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Abstract

Endophytic bacteria from medicinal plants are increasingly recognised as sources of antimi-
crobial metabolites. However, the endophytic bacterial community of Mitrephora heyneana
remains poorly explored. In the present study, endophytic bacteria were isolated from the
leaves of M. heyneana, collected from the Western Ghats of Tamil Nadu, India. Among seven
isolates, the plant endophyte strain from leaf 6th strain (PEL6) was identified as Paenibacillus
lactis through 165 rRNA gene sequencing. The ethyl acetate extract of PEL6 (EAE-PEL6)
was subjected to gas chromatography-mass spectrometry (GC-MS) analysis, which puta-
tively identified 32 metabolites based on GC-MS library matching, including pyrrolo [1,2-a]
pyrazine-1,4-dione derivatives and triazole compounds as major constituents. The EAE-
PEL6 demonstrated significant in vitro antibacterial activity against Staphylococcus aureus.
In silico ADMET (absorption, distribution, metabolism, excretion, and toxicity), profiling
predicted drug-likeness and pharmacokinetic properties of selected candidate compounds.
Molecular docking suggested favourable binding of selected metabolites to S. aureus target
proteins; however, these interactions require experimental validation. Density Functional
Theory calculations indicated that CID 70504 had the lowest Highest Occupied Molecular
Orbital (HOMO)-Lowest Unoccupied Molecular Orbital (LUMO) energy gap, reflecting
higher electronic reactivity. Molecular electrostatic potential mapping further supported
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1. Introduction

Medicinal plants, rich in diverse bioactive compounds, play a crucial role in promoting
human health and advancing sustainable healthcare systems. They serve as vital resources
for treating various diseases, strengthening immunity, and providing affordable, accessible
therapeutic options [1]. Beyond healthcare, medicinal plants play an important role in pre-
serving indigenous ethnomedicinal knowledge, supporting rural livelihoods through their
cultivation, sustainable harvesting, and commercialisation and contributing to biodiversity
conservation by promoting the sustainable management and protection of medicinal plant
species and their natural habitats. Their bioactive constituents remain essential in modern
pharmaceutical research, driving drug discovery and innovation, thereby underscoring
their ongoing significance in global medicine [2,3]. Despite this potential, only limited
information is available on endophytic bacteria associated with Mitrephora heyneana and
their antimicrobial metabolites.

Plants are closely associated with and influenced by a wide range of microorganisms
and other multicellular organisms, both above and below ground [4]. Among these,
microorganisms are considered some of the most important organisms capable of forming
beneficial associations with plants [5]. Medicinal plants are increasingly recognised as
being significantly influenced by their associations with specific bacterial endophytes [6].
Endophytes, which include bacteria and fungi, reside within the internal tissues of plants
without causing any detrimental effects. They contribute significantly to plant development
by enhancing growth, improving resistance to environmental stresses and pest attacks,
and promoting the biosynthesis of valuable bioactive compounds, including therapeutic
agents and industrial enzymes [7,8]. These symbiotic interactions indirectly support plant
health through mechanisms such as antibiotic production, modulation of ethylene levels,
and induction of systemic resistance to pathogens [9]. Notably, the bioactive metabolites
synthesised by endophytic microorganisms often demonstrate greater biological activity
than those produced by their host plants [10]. Owing to their broad-spectrum antimicrobial
properties, these metabolites have attracted considerable interest as potential therapeutic
agents against clinically important skin pathogens [11]. Among these, Staphylococcus aureus
is a predominant pathogen associated with skin infections and is particularly implicated
in the pathogenesis and exacerbation of atopic dermatitis (AD). Colonisation by S. aureus
is significantly more common in individuals with AD than in healthy individuals. The
bacterium aggravates AD through multiple mechanisms, including disruption of the skin
barrier, dysregulation of immune responses, alteration of the skin microbiome and biofilm
formation [12].

M. heyneana, a medicinal tree belonging to the family Annonaceae, is recognised for
its rich phytochemical profile and therapeutic potential. Although there are currently
no published reports describing the antimicrobial activity of M. heyneana, several species
within the genus Mitrephora have been extensively investigated for their pharmacolog-
ical properties. For instance, bioactive diterpenoids and polyacetylene derivatives iso-
lated from M. celebica have demonstrated antibacterial activity against methicillin-resistant
S. aureus (MRSA) and Mycobacterium smegmatis [13]. Likewise, phytochemical studies on
M. glabra have identified biologically active diterpenoids, polyacetylenes, and the apor-
phine alkaloid liriodenine, which exhibit antimicrobial potential [14]. Furthermore, in-
vestigations into M. tomentosa, M. diversifolia, and M. sirikitize have revealed a diverse
array of secondary metabolites, including alkaloids, diterpenoids, and polyacetylene com-
pounds, associated with antimicrobial, antimalarial, cytotoxic, and anti-inflammatory
activities [15]. Collectively, these findings highlight the genus Mitrephora as an important
reservoir of pharmacologically active natural products and provide a scientific basis for
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exploring M. heyneana and its endophytic microorganisms as potential sources of novel
antibacterial metabolites.

Paenibacillus is a genus of small, Gram-positive bacteria currently classified under the
family Paenibacillaceae, which comprises eight genera. This genus includes more than
150 identified species, many of which play important roles in agriculture, particularly in
plant growth promotion and biological control [16]. Several Paenibacillus species produce
antimicrobial compounds with applications in both medicine and agriculture, as well as en-
zymes valuable for bioremediation and the synthesis of industrial chemicals [17]. Members
of this genus are also known to synthesise lipopeptides, polyketides, and other secondary
metabolites with antimicrobial activities. Despite the well-documented antimicrobial
potential of several Paenibacillus species, the antibacterial activity of endophytic P. lactis
associated with M. heynenana has not been previously investigated. Furthermore, no studies
have comprehensively integrated experimental antibacterial evaluation with metabolite
profiling and computational analyses to identify potential antibacterial candidates from
this endophyte.

Therefore, the present study aimed to isolate and identify antibacterial endophytic
bacteria from M. heyneana, evaluate the anti-S. aureus activity of the EAE-PELS, characterise
its putative metabolites using GC-MS, and prioritise potential antibacterial compounds
through ADMET prediction, molecular docking, density functional theory (DFT), and
molecular dynamics simulation.

2. Materials and Methods
2.1. Plant Collection and Identification

Healthy, mature, disease-free leaves of plants were collected from the Palamalai Hills
in the Coimbatore district, Tamil Nadu, India (11.7355° N, 77.7494° E; elevation: 1623 m)
in January 2021. The collected specimen was taxonomically identified and authenticated
as M. heyneana (Hook.f. & Thomson). Authentication was carried out by the Botanical
Survey of India (BSI), Southern Regional Centre, TNAU Campus, Coimbatore, Tamil
Nadu, India, under reference number BSI/SRC/5/23/2022/Tech/282. A voucher spec-
imen was deposited at the BSI herbarium for future reference and assigned the barcode
number 178485.

2.2. Explant Sterilisation and Endophyte Isolation

Endophytic bacteria were isolated from surface-sterilised leaf segments of M. heyneana.
Surface sterilisation was performed to eliminate epiphytic microorganisms from the leaf sur-
face while preserving the endophytic bacteria residing within the internal tissues. Healthy
leaves were first washed thoroughly under running tap water to remove adhering dust and
debris. The leaves were then surface sterilised using a slightly modified protocol described
by Deepa et al. [18]. Briefly, the leaf samples were immersed in 70% ethanol for 1 min
followed by 2% sodium hypochlorite solution for 2 min, and rinsed three times with sterile
distilled water to remove residual sterilising agents. The sterilised leaves were then asepti-
cally blotted dry on sterile filter paper, cut into 10 explants and transferred onto Murashige
and Skoog (MS) medium for plant tissue culture under controlled culture conditions. Fol-
lowing incubation, bacterial colonies emerged exclusively from internal leaf tissues of
sterilised leaf explants. In parallel, an MS medium without plant explants was maintained
under identical culture conditions as a control and showed no bacterial growth throughout
the incubation period. The emergence of bacterial colonies only from the internal leaf
tissues, together with the absence of microbial growth in the control medium, supported
the endophytic origin of the isolates. Subsequently, the bacterial colonies were isolated on
nutrient agar plates and incubated at 37 °C for 24 h, as this temperature provided satis-
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factory growth under laboratory conditions. Colonies exhibiting distinct morphological
characteristics were repeatedly subcultured to obtain pure cultures and assigned individual
isolate codes for further characterisation.

2.3. Morphological and Molecular Identification of Endophyte

Pure isolates from 24 h-old cultures were grown on nutrient agar medium, and
Gram staining was performed to examine their morphological characteristics [19]. For
molecular identification, 16S rRNA gene sequencing was carried out using a thermo-
cycler with universal primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-
TACCTTGTTACGACTT-3'), followed by Sanger’s dideoxy sequencing method. The PCR
reaction mixture included a Taqg Master Mix containing Taq DNA polymerase in a 2 x bulffer,
0.4 mM dNTPs, 3.2 mM MgCl,, and 0.02% bromophenol blue, which served as a tracking
dye during gel electrophoresis. The thermal cycling programme consisted of an initial denat-
uration at 95 °C for 2 min, followed by 25 cycles of denaturation at 95 °C for 30 s, annealing
at 50 °C for 30 s, and extension at 72 °C for 2 min, with a final extension at 72 °C for 10 min.
The reaction was then maintained at 4 °C indefinitely. The amplified 16S rRNA gene se-
quence was analysed using the BLAST algorithm (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi;
accessed on 29 April 2023) by comparing it against reference sequences in the NCBI Gen-
Bank database. The validated sequence was subsequently submitted to GenBank, and an
accession number was obtained.

2.4. Extraction of EAE-PEL6

Secondary metabolites from the Plant Endophyte from Leaf 6th strain (PEL6) were
extracted using the solvent partition method [20]. The strain was cultured in nutrient broth
medium at 30 °C with agitation at 150 rpm for 5-6 days. After incubation, the culture was
centrifuged at 10,000 rpm for 10 min at 4 °C. The resulting supernatant was collected and
filtered through a 0.2 um syringe filter. For extraction, an equal volume of ethyl acetate
was added to the filtrate in a separating funnel, and the mixture was shaken vigorously.
The organic (ethyl acetate) phase, containing the secondary metabolites, was separated
from the aqueous phase. The organic solvent was then evaporated to dryness, yielding the
EAE-PEL6. Approximately 1000 mg of the crude ethyl acetate extract of plant endophyte
from the leaf’s 6th strain (EAE-PEL6) was reconstituted in an ethyl acetate solvent for
further analysis.

2.5. GC-MS Analysis

EAE-PEL6 (100 mg/mL) was analysed to identify its bioactive constituents using
GC-MS. A 1 uL aliquot of EAE-PEL6 was injected into the instrument. Helium was utilised
as the carrier gas at a constant flow rate of 1 mL/min. The GC-MS analysis was carried out
under electron-impact ionisation conditions at an ionisation energy of 70 eV. The injector
temperature was maintained at 250 °C. The oven temperature programme was initiated
at 50 °C and held for 3 min, then ramped at 10 °C/min to 280 °C with a 3 min hold, and
finally increased to 300 °C, where it was maintained for 10 min [21].

2.6. In Vitro Antibacterial Assay

The antibacterial activity of EAE-PEL6 was evaluated against a clinical isolate of S.
aureus using the agar well diffusion method. The bacterial strain was obtained from the
Department of Microbiology, PSG College of Arts and Science, Coimbatore, Tamil Nadu,
India. The microorganism was cultured overnight at 37 °C in Mueller-Hinton broth to
obtain an actively growing inoculum for the antibacterial assay.
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2.6.1. Preparation of Inoculum

Bacterial isolates from the stock culture were streaked onto agar plates and incubated
at 37 °C for 24 h [22]. After incubation, colonies grown for 24 h were suspended in sterile
0.9% (w/v) sodium chloride solution to a final concentration of 108 CFU/mL, corresponding
to the 0.5 McFarland turbidity standard, for use as an inoculum. This suspension was sub-
sequently diluted with sterile 0.9% sodium chloride to obtain a final working concentration
of 107 CFU/mL, thereby providing a standardised inoculum to ensure uniform bacterial
growth during the antibacterial assay.

2.6.2. Test for Antibacterial Activity

For antimicrobial screening, EAE-PEL6 was prepared at concentrations of 10, 25,
and 50 mg/mL in 10% dimethyl sulfoxide (DMSO) [23]. Approximately 20 mL of ster-
ile Mueller-Hinton medium was poured into Petri dishes and allowed to solidify. A
100 pL aliquot of bacterial suspension was uniformly spread over the agar surface using a
sterile cotton swab, and the plates were left to dry for 5 min. Wells of 6 mm diameter were
aseptically created in the agar using a sterile cork borer [24]. Each well was loaded with
20 uL of EAE-PELS6 at concentrations of 10, 25 or 50 mg/mL using a sterile micropipette
and allowed to diffuse at room temperature. Gentamicin was used as a positive control,
while 10% DMSO served as a negative control. The plates were sealed with parafilm and
incubated upright at 37 °C for 24 h. Antimicrobial activity was evaluated by measuring the
diameter of the zones of inhibition surrounding the wells. All antibacterial assays (except
the primary antibacterial screening assay) were performed in triplicate. Data are expressed
as mean =+ standard deviation.

2.6.3. Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration of the ethyl acetate extract of the endophytic
bacterial isolate P. lactis (EAE-PEL6) against S. aureus was determined using the broth
microdilution method in sterile 96-well microtiter plates following the Clinical and Labora-
tory Standards Institute (CLSI) guidelines with minor modifications [25]. Briefly, 50 uL of
Mueller-Hinton broth (MBH) was dispensed into each well of a sterile 96-well microtiter
plate, followed by 50 puL of EAE-PELS at an initial concentration of 20 mg/mL. Two-fold
serial dilutions of the extract were performed across the wells to obtain a range of test
concentrations. Subsequently, 100 pL of a standardised S. aureus suspension (approxi-
mately 5 x 10° CFU/mL) was added to each well, resulting in a final volume of 200 pL.
Gentamicin prepared at an initial concentration of 0.5 mg/mL was similarly subjected to
two-fold serial dilution and used as the positive control, while the extract solvent served
as the negative control. Growth and sterility controls were included in each assay. The
plates were incubated at 37 °C for 24 h, and the bacterial growth was assessed by the visual
observation of turbidity. The MIC was defined as the lowest concentration of EAE-PEL6
that completely inhibited visible bacterial growth.

2.6.4. Statistical Analysis

All experiments (except the primary antibacterial screening assay) were performed in
triplicate, and the results are expressed as the mean =+ standard deviation (SD).

2.7. In Silico Analysis
2.7.1. Identification of Compounds

The mass spectra and retention indices of the detected compounds were compared
against the National Institute of Standards and Technology (NIST 17) mass spectral database
(http:/ /www.sisweb.com /software/ms/nist.htm#gc; accessed on 3 April 2023) for com-
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pound identification. GC-MS identified the compounds present in the EAE-PEL6 based on
their retention times, peak areas, molecular structures, and molecular weights. The results
were analysed and documented accordingly.

2.7.2. Ligand Preparation

The three-dimensional structures of the bioactive compounds were obtained from
the PubChem database [26] in Spatial Data File (SDF) format. These ligands were then
converted into Protein Data Bank (PDB) format using Open Babel software version 3.1.1 [27].
Energy minimisation was performed using the MMFF94 force field. For cheminformatics
analysis, the SMILES representations of the ligands were extracted and stored.

2.7.3. Toxicity Analysis

The chemical structures of the bioactive compounds were converted into their canoni-
cal Simplified Molecular Input Line Entry System (SMILES) format. These SMILES were
then submitted to the SwissADME online tool (https://www.swissadme.ch/; accessed
on 10 November 2023) as described by Daina et al. [28] to predict pharmacokinetic prop-
erties, including ADMET. Additionally, physicochemical properties such as the numbers
of hydrogen-bond donors and acceptors, rotatable bonds, topological polar surface area
(TPSA), and synthetic accessibility were evaluated. Drug-likeness was analysed with a
focus on toxicity and potential adverse effects, which are critical for ensuring patient safety.
These properties were examined using the ADMETlIab 3.0 web server [29], thereby facilitat-
ing early-phase drug discovery by predicting pharmacological suitability and minimising
reliance on extensive in vivo experimentation.

2.7.4. Target Preparation

The protein structure of S. aureus bacterial cell-division protein, FtsA bound to ATP
(PDB ID: 3WQU; resolution: 2.80 A), the crystal structure of S. aureus tyrosyl-tRNA syn-
thetases, TyrRS in complex with SB-239629 (PDB ID: 1]1J; resolution: 3.20 A) and the
structure of S. aureus Clumping Factor A (PDB ID: 1N67; resolution: 1.90 A) were retrieved
from the Protein Data Bank (PDB; http://www.rcsb.org, accessed on 15 May 2023). Initial
preprocessing involved removing cofactors, water molecules, and co-crystallised ligands us-
ing Molegro Molecular Viewer version 2.5 (http://molexus.io/molegro-molecular-viewer/,
accessed on 15 May 2023). In cases where the active-site amino acid sequence was incom-
plete or missing in the downloaded PDB structures, homology modelling was performed.
Accordingly, homology models were generated for all three protein receptors using the
SWISS-MODEL [30] platform to ensure structural completeness and suitability for molec-
ular docking. Polar hydrogen atoms were then added to each protein structure, and the
finalised models were saved in PDB format for subsequent docking analysis.

2.7.5. Molecular Docking

Molecular docking studies were performed using AutoDock Vina (version 1.1.2)
implemented within the PyRx Virtual Screening Tool (version 0.8) to investigate the binding
interactions between the target proteins and ligand [31]. PyRx served as the graphical
interface for ligand preparation and docking setup, while AutoDock Vina was used as the
docking engine. The protein targets and ligand molecules were prepared and converted to
PDBQT format prior to docking. Molecular docking was performed using the Iterated Local
Search (ILS) algorithm with Broyden—Fletcher-Goldfarb-Shanno (BFGS) local optimisation
implemented in Autodock vina to predict the optimal ligand-binding poses and binding
affinities. Site-specific docking was performed for TyrRS (PDB ID: 1]I]) using a grid box
centred at X = —12.8884, Y = 4.9554, and Z = 2.9440 with dimensions of 25 x 25 x 25 A,
and for FtsA (PDB ID: 3WQU) using a grid box centred at X = —4.2498, Y = 7.4295, and
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Z =17.5671 with dimensions of 25 x 25 x 25. Blind docking was carried out for CIfA
(PDB ID: 1N67) using a grid box centred at X = 24.7428, Y = 45.9304, and Z = 68.0001 with
dimensions of 75.97 x 106.69 x 73.99 to encompass the entire protein. The exhaustiveness
parameter was set to eight for all docking simulations. A total of nine binding modes
were generated for each ligand, and the docking pose with the lowest binding energy
and the most favourable interactions with key active-site residues was selected for further
analysis. The docked complexes were subsequently analysed based on binding affinity and
hydrogen bond interactions. Three-dimensional interactions between ligands and target
proteins were visualised using PyMOL version 3.1 [32], while two-dimensional interaction
profiles were generated using BIOVIA Discovery Studio 2021 [33].

2.8. Density Functional Theory (DFT)

DEFT calculations were performed to estimate electronic properties that may influence
ligand reactivity and interaction potential; these results were interpreted as supportive
physicochemical data rather than direct evidence of antibacterial activity. The compounds
exhibiting binding energy were evaluated for physicochemical properties using DFT cal-
culations performed with ORCA software version 5.0.4 [34]. Initial molecular structures
were prepared and auto-optimised in Avogadro using the Universal Force Field and the
steepest-descent algorithm. Subsequently, single-point energy calculations were carried
out, employing Becke’s three-parameter hybrid functional with the Lee-Yang—Parr cor-
relation (B3LYP) [35] in conjunction with the polarised triple-zeta 6-311G** basis set and
the Restricted Hartree-Fock method. Additional quantum-chemical analyses included
the evaluation of Frontier Molecular Orbitals (FMOs) and the Molecular Electrostatic Po-
tential (MEP). The HOMO-LUMO energies and the energy gap (AE) were determined.
Visualisation of the computational results, including optimised molecular geometries,
HOMO-LUMO energy gaps [36], and electrostatic potential maps, was performed using
Avogadro version 1.2.0.

2.9. Molecular Dynamics Simulation

The molecular dynamics simulation study was conducted using GROMACS (https:
//www.gromacs.org/, accessed on 1 May 2023) [37] with the OPLS-AA /L all-atom force
field. The docked complexes were initially cleaned and optimised, and their hydrogen-
bond networks were oriented. Using the TIP3P solvation model with periodic boundary
conditions, the rhombic dodecahedron simulation cell was constructed. The simulation
cells were set to 310 K, pH 7.4, and 0.9% NaCl as their physiological conditions [38].
Using simulated annealing techniques, the steepest-gradient algorithms (5000 Cycles)
were employed to minimise energy in the simulation systems. A simulation time step of
2.0 fs was chosen. Using a cutoff radius of 8.0 A, the Particle Mesh Ewalds algorithm was
used to compute the long-range electrostatic interactions. Every 100 ps, the simulation
trajectories were saved. Using the constant-pressure and Berendsen thermostats, the
simulations were run for 100 ns. The simulation trajectories were used to calculate the root-
mean-square deviations, root-mean-square fluctuations, hydrogen-bond counts, solvent-
accessible surface area, and radius of gyration (Rg).

3. Results
3.1. Identification of Endophyte

The endophytic bacteria were isolated from the leaves of M. heyneana. A total of seven
morphologically distinct strains were obtained and designated as PEL1 to PEL7. All isolates
were subjected to primary screening against S. aureus; however, only strain PEL6 produced a
clear zone of inhibition (14 mm), whereas the other strains showed no activity. The primary
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screening assay was performed once as a qualitative screening to identify the most active
isolate. Based on these results, PEL6 was selected for further analysis. Gram staining of the
isolate revealed that it is a Gram-positive, rod-shaped bacterium. Molecular identification
was performed by amplifying and sequencing the 165 rRNA gene. BLAST analysis of the
sequence confirmed the identity of the isolate as Paenibacillus lactis. The corresponding 16S
rRNA gene sequence has been submitted to the GenBank database and is available under
the accession number OQ861110 (https:/ /www.ncbi.nlm.nih.gov/nuccore/0Q861110.1/;
accessed on 1 May 2023).

3.2. Metabolite Profiling

The GC-MS analysis of EAE-PEL6 revealed a diverse range of putatively annotated
metabolites (Table 1). A total of 32 distinct compounds were detected, varying in molec-
ular weight, chemical structure, and retention time. The most abundant constituents
were Pyrrolo [1,2-a] pyrazine-1,4-dione derivatives and 1- [1,2,4] triazol-1-ylethanone, to-
gether contributing 44.32% of the total EAE-PEL6. Other major compounds included
2-Decene, 3-methyl-, (Z)-, and L-Proline derivatives, with relative abundances of 8.77%
each. Additional notable compounds, such as 3-pyrrolidin-2-ylpropionic acid, cyclopen-
tane derivatives, and 5-isopropylidene-3,3-dimethyl-dihydrofuran-2-one, were identified
in moderate proportions, ranging from 4% to 6.9%. Several minor constituents, including
Distannoxane hexabutyl and 2,2-dibromocholestanone, were detected at levels below 1%.

Table 1. GC-MS profile of EAE-PELG6.

Molecular Chemical . . Peak Area

S.No. CompoundID Compound Name Weight Formula Retention Time Percentage
1 16682746 Distannoxane, hexabutyl 596.1 Cp4H5,05n, 5.531 min 0.89%
2 313278 Solasodine, benzoate 517.7 C34Hy7NO3 11.142 min 0.55%
3 575215 Solasodine, ethyl carbonate 485.7 C3oHy7NOy 11.142 min 0.55%
4 262502 Acetylsolasodine 455.7 Cy9Hy5NO3 11.142 min 0.55%
5 550965 3-Pyrrolidin-2- 143.18 C,H3NO, 11.397 min 6.90%

ylpropionic acid
6 6432297 Cyclopentane, 1,2 4trimethyl-, 112.21 CgHjyg 11.397 min 6.90%
7 91695496 Ej:;(l’h“e' N-(hexanoyl)-, 269.38 C15Hp7NO; 11.397 min 6.90%
8 550670 1-Decene, 3,3,4trimethyl- 182.35 Ci3Hyg 11.575 min 4.47%
9 550965 3-Pyrrolidin-2- 143.18 C;H;13NO, 11.575 min 4.47%

ylpropionic acid
10 23293719 Pyrrolo[1,2-a] 148.12 C,H4N,0, 11.742 min 44.32%

pyrazinel 4-dione. ..
11 27422 1-[1,2,4]Triazol-1ylethanone 111.1 C4H5N30 11.742 min 44.32%
12 5366146 2-Decene, 3-methyl-, (Z)- 154.29 Cy1Hy 12.119 min 8.77%
13 91695475 L-Proline, N-valeryl-, 4517 CasHs3NO; 12.119 min 8.77%

octadecyl. ..

L-Proline, N-valeryl-, . o
15 91695473 hexadecyl. . 423.7 CogHioNO3 12.319 min 4.00%
16 91695561 L-Proline, N-(octanoyl)-, 339.5 CaoHsyNO; 12.319 min 4.00%

heptyl...
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Table 1. Cont.
Molecular Chemical . . Peak Area

S.No. CompoundID Compound Name Weight Formula Retention Time Percentage

17 22212696 2,2-Dibromocholestanone 544 .4 Cp7HyyBr,O 12.786 min 0.53%

18 91695470 E'Pmlme’ N-valeryl, dodecyl 5.7 ¢ CooHy NOs 12.786 min 2.69%

20 25067878 I-Proline, N allyloxycarbonyl- ~ 342.39 Ci16H6N2Og 12.897 min 4.10%
5-Nitroso- : o

21 70504 2,4 6triaminopyrimidine 154.13 C4HgNgO 12.897 min 4.10%
5-Isopropylidene-3,3dimethyl-

22 550739 dihydrofuran- 154.21 CyoH140, 13.019 min 5.92%
2-one

23 550886 gf_fé?‘ethyl’cyd(’hexz' 126.2 CsHy40 13.019 min 5.92%
1,3-Dimethyl-3- . o

24 544645 nbutyldiaziridine 128.22 C,H4N, 13.308 min 0.65%

25 13190 1-Undecene 154.29 C11Hp 13.308 min 0.65%

26 13381 1-Decene 140.27 C1oHO 13.308 min 0.65%
3-Chloro-8-[1,1dimethylethyl]-
N, N- . o

27 559656 diethyl-11H- 408 Cy5H30CIN;3 13.386 min 1.34%
indolo[3,2c]quinoline
Cyclopropane, . o

28 543681 pentyl2-propyl- 154.29 Ci1Ha 13.386 min 1.34%

29 559595 Nadolol tri-TMS derivative 525.9 CrH51NO4Sis 14.308 min 1.13%
2-Chloro-5-[[4-[diethylamino]-

30 278392 1methylbutyl]amino] pyri 321.8 C16Hp4CINg 14.308 min 1.13%
do[3,4-b]pyrazine

31 22379 Butanilicaine 254.75 C13H19CIN,O 2.95%
4-{5-[(4-Chlorophenoxy)

32 581678 methyl]- 293.66 C HgCINsO;  14.463 min 2.95%

1,2,4-oxadiazol-3-yl}1,2,5-
oxadiazol-3-amine

3.3. Antibacterial Activity

The antibacterial activity of EAE-PEL6 was evaluated against S. aureus using varying
concentrations of 10, 25, and 50 mg/mL. EAE-PEL6 showed concentration-dependent
The inhibition zones were 15.67 + 1.31, 17.18 4+ 0.62, and
19.53 & 2.01 mm at 10, 25, and 50 mg/mL, respectively. Gentamicin produced a larger
inhibition zone of 24.30 £ 0.76 mm, whereas 10% DMSO showed no inhibition. These
findings indicate preliminary anti-S. aureus activity of EAE-PEL6. Figure 1 illustrates the

inhibition of S. aureus.

obtained results.

Minimum Inhibitory Concentrations

The antibacterial efficacy of EAE-PEL6 against S. aureus was determined using the
broth microdilution method. As shown in Table 2, the extract exhibited an MIC of
0.625 mg/mL, indicating effective inhibition of bacterial growth. In comparison, the
positive control gentamicin showed an MIC of 1.95 ug/mL. These findings demonstrated
that the crude extract of EAE-PEL6 possesses antibacterial activity against S. aureus.

https:/ /doi.org/10.3390 /applmicrobiol6080092
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Figure 1. Antibacterial activity of EAE-PEL6 against S. aureus: (A) 10% DMSO negative control,
(B) 50 mg/mL, (C) 10 mg/mL, (D) 25 mg/mL, and (E) gentamicin-positive control.

Table 2. Minimum inhibitory concentration (MIC) of EAE-PELG6.

MIC
Bacterial Strai
actenial Strain EAE-PEL6 (mg/mL) Gentamicin (ug/mL)
S. aureus 0.625 1.95

3.4. In Silico Toxicity Analysis

The pharmacokinetic and pharmacodynamic profiles for the selected compounds are
summarised in Table 3.

A total of 32 molecules were evaluated using SwissADME and ADMETIab 3.0 for
toxicity and drug-likeness, from which four compounds demonstrated significant potential.
Compound CID 3467 (gentamicin) was included as a reference for comparative analysis.
Among the 32 selected candidates, compounds 262502, 313278, and 575215 exhibited de-
sirable drug-like characteristics. These compounds demonstrated high gastrointestinal
absorption, supporting their suitability for oral administration. Notably, only compound
262502 was predicted to cross the blood-brain barrier. Except for 70504 and 3467, all com-
pounds showed favourable lipophilicity, with consensus Log P, ,, values ranging between
5.16 and 6.27, indicating good membrane permeability. In terms of solubility, compound
3467 was classified as highly soluble, while 70504 exhibited good solubility, both of which
are favourable for drug formulation. Although 262502, 313278, and 575215 exhibited low
solubility, they had high molar refractivity and acceptable synthetic accessibility, suggesting
potential for chemical optimisation. None of the compounds inhibited key cytochrome
P450 enzymes, minimising the risk of metabolic interactions. All compounds were free
of PAINS alerts. Despite some Lipinski rule violations, most candidates adhered to Ve-
ber’s criteria and showed moderate bioavailability, supporting their further exploration in
drug development.
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Table 3. In silico analysis of pharmacokinetic and drug-like characteristics of EAE-PEL6 *.
Parameters 70504 262502 313278 575215 3467
Molecular Formula C4HgNgO C9Hy5NO3 C34Hy7NO3 C39H47NOy Cy1Hy3N507
Molecular Weight 154.13 g/mol 455.67 g/mol 517.74 g/mol 485.70 g/mol 477.60 g/mol
Physiochemical No. H-bond acceptor 4 4 4 5 12
properties No. H-bond donor 3 1 1 1 8
Molar refractivity 40.70 136.96 156.87 143.24 118.31
ggfg;g;i:;%fsr A 13327 A2 4756 A? 4756 A2 56.79 A2 199.73 A2
Log P, /v, (XLOGP3) -0.92 5.96 7.62 6.73 —4.10
Log Py /v (WLOGP) —0.35 5.48 6.77 6.09 -3.33
Lipophilicity Log Py /w (MLOGP) —2.49 5.18 6.12 4.95 -2.92
(Ls?%%(/)g-m —0.97 445 5.49 439 —3.56
Consensus Log P,y —0.81 5.16 6.27 5.50 —2.15
GI absorption High High High High Low
BBB permeant No Yes No No No
P-gp substrate No No No No Yes
CYP1A2 inhibitor No No No No No
Pharmacokinetics CYP2C19 inhibitor No No No No No
CYP2C9 inhibitor No No No No No
CYP2Dé6 inhibitor No No No No No
CYP3A4 inhibitor No No No No No
Log Kp (skin —7.89cm/s —485cm/s —4.05cm/s —448cm/s ~1212cm/s
permeation) ’ ’ ’ ’ ’
Log S (ESOL) —0.55 —6.29 —7.77 —6.83 0.24
431 x 10! 235 x 1074 8.80 x 107° 7.23 x 107° 8.37 x 107
Water solubility Solubility mg/mL; 2.79 X mg/mL; 5.15 x mg/mL; 1.70 x mg/mL; 1.49 x mg/mL; 1.75 x
107! mol/L 1077 mol/L 1078 mol/L 10~7 mol/L 10° mol/L
Class Very soluble Poorly soluble Poorly soluble Poorly soluble Soluble
Lipinski 0 1 2 (MW > 500, 1 2 NorO > 10,
(MLOGP >4.15) MLOGP > 4.15) (MLOGP >4.15) NHorOH > 5
Drug likeness Veber Yes Yes Yes Yes ?Ir?)sl A > 140)
Bioavailability score 0.55 0.55 0.17 0.55 0.17
Medicinal PAINS 0 alert 0 alert 0 alert 0 alert 0 alert
chemistry Synthetic accessibility ~ 6.84 6.84 6.78 7.04 6.51
Toxicity Class 4 4 3 4 4
LD 50 (mg/kg) 584 1185 91 500 500
Hepatotoxicity No No No No No
Carcinogenicity No No No No No
Organ toxicity Immunotoxicity ** No Yes Yes Yes Yes
Mutagenicity Yes No No No No
Cytotoxicity No No No No No
Neurotoxicity ** Yes Yes Yes Yes Yes

* All ADMET values are computational predictions and should be interpreted as preliminary screening data.
** Several candidates showed predicted toxicity alerts, including neurotoxicity and immunotoxicity, indicating
that these compounds require optimisation before further development.

3.5. Molecular Docking

Molecular docking analysis was conducted to evaluate the binding affinity and molec-
ular interactions of selected compounds with the target proteins 1]JIJ, 1N67, and 3WQU,
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using gentamicin as the reference drug. The 3D structures of the targets are presented in
Figure 2A-C.

Figure 2. 3D structures of the protein targets. (A) 1]IJ, (B) 1N67, (C) 3SWQU.

The detailed binding interactions and docking scores are summarised in Table 4.
Among the evaluated compounds, solasodine benzoate (CID 313278) showed the highest
binding affinity for 1JIJ, with a binding energy of —8.9 kcal/mol, although it formed only a
single hydrogen bond with GLN A:196. In comparison, 5-nitroso-2,4,6-triaminopyrimidine
(CID 70504) showed a favourable binding energy of —7.0 kcal/mol, forming four hy-
drogen bonds with ASP A:177, ASP A:40, GLN A:190, and GLY A:38 (Figure 3A,B). The
co-crystallised ligand exhibited a binding affinity of —7.9 kcl/mol and formed eight hydro-
gen bonds with GLY A: 38, GLY A: 193, ASP A: 40, GLN A: 196, ASP A: 80, HIS A: 50, PRO
A:222 and VAL A: 224 (Figure 3C,D). Notably, CID 70504 shared key interactions with ASP
A: 40 and GLY A: 38, while solasodine benzoate interacted with GLN A: 196; indicating
that these compounds occupy regions within the active site like those of the co-crystallised
ligand. These findings suggest that both compounds may have the potential to interact
with functionally important residues of TyRS. However, docking scores are predictive and
should not be interpreted as direct measures of antibacterial potency. Experimental enzyme
inhibition or target-engagement assays are required.

A124 H
Lol H
e cyYs
A A:37
GLY H A
A72
TYR H
A:170
LEU - GLN
A:70 A:196
ASP-
A:40
GLY
A:3
ALA 8
A:39
GLY
A28 AG1L9V3
PRO
A:53
A
1 N
o b VAL
A24

fse - N X
&40 9 ? J

BN
A:196
IS PRO

Asp X L
B:z0 A:50 A22

Figure 3. 3D and 2D interactions of the ligands binding with the receptor protein 1JIJ. (A,B) 5-Nitroso-
2,4,6-triaminopyrimidine, CID-70504 and (C,D) co-crystalised ligand.
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Table 4. Molecular docking evaluation of EAE-PEL6 targeting S. aureus proteins.
1JIJ 1N67 3WQU
PubChemID  Compound Name g;:::;fs No. of Interacting g:::;egs No. of Interacting g::;egs No. of Interacting
Hydrogen  Amino Acids Hydrogen  Amino Acids — > Hydrogen Amino Acids
(Kcal/mol) Bonds (Kcal/mol) Bonds (Kcal/mol) Bonds
THR A: 196, VAL A: 227,
5-Nitroso-2,4,6- j:gllj :' ig ’ LYRA:247, ASP A: 222,
CID 70504 .. A -7 4 T —6.5 5 SER A: 246, —74 6 LYS A: 93,
triaminopyrimidine GLN A: 190, HIS A: 51 ASP A: 201
GLY A: 38 TYR A: 168 ASP A: 26
GLN A: 196, THR A: 90
CID 262502 Acetylsolasodine —6.7 3 ASP A:80,LYS —-9.8 2 T -7.7 1 ARG A: 249
ARG A: 194
A: 84
ASP A: 139, ‘
CID 313278 Solasodine benzoate -89 1 GLN A: 196 -10.9 3 TYR A: 198, -8 2 SI]I”SU Aéé§?7/
ARG A: 194 '
. ARG A: 194,
CID 575215 SOlgSOdlt“e' ethyl -76 2 %E :'2129 46' 92 3 ASP A: 139, —7 - -
carbonate : TYR A: 198
GLY A: 38 GLU A: 267
GLY A: 193
ASP A: 226
ASP A: 40
GIN A: 19 VAL A: 227
Co-crystallised ligands -79 8 | - - - -10.7 8 GLU A: 225
ASP A: 80
SER A: 30
HIS A: 50
SER A: 31
PRO A: 222 OLY Aol
VAL A: 224 ’
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Docking analysis against the crystal structure of S. aureus clumping factor A (PDB
ID: 1N67) revealed that solasodine benzoate (CID 313278) exhibited the highest binding
affinity, with a binding energy of —10.9 kcal/mol. This compound formed three hydrogen
bonds with residues ASP A:139, TYR A:198, and ARG A:194 (Figure 4A,B). Additionally,
solasodine ethyl carbonate (CID 575215) and acetylsolasodine (CID 262502) demonstrated
substantial binding affinities, with docking scores of —9.2 kcal/mol and —9.8 kcal/mol,
respectively. As no co-crystallised ligand was available for this target, blind molecular
docking was performed to identify the potential ligand binding regions. Since CIfA is a
virulence-associated fibronectin-binding adhesin rather than a conventional enzymatic
antibacterial target, the docking analysis was conducted as an exploratory approach to
evaluate the potential interactions of the identified compounds with this virulence factor.
These computational predictions require further experimental validation to confirm their

biological relevance.

B H TYR
ARG T A137
A:194
PRO
: ILE
H AS0T an3g
THR &
A:196 TR H
A:198 A
PRO TR
A'140 # oM 4:168
VAL
A:87 AHISS1
TYR SER
LY £:246
PHE
A:248

Figure 4. 3D and 2D interactions of ligands with 1N67. (A,B) Solasodine benzoate, CID 313278.

Solasodine benzoate demonstrated the strongest binding affinity towards FtsA
(PDB: 3wqu), with a docking score of —8.0 kcal/mol, mediated by two hydrogen bonds.
Acetylsolasodine (CID 262502) and 5-nitroso-2,4,6-triaminopyrimidine (CID 70504) also
exhibited substantial binding affinities of —7.7 and —7.4 kcal/mol, respectively. Impor-
tantly, acetylsolasodine interacted with the same amino acid residue as the co-crystalised
ligand (Figure 5A,B). The co-crystallised ligand exhibited the highest binding affinity of
—10.7 kcal/mol and formed eight hydrogen bonds with the active site residues GLU A:267,
ASP A:226, VAL A:227, GLU A:225, SER A:30, SER A:31, and GLY A:341, thereby validating
the selected binding pocket (Figure 5C,D). The shared interaction of acetylsolasodine with
the co-crystallised ligand suggests that it occupies a similar region within the FtsA active
site and interacts with functionally important residues.

3.6. Density Functional Theory
3.6.1. Geometric Optimisation

DFT analysis was performed to optimise the molecular geometries of the selected
compounds and assess their stability and reactivity. Initial structures were minimised using
Avogadro (v1.2), followed by refinement and single-point energy calculations in ORCA
(v5.0.4) with the 6-31G (d, p) basis set. Geometry optimisation identifies the lowest-energy
configuration, providing the most stable structural arrangement and reliable insights into
molecular properties.
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Figure 5.
(A,B) 5-Nitroso-2,4,6-triaminopyrimidine CID- 70504 and (C,D) co-crystalised ligand.

3.6.2. Frontier Molecular Orbitals

The quantum-chemical reactivity descriptors for the studied compounds are presented

in Table 5.

B THR
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3D and 2D interactions of the ligands binding with the receptor protein 3WQU.

Table 5. Quantum chemical reactivity of selected bioactive compounds of EAE-PELS6.

Reactivity Descriptors CID 575215 CID 70504 CID 313278 Gentamicin
EHOMO (eV) —0.2229 —0.2017 —0.2209 —0.2164
ELUMO (eV) 0.0177 —0.0681 —0.0479 0.0259

DE Gap (eV) 0.2406 0.1336 0.173 0.2423
Ionisation Energy I (eV) 0.2229 0.2017 0.2209 0.2164
Electron Affinity A (eV) —0.0177 0.0681 0.0479 —0.0259
Electronegativity C(eV) 0.1026 0.1349 0.1344 0.09525
Chemical Potential i (eV) —0.1026 —0.1349 —0.1344 —0.09525
Global Hardness h (eV) 0.1203 0.0668 0.0865 0.12115
Global Softness o (eV 1) 8.312552 14.97006 11.560694 8.254230293
Electrophilicity w 0.0006332 0.0006078 0.0007812 0.00054957

The FMO analysis revealed distinct variations in the HOMO and LUMO energy levels
among the studied compounds. CID 70504 (Figure 6A) showed the lowest HOMO-LUMO
energy gap (0.1336 eV), indicating higher chemical reactivity and greater potential for
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charge transfer compared to gentamicin (0.2423 eV) and the other compounds. CID 313278
(Figure 6B) also exhibited a relatively small energy gap (0.1730 eV), suggesting moderate
reactivity, while (Figure 6C) CID 575215 (0.2406 eV) displayed a stability pattern like
gentamicin (Figure 6D). The higher reactivity of CID 70504 can be attributed to its elevated
electron-donating and accepting ability, as reflected in its HOMO and LUMO energy values.
Overall, the reduced energy gap of CID 70504 highlights its enhanced electronic reactivity
and possible superiority over gentamicin in molecular interactions.

Figure 6. Analysis of Frontier molecular orbitals—HOMO/LUMO. (A) CID 70504, (B) CID 313278,
(C) CID 575215, (D) Gentamicin.

3.6.3. Molecular Electrostatic Potential

The MEP analysis provided insights into the charge distribution and reactive regions
of the studied compounds. In all cases, negative potential regions (red zones) were predom-
inantly localised around electronegative atoms, such as oxygen and nitrogen, indicating
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favourable sites for electrophilic attack. Conversely, positive potential regions (blue zones)
were observed near hydrogen atoms bound to electronegative centres, suggesting that these
regions are susceptible to nucleophilic interactions. Among the compounds, CID 70504
(Figure 7A) exhibited more pronounced negative potential regions than gentamicin, reflect-
ing stronger electron-rich domains and a greater tendency for intermolecular interactions.
CID 313278 (Figure 7B) and CID 575215 (Figure 7C) showed moderate charge separation,
whereas gentamicin (Figure 7D) displayed relatively balanced charge distribution, consis-

tent with its higher stability. These variations in electrostatic potential mapping highlight
the greater reactivity of CID 70504, correlating with its lower HOMO-LUMO energy gap,
and suggest its potential advantage in molecular binding and biological activity.

Figure 7. Molecular electrostatic potential of the compounds. (A) CID 70504, (B) CID 313278, (C) CID
575215, (D) Gentamicin.

3.7. Molecular Dynamics Simulation

Molecular dynamics simulations of the docked complexes were performed to assess
their structural variations and stability. The Root Mean Square Deviation (RMSD) profiles
of the three protein-ligand complexes were extracted from the simulation trajectories
to assess their rigidity. As shown in Figure 8A, the 1JI] complex with 5-nitroso-2,4,6-
triaminopyrimidine exhibited a nearly linear RMSD profile, indicating better structural
stability. Similarly, Figure 8B shows that the 1IN67 complex maintained an almost steady
RMSD, further suggesting stable binding. In contrast, Figure 8C shows that the 3SWQU
complex initially exhibited an increase in RMSD, reflecting greater flexibility; however, it
reached a stable state after 2 ns of simulation. Overall, the 1]JI] complex exhibited greater
flexibility than the other complexes. Both 3WQU and 1]JIJ maintained RMSD values between
0 and 0.4 A throughout the simulation, while the IN67 complex showed RMSD values
ranging between 7.8 and 8.2 A, confirming their structural stability.

Hydrogen-bond analysis of the 1JI] complex revealed a peak distribution centred at
0.3 nm, indicating consistent intermolecular interactions (Figure 8D). Solvent accessible
surface area (SASA) calculations were performed to assess changes in protein volume, with
higher SASA values indicating surface expansion and lower values indicating compact
conformations. As shown in Figure 8E, the 1JI] complex exhibited only minor fluctuations
in SASA, suggesting negligible volume changes during the simulation. The Rg was further
analysed to assess protein compactness; Figure 8F shows that the 1JI] complex maintained
a stable Rg profile throughout the trajectory. Additionally, hydrogen-bond monitoring
confirmed stable bonding patterns, as depicted in Figure 8G. Root mean square fluctuation
(RMSF) analysis (Figure 8H) showed that almost all residues displayed fluctuations below
0.7 A, reflecting minimal flexibility and overall stability of the complex.
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Figure 8. Graphical depiction of the protein and ligand molecule (CID 70504). (A) RMSD of 1]IJ,
(B) RMSD of 1N67, (C) RMSD of 3WQU, (D) hydrogen bond distribution, (E) solvent accessible
surface area, (F) radius of gyration, (G) hydrogen bond pattern, and (H) root mean square fluctuation.

4. Discussion

Medicinal plants are widely recognised as valuable reservoirs of bioactive compounds,
contributing significantly to the development of novel therapeutics and sustainable health-
care practices [1]. Approximately 40% of pharmaceutical drugs originate from natural
sources, highlighting the critical role of plant-associated microorganisms, particularly en-
dophytes, in producing pharmacologically relevant metabolites [4,39]. Endophytic bacteria,
which inhabit plant tissues without causing harm, not only support plant growth and stress
tolerance but also synthesise secondary metabolites that can exhibit stronger bioactivity
than those produced by the host plant [7].

In this study, an endophytic bacterium, P. lactis (PEL6), was successfully isolated from
the leaves of M. heyneana, a species collected from the Western Ghats. Of the seven initially
obtained morphologically distinct strains, only PEL6 remained viable after successive
subculturing, suggesting selective adaptation to the leaf environment. This observation
aligns with the known ecological behaviour of endophytes, in which microbial survival
and dominance are influenced by host factors and inter-microbial interactions [5]. Paeni-
bacillus has emerged as a promising microbial genus with broad applications owing to
its production of diverse antimicrobial compounds and industrially significant enzymes.
Antimicrobial agents synthesised by Paenibacillus, including peptides, hydrolytic enzymes,
volatile organic compounds, and non-volatile metabolites, are effective against destructive
phytopathogens such as Fusarium, Rhizoctonia, and Phytophthora, as well as foodborne
pathogens such as Salmonella [13,40]. Compared with chemical biocides, these natural
products are environmentally friendly and sustainable. Importantly, strain-level diversity,
exemplified in P. polymyxa, provides opportunities to identify potent isolates with tailored
bioactivity profiles [16]. Beyond antimicrobial potential, Paenibacillus species demonstrate
biotechnological versatility. For example, P. lactis PKC5 produces an alkali-stable pec-
tate lyase that has been statistically optimised and functionally characterised for juice
clarification, thereby highlighting its industrial relevance [41]. Collectively, such antimicro-
bial and enzymatic attributes reinforce Paenibacillus as a valuable resource for sustainable
agriculture, food safety, and biotechnology.
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GC-MS profiling suggested the presence of structurally diverse metabolites in EAE-
PEL6. Because these annotations were based on library matching, the identities of ma-
jor metabolites should be confirmed using authentic standards or LC-MS/MS before
assigning biological roles. Among these, pyrrolo[1,2-a] pyrazine-1,4-dione derivatives,
belonging to the 2,5-diketopiperazine family, are well documented for their antimicrobial,
antifungal, and antioxidant activities [42,43]. Triazole derivatives detected in the extract
further strengthen its therapeutic value, as triazole scaffolds are widely recognised pharma-
cophores in antifungal and antibacterial drug development [44]. In addition, proline-based
derivatives and microbial volatile compounds have been linked to suppression of phy-
topathogens and foodborne bacteria, underscoring their importance in agriculture and
food safety [43,45]. The structural diversity of the EAE-PEL6, which also included minor
halogenated and cyclic molecules, highlights its potential as a reservoir of novel bioactive
agents. The GC-MS-identified compounds were tentatively assigned based on NIST library
matching. Confirmation of their identities and biological relevance requires further val-
idation using complementary techniques such as LC-MS/MS, authentic standards, and
NMR spectroscopy. These findings align with previous studies showing that endophytes
can synthesise unique metabolites not produced by their host plants, thereby expanding
opportunities for drug discovery and biocontrol applications [6].

S. aureus frequently colonises the compromised skin of atopic dermatitis patients,
producing toxins, enzymes, and superantigens that disrupt the skin barrier and activate
immune responses. These factors provoke Th2 and Th17 polarisation, leading to sustained
inflammation and exacerbation of skin lesions. This microbial invasion perpetuates a
vicious cycle of barrier dysfunction and disease severity, worsening symptoms, and chronic
skin damage characteristic of atopic dermatitis [46]. Due to its critical role in disease
progression, S. aureus remains a significant focus of research and management in atopic
dermatitis. EAE-PEL6 exhibited notable antibacterial activity against S. aureus, producing
inhibition zones of approximately 19.5 mm at 50 mg/mL. This level of activity surpasses
that reported for other endophytic bacteria, such as Dermacoccus sp. and Paenibacillus sp.,
isolated from Equisetum arvense, whose methanol extracts produced inhibition zones of
approximately 11.30 £ 0.17 mm against S. aureus [47]. A similar trend was observed in plant
endophyte extracts from Xerophyta spekei, which produced inhibition zones ranging from
7.67 £ 0.33 mm to 14.67 £ 0.33 mm at concentrations of 50-100 mg/mL [48]. Although
conventional antibiotics such as gentamicin or ciprofloxacin generally exhibit stronger
antibacterial activity, crude EAE-PEL6 often show more modest activity.

The broth microdilution assay demonstrated that the crude extract of EAE-PEL6
inhibited the growth of S. aureus with an MIC of 0.625 mg/mL, confirming its antibacterial
activity. The antimicrobial efficacy of crude natural extracts is influenced by several factors,
including the chemical composition of the extract, the abundance of bioactive metabolites,
and the susceptibility of the target microorganism. Behbahani et al. [49] reported that
the cumin essential oil exhibited lower MIC values against Candida albicans than against
Gram-positive and Gram-negative bacterial species, demonstrating that the antimicrobial
activity varies among microorganisms. Similarly, Chang and Chong [50] observed that
the ethyl acetate fraction of Ganoderma spp. exhibited a lower MIC against MRSA, which
was attributed to the enrichment of antibacterial constituents through fractionation. The
present findings highlight the potential of EAE-PEL6 as a source of antibacterial metabolites.
However, further purification and structural characterisation of the bioactive constituents
are required to enhance antibacterial potency and identify the compounds responsible for
the observed activity. In addition, future investigations should include determination of the
minimum bactericidal concentration (MBC), cytotoxicity assessment, and bioassay-guided
fractionation to validate the therapeutic potential of the active metabolites.
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MRSA remains a major global health concern because of its resistance to multiple
antibiotics and its association with increased mortality. Consequently, the discovery of
novel antibacterial agents from natural sources has gained considerable attention. In the
present study, the EAE-PEL6 of endophyte P. lactis exhibited antibacterial activity against
S. aureus, highlighting the potential of endophytic bacteria as a source of antibacterial
metabolites. These findings warrant further investigation to isolate the active constituents
and evaluate their efficacy against multidrug-resistant pathogens, including MRSA.

In silico pharmacokinetic and toxicity evaluations offered valuable insights into the
drug-like potential of metabolites CID 70504, 313278, and 575215. All three compounds
complied with Lipinski’s rule of five, exhibiting physicochemical properties favourable for
oral bioavailability [51,52]. ADMET analysis further indicated high gastrointestinal absorp-
tion, suitable lipophilicity, minimal cytochrome P450 inhibition, and reasonable synthetic
accessibility, collectively reducing the risk of metabolic instability and toxicity [53,54]. No-
tably, CID 70504 displayed predicted blood-brain barrier permeability, suggesting potential
for central nervous system-targeted applications. Compared with endophytic metabolites
from Enhydra fluctuans, these compounds showed high absorption and low CYP inhibition
but higher lipophilicity and lower solubility [55]. Consistent with previous computational
studies of natural products, issues such as solubility and possible immunotoxicity remain
relevant [56]. Based on our results, CID 70504 was identified as the most promising lead,
highlighting the need for structural refinement to maximise therapeutic efficacy.

Although selected compounds showed favourable predicted binding and some drug-
like properties, several ADMET limitations, including poor solubility, high lipophilicity, and
predicted toxicity alerts, indicate that these compounds should be considered preliminary
lead structures rather than ready drug candidates. The ADMET analysis performed in this
study provides only a preliminary prediction of the pharmacokinetic and toxicity profiles
of the putatively identified compounds. Therefore, further in vitro and in vivo studies are
required to validate the predicted properties, and these investigations will be conducted in
future work to establish the safety and therapeutic potential of the identified compounds.

Molecular docking studies of EAE-PEL6 demonstrated strong, highly specific interac-
tions with key S. aureus proteins (1JIJ, 1IN67, and 3WQU), highlighting their potential as
antibacterial agents. Three S. aureus protein targets were selected based on their essential
roles in bacterial physiology and pathogenesis. The bacterial cell-division protein FTsA
(PDB ID: 3WQU) was selected because it is indispensable for Z-ring assembly and cell
division [57]. Tyrosyl-tRNA synthetase (PDB ID: 1]JIJ) was chosen due to its role in protein
biosynthesis and its recognition as a validated antibacterial drug target [58]. Clumping
Factor (PDB ID: 1N67), a major surface adhesin involved in bacterial adhesion, colonisation
and biofilm-associated infection, was included to evaluate the potential of the identified
compounds to interfere with S. aureus [59]. Collectively, these proteins represent comple-
mentary therapeutic targets associated with bacterial growth, survival and pathogenicity,
thereby providing a comprehensive framework for evaluating the antibacterial potential of
the identified phytoconstituents.

Among the tested metabolites, CID 313278 showed the most potent binding, with dock-
ing scores of —10.9 and —8 kcal/mol, stabilised by multiple hydrogen bonds with crucial
active-site residues, confirming both stability and specificity. CID 70504 exhibited consistent
affinities (—7.0 to —7.4 kcal/mol) across all targets, interacting with residues including ASP
A:177, THR A:196, and VAL A:227, indicating broad binding capability. These results sug-
gest that PEL6-derived compounds may not only replicate but also enhance gentamicin’s
antimicrobial effects by targeting overlapping residues. In comparison, hydrazone deriva-
tives act by disrupting cell structures and enzymes, showing moderate affinities (—7.0 to
—5.0 kcal/mol), with icaceine binding being slightly stronger (—7.45 kcal/mol) [60,61].
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Plant-derived inhibitors, including L-tyrosine methyl ester (—6.7 kcal /mol) from Calotropis
gigantea and metabolites of Syzygium samarangense (—5.5 to —7.2 kcal /mol), showed weaker
interactions [62,63]. Overall, PEL6 metabolites, particularly CID 70504, exhibited superior
binding, highlighting their potential for S. aureus inhibition.

The docking results provide a hypothesis for possible target interactions but do not
establish the mechanism of antibacterial action. Enzyme inhibition assays, bacterial tar-
get validation, membrane permeability studies, or transcriptomic/proteomic approaches
would be needed to confirm the proposed mechanisms.

DFT calculations demonstrated that CID 70504 exhibited the smallest HOMO-LUMO
energy gap, reflecting enhanced chemical reactivity and favourable electronic features for
molecular binding. MEP analysis further identified electron-rich regions near electronega-
tive atoms, indicating potential interaction sites with bacterial proteins. FMOs, specifically
HOMO and LUMO, remain critical descriptors of molecular reactivity and electron trans-
fer processes [64]. In Annona muricata, genistein and kaempferol displayed the greatest
reactivity, with energy gaps of 0.16507 and 0.16413 eV, respectively, suggesting their ability
to establish stable intermolecular associations with survivin [65]. The quantum-chemical
findings validate the docking results and elucidate the mechanism driving the antibacterial
activity. The DFT findings provide insight into electronic reactivity and charge distribution.
However, a lower HOMO-LUMO gap alone does not guarantee stronger antibacterial
activity and should be interpreted alongside experimental validation.

Molecular dynamics simulations were performed to investigate the stability and
dynamic behaviour of the protein-ligand complexes. The results confirmed structural
stability, as analyses of RMSD, RMSEF, hydrogen bonding, solvent-accessible surface area,
and Rg showed only minor conformational variations during the 100 ns simulation. These
findings highlight stable interactions between EAE-PEL6 and their targets, while the slight
flexibility observed in some complexes may enhance ligand adaptability and binding
specificity. Molecular dynamics simulations are recognised as valuable tools in drug
discovery for evaluating biomolecular stability and conformational dynamics [38]. The
RMSD values revealed minimal deviations, consistent with earlier reports of stable protein—
ligand complexes [66]. Likewise, the stable Rg profiles demonstrated that the enzyme
maintained its compact structure, whereas significant fluctuations are typically associated
with unfolding [67]. Notably, these stability patterns are comparable to or exceed those
reported for previously studied inhibitors, underscoring the therapeutic promise of the
investigated metabolites. Molecular dynamics simulations suggested that selected docked
complexes remained relatively stable under simulated conditions, but replicate simulations
and binding free-energy calculations, such as MM-PBSA /MM-GBSA, would strengthen
confidence in these predictions.

Overall, these results indicate that the endophytic bacterium P. lactis PEL6, isolated
from M. heyneana, synthesises a wide spectrum of metabolites with strong antibacterial
activity. The integration of experimental findings and computational approaches under-
scores the value of endophytes as promising reservoirs of novel therapeutic molecules.
Future research should focus on the purification, detailed characterisation, and in vivo
assessment of individual metabolites to facilitate their translation into effective antimi-
crobial agents. Taken together, these outcomes highlight the potential of EAE-PEL6 as
strong antibacterial leads with significant prospects in drug discovery and sustainable
therapeutic development.

This study has several limitations. Although antibacterial activity was confirmed
using agar well diffusion and MIC assays, the MBC (Minimum Bacterial Count) was not de-
termined. The compounds identified by GC-MS were putatively assigned based on library
matching and require structural confirmation. Moreover, the active constituents responsible
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for the observed antibacterial activity were not isolated or experimentally validated. The
computational analyses represent predictive evidence and require further biological valida-
tion. Therefore, the findings should be considered preliminary and additional investigation
is required.

5. Conclusions

The present study isolated seven putative endophytic bacterial strains from the leaves
of M. heyneana, of which PEL6 was identified as Paenibacillus lactis based on 165 rRNA gene
sequencing. The crude ethyl acetate extract of PEL6 exhibited concentration-dependent
antibacterial activity against S. aureus. GC-MS analysis provided a tentative profile of 32
metabolites, including diketopiperazine-, triazole-, and solasodine-related compounds.
Computational analyses, including ADMET prediction, molecular docking, DFT, and
molecular dynamics simulation, identified several putatively annotated compounds with
favourable interactions against selected antibacterial targets. However, these computational
findings do not establish that the identified compounds are responsible for the observed an-
tibacterial activity of the crude extract. Therefore, further studies involving bioassay-guided
fractionation, compound purification, structural confirmation using complementary analyt-
ical techniques, cytotoxicity evaluation, and experimental target validation are required to
identify and confirm the active antibacterial constituents.
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