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Introduction

Over the past twenty years, there has been an

Abstract

This study aimed to evaluate the autochthonous bacterial strains of intestinal origin
from the Labeo catla for their prospective use as probiotic. COFAHE_Pro08 and
COFAHE_Pro06 were selected (out of 31 bacteria strains) for their potent antimicrobial
activity against pathogenic Aeromonas hydrophila ATCC 7965. The Pro08 and Pro06
strains were identified as Bacillus pumilus and Lysinibacillus macroides, respectively,
by 16S rRNA sequencing. The Pro08 showed a high multi-specific antibiosis efficiency
score and a high spectrum of antibacterial activity. The Pro08 showed more pH and
bile tolerance than the Pro06. In the in vitro adhesion study, Pro06 exhibited more cell-
surface hydrophobicity while Pro08 showed a better capability of auto and co-
aggregation along with biofilm-forming ability. The Pro08 significantly adhered to
mucosal-surfaces. The Pro08 showed positive protease, amylase, lipase, and cellulase
activity, the Pro06 was positive only for lipase activity. The radical-scavenging activity
was significantly higher in Pro08 than Pro06. The Pro06 was resistant to oxacillin
antibiotics, while pro08 was susceptible to all the tested antibiotics. Both strains were
non-haemolytic and were non-toxic to fish embryos. No mortality or clinical-signs were
observed during the challenged study in L. catla. B. pumilus exhibited better probiotic
attributes than L. macrolides for a novel application in aquaculture.

diseases are often the result of intensified or semi-
intensified aquaculture systems, which create favorable
conditions for the microbes to multiply with

increasing interest in leveraging probiotics to improve
the nutritional value of feed and minimize the
prevalence of fish diseases (Verscheure et al.,, 2000;
Balcazar et al., 2006). Probiotics, by and large, are live
microorganisms that confer beneficial effects to the
host upon feeding ad libitum (Hill et al., 2014).
Interlacing their multifarious peculiarities, probiotics
have increasingly been viewed as an alternative to
antibiotic treatment (Verschuere, 2000), which can
counter the exalted risk of infectious fish diseases. These
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simultaneous compromise of fish immunity due to
stress (Lio-Po and Lim, 2014).

In Indian freshwater aquaculture, Indian major
carps (IMCs) are economically important fish and are
frequently infected by motile aeromonads, with Labeo
catla being the most susceptible to the infection (Khatri
et al., 2009). To address this, there is a prudent use of
chemotherapeutics, such as antibiotics, chemicals,
drugs, etc., in the aquaculture system (Hall, 2011; Naylor
et al.,, 2009). However, such indiscriminate practices
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accelerate the potential accumulation of antibiotic
residue and antibiotic-resistant bacteria, raising public
health concerns (Sapkota et al., 2008; Sargenti et al.,
2020). Herein, with a comprehensive contemplation of
the available literature, probiotics have been proposed
as an eco-friendly and bio-pleasant alternative to
chemotherapeutics in aquaculture.

Several bacterial species from various genera have
been characterized and validated for their probiotic
potentials, among which many fall into the genus
Bacillus (Kuebutornye et al.,, 2019), a few under the
genus Lysinibacillus (Mani et al., 2021; Lian-Vidriales et
al., 2021), etc. However, since there is no guarantee of
having probiotic attributes in all the strains of a species,
there is a need to refine in vitro tests to predict the
viability of probiotics to function in the host. There are
notable findings on probiotics that have claimed the
health benefits relating to their consumption and this
mainly resulted from the method employed during the
selection, characterization, and validation of strains for
their probiotic potential. Probiotics must be able to
impact their benefits on the host through growth or
their activities in the body (Morelli, 2000). The intestinal
tract provides a complex physiological environment and
harbours many microorganisms involved in the nutrition
and health of the host (Ray et al., 2012). It is well-
recognized that host-associated autochthonous
microbes are more competent and efficient than
probiotics of non-native origin (Khan et al., 2022). The
physiological activities of the microbes are highest in
their natural habitat, and microbes can coevolve with
the host, possibly leading to beneficial bacteria
mutation (Huang et al., 2020; lbrahem, 2015).

Considering the benefits of autochthonous
bacteria, the current study was undertaken to
characterize probiotic attributes of bacteria isolated
from the intestine of a commercially important Indian
major carp species, L. catla. A comparative assessment
of two isolated potential probiotic strains (Bacillus
pumilus and Lysinibacillus macrolides) was carried out
using a range of assays.

Materials and Methods
Isolation of Gut Bacteria

Healthy L. catla fingerlings of length 13.53+0.47 cm
and weight 19.36£0.56 g were procured from a local fish
farm (23.14’10.8” N, 91.23’26.6” E) fish farms and
allowed to starve for 48h before aseptically excising the
gastrointestinal tract. To isolate the endosymbionts, the
excised guts were collectively homogenized and serially
diluted (up to 10°) with sterile NaCl solution (0.85%
w/v), spread on nutrient agar plates, and incubated for
24 h at 30°C. Morphologically discrete colonies were
singled out randomly (n=31) and subcultured to acquire
the pure culture of each isolate.

The bacterial isolates were first scrutinized for
their anti-microbial activity against an indicator strain of

Aeromonas hydrophila ATCC 7965 using the agar well
diffusion assay previously described by Nalawade et al.
(2016). Briefly, the nutrient agar plates were swabbed
evenly with an overnight culture of the indicator
bacteria. After 5-10 min, wells of 10 mm diameter were
made and a hundred microlitres of each overnight
culture of test strains were loaded into each well. The
plates were incubated at 30°C for 24 h, and the strains
showing inhibition zone were chosen for molecular
identification and characterization.

Molecular Identification of the Isolates

To identify these presumptive probiotic strains,
polymerase chain reaction (PCR) was used to amplify the
16S rRNA gene using the universal primers 27F (5
AGAGTTTGATCCTGGCTCAG 3') and 1492R (5’
GGTTACCTTGTTACGACTT 3') (Weisburg et al., 1991).
The PCR products were electrophoresed on an agarose
gel (1.5 %), and the amplicons were observed under a
gel documentation unit (Bio-Rad, USA). The amplified
product was then purified using a PCR product
purification kit (Thermo Fisher Scientific Inc., USA) and
sequenced. The sequence alignment was carried out in
the BLAST program of NCBI (National Center for
Biotechnology Information). A phylogenetic (Maximum
Likelihood) tree was created by the MEGA 11 software
using 16S rRNA sequence from the strain and closely
related species, retrieved from the GenBank. The
sequence of the strain was submitted to the NCBI
database, and the accession number was obtained.

Antimicrobial Efficiency

The antagonism activity of both isolates was
determined by adopting the modified cross-streaking
technique of Velho-Pereira et al. (2011). The severity of
the antagonism was checked by a parallel streak method
(Nakamura et al., 1999). In the cross-streak technique,
the nutrient agar plates were prepared and ensued by
inoculating test strain on the plates with a single streak
(length — 7 cm, width — 4 mm) across the diameter and
incubated for 48 h at 30°C. Subsequently, after 48 h of
incubation, the indicator strains were streaked
perpendicularly to the test strain apart by 3 mm.
Notably, the indicator strain streak line had a length of
3 cm with 0.4 cm width, and 1 cm was kept in between
the indicator streaks. It was re-incubated at 30°C for 48
h, and the inhibitory activity of the test strain was
recorded. To express the antimicrobial efficiency in
guantitative score matrices, the following equations
were applied:

PASDAAS=(AWG/TSA) x 100 (eg-1)

Where, PASDAAS: Percent area - specific
differential antibiosis activity score; AWG: Area of
indicator strain streak on the plate without growth; TSA:
Total streak area of the indicator strain
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PMSAES=(3PASDAASTP1.2/TPS) x 100 (eg-2)

Where, PMSAES: Percent multispecific antibiosis
efficiency score; PASDAASTP: Percent area-specific
differential antibiosis activity score of indicator strains
1&2; TPS: Total possible score of all the indicator strains
(i.e., 100x2=200)

POIES= (TNIS/TNTS) x 100 (eg-3)

Where, POIES: percent overall inhibition efficiency
score; TNIS: total number of inhibited indicator
strains/species; Total number of test species (indicator
strains/species)

Likewise, the parallel streak technique was carried
out by streaking two separate parallel lines (width - 4
mm) of the test strain across the diameter of the
nutrient agar plate apart by 3 cm. It was then incubated
at 30°C for 48 h and later, a single streak of the indicator
strain (length - 7 cm; width - 0.4 cm) was inoculated in
the middle of the test streaks. Later, it was re-incubated
for another 24 h at 30°C and the severity of the
inhibition was recorded.

Tolerance to pH and Bile Salt

The pH and Bile salt tolerance of the isolates were
determined by using the modified methods of Prasad et
al. (1998) and Nikoskelainen et al. (2001), respectively.
Briefly, bacterial suspensions with ODeoo of 0.25 unit
were prepared for each isolate from the overnight
culture, which was later inoculated in nutrient broths
(HiMedia, Mumbai, India) of varying pH (2- 9) and bile
concentrations (0, 2.5, 5, 10, and 20%). It was then
incubated at 30°C for 24 h and the changes in growth
were observed at 600 nm.

Bacterial Cell Hydrophobicity

A revised technique by Rosenberg et al. (1980) was
adopted to inspect the bacterial cell surface
hydrophobicity using different organic solvents i.e.,
xylene, chloroform, and ethyl acetate. In brief, after 48
h of incubation in nutrient broth at 30°C, the bacterial
suspension was centrifuged at 10,000 g for 3 min,
followed by two times washing with PBS (pH 7.4). The
pellet was resuspended in 2 ml of PBS (pH 7.4) and the
ODeoo (ODa) was measured. Then, each of the three
organic solvents (i.e., xylene, chloroform, and ethyl
acetate) were mixed with bacterial cell suspension
separately in a ratio of 1:1 (v/v) and vortexed for 5 min.
The mixture was left static for 30 min to separate into
two distinct layers, and the OD of the aqueous layer was
taken at 600 nm (ODb). To calculate the hydrophobicity,
the following formula was used:

Hydrophobicity (%) = (1 - ODb/0ODa) x 100

Auto-aggregation and Co-aggregation

The capacity of the test strains to auto-aggregate
and a co-aggregate were evaluated using the methods
described by Reneiro et al. (1992) and Collado et al.
(2008), respectively. In brief, the 24 h-old broth cultures
were centrifuged at 10000 g for 3 min, and the pellet
obtained was resuspended in PBS to obtain an OD of 0.5
at 600 nm. The test bacterial-PBS aliquot was incubated
at 30°C and observation was taken at 2 h and 4 h to
check for auto-aggregation while 0.5 ml of each test
strain and the pathogenic (A. hydrophila) strains were
mixed and incubated without agitation for 24 h to check
the co-aggregation capacity. Both the abilities were
determined by the following formula:

Auto-aggregation (%) =1 - (OD of the upper suspension
/ 0D of the total bacterial suspension) x 100

Co-aggregation (%) = [(ODpathogen + ODisolate)/2 - (ODmix) /
(ODpathogen + ODisoIate)/Z] x 100

Mucosal Adherence

The ability of the probiotic strains to adhere to the
fish mucus was evaluated as demonstrated by
Chabrillon et al. (2005). Briefly, an anaesthetized fish
was dissected to collect the mucus, which was then
centrifuged at 12000 g for 15 min. It was filter sterilized,
and the obtained supernatant was inoculated with the
test strain at 10°CFU/ml. The mixture was then
incubated for 24 h at 30°C, and the OD at 600 nm was
recorded.

Biofilm Formation Test

The biofilm production capacity was qualitatively
determined using Congo Red Agar (CRA) medium
(HiMedia) [brain heart infusion (BHI) broth - 37 g/L,
sucrose - 50 g/L, agar - 10 g/L and Congo Red indicator -
8 g/L] (Freeman et al. 1989). The test strains were
inoculated on the CRA plates and incubated for 24 h at
30°C to see for any colour changes.

Extracellular Enzymes Production Assay

The ability of the selected strains to produce
extracellular enzymes was assessed qualitatively (Gross
& Morell, 1971). The appearance of a clear zone around
the colonies of test strains on peptone-gelatin agar
(HiMedia) flooded with 15% Hgclz> indicated positive
protease activity. While the affirmation of amylase
activity was indicated by a whitish appearance on the
periphery of colonies on carboxy methyl cellulose agar
(HiMedia) flooded with gram’s iodine, the positive
lipolytic enzyme activity was illustrated in a similar
manner on 1% tributyrin agar (HiMedia). The positive
amylase test was determined by the appearance of
whitish-yellow discolouration over the starch agar
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(HiMedia) media plates flooded with Lugol’s iodine
solution.

Antioxidant Assay

To determine antioxidant activity, cell-free
supernatant was initially prepared by centrifuging the
bacterial broth cultures at 8000 g for 10 min (Afify et al.,
2012). Ascorbic acid was used as a control in all the
measurements. The DPPH and H202 scavenging activity
of the strains were evaluated following the methods
described by Elmastas et al. (2006) and Ruch et al. (1989)
respectively, and calculated as follows:

DPPH scavenging rate (%) = 100 - [Asample- Ablankx
100/Acontrol]

H20:2 scavenging rate (%) = [Acontrol -
Asample/Acontrol] x 100

In vitro Safety Assessment
Antibiotic Susceptibility Test and Haemolytic Test
The antibiotic susceptibility of the test strains was

evaluated by Kirby-Bauer’s disc diffusion method (Kirby,
2009). The strains were tested against 12 antibiotics

[kanamycin (30 mcg), tetracycline (30 mcg),
Azithromycin ~ (15mcg), Ampicillin (10  mcg),
Erythromycin (15 mcg), Penicillin-G (10 units),

Vancomycin (30 mcg), Amoxiclav (30 mcg),
Streptomycin (10 mcg), Polymyxin-B (300 units),
Gentamicin (10 mcg), Oxacillin (1 mcg). The inhibition
zones were measured, and the results were interpreted
according to the guidelines provided by the Clinical and
Laboratory Standard Procedure (CLSI).

The haemolytic ability of the test strains was
determined by evaluating their ability to lyse red blood
cells (Joseph et al., 1982).

In vivo Safety Assessment
Fish Embryo Toxicity Test

The in vivo toxicity test of the strains was
conducted according to the guidelines provided by
Organisation for Economic  Co-operation and
Development (OECD, 2006) with some modifications.
First, the cell-free supernatants of B. pumilus and L.
macroides were prepared from 24 h-old broth culture by
centrifuging at 4000 g for 10 min and proceeded for
freeze-drying at —40°C (Prasad et al., 1998).

The in vivo toxicity test of the stains was done on
the fertilized egg of the common carp Cyprinus carpio.
The lyophilized supernatants of the two selected strains
were applied to the healthy C. carpio embryos in
separate Petri dishes at a concentration of 2.5 mg/ml
each, equivalent to the supernatants obtained from a
bacterial concentration of 10® CFU/ml of the strains.

Embryos were incubated at 26+1°C and observed
directly under a stereo microscope after 24 h. The acute
toxicity was recorded at 4 apical points i.e., coagulation
of fertilized eggs, lack of somite formation, lack of
detachment of the tail-bud from the yolk sac, and lack
of heart-beat.

Challenge Study

To evaluate the safety of the test strains, an in vivo
challenge study was conducted. Thirty L. catla
fingerlings were equally and randomly distributed in
three tanks, and the fish were intraperitoneally injected
with 100 pl of the bacterial suspension (10'° CFU/ml). An
equal volume of sterile PBS (pH 7.2) was injected into
each control group of fish. Fish were observed for 2
weeks for mortalities or clinical signs, if any.

Statistical Analysis

The data were analyzed using the SPSS-29.0.1.0 for
Windows program (SPSS Inc., lllinois, USA). The student
t-test and one-way analysis of variance (ANOVA) were
used to compare mean values. The threshold for
probability was set at 0.05 to evaluate significance. The
outcomes were represented using a mean and a
standard error (SE).

Results
Molecular Identification of the Strains

A total of 25 strains were obtained from L. catla gut
samples, among which two isolates of different colony
morphology and high inhibition zones in the agar well
diffusion method were selected. The two strains,
COFAHE_Pro08 and COFAHE_Pro06 were identified as
Bacillus  pumilus  and  Lysinibacillus  macroides,
respectively. The GenBank accession numbers
(OP295494 and 0P295593) were obtained after
submitting the gene sequence of the strains to the NCBI
database. The phylogenetic tree showed that the strains
were in the same group as other Bacillus and
Lysinibacillus strains (Figure 1).

Antimicrobial Activity

The differential antibacterial activity of the two
isolates was deduced against 8 indicator pathogenic
stains in cross streaking, and their zones of inhibition
were expressed in terms of percent area-specific
differential antibiosis activity score (PASDAAS). The
highest PASDAAS of 58.3% was recorded in B. pumilus
against A. veronii (MK907586) (Figure 2). The percent
multi-specific antibiosis efficiency score (PMSAES) was
evaluated using each PASDAAS. Here, the multispecific
antibiosis efficiency was more in B. pumilus with a score
of 32.67%, while L. macrolides showed a score of only
10.12% (Figure 3). Further, the percent overall inhibition
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efficiency score indicated that B. pumilus was active
against all the indicator pathogen strains (100%) and L.
macroides were active against only 66.7% of the
indicator pathogenic stains (Figure 3). The parallel
streaking revealed that B. pumilus could inhibit A.
hydrophila (ATCC 49140 and 35645), and A. veronii
(MK907586) completely (Table 1).
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pH and Bile Tolerance

The strains B. pumilus and L. macroides were
exposed to different pH levels (2.0 — 9.0), and it was
observed that both the strains tolerated the pH range
with maximum proliferation occurring at pH 8.0 for B.
pumilus and at pH 7.0 for L. macroides (Figure 4). With

MWB97986.1 Lysinibacillus macroides strain KVCET2

OP295593.1 Lysinibacillus macroides strain COFAHE Pro06

NR 116698.1 Lysinibacillus xylanilyticus strain XDB9

NR 042072 1 Lysinibacillus fusiformis strain DSM 2898

NR 042073.1 Lysinibacillus sphaericus strain DSM 28

(OP295494 1 Bacillus pumilus strain COFAHE Pro08

NR 0432421 Bacillus pumilus strain ATCC 7061

NR 074923.1 Bacillus licheniformis strain ATCC 14580

HEST3240.1 Bacillus subtilis

NR 043638.1 Aeromonas hydrophila strain CCM 7232

Figure 1. Dendrogram showing the phylogenetic relationship of Bacillus pumilus COFAHE_Pro08 and Lysinibacillus macroides
COFAHE_Pro06 with other closely related strains retrieved from NCBI
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Figure 2. Percent area-specific differential antibiosis activity score (PASDAAS) of the test strains; Data are expressed as mean + SE.
Different superscript lowercase letters in the bar chartimply a significant difference (P<0.05). Pc1: Bacillus pumilus COFAHE_Pro08;
Pc2: Lysinibacillus macroides COFAHE_Pro06; Ahl1: Aeromonas hydrophila (ATCC 7965); Ah2: A. hydrophila (ATCC 49140); A2: A.
hydrophila (ATCC 35645); Av: A. veronii (MK907586); Am: A. media (MK907592); Ac: A. cavaiae (MK907593); Pa: Pseudomonas
aeruginosa; Vp: Vibrio parahemolyticus (ATCC 17802); Ec: Escherichia coli (ATCC 10536).
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the increasing bile concentration, there was a gradual
reduction in the growth of the isolates (Figure 5). B.
pumilus showed a significantly higher (P<0.05) bile
tolerance compared to L. macroides.

Hydrophobicity

The adhering property of the isolates towards the
hydrophobic surfaces was evaluated using three
solvents i.e., chloroform, xylene, and ethyl acetate. The

120 1 m Pcl
100 -
80
60 -
40 - a

20 -

(o

Score matrix in percentage(%)

hydrophobicity promoted by chloroform and xylene was
significantly (P<0.05) higher in L. macroides than the
other strain, while B. pumilus showed higher ethyl
acetate hydrophobicity (Figure 6).

Auto- and Co-aggregation
The degree of adhesive interaction between the

cells of the same isolate (auto-aggregation capacity) was
significantly higher (P<0.05) in both the test strains than

Pc2

PMSAES

POIES

Parameters

Figure 3. Inhibition efficiency score by the test strains; Data are expressed as mean + SE. Different superscript lowercase letters in
the bar chart imply a significant difference (P<0.05). PMSAES: Percent multispecific antibiosis efficiency score; POIES: Percent
overall inhibition efficiency score; Pc1: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides COFAHE_ProQ6.

Table 1. Inhibition efficiency score of Bacillus pumilus COFAHE_Pro08 and Lysinibacillus macroides COFAHE_Pro06

Indicator bacteria

Bacillus pumilus Lysinibacillus macroides

Aeromonas hydrophila (ATCC 7965)

++ ++
A. hydrophila (ATCC 49140) +++ ++
A. hydrophila (ATCC 35645) 4+ ++
A. veronii (MK907586) e 4
A. media (MK907592) + +
A. cavaiae (MK907593) +
Pseudomonas aeruginosa ++ ++
Vibrio parahemolyticus (ATCC 17802) ++ ++
Note: ###, complete inhibition; ##, moderate; inhibition; #, low inhibition.
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0,5 - h
I
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0,4 - f =
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= d d
©
s |
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Figure 4. pH tolerance of the test strains. Data are expressed as mean + SE. Different superscript lowercase letters in the bar chart
imply a significant difference (P<0.05). Pc1: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides COFAHE_Pro06.
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in the pathogenic A. hydrophila (ATCC 49140), a non-
probiotic control (Figure 7). B. pumilus showed a
significantly higher (P<0.05) auto-aggregation capacity
than L. macroides. Like auto-aggregation, B. pumilus
exhibited a significantly higher (P<0.05) co-aggregating
capacity than L. macroides (Figure 8).

Mucosal Adherence

The adhering capacity of B. pumilus to mucosal
surfaces was significantly higher (P<0.05) compared to
L. macroides and the pathogenic control A. hydrophila
(ATCC49140) (Figure 9). However, the adhering capacity
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f f d
T
0,15 - = e
0,1
g
I
0,05 - h
0 T T T T 1
0 2,5 5 10 20

Bile concentration (%)

OD at 600nm

Figure 5. Bile tolerance of the test strains. Data are expressed as mean * SE. Different superscript lowercase letters in the bar chart
imply a significant difference (P<0.05). Pc1: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides COFAHE_Pro06.
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Figure 6. Bacterial cell hydrophobicity of the test strains; Data are expressed as mean + SE. Different superscript lowercase letters in
the bar chartimply a significant difference (P<0.05). Pc1: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides COFAHE_Pro06;
Ah: Aeromonas hydrophila (ATCC 49140).
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Figure 7. Auto-aggregating capacity by the test strains; Data are expressed as mean + SE. Different superscript lowercase letters in the
bar chart imply a significant difference (P<0.05). Pc1: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides COFAHE_Pro06;
Ah: Aeromonas hydrophila (ATCC 49140).
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of L. macroides was not significantly different (P>0.05)
than the pathogenic control.

Biofilm Formation Test

In the congo red agar method, the B. pumilus strain
formed black colonies, which indicated positive biofilm
formation capacity, while L. macroides did not show any
biofilm-forming capacity.

Antioxidant and Extracellular Enzymes Production
Assay

The B. pumilus strain showed a significantly higher
(P<0.05) radical scavenging activity than L. macroides.
However, in comparison to the positive control
(L-ascorbic acid), the bacterial strains showed
significantly lower (P<0.05) scavenging activity (Figure
10).

Based on the qualitative evaluation (Table 2), it
was summated that the B. pumilus strain had the ability

120 W Pcl

100 -

Co-aggregating percentage(%)

to produce all four extracellular enzymes (protease,
amylase, lipase, and cellulase) while L. macroides could
produce only lipase.

Antibiotic Susceptibility and Haemolytic Activity

Of the twelve antibiotics tested in this study, B.
pumilus showed susceptibility to ten antibiotics and
intermediate breakpoint status against Polymyxin-B and
Oxacillin. On the other hand, L. macroides showed
resistance to Oxacillin and ‘intermediate breakpoint’
status to Polymyxin-B and Kanamycin (Table 2).

The test isolates did not lyse the blood cells
indicating  their  non-haemolytic  (y-haemolysis)
characteristic.

Fish Embryo Toxicity Test and Challenge Study
In the embryo toxicity test of the strains, it was

observed that there was growth of fungus on coagulated
eggs in the control group and 30% of the embryo were
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Figure 8. Co-aggregating capacity of the test strains; Data are expressed as mean * SE. Different superscript lowercase letters in the
bar chart imply a significant difference (P<0.05). Pc1: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides COFAHE_ProQ6.
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Figure 9. Mucosal adhesion capacity of the test strains. Data are expressed as mean + SE. Different superscript lowercase letters in
the bar chart imply a significant difference (P<0.05). Pcl: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides

COFAHE_Pro06; Ah: Aeromonas hydrophila (ATCC 49140).
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at the stage of blastophore closure and somite
appearance. While, in the case of embryo treated with
B. pumilus and L. macroides, there were fewer
coagulated eggs and no fungal growth. Moreover, these
treated eggs were at the advanced stages of embryonic
development i.e., detachment of tail, beginning of
heartbeat, and upper head directed at the front end of
the egg. In this study, none of the four apical endpoints
except for the coagulation of fertilized eggs were
observed. This feature was observed both in the control
and treatment groups. The results indicated that both
isolates were not toxic to common carp embryos at a
concentration of 10 CFU/ml.

Moreover, after injecting the bacterial suspension
of the test strains intraperitoneally, no mortality or
clinical signs were observed in the challenged fingerlings
which indicated the safety of the strains.

Discussion

In this study, two strains, COFAHE_Pro08, and
COFAHE_Pro06, isolated from the intestine of L. catla
were evaluated for their probiotic potential using a

Hpcl pc2
100 -
90 -
80 - a
70 -
60 -
50 -
40 -
30 -
20 -
10 A

Scavenging rate(%)

range of in vitro phenotypic assays, in vitro safety
assessments, in vivo fish embryo toxicity test, and
challenge study. The 16S rRNA sequencing-based
molecular identification determined that
COFAHE_Pro08 and COFAHE_Pro06 strains were B.
pumilus and L. macroides, respectively. Both the genera
Bacillus and Lysinibacillus have been reported to have
several species of constituent gut symbionts in fish
(Huang et al., 2020; Kumar et al., 2008; Mani et al., 2021;
Moradi et al., 2019; Seelam et al., 2017; Thankappan et
al., 2015).

Both the methods of antimicrobial -efficacy
detection, i.e., cross- and parallel streaking, revealed
that both the test strains repressed all the eight
indicator bacteria, and quantitative score matrices for
determining the antimicrobial efficiency (PASDASS,
PMSAES, and POIES) were significantly higher in B.
pumilus than that of L. macroides. The inhibitory activity
of the Bacillus spp. can be accounted for their secretion
of anti-microbial substances such as nisin (Gross &
Morell, 1971), subtylin (Gross & Kiltz,1973), plantaricin
S (Upreti & Hinsdill, 1975)., iturin, subtilin, and
bacilycinetc (Chung et al., 2008). Lysinibacillus spp. has

M ascorbic acid

DPPH

H,0,

radicals

Figure 10. Radical scavenging activity of the test strains. Data are expressed as mean * SE. Different superscript lowercase letters
in the bar chart imply a significant difference (P<0.05). Pcl: Bacillus pumilus COFAHE_Pro08; Pc2: Lysinibacillus macroides

COFAHE_Pro06.

Table 3. Antibiotic susceptibility of Bacillus pumilus COFAHE_Pro08 and Lysinibacillus macroides COFAHE_Pro06

Antibiotic (concentration/disc)

Bacillus pumilus

Lysinibacillus macroides

Kanamycin (30 mcg)
Tetracycline (30 mcg)
Azithromycin (15 mcg)
Ampicillin (10 mcg)
Erythromycin(15 mcg)
Penicillin-G (10 units)
Vancomycin(30 mcg)
Amoxiclav (30 mcg)
Streptomycin (10 mcg)
Polymyxin-B (300 units)
Gentamicin (10 mcg)
Oxacillin (1 mcg)

- N — UL unmL v nuuvuuvuunuouonm
TN — 0L unvuouvounuuouounuonum

Note: S, susceptible; |, intermediate; R, resistant
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also been reported to produce anti-microbial
substances such as bacilysin, fengycin, and surfactin
(Sakthivel et al., 2018). Several studies have reported
the antagonism activity of both Bacillus spp. and
Lysinibacillus spp. against fish pathogenic bacteria such
as Vibrio spp., Pseudomonas aeruginosa, A. hydrophila,
etc. (Kuebutornye et al., 2020; Mani et al., 2021; Ramesh
et al., 2015; Reda et al., 2018; Vaseeharan & Ramasamy,
2003)

To manifest this antagonistic ability of these
combative strains, they must first be able to survive and
colonize in the hostile environment (low pH and high
bile content) of the gastrointestinal tract (Nikoskelainen
et al.,, 2001). Comparatively, B. pumilus began to
proliferate profusely at a pH of 5.0, whereas L.
macroides showed little change in growth. This
demonstrates that B. pumilus has a broader pH
tolerance than L. macroides. Moreover, both strains
could sustain up to 20% bile salt concentration, although
there was a substantial reduction in bacterial growth
with the increasing bile concentration. The bile
tolerance capability of B. pumilus was significantly
higher than that of the L. macroides strain indicating the
former’s potential to better survive in the hostile
environment of the gastrointestinal tract.

Besides their potential to resist hostile intestinal
conditions, the isolates should have potent adherence
capacity on the intestinal mucosal surfaces to seize the
available spaces from the pathogenic bacteria (Kos et al.,
2003). This adherence property can be determined by
assessing bacterial cell surface hydrophobicity as it
directly corresponds to the electron-accepting and
donating ability of the isolates (Bellon-Fontaine et al.,
1996). In this study, both test strains showed
significantly higher hydrophobicity than the non-
probiotic control. Among the selected strains, L.
macroides had a significantly higher affinity for xylene
and chloroform, while the affinity for ethyl acetate was
significantly higher in B. pumilus. The cell surface
hydrophobicity is reflected by the bacterial adhesion to
xylene, while chloroform and ethyl acetate are the
indicators of bacterial electron donating (basic) and
electron-accepting (acidic) characteristics, respectively
Bellon-Fontaine et al., 1996). This attribute will not only
help in proliferation but also inhibit pathogens via
competing for host cell binding sites and nutrients
available (Nikoskelainen et al., 2003; Tuomola et al.,
2001). This affinity is governed by different passive
forces like hydrophobic interaction and electrostatic
interaction, which eventually have a significant role in
the complex adhesion processes between bacterial cell
membranes and adhesion-promoting proteins of the
epithelial mucosal layer (Servin & Coconnier, 2003; Van
Loosdrecht et al., 1987).

Following the mucosal adhesion, the ability to
aggregate is a must-have property for a probiotic to
proliferate in the intestinal environment to deliver its
beneficial effects and inhibit pathogens (Collado et al.,
2008). In this study, both the test strains showed

significant auto- and co-aggregation ability. In both
cases, B. pumilus showed better aggregating potential
than L. macroides, indicating a better adherence
potential of the strain.

Biofilm formation by probiotics is another
redeeming feature that enables them to establish
successfully in the adverse environment of the host
intestine (Lepargneur & Rousseau, 2002). Previous
studies have reported the improved survival of probiotic
bacteria in the host intestine in and post-biofilm
formation (Salas-Jara et al., 2016). In this study, B.
pumilus showed the ability to form a biofilm, whereas L.
macroides failed to do so. This indicated a better
colonizing ability of B. pumilus.

As far as the extracellular enzyme production
capability of both strains is concerned, it was found that
L. macroides could produce only lipase while B. pumilus
strain produced all the enzymes tested. Proficiency in
extracellular enzyme production by potential probiotics
is an additional advantage in terms of improving the
digestion and nutrient utilization of the host (Balcazar et
al., 2006). Here also, B. pumilus was better than L.
macroides in producing exoenzymes, suggesting the
strain’s potency towards better food utilization in the
host.

Like any other animals, probiotics also have their
own system of antioxidant enzymes which help in the
stimulation and elevation of antioxidases in the host
system. Consequently, it reduces the damages caused
by oxidation stresses of endogenous and exogenous
sources such as pathogens, cytokines, etc. This positive
effect can be attributed to their antioxidant metabolites
and ability to chelate ions (Wang et al., 2017). In this
study, H202 and DPPH radicals scavenging activity by B.
pumilus was significantly higher than L. macroides.
However, these scavenging activities were not
significantly superior to the positive control.

Though probiotics are praised for their beneficial
effects, safety assessment of the probiotic is necessary
from the perspective of its ability to express virulence
factors or acquire antibiotic resistance genes. The
harmful probiotics can cause septic conditions in
immunocompromised hosts (Mater et al.,, 2017).
According to European Food Safety Authority (EFSA,
2012), it is abominable to possess antibiotic resistance
properties in probiotic bacteria. However, with the
consideration that antibiotic resistance due to intrinsic
factor or mutation has a lesser risk of horizontal gene
transfer compared to those carried by mobile genetic
elements or added genes, the bacteria with intrinsic
resistance can be considered as a potential probiotic
candidate (WHO, 2006). The present study has
evaluated the antibiotic sensitivity of both strains
against 12 commercial antibiotics, and it was evident
that B. pumilus was susceptible to all while L. macrolides
were resistant to oxacillin and intermediately
susceptible to polymyxin-B and Kanamycin. However, a
strain of B. pumilus isolated from milk was found to be
resistant to cefotaxime (Adamski et al., 2023), and a
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mutation in codon 56 of the rpsL gene caused B. pumilus
3-19 to develop streptomycin resistance (Danilova et al.,
2017). Apart from this, the haemolytic assay is another
way to check the in vitro pathogenicity of probiotic
candidate strains, as the haemolytic strain can harm the
host (Pradhan et al., 2023). In this study, both strains
tested negative for any haemolytic ability, hence safe.

In addition to in vitro safety assessment, the in vivo
embryo toxicity and challenged study were conducted.
Here, the embryotoxicity of both the isolates was
conducted on common carp fertilized eggs and observed
for any changes in four epical points of acute toxicity.
The number of coagulated eggs recorded in the
probiotic-treated groups and the control group had no
significant difference. Moreover, a surplus property was
also evident that there is no fungal growth on the
coagulated eggs of probiotic-treated groups, which was
reversed in the control group. According to OECD
(2006), there are four apical endpoints to be recorded
as indicators of acute toxicity in the fish embryo after 24
h, i.e., coagulation of fertilized eggs, lack of somite
formation, lack of detachment of the tail-bud from the
yolk sac, and lack of heart-beat. However, these apical
points were not observed, and the characteristics shown
in the treated groups and the control were synonymous,
indicating that both the test strains were not toxic.
Moreover, the challenged study revealed that both
strains were non-pathogenic and safe for the test fish.

In all-inclusive, B. pumilus showed better in vitro
beneficial features than L. macroides. Considering the
overall efficiency in antagonistic activity, tolerance to
extreme pH and bile salt concentration, adhesion and
aggregating capability, biofilm production, extracellular
enzyme production ability, free radical scavenging
potential, and safety attributes, B. pumilus
COFAHE_Pro08 can be regarded as a potential probiotic
strain for use in sustainable aquaculture. However, the
use of this strain as a dietary supplement needs to be
elucidated for further application.
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