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Abstract: Aeromonas hydrophila, an opportunistic bacteria, causes several devastating diseases in
humans and animals, particularly aquatic species. Antibiotics have been constrained by the rise
of antibiotic resistance caused by drug overuse. Therefore, new strategies are required to prevent
appropriate antibiotic inability from antibiotic-resistant strains. Aerolysin is essential for A. hydrophila
pathogenesis and has been proposed as a potential target for inventing drugs with anti-virulence
properties. It is a unique method of disease prevention in fish to block the quorum-sensing mechanism
of A. hydrophila. In SEM analysis, the crude solvent extracts of both groundnut shells and black
gram pods exhibited a reduction of aerolysin formation and biofilm matrix formation by blocking
the QS in A. hydrophila. Morphological changes were identified in the extracts treated bacterial
cells. Furthermore, in previous studies, 34 ligands were identified with potential antibacterial
metabolites from agricultural wastes, groundnut shells, and black gram pods using a literature survey.
Twelve potent metabolites showed interactions between aerolysin and metabolites during molecular
docking analysis, in that H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl (−5.3 kcal/mol) and
2-Hexyldecanoic acid (−5.2 kcal/mol) showed promising results with potential hydrogen bond
interactions with aerolysin. These metabolites showed a better binding affinity with aerolysin for
100 ns in molecular simulation dynamics. These findings point to a novel strategy for developing
drugs using metabolites from agricultural wastes that may be feasible pharmacological solutions for
treating A. hydrophila infections for the betterment of aquaculture.

Keywords: aerolysin; agri-waste; antimicrobial metabolites; molecular docking and dynamics;
quorum sensing

1. Introduction

Although aquaculture is one of the industries producing food with the greatest growth
rate, bacterial fish infections result in large output losses every year [1]. The disease is a
significant negative socioeconomic consequence for those dependent on aquaculture and
a major barrier to aquaculture operations [2]. With the growth of aquaculture activities,
stress conditions also increase, encouraging the frequent incidence and development of
pathogens [3,4]. Furthermore, approximately 10 to 50% of output loss is brought on by
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epizootics, which severely hampers the efforts to increase productivity [5,6]. Aeromonas hy-
drophila is a freshwater chemoorganoheterotrophic, facultatively anaerobic, gram-negative
pathogenic bacteria that mostly affects fish, mammals, birds, amphibians, and reptiles. It
causes infections such as gastroenteritis, necrotizing fasciitis, and septicemia in the species
mentioned above [7,8]. Since the condition is driven by several virulence factors, includ-
ing cytotoxins, adhesions, hemolysins, proteases, lipases, and biofilm development, A.
hydrophila is multifaceted in its pathogenicity [9,10].

Aerolysin causes symptoms of many sorts of infections, including hemorrhagic and
ulcerative lesions on the skin and other organs [11,12]. Aerolysin has numerous effects
such as hemolytic, enterotoxin, and cytotoxic activities [13–15]. Aerolysin can enter the
target cell’s membrane after producing seven oligomeric subunits with a transmembrane
pore [16–18]. The channel pore breaches the cellular membrane permeability barrier, re-
sulting in cell death [19]. One of the main virulence factors in developing fish disorders
linked to A. hydrophila is the gene aerolysin, a destructive pore-forming enterotoxin [20].
Tetramycin and romet-30 are the most widely and frequently used antimicrobial drugs
against A. hydrophila contamination in freshwater aquaculture [2]. The key pathogenic
factors assisted by Aeromonas sp. are surface polysaccharides, extracellular proteins, iron-
binding systems, and exotoxins, which are crucial in the pathogenic mechanisms. These
virulence factors have antibiotic resistance that might develop in aquaculture systems; nev-
ertheless, these antimicrobial drugs are used indiscriminately [21–23]. These antibiotics are
mostly administered directly to the aquaculture system by feed or submersion. According
to the scientific literature, between 70 and 80% of prescribed antibiotics eventually enter
water [24–27].

As an outcome, the aquaculture systems have been designated as “biological hubs” for
bacterial transduction, conjugation, and transformation of antibiotic-resistant genes [28,29].
Therefore, as our reliance on aquaculture increases, it is vital to investigate appropriate
antibiotic substitutes that feedstuffs may deliver, lower the risk of antimicrobial resistance
emerging, and increase the fish immune system [30–32]. Various approaches have been
recently proposed to combat the rise of antibiotic resistance, including the use of plant
metabolites to improve and stimulate the fish’s immune characteristics in aquaculture [33].
Plants and their secondary metabolites have a wide range of activities, which raises the
possibility that they could be used as antimicrobial agents. In particular, the main natural
plant species come under the Apiaceae, Anacardiaceae, Burseraceae, Cupressaceae, Dracenaceae,
Euphorbiaceae, Fabaceae, Palmaceae, and Pinaceae families of plants [34,35]. Tannins are the
phenolic polymers in all plants that tend to inhibit the bacterial matrices, outer membranes,
and protein transport in bacterial cells and may prevent several hydrolytic enzymes such
as α-amylase which is essential for cell growth [36]. Several plant natural products or
secondary metabolites have been shown to positively impact disease virulence factors
in vivo and in vitro [37].

Quorum sensing (QS) system controls the expression of aerolysin and numerous other
virulence factors and biofilm development [38,39]. Blocking the action of aerolysin and
biofilm by inhibiting QS has been shown in prior research to reduce the pathogenicity
of A. hydrophila [40]. Additionally, developing novel and quick molecular docking tech-
niques has enhanced molecular simulations with critical applications for screening and
drug discovery [41–43]. A useful approach in drug design and compound screening for
the development of natural drugs is the study of molecular docking of protein–ligand
interactions [44,45]. It is possible to anticipate the conformations and binding affinities of
the putative phytoconstituents from the extracts. This research will focus on the successful
development of new medications by screening agricultural waste-derived metabolites for
the diseases caused by A. hydrophila in aquaculture industries.
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2. Results
2.1. Scanning Electron Microscopy

SEM images demonstrated a decrease in the biofilm development of A. hydrophila when
treated with agricultural waste extracts. A maximum cell size and shape reduction was seen
at the treatment concerning the calculated minimal inhibitory concentration (MIC) when
control images revealed a cell matrix. Streptomycin (50 µg/mL) was used as a positive
control and it exhibited dispersed cells without biofilm formation and morphological
changes of the A. hydrophila cells (Figures 1 and 2).

2.2. FT-IR Analysis of Bacterial Biomass

The FT-IR spectra of bacterial biomass treated with black gram pod extracts and
groundnut shell extracts (Figures 3 and 4). The peak at 3350–3450 cm−1 indicates the
existence of the OH group, which contains carbohydrates, proteins, and polyphenols and
is classified as an alcoholic group, and a minor intensity peak at 1700–1715 cm−1 indicates
the presence of fatty acid groups. Certain peaks at 3000 cm−1 show the presence of C-H
alkenes and aromatic rings as a result of the interaction of the metabolites present in the
ethyl acetate, acetone, methanol, and ethanol extracts of both groundnut shells and black
gram pods. In contrast, non-polar solvents such as petroleum ether and hexane did not
show any clear bands.

Figure 1. Scanning electron microscopic images of A. hydrophila biofilm matrix. (a) Negative control:
shows dense and thick adherence of biofilm; treated with groundnut shell extracts (b) methanol,
(c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane, (g) petroleum ether, and (h) positive control:
streptomycin (50 µg/mL) exhibits dispersed biofilm.
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Figure 2. Scanning electron microscopic images of A. hydrophila biofilm matrix. (a) Negative control:
shows dense and thick adherence of biofilm; treated with black gram pod extracts (b) methanol,
(c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane (g) petroleum ether, and (h) positive control:
streptomycin (50 µg/mL) exhibits dispersed biofilm.

Figure 3. FT-IR spectra of the Aeromonas hydrophila biomass treated against various extracts of
groundnut shell. Red dotted lines indicate the presence of polysaccharides. Untreated: (a) control.
Treated: (b) methanol, (c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane, and (g) petroleum ether.
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Figure 4. FT-IR spectra of the Aeromonas hydrophila biomass treated against various extracts of black
gram pods. Red dotted lines indicate the presence of polysaccharides. Untreated: (a) control. Treated:
(b) methanol, (c) ethanol, (d) acetone, (e) ethyl acetate, (f) hexane, and (g) petroleum ether.

2.3. Homology Modelling of AhEUS112 Aerolysin

Homology (comparative) modelling is typically considered the most reliable in silico
technique for predicting accurate 3D protein models using amino acid sequences [46,47].
The best AhEUS112 aerolysin sequence model (Figure 5a) with the lowest DOPE (discrete
optimized protein energy) score (Figure 5b) is chosen.

Figure 5. (a) Sequence of the AhEUS112 aerolysin. (b) Predicted three-dimensional structure of
aerolysin from A. hydrophila.

Using PROCHECK, the modelled structure is validated using a Ramachandran plot
using the RAMPAGE server [48]. The Ramachandran plot of the modelled protein rep-
resents 89.1% (366 aa) of the total residues in the most favoured regions. In comparison,
10.7% (44 aa) are in further and generously allowed regions, and only 0.2% of residues are
found in the disallowed region. Based on the Ramachandran plot, the modelled structure
indicates a good quality model (Figure 6). As a result, the predicted structure is chosen for
molecular docking and molecular dynamics simulations.
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Figure 6. The stereochemical spatial arrangement of amino acid residues in the preferred area of the
Ramachandran plot of the modelled 3D structure of aerolysin (Red coloured squares indicate residues
in most favoured regions, dark yellow-coloured squares indicate the residues in additional allowed
regions and pale yellow coloured square indicates residues in the generously allowed regions).

2.4. Phylogenetic Analysis of the Aerolysin

The AhEUS112 aerolysin shared 90–96% of its identity with other bacterial aerolysin
when their multiple sequence alignment was analyzed and aerolysin from other Aeromonas
sp. (Figure 7). MEGAX software was used to construct the distance matrix of the aerolysin
sequence obtained from the different species [49].

2.5. Molecular Docking

The main goal of in silico docking analysis of this study was to identify the optimal
binding conformations between aerolysin and metabolites from the agri-wastes that blocks
the function and membrane potential. To interpret the optimal binding position for the lig-
ands and the drugs developed, molecular docking was used to assess the great affinity for
the aerolysin active site residues of the A. hydrophila. Based on this, several positions were
created and evaluated. Crude extracts have both active and inactive chemical compounds
in their mixture of diverse chemical molecules that exhibit high affinity and complemen-
tarity to the target protein. The capacity of the ligands to interact with the target protein
in vivo, which impacts the outcomes of molecular docking studies, relates to the substances
in crude extracts. However, the molecular docking study may only foresee a potent bind-
ing relationship, if the active components in the crude extract have low affinities or can
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efficiently access the target region in the protein [50,51]. The metabolites chosen from the
different extracts of BGP and GNS for the interactions of aerolysin are shown in Table 1.

Figure 7. Phylogenetic tree of aerolysin from various species of Aeromonas hydrophila.

Table 1. List of compounds for molecular docking with aerolysin from black gram pods and
groundnut shells.

Black Gram Pods Groundnut Shells

S. No. Name of the Compound S. No. Name of the Compound

1. 1-Hexadecene 1. 2-Hexyldecanoic acid
2. 1-Isopropoxy-2-propanol 2. 2-Pentanone, 5-methoxy
3. 2,2-Difluorocycloheptan-1-one 3. 3-O-Methyl-d-glucose
4. 3-7-11-15-Tetramethyl-2-hexadecen-1-O 4. 4H-Pyran-4-one- 2-3-dihydro-3-5-dihydroxy-6-methyl
5. 5-Hydroxymethylfurfural 5. Cyclohexanone
6. Azulene 6. Eicosane
7. Butyronitrile 7. Ethyl linoleate
8. Cholesterol propionate 8. Hexatriacontane
9. Cholesterol 9. Methyl alpha-D-glucopyranoside
10. Cyanoacetic acid 10. Octadecane
11. Diacetone alcohol 11. Palmitic acid
12. Dodecanel 12. Pentadecane- 2-6-10-13-tetramethyl
13. Heptadecane 13. Stearic acid
14. Hexadecane 14. Tetracosane
15. Methyl palmitate
16. Methyl propyl ether
17. Naphthalene
18. Tetracontane
19. Tetratetracontane
20. Z-5-Nonadecene
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The number of hydrogen bonds that interacted with the aerolysin and the residues
involved in the interactions were given in Table 2. The H-Pyran-4-one-2,3 dihydro-3,5
dihydroxy-6-methyl showed the strongest affinity with aerolysin possessing binding en-
ergy of −5.3 (kcal/mol), followed by 2-Hexyldecanoic acid and 2,2-Difluorocycloheptan-1-one
(−5.2 kcal/mol), Methyl alpha-D-glucopyranoside (−5.1 kcal/mol), 5-Hydroxymethylfurfural
(−5.0 kcal/mol), Methyl-d-glucose and Palmitic acid (−4.9 kcal/mol), Ethyl linoleate
(−4.6 kcal/mol), Pentanone-5-methoxy (−4.3 kcal/mol), Diacetone alcohol (−4.1 kcal/mol),
Methyl palmitate (−3.9 kcal/mol), and Cyanoacetic acid (−3.6 kcal/mol), respectively. The
number of hydrogen bonds found during the interactions of metabolites with the aerolysin
was represented in (Figures 8 and 9).

2.6. Simulation Dynamics

Molecular dynamic simulation (MDS) was used to determine the precise interaction
of the ligand candidates with the protein under investigation. A methodology involving
molecular docking, molecular dynamics, and free energy computing was used to identify
the properties of specific natural compounds in a solvation state. In the current study, a
100 ns MDS was used to determine the best-docked molecule of H-Pyran-4-one-2,3 dihydro-
3,5 dihydroxy-6-methyl, and 2-Hexyldecanoic acid to the aerolysin based on binding affinity
and conformational stability (Figure 10a–d).

A significant RMS fluctuation was found between aerolysin and the other two ligands
up to 30 residues, then showed similar fluctuation with all three complexes throughout
the protein residues. The root-mean-square deviation (RMSD) estimate of backbone atoms
varied from 0.25 nm to a maximum of 1.5 nm across the whole simulation. The RMSD
value of the protein aerolysin was increased to 1.5 nm (10 ns), then showed at 0.75 nm
(22.5 ns), and maintained steadily at 1 nm (up to 100 ns). However, aerolysin interacted
with H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl exhibited at 1 nm (45 ns) and then
maintained at 0.75 nm (until 100 ns). Similarly, aerolysin interacted with 2-Hexyldecanoic
acid and possessed an RMSD value of 0.75 nm at 10 ns, and it was gradually increased and
maintained at 0.75 nm (until 100 ns). This data showed that the aerolysin formed a stable
complex with the H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl and 2-Hexyldecanoic
acid at the range of 0.75 nm steadily (from 25 ns to 100 ns).

Table 2. Molecular docking of aerolysin with metabolites identified from both black gram pod and
groundnut shell extracts. (Arg-Arginine, Pro-Proline, Tyr-Tyrosine, Asn-Asparagine, Met-Methionine,
Val-Valine, Ile-Isoleucine, Ser-Serine, Phe-Phenylalanine, Gly-Glycine, Lys-Lysine).

S. No. Compound Binding Energy
(kcal/mol)

Hydrogen Bond
Interactions

Residues Involved During
Interactions

1 2,2-Difluorocycloheptan-1-one −5.2 2 Arg 414, Pro 139, Tyr 146,
Asn 411, Tyr 142

2 5-Hydroxymethylfurfural −5.0 5 Arg 417, Met 129, Tyr 135, Arg 414,
Val 415, Tyr 337

3 Cyanoacetic acid −3.6 1 Tyr 337
4 Diacetone alcohol −4.1 2 Asn 411, Tyr 146
5 Methyl palmitate −3.9 1 Tyr 146

6 2-Hexyldecanoic acid −5.2 3 Phe 371, Tyr 380, Ile 378, Ser 377,
Arg 379, Val 368

7 Pentanone-5-methoxy −4.3 4 Tyr 337, Arg 417, Arg 414, Tyr 135

8 Methyl-d-glucose −4.9 2 Gly 369, Ile 378, Ser 377,
Arg 379, Ala 369

9 H-Pyran-4-one-2,3 dihydro-3,5
dihydroxy-6-methyl −5.3 4 Val 335, Thr 419, Val 415, Pro 418

10 Ethyl linoleate −4.6 1 Arg 414, Pro 139, Tyr 142, Lys 138
11 Methyl alpha-D-glucopyranoside −5.1 4 Leu 416, Thr 419, Glu 334

12 Palmitic acid −4.9 3 Arg 379, Ile 378, Ser 377,
Phe 371, Tyr 380
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Figure 8. A 2D view of the interactions of the compounds extracted from black gram pods. (a) 2,2-
Difluorocycloheptan-1-one, (b) 5-Hydroxymethylfurfural, (c) Cyanoacetic acid, (d) Diacetone alcohol,
(e) Methyl palmitate.
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Figure 9. A 2D view of the interactions of the compounds from groundnut shells. (a) 2-Hexyldecanoic
acid, (b) Pentanone-5-methoxy, (c) Methyl-d-glucose, (d) H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-
methyl, (e) Ethyl linoleate, (f) Methyl alpha-D-glucopyranoside, (g) Palmitic acid.
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Figure 10. Graphical representation of 100 ns MD simulation analysis of aerolysin (in black colour), a
protein with H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl (in green colour), and protein with
2-Hexyldecanoic acid (in red colour). (a) RMSF values of the backbone atoms, (b) radius of gyration
of the backbone atoms, (c) RMSD values of Cα atoms in the protein, and (d) hydrogen bonds stability
of the protein and complexes.

3. Discussion

The extraction of phenolic compounds depends on the nature of the solvents. Polar sol-
vents have lower electrostatic interactions that easily interact with the compounds present
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in the plant extracts that interchange their functional groups [52]. However, non-polar
solvents can easily penetrate bacterial cells due to their lower charge [53]. Gram-negative
bacteria such as A. hydrophila have rigid cell membranes that prevent the entry of the
compounds into the cytoplasm [54]. They also have lipopolysaccharides that limit the pene-
tration of hydrophobic compounds [55]. Based on our previous results, both GNS and BGP
solvent extracts possess phenols and tannins [56,57]. These primary bioactive compounds
are the major cause that exhibits better antioxidant and antibacterial properties [58,59]. The
metabolites from the polar solvents also tend to diffuse the fatty acid composition of the
rigid layer of A. hydrophila [60]. The metabolites of plant extracts may act on reducing the
colonization of body surfaces and different epithelial layers, certain inorganic and organic
molecules, along with other micro and macronutrients which are necessary for cell growth
also promotes cell adhesion [61]. After a 48 h treatment with the extracts of both GNS
and BGP, A. hydrophila cells were shrunken. They underwent splitting due to metabolites
such as palmitic acid, methyl linoleate, H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl,
and 2-Hexyldecanoic acid [62–65]. These metabolites adhered to the lipopolysaccharides
of the cell membrane, thus altering the bacterial cell morphology [66]. The metabolites
from the extracts may inhibit nutrient availability that paved the way for bacterial cell
growth [67]. The formation of the matrix by bacterial cells was separated due to inhibiting
quorum-sensing signals from one cell to another [39,68]. This QS controls the synthesis
of exopolysaccharide (EPS) by the A. hydrophila [69,70]. These polysaccharides, proteins,
and nucleic acids played a crucial role in preventing the entry of antimicrobial agents and
antibiotic exposure [71,72]. These exopolysaccharides play a vital role in cell detachment,
colonization, and safeguarding forces of bacterial cells. The approaches to developing
the new drug to combat multi-drug resistance and tolerance by polysaccharide lyases,
a key enzyme which targeting the production of exopolysaccharides. Reduction in the
exopolysaccharide production affects the QS signals between the cells [73,74]. According to
Pellock et al. [75], expr is the major gene that maintains the quorum-sensing mechanism,
and it is a homologue to lux receptors that leads to controls the production of exopolysac-
charides. However, gram-negative bacteria such as A. hydrophila had autoinducers that
tend to diffuse in and out of the cell [76]. These autoinducers, such as acyl-homoserine
lactones (AHLs) synthesized by S-adenosylmethionine, bind to the cytoplasmic receptors
and regulate the quorum-sensing gene expression [77–79]. Interfering with the synthesis,
transport, or identification of autoinducers can be used to prevent quorum sensing. The key
strategy is to utilize quorum-sensing inhibitors, which imitate or interfere with autoinducer
binding to their receptors. These metabolites can impair quorum sensing in several bacterial
species and limit biofilm development [80]. In gram-negative bacteria such as A. hydrophila,
LuxR-type cytoplasmic receptors interact with another cell by detecting the AHLs; this
complex transfers the quorum signals [81]. Additionally, fatty acids inhibit energy genera-
tion and cell lysis by interfering with components and preventing food intake [82]. Several
studies have investigated the effects of fatty acids on mixed culture biofilms in the presence
of natural conditions that may affect microbial signal production and reception [83].

In the FT-IR spectrum, the intensity peak at 1120–1160 cm−1 indicates the presence of
polysaccharides in both control and treated groups due to bacterial biofilm formation [84,85].
Peaks obtained in the 2800–2600 cm−1 confirm the presence of aldehydes in the extract-
treated biomass compared to the control [86]. The fatty acid groups in the polar and
mid-polar extracts interact with the electron transport chain of bacteria. It involves the ATP
transfer, which inhibits the bacterial enoyl-acyl reductase and leads to bacterial death [87].
In microbes, the electron acceptor is oxygen; when it demands, the organism tends to find
an alternative to accept in the form of oxidized metals or non-metals [88]. During oxygen
depletion, A. hydrophila utilizes iron (III) as an electron acceptor [89,90]. Carbon dioxide
formed during the reactions will generate electrons which are accepted by iron (III) [91,92].
In our study, it is suggested that the metabolites present in the extracts of the GNS and
BGP inhibit electron transfer by directly inhibiting iron reductase in the complex reactions.
The antibacterial nature of the metabolites is based on solvent extraction [93]. Non-polar
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solvents are chemically inert and do not mix with water, so the microorganism can easily
grow in the watery phase [94]. Essentially, polyphenols and bacteria interact in a non-
specific manner, relying on the hydrogen group and hydrophobic effects that may have a
significant influence owing to lipophilic interactions and the creation of covalent bonds [95].
Phenolic compounds present in the extracts may directly interact with the bacterial cell
membrane, which causes intracellular leakage and ROS generation [96]. FT-IR analysis of
A. hydrophila biomass can reveal important information about the bacterium’s chemical
composition, such as the presence of proteins, lipids, and fatty acids [97]. This knowledge
can help us understand the structure and function of the bacterial cell, as well as create
ways to prevent or treat A. hydrophila infections. An ideal tree was generated by utilizing
the neighbour-joining method to analyze the evolutionary history of the aerolysin of
A. hydrophila [98]. The existence of several branches representing the different architectural
structures of a protein was evident in the phylogenetic tree created from the multiple
sequence alignment of the AhEUS112 aerolysin with aerolysin from 200 different bacterial
species [99]. It is a feasible approach to find protein areas that have been conserved during
evolution by comparing the sequences of various species [100]. These conserved regions of
the protein may be critical for protein function and might be targeted for drug development
or other purposes.

A mixture of hydrophobic and van der Waals interactions with active site residues
also stabilized the ligand configurations [101,102]. To emphasize, amino acid characteristics
impact the functional activities of certain residues based on the physicochemical restric-
tions to variation of amino acid position/alignment [103]. The data analysis showed that
aerolysin had common interaction residues with most test compounds.

Molecular docking and homology modelling were unique and useful tools for char-
acterizing protein–ligand interaction patterns in configuration [104]. Due to the strong
covalent bonds, weak intermolecular linkages encompassed a variety of interactions that
did not involve the exchange of electrons. Still, hydrogen bonds played a vital role in the
interaction of proteins and ligands [102]. GRID detects favourable sites for ligand binding
with protein [105]. The binding nature between the ligand and protein depends on the
length and orientation [101,106]. These protein–ligand interactions formed due to the cavity
shape, size, and energy level of pocket formation [107,108]. Ligands are compounds that
can control the activity of a protein or enzyme by binding to specific sites on the target
protein or enzyme. In the case of aerolysin, ligands can be employed to prevent the produc-
tion of toxin aggregates, which can injure host cells and tissues [109]. Ligands can bind to
different sites of aerolysin, such as hydrophobic regions on the toxin’s surface, particular
spots on the pore-forming domain, and other sections of the molecule [110]. Flavonoids
and polyphenols have been demonstrated to suppress the production of aerolysin aggre-
gates. These bioactive compounds can attach to particular sites on the toxin and prevent it
from building huge complexes that can damage host cells. This kind of in vitro approach
is beneficial in decreasing aerolysin toxicity [111]. Our docking studies showed that the
key residues of the aerolysin protein’s binding pocket, such as Tyr 337, Arg 417, Arg 414,
and Tyr 135 interacted with pentanone-5-methoxy via traditional hydrogen bonding and
hydrophobic interactions [112]. These findings stated that pentanone-5-methoxy might
reduce quorum sensing by decreasing the expression of aerolysin, which then affects other
virulence-associated genes.

Palmitic acid reacted significantly with aerolysin, with a binding energy of −4.3 kcal/mol
and a two-hydrogen bonding interaction (Arg 379, Ile 378, Ser 377, Phe 371, Tyr 380); these
results agree with studies that reported the palmitic acid inhibiting the virulence factors
associated with biofilm [113,114]. According to Dong et al. [115], heptamer formation was
controlled by the ARG 414 and ARG 417 residual movements. This was the basic action
mechanism behind the inhibition of aerolysin by the ligand H-Pyran-4-one-2,3 dihydro-3,5
dihydroxy-6-methyl. However, 2-Hexyldecanoic acid is bound with the ASP360 and does
not involve forming heptamer [19]. Aerolysin often had the propensity to form a heptamer
after entering the host cell membrane [116]. This heptamer had a transmembrane pore
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that affected the permeability of the host cell membrane and caused cell death [117]. The
flexible portion of a protein or the parts of structures that change concerning the overall
structure was evaluated by the root-mean-square fluctuation (RMSF) [118].

The simulation’s dynamics give scientists a unique perspective on the structural and
functional changes that occur during ligand binding by allowing them to watch the move-
ment of specific atoms in the protein and the ligand over time [119]. The radius of gyration
of aerolysin, protein complex with 2-Hexyldecanoic acid, and protein complex with the
H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl was determined. Using thermody-
namic concepts, the radius of gyration indicated the protein’s compactness with protein
folding and unfolding [120]. The radius of gyration cannot be precisely measured because
of diverse samples [121]. The Rg values were obtained in the range of 2.75–3.0 nm, whereas
the aerolysin was maintained at 3.2 nm, and the aerolysin complexed with 2-Hexyldecanoic
acid lay at 3.2 nm, respectively, which gradually increased and maintained at 3.4 nm from
40–100 ns. However, the aerolysin with H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl
showed an Rg value at 3.4 nm initially and it held at 3.6 nm. With this evidence, the
examination of dynamics’ mean radius of gyration fell within the range of random-coil
statistics, confirming the protein folding in the presence of residual structure [122]. Ac-
cording to studies, aerolysin pores are fairly far from the host membrane surface and are
shown as nanodisc-entrapped pores compatible with the absence of hydrophobicity [123].
The molecular dynamics trajectories for the whole examined protein–ligand complex is
typically stable and within acceptable limits for the 100 ns simulation period, according
to the RMSD fluctuation analysis [124]. According to the findings, the inhibitor attaches
to a particular site of the protein and stabilizes it in a closed conformation, preventing
the formation of the opening in the membrane [125]. Overall, the results of the molecular
dynamics simulation study imply the stability of the protein–ligand complex of aerolysin
with metabolites from agricultural waste.

4. Materials and Methods
4.1. Maintenance of Bacterial Strain and Culture Media Preparation

A fish pathogen, A. hydrophila (glycerol stock preserved at Laboratory of Aquabi-
otics/Nanoscience, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India)
(35 ± 2 ◦C/24 h), and bacterial cultures were maintained and grown in Tryptic soy agar or
broth (TSA/TSB) containing Tryptone 1%, yeast extract 0.5%, and sodium chloride 0.5%
with 1.2% agar.

4.2. Preparation of Extract

Groundnut shells (GNS) and black gram pods (BGP) were collected based on their
detailed experimental procedures [56,57]. The collected agri-wastes were shade dried at
37 ◦C, ground into a coarse powder, sieved using 0.2 mm sieve plates, and then stored
at −20 ◦C for subsequent examination in an airtight container. Cold maceration was
used to elution the extracts from powdered agri-wastes using six solvents (10:90 w/v):
ethyl acetate, petroleum ether, methanol, ethanol, hexane, and acetone. Additionally, the
solvents employed for this study is based on the polarity which ranges from least polar to
most polar [126]. The extracts were concentrated at roughly 40 ◦C in a rotating vacuum
evaporator under decreasing pressure until agglomerates were formed; before that, the
filtrate was collected using Whatman No. 1 filter paper. The extracts were dried to remove
excess solvents and kept at 4 ◦C for future research. For experimental purposes, dry extracts
were reconstituted with DMSO (0.1%) [127].

4.3. Scanning Electron Microscopy

The inhibition and deterioration of A. hydrophila biofilm using the various extracts of
GNS and BGP were visualized using scanning electron microscopy (SEM) with a slight
modification of the detailed protocol by Zhou et al. [128]. In short, biofilms of A. hydrophila
grown on glass coverslips (18 mm) submerged in nutrient broth with determined minimum
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inhibitory concentration (MIC) were given in Table 3. Based on this, various extracts
(acetone, methanol, hexane, ethanol, ethyl acetate, and petroleum ether) of groundnut
shells and black gram pods were poured into six-well plates, and the untreated (without
extracts) acted as the negative control. Streptomycin (50 µg/mL) was used as a positive
control. The treated and untreated plates were incubated for 48 h at 37 ◦C, and then
gently washed with miliQ to extract adherent bacterial cells. Samples were kept in 2.5%
glutaraldehyde for 15 min and dehydrated with 25–95% gradient ethanol for 10 min. The
dried biofilms were gold coated and examined under a scanning electron microscope (SEM,
TESCAN, Czech Republic, and Vega 3).

Table 3. Determination of minimum inhibitory concentration (MIC) of groundnut shell and black
gram pods for A. hydrophila (µg/mL).

S. No.. Extraction Solvents

Minimum Inhibitory Concentration (MIC) for
Aeromonas hydrophila (µg/mL)

Groundnut Shell Black Gram Pod

1. Methanol 250 250
2. Ethanol 250 250
3. Acetone 500 500
4. Ethyl acetate 500 500
5. Hexane 500 500
6. Petroleum ether 500 500

4.4. FT-IR Analysis of Bacterial Biomass

The bacterial cells of A. hydrophila treated with the extracts of agricultural wastes were
collected through centrifugation at 10,000 rpm for 10 min and washed with phosphate
buffer, pH 7.0, then made into a die using a desiccator at 45 ◦C. The KBr crystals were
vacuum-dried as described [129]; 1000 mg of KBr and 2.5 mg of bacterial biomass were
finely powdered and homogenized. The KBr beta press was used to form 100 mg of this bulk
mixture into a single pellet. With the bacterial biomass abundant as a clear pellet within
the KBr beta press barrel, the barrel was put on the sample holder in the FT-IR chamber.
Fourier transform infrared (FT-IR) spectrophotometer (Perkin Elmer, Waltham, MA, USA)
(4000–500 cm−1) scans were then performed, and the FT-IR chamber was carefully modified
until water vapour peaks were eliminated [130].

4.5. Ligand Screening for Molecular Docking

This ligand screening is based on the metabolites identified through GC-MS analysis
from various solvent extracts of groundnut shells and black gram pods from our previous
study [56,57]. A total of 325 metabolites were identified, of which 14 compounds from
groundnut shells and 20 compounds from black gram pods with potential antibacterial
efficacy were chosen for this study based on the earlier literature to analyze their interaction
with the aerolysin (Table 1). The chemical structure of each drug/compound was retrieved
in structure-data file (SDF) format from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/; accesed on 9 March 2021), and Open Babel was used to convert SDF to mol2
format [131].

4.6. Phylogenetic Analysis of Aerolysin

A multiple sequence alignment with the AhEUS112 aerolysin amino acid sequence
was performed on the amino acid sequences obtained from 200 various bacterial species
(Aeromonas sp. and other related bacteria). The evolutionary analysis was constructed with a
neighbour-joining (NJ) algorithm using the MEGAX maximum likelihood method [98,132].
In the bootstrap test, the numbers next to the branches indicated the fraction of duplicate
trees in which the related taxa were clustered together (100 repetitions) [133]. The tree
was built using the maximum likelihood method and visualized using iTOL (Interactive
Tree of Life) (https://itol.embl.de/; accessed on 24 April 2023). The phylogenetic tree’s

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://itol.embl.de/
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branch lengths were shown to scale and correspond to the evolutionary distances. The
number of amino acid changes per site was used to calculate evolutionary distances using
the P-distance approach [134]. All unclear places for each sequence pair were eliminated,
leaving a final data set of 523 positions that were utilized for analysis.

4.7. Structural Analysis of Aerolysin

The AhEUS112 aerolysin’s amino acid sequence was analyzed using BLAST-P to find
the most appropriate template for homology modelling (accession no. MT491733) [135].
Following a similarity search for the best-aligned aerolysin crystal structures published in
the Protein Data Bank (PDB), 1HWG (PDB ID) was selected for the modelling template.
MODELLER software was used to construct the 3D model of the target sequence and
structure validated with the Ramachandran plot using the SAVES server.

4.8. Molecular Docking and Simulation Dynamics

The potential ligands identified from GNS and BGP with aerolysin were used for
molecular docking through AutoDock software [136,137]. The compounds with the high-
est binding affinity were chosen for the best-docked complexes. Using Webgro (online
server), the modelled protein aerolysin was subjected to a molecular dynamics simula-
tion. Using OPLS forcefield, MD simulation of both ligands and protein was analyzed for
100 ns [138,139].

5. Conclusions

This is a kind, sensible, and effective tactic in anti-virulence treatment, which involves
employing different aerolysin inhibitors or substances that lead to preventing QS in bacte-
rial pathogens such as A. hydrophila. Extracts from agricultural waste, such as groundnut
shells and black gram pods, have been evident in SEM micrographs to block QS signals
and disrupt the growth of biofilms. Additionally, the 3D structure of aerolysin has been
generated, and it plays a major role in causing septicemia. Using an in silico technique in
this study, H-Pyran-4-one-2,3 dihydro-3,5 dihydroxy-6-methyl and 2-Hexyldecanoic acid
are shown to be more effective in inhibiting aerolysin oligomerization of A. hydrophila. This
protein homology implies that a different potential pharmacological target could possibly
work to restrict the activity of aerolysin in other pathogenic bacteria to form biofilms. It
also provides novel insight that limits the broad usage of pharmaceutical drugs for in vitro
testing. Thus, the agricultural waste extracts could be used as an appropriate medicine
to block aerolysin activity by A. hydrophila, and they may aid in treating hemorrhagic sep-
ticemia. The outcome of this study enlightens the aquafarmer and the country’s economy
by overcoming the major disease outbreak in aquaculture by A. hydrophila.
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36. Makarewicz, M.; Drożdż, I.; Tarko, T.; Duda-Chodak, A. The Interactions between polyphenols and microorganisms, especially
gut microbiota. Antioxidants 2021, 10, 188. [CrossRef] [PubMed]

37. Barbieri, R.; Coppo, E.; Marchese, A.; Daglia, M.; Sobarzo-Sánchez, E.; Nabavi, S.F.; Nabavi, S.M. Phytochemicals for human
disease: An update on plant-derived compounds antibacterial activity. Microbiol. Res. 2017, 196, 44–68. [CrossRef]

38. Kiran, G.S.; Sajayan, A.; Priyadharshini, G.; Balakrishnan, A.; Prathiviraj, R.; Sabu, A.; Selvin, J. A novel anti-infective molecule
nesfactin identified from sponge associated bacteria Nesterenkonia sp. MSA31 against multidrug resistant Pseudomonas aeruginosa.
Microb. Pathog. 2021, 157, 104923. [CrossRef]

39. Rutherford, S.T.; Bassler, B.L. Bacterial quorum sensing: Its role in virulence and possibilities for its control. Cold Spring Harb.
Perspect. Med. 2012, 2, a012427. [CrossRef]

40. Patel, B.; Kumari, S.; Banerjee, R.; Samanta, M.; Das, S. Disruption of the quorum sensing regulated pathogenic traits of the
biofilm-forming fish pathogen Aeromonas hydrophila by tannic acid, a potent quorum quencher. Biofouling 2017, 33, 580–590.
[CrossRef]

41. Lakshmanan, D.K.; Murugesan, S.; Rajendran, S.; Ravichandran, G.; Elangovan, A.; Raju, K.; Prathiviraj, R.; Pandiyan, R.;
Thilagar, S. Brassica juncea (L.) Czern. leaves alleviate adjuvant-induced rheumatoid arthritis in rats via modulating the finest
disease targets-IL2RA, IL18 and VEGFA. J. Biomol. Struct Dyn. 2021, 40, 8155–8168. [CrossRef]

42. Pinzi, L.; Rastelli, G. Molecular docking: Shifting paradigms in drug discovery. Int. J. Mol. Sci. 2019, 20, 4331. [CrossRef]
[PubMed]

43. Torres, P.H.; Sodero, A.C.; Jofily, P.; Silva, F.P., Jr. Key topics in molecular docking for drug design. Int. J. Mol. Sci. 2019, 20, 4574.
[CrossRef] [PubMed]

44. Murugan, A.; Prathiviraj, R.; Mothay, D.; Chellapandi, P. Substrate-imprinted docking of Agrobacterium tumefaciens uronate
dehydrogenase for increased substrate selectivity. Int. J. Biol. Macromol. 2019, 140, 1214–1225. [CrossRef] [PubMed]

45. Vilar, S.; Sobarzo-Sanchez, E.; Santana, L.; Uriarte, E. Molecular docking and drug discovery in β-adrenergic receptors. Curr. Med.
Chem. 2017, 24, 4340–4359. [CrossRef] [PubMed]

46. Muhammed, M.T.; Aki-Yalcin, E. Homology modeling in drug discovery: Overview, current applications, and future perspectives.
Chem. Biol. Drug Des. 2019, 93, 12–20. [CrossRef]

https://doi.org/10.1007/s00203-014-1074-z
https://doi.org/10.1016/j.scitotenv.2018.08.288
https://doi.org/10.3390/molecules23040795
https://www.ncbi.nlm.nih.gov/pubmed/29601469
https://doi.org/10.1684/ers.2017.1098
https://doi.org/10.1111/1462-2920.15851
https://doi.org/10.1016/S2542-5196(17)30142-0
https://www.ncbi.nlm.nih.gov/pubmed/29628162
https://doi.org/10.1111/j.1469-0691.1999.tb00523.x
https://doi.org/10.1038/ncomms15784
https://doi.org/10.3389/fmicb.2018.02928
https://doi.org/10.3390/ijerph18115723
https://doi.org/10.1038/s41467-020-15735-6
https://www.ncbi.nlm.nih.gov/pubmed/32312964
https://doi.org/10.1038/s41598-020-78849-3
https://www.ncbi.nlm.nih.gov/pubmed/33318576
https://doi.org/10.1155/2014/135082
https://www.ncbi.nlm.nih.gov/pubmed/24883301
https://doi.org/10.2174/138161211795703807
https://doi.org/10.3390/antiox10020188
https://www.ncbi.nlm.nih.gov/pubmed/33525629
https://doi.org/10.1016/j.micres.2016.12.003
https://doi.org/10.1016/j.micpath.2021.104923
https://doi.org/10.1101/cshperspect.a012427
https://doi.org/10.1080/08927014.2017.1336619
https://doi.org/10.1080/07391102.2021.1907226
https://doi.org/10.3390/ijms20184331
https://www.ncbi.nlm.nih.gov/pubmed/31487867
https://doi.org/10.3390/ijms20184574
https://www.ncbi.nlm.nih.gov/pubmed/31540192
https://doi.org/10.1016/j.ijbiomac.2019.08.194
https://www.ncbi.nlm.nih.gov/pubmed/31472210
https://doi.org/10.2174/0929867324666170724101448
https://www.ncbi.nlm.nih.gov/pubmed/28738772
https://doi.org/10.1111/cbdd.13388


Antibiotics 2023, 12, 891 20 of 23

47. Tasleem, M.; Alrehaily, A.; Almeleebia, T.M.; Alshahrani, M.Y.; Ahmad, I.; Asiri, M.; Alabdallah, N.M.; Saeed, M. Investigation of
antidepressant properties of yohimbine by employing structure-based computational assessments. Curr. Issues Mol. Biol. 2021, 43,
1805–1827. [CrossRef]

48. Lovell, S.C.; Davis, I.W.; Arendall, W.B., III; De Bakker, P.I.; Word, J.M.; Prisant, M.G.; Richardson, J.S.; Richardson, D.C. Structure
validation by Cα geometry: φ, ψ and Cβ deviation. Proteins Struct. Funct. Genet. 2003, 50, 437–450. [CrossRef]

49. Marimuthu, S.K.; Nagarajan, K.; Perumal, S.K.; Palanisamy, S.; Subbiah, L. In silico alpha-helical structural recognition of
temporin antimicrobial peptides and its interactions with Middle East respiratory syndrome-coronavirus. Int. J. Pept. Res. Ther.
2020, 26, 1473–1483. [CrossRef]

50. Aliye, M.; Dekebo, A.; Tesso, H.; Abdo, T.; Eswaramoorthy, R.; Melaku, Y. Molecular docking analysis and evaluation of the
antibacterial and antioxidant activities of the constituents of Ocimum cufodontii. Sci. Rep. 2021, 11, 10101. [CrossRef]

51. Mir, W.R.; Bhat, B.A.; Rather, M.A.; Muzamil, S.; Almilaibary, A.; Alkhanani, M.; Mir, M.A. Molecular docking analysis and
evaluation of the antimicrobial properties of the constituents of Geranium wallichianum D. Don ex Sweet from Kashmir Himalaya.
Sci. Rep. 2022, 12, 12547. [CrossRef]

52. Miralrio, A.; Espinoza Vázquez, A. Plant extracts as green corrosion inhibitors for different metal surfaces and corrosive media: A
review. Processes 2020, 8, 942. [CrossRef]

53. Mushtaq, Z.; Khan, U.; Seher, N.; Shahid, M.; Shahzad, M.T.; Bhatti, A.A.; Sikander, T. Evaluation of antimicrobial, antioxidant
and enzyme inhibition roles of polar and non-polar extracts of Clitoria ternatea seeds. JAPS J. Anim. Plant Sci. 2021, 31, 1405–1418.
[CrossRef]

54. Belyagoubi-Benhammou, N.; Belyagoubi, L.; Gismondi, A.; Di Marco, G.; Canini, A.; Atik Bekkara, F. GC/MS analysis, and
antioxidant and antimicrobial activities of alkaloids extracted by polar and apolar solvents from the stems of Anabasis articulata.
Med. Chem. Res. 2019, 28, 754–767. [CrossRef]

55. Vaara, M. Lipopolysaccharide and the permeability of the bacterial outer membrane. In Endotoxin in Health and Disease; CRC
Press: Boca Raton, FL, USA, 2020; pp. 31–38.

56. Arumugam, M.; Manikandan, D.B.; Sridhar, A.; Palaniyappan, S.; Jayaraman, S.; Ramasamy, T. GC–MS Based Metabolomics
Strategy for Cost-Effective Valorization of Agricultural Waste: Groundnut Shell Extracts and Their Biological Inhibitory Potential.
Waste Biomass Valorization 2022, 13, 4179–4209. [CrossRef]

57. Arumugam, M.; Manikandan, D.B.; Mohan, S.; Sridhar, A.; Veeran, S.; Jayaraman, S.; Ramasamy, T. Comprehensive metabolite
profiling and therapeutic potential of black gram (Vigna mungo) pods: Conversion of biowaste to wealth approach. Biomass
Convers. Biorefin. 2022, 1–32. [CrossRef]

58. Jiang, Y.; Fang, Z.; Leonard, W.; Zhang, P. Phenolic compounds in Lycium berry: Composition, health benefits and industrial
applications. J. Funct. Foods 2021, 77, 104340. [CrossRef]

59. Prasathkumar, M.; Raja, K.; Vasanth, K.; Khusro, A.; Sadhasivam, S.; Sahibzada, M.U.K.; Gawwad, M.R.A.; Al Farraj, D.A.;
Elshikh, M.S. Phytochemical screening and in vitro antibacterial, antioxidant, anti-inflammatory, anti-diabetic, and wound healing
attributes of Senna auriculata (L.) Roxb. leaves. Arab. J. Chem. 2021, 14, 103345. [CrossRef]

60. Alav, I.; Kobylka, J.; Kuth, M.S.; Pos, K.M.; Picard, M.; Blair, J.M.; Bavro, V.N. Structure, assembly, and function of tripartite efflux
and type 1 secretion systems in gram-negative bacteria. Chem. Rev. 2021, 121, 5479–5596. [CrossRef]

61. Sandasi, M.; Leonard, C.M.; Viljoen, A.M. The in vitro antibiofilm activity of selected culinary herbs and medicinal plants against
Listeria monocytogenes. Lett. Appl. Microbiol. 2010, 50, 30–35. [CrossRef]

62. Ghezzal, S.; Postal, B.G.; Quevrain, E.; Brot, L.; Seksik, P.; Leturque, A.; Thenet, S.; Carriere, V. Palmitic acid damages gut
epithelium integrity and initiates inflammatory cytokine production. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2020,
1865, 158530. [CrossRef]

63. El-anssary, A.A.; Raoof, G.F.; Saleh, D.O.; El-Masry, H.M. Bioactivities, physicochemical parameters and GC/MS profiling of the
fixed oil of Cucumis melo L seeds: A focus on anti-inflammatory, immunomodulatory, and antimicrobial activities. J. Herb. Med.
Pharmacol. 2021, 10, 476–485. [CrossRef]

64. El-Benawy, N.M.; Abdel-Fattah, G.M.; Ghoneem, K.M.; Shabana, Y.M. Antimicrobial activities of Trichoderma atroviride against
common bean seed-borne Macrophomina phaseolina and Rhizoctonia solani. Egypt. J. Basic Appl. Sci. 2020, 7, 267–280. [CrossRef]

65. Lin, H.; Meng, L.; Sun, Z.; Sun, S.; Huang, X.; Lin, N.; Zhang, J.; Lu, W.; Yang, Q.; Chi, J.; et al. Yellow wine polyphenolic
compound protects against doxorubicin-induced cardiotoxicity by modulating the composition and metabolic function of the gut
microbiota. Circ. Heart Fail. 2021, 14, e008220. [CrossRef] [PubMed]

66. Asghar, M.A.; Asghar, M.A. Green synthesized and characterized copper nanoparticles using various new plants extracts
aggravate microbial cell membrane damage after interaction with lipopolysaccharide. Int. J. Biol. Macromol. 2020, 160, 1168–1176.
[CrossRef] [PubMed]

67. Famuyide, I.M.; Aro, A.O.; Fasina, F.O.; Eloff, J.N.; McGaw, L.J. Antibacterial and antibiofilm activity of acetone leaf extracts of
nine under-investigated south African Eugenia and Syzygium (Myrtaceae) species and their selectivity indices. BMC Complement.
Altern. Med. 2019, 19, 141. [CrossRef]

68. Lynch, M.J.; Swift, S.; Kirke, D.F.; Keevil, C.W.; Dodd, C.E.; Williams, P. The regulation of biofilm development by quorum sensing
in Aeromonas hydrophila. Environ. Microbiol. 2008, 4, 18–28. [CrossRef]

https://doi.org/10.3390/cimb43030127
https://doi.org/10.1002/prot.10286
https://doi.org/10.1007/s10989-019-09951-y
https://doi.org/10.1038/s41598-021-89557-x
https://doi.org/10.1038/s41598-022-16102-9
https://doi.org/10.3390/pr8080942
https://doi.org/10.36899/JAPS.2021.5.0342
https://doi.org/10.1007/s00044-019-02332-6
https://doi.org/10.1007/s12649-022-01768-z
https://doi.org/10.1007/s13399-022-02806-5
https://doi.org/10.1016/j.jff.2020.104340
https://doi.org/10.1016/j.arabjc.2021.103345
https://doi.org/10.1021/acs.chemrev.1c00055
https://doi.org/10.1111/j.1472-765X.2009.02747.x
https://doi.org/10.1016/j.bbalip.2019.158530
https://doi.org/10.34172/jhp.2021.55
https://doi.org/10.1080/2314808X.2020.1809849
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008220
https://www.ncbi.nlm.nih.gov/pubmed/34665676
https://doi.org/10.1016/j.ijbiomac.2020.05.198
https://www.ncbi.nlm.nih.gov/pubmed/32464203
https://doi.org/10.1186/s12906-019-2547-z
https://doi.org/10.1046/j.1462-2920.2002.00264.x


Antibiotics 2023, 12, 891 21 of 23

69. Defoirdt, T.; Bossier, P.; Sorgeloos, P.; Verstraete, W. The impact of mutations in the quorum sensing systems of Aeromonas
hydrophila, Vibrio anguillarum and Vibrio harveyi on their virulence towards gnotobiotically cultured Artemia franciscana. Environ.
Microbiol. 2005, 7, 1239–1247. [CrossRef]

70. Sun, B.; Luo, H.; Jiang, H.; Wang, Z.; Jia, A. Inhibition of Quorum Sensing and Biofilm Formation of Esculetin on Aeromonas
hydrophila. Front. Microbiol. 2021, 12, 737626. [CrossRef]

71. Ramanathan, S.; Ravindran, D.; Arunachalam, K.; Arumugam, V.R. Inhibition of quorum sensing-dependent biofilm and virulence
genes expression in environmental pathogen Serratia marcescens by petroselinic acid. Antonie Van Leeuwenhoek 2018, 111, 501–515.
[CrossRef]

72. Shivaprasad, D.P.; Taneja, N.K.; Lakra, A.; Sachdev, D. In vitro and in situ abrogation of biofilm formation in E. coli by vitamin
C through ROS generation, disruption of quorum sensing and exopolysaccharide production. Food Chem. 2021, 341, 128171.
[CrossRef]

73. Singh, S.; Datta, S.; Narayanan, K.B.; Rajnish, K.N. Bacterial exo-polysaccharides in biofilms: Role in antimicrobial resistance and
treatments. J. Genet. Eng. Biotechnol. 2021, 19, 140. [CrossRef]

74. Geng, Y.F.; Yang, C.; Zhang, Y.; Tao, S.N.; Mei, J.; Zhang, X.C.; Sun, Y.J.; Zhao, B.T. An innovative role for luteolin as a natural
quorum sensing inhibitor in Pseudomonas aeruginosa. Life Sci. 2021, 274, 119325. [CrossRef] [PubMed]

75. Pellock, B.J.; Teplitski, M.; Boinay, R.P.; Bauer, W.D.; Walker, G.C. A LuxR homolog controls production of symbiotically active
extracellular polysaccharide II by Sinorhizobium meliloti. J. Bacteriol. Res. 2002, 184, 5067–5076. [CrossRef]

76. Sahreen, S.; Mukhtar, H.; Imre, K.; Morar, A.; Herman, V.; Sharif, S. Exploring the function of quorum sensing regulated biofilms
in biological wastewater treatment: A review. Int. J. Mol. Sci. 2022, 23, 9751. [CrossRef] [PubMed]

77. Li, Y.H.; Tian, X. Quorum sensing and bacterial social interactions in biofilms. Sensors 2012, 12, 1195–1205. [CrossRef] [PubMed]
78. Papenfort, K.; Bassler, B.L. Quorum sensing signal–response systems in Gram-negative bacteria. Nat. Rev. Microbiol. 2016, 14,

576–588. [CrossRef]
79. Zhou, J.; Lin, Z.J.; Cai, Z.H.; Zeng, Y.H.; Zhu, J.M.; Du, X.P. Opportunistic bacteria use quorum sensing to disturb coral symbiotic

communities and mediate the occurrence of coral bleaching. Environ. Microbiol. 2020, 22, 1944–1962. [CrossRef]
80. Shaaban, M.; Elgaml, A.; Habib, E.S.E. Biotechnological applications of quorum sensing inhibition as novel therapeutic strategies

for multidrug resistant pathogens. Microb. Pathog. 2019, 127, 138–143. [CrossRef]
81. Silpe, J.E.; Bassler, B.L. Phage-encoded LuxR-type receptors responsive to host-produced bacterial quorum-sensing autoinducers.

MBio 2019, 10, e00638-19. [CrossRef] [PubMed]
82. Kumar, P.; Lee, J.H.; Beyenal, H.; Lee, J. Fatty acids as antibiofilm and antivirulence agents. Trends Microbiol. 2020, 28, 753–768.

[CrossRef]
83. Defoirdt, T. Quorum-sensing systems as targets for antivirulence therapy. Trends Microbiol. 2018, 26, 313–328. [CrossRef] [PubMed]
84. Mayers, J.J.; Flynn, K.J.; Shields, R.J. Rapid determination of bulk microalgal biochemical composition by Fourier-Transform

Infrared spectroscopy. Bioresour. Technol. 2013, 148, 215–220. [CrossRef]
85. Pradhan, S.; Nautiyal, V.; Dubey, R.C. Antioxidant potential and molecular docking of bioactive compound of Camellia sinensis

and Camellia assamica with cytochrome P450. Arch. Microbiol. 2022, 204, 350. [CrossRef]
86. Yuen, C.W.; Ku, S.K.; Choi, P.S.; Kan, C.W.; Tsang, S.Y. Determining functional groups of commercially available ink-jet printing

reactive dyes using infrared spectroscopy. Res. J. Text. Appar. 2005, 9, 26–38. [CrossRef]
87. Pradhan, J.; Das, S.; Das, B.K. Antibacterial activity of freshwater microalgae: A review. Afr. J. Pharm. Pharmacol. 2014, 8, 809–818.

[CrossRef]
88. Ayangbenro, A.S.; Babalola, O.O. A new strategy for heavy metal polluted environments: A review of microbial biosorbents. Int.

J. Environ. Res. Public Health 2017, 14, 94. [CrossRef]
89. Knight, V.; Blakemore, R. Reduction of diverse electron acceptors by Aeromonas hydrophila. Arch. Microbiol. 1998, 169, 239–248.

[CrossRef]
90. Castro, L.; Vera, M.; Muñoz, J.Á.; Blázquez, M.L.; González, F.; Sand, W.; Ballester, A. Aeromonas hydrophila produces conductive

nanowires. Res. Microbiol. 2014, 165, 794–802. [CrossRef] [PubMed]
91. Woźnica, A.; Dzirba, J.; Mańka, D.; Łabużek, S. Effects of electron transport inhibitors on iron reduction in Aeromonas hydrophila

strain KB1. Anaerobe 2003, 9, 125–130. [CrossRef] [PubMed]
92. Holmes, D.E.; Rotaru, A.E.; Ueki, T.; Shrestha, P.M.; Ferry, J.G.; Lovely, D.R. Electron and proton flux for carbon dioxide reduction

in Methanosarcina barkeri during direct interspecies electron transfer. Front. Microbiol. 2018, 9, 3109. [CrossRef]
93. Abu-Ghannam, N.; Rajauria, G. Antimicrobial activity of compounds isolated from algae. In Functional Ingredients from Algae for

Foods and Nutraceuticals; Woodhead Publishing: Sawston, UK, 2013; pp. 287–306. [CrossRef]
94. Dyrda, G.; Boniewska-Bernacka, E.; Man, D.; Barchiewicz, K.; Słota, R. The effect of organic solvents on selected microorganisms

and model liposome membrane. Mol. Biol. Rep. 2019, 46, 3225–3232. [CrossRef]
95. Górniak, I.; Bartoszewski, R.; Króliczewski, J. Comprehensive review of antimicrobial activities of plant flavonoids. Phytochem.

Rev. 2019, 18, 241–272. [CrossRef]
96. Zhang, L.L.; Zhang, L.F.; Xu, J.G. Chemical composition, antibacterial activity and action mechanism of different extracts from

hawthorn (Crataegus pinnatifida Bge.). Sci. Rep. 2020, 10, 8876. [CrossRef]
97. Srinivasan, R.; Devi, K.R.; Santhakumari, S.; Kannappan, A.; Chen, X.; Ravi, A.V.; Lin, X. Anti-quorum sensing and protective

efficacies of naringin against Aeromonas hydrophila infection in Danio rerio. Front. Microbiol. 2020, 11, 600622. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1462-2920.2005.00807.x
https://doi.org/10.3389/fmicb.2021.737626
https://doi.org/10.1007/s10482-017-0971-y
https://doi.org/10.1016/j.foodchem.2020.128171
https://doi.org/10.1186/s43141-021-00242-y
https://doi.org/10.1016/j.lfs.2021.119325
https://www.ncbi.nlm.nih.gov/pubmed/33713665
https://doi.org/10.1128/JB.184.18.5067-5076.2002
https://doi.org/10.3390/ijms23179751
https://www.ncbi.nlm.nih.gov/pubmed/36077148
https://doi.org/10.3390/s120302519
https://www.ncbi.nlm.nih.gov/pubmed/22736963
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1111/1462-2920.15009
https://doi.org/10.1016/j.micpath.2018.11.043
https://doi.org/10.1128/mBio.00638-19
https://www.ncbi.nlm.nih.gov/pubmed/30967469
https://doi.org/10.1016/j.tim.2020.03.014
https://doi.org/10.1016/j.tim.2017.10.005
https://www.ncbi.nlm.nih.gov/pubmed/29132819
https://doi.org/10.1016/j.biortech.2013.08.133
https://doi.org/10.1007/s00203-022-02949-z
https://doi.org/10.1108/RJTA-09-02-2005-B004
https://doi.org/10.5897/AJPP2013.0002
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.1007/s002030050567
https://doi.org/10.1016/j.resmic.2014.09.005
https://www.ncbi.nlm.nih.gov/pubmed/25283724
https://doi.org/10.1016/S1075-9964(03)00059-3
https://www.ncbi.nlm.nih.gov/pubmed/16887699
https://doi.org/10.3389/fmicb.2018.03109
https://doi.org/10.1533/9780857098689.2.287
https://doi.org/10.1007/s11033-019-04782-y
https://doi.org/10.1007/s11101-018-9591-z
https://doi.org/10.1038/s41598-020-65802-7
https://doi.org/10.3389/fmicb.2020.600622
https://www.ncbi.nlm.nih.gov/pubmed/33424802


Antibiotics 2023, 12, 891 22 of 23

98. Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4,
406–425. [CrossRef]

99. Hossain, S.; De Silva, B.C.; Dahanayake, P.S.; De Zoysa, M.; Heo, G.J. Phylogenetic characteristics, virulence properties and
antibiogram profile of motile Aeromonas spp. isolated from ornamental guppy (Poecilia reticulata). Arch. Microbiol. 2020, 202,
501–509. [CrossRef]

100. Young, A.D.; Gillung, J.P. Phylogenomics—Principles, opportunities and pitfalls of big-data phylogenetics. Syst. Entomol. 2020,
45, 225–247. [CrossRef]

101. Du, X.; Li, Y.; Xia, Y.L.; Ai, S.M.; Liang, J.; Sang, P.; Ji, X.L.; Liu, S.Q. Insights into protein–ligand interactions: Mechanisms, models,
and methods. Int. J. Mol. Sci. 2016, 17, 144. [CrossRef]

102. Brylinski, M. Aromatic interactions at the ligand–protein interface: Implications for the development of docking scoring functions.
Chem. Biol. Drug Des. 2018, 91, 380–390. [CrossRef] [PubMed]

103. Abriata, L.A.; Bovigny, C.; Dal Peraro, M. Detection and sequence/structure mapping of biophysical constraints to protein
variation in saturated mutational libraries and protein sequence alignments with a dedicated server. BMC Bioinform. 2016, 17, 242.
[CrossRef]

104. Ferreira, L.G.; Dos Santos, R.N.; Oliva, G.; Andricopulo, A.D. Molecular docking and structure-based drug design strategies.
Molecules 2015, 20, 13384–13421. [CrossRef]

105. Harigua-Souiai, E.; Cortes-Ciriano, I.; Desdouits, N.; Malliavin, T.E.; Guizani, I.; Nilges, M.; Blondel, A.; Bouvier, G. Identification
of binding sites and favorable ligand binding moieties by virtual screening and self-organizing map analysis. BMC Bioinform.
2015, 16, 93. [CrossRef]

106. Ruepp, M.D.; Wei, H.; Leuenberger, M.; Lochner, M.; Thompson, A.J. The binding orientations of structurally-related ligands can
differ; A cautionary note. Neuropharmacology 2017, 119, 48–61. [CrossRef]

107. Gao, M.; Skolnick, J. The distribution of ligand-binding pockets around protein-protein interfaces suggests a general mechanism
for pocket formation. Proc. Natl. Acad. Sci. USA 2012, 109, 3784–3789. [CrossRef]

108. Stank, A.; Kokh, D.B.; Fuller, J.C.; Wade, R.C. Protein binding pocket dynamics. Acc. Chem. Res. 2016, 49, 809–815. [CrossRef]
109. MacKenzie, C.R.; Hirama, T.; Buckley, J.T. Analysis of receptor binding by the channel-forming toxin aerolysin using surface

plasmon resonance. J. Appl. Biol. Chem. 1999, 274, 22604–22609. [CrossRef]
110. Podobnik, M.; Kisovec, M.; Anderluh, G. Molecular mechanism of pore formation by aerolysin-like proteins. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 2017, 372, 20160209. [CrossRef] [PubMed]
111. Chakraborty, N.; Das, B.K.; Das, A.K.; Manna, R.K.; Chakraborty, H.J.; Mandal, B.; Bhattacharjya, B.K.; Raut, S.S. Antibacterial

prophylaxis and molecular docking studies of ketone and ester compounds isolated from Cyperus rotundus L. against Aeromonas
veronii. Aqua. Res. 2022, 53, 1363–1377. [CrossRef]

112. Yang, L.; Wei, Z.; Li, S.; Xiao, R.; Xu, Q.; Ran, Y.; Ding, W. Plant secondary metabolite, daphnetin reduces extracellular
polysaccharides production and virulence factors of Ralstonia solanacearum. Pestic. Biochem. Physiol. 2021, 179, 104948. [CrossRef]
[PubMed]

113. Garba, L.; Yussoff, M.A.; Abd Halim, K.B.; Ishak, S.N.; Ali, M.S.; Oslan, S.N.; Rahman, R.N. Homology modeling and docking
studies of a ∆9-fatty acid desaturase from a Cold-tolerant Pseudomonas sp. AMS8. PeerJ 2018, 6, e4347. [CrossRef] [PubMed]

114. Selvaraj, A.; Valliammai, A.; Premika, M. Sapindus mukorossi Gaertn. and its bioactive metabolite oleic acid impedes methicillin-
resistant Staphylococcus aureus biofilm formation by down regulating adhesion genes expression. Microbiol. Res. 2021, 242, 126601.
[CrossRef]

115. Dong, J.; Liu, Y.; Xu, N.; Yang, Q.; Ai, X. Morin protects channel catfish from Aeromonas hydrophila infection by blocking aerolysin
activity. Front. Microbiol. 2018, 9, 2828. [CrossRef] [PubMed]

116. Knapp, O.; Stiles, B.; Popoff, M. The aerolysin-like toxin family of cytolytic, pore-forming toxins. Toxicol. Open Access 2010, 3,
53–68. [CrossRef]

117. Li, Y.; Li, Y.; Mengist, H.M.; Shi, C.; Zhang, C.; Wang, B.; Li, T.; Huang, Y.; Xu, Y.; Jin, T. Structural basis of the pore-forming
toxin/membrane interaction. Toxins 2021, 13, 128. [CrossRef]

118. Lobanov, M.Y.; Bogatyreva, N.S.; Galzitskaya, O.V. Radius of gyration as an indicator of protein structure compactness. Mol. Biol.
2008, 42, 623–628. [CrossRef]

119. Salo-Ahen, O.M.; Alanko, I.; Bhadane, R.; Bonvin, A.M.; Honorato, R.V.; Hossain, S.; Juffer, A.H.; Kabedev, A.; Lahtela-
Kakkonen, M.; Larsen, A.S.; et al. Molecular dynamics simulations in drug discovery and pharmaceutical development. Processes
2020, 9, 71. [CrossRef]

120. Moharana, M.; Das, A.; Sahu, S.N.; Pattanayak, S.K.; Khan, F. Evaluation of binding performance of bioactive compounds against
main protease and mutant model spike receptor binding domain of SARS-CoV-2: Docking, ADMET properties and molecular
dynamics simulation study. J. Indian Chem. Soc. 2022, 99, 100417. [CrossRef]

121. Bondos, S.E. Methods for measuring protein aggregation. Curr. Anal. Chem. 2006, 2, 157–170. [CrossRef]
122. Sorokina, I.; Mushegian, A.R.; Koonin, E.V. Is protein folding a thermodynamically unfavorable, active, energy-dependent

process? Int. J. Mol. Sci. 2022, 23, 521. [CrossRef]
123. Degiacomi, M.T.; Iacovache, I.; Pernot, L.; Chami, M.; Kudryashev, M.; Stahlberg, H.; Van Der Goot, F.G.; Dal Peraro, M. Molecular

assembly of the aerolysin pore reveals a swirling membrane-insertion mechanism. Nat. Chem. Biol. 2013, 9, 623–629. [CrossRef]

https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1007/s00203-019-01762-5
https://doi.org/10.1111/syen.12406
https://doi.org/10.3390/ijms17020144
https://doi.org/10.1111/cbdd.13084
https://www.ncbi.nlm.nih.gov/pubmed/28816025
https://doi.org/10.1186/s12859-016-1124-4
https://doi.org/10.3390/molecules200713384
https://doi.org/10.1186/s12859-015-0518-z
https://doi.org/10.1016/j.neuropharm.2017.01.023
https://doi.org/10.1073/pnas.1117768109
https://doi.org/10.1021/acs.accounts.5b00516
https://doi.org/10.1074/jbc.274.32.22604
https://doi.org/10.1098/rstb.2016.0209
https://www.ncbi.nlm.nih.gov/pubmed/28630149
https://doi.org/10.1111/are.15670
https://doi.org/10.1016/j.pestbp.2021.104948
https://www.ncbi.nlm.nih.gov/pubmed/34802533
https://doi.org/10.7717/peerj.4347
https://www.ncbi.nlm.nih.gov/pubmed/29576935
https://doi.org/10.1016/j.micres.2020.126601
https://doi.org/10.3389/fmicb.2018.02828
https://www.ncbi.nlm.nih.gov/pubmed/30519232
https://doi.org/10.2174/1875414701003010053
https://doi.org/10.3390/toxins13020128
https://doi.org/10.1134/S0026893308040195
https://doi.org/10.3390/pr9010071
https://doi.org/10.1016/j.jics.2022.100417
https://doi.org/10.2174/157341106776359140
https://doi.org/10.3390/ijms23010521
https://doi.org/10.1038/nchembio.1312


Antibiotics 2023, 12, 891 23 of 23

124. Fuglebakk, E.; Echave, J.; Reuter, N. Measuring and comparing structural fluctuation patterns in large protein datasets. Bioinfor-
matics 2012, 28, 2431–2440. [CrossRef]

125. Loschwitz, J.; Olubiyi, O.O.; Hub, J.S.; Strodel, B.; Poojari, C.S. Computer simulations of protein–membrane systems. Prog. Mol.
Biol. Transl. Sci. 2020, 170, 273–403. [CrossRef] [PubMed]

126. Abubakar, A.R.; Haque, M. Preparation of medicinal plants: Basic extraction and fractionation procedures for experimental
purposes. J. Pharm. Bioallied. Sci. 2020, 12, 1–10. [CrossRef]

127. Tanhaeian, A.; Nazifi, N.; Shahriari Ahmadi, F.; Akhlaghi, M. Comparative study of antimicrobial activity between some medicine
plants and recombinant Lactoferrin peptide against some pathogens of cultivated button mushroom. Arch. Microbiol. 2020, 202,
2525–2532. [CrossRef]

128. Zhou, J.; Bi, S.; Chen, H.; Chen, T.; Yang, R.; Li, M.; Fu, Y.; Jia, A.Q. Anti-biofilm and antivirulence activities of metabolites from
Plectosphaerella cucumerina against Pseudomonas aeruginosa. Front. Microbiol. 2017, 8, 769. [CrossRef]

129. Kamnev, A.A.; Dyatlova, Y.A.; Kenzhegulov, O.A.; Vladimirova, A.A.; Mamchenkova, P.V.; Tugarova, A.V. Fourier transform
infrared (FTIR) spectroscopic analyses of microbiological samples and biogenic selenium nanoparticles of microbial origin:
Sample preparation effects. Molecules 2021, 26, 1146. [CrossRef] [PubMed]

130. Fung-Khee, F. FTIR Analysis of Bacteria Biomass-Mineral Interactions in Soils. 2020. Available online: https://academicworks.
cuny.edu/cgi/viewcontent.cgi?article=1934&context=cc_etds_theses (accessed on 1 August 2020).

131. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox.
J. Cheminform. 2011, 3, 33. [CrossRef]

132. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547. [CrossRef]

133. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
134. Nei, M.; Kumar, S. Molecular Evolution and Phylogenetics; Oxford University Press: New York, NY, USA, 2000.
135. Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new

generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [CrossRef] [PubMed]
136. Forli, S.; Huey, R.; Pique, M.E.; Sanner, M.F.; Goodsell, D.S.; Olson, A.J. Computational protein–ligand docking and virtual drug

screening with the AutoDock suite. Nat. Protoc. 2016, 11, 905–919. [CrossRef] [PubMed]
137. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:

Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef] [PubMed]
138. Idoko, V.O.; Sulaiman, M.A.; Adamu, R.M.; Abdullahi, A.D.; Tajuddeen, N.; Mohammed, A.; Inuwa, H.M.; Ibrahim, M.A.

Evaluating Khaya senegalensis for dipeptidyl peptidase–IV inhibition using in vitro analysis and molecular dynamic simulation
of identified bioactive compounds. Chem. Biodivers. 2022, 20, e202200909. [CrossRef]

139. Singh, M.B.; Vishvakarma, V.K.; Lal, A.A.; Chandra, R.; Jain, P.; Singh, P.A. A comparative study of 5-fluorouracil, doxorubicin,
methotrexate, paclitaxel for their inhibition ability for Mpro of nCoV: Molecular docking and molecular dynamics simulations.
J. Indian Chem. Soc. 2022, 99, 100790. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/bioinformatics/bts445
https://doi.org/10.1016/bs.pmbts.2020.01.001
https://www.ncbi.nlm.nih.gov/pubmed/32145948
https://doi.org/10.4103/jpbs.JPBS_175_19
https://doi.org/10.1007/s00203-020-01964-2
https://doi.org/10.3389/fmicb.2017.00769
https://doi.org/10.3390/molecules26041146
https://www.ncbi.nlm.nih.gov/pubmed/33669948
https://academicworks.cuny.edu/cgi/viewcontent.cgi?article=1934&context=cc_etds_theses
https://academicworks.cuny.edu/cgi/viewcontent.cgi?article=1934&context=cc_etds_theses
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.2307/2408678
https://doi.org/10.1093/nar/25.17.3389
https://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1038/nprot.2016.051
https://www.ncbi.nlm.nih.gov/pubmed/27077332
https://doi.org/10.1002/jcc.21256
https://www.ncbi.nlm.nih.gov/pubmed/19399780
https://doi.org/10.1002/cbdv.202200909
https://doi.org/10.1016/j.jics.2022.100790

	Introduction 
	Results 
	Scanning Electron Microscopy 
	FT-IR Analysis of Bacterial Biomass 
	Homology Modelling of AhEUS112 Aerolysin 
	Phylogenetic Analysis of the Aerolysin 
	Molecular Docking 
	Simulation Dynamics 

	Discussion 
	Materials and Methods 
	Maintenance of Bacterial Strain and Culture Media Preparation 
	Preparation of Extract 
	Scanning Electron Microscopy 
	FT-IR Analysis of Bacterial Biomass 
	Ligand Screening for Molecular Docking 
	Phylogenetic Analysis of Aerolysin 
	Structural Analysis of Aerolysin 
	Molecular Docking and Simulation Dynamics 

	Conclusions 
	References

