2, A3, A4, B1, B2, B3, B4
Promote Inhibit A1

VH1
Inhibit Inhibit A1, A2, A3, A4, B1, B2
Promote Inhibit B4, B3
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high degree of genetic similarity among the isolates. The clear separa
tion of Vibrio parahaemolyticus as an outgroup confirms the robustness 
and proper rooting of the phylogenetic tree.

3.2. Probiotics CFSs inhibit growth and biofilm formation of 
V. parahaemolyticus and V. harveyi

The growth inhibition assay significantly (p < 0.001) inhibits the 
growth of V. parahaemolyticus 3HP (Fig. 2A), except for sample code A2, 
A3 and B4 (p = 0.138; p = 0.675; p = 0.947). In contrast, sample code A1 
promotes 3HP growth but is not significant (p = 0.466). The growth 
inhibition ranges from 0.58% to 8.94%. As for the biofilm-inhibiting 
properties, all probiotic isolates can inhibit the biofilm formation of 
3HP significantly (p < 0.001) compared to the negative control. The 
biofilm inhibition ranges from 19.9% to 90.4%. Similar results are also 
found in V. harveyi VH1 (Fig. 2B), the growth inhibition ranges from 
3.71% to 5.97% and the biofilm inhibition ranges from 46.9% to 74.9%. 
Some probiotic strains also perform better when grown on 5% soybean 
media compared to TSB + 3% media. The summary of growth and 
biofilm inhibition is shown on Table 3.

3.3. Probiotics CFSs induce AI-1 while suppress AI-2

Bacteria virulence factors are often controlled by the surrounding 
densities which utilize the secretion of autoinducers that act as signaling 
molecules. The autoinducers synthesis and activity of V. harveyi VH1 is a 
complex process. Based on Fig. 3. V. harveyi bioluminescence is signif
icantly lower in the probiotics CFSs group compared to control (p <
0.001). In-depth analysis of individual variables shows that the CFSs 
reduce the AI-2 synthesis and activity (Fig. 4 CD) significantly (p <
0.001). However, a significant increase is observed in AI-1 activity (p =
0.000; p = 0.030 for sampe B2) alongsideAI-1 synthesis (p < 0.001). 
However, post hoc analysis indicated that samples A1 (p = 0.079), and 
B4 (p = 0.142) were not significantly different from the control (Fig. 4
AB).

3.4. Probiotics CFSs have no effect on shrimps' growth

Shrimp growth performance was monitored for seven days prior to 
bacterial infection to assess the effects of the different feed treatments. 
No significant differences were observed among experimental groups (p 
> 0.05) (Fig. 5). Analysis of individual growth parameters, including 
weight gain (WG; p = 0.156), specific growth rate (SGR; p = 0.104), and 
average daily gain (ADG; p = 0.389), further confirmed the absence of 
significant variation. This result indicates that the addition of probiotics 
CFS does not interfere with shrimp growth performance.

3.5. Probiotics CFSs reduce shrimps' mortality

The negative control group showed the highest mean survival rate at 
81.7%. In contrast, shrimp challenged with 3HP displayed significantly 
lower survival (P < 0.001), the positive control groups fed with normal 
feed, 30 ppt soybean, and 40 ppt soybean had survival rates of 17.7%, 
25.9%, and 48.5%, respectively (Fig. 6 A).

Among the CFS-supplemented treatments, B. amyloliquefaciens ach
ieved a survival rate of 57.3%, providing moderate protection compared 
with the positive control groups receiving normal feed and 30 ppt soy
bean (P < 0.05). B. safensis also offered protection, maintaining 66.8% 
survival up to day 9 post-infection. However, a sharp mortality occurred 
on day 10 (reducing survival to 6%), likely caused by insufficient 
aeration rather than the infection itself. Interestingly, the positive con
trol group fed with 40 ppt soybean also exhibited reduced mortality; 
however, histological analysis revealed severe epithelial sloughing in 
the hepatopancreas (Fig. 7), which may be attributed to inconsistent 
bacterial concentrations during periodic tank cleaning.

For shrimp challenged with VH1, the negative control group again 
showed significantly higher survival (P < 0.001) compared with the 
positive controls. The positive control groups fed with normal feed, 30 
ppt soybean, and 40 ppt soybean had survival rates of 18.8%, 15.3%, 
and 26.7%, respectively (Fig. 6B). Both B. amyloliquefaciens and 
B. safensis supplementation improved survival, yielding rates of 53.6% 
and 64.1%, respectively, demonstrating protective effects against VH1.

Fig. 3. Bioluminescence Inhibition of V. harveyi WT added with Bacillus CFS. 
Orange bar: control; C1: TSB + 3% NaCl, C2: 5% soybean 20 ppt, C3: 5% soybean 30 ppt, C4: 5% soybean 40 ppt. Blue bar: sample; A1: Bacillus sp. on TSB + 3% NaCl; 
A2: Bacillus amyloliquefaciens on TSB + 3% NaCl; A3: Bacillus licheniformis on TSB + 3% NaCl; A4: Bacillus safensis on TSB + 3% NaCl; B1: Bacillus sp. on 5% soybean; 
B2: Bacillus amyloliquefaciens on 5% soybean; B3: Bacillus licheniformis on 5% soybean; B4: Bacillus safensis on 5% soybean (*) indicates a significant difference in 
mean absorbance between the test sample well and the control well. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
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4. Discussion

Probiotics can produce a wide range of bioactive compounds pri
marily through their metabolic activities. Such compounds include 
bacteriocins, short-chain fatty acids (SCFAs), amino acids, vitamins, and 
enzymes (Martínez Cruz et al., 2012; Pandiyan et al., 2013; El-Saadony 
et al., 2021; You et al., 2022). However, the application of probiotics as 
live microorganisms poses certain risks. Probiotic strains may acquire 
antibiotic resistance genes from the surrounding environment and sub
sequently transfer these genes to other bacteria, potentially compro
mising their beneficial effects and contributing to the spread of 
antimicrobial resistance (Wong et al., 2015; Montassier et al., 2021). To 
mitigate these concerns, the present study focuses exclusively on 
probiotic-derived metabolites, referred to as postbiotics, obtained in the 
form of CFS.

Results from in vitro assays demonstrated that all four Bacillus spp. 
CFSs exhibited biofilm inhibitory activity. Specifically, the addition of 
CFS significantly reduced biofilm thickness on microplates coated with 
0.4% chitosan. Chitosan is a deacetylated derivative of chitin, which 
constitutes a major structural component of shrimp cuticles (Rinaudo, 
2006; Rocha et al., 2017; Yang et al., 2020). The chitosan coating was 
applied to simulate the shrimp shell and gastrointestinal tract, both of 
which are lined with cuticular structures that facilitate bacterial adhe
sion. This environment also supports biofilm formation and growth of 
V. harveyi VH1 and V parahaemolyticus 3HP, as these species can utilize 
chitin as a carbon source (Regmi and Boyd, 2019).

Based on the findings, CFSs produced in soybean-based medium 
exhibited stronger biofilm inhibitory activity than those derived from 
TSB. This observation indicates that all probiotic strains were able to 
grow effectively in soybean medium. Although the precise mechanism 
underlying the superior performance of soybean medium remains un
clear, the enhanced biofilm inhibition does not appear to be directly 
associated with increased bacterial growth. Instead, we hypothesize that 
soybean medium, as a natural and cost-effective substrate, provides a 
nutrient profile that favors the synthesis of bioactive metabolites rather 
than rapid cell proliferation. Soybeans are rich in amino acids with 
compositions comparable to animal-derived proteins, including 
phenylalanine, methionine, threonine, valine, isoleucine, leucine, tryp
tophan, and lysine (Kudełka et al., 2021). Importantly, bacterial growth 
does not necessarily correlate with elevated bacteriocin production 
(Bogovič-Matijašić and Rogelj, 1998). The biosynthesis of bacteriocins is 
influenced by multiple environmental and nutritional factors, such as 
pH, temperature, and medium composition (Sandiford, 2017; Lajis, 
2020). Amino acid availability plays a critical role, as the amino acid 
sequence ultimately determines bacteriocin structure and biological 
activity (Harwood et al., 2018; Lajis, 2020). Supporting this hypothesis, 
Dominguez et al. (2007) demonstrated that supplementation with soy
bean protein (20 g/L) enabled the production of cerein 8 A, a Bacillus 
cereus bacteriocin, at levels of 1600 AU/mL. This result is comparable to 
yields obtained using brain heart infusion (BHI) medium. Furthermore, 
Yi et al. (2013) reported that the addition of exogenous glycine and 
cysteine increased the production of lac-B23 bacteriocin from Lactoba
cillus paracasei J23 by 250% and 325%, respectively. The nutritional 
requirements for optimal bacteriocin production vary depending on 
bacteriocin type, as some amino acids can be synthesized endogenously, 
whereas others require external supplementation (Kiss et al., 2008).

While the present study did not quantify or characterize individual 
bioactive compounds within the CFS, the results suggest that soybean- 
based media may offer significant potential for supporting the scalable 
production of bioactive metabolites, thereby facilitating their commer
cial application in biotechnology (Xu et al., 2014).

Common bacteriocins and functional peptides produced by Bacillus 
species include iturin, amylocyclicin, bacilysin, pumilacidin, fengycin, 
surfactin, and plipastatin (Harwood et al., 2018; Kim et al., 2010; Scholz 
et al., 2014; Vater et al., 2002). Several studies have shown that these 
compounds can impair bacterial motility, including swimming and 

Fig. 4. Quorum sensing inhibition mechanism analyzed through their activity 
and synthesis. 
(*) indicates a significant difference in mean absorbance between the test 
sample well (VH1 + CFS) and the control well (VH1 + probiotic media)
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swarming behaviors. For example, Thongjun et al. (2016) reported that 
iturin A and surfactin produced by B. amyloliquefaciens reduced 
V. parahaemolyticus adhesion by approximately 60% at a crude extract 
concentration of 500 μg/mL. Similarly, CFS from B. licheniformis ach
ieved up to 80% inhibition of V. harveyi biofilm formation on poly
styrene surfaces (Hamza et al., 2016). Bacterial motility, mediated 
primarily by flagella, plays a crucial role in surface colonization and 
biofilm development (Letchumanan et al., 2014). Consequently, inter
ference with swimming and swarming behaviors leads to reduced 

biofilm formation (Sathiyamoorthi et al., 2023). In addition to impairing 
motility, biofilm inhibition may also occur through disruption of bac
terial quorum sensing systems, which regulate collective behaviors 
essential for biofilm development.

Quorum sensing in V. harveyi and V. parahaemolyticus is mediated by 
three signaling molecules, harveyi AI-1 (HAI-1), AI-2, and cholera AI-1 
(CAI-1) that are synthesized by LuxM, LuxS, and cqsA genes and bind 
to LuxN, LuxPQ, and cqsS respectively. (Papenfort and Bassler, 2016). 
HAI-1 is an acyl homoserine-lactone that is known as an intraspecies or 

Fig. 5. Shrimp growth performance based on ADG, WG, and SGR indicators between unsupplemented and supplemented feeds with probiotics media or pro
biotics CFSs.

D. Wulandari et al.                                                                                                                                                                                                                             Aquaculture 624 (2026) 744248 

8 

Page 13 of 18 - Integrity Submission Submission ID trn:oid:::28973:148129278

Page 13 of 18 - Integrity Submission Submission ID trn:oid:::28973:148129278



species-specific autoinducer, while AI-2 is known to be a universal 
autoinducer (Schauder and Bassler, 2001), therefore HAI-1 is rarely 
found and only produced by several bacteria species and its near rela
tive, in contrast to AI-2, which more commonly produced. Studies found 
that the use of biosurfactants can inhibit biofilm formation by reducing 

the gene expression of biofilm formation genes. Crude biosurfactants 
produced from L. acidophilus show quorum-quenching activities on 
C. violaceum, S. marcescens, and P. aeruginosa (Adnan et al., 2023). 
Algburi et al. (2017) report that subtilosin produced by B.subtilis is able 
to repress AI-2 production in G. vaginalis.

Fig. 6. average survival rate (%) of shrimp during feeding experiment. 
Lines represent mean ± standard deviation, (a) indicates a significant difference between negative control; (b) indicates a significant difference between positive 
control normal feed; (c) indicates a significant difference between positive control 30 ppt or 40 ppt with p < 0.05.

D. Wulandari et al.                                                                                                                                                                                                                             Aquaculture 624 (2026) 744248 

9 

Page 14 of 18 - Integrity Submission Submission ID trn:oid:::28973:148129278

Page 14 of 18 - Integrity Submission Submission ID trn:oid:::28973:148129278



Our result found that the addition of CFS only inhibits the AI-2 while 
being able to induce AI-1. Additionally, our study also found that AI-1 is 
more responsible for producing bioluminescence compared to AI-2. Our 
result also aligned with Mok et al. (2003) that found the addition of 
external AI-1 on LuxM and LuxS mutant has higher light production 
compared to external AI-2, 104 and 102, respectively. Henke and Bassler 
(2004) also reported where they found that the light produced by the 
LuxM mutant is dark, while the light produced by the luxS mutant is 
similar to WT levels of light, both are found on agar and liquid media. 
Disruption in quorum sensing can occur via different mechanisms (1) AI 
synthesis inhibition; (2) AI degradation; (3) competition with AI re
ceptor sites (Wang et al., 2022). We found that Bacillus CFS can act as a 
quorum quenching agent in AI-2 through inhibition of their synthesis 
and activity.

Following in vitro screening, two of the four Bacillus species, 
B. amyloliquefaciens and B. safensis were selected for in vivo evaluation 
based on their pronounced biofilm inhibitory activity against 
V. parahaemolyticus 3HP and V. harveyi VH1. In vivo experiments 
demonstrated that oral administration of CFSs derived from either Ba
cillus species effectively reduced shrimp mortality and provided pro
tection against AHPND caused by both 3HP and VH1. These outcomes 
were consistent with the in vitro findings, which indicated strong bio
film inhibition and quorum-quenching activity.

Histopathological examination further confirmed the protective ef
fects of B. amyloliquefaciens and B. safensis supernatants. Shrimp treated 
with these CFS exhibited preserved hepatopancreatic structure, in 

contrast to the positive control group, which showed extensive epithelial 
sloughing and tissue necrosis (Fig. 7). These observations support the 
role of Bacillus-derived metabolites in mitigating pathogen-induced 
tissue damage.

Comparable findings have been reported in related studies. For 
instance, Bacillus velezensis isolated from fermented soybean paste 
(cheonggukjang) was shown to secrete a wide array of secondary me
tabolites, including bacillibactin, amylocyclicin, paenibactin, difficidin, 
fengycin, plipastatin, bacillomycin D, mycosubtilin, iturin, paenilarvins, 
bacillaene, macrolactin, surfactin, and bacilysin. Supplementation with 
B. velezensis significantly enhanced the survival of Penaeus vannamei 
challenged with Vibrio campbellii (Jeon et al., 2022). Similarly, post
biotics containing cell lysates from Bacillus, Lactobacillus, and Saccha
romyces species improved growth performance, increased survival 
against V. parahaemolyticus, and enhanced antioxidant capacity and 
non-specific immune responses in Macrobrachium nipponense (Wang 
et al., 2023).

Overall, the application of postbiotics represents a promising alter
native to antibiotics for disease prevention and management in aqua
culture, with potential applicability across other sectors requiring 
sustainable and effective antimicrobial strategies.

5. Conclusion

This study demonstrates that CFS derived from Bacillus spp. isolated 
from sea cucumber possess strong antibiofilm and quorum-quenching 

Fig. 7. Hematoxylin and Eosin (H&E) stained shrimps' hepatopancreas tissue.
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activities against Vibrio parahaemolyticus and Vibrio harveyi, the primary 
causative agents of AHPND in Penaeus vannamei. Quorum-sensing anal
ysis reveals that these CFS significantly suppress AI-2 synthesis and ac
tivity as main factor to disrupt biofilm formation, but simultaneously 
induce AI-1 signaling. This selective disruption of quorum sensing high
lights AI-2 as a critical regulatory target for biofilm development and 
virulence expression in Vibrio spp. and provides insight into how Bacil
lus-derived metabolites interfere with pathogen communication 
systems.

In vivo feeding trials further confirmed the protective potential of the 
postbiotics. Dietary supplementation with CFS from B. amyloliquefaciens 
and B. safensis significantly improved shrimp survival following im
mersion challenges with both pathogens, without negatively affecting 
growth performance. Histopathological analysis supported these results 
by showing reduced epithelial sloughing and preservation of hep
atopancreatic tissue integrity in CFS-treated shrimp.

Overall, the findings highlight Bacillus-derived postbiotics, particu
larly when produced in soybean-based media, as promising, sustainable 
alternatives to antibiotics for controlling AHPND in shrimp aquaculture.

Future research should focus on identifying the specific bioactive 
compounds responsible for quorum-quenching activity and validating 
their performance under farm-scale conditions. Such efforts will be 
critical to bridging the gap between laboratory findings and commercial 

implementation, ultimately contributing to more sustainable and resil
ient shrimp aquaculture practices.
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Kiss, A., Balikó, G., Csorba, A., Chuluunbaatar, T., Medzihradszky, K.F., Alföldi, L., 2008. 
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