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ABSTRACT

Marine endophytic bacteria are a promising source of bioactive compounds with diverse
applications. This study investigated the multifunctional properties of Bacillus aerius
PMRUZ2.8, isolated from the marine red alga Gracilaria sp. collected from the coastal region
of Tamil Nadu, India. The bacterium demonstrated significant antimicrobial activity against
multiple human pathogens, with its ethyl acetate extract containing bioactive compounds,
including indoles and ketones. Molecular docking analysis revealed potential binding
mechanisms of the compounds to bacterial proteins. Additionally, B. aerius efficiently
synthesized silver nanoparticles (AgNPs) with enhanced antimicrobial efficacy compared
with the crude extract. The bacterium also exhibited remarkable bioremediation capability,
decolorizing up to 92.5% of the Direct Blue 6 azo dye within 48 h. Cytotoxicity assays
confirmed the potential therapeutic applications of both the extract and the biosynthesized
AgNPs. These findings highlight B. aerius as a valuable resource for pharmaceutical
development, nanobiotechnology, and environmental remediation.

INTRODUCTION

Marine organisms constitute a rich source of diverse bioactive metabolites
exhibiting antimicrobial, antifungal, antiviral, and anticancer activities (Zhang
et al. 2019). These properties present significant potential for developing novel
drugs and therapeutic agents. Investigating the diversity and ecological roles of
marine bacteria associated with algal samples is of paramount importance (Kaur et
al. 2023, Gu et al. 2023). These bacteria often inhabit extreme environments and
possess unique metabolic adaptations, producing secondary metabolites for defense
(Petersen et al. 2020, Karthikeyan et al. 2022). Recent studies have successfully
isolated novel bioactive compounds from these marine bacteria, underscoring their
potential as therapeutics (Machado et al. 2015, Brito et al. 2018). Algae-associated
bacteria produce antibacterial, antiviral, and anticancer compounds. Research
has demonstrated that extracts from these bacteria exhibit antimicrobial activity,
including efficacy against methicillin-resistant Staphylococcus aureus (MRSA)
(Kranjec et al., 2020). The development of new antibacterial drugs is imperative
to address the increasing prevalence of antibiotic resistance (Butler et al. 2022).
Silver nanoparticles (AgNPs) have demonstrated considerable promise as broad-
spectrum antimicrobial agents because of their small size and high surface area.
AgNPs synthesized using bacteria have been evaluated for their antimicrobial
effects (Yin et al. 2020). However, the cytotoxicity of AgNPs remains a significant
concern in biomedical applications. Textile dyes are a major source of global water
pollution (Kishor et al. 2021). Azo dyes are particularly concerning because of their
stability and resistance to degradation (Varjani et al. 2020). Bioremediation using
microorganisms is a promising method for removing azo dyes from wastewater
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(Chen et al. 2021). Bacteria capable of degrading azo dyes
have been isolated from textile wastewater and textile
sludge. However, degradation efficiency varies significantly
depending on the bacterial strain and dye structure (Paba et
al. 2021).

Despite these advances, a significant research gap exists
in the comprehensive characterization of marine red algae-
associated bacteria with multifunctional capabilities. While
isolated studies have explored antimicrobial properties
(Huang et al. 2023), nanoparticle synthesis, and dye
degradation separately (Jamil et al. 2024), few investigations
have systematically evaluated all these functionalities
within the same bacterial isolates from marine red algae.
Furthermore, the molecular mechanisms underlying these
bioactivities, particularly through chemical profiling and in
silico analysis of active compounds, remain insufficiently
explored in this ecological niche on the southeast coast of
Tamil Nadu.

Therefore, the present study aimed to isolate bacteria
associated with marine red algae and systematically
evaluate their multifaceted bioactive potential, including
antimicrobial, dye decolorization, and cytotoxic activities.
Additionally, this study investigated the biosynthesis of
silver nanoparticles and conducted chemical profiling of
antibacterial extracts from the isolates. These results provide
insights into the biotechnological applications of algae-
associated bacteria as sources of therapeutic natural products
and environmentally sustainable processes.

MATERIALS AND METHODS
Isolation of Endophytic Bacteria

Marine bacteria associated with the red algae Gracilaria sp.,
collected from the rocky beach of Manapaadu, Tamil Nadu,
India, were isolated and enumerated using a standardized
serial dilution and plating technique (Shen & Zhang 2023).
Algal tissues were surface sterilized and homogenized in
sterile seawater (Mangun et al. 2023). The homogenate was
serially diluted and subsequently plated onto Zobell Marine
agar medium (Prabhakara & Kuehn 2023). Following a
72-hour incubation period at 27°C in the dark, bacterial
colonies were enumerated, subcultured, and preserved as
pure cultures.

Preliminary Screening

Isolates were cultured in Zobell marine broth for 96 h, and
the fermented supernatant was collected from each culture.
These supernatants were concentrated and subsequently
assayed for antibacterial activity against human patho-
gens, including Escherichia coli, Klebsiella pneumoniae,

Pseudomonas aeruginosa, Enterococcus faecalis, Serratia
marcescens, Proteus mirabilis, Salmonella typhimurium,
Staphylococcus aureus, Vibrio sp. and Aeromonas hydro-
phila, utilizing the paper disc diffusion method (Carvalho
et al. 2018). Isolates demonstrating maximum antibacterial
activity were selected for further experiments.

Polyphasic Recognition of Potential Isolates

Morphological Characterization: In accordance with
Bergey’s Manual of Determinative Bacteriology (Buchanan
& Gibbons, 1974), colony morphology was evaluated on
nutrient agar, encompassing shape, form, edge, elevation,
and pigmentation of the colonies. Cell size and shape were
observed microscopically at 10x and 100x magnification.
Gram staining (Bullock & Aslanzadeh 2012) and the hanging
drop method were utilized to determine Gram reaction and
motility, respectively.

Molecular Identification of Bacterial Isolates: The
Genomic DNA of the bacterial isolates was extracted
using the Nucleo Spin Tissue kit. The 16S rRNA gene was
amplified via PCR using universal primers P63f and P1378r,
Phire PCR master mix, primers, water, and template DNA.
The thermal cycling protocol comprised initial denaturation
at 95°C for 5 min, followed by 35 cycles of denaturation
(95°C, 40 s), annealing (60°C, 40 s), extension (72°C,
60 s), and a final extension at 72°C for 7 min. Amplification
was confirmed by agarose gel electrophoresis with ethidium
bromide staining and UV imaging. Sequencing was
performed using the Big Dye Terminator v3.1 kit on an ABI
3500 genetic analyzer, with quality assessment conducted
via Sequence Scanner vl and alignment performed using
Geneious Pro v5.1. Identification was accomplished through
a BLAST search against the NCBI GenBank database,
confirming 100% sequence similarity to the prototype strains.

Secondary Metabolite Extraction and Spectroscopy
Evaluation from Potent Isolates

The bacterial isolate was cultured in starch casein media at
29°C with agitation for 48 h. Subsequently, a 2% inoculum was
transferred to fresh production media (8 L) and incubated under
similar conditions for 8-12 days. Following fermentation, the
biomass was separated via filtration. The filtrate was combined
with ethyl acetate, and after overnight agitation, the bioactive
compounds partitioned into the organic layer (Xie et al.
2021). The organic layer was subsequently collected and
concentrated using a vacuum rotary evaporator to remove
ethyl acetate, resulting in purified bioactive compounds. Gas
chromatography-mass spectrometry (GC-MS) and Fourier-
transform infrared spectroscopy (FTIR) were employed to
identify the antimicrobial compounds and functional groups,
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facilitating their characterization.
Molecular Docking Analysis

Molecular docking simulations were conducted using Auto-
Dock Vina. Ligand structures were obtained from PubChem.
The sdf format underwent energy minimization using the
ChemBio3D software. The three-dimensional structures
of the receptor proteins (PDB ID: 3K8E, 1N67, and 1T2P)
were obtained from the Protein Data Bank and prepared
by eliminating co-crystallized ligands, water molecules,
and cofactors. Auto-Dock 4.2 (MGL tools 1.5.6) prepared
files, and Auto-Dock Vina was used to execute the docking
simulations. The docking grid encompassed the entire protein
target area, exploring nine ligand conformations. Ligand-
receptor interactions were analyzed, with an emphasis on
favorable binding energies and key residues, using Discovery
Studio Visualizer in three-dimensional formats.

ADMET Analysis

Using the Swiss ADME online tool, computational
predictions of citronellal and terpinen-4-ol ADME, drug-
likeness, and pharmacokinetics were conducted. The
following physicochemical parameters and ADME features
were determined: molecular weight (MW), hydrogen bond
acceptor (HBA), hydrogen bond donor (HBD), topological
polar surface area (TPSA), octanol/water partition coefficient
(LogP), and rotatable bond count (RB).

Silver Nanoparticle Biosynthesis

Silver nanoparticles were synthesized utilizing cell-free
supernatants of a potent bacterial isolate cultured in Zobell
marine broth 2216 (Ghodake et al. 2020). The broth was
centrifuged, and the resulting supernatant was combined with
ImM silver nitrate solution in a 1:10 ratio. The formation of
AgNPs was indicated by a color change from white to brown
and subsequently confirmed through UV-vis spectroscopy
using a Shimadzu UV1800 spectrophotometer, with
spectra recorded from 200-1100 nm at 24-h intervals. The
nanoparticles were characterized by centrifugation at 5000
rpm, followed by washing with ethanol and drying for SEM
analysis (Chakraborty et al. 2023).

Antibacterial Activity

The antibacterial activity of the ethyl acetate extracts and
AgNPs of the selected isolates was evaluated using the disc
diffusion assay (Bauer et al. 1966) against clinically isolated
bacterial pathogens obtained from the Scudder Microbiology
Laboratory, Nagercoil, India. Mueller-Hinton agar plates were
inoculated with pathogen cultures grown to a 0.5 McFarland
standard. Filter paper discs were impregnated with extracts,

silver nanoparticles, positive control (ampicillin), and negative
controls (DMSO and ethyl acetate). The plates were incubated
at 37°C for 18-24 h, and the inhibition zones were measured
(Bauer et al. 1966). The percentage of inhibition was calculated
using Equation (1).

_ 100x (X = Y)
- ¢Z-Y
Where X = Mean test extract,

Pl -(1)

Y = Mean negative control,

Z = Mean positive control.
Azo Dye Degradation

Several azo dyes have been evaluated for biodegradation by
marine bacteria. The dyes examined included Brilliant Green
(CyH44N,0O,S, CAS: 633-03-4, A max- 244 nm), Sudan black
B (C,oH,,Ng, CAS: 4197-25-5, A max- 454 nm), Direct Blue
6 (C5,H,0NNa,0,,S,, CAS: 2602-46-2, A max- 566 nm), and
Disperse Red 1 (C;¢H;3N,O5, CAS: 2872-52-8, I max- 480
nm). Zobell marine broth 2216 was prepared (30 mL.tube ™),
sterilized, and inoculated with the bacterial isolate. Dye
degradation experiments were conducted by adding dyes (2
mg.mL™") to 24 h cultures. The decolorization was visually
monitored. Cell-free supernatants were analyzed using UV-
vis spectrophotometry on a Shimadzu UV 1800 instrument.
The maximum absorbance wavelengths were determined by
scanning from 200 to 1100 nm. Abiotic and uninoculated
controls were also included. The decolorization percentage
and average rates were calculated using Equations (2) and
(3), respectively.
Percentage of decolorization =

(Initial absorbance — Final absorbance)

x 100 (@

Initial absorbance
C X %D L/h
100 x ¢ e//h -0

Where C is the initial dye concentration,

Average decolorization rate =

% D is the percentage of dye decolorized after time t.
Brine Shrimp Lethality Bioassay

The cytotoxicity of the bacterial extracts was evaluated
using the brine shrimp lethality assay (Meyer et al., 1982).
Brine shrimp larvae were hatched in artificial seawater under
oxygenation conditions. Groups of 10 nauplii were subjected
to varying concentrations (1-1000 pg.mL'l) of ethyl acetate
extract (EAE) and silver nanoparticles (AgNPs) from the
potent isolate B. aerius PMRU2.8 dissolved in seawater with
1% DMSO. Each concentration was replicated three times,
with 1% DMSO serving as the negative control. After 24 h,
the surviving nauplii were enumerated, and the percentage
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mortality was calculated, adjusting for control mortality. The
median lethal concentration (LCso) was determined through
probit analysis using the SPSS software (version 22, IBM
Corp.). For the analysis, mortality percentage data were
plotted against the logarithm of the concentration, and linear
regression analysis was performed to generate the regression
equations. The LCso values were calculated by interpolating
the 50% mortality point on these regression lines. An LCso
value exceeding 1000 ug.mL™" was considered indicative of
non-toxicity.

A schematic of the experimental pipeline is shown in
Fig. 1.

—

Isolation and
Enumaraion of Bacteria

RESULTS AND DISCUSSION
Preliminary Screening

A total of 48 bacterial strains were isolated as endophytes
from the marine red alga Gracilaria sp. and evaluated
for their antimicrobial activity against human pathogens.
The isolates exhibiting inhibitory activity against the
pathogens are listed in Table 1, which indicates that
isolate MR-60 demonstrated superior activity among the
isolates. The morphological and biochemical characteristics
of these potent isolates are systematically presented in
Table 2.

Polyphasic identification

Mass culture of bacteria/

Inoculum
Cell free supernatant (/

EtAc extraction - characterization AgNP Biosynthesis

Molecular Docking

Insilico analysis of Compounds in
EtAc extract

Brine Shrimp Lethality assay

(R

Live Culture

Bacillus aerius
L= == puRu28

Dye effluent
before Treatement
(€™
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LR

e
=

Azo Dye degradation

Antibacterial Acivity

Fig. 1: Schematic Diagram of the Experimental Pipeline.
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Table 1: Preliminary screening of potent isolates.

Pathogens MR 08 MR 14 MR 26 MR 32 MR 39 MR 41 MR 53 MR 60 MR 63 MR 65
Escherichia coli ++ - - - - + + o+ - +
klebsiella pneumoniae + - - - + - - T+ + -
Pseudomonas aeruginosa - +++ ++ - ++ +++ + - ++ -
Enterococcus faecalis - + - ++ + - - ++ - +
Serratia marcescens - - - + + + - - - +
Proteus mirabilis + - +++ + - + - +++ - -
Salmonella typhimurium - +++ - ++ - + +++ + + -
Staphylococcus aureus - - - - - +++ - + - -
Vibrio sp. + + +++ - + - + ++ - +
Aeromonas hydrophila + - + - +++ - + ++ + -
5 4 4 4 6 6 8 4
Total
‘+++’ — High activity, ‘“++” Medium activity, ‘+’low activity, ‘-no activity.
Table 2: Morphological and Biochemical Characterizations.
Isolates MR 08 MR 14 MR 26 MR 32 MR 39 MR 41 MR 53 MR 60 MR 63 MR 65
Morphology
Gram’s stain - - + - + + - + . +
Motility + - + - - + + + + +
Pigment White White White Yellow Gray White White White White White
Shape Rod Rod Rod Rod Rod Rod Rod Rod Rod Rod
Biochemical tests
Indole + - - - - - - - - -
Methyl red - - + - - - - - - .
Voges Poskauer - - - - - - - + + -
Citrate + + + - - - + + + -
Oxidase + + - + - - - - + +
Catalase + + + + + + + + + +
H,S Production - - + - - - - + - +
Starch - - - - + - . + + +
Nitrate reduction test - + + + + + - + + .
Gelatinase + + - - + - - + - .
Sugar Utilization
Sucrose + + - + + + - + + +
Glucose + + - + + - - + - -
Rhamnose - - - - - - - - - -
Maltose - + - + + + - + + -
Lactose + + - - + - - -
Mannitol + + - + + + - + - -
Identified organisms a ] o a a
& 2 3 p < E z
z : s S g 5 3 3 E
2 g = < i S S = ) =
s 5 %I F F o5 % i.
= < Q A §) ~ < Q A2 ~
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Fig. 2: Phylogenetic analysis of B. aerius PMRU2.8.

Molecular identification of the isolate exhibiting the
highest activity, MR-60, was performed through 16S
rRNA gene sequencing. The sequence exhibited maximum
similarity to Bacillus aerius strain 24 K (MN200939.1), with
100% query coverage and 98.12% identity. Phylogenetic
analysis indicated that isolate MR-60 formed a closely
related clade with Bacillus aerius type sequences, whereas
B. subtilis and B. amyloliquefaciens served as outgroups
(Fig. 2). Based on phenotypic, biochemical, and molecular
characterization, isolate MR-60 was confirmed to be Bacillus
aerius. The sequence was subsequently submitted to the
NCBI with the GenBank accession number PP415878 as
Bacillus aerius PMRU?2.8.

Table 3: Analysis of Ethyl Acetate Extract of B. aerius PMRU2.8.

Analysis of Ethyl Acetate Extract of B. aerius
PMRU2.8

The ethyl acetate extract of B. aerius PMRU?2.8 was analyzed
using FTIR spectroscopy and GC-MS, revealing a diverse
chemical profile (Table 3, Figs. 3 & 4). FTIR spectroscopy
identified key functional groups (carboxylic acids, ketones,
esters, aromatics, and alkanes), whereas GC-MS confirmed
the presence of specific compounds, including heterocyclic
aromatics (indole, 2,5-dimethylpyrazine), ketones, esters,
carboxylic acids, sulfur compounds (dimethyl disulfide),
and alkanes (octadecane). Several compounds, particularly
indole derivatives and nitrogen-containing aromatics,

CID GCMS FT-IR

Compound Name Mol. Formula - Mol. Weight Functional Group Wavenumber Range with Bond Stretch
798 Indole CgH;N - 117.15 Aromatic Amine 1450-1600 (C=C), 3300-3500 (broad, N-H)
31252 2,5-Dimethylpyrazine CgHgN, - 108.14 Aromatic ring - N 1450-1600 (C=C)
8034 5-Methyl-2-hexanone C,H,,0 - 114.19 Ketone 1700-1750 (C=0)
12232 Dimethyl disulfide C,H¢S, - 94.2 Sulfide 600-700 (C-S)
24020 Ethyl 2-methylbutanoate C,H,,0, - 130.18 Ester 1720-1770 (C=0), 1200-1300 (C-0O)
10430 3-Methyl-butanoic acid CsH,,0, -102.13 Carboxylic acid 2500-3300 (broad, O-H), 1700-1750 (C=0)
7909 Methyl isobutyl ketone CeH,,0 - 100.16 Ketone 1700-1750 (C=0)
11635 Octadecane CgHsg - 254.5 Alkane 2800-2950 (C-H)
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possess antimicrobial properties. This chemical diversity
demonstrates the complex metabolic capabilities of the
isolate and suggests potential applications in the agricultural,
pharmaceutical, and industrial fields.

Molecular Docking Analysis

Molecular docking analysis was used to assess the binding
affinities of the eight volatile compounds against three
bacterial proteins critical for pathogenesis (Table 4). For
CMP-Kdo synthetase (PDB ID: 3KS8E), indole exhibited
the strongest binding, with a docking score of -6.3, whereas
dimethyl disulfide showed the weakest interaction, with a score
of -2.0. In the case of Clumping Factor A (PDB ID: 1N67),
indole again demonstrated superior binding affinity with a
score of -7.0, while 3-methyl-butanoic acid had the highest
score of -4.6, indicating weaker binding. Regarding SrtA
(PDB ID: 1T2P), octadecane displayed the strongest binding
affinity with a score of -6.3, whereas 2,5-dimethylpyrazine

exhibited the weakest interaction with a score of -4.2. These
findings suggest that indole may inhibit CMP-Kdo synthetase
and Clumping Factor A, whereas octadecane shows potential
as a Sortase A inhibitor. Conversely, dimethyl disulfide
demonstrated poor binding affinity for all targets, indicating
its limited antimicrobial potential.

ADMET Analysis

Ethyl 2-methylbutanoate demonstrated the highest
number of hydrogen bond acceptors (HBA: 5) and donors
(HBD: 1), indicating favorable solubility and binding
properties. However, its topological polar surface area
(TPSA: 72.83 A?) may restrict membrane permeability.
Octadecane exhibited significant lipophilicity (LogP: 7.18)
but limited aqueous solubility, along with a substantial
number of rotatable bonds (Rb: 15), suggesting its structural
flexibility. Dimethyl disulfide and ethyl 2-methylbutanoate
both presented a relatively high TPSA (50.60 A2?), whereas

MR-(22ES-0518) Scan El+
TIC
100- 2
: 1.30e7
N3
o
o
o
%- o
S
g N
8 R
o
o~
L]
by
~
0 L LI I e e e o LN B L L S B T T T ——————Time
5.00 10.00 15.00 20.00 25.00 30.00
Fig. 3: GC-MS Analysis of Ethyl Acetate Extract.
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Fig. 4: FT-IR Analysis of Ethyl Acetate Extract.
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Table 4: Molecular Docking Analysis of Compounds in Ethyl Acetate
Extract of B. aerius PMRU2.8.

Compounds 3K8E 1IN67 1T2P
2-5-Dimethylpyrazine -4.6 -5.1 -4.2
3-Methyl-butanoic_acid -4.2 -4.6 -4.2
5-Methyl-2-hexanone -4.6 -4.5 -5.7
Dimethyl_disulfide -2.0 -2.4 -1.9
Ethyl_2-methylbutanoate -4.3 -4.5 -5.2
Indole -5.3 -7.0 -6.3
Methyl_isobutyl_ketone -4.2 -4.3 -4.0
Octadecane -4.3 -5.3 -6.3

indole and 2,5-dimethylpyrazine showed lower TPSA values,
implying enhanced membrane permeability. These findings
underscore the structural diversity and physicochemical
properties that affect the pharmacokinetic behavior of these
compounds (Table 5).

Table 5: ADMET analysis of Ethyl acetate extract.

Silver Nano Particle Biosynthesis

The synthesis of AgNPs was achieved through the reduction
of silver nitrate by B. aerius PMRU?2.8, as evidenced by the
color transition from yellow to white over a 24-h period. UV-
vis spectroscopy identified an absorption peak at 445 nm,
corroborating the formation of spherical nanoparticles. The
observed blue shift in the peak position indicated a reduction
in nanoparticle size. SEM analysis further substantiated
the synthesis of silver nanoparticles, revealing an average
diameter of approximately 150 nm with a uniform orientation
centered around 340 degrees (Fig. 5).

Antibacterial Activity

The antibacterial efficacy of B. aerius PMRU2.8 ethyl
acetate extract and its Silver Nanoparticles (SNPs) was
assessed against ten bacterial pathogens (Table 6). SNPs
(25 pg) exhibited superior inhibitory effects compared to
the crude extract (100 pg) in 9 out of 10 pathogens tested.

Compound name HBA HBD TPSA LogP Rb
Indole 0 0 15.79 A2 1.98 0
2,5-Dimethyl pyrazine 2 0 25.78 A2 0.99 0
5-Methyl-2- hexanone 1 0 17.07 A2 1.87 3
Dimethyl disulfide 0 0 50.60 Az 1.34 1
Ethyl 2-methylbutanoate 5 1 72.83 A2 3.88 7
3-Methylbutanoic acid 2 1 37.30 A2 0.98 2
Methyl isobutyl ketone 1 17.07 A2 1.48 2
Octadecane 0 0.00 A2 7.18 15

HBA - Hydrogen Bond Acceptor, HBD - Hydrogen Bond Donor, TPSA - Topological Polar Surface Area, Log P- Lipophilicity, Rb - Rotatable bond.

EHT=10.00 kV
WD= 9.5mm

Signal A= SE1
Mag= 45.00KX

Pa3=1723 nm

- 224°

Date :29 Jul 2022
Time :11:41:32

Fig. 5: SEM photograph of B. aerius PMRU2.8 synthesized SNP.
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Inhibition zones for SNPs ranged from 7.83 to 23.8 mm,
while those for the ethyl acetate extract ranged from 8.1
to 18.5 mm. Enterococcus faecalis showed the highest
susceptibility to SNPs, with an inhibition zone of 23.8
mm (99.2% inhibition relative to streptomycin). Klebsiella

Table 6: Antibacterial activity of Ethyl acetate extract of B. aerius PMRU2.8 and its Silver Nano Particles.

www.neptjournal.com

pneumoniae also exhibited notable sensitivity to SNPs,
with a mean inhibition zone of 20.5 mm (86.7% inhibition).
Vibrio sp. was the only pathogen more sensitive to the crude
extract (18.5 mm, 84.0% inhibition) than SNPs (17.1 mm,
77.6% inhibition). Statistical analysis confirmed significant

S. No. Pathogen Samples Zone Of Inhibition [mm] Percentage of inhibition [%]
E 9.00+0.54 a 35.9
1 Escherichia coli S 16.8 +0.41 bed 69.7
P 23.8+0.86b -
N 0.66 £ 0.30 a -
E 11.8 £0.39 bc 48.3
2 klebsiella pneumoniae S 205=025¢ 86.7
P 235+0.68b -
N 0.83+040a -
E 8.5+0.38a 33.8
Pseudomonas S 153+0.26b 63.3
. aeruginosa P 23.8+0.80b -
N 0.66 = 0.54 a -
E 12.1£040¢ 47.4
4 Enterococcus faecalis S 2382015 cde 92
P 24+031b -
N 1.5+£0.15a -
E 8.8+0.25a 60.2
. S 7.83+0.15a 52.6
5 Serratia marcescens
P 13.8+0.41 a -
N 1.16 £0.41 a -
E 88+0.15a 34.1
6 Proteus mirabilis S 21.5£040¢ 923
P 23.1+1.17b -
N 1.33+£0.55a -
E 8.1+0.15a 345
7 Salmonella typhimurium S 19.520.54 de 85.1
P 22.8+0.68b -
N 0.33+0.83a -
E 10.3 £ 0.30 abc 40.1
S 16.16 + 0.40 bc 64.5
8 Staphylococcus aureus
P 246+0.15b -
N 0.66 £0.55a -
E 18.5+£0.26d 84.0
S 17.1 £0.41 bed 77.6
9 Vibrio sp.
P 21.8+0.85b -
N 1£053a -
E 9.66 +0.79 ab 43.5
10 Aeromonas hydrophila S 1420.33b 645
P 21.3+£0.79b -
N 0.66+03a -

E- Ethyl acetate extract (100 pg), S- Silver Nanoparticle (25 pg), P- Positive control (Streptomycin 10 pg), N-Negative control (Ethyl acetate-100 pL).
Statistics: dF = 9,1 (ESPN), p =>0.001(ESPN), F= (E=42.175), (S=37.404), (P=17.921) (N =0.995)
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E- Ethyl acetate extract (100 pg),
S- Silver Nanoparticle (25 pg),
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P- Positive control (Streptomycin 10 pg),

N-Negative control (Ethyl acetate-100 pL).

Fig. 6: Antibacterial activity of Ethyl acetate extract and SNP of B. aerius PMRU2.8.

Table 7: Azo-Dye degradation of B. aerius PMRU2.8.

Time (Hrs) Sudan Black Disperse red 1 Brilliant Green Direct Blue 6

%D ADR %D ADR %D ADR %D ADR

0 - 0 - 0 - 0 -

9.18 £2.03 1.53 12.1 £2.26 1.31 9.26 £ 1.26 0.76 12+1.25 1.07
12 16.3 +1.26 1.35 21.6 = 1.02 1.32 17.6 £3.25 0.81 254 %225 1.44
18 36.2+1.02 2.01 33.7+1.03 0.93 25.8+£2.02 0.76 39.8+1.25 1.54
24 45.1 +3.26 1.87 43.7+1.03 0.96 39.8 = 1.65 091 53.6+1.54 1.34
30 61.3+1.02 2.04 59.3£3.26 0.96 512+ 1.26 0.86 72.7+2.02 1.42
36 76.9 +3.02 2.13 67.7+1.02 0.88 61.8 +2.65 0.92 799 = 1.52 1.27
42 86.9 + 1.00 2.06 794 +£2.15 0.91 629 +3.29 0.77 88.9 +£3.59 1.43
48 91.9+£2.03 1.91 86.2+1.02 0.93 65.3+1.26 0.75 92.5+1.25 1.40

% D — Percentage of Colorization, ADR — Average colorization rate (mg L)

differences between treatments (p<0.001), with F-values
of 42.175, 37.404, and 17.921 for the extract, SNPs, and

positive control, respectively (Fig. 6).

Azo Dye Degradation

The bacterial isolate B. aerius PMRU2.8 showed notable

decolorization capabilities against four distinct azo dyes
over 48 h, as shown in Table 7 and Fig. 7 & Fig. 8 . Direct
Blue 6 had the highest decolorization rate, achieving 92.5%
after 48 h, with an average decolorization rate (ADR) of 1.40
mg.L"!. Sudan Black followed with 91.9% decolorization
and an ADR of 1.91 mg.L'l. Disperse Red 1 reached 86.2%
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decolorization with an ADR of 0.93 mg.L'l, while Brilliant
Green had the lowest at 65.3% with an ADR of 0.75 mg.L’l.
The decolorization process was time-dependent for all dyes.
Initial rates were slow, with only a 9.18-12.1% reduction
after 6 h. A significant increase occurred between 18-36
h. For Sudan Black, decolorization rose from 36.2% at
18 h to 76.9% at 36 h. Similarly, Direct Blue 6 increased
from 39.8% at 18 h to 79.9% at 36 h. The rate plateaued
between 42-48 h for most dyes, indicating nearing maximum

decolorization capacity. ADRs varied significantly, with
Sudan Black consistently showing the highest ADR, reaching
2.13 mg L" at 36 h, while Brilliant Green consistently had
the lowest ADR, never exceeding 0.92 mg L™

Brine Shrimp Lethality Bioassay

The brine shrimp lethality assay (BSLA) was employed
to assess the cytotoxic potential of B. aerius PMRU2.8
samples, specifically the ethyl acetate extract (EAE) and

Control MR60
Initial
b ,& -
11T
A EmE@
24 hrs
48 hrs

Fig. 7: Azo-Dye degradation assay of B. aerius PMRU2.8.
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Fig. 9: Brine shrimp lethality bioassay.

silver nanoparticles (AgNPs) (Fig. 9). The assay results
indicated variations in cytotoxicity among the samples. The
AgNPs exhibited a higher level of cytotoxic activity, with
an LC50 value of 310 pg.mL"', whereas the EAE exhibited
moderate cytotoxicity, with an LC50 value of 548.6 ug.mL"".
This finding suggests that AgNPs were approximately
1.77 times more potent than the crude extract in the brine
shrimp lethality model. The lower LC50 value of the AgNPs
indicates that a smaller concentration was necessary to
achieve 50% mortality of the brine shrimp nauplii compared
to the EAE, thereby demonstrating the enhanced cytotoxic
potential of the nanoparticle formulation.

DISCUSSION

The ethyl acetate extract of B. aerius PMRU?2.8 contains
bioactive compounds with antibacterial properties. Indole
derivatives affect E. coli and S. aureus via aromatic amine
interactions (Bhagat et al. 2019). 5-methyl-2-hexanone
inhibits S. aureus and Klebsiella pneumoniae by disrupting

their membranes (Zhang et al. 2010). Carboxylic acids, such
as 3-methylbutanoic acid, cause cytoplasmic acidification
and membrane damage (Kim et al. 2012). Alkanes, such as
octadecane, compromise membrane integrity (Malanovic
et al. 2020).

Molecular docking analysis highlighted volatile
compounds, particularly indole and octadecane, as potential
inhibitors of bacterial proteins. The strong binding of
indole to CMP-Kdo synthetase suggests interference with
lipopolysaccharide biosynthesis in gram-negative bacteria,
compromising cell wall integrity (Raetz & Whitfield 2002).
This finding supports the study by Gao et al. (2018), which
focused on bacterial growth inhibition through CMP-Kdo
synthetase targeting. Indole also binds strongly to Clumping
Factor A in Staphylococcus aureus, disrupting adherence
and biofilm formation, supporting Fernandez-Calvo et al.’s
(2024) findings. Ganesh et al.’s (2008) model reinforces
CIfA-fibrinogen interactions in S. aureus pathogenesis. The
binding of octadecane to Sortase A suggests the inhibition of
this transpeptidase, which is crucial for bacterial virulence
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factor display (Mazmanian et al. 1999); its inhibition could
impair pathogenesis (Abujubara et al. 2023). The poor
binding of dimethyl disulfide suggests that it is unlikely to
be effective. The structure-activity relationship provides
insights into drug design targeting these proteins.

ADMET properties of the tested compounds suggest
varying potentials for activity and membrane permeability.
Ethyl 2-methylbutanoate, with high hydrogen bond acceptors
(HBA) and donors (HBD), indicates good solubility and
potential for hydrogen bonding. However, its elevated
topological polar surface area (TPSA) can hinder diffusion
across membranes, affecting bioavailability. This aligns
with the observation that increased polarity can impede
permeability (Kenny 2022). The high lipophilicity and
rotatable bonds of octadecane suggest that it may readily
interact with hydrophobic environments, such as membranes;
however, its poor solubility could limit absorption.
Compounds with high lipophilicity often require formulation
strategies to enhance their bioavailability (Argikar et al.
2022). Indole and 2,5-dimethylpyrazine, which have low
TPSA values, likely have improved membrane permeability,
aiding intracellular activity. These findings underscore the
complex interplay of molecular characteristics in determining
the pharmacokinetic and safety profiles.

The color change during AgNP synthesis indicated
successful reduction, consistent with previous microbial
biosynthesis studies. The UV-vis absorption peak at 445 nm
matches the reported values for spherical silver nanoparticles,

Table 8: Mechanisms of action of key compounds in bacterial inhibition.

typically around 400 nm. The blue shift suggests a decrease
in the particle size, which is consistent with Mie theory. SEM
analysis confirmed the uniform distribution of nanoparticles,
supporting the synthesis potential of B. aerius PMRU2.S.
These findings align with studies highlighting microbial
synthesis as an eco-friendly nanoparticle production method
(Danischewski et al. 2023, Panariello et al. 2020, Rasskazov
et al. 2020). The superior antibacterial efficacy of silver
nanoparticles compared to the crude extract is due to their
nanoscale dimensions and enhanced properties. Larger
inhibition zones by SNPs at lower concentrations (25 pg
versus 100 pg) align with Rai et al. (2012) and Dakal et al.
(2016), who established that increased surface area to volume
ratio facilitates efficient bacterial cell membrane interactions
through electrostatic attraction and penetration.

The exceptional susceptibility of Enterococcus faecalis
to SNPs (99.2% inhibition relative to streptomycin) is
significant given its increasing antibiotic resistance.
Ultrastructural studies suggest that gram-positive bacteria
may experience more severe cell wall disruption from
silver nanoparticles due to their peptidoglycan architecture.
The pronounced inhibition of Klebsiella pneumoniae
(86.7%) by SNPs indicates promising activity against
a critical respiratory pathogen. Varying susceptibility
patterns across bacterial species likely reflect differences
in cell envelope composition, efflux pump mechanisms,
and intrinsic resistance determinants, as documented by
Hogan et al.(2024) and Suma et al.(2023). The sensitivity

5-Methyl-2-hexanone

3-Methylbutanoic acid

Ethyl
2-methylbutanoate

Dimethyl disulfide

2,5-Dimethylpyrazine

Cell membrane

Cytoplasm and cell
membrane

Multiple targets

Multiple targets

Cell membrane

Disruption of membrane integrity

Cytoplasmic acidification and
membrane damage

Enhanced solubility and
hydrogen bonding potential (high
HBA/HBD)

Poor binding affinity
demonstrated in molecular

docking

Improved membrane
permeability (low TPSA)

Compound Molecular Target Proposed Mechanism of Action  Potential Antimicrobial Effect Reference
Indole CMP-Kdo synthetase Strong binding affinity, Compromised cell wall integrity in ~ (Nitulescu et
(Gram-negative bacteria) interference with Gram-negative bacteria al. 2021)
lipopolysaccharide biosynthesis
Indole Clumping Factor A (S. Strong binding affinity, Inhibited biofilm formation and (Claes et al.
aureus) disruption of bacterial adherence colonization 2017)
Octadecane Sortase A Inhibition of this transpeptidase Impaired display of virulence (Alharthi et al.
enzyme factors on the bacterial cell surface ~ 2021)
Octadecane Cell membrane Compromise of membrane Membrane destabilization and (Kolaricet al.
integrity due to high lipophilicity ~ potential cell death 2021)

Particularly effective against S.
aureus and K. pneumoniae

Disruption of cellular homeostasis

Broad interaction with cellular
components, limited by higher
TPSA

Limited antibacterial efficacy
predicted

Enhanced intracellular activity

(Ketchamet al.
2022)

(Riel et al.
2019)
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of Vibrio sp. to the crude extract rather than SNPs presents
an intriguing counterpoint, possibly explained by specific
bioactive compounds targeting Vibrio-specific pathways.
Raza et al. (2016) elucidated multiple antimicrobial
mechanisms for SNPs, including ROS generation, protein
denaturation, and DNA replication inhibition, which may be
differentially effective depending on bacterial characteristics.
The differential efficacy between gram-positive and gram-
negative bacteria could be attributed to variations in cell
wall permeability, as suggested by the statistical significance
(p<0.001) in treatment responses. The F-values (E=42.175,
S=37.404, P=17.921) indicate substantial variance
between treatment groups, supporting the hypothesis that
nanoparticle-mediated antibacterial activity involves multiple
targets and mechanisms. The broad-spectrum activity of B.
aerius PMRU2.8-derived SNPs against clinically relevant
pathogens indicates promising applications in developing
novel antimicrobial formulations. These findings underscore
the complex interplay between nanoparticle characteristics,
bacterial physiology, and antimicrobial response. The
mechanism of action of each compound in the inhibition of
pathogenic bacteria is summarized in Table 8.

The differential decolorization efficacy across four azo
dyes is due to their structural characteristics and enzymatic
systems in strain PMRU2.8. Superior decolorization of Direct
Blue 6 (92.5%) aligns with Guo et al. (2021), who noted
di-azo-linked naphthol groups are susceptible to bacterial
azo-reductase. Sudan Black and Disperse Red 1 showed
Substantial decolorization (91.9% and 86.2%), suggesting the
possibility of multiple azo-reductase enzymes. Priyanka et al.
(2022) suggest that oxidative enzymes like laccase contribute
to decolorization, explaining the ability to degrade diverse
azo compounds. Lower decolorization for Brilliant Green
(65.3%) is due to its triphenylmethane structure, which resists
azo-reductase cleavage. Wanyonyi et al. (2017) reported that
triphenylmethane dye decolorization relies more on peroxidase
activity, limited in Bacillus species. The time-dependent
decolorization suggests an adaptation period for bacterial
cells to induce enzymatic machinery (Eskandari et al. 2019).
The acceleration between 18-36 h suggests upregulation of
enzymes or optimal metabolic conditions. Higher ADR values
for Sudan Black (2.13 mg LY suggest the enzymatic systems
may have evolved preferential activity toward certain azo dye
structures. Near-complete decolorization (>90%) for Direct
Blue 6 and Sudan Black demonstrates B. aerius PMRU2.8’s
bioremediation potential for textile effluent treatment.

Enhanced cytotoxicity of silver nanoparticles (AgNPs)
compared to the ethyl acetate extract (EAE) of B. aerius
PMRU2.8 is due to their unique properties that increase
cellular interactions. Akter et al. (2017) and Liao & Tjong
(2019) noted AgNPs are internalized by cells through

mechanisms like scavenger receptor-mediated phagocytosis
and lipid-raft-mediated endocytosis. Piao et al. (2011)
showed AgNPs can localize in the cytoplasm and reach
the nucleus, potentially interfering with DNA replication.
This may explain the lower LC50 value (310 pg/mL) for
AgNPs compared to the extract (548.6 ug.mL"). A key
mechanism of AgNP toxicity is intracellular dissolution,
releasing silver ions (Ag+). Akter et al. (2017) and Liao &
Tjong (2019) emphasized that these ions are central to AgNP
toxicity, interacting with proteins, enzymes, and nucleic
acids. Continuous release of silver ions creates a sustained
cytotoxic effect not seen with conventional extracts. AgNP
cytotoxicity involves oxidative stress pathways. Hackenberg
et al. (2011) reported that AgNPs generate reactive oxygen
species (ROS) and suppress glutathione levels, causing
oxidative imbalance and damage to cellular components.
This contributes to their greater cytotoxic potency in the brine
shrimp lethality assay. The cytotoxicity pattern suggests
potential biomedical applications, particularly in anticancer
agent development, but raises concerns about environmental
and human safety, necessitating comprehensive toxicological
assessments before practical applications.

Study Limitations and Future Directions

While this study provides insights into B. aerius PMRU2
antimicrobial properties and dye decolorization capabilities
of B. aerius PMRU2.8, certain aspects warrant further
investigation. Cytotoxicity assessment can be complemented
with mammalian cell line testing for clinical applications.
Although B. aerius PMRU2.8 demonstrated stability,
long-term studies across generations would strengthen its
industrial applicability. The azo dye biodegradation assay
showed high decolorization rates in this study. Future
research should investigate enzymatic pathways in dye
degradation, focusing on azo-reductase and oxidative
enzymes. Pilot-scale studies using textile effluents would
better reflect the industrial applications. Field testing would
validate the real-world efficacy. Molecular docking analyses
provide mechanistic hypotheses that can be validated through
enzyme inhibition assays. Such studies would build upon
the findings of novel antimicrobial development. Future
investigations should explore the metabolic fate of degraded
intermediates, scale-up parameters, and immobilized systems
for continuous treatment. The multifunctionality of B. aerius
PMRU?2.8 suggests its potential as a versatile bioremediation
agent, meriting further study.

CONCLUSIONS

This study elucidated the antibacterial efficacy of Bacillus
aerius PMRU?2.8, isolated from marine red algae, against
human pathogens. Molecular and biochemical analyses
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confirmed its taxonomic identity. Both the ethyl acetate
extract and silver nanoparticles exhibited antibacterial
activity, with the latter showing enhanced potency. Strain
PMRU?2.8 also displayed azo dye degradation capabilities,
indicating its potential for environmental remediation. The
brine shrimp lethality bioassay revealed the cytotoxicity
profile of AgNPs, suggesting promising biomedical
applications. These findings open avenues for future
commercial nanoformulations incorporating PMRU2.8-
derived compounds as antimicrobial agents in healthcare.
The robust dye degradation ability of this strain positions
it for scale-up in environmental pilot studies targeting
textile effluent treatment. Additionally, synthetic biology
approaches can enhance the production of key bioactive
compounds and optimize enzymatic pathways for improved
bioremediation efficiency. The multifunctional capabilities
of B. aerius PMRU?2.8 present significant potential for
addressing both clinical antimicrobial resistance and
environmental pollution challenges through sustainable
biotechnological applications in the future.
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