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Introduction: The intensification of aquaculture to meet the growing demand
for aquatic animal protein by a global population approaching 10 billion by
2050 has raised concerns about the increased risk of disease outbreaks in
farmed species. These diseases account for over 50% of economic losses in
commercial aquaculture, largely due to the reliance on ineffective and harmful
therapeutic options like antibiotics, which contribute to multidrug resistance and
pose serious global health concerns. However, non-antibiotic alternatives such
as probiotics have emerged promising choices to enhance growth performance,
immunity, and disease resistance in aquaculture species.

Methods: In this study, we present a novel, non-invasive protocol for isolating
indigenous bacteria from sediment. This method utilizes minimal media
supplemented with N-hexanoyl homoserine lactone (HHL) to select strains with
key probiotic attributes.

Results and discussion: Our study isolated 24 bacterial isolates, 11
demonstrating quorum quenching (QQ) activity by degrading HHL, indicating
potential for antivirulence therapy. Among these, eight were non-hemolytic,
suggesting safety in the presence of host wounds. Six non-hemolytic
isolates exhibited proteolytic activity, which is essential for aiding protein
digestion. Whole genome sequencing revealed their identity as Priestia
megaterium PMUGO01 and PMUGO?2, Lysinibacillus fusiformis LFUG, Micrococcus
yunnanensis MYUG, and two novel species tentatively named Kocuria
crassamentum species nova strain KSNUG, and Heyndrickxia crassamentum
species nova strain HSNUG. Despite some virulence-associated genes, none
of the strains demonstrated pathogenicity in Artemia nauplii. Apart from
an [saB gene in P megaterium, which confers resistance to lincosamides,
no antibiotic resistance genes were detected. Our findings highlight these
strains’ biosafety and probiotic potential for aquaculture, offering promising
candidates for sustainable disease management and improved feed utilization in
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farmed species. These results pave the way for developing indigenous and
effective, non-antibiotic-based probiotic solutions to mitigate disease risks in

aquaculture.

KEYWORDS

aquaculture, quorum sensing, quorum quenching, N-hexanoyl homoserine lactones
(HHLs), probiotics, stress tolerance, biosafety

1 Introduction

Pathogenic bacteria use quorum sensing (QS) to regulate
virulence gene expression and enhance antimicrobial resistance
(AMR) via cell-cell communication with autoinducers (Als)
such as N-acyl homoserine lactones (AHLs) (Defoirdt, 2018).
The disruption of this QS mechanism, also known as quorum
quenching (QQ), can inhibit virulence gene activation and alter
bacterial infectious cycles, thereby controlling diseases caused by
such pathogens (LaSarre and Federle, 2013). Unlike bactericidal
antibiotics, QQ mechanisms do not significantly affect bacterial
growth, minimizing selection pressure for AMR phenotypes, thus
making it a promising antivirulence approach (Ghanei-Motlagh
et al., 2021). As highlighted by Kuebutornye et al. (2019), certain
groups of bacteria such as Bacillus spp., that have shown a high
probiotic potential in aquaculture, exhibit these QQ properties.
Probiotics are live microorganisms that offer various benefits
such as enhanced immunity and resistance to pathogens (EI-
Saadony et al., 2021). With increasing concerns on the use of
antimicrobial agents in aquaculture, probiotic bacteria emerge as
a safer alternative (Lu et al., 2022; Serwecinska, 2020). In finfish
aquaculture, most used probiotic bacteria belong to genera of
Lactobacillus, Lactococcus, Pediococcus, and Bacillus (Kuebutornye
et al, 2019; Yousuf et al, 2023). Formerly, probiotics used in
aquaculture were allochthonous in nature, isolated from terrestrial
sources, disregarding their inadequate efficacy for aquaculture due
to physiological incompatibility between terrestrial and aquatic
conditions within the hosts and their environments (Yousuf
et al, 2023). However, consensually, probiotic strains isolated
from aquatic organisms, or their environment colonize and
establish themselves relatively faster, are more stable, resilient,
persistent, and robust. Furthermore, host immune systems barely
act on them as they are already part of the gut microflora
(Nayak, 2010; Yousuf et al., 2023). Thus, indigenous QQ bacteria,
isolated from aquatic hosts and their environments should
already be adapted to local conditions (e.g., tolerance to salt
and high temperatures). This would offer inherent resistance to
environmental stressors and may exhibit improved efficacy against
local emerging aquaculture pathogens (Amenyogbe et al., 2022;
Husain et al., 2022; Kaushik et al., 2009), including Aeromonas
spp., Pseudomonas spp., Edwardsiella spp., Flavobacterium spp.,
Mycobacterium spp., Streptococcus spp., amongst others (Akoll and
Mwanja, 2012; Walakira et al., 2014).

We explored indigenous reservoirs of bacteria from
aquaculture production systems in Uganda, focusing on
their antivirulence potential, environmental adaptability and
compatibility for probiotic application in aquaculture. Our
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goal was to enhance preparedness for combatting aquatic
pathogens and promote sustainable aquaculture productivity.
This work focused on the development of an innovative protocol
to aid in the discovery of putative new indigenous candidate
probiotics for use in aquaculture. Our approach included
procedures on selective bacterial isolation from aquaculture
environments (i.e., sediments), phenotypic screening, molecular
identification, and in vivo biosafety assessment. The primary
objective of our study was to isolate indigenous bacterial
strains exhibiting enhanced QQ capabilities and enhanced
survival under elevated temperature (ie., 85°C) and high
salinity (i.e., 35 g.L~! NaCl) conditions. This targeted approach
allowed to obtain candidate probiotic strains that could be
further exploited for their QQ-based antivirulence potential.
Our approach also included heat and salt selective pressure
to exclude virulent Bacillus cereus strains, known for their
involvement in food poisoning incidents and thus of importance
for public health concerns (Wang et al, 2020). Furthermore,
to reassure the probiotic nature of these indigenous bacteria,
a phenotypic screening was conducted with a focus on key
traits relevant for their probiotic application. This included
QQ rates, hemolysis, and proteolytic activity to select the most
promising candidates for probiotic use in Ugandan aquaculture.
Our protocol also included in-depth molecular analyses using
whole genome sequencing (WGS) with Oxford Nanopore
Technologies (ONT) for bacterial identification and genomic
probiotic prediction. Finally, we assessed the biosafety of the
strains in axenic brine shrimp (Artemia franciscana), following
a previously established toxicity testing model (Roy et al,
2019).

2 Materials and methods

2.1 Sample collection and isolation of
candidate probiotic bacteria

Wet sediment samples were collected with a plastic shovel
from the surface layer of Nile tilapia (Oreochromis niloticus)
earthen ponds at Ugandas National Aquaculture Research and
Development Centre (ARDC), part of the National Agricultural
Research Organization (NARO). Sediment samples were airdried
in open air on sterile plastic petri dishes until they were completely
dry (~7 days). They were then packed in sterile air-tight Ziploc
bags (Biohazard, China) and stored at 4°C for 30 days until they
were used to isolate native bacteria. Samples were subjected to our
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FIGURE 1
Overview of the isolation protocol for the isolates from sample collection, isolation, purification, selection of isolates to submission for molecular
characterization (WGS). Physiological saline (PS) was composed of 8.0 g.L"1 NaCl, 0.2 g.L"1 KCl, 1.44 g.L"! NayHPOy4, and 0.24 g.L-! KH,PO4.
Minimal medium (MM) contained 0.080 g.L"! NaHCOs, 0.250 g.L"KCl, 0.040 g.L"*KBr, 1.840 g.L'* MgCl,6.H,0, 0.410 g.L"! CaCl,.2H,0,
0.008 g.L"! SrCl,.6H,0, and 0.008 g.L-! H3BO3 (Created with BioRender.com).

bacterial isolation protocol to select for quorum quenching (QQ)
and stress tolerance (i.e., heat at 85°C and NaCl at 35 g.L*I). This
part of the protocol is thought to benefit the elimination of virulent
Bacillus cereus. A schematic overview of the bacterial isolation
protocol can be found in Figure 1. Firstly, minimal medium
[MM; 0.080 gL~ ! NaHCO3, 0.250 gL~ 'KCl, 0.040 g.L~'KBr,
1.840 g L=! MgClL6.H,0, 0.410 gL~! CaCl,.2H,0, 0.008 g.L~!
SrCl,.6H, 0, and 0.008 g.L’1 H3BO3 in phosphate buffered saline
(pH 6.5)] was prepared and autoclaved. Also, a 50 mg.mL~! N-
hexanoyl homoserine lactone (HHL; fluka, Germany) stock
solution was prepared by dissolving 10 mg of HHL in 200 pL
of ethanol (95%), followed by filter-sterilization using 0.22 pm
Polyvinylidene fluoride (PVDEF) syringe filters (30 mm diameter;
Whatman). The final stock solution (1 gL~!) was obtained
by dilution with sterile distilled water and stored at 4°C until
use.

For the actual bacterial isolation, 2 g of each sediment sample
was soaked for 30 min in 10 mL of a sterile physiological solution
(PS; 8.0 gL~! NaCl, 0.2 gL~ ! KCl, 1.44 gL~! Na,HPO,, and
0.24 gL=! KH,POy). From this 10 mL suspension, 100 L was
dispensed into 20 mL of MM supplemented with buffered [pH
adjusted to 6.5 with sterile 3-(N-morpholino) propanesulfonic
acid) (MOPS) (200 mg.L~!) before storage] HHL to a final
concentration of 5 mg.L~! as a sole source of nitrogen and carbon.
Incubation of the samples was done in sterile glass tubes at 28°C
for 48 h on a shaker (BIOSAN ES-20) at 120 rpm. After initial
incubation, 1 mL of each sample was aliquoted into sterile 1.5 mL
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microcentrifuge Eppendorf tubes and heat-treated for 20 min at
85°C in a water bath to further minimize the likelihood of (co-)
isolating toxin producing Bacillus cereus. After heat-treatment,
100 iL of the cultures were spread on sterile Luria Bertani 35
(LB3s; LB with 35 g.L~! NaCl) agar plates and incubated for 4 days
at 28°C with continuous monitoring of colony formation and
concentration (CFU.mL™!). Thereafter, 100 wL from each of the
remaining heat-treatments was inoculated into new sterile MM,
supplemented with buffered HHL and 1% sterile Luria Bertani
20 (LByo; LB with 20 g.L_1 NaCl) broth for another incubation
cycle. Plating was done on LB3s agar plates to screen for strains
with a high salt tolerance capability. Alternating the addition of
LBy broth (1%) to MM aimed to increase nutrient availability
for the selected strains and enhance their concentration through
the subsequent cycles of isolation and purification. Heat-treatment
and growth on LB35 agar plates, each time followed by inoculation
of colonies in MM supplemented with buffered HHL (5 mg.L~!)
and/or 1% LByo broth was repeated for three cycles. Thus, a
total of three sub-cultures were made to purify and select distinct
colonies on LB35 agar for further characterization and screening.
After the final cycle in MM, single colonies on LB3s agar were
selected based on morphological differences (i.e., shape, color,
size, and general appearance). All isolates were Gram-stained
according to Paray et al. (2023) and all candidate probiotic isolates
were cryopreserved in 50% sterile glycerol stocks and stored at
—80°C.
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2.2 In vitro screening of candidate
probiotics

2.2.1 Assessing the ability of quorum quenching
by measuring HHL degradation

Due to the importance of QQ in controlling bacterial virulence
in aquaculture, the ability for QQ was assessed for our candidate
probiotic isolates. We applied a protocol involving a plate diffusion
method to quantitatively detect exogenous HHL degradation by
QQ isolates to aid in the selection of QQ strains as described by
Defoirdt et al. (2011). This method involves detecting exogenous
AHLs, which are QS autoinducers, using Chromobacterium
violaceum strain CV026. This strain does not produce AHLs but
responds to their presence by producing violacein, a visible purple
pigment (Defoirdt et al.,, 2011; Tinh et al., 2007).

In short, candidate probiotic isolates were inoculated on
Luria Bertani 10 (LBjo; LB with 10 g.L=! NaCl) agar and after
overnight incubation at 28°C, a single colony was inoculated into
5 mL of buffered LBy broth (pH 6.5 with MOPS, 200 mg.L™!),
supplemented with 5 mg.L~! HHL. Incubation was done at
28°C and 120 rpm for 24 h. This procedure was repeated for
three independent colonies to obtain triplicate biological read-
outs. Simultaneously, the C. violaceurn CV026 reporter strain
was grown overnight (28°C, shaking at 120 rpm) in LBo broth
buffered to pH 6.5 with sterile MOPS and supplemented with
kanamycin (20 mg.L~!). The addition of kanamycin warrants
selective growth of CV026 by suppressing potential contaminants
and to promote retention and maintenance of the plasmid that
enables the strain to detect exogenous AHLs (Devescovi et al., 2017;
Kroll etal., 2010). Besides our isolates, negative and positive control
strains, Pseudomonas flourescens pME6000 and pME6863, being
AHL degrading and AHL non-degrading strains, respectively, were
included to guarantee valid assay read-outs (Defoirdt et al., 2011;
Gopu and Shetty, 2016). To detect HHL degradation by our
candidate probiotic isolates, the ODssg of C. violaceum CV026
was adjusted to 0.1 before making lawns on LBj agar plates
with 100 pL of the culture. For the standard curve, 10 pL
from each HHL dilution series was spotted in the center on
the C. violaceum CV026 lawns in triplicate and incubated at
28°C for 24 h (Supplementary Figure SI). For the test isolates
and controls, 1 mL was aliquoted after 24 h of incubation,
filter-sterilized (0.22 pwm PVDF syringe filter, diameter 30 mm,
Whatman) to obtain bacteria-free supernatants, and spotted (10
L) in the center onto C. violaceum CV026 lawns. LBjy plates
with C. violaceum CV026 lawns containing spots were incubated
for 48 h at 28°C and the diameters of the purple halos of the
violacein pigment on CV026 lawns were measured with a ruler
(300 mm) and correlated with the standard curve (Supplementary
Figure S1). A linear regression model was then fitted to estimate
HHL concentrations during the HHL degradation experiments
for the test isolates and controls. Isolates capable of significantly
reducing HHL concentration below the negative control level were
classified as HHL degrading (i.e., QQ isolates) and were retained for
further analysis.

2.2.2 Visualization of in vitro QQ

The selected isolates were cross streaked with an AHL producer
(i.e., Aeromonas hydrophila strain LVS3), and an AHL reporter
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(C. violaceum strain CV026) parallel to each other at a separation
not exceeding 15 mm. All the test strains and the negative control
(sterile LBjo broth) were streaked at the center between the parallel
cross streaks of A. hydrophila LVS3 and C. violaceurn CV026. The
QQ capability of our test isolates was confirmed when purple
pigment formation occurred only where the C. violaceurn CV026
streak was unobstructed by the QQ positive isolates as compared to
the negative control. The latter is characterized to not inhibit purple
pigmentation along the C. violaceun CV026 streak.

2.2.3 Hemolytic activity of candidate probiotics
Assessing hemolytic activity is crucial for probiotic biosafety
as hemolytic bacteria can profit from small lesions and wounds
on the skin of hosts and cause infections (Jinendiran et al., 2019).
Therefore, selected QQ-confirmed isolates were evaluated further
for their hemolytic activity as described by Kuebutornye et al.
(2020). Briefly, all isolates were tested for hemolysis on LBy agar
plates supplemented with 5% (v/v) defibrinated sheep blood. The
ODss5 of the overnight grown cultures of the isolates was adjusted
to 0.1 before spotting 5 wL of each isolate onto the center of the
plates in triplicate, followed by incubation at 28°C for 48 h. Isolates
which induced complete hemolysis (B-hemolytic) were identified
by clearance around and below the colony spots while isolates
which induced partial hemolysis (a-hemolytic) exhibited greenish-
brownish zones around and below the colony spots. Non-hemolytic

isolates (¥-hemolytic) were identified by the absence of clearance
around the colony spots. Isolates that displayed B-hemolysis were

eliminated, while those that exhibited ¥ or o hemolysis were
considered safe and were retained for further screening and
molecular characterization (Kuebutornye et al., 2020).

2.2.4 Proteolytic activity of candidate probiotics

Proteolytic activity is essential for protein utilization, the most
expensive nutrient in fed aquaculture production (Liu et al., 2009).
Hence, all QQ-confirmed and ¥ or a hemolytic isolates were
subjected to an assay to assess their proteolytic activity by streaking
them on skim milk agar plates (10% w/v) followed by incubation at
28°C for 72 h in triplicate (Hossain et al., 2021). Isolates positive
for proteolysis as indicated by the presence of clearance zones
on the skim milk agar plates were selected for further molecular
characterization using Oxford Nanopore Technologies (ONT)
long-read whole genome sequencing (WGS) and subsequent in vivo
biosafety testing.

2.2.5 Long-read whole genome sequencing,
species identification, and in silico evaluation of
probiotic activity and potential risks

All Gram-positive, in vitro confirmed QQ, ¥ or a hemolytic,
and proteolytic isolates were revived from a freezer (-80°C) and
cultured overnight at 28°C on LBy agar plates. These plates were
subsequently transported to the PathoSense laboratory (Merelbeke,
Belgium), where WGS was conducted using the ONT long-read
GridION sequencing platform, according to Vandeputte et al.
(2024) and Vereecke et al. (2023). Final genome assemblies
were submitted to NCBI under BioProject PRINA1094437 with
accession numbers as represented in Supplementary Table S2.
Resulting genome assemblies were identified and classified at the
species level using rMLST (pubMLST) (Jolley et al., 2012) and the
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Type Strain Genome Server (TYGS) (Meier-Kolthoff and Goker,
2019). New bacterial species were assessed using TYGS dDDH
(d4) along with average nucleotide identities (ANI) as obtained
from the ANI calculator on EZBioCloud (Yoon et al., 2017).
A new species was determined based on dDDH (d4) and ANI
values below 70 and 95%, respectively (Goris et al., 2007; Meier-
Kolthoft and Géker, 2019). Next, we used our genomes to perform
an in silico prediction and assessment of their probiotic nature
and safety using two new tools. A first approach, iProbiotics
(v.2023.6.5) (Sun et al., 2022) uses machine learning for the rapid
identification of probiotic properties. Here, the “modell: Probiotic
Predictor” was used for probiotic prediction. Our analysis was
supplemented with well-known and relevant bacterial probiotics
and pathogens as controls based on Kuebutornye et al. (2019)
(Supplementary Table S3). Secondly, our genomes were submitted
to the ProBioMinServer (Liu et al., 2023), an integrated platform to
assess the safety and functional properties of putative prokaryotic
strains. This approach delivered a Probiotic Potential Risk Score
(PPRS) as the overall sum of the presence of Antimicrobial
Resistance Genes (ARGs), virulence factors, and Mobile Genetic
Elements (MGEs), which is suggested to be interpreted as low-
risk (<4), medium-risk (4-6), and high-risk (>6). An overview of
the results, used software packages, their versions, and databases
is given in Supplementary Table S4. Finally, to reassure ourselves
from the rigor of these tools, independent screenings against the
CARD (Alcock et al., 2023) and complete VEDB (Liu et al., 2019)
databases were conducted using Abricate (v.0.9.9).* This allowed us
to analyze the data in “conserved” and “loose” mode, representing
80%/80% and 60%/60% for nucleotide identity and query coverage,
respectively. Complete data output is represented in Supplementary
Table S5.

2.3 In vivo biosafety/non-toxicity
verification

To validate the biosafety and thus non-toxicity of the
molecularly characterized strains, axenic brine shrimp (Artemia
franciscana) nauplii (instar II stage) were bath-treated with the
bacterial strains at a cell density of 107 CFU.mL™! according to
Roy et al. (2019) with minor modifications. Artemia cysts were
first decapsulated and then suspended in filtered and autoclaved
artificial sea water (FAASW—35 g.L~! instant Ocean synthetic
sea salt, Aquarium Systems, Sarrebourg, France). The cysts were
incubated at 28°C for 24 h on a rotor (6 rpm) until hatching.
The nauplii were incubated (2 nauplii per mL) in sterile glass
tubes containing FAASW (10 mL) on a rotor (28°C, 6 rpm,
48 h). Bacterial strains were prepared by inoculating overnight
cultures into sterile LBjy broth and harvested them at the log
phase. Cultures were centrifuged (MF 20-R, France) (7,000 x
g, 4°C, 15 min) to obtain pellets, washed three times, and
resuspended in sterile FAASW (10 ppt) to make stocks. Optical
densities at 550 nm were measured to estimate the cell density
for bath treatments. Nauplii were fed once with autoclaved
A. hydrophila LVS3 at a concentration of 108 CFU.mL™!. Cell

1 https://github.com/tseemann/abricate
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densities were estimated using a McFarland standard (BioMerieux,
Marcy LEtoile, France) at 550 nm, assuming that OD550 of 1
corresponds to 1.2 x 10° Cells.mL~1. After 48 h, survival rates
computed and compared between test groups and mock infections.
A significant reduction in survival rates in the test groups
compared to the negative controls indicated potential toxicity of
the bacterial strains, while similar survival rates confirmed their
biosafety.

2.4 Data analysis and statistics

The QQ potential between the test isolates and the controls
was compared by an Independent Two sample t-test in which
significance was determined if p < 0.05. For the HHL degradation
assay, a correlation between the diameters of the purple halos
and the HHL concentrations in the HHL dilution series was
used to compute a standard curve. A linear regression equation
from the curve was used to calculate the estimated HHL/AHL
concentration for the different isolates. In vivo survival rate data for
the biosafety trial were first transformed (i.e., arcsine) to fulfill the
requirements of normality and homoscedasticity prior to running a
One-way ANOVA in which significance was determined if p < 0.05.
A Tukey’s HSD post-hoc test was done for multiple comparison at
95% confidence interval (CI). Statistical analysis was conducted in
R studio (v. 2023.03.0 + 386). Graphs were produced by Microsoft
excel, GraphPad Prism (version 9, GraphPad Software, San Diego,
CA, United States), and Sigma plot (v.15).

3 Results

3.1 Isolation and QQ-based screening of
indigenous probiotic candidates

From nine sediment samples, 24 Gram-positive isolates were
selected based on their diverse morphological characteristics (i.e.,
size, color, shape, and overall appearance) as summarized in
Supplementary Table S1. All the 24 isolates were tested for
their HHL degrading capacity with a plate diffusion assay. The
concentration of HHL (in mg.L*I) was determined using the
equation derived from the HHL standard curve obtained from the
linear regression on the standard curve (y = 1.2133x + 3.0952,
R? = 0.992). The negative control strain (P. flourescens pME6000)
gave no HHL degradation (4.4775 £ 1.4027), while the positive
control strain (P. flourescens pME6863) did (0.0005 =+ 0.0000)
(Supplementary Table S1). Eleven of the 24 isolates (QQB2, QQA2,
QQCI, QQA4, QQBS, QQBY, QQA7, QQC4, QQC5, QQCe,
QQC7) showed the ability to degrade HHL to concentrations
significantly lower (p < 0.05) than the one observed for the negative
control strain P. flourescens pME6000 (Figure 2; Supplementary
Table S1). During QQ visualization, no AHL degradation was
observed on the negative control plate (LB streak) (Figure 3A).
In contrast, all the isolates effectively degraded AHLs produced by
the AHL producer strain LVS3, represented by the selected strains
(Figures 3B-G), reducing AHL concentrations to undetectable
levels by the AHL reporter strain (CV026 streak). These strains
were designated as QQ-positive and subjected to further analysis.
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Results of the plate diffusion assay. HHL degradation by all 24 Gram-positive isolates was measured after 24 h (28°C) of incubation in LBy broth
supplemented with 5 mg.L"! buffered HHL. PC and NC denote the positive (P. flourescens pME6863) and negative (P. flourescens pME6000)
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FIGURE 3

Visualization of in vitro quorum quenching. (A) Negative control (LB1g broth), streaked in between an AHL producer (LVS3) and an AHL reporter
(CV026 - purple streak). The whole streak of CV026 was filled with a purple pigment after detecting the AHLs from LVS3 without degradation. All
the selected strains (B — PMUGO01, C - PMUGO02, D - MYUG, E - LFUG, F — KSNUG and G — HSNUG) were streaked in between the AHL producer
(LVS3) and AHL reporter (CV026) and absence of the purple pigment on the CV026 streaks in zones where the strains were streaked indicated AHL

degradation by the QQ strains.

3.2 Hemolytic and proteolytic activity of
candidate probiotics

Since all 11 test strains were confirmed to be QQ, they all
underwent further evaluation for their hemolytic activity. This
was done to align with biosafety considerations to determine
their suitability as potential probiotic strains for application
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in aquaculture. While three isolates demonstrated hemolytic
activity (B-hemolysis—QQBS8, QQBY, and QQC4), three (isolates
QQA2, QQB2, and QQA7) and five (isolates QQC1, QQCS5,
QQC6, QQC7, and QQA4) isolates were ¥- and o-hemolytic,
respectively (Table 1). As such, the B-hemolytic isolates were
excluded from further consideration, whereas the remaining
eight isolates were subjected to further testing. These eight
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TABLE 1 Overview of QQ confirmed putative probiotic isolates (n = 11) from aquaculture sediments, comprising in vitro QQ rate (in%), hemolytic
activity and proteolytic activity of the isolates.

Isolate In vitro QQ rate (% % SD) Hemolysis Proteolysis Probiotic suitability
QQB2 68.4+7.7 Y o+ Yes
QQA2 87.6 + 4.4 Y . Yes
QQC1 86.0+ 2.0 a ++ Yes
QQA4 100.0 £ 0.0 o +++ Yes
QQB8 76.0 + 8.4 B NA No
QQBY 100.0 + 0.0 B NA No
QQA7 80.7 + 4.7 Y - No
QQC4 100.0 + 0.0 B NA No
QQCs 100.0 + 0.0 a 4t Yes
QQCe6 87.6 +44 o +++ Yes
QQC7 99.4 4 0.1 a - No
PC 100.0 + 0.0 NA NA NA
NC 105+ 1.4 NA NA NA

The three B-hemolytic isolates were considered unsafe and were not tested for proteolytic activity (NA: Not Assessed). Isolates with significantly higher QQ rate than the negative control,

non-hemolytic (o and Y) and proteolytic in nature were considered suitable (Yes) for probiotic application in aquaculture whereas those that did not satisfy the above criteria were not (No).

Relative proteolytic activity was ranked as ++++ (highest), followed by +++, and ++.

residual strains were subjected to an assay to assess their
proteolytic activity to confirm and support their putative probiotic
character as this is in line with enhanced protein utilization.
A total of six (QQA2, QQB2, QQCI, QQA4, QQCS5, and
QQCeo) isolates exhibited proteolytic activity and were subjected
to subsequent molecular characterization by long-read WGS
(Table 1).

3.3 ldentification and classification of
selected isolates

Following ONT long-read sequencing and genome assembly,
complete circular genome assemblies for the six remaining isolates
were obtained that were evaluated to be suitable (i.e., QQ
confirmed, non-hemolytic (¥ and o hemolysis), and proteolytic
positive; Table 1) as probiotics in aquaculture. A complete
overview of raw read QC, assembly QC, and genome identification
can be found in Supplementary Table S2. Two new bacterial
species, Kocuria crassamentum species nova, strain KSNUG and
Heyndrickxia crassamentum species nova, strain HSNUG were
identified (ADDH (d4 in%) < 70% and ANI < 95%).

Next, our genomes were used to assess their putative role
as probiotics using the iProbiotics tool, which relies on machine
learning to rapidly identify probiotic properties. As shown in
Figure 4, all strains were classified as probiotic with a probability
ranging between 92 and 99%, which is in correspondence with
(putative) probiotics (96.3 & 3.7% probiotic prediction probability;
n =9) and in contrast with (putative) pathogens (67.4 £ 37.3%
non-probiotic prediction probability; n = 23) in aquaculture. Of
note, the lowered non-probiotic prediction probabilities were a
result of higher probiotic prediction probabilities for Lactococcus
piscium, Yersinia enterolitica, Yersinia ruckeri, Streptococcus iniae,
and Pseudomonas fluorescens. Removing these from the analysis
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resulted in a non-probiotic prediction probability of 83.6 £ 22.3%
for the remaining (putative) pathogens (n = 18) (Supplementary
Table S3). Second, a more extended approach was applied to assess
the safety of our potential probiotics using the ProBioMinServer
platform, which delivers a Probiotic Potential Risk Score (PPRS).
Based on their scoring system, only two of the six putative probiotic
strains (Kocuria crassamentum species nova, strain KSNUG and
M. yunnanensis MYUG) were classified as low-risk (PPRS < 4).
The L. fusiformis LFUG, Heyndrickxia crassamentum species
nova HSNUG, and P. megaterium PMUGO01/PMUGO02 strains
were all classified as high(er) risk with PPRSs of 6.08, 9, and
11, respectively (Supplementary Table S4). Genome mining for
the presence of known ARGs in “conserved” mode (i.e., 80%
nucleotide identity and query coverage) revealed only the IsaB
gene in the P. megaterium genomes (Supplementary Table S5).
Performing the same analysis for known virulence factor genes,
three putative virulence factors were identified. These included
the sphaericolysin gene (Bsph_4094 from Lysinibacillus sphaericus
C3-41 (VFG043991) in the L. fusiformis LFUG strain, and genes
encoding for an isocitrate lyase [icl from Mycobacterium avium
H37Rv (VFG009263)] and a chaperonin GroEL [Rv0440 from
Mpycobacterium tuberculosis H37Rv (VFG043550)] in both the
Kocuria crassamentum species nova KSNUG and M. yunnanensis
MYUG strains. Extending our search to “loose” mode (i.e., 60%
nucleotide identity and query coverage), the same genes were
identified as reported above, along with the identification of extra
ARGs and virulence factors as shown in Supplementary Table S5.

3.4 In vivo biosafety/non-toxicity
verification

The results of our genomic identification suggested that some
strains might be of higher risk based on (i) ProBioMinServer PPRS
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Kocuria crassamentum species nova KSNUG =
Lysinibacillus fusiformis LFUG =

Heyndrickxia crassamentum species nova HSNUG =
Micrococcus yunnanensis MYUG =
Priestia megaterium PMUGO01 -
Priestia megaterium PMUG02 -
Bacillus mojavensis=|

Bacillus cereus=|

Bacillus proteolyticus=|

Bacillus amyloliquefaciens =
Bacillus velezensis=

Bacillus pumilus =

Bacillus licheniformis=

Bacillus subtilis subsp. subtilis=
Niallia circulans=

Aeromonas hydrophila=
Aeromonas salmonicida=]
Aeromonas enteropelogenes =
Aeromonas veronii=
Aeromonas bivalvium=
Acinetobacter tandoii=|
Clostridium perfringens=
Edwardsiella piscicida=|
Edwardsiella ictaluri=
Edwardsiella tarda=
Flavobacterium columnare=
Lactococcus piscium=|
Lactococcus garvieae=|

Yersinia enterocolitica=

Yersinia ruckeri=

Streptococcus parauberis =]
Streptococcus agalactiae=]
Streptococcus iniae=|

Vibrio anguillarum Chrom 1=
Vibrio splendidus Chrom 1=
Vibrio harveyi Chrom 1=

Vibrio parahaemolyticus Chrom 1=
Pseudomonas fluorescens =]

(putative) probiotics

(putative) pathogens

10.3389/fmicb.2025.1558238

Probiotics prediction

Probiotics
Non-Probiotics

0.00

FIGURE 4

0.25

1 1 1
0.50
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Results of the iProbiotics analyses using the machine learning model for probiotic prediction. The probability of our strains (n = 6) and a selection of
relevant (putative) probiotics (n = 9) and (putative) pathogens (n = 23) are shown, with their probability of prediction to be a probiotic and
non-probiotic in green and red, respectively. Selection of (putative) probiotics and pathogens is based on Kuebutornye et al. (2020). A detailed

break-down is given in Supplementary Table S3.

scoring and (2) the identification of some putative virulence factors.
Hence, we evaluated the biosafety of our six remaining isolates
using an in vivo axenic Artemia nauplii (instar II) challenge and
toxicity model. All isolates were shown to be non-toxic to Artemia
nauplii (instar II stage) at 107 CFU.mL™! after 48 h of incubation
at 28°C (Figure 5). The survival rates for all treatments with the
different strains were not significantly different from each other and
from the negative control (p = 0.0624).

4 Discussion

Probiotics have caught substantial attention as non-antibiotic
alternatives in aquaculture due to their ability to improve
gut microbial balance, feed utilization, disease resistance, and
overall health (Kuebutornye et al., 2020; Mathan Muthu et al,
2024). However, most probiotic isolation protocols prioritize
in vitro antimicrobial activity, neglecting critical parameters
such as host compatibility, colonization ability, and biosafety
(Hasan and Banerjee, 2020). This limitation often leads to
ineffective in vivo performance and potential disruptions to

Frontiers in Microbiology

08

non-targeted microflora (Knipe et al., 2021). Consequently,

molecular characterization, including virulence genes and
antibiotic resistance gene (ARG) screening, is recommended for
probiotic selection (Butt et al., 2024). Many commercial probiotics
in aquaculture are allochthonous, exhibiting poor adaptability and
colonization within aquatic hosts (Azad and Al-Marzouk, 2008;
famashita et al., 2020). They may introduce foreign microbes
into aquatic systems, where their interactions with resident
microbiota are poorly understood (Azad and Al-Marzouk, 2008;
Mukherjee et al., 2017; Villegas-Plazas et al., 2022; Yamashita
et al., 2020). Therefore, isolation protocols should incorporate
comprehensive molecular characterization and screening for
robust, stress-tolerant, indigenous autochthonous strains.

In Uganda, fish health and biosecurity measures are
underdeveloped despite the rise of intensive production systems
such as cages, increasing the risk of disease outbreaks (Akoll
and Mwanja, 2012; Mbowa et al., 2017; Walakira et al., 2014).
Some probiotic strains have been isolated using classical in vitro
techniques but lack thorough biosafety and molecular evaluation
(Kato et al,, 2016). Farmers have even added unknown microbes

as probiotics to improve water quality (Naigaga, 2018). To address
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FIGURE 5

Survival rates of gnotobiotic Artemia franciscana nauplii after bath treatment with the selected candidate probiotic isolates in filtered and autoclaved
artificial seawater (FAASW) and incubated for 48 h at 28°C on a rotor (6 rpm). The negative control (NC) was Artemia in FAASW, but without bacterial

isolates. Survival rates in all groups were statistically the same.

these gaps, our study developed a novel, non-invasive probiotic
isolation pipeline focusing on stress-tolerant, autochthonous
strains. We applied quorum quenching (QQ) and selective
stressors (i.e., with heat at 85°C and salt at 35 g.L™!) to minimize
co-isolation of virulent B. cereus while ensuring salt tolerance for
stability in hosts and various aquatic environments (Berna et al,,
2015). Noteworthy, using synthetic HHL in our protocol, and
molecular characterization could hinder large-scale application.
Using our protocol on nine sediment samples, we obtained 24
Gram-positive bacterial isolates, 11 of which were QQ positive.
Since quorum sensing (QS) regulates virulence in Gram-negative
bacteria, QQ bacteria have potential as anti-virulence probiotics
(Ghanei-Motlagh et al., 2021). Additionally, our approach reduced
the likelihood of isolating B. cereus strains, which pose public health
risks due to their involvement in food poisoning incidents (Wang
et al., 2020). Given the spore-forming ability of Bacillus cereus
strains, additional characterization of the isolates was necessary
(Luu-Thi et al., 2014). In-depth screening (e.g., hemolytic activity
and WGS) in our protocol, effectively excluded these strains from
subsequent selection and use (Bhunia, 2018; Visiello et al., 2016).
Specifically, all B-hemolytic isolates (03), comprising B. cereus and
most fish and shellfish pathogens such as Vibrio spp., Aeromonas
spp., Flavobacterium spp., Edwardsiella spp., Streptococcus spp.,
and Mycobacterium spp. were excluded (El-Saadony et al., 2021;
Deng et al,, 2021; Deng et al., 2023; Sarkar et al, 2021). The

remaining eight isolates, classified as ¥ or a hemolytic, were
considered safe for probiotic application (Kuebutornye et al., 2020).

To assess probiotic functionality, we evaluated extracellular
enzyme production, particularly proteolytic activity, which
enhances protein utilization in aquaculture (Cai et al., 2019; Khan
et al., 2019). Six of the eight strains showed proteolytic activity
and were further characterized using ONT long-read WGS. Whole
genome sequencing and analysis confirmed pure isolates. These
enabled precise species identification, highlighting the role of
molecular identification and characterization in steering probiotic
discovery toward strains with known specific probiotic attributes
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without biosafety concerns (Chau et al., 2021). Also, WGS revealed
four Bacillaceae strains (i.e., HSNUG, PMUGO01 and PMUGO02,
and LFUG), commonly used as aquaculture probiotics due to
their beneficial traits such as the ability to: downregulate virulence
gene expression in hosts; produce bacteriocins and antibiotics;
compete for binding sites and nutrients with pathogen; synthesize
essential substrates such as essential amino acids and vitamins;
and possess immuno-modulatory and stimulatory properties
in hosts (Kuebutornye et al., 2020). Their production of heat-
resistant spores ensures prolonged storage viability and sustained
effectiveness during practical application and administration
(Kavitha et al., 2018; Nemutanzhela et al., 2014). Our new isolation
protocol also discovered two novel bacterial species from Kocuria
and Heyndrickxia genera, expanding potential probiotic candidates
beyond Bacillus spp.

Accurate species classification required supplementation with
external genomic databases (e.g., NCBI) due to incomplete public
repositories (Goris et al., 2007; Meier-Kolthoff and Goker, 2019).
For instance, the M. yunnanensis MYUG strain was initially
misclassified as M. luteus due to database limitations.

The strains probiotic potential was even predicted further
with advanced state-of-the-art computational tools such as
iProbiotics and ProBioMinServer. A high probiotic potential
(92-99%) was predicted. However, misclassifications for some
of the included (putative) pathogens (e.g., Lactococcus piscium,
Yersinia enterolitica, Yersinia ruckeri, Streptococcus iniae, and
Pseudomonas fluorescens) suggest that these models were probably
only trained on common (human) pathogens. Hence, refinement
for aquaculture-specific strains is highly recommended.

Further biosafety analysis identified minimal ARGs and
virulence factors, with only a few genes of uncertain functional
significance detected at a relaxed (“loose”) threshold. Importantly,
in vivo safety was confirmed in an axenic Artemia nauplii (instar
II) challenge and toxicity model, where no significant mortalities
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occurred at 107 CFU.mL™! after 48 h of bath-treatment with
the strains. Integrating in vitro, in vivo, and genomic assessments
reinforced our selected strains’ safety and probiotic potential for
aquaculture applications.

5 Conclusions

Our protocol prioritized the selection of six local, non-
hemolytic and proteolytic stress-tolerant bacterial strains with
enhanced quorum quenching capabilities out of 24 initially
isolated strains, while minimizing the likelihood of co-isolating
virulent strains such as B. cereus. These six strains were identified
as Priestia megaterium PMUGO1 and PMUGO2, Lysinibacillus
fusiformis LFUG, Micrococcus yunnanensis MYUG, and two novel
strains, tentatively named Kocuria crassamentum species nova
KSNUG and Heyndrickxia crassamentum species nova HSNUG.
They all exhibited promising attributes for probiotic application
in aquaculture from phenotypic, genomic, and in vivo biosafety
perspectives. However, further studies are to be conducted to
further understand their in vivo probiotic efficacy in different
farmed organisms and at different life stages and augment their
potency as non-antibiotic alternatives for aquaculture. Moreover,
our protocol can be exploited further for its application on other
samples of different origins (e.g., marine, brackish, and freshwater
environments) to eliminate virulent strains and aid in the isolation,
identification, and characterization of putative new probiotics.
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