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ARTICLE INFO ABSTRACT

The rise of antimicrobial resistance necessitates the discovery of novel bioactive sources. This
study evaluated the antimicrobial potential of endophytic fungi isolated from Senna alata (L.)
Roxb. leaves and profiled their secondary metabolites using LC-MS/MS. Endophytic fungi were
isolated and subjected to antagonistic assays. The promising endophytic fungi were then identified
morphologically and molecularly. Antibacterial activity was evaluated against bacterial and
pathogenic fungal strains, while LC-MS/MS characterized the metabolite profiles of the
endophytic fungi. Seven fungal isolates from S. alata leaves (SA-1 to SA-7) were obtained and
screened for antagonistic activity via agar-plug (disk-diffusion agar assays) and fermentation
broth (well-diffusion agar assays). Endophytic fungal SA-5 exhibited the most sustained and
broad-spectrum inhibition, with zones of 13.93-18.12 mm against bacteria and 15.19 mm against
Copyright: © 2026 Anugrawan et al. This is an open- ~ Malassezia furfur in the ethyl acetate extract, while its aqueous extract inhibited Candida albicans
access article distributed under the terms of the at> 10 mg/mL (12.93-15.33 mm). Molecular identification based on ITS sequencing confirmed
Creative Commons Attribution License, which ~ SA-5 as Phomopsis sp. (99.46 % identity). Bioactive crude extracts from SA-5 reveal 29
permits unrestricted use, distribution, and reproduction  metabolites, including naringenin, Asiatic acid, coumarin, indole-3-carboxaldehyde, and feruloyl
in any medium, provided the original author and  putrescine. These findings position Phomopsis sp., SA-5 as a promising source of structurally
source are credited. diverse antimicrobial agents. Future work should focus on elucidating its biosynthetic pathways
and in vivo pharmacological mechanisms to advance the development of plant-derived antifungal
and antibacterial therapeutics.
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Endophytes have emerged as valuable biological systems for
understanding host—microbe interactions and as effective mediators in
. o . o ’ the discovery of structurally unique and pharmacologically significant
entirely within the tissues of living plants. These fungi often do not pose secondary metabolites. Consequently, they represent a productive and
a threat to their host and instead produce beneficial secondary reliable reservoir for the development of new therapeutic leads in
metabolites with antimicrobial, immunosuppressive, antidiabetic, medicine, pharmaceuticals, and biotechnology, particularly in
anticancer, insecticidal, and antiviral properties.”” Due to genetic addressing emerging and recurrent health challenges. Endophytic fungi,
transfer between endophytic fungi and their host plants, endophytic in particular, are known to produce a wide spectrum of bioactive
fungl can produce_bloactlve compounds and se_condary metabollt_es that compounds, including steroids, alkaloids, terpenoids, quaternary
are identical to, different from_, or even superior to those of their host metabolites, isocoumarins, quinone derivatives, phenolic compounds,
plants. As a resula,sendophytlc fungi tend to generate valuable and flavans, xanthones, and various peptides, many of which exhibit
unique substances.*> Moreover, endophytic fungi also have a short life antimicrobial, antimalarial, antiviral, and anticancer activities. This
cycle and can produce large amounts of bioactive compounds, making expanding biochemical diversity underscores the importance of

them a natural, economical, and environmentally friendly source of continued exploration of endophytic fungi as strategic platforms for
medicinal substances.?¢, This methed of harnessing the great potential natural product discovery and drug development.?

of relationships between endophytic fungi and their host plants offers a Candle bush, or ringworm bush, Senna alata L., has medicinal potential

means of finding new antimicrobial drugs and answering the urgent for treating fungal and bacterial infections. Its leaves are commonly
need for effective treatment.” The search for novel bioactive natural used as medicine by rubbing them on the skin or crushing them and

products has increasingly highlighted endophytic microorganisms as applying them to infected areas. The main active compounds identified
highly promising sources, owing to_their ren_1arkab|e genetic diversity in leaves of S. alata, include alkaloids, saponins, tannins,
and yet largely unexplored metabolic potential. anthraquinones, and flavonoids.® These chemical constituents
*Corresponding author. Email: anugrawanahmar@gmail.com contributes to its bioactivity, i.e. anti-inflammatory, anti-allergic,

Tel: +62 823-3656-3148 antimicrobial, and antioxidant properties, and they are effective against
several types of fungi. .2%reported that the ethanol extract of leaves of S.
alata has shown antimicrobial efficacy against seven clinical bacterial
strains, including Bacillus cereus, B. subtilis, Staphylococcus aureus, S.

Introduction
Endophytic fungi are a group of fungi that live partially or
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epidermidis, Escherichia coli, Klebsiella pneumoniae and Proteus
vulgaris. 1

According to .M the leaf ethanol extract of S. alata at 20% exhibited
antibacterial activity against S. aureus, S. epidermidis, P. aeruginosa,
and P. acnes, with the inhibition zone diameters of 20.03, 30.28, 17.49,
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and 17.03 mm, respectively.** Research by !> demonstrated that the
effectiveness of S. alata leaves at a 50% concentration is comparable to
2% ketoconazole, suggesting its potential as a plant-based alternative to
synthetic antimicrobials.*? ¥ indicated that S. alata leaves contain
bioactive chemicals associated with significant antibacterial efficacy
against Methicillin-resistant Staphylococcus aureus (MRSA).* Beyond
its phytochemical constituents, the endophytic fungi residing within S.
alata leaves may be recognized for their ability to produce unique
metabolite compounds. These metabolites can be predicted and
characterized through molecular modeling approaches, offering
insights into their mechanisms of action and potential as antimicrobial
agents.

This study aims to profile and analyze the metabolite compounds
produced by endophytic fungi isolated from the leaves of S. alata, with
a specific focus on their potential antimicrobial activity. Through
molecular modeling and bioactivity screening, the research seeks to
identify bioactive metabolites that may be candidates for developing
novel, plant-based antimicrobial agents. This study represents the
inaugural integration of antagonistic screening, molecular
identification, and LC-MS/MS metabolite profiling of endophytic
fungus derived from S. alata leaves.

Materials and Methods

Materials

Potato Dextrose Agar (PDA), Potato Dextrose Broth (PDB), Mueller
Hinton Agar (MHA), Nutrient Agar (NA), Nutrient Broth (NB),
Sabouraud Dextrose Agar (SDA) and Yeast ekstract were brought from
Himedia. Nukleon PHYTOPure kit was purchased from Amersham
LIFE SCIENCE. Primer Forward ITS 1 and Reverse ITS 4 were
brought from Macrogen. GoTaqg Green Master Mix 2X and TAE buffer
from Promega. Quick-DNA MagBead Plus Kit from Zymo Research.

Bacterial and Fungal Test Organisms

The bacterial strains P. aeruginosa (ATCC 27853) and S. aureus
(ATCC 2913) were used as test cultures in NA and MHA.. The bacterial
cultures were first placed on NA and incubated at 37 °C for 24 h.
Furthermore, the fungus strains Candida albican (ATCC 14053) and
Malassezia furfur (ATCC 14521) were used as a test culture in PDA
and SDA and incubated at 25 °C for 72 h.

Sample collection and identification

The leaves were collected from Maritengngae District (3°58°25.5” S
119°47°18.5” E), Sidenreng Rappang Regency, South Sulawesi,
Indonesia on January 18, 2025. The plant was identified at the
Laboratory of Traditional Medicine Raw Materials, National Research
and Innovation Agency (BRIN) in Cibinong, West Java, Indonesia (ID
code 201543 and sample No. 6449-201543-1). The endophytic fungi
were isolated using mature leaf tissue. Leaves were selectively
harvested in pristine condition-intact, free from physical damage,
unaffected by insect predation, and devoid of pesticides or external
contaminants such as soil, sand, or dust.

Isolation of endophytic fungi

A sterilization procedure was used on the leaves' surface to avoid
contamination. The fresh leaves were rinsed sequentially with running
tap water, Tween 20, 70% ethanol, and sodium hypochlorite (1:3).
Subsequently, the samples were rewashed with 70% ethanol and sterile
distilled water, then air-dried.** The leaves were cut into 1 cm using a
sterile scalpel in a laminar air flow (Scitek, China). The segments were
then inoculated on sterile PDA supplemented with 0.05%
chloramphenicol and incubated at room temperature (25 °C) for 7 days.
Fungal growth surrounding the leaf tissue was observed as an indication
of endophytic fungal development. The fungal growth surrounding the
plant leaves was sub-cultured onto PDA supplemented with 0.05%
chloramphenicol. Colony morphology and pigmentation were observed
until pure isolates were obtained. Each colony exhibiting a distinct
shape or color was subsequently transferred to fresh PDA.* A total of
seven isolates endophytic fungal were successfully obtained from S.
alata leaves, coded SA-1 to SA-7.
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Morphological identification of the endophytic fungus

Macroscopic identification of fungal isolates was conducted to examine
colony morphology by direct visual observation, focusing on the shape
and color of the colony surface and the edges of the Petri dish. The
fungal isolates were collected using an inoculating needle and
transferred onto sterile glass slides. A drop of lactophenol cotton blue
solution was added, and the samples were examined microscopically
under a light microscope (Olympus CX33 Series, Japan) at 100-400x
magnification.®

Antagonist test

There were 2 methods employed in the screening of the endophytic
fungi as a potential antimicrobial agent i.e. agar plug diffusion and the
agar well diffusion method. The Agar plug diffusion method was
carried out by placing the isolates upside-down in a petri dish containing
the pathogenic bacteria and fungi, and the procedure is similar to that
used in the disk-diffusion method.'® The plates were incubated for 24 h
at 37 °C and 72 h at 25 °C. For the Agar well diffusion method, about
20 pL of the fermentation broth was collected on days 14, 18, and 21,
then introduced into wells containing pathogenic bacteria. The plates
were incubated for 24 h at 37 °C and 72 h at 25 °C. However, only SA-
5 showing significant effects were selected for further evaluation.

Molecular identification of SA-5 endophytic fungi

Extraction of DNA and amplification

Genomic DNA was isolated from approximately 35 pL of fungal
mycelium—harvested in mid-log phase-using the Quick-DNA
MagBead Plus Kit. Briefly, samples were suspended in 400 uL of lysis
buffer and disrupted with 0.5 mm zirconia beads on a bead beater at
5,000 rpm for 2 x 40 s, then incubated with 20 uL Proteinase K at 56
°C for 30 min. After centrifugation, the supernatant was combined with
250 pL binding buffer (20% PEG-8000, 2.5 M NaCl) and 50 pL
magnetic beads, incubated for 10 min at room temperature with gentle
agitation, and washed twice with 500 pL of 80% ethanol. The DNA was
eluted in 50 pL of prewarmed (37 °C) elution buffer (10 mM Tris-HCI,
pH 8.5). The yield and purity were assessed on a NanoDrop ND-2000
(A260/A280 = 1.8-2.0) and quantified via Qubit 3.0 Fluorometer
(dsDNA HS assay). For PCR amplification of the internal transcribed
spacer (ITS) region, 50 ng of genomic DNA was added to a 25 pL
reaction containing 12.5 pL 2X Takara Ex Tag Master Mix (1.5 mM
MgCl, 04 mM each dNTP), 0.5 pM ITS1 primer (5'-
TCCGTAGGTGAACCTGCGG-3"), 0.5 pM ITS4 primer (3'-
TCCTCCGCTTATTGATATGC-5"), and nuclease-free  water.
Amplification was performed on a Takara PCR System with an initial
denaturation at 95 °C for 3 min, 38 cycles of 95 °C for 15 s, 52 °C for
30, 72 °C for 45 s, followed by a 3 min final extension at 72 °C and a
4 °C hold. PCR specificity and amplicon size (~600 bp) were confirmed
on a 1.5% agarose gel in 1X TAE with GelRed, run at 100 V for 30 min.
Before Sanger sequencing, products were purified with EXoSAP-IT to
remove excess primers and dNTPs.

Electrophoresis

To separate and visualize PCR amplicons, a 2% (w/v) agarose gel was
cast by dissolving 1 g of agarose in 100 mL of 1xTAE buffer in a heat-
resistant flask, microwaving for 2 mins until fully liquefied, then
cooling to approximately 60 °C before adding 8 pL of ethidium bromide
(10 mg/mL). The molten gel was poured into a casting tray fitted with
a comb and allowed to solidify at room temperature. Each PCR reaction
(8 pL) was mixed with 2 L of 6xloading dye, loaded into the wells,
and submerged in 1xTAE buffer. Electrophoresis was run at 100 V for
50 min, and DNA bands were visualized under a UV transilluminator
(SLB-01W, MaestroGen Inc., Hsinchu, Taiwan).

Sequencing and species identification using The Basic Local Alignment
Search Tool (BLAST)

Sequencing of the PCR amplicons was outsourced to 1st Base at PT
Genetika Indonesia. The single-pass DNA sequencing method was
chosen to generate single-direction reads. Sequencing reactions
employed the same ITS1 and I1TS4 primers used in PCR amplification
(Thermo Fisher Scientific, USA). Templates were prepared according
to the provider standard Sanger sequencing protocol. Raw
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chromatogram files were delivered and imported into the BioEdit
application for analysis. Chromatograms were visually inspected to
assess signal quality and peak resolution. Low-quality terminal regions
were trimmed based on ambiguous base calls. High-quality reads were
aligned to produce final consensus sequences for each sample.
Consensus sequences were queried against the NCBI nucleotide
database using BLAST. Query coverage was evaluated to measure the
percentage of the sequence aligned. Maximum percent identity scores
were examined to identify the closest database matches—final
organism identification integrated query coverage and maximum
identity metrics.

Phylogenic Analysis

The sequence alignments were subsequently subjected to phylogenetic
reconstruction using MEGAL11 i.e. Molecular Evolutionary Genetics
Analysis, Version 11 (MEGA software, USA-Japan) on Windows 11.

Cultivation and extraction of fungal metabolites

Pure fungal cultures were rejuvenated on slanted PDA and incubated at
25 °C for 3-12 days. Inoculum was collected from the slanted agar and
transferred into eight Erlenmeyer flasks containing 100 mL of PDB
supplemented with yeast extract. Fermentation was carried out under
controlled conditions at 25 °C for 18 days.! Upon completion of
fermentation, the cultures were filtered to separate the mycelial biomass
from the culture broth. The culture broth was then subjected to liquid—
liquid extraction with ethyl acetate (1:1, v/v) using a separatory funnel
and shaken for 20 min to ensure efficient partitioning of extracellular
metabolites. After phase separation, the ethyl acetate layer was
collected and concentrated under reduced pressure using a rotary
evaporator (Bichi, Germany) at 40 °C and approximately 170 mbar,
yielding the ethyl acetate extract.’® Following removal of the ethyl
acetate phase, the remaining aqueous phase constituted the water
extract, which was subsequently concentrated to dryness by
lyophilization using a Lyovapor™ L-200 (Biichi, Germany).

Sample preparation

A stock solution was diluted with about 400 mg of ethyl acetate and
water extracts in 2 mL of 5% DMSO (20%). About 500 pL of stock
solution was transferred to another tube and added 500 pL of water
(10%), and so on until 5 and 2.5% were achieved. In a paper disk (d=6),
20 pL of each sample was dropped and dried.

Antimicrobial activity of endophytic fungal crude extract

Fungal extracts from the SA-5 were subjected to agar disk diffusion to
determine their antimicrobial activities against pathogenic bacteria and
yeast. Bacterial cultures with an optical density of 0.5 at 600 nm were
pipetted (100 pL) into pre-warmed MHA for the antibacterial assay.
The mixture was homogenized and evenly distributed into sterile Petri
dishes, then allowed to solidify at room temperature. Once solidified,
sterile paper disks were placed on the surface of the agar. In the
antifungal assay, fungal cultures standardized to 1 McFarland standard
were pipetted (100 puL) into warm PDA, homogenized, and poured into
Petri dishes. The agar was left to solidify before proceeding. Positive
controls (gentamicin for bacteria and ketoconazole for fungi) and
negative control (5% DMSO) were also applied to separate disks. All
Petri dishes were incubated under appropriate conditions, and the
diameter of the inhibition zones surrounding each disk was measured
using a digital caliper with an accuracy of 0.01 mm.'” Each test was
conducted in independent triplicate. The antibacterial agent gentamicin
(10 pg) and antifungal agent ketoconazole (30 pg) were included in the
assays as positive standards.

LC-MS/MS analysis of secondary metabolites

Secondary metabolites in the most bioactive crude extract from the SA-
5 endophytic fungal strain were characterized using LC-MS/MS (Q
Exactive Plus Thermo Scientific, USA). Analysis was performed on a
UPLC system coupled to a QTof mass spectrometer equipped with a
C18 column (1.8 pum, 2.1 x 100 mm) maintained at 50 °C. The mobile
phase consisted of water containing ammonium formate (A) and
acetonitrile with formic acid (B), delivered at a flow rate of 0.2 mL
min~' with a total run time of 23 min. The dried extract (10 mg) was
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dissolved in methanol, and 5 puL was injected for analysis. Mass
spectrometric detection was conducted using electrospray ionization in
both positive and negative modes over an m/z range of 50-1200.

Statistical Analysis

In MS-DIAL v3.82, raw LC-MS/MS data were first converted to ABF
format using Abf converter 4.0.0 in conjunction with MS FileReader
v2.2.62. Peak detection on the Orbitrap platform applied a minimum
intensity threshold of 10,000 counts, a linear weighted moving average
smoothing (level 4), and a preset minimum peak width. Detected
features were aligned across samples with a 70 % spectral similarity
cutoff, focusing on [M+H] * adducts. Compound annotation was
performed against the RIKEN MS/MS human MSP library
(http://prime.psc.riken.jp/compms/msdial/main.html#MSP,  accessed
on 5" July, 2025) in both positive and negative ionization modes.
Pooled QC injections guided retention time correction and intensity
normalization. Finally, only database matches within a + 10 ppm mass
error window were accepted for downstream qualitative profiling.

Results and Discussion

Fungal Endophytes from S. alata

A total of 7 fungal endophytes (SA-1 to SA-7) were successfully
isolated from the leaf of S. alata. Morphological characterization was
conducted based on colony color and surface texture observed on solid
media. The findings are summarized in Table 1. Distinct colony
pigmentation and surface texture variations were observed among the
isolates, suggesting potential taxonomic diversity. Notably, isolates SA-
3 and SA-6 exhibited pink pigmentation on the reverse side, while SA-
2 showed the deepest coloration with a black underside. Surface
morphology ranged from smooth to rough, with cotton-like textures
predominating in several isolates.

Activities of endophytic fungi as antagonistic agents

The antagonistic potential of the seven endophytic fungal isolates
isolated from the leaf of S. alata (SA-1 to SA-7) against S. aureus, P.
aeruginosa, C. albicans, and M. furfur was evaluated by measuring
zones of inhibition on plug agar assays i.e. agar disk diffusion method
(immediately), and small fermentation assay i.e. agar well diffusion
method (at three time points: day 14, day 18, and day 21), as in Table
2. At the plug-agar stage, only isolates SA-2 (6.46 mm against S.
aureus), SA-6 (6.27 mm against S. aureus), and SA-7 (7.85 mm against
S. aureus; 8.42 mm against P. aeruginosa) displayed antagonism. By
day 14, the well diffusion method, P. aeruginosa became broadly
susceptible: SA-1, SA-2, and SA-3 inhibited its growth with zones of
17.18 mm, 16.23 mm, and 16.14 mm, respectively. Notably, SA-3 also
suppressed M. furfur (25.35 mm), and SA-5 inhibited both P.
aeruginosa (15.24 mm) and C. albicans (19.85 mm). On day 18, S.
aureus susceptibility peaked under SA-4 (16.55 mm) and SA-5 (13.93
mm), while P. aeruginosa was also strongly inhibited by SA-1 (17.50
mm), SA-3 (18.08 mm), SA-4 (17.95 mm), and SA-5 (18.12 mm). SA-
7 exhibited delayed activity against M. furfur (20.53 mm). By day 21,
only SA-3 and SA-5 maintained antagonism: SA-3 inhibited P.
aeruginosa (14.79 mm) and M. furfur (14.97 mm), and SA-5 continued
to suppress P. aeruginosa (17.21 mm) and C. albicans (21.20 mm).
These results highlight isolate-specific and time-dependent antagonistic
profiles, with SA-5 demonstrating the most sustained and broad-
spectrum activity.

Molecular identification of SA-5

An endophytic fungal isolate, designated SA-5, was successfully
isolated and subjected to molecular identification using ITS rRNA gene
sequencing (Figure. 1). BLAST analysis of the ITS sequence against
the NCBI GenBank database revealed a high degree of similarity
between isolate SA-5 and members of the genus Phomopsis (Table 3).
The isolate showed 100% query coverage, E-values of 0.0, and
percentage identity ranging from 98.91% to 99.46%, indicating a
reliable taxonomic match. The highest sequence similarity (99.46%
identity) was observed with Phomopsis sp. isolate 76CG/L (GenBank
accession no. GU066650.1), followed by several other Phomopsis
isolates exhibiting similarly high identity values.
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Table 1: The surface morphology and color of fungal endophytes isolated from the leaf of S. alata

Bottom side

Morphology

Code Upper side

SA-1

SA-2

SA-3

SA-4

SA-5

SA-6

SA-7

Colony Color
- Top: Beige white
- Bottom: brownish black

Solid surface, rough like cotton.

Colony Color
- Top: Gray white to blackish
- Bottom: deep black

Solid surface, smooth.

Colony Color
- Top: tends to be White
- Bottom: pink

Solid surface, smooth like cotton

Colony Color
- Top: tends to be White
- Bottom: white

Thin, cotton-like surface

Colony Color
- Top: tends to be White
- Bottom: beige to gray

Thin, rough, textured surface.

Colony Color
- Top: tends to be White
- Bottom: pink

Thin, cotton-like surface

Colony Color
- Top: beige white
- Bottom: yellowish green

Thick, rough, textured surface.

Additional closely related sequences included strains belonging to the
genus Diaporthe, which showed slightly lower but still significant
sequence identity values (98.91-98.92%). The occurrence of both
Phomopsis and Diaporthe species among the closest matches reflects
the well-documented close phylogenetic relationship between these
genera. To further confirm the molecular identification, a phylogenetic
tree was constructed based on ITS rDNA sequences using the neighbor-
joining method (Figure. 2). The phylogenetic analysis revealed that
isolate SA-5 clustered closely with reference strains of Phomopsis,
forming a well-supported clade distinct from, yet closely related to,
Diaporthe species. This clustering pattern corroborates the BLAST
results and confirms the identification of isolate SA-5 as Phomopsis sp.,

an endophytic fungus associated with S. alata. A phylogenetic tree was
reconstructed using the ITS region sequences from the endophytic
isolate and 12 reference strains (Figure. 2). Two well-supported major
clades emerged (bootstrap > 90 %). The endophytic isolate (Phomopsis
sp. 76C6/G1; GU066650.1) clustered with P. maothokcampi CGMCC
3.17588 (NR 147523.1) and P. terminale CGMCC 3.18183 (NR
147523.1).

This clade received 98 % bootstrap support, indicating a robust
affiliation within the Phomopsis genus. Reference strains of Diaporthe
formed a distinct sister clade, subdivided into two subgroups. Subgroup
Ila comprised D. phoenicicola isolate FJ2-G-3 (MH504753.1) and D.
ychallo-2018 strain Y.H.Yeh 1103 (MK336527.1), with 95 % bootstrap
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Table 2: The diameter of the inhibition zone (mm) on the antagonism test from fungal endophytes isolated from the leaf of S. alata

Diameter of inhibition zone (mm)

S. aureus P. aeruginosa C. albicans M. furfur
Plug agar
SA-1 ND ND ND ND
SA-2 6.46 ND ND ND
SA-3 ND ND ND ND
SA-4 ND ND ND ND
SA-5 ND ND ND ND
SA-6 6.27 ND ND ND
SA-7 7.85 8.42 ND ND
Small fermentation assay on day 14
SA-1 ND 17.18 ND ND
SA-2 ND 16.23 ND ND
SA-3 ND 16.14 ND 25.35
SA-4 ND ND ND ND
SA-5 ND 15.24 19.85 ND
SA-6 ND ND ND ND
SA-7 ND ND 16.06 ND
Small fermentation assay on day 18
SA-1 13.72 17.50 ND ND
SA-2 ND 14.93 ND ND
SA-3 ND 18.08 ND ND
SA-4 16.55 17.95 ND ND
SA-5 13.93 18.12 ND ND
SA-6 ND ND ND ND
SA-7 ND ND ND 20.53
Small fermentation assay on day 21
SA-1 ND ND ND ND
SA-2 ND ND ND ND
SA-3 ND 14.79 ND 14.97
SA-4 ND ND ND ND
SA-5 ND 17.21 21.2 ND
SA-6 ND 14.40 ND ND
SA-7 ND ND ND ND

Note: ND = not detected

— 3,000

— 1,500 1

- 1,000 121
— 900
— 800 P9
— 700 241
- 600 301
— 500
— 400 121 PO
— 300 :
— 200

500—

- 100

(a) (b)

Figure 1: (a) Electrophoresis DNA of SA-5, (b) DNA sequence of ITS fragments of the fungal endophyte of SA-5 isolated from S.
alata. Note: M= DNA Marker, 1= SA-5
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Table 3: ITS sequence similarity of fungal endophyte of SA-5 isolated from S. alata

Scientific

Max

Query E value

Per.

Acc.

Description Name Score  Cover Identity Len Accession
Phomopsis sp. isolate 76CG/L was identified using

rRNA gene sequencing, including the partial 18S rRN_A Phomopsis

gene, ITS1, complet_e 5.8S rRNA gene, ITS2, and partial sp. 1005  100% 0 99.46% 575 GU066650.1
28S rRNA gene regions, which are commonly employed 76CGIL

for reliable fungal identification and phylogenetic

analysis.

Phomopsis sp. isolate 83DZ/L was identified based on

rRNA gene sequencing, including the partial 18S rRNA Phomopsis

gene, complete I_TSl—S.SS—ITSZ r_eglon,_and partial 28S p. 1000 100% O 99.28% 576 GQ407101.1
rRNA gene, which together provide reliable molecular 83DZ/L

evidence for fungal identification and phylogenetic

analysis.

Phomopsis sp. isolate 37GP/S was identified using rRNA

gene sequencing, comprising the partial 18S rRNA gene, Phomopsis

complete ITS1-5.8S5-1TS2 region, and partial 28S rRNA  sp. 998 100% O 99.28% 568 GQ352477.1
gene, which collectively support accurate fungal 37GP/S

identification and phylogenetic analysis.

Phomopsis sp. SAF-2022a isolate oblongitolus4_3 was

molecylarly idgntified based on rRNA gene sequencing, Phomopsis

|ncl_ud|ng partial IT_Sl, complete 5_.88 rRNA and ITS2 sp. SAF- 996 100% 0 99.207% 551 OP070553.1
regions, and a partial large subunit (28S) rRNA gene 20223

sequence, providing reliable support for fungal

identification and phylogenetic placement.

Phomopsis sp. strain SN2 was identified using rRNA

gene sequencing, comprising the partial small subunit Phomopsis

(18S) rRNA gene, complete ITS1-5.85-1TS2 region, and s 994 100% O 99.10% 583 MT012101.1
partial large subunit (28S) rRNA gene, supporting p-

accurate fungal identification and phylogenetic analysis.

Phomopsis sp. isolate NY6760b was identified based on

rRNA gene sequencing, including the partial 18S rRNA  Phomopsis

gene, complete ITS1-5.85-1TS2 region, and partial 28S  sp. 994 100% O 99.10% 558 HM999921.1
rRNA gene, providing reliable molecular evidence for NY6760b

fungal identification and phylogenetic analysis.

Diaporthe sp. strain GMBCC2094 was molecularly

identified using rRNA gene sequencing, comprising the

partial small subunit (18S) rRNA gene, complete ITS1- Diaporthe

5.8S-ITS2 region, and partial large subunit (28S) rRNA  sp. 989 100% 0 98.92% 580 PX088274.1
gene, supporting reliable taxonomic identification and

phylogenetic analysis.

Phomopsis sp. isolate 94NL/T was identified based on

sequencing of the rRNA gene region, including the 18S  Phomopsis

rRNA gene, ITS1, 5.8SrRNA gene, ITS2, and 28SrRNA  sp. 989 100% O 98.92% 573 GU066662.1
gene, providing reliable molecular support for fungal 94NL/T

identification and phylogenetic analysis.

Phomopsis sp. strain P47TD was molecularly identified

using rRNA gene sequencing, comprising partial ITS1, Phomopsis

complete 5.8S rRNA and ITS2 regions, and a partial large s 989 100% O 98.92% 556 MW543017.1
subunit (28S) rRNA gene, supporting accurate fungal p-

identification and phylogenetic analysis.

Diaporthe sp. strain GMBCC2098 was identified using

rRNA gene sequencing, including the partial small

subunit (18S) rRNA gene, complete ITS1-5.8S-ITS2 Diaporthe

region, and partial large subunit (28S) rRNA gene, sp. 989 100% 0 98.92% 594 PX088278.1
providing reliable molecular evidence for taxonomic

identification and phylogenetic analysis.

Diaporthe sp. isolate 49 C-2X (strain PPP-2020) was

molecularly identified based on rRNA gene sequencing, Diaporthe

lncl_udlng partial IT_Sl, complete 5_.85 rRNA and ITS2 sp.1PPP- 987 100% 0 98.91% 554 MT556355.1
regions, and a partial large subunit (28S) rRNA gene, 2020

providing robust support for fungal identification and
phylogenetic placement.
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(2) Phomopsis sp. T6CG/A GUOBEES0.1

(9) Draporthe phoenicicola isolate FJ2-G-3 MWS04753.1

(3) Diaporthe sp. 7 YHY-2018 strain Y. H. Yeh 11103 MK336527.1
(11) Diaporthe arecae isolate DOGE KP050623.1

- (8) Diaporthe pseudomangiferae isofate 32489393MWO0T794.7

(10) Diaporthe perseae isolate SL 18 3 MZ268425.1
(12) Diaporthe eucalyptorum isolate P11 MW488222.1
(4) Phomopsis ternstroemiae CGMCC 3.15183 NR 1475231
(6) Phomopsis mahothocarpi CGMCC 3.15781 NR 147522.1
(5) Phomopsis imoni ICMP 13980 NR 175603.1
n£(?} Phomopsis tubenivora CBS 268 .32 NR 1600661

(13) Fusarnum witzenhausenense CBS 142480 NR 1722761 F

Figure 2: The phylogenetic tree of the ITS sequence of the fungal endophyte of SA-5 isolated from S. alata with its eleven closest
strains, based on ITS DNA sequences, constructed using the neighbor-joining approach

support; and subgroup b contained multiple D. eres complex isolates
(including SL 8 3 MZ264825.1, 3248939/MW001794.1) and D. arecae
isolate DG68 (KP506823.1), supported by a 92 % bootstrap value.
Fusarium witzenhausenense CBS 140680 (NR 172276.1) was used as
the outgroup, anchoring the tree with a clear separation from Phomopsis
and Diaporthe clades. The genetic-distance scale bar (0.020
substitutions per site) underscores the closer relatedness within each
genus than the intergeneric divergence. These results confirm that the
endophytic isolate belongs to the Phomopsis lineage and is most closely
related to P. maothokcampi and P. terminale. At the same time,
Diaporthe species form a separate, well-supported clade.

Bioactive screening of the fermentation broth of endophyte fungi of SA-
5

The ethyl acetate extract of endophytic fungus SA-5 exhibited dose-
dependent antibacterial and antifungal activity (Table 4, Figure. 3)
Against S. aureus, the inhibition zone increased from 9.66+1.44 mm at
2.5 mg/mL to 14.3741.20 mm at 20 mg/mL. A similar trend was
observed for P. aeruginosa, rising from 8.32+1.00 mm to 15.18+1.02
mm over the same concentration range. No activity against C. albicans
was detected at any concentration, whereas M. furfur was inhibited in a
concentration-dependent manner (9.25+1.03 mm to 15.19+0.44 mm).
In contrast, the water extract showed no antibacterial activity at all
tested doses. Antifungal activity against C. albicans appeared only at
>10 mg/mL, with inhibition zones of 12.93+0.91 mm (10 mg/mL) and
15.33+1.66 mm (20 mg/mL). No inhibition of M. furfur was observed
for the water extract. Gentamicin served as the positive control for
bacteria, yielding zones of 19.75+0.69 mm (S. aureus) and 18.01+0.52
mm (P. aeruginosa) in the ethyl acetate series, and 18.49+0.45 mm and
17.73+0.33 mm in the water series. Ketoconazole inhibited C. albicans
and M. furfur by 14.44+1.01 mm and 11.94+0.50 mm in the ethyl

acetate series, and 14.12+0.81 mm and 11.36+0.27 mm in the water
series.

Profile of active compounds from Phomopsis sp. (SA-5) Isolated from
S. alata

Metabolite profiling of the endophytic fungus isolated from S. alata
leaves vyielded 29 detectable compounds. Table 5 presents the
compounds extracted using ethyl acetate, while Table 6 summarizes
those obtained with water as the extraction solvent. The
chromatographic profile revealed distinct retention time variations
ranging from 1.4 to 17.9 minutes in the samples analyzed (Figure. 4).
The number of detected peaks, peak intensity, and peak area
distinguished these variations in the ion chromatogram profiles at
different retention times. Exploring the benefits of the fungus
Phomopsis sp. has shown that this organism can produce secondary
metabolites with broad applications in agriculture, medicine, and
ecology. The compounds it generates can be employed to manufacture
pharmaceuticals, chemical products, and other biological materials.
Ecologically, the fungus plays a role in nutrient cycling within specific
ecosystems. Phomopsis sp. is classified in the phylum Ascomycota and
order Diaporthales, and is considered a synonym of the genus
Diaporthe.® This fungus is characterized by colony formation, with the
initial mycelium appearing white and then turning gray to light brown
when grown on PDA, which aligns with the morphological results for
SA-5.The fungus produces dense pycnidia that range from dark brown
to black, globose to conical in shape, and are often distributed singly or
in clusters.Some conidiophores are frequently branched and septate
within the colony, and the conidia are hyaline (transparent).?
Identifying endophytic fungal molecules underscores the importance of
understanding plant microbial diversity and its potential benefits to
human health. In this study, Forward ITS1 and Reverse ITS4 primers
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Table 4: Antimicrobial activity of the endophyte fungi of SA-5 isolated from S. alata. Data were shown in meanSD.

Diameter of inhibition zone (mm)

Concentration (%) S. aureus P. aeruginosa C. albicans M. furfur
Ethyl acetate extract
25 9.66+1.44 8.32+1.00 ND 9.25+1.03
5.0 12.00+0.31 10.84+0.74 ND 11.24+0.99
10 13.28+0.45 10.97+£1.34 ND 12.674£3.15
20 14.37£1.20 15.18+1.02 ND 15.19+0.44
Gentamicin 19.75+0.69 18.01+0.52 ND -
Ketoconazole - - 14.44+1.01 11.94+0.50
Water extract
25 ND ND ND ND
5.0 ND ND ND ND
10 ND ND 12.93+0.91 ND
20 ND ND 15.33+1.66 ND
Gentamicin 18.49+0.45 17.73+0.33 - -
Ketoconazole - - 14.12+0.81 11.36+0.27

Note: Gentamicin (10 pg/disc), ketoconazole (30 pg/disc), and ND = not detected

Table 5: Profile of active compounds in the ethyl acetate extract of Phomopsis sp.

Retenti Molecular
on Weight Molecule Metabolite name Ontology Biological activities
Time (g/mol) Formula
1.386 27312134  CisH120s Naringenin Flavanones Anticancer,® anti-inflammatory,*
antibacterial?® and antiviral.*®
1.407 118.08747  CsHuNO:2  Betaine Alpha amino acids Anti-inflammatory.*®
1.436 204.08501  CoH17NS: 7-Methylsulfenylheptyl Isothiocyanates No activities
isothiocyanate
1.447 274.1904 Ci7H23sNO2  4-hydroxy-2- 4-hydroxy-2-alkyl No activities
octylquinoline 1-oxide quinolines

1.468 150.07928  CeH7Ns 3-Methyladenine 6-aminopurines No activities
1.489 149.10825  CoH12N2 Nornicotine Pyrrolidinylpyridines  Neuroprotective.*’
1.696 124.04147  CeHsNO:2 Nicotinic acid Pyridinecarboxylic .

acids Neuroprotective. 84
1.851 147.0455 CoHsO2 Coumarin Coumarins and Antioxidant, anticancer, anti-

derivatives inflammatory, and antimicrobial.?°
1.851 165.05608  CoHsO3 p-Coumaric acid Hydroxycinnamic Antimicrobial %

acids
1.872 191.08601  CioH1oN20  Chrysogine Quinazolines Antimicrobial, anticancer,’ and

2 antibacterial 323350
2.223 195.08066  Ci4H100 Anthrone Anthracenes Antimicrobial 3
5.847 247.10907  CisHuuN2O  N-Acetyltryptophan N-acyl-alpha amino Inhibit AChE/Anti
3 acids cholinesterase.!

8.034 1075.5708  Cs3HssO22 Ardisiacrispin B Triterpenoids Anti-inflammatory.5?
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Ethyl acetate extract Water extract

S. aureus

P. aeruginosa

C. albicans

M. furfur

Figure 3: The comparison inhibition zone between ethyl acetate and the water extract of the endophyte fungi of SA-5 isolated from S.
alata against two bacteria and two fungi.
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Table 6: Profile of active compounds in the water extract of Phomopsis sp.

Molecular

Retgntlo Weight Molecule Metabolite name Ontology Biological activities
n Time Formula
(g/mol)
1.457 27217853  CieH21N3O  2-[(2-metilaminoetil)(p- 2- No activities
metoksibenzil)amino] benzylaminopyridin
piridina es

1.478 254.16644  CieH1oN3 Anabasamine Bipyridines and Insecticide.®

oligopyridines

1.83 150.07744  CeH7Ns 3-methyladenine Purines and purine Inhibitor autophagy.>

derivatives

1.83 216.09088  CioHsNsO  Kinetin 6-alkylaminopurines  Antiaging.%®

1.861 123.04336  C7H6O2 4-hydroxybenzaldehyde Hydroxybenzaldehy  Antiparasitic® and

des antioxidant.®’

2.006 185.0946 C7H12N4O2  Diketometribuzin Pyrimidones Herbicide.>®

4.012 29517612  CigH22N20  Cinchonine Cinchona alkaloids Anticancer®® and antimalaria.>®

4.167 247.12921  C%®Hi03 Desmotroposantonin Naphthofurans Anticancer.%

4.209 146.06007  CgH7NO Indole-3-carboxaldehyde  Indoles Antimicrobial.®

4.364 190.05362  CioH7NOs Kynurenic acid Quinoline Neuroprotective and

carboxylic acids anticonvulsant.®

4519 265.15549  Cu4H20N20  Asam (2S)-2-[(2-amino- Dipeptides No activities

3 3-metilbutanoil) amino]-
3-fenilpropanoat
4.653 377.13657  Ci7H20N4O  Lyxoflavin Flavins No activities
6
4.761 265.15765  Ci4H20N20  Feruloylputrescine Hydroxycinnamic Bactericide.%®
3 acids and derivatives

5.408 286.20563  Ci7H19NOs  Piperine Alkaloids and Anti-inflammation, anticancer,

derivatives and bioenhancer.?

6.421 489.35965  CsoHa4g0s Asiatic acid Triterpenoids Wound healing,®®
antimicrobial " anticancer,5
neuroprotection and
inflammation.®®

12.154 387.31186  C22H120s Bourgeanic acid 3-(3- No activities

hydroxyalkanoyloxy

) alkanoic acids

were used to amplify fungal DNA isolated from the leaves of S. alata
(Figure. 1). Agarose gel electrophoresis analysis revealed DNA
fragments of the expected size for ITS amplification. Comparative
study of these sequences against known ITS databases indicated
similarity with the genus Phomopsis. Evolutionary relationships were
then inferred using the two-parameter Kimura method.? This analysis
involved eleven strains from the NCBI database. Sites with data
coverage below 95% were removed. For alignment gaps under 5%,
missing data and ambiguous bases were permitted at any position
(optional partial deletion). Phylogenetic trees were constructed using
MEGA version 11.22 The increasing number of bacterial species
resistant to drugs and disinfectants has led to higher morbidity and
mortality rates. In the year 2025, WHO released its first report on
shortages of drugs and diagnostics for invasive fungal infections. The
WHO noted that infections such as oral and vaginal thrush (Candida
spp.) are becoming increasingly unresponsive to treatment. Diagnostic
tools and therapies are minimal, especially in low- and middle-income
countries. The WHO considers this a serious threat to
immunocompromised patients and has called for immediate,
innovative, research and development efforts.? In response, researchers
are searching for natural metabolites with antimicrobial properties.

This study evaluated the antimicrobial activity of Phomopsis sp. fungal
extracts against the pathogens P. aeruginosa, S. aureus, C. albicans,
and M. furfur. Both the aqueous and ethyl acetate extracts of Phomopsis
sp. produced inhibition zones against all four test organisms. However,
the ethyl acetate extract showed no activity against C. albicans, whereas
the aqueous extract inhibited only C. albicans. Usually Gram-positive
bacteria are quite sensitive to antibacterial activity. This resistance of
Gram-negative bacteria can be caused by the permeability of the cell

wall to bacterial agents, genetically able to overcome various
mechanisms of resistance, mutations in chromosomal genes regulating
the expression of resistance genes and the acquisition of foreign
resistance genes through plasmids, transposons and bacteriophages.
Meanwhile, the strong antifungal activity of endophytic fungi is caused
by the presence of alkaloids such as cytochalasin, terpenoids,
polyketides, propanoic acid, piliformic acid, cordycepin A, ferulic acid,
etc. in their exudates.?® These results indicate that the choice of solvent
for extracting Phomopsis sp. metabolites significantly affects
antimicrobial efficacy The observed inhibition zones against bacterial
and fungal pathogens suggest that Phomopsis sp. extracts hold promise
as antimicrobial agents. Our findings support earlier reports of
antimicrobial activity in Phomopsis sp. extracts isolated from various
host plants.?¢27The antimicrobial spectrum of the ethyl acetate extract
of Phomopsis sp. is broader than that of the aqueous extract. This
indicates that the ethyl acetate fraction contains a higher concentration
of bioactive metabolites, as demonstrated by LC-MS/MS analysis.
Several compounds identified in the ethyl acetate extract, including
naringenin, coumarin, chrysogine, p-coumaric acid, and anthrone, have
been associated with antimicrobial activity.

The research conducted by 2% revealed that naringenin possesses
significant antibacterial efficacy against E. faecalis, a Gram-positive
bacterium frequently inhabiting the gastrointestinal system of people
and animals, and capable of inducing severe illnesses. Homology
modeling and molecular docking analyses demonstrated that naringenin
interacts with the active site of 3-ketoacyl-acyl carrier protein synthase
111, a crucial enzyme that initiates bacterial fatty acid production. The
combination of naringenin with oxacillin or cloxacillin exhibited
synergistic antibacterial activity against MRSA.2
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Figure 4: LC-MS/MS chromatograms of the ethyl acetate (red line) and water (blue line) extracts obtained from endophytic fungi SA-
5, Phomopsis sp.

In the study % coumarin was effective against several pathogenic
bacteria, including E. faecium, S. aureus, K. pneumoniae, Acinetobacter
baumannii, P. aeruginosa, and E. species. In addition, coumarin
exhibited antifungal activity against C. albicans and four other
pathogenic fungi, namely F. oxysporum, A. flavus, Aspergillus niger,
and Cryptococcus neoformans.?® The study de Sousa 3° reported the
activity of p-coumaric acid against Bacillus cereus and B. subtilis, as
well as E. coli, Salmonella spp., Listeria spp., and Clostridium spp.%
Similarly, investigations 3-**demonstrated that chrysogine is effective
against bacterial pathogens such as S. aureus, Bacillus spp., K.
pneumoniae, and P. aeruginosa, as well as the fungal pathogen C.
albicans.®%* In addition, anthrone has been shown to possess
antimicrobial activity against E. coli, Salmonella spp., Vibrio cholerae,
S. aureus, S. typhimurium, and C. albicans.3* Several compounds with
antimicrobial potential were also identified in the aqueous extract,
including indole-3-carboxaldehyde, feruloylputrescine, and asiatic acid.
According to % indole-3-carboxaldehyde is active against S. aureus,
MRSA, E. coli, Bacillus subtilis, and C. albicans.®® Feruloylputrescine
was reported to inhibit aflatoxin B1 production in Aspergillus spp.%®
Moreover, asiatic acid demonstrated antimicrobial properties against
Clostridium difficile, S. aureus, E. faecalis, and P. aeruginosa in its
biofilm form.®” These metabolites likely act directly or indirectly to
influence the observed inhibition zones. The bioactivity of fungal
secondary metabolites has been associated with their ability to interfere
with multiple microbial processes, including cell-wall synthesis,
ergosterol biosynthesis, membrane depolarization, protein synthesis,
nucleic acid synthesis, and other key metabolic pathways. 383
Recently, numerous fungal secondary metabolites have been developed
into novel therapeutic agents, most notably antibiotics. Although a wide
range of compounds from Diaporthe and Phomopsis species have been
reported regarding isolation, structure elucidation, and in vitro activity,
in-depth investigations into their pharmacological mechanisms and
drug development potential remain limited.*° Our metabolite profiling
is consistent with findings by #-*2 which identified alkaloids,
terpenoids, pyrones, and polyketides as the principal classes of
bioactive compounds produced by Phomopsis. These chemical groups
exhibit diverse biological activities, including anti-inflammatory,
antibacterial, and anticancer effects, thus highlighting their potential for
future pharmaceutical applications.*42

Diaporthe (Phomopsis) fungi represent an important resource for
natural product discovery and biosynthetic research. Research on
Diaporthe (Phomopsis) has been primarily focused on the isolation and
structural characterization of new natural compounds, accompanied by
preliminary bioactivity screening. However, investigations into their
biosynthetic genes and enzymes remain scarce, and the bioactivity of
most reported metabolites has only been evaluated under in vitro
conditions.

Conclusion

In this study, the endophytic fungus strain SA-5 exhibited 99.46% DNA
sequence similarity to Phomopsis sp. LC-MS/MS analysis of its ethyl
acetate and aqueous extracts identified 29 metabolites, including
antroquinone, asiatic acid, coumarin, crisotin, feruloylputrescine,
indole-3-carboxaldehyde, and naringenin. Several of these compounds
demonstrated antimicrobial activity, notably by inhibiting the growth of
S. aureus, P. aeruginosa, C. albicans, and M. furfur. These findings
suggest that the SA-5 strain of Phomopsis sp. represents a promising
candidate for further investigation as a potential source of novel
antimicrobial agents. To fully realize the therapeutic potential of these
fungi, further studies are warranted to elucidate the biosynthetic
pathways and pharmacological mechanisms of their highly active
metabolites.
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