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Abstract:

Antimicrobial resistance is an escalating global health threat that necessitates the
discovery of new bioactive compounds. Fungal endophytes, which live asymptomatically
within plant tissues, are increasingly recognized as promising sources of novel secondary
metabolites with antimicrobial activity. In this study, fungal endophytes were isolated
from seven medicinal plant species and screened for antibacterial activity against
clinically relevant bacterial pathogens. A total of 264 morphologically distinct fungal
endophytes were isolated from surface-sterilized root and leaf tissues. Initial antibacterial
screening identified 58 isolates (22%) capable of inhibiting the sensitive Acinetobacter
baumannii strain AB258. Antibacterial isolates were disproportionately derived from root
tissues (74.1%), suggesting that roots represent a particularly rich source of bioactive
endophytes. Of these active isolates, 24 demonstrated broader-spectrum activity against
additional bacterial strains. Fifteen isolates producing the strongest inhibition zones were
selected for crude extract preparation and secondary screening using disc diffusion assays
against a bacterial panel including methicillin-resistant Staphylococcus aureus (MRSA),
Pseudomonas aeruginosa, and Acinetobacter spp. Several extracts exhibited multi-strain
inhibitory activity, with isolates DL16, GB29, and GB2 producing the largest zones of
inhibition. Three candidate isolates (GB2, LV6, and DL16) were prioritized for chemical
investigation. Thin-layer chromatography revealed distinct metabolite profiles, with GB2
displaying the greatest compound separation. Consequently, GB2 was selected for further
purification using flash chromatography, yielding three pure fractions. Minimum
inhibitory concentration (MIC) assays of these fractions revealed relatively high MIC

values (128-256 ug mL™") across tested strains, indicating limited antibacterial potency of



il
individual compounds but suggesting potential synergistic interactions among
metabolites. Overall, this study highlights the diversity of fungal endophytes associated
with medicinal plants and demonstrates their potential as sources of antibacterial

metabolites. These findings support continued exploration of plant-associated fungi for

novel antimicrobial compound discovery.
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Introduction:

The rise of antimicrobial resistance has created an urgent demand for new
therapeutic compounds, as conventional antibiotics are becoming increasingly ineffective
against multidrug-resistant pathogens (Tiwari & Bae, 2022). To address this global health
challenge, natural products remain one of the most promising sources of novel antibiotics,
since the majority of clinically used antimicrobials are derived from microbial metabolites
(Schneider, 2021). Including fungal endophytes, that associate symbiotically with plants
without causing harm to their hosts. These fungi represent a potential valuable reservoir of

bioactive compounds (Hoque et al., 2022; Tiwari & Bae, 2022).

Endophytic fungi inhabit the internal tissues of roots, stems, and leaves, where
they form long-term, mutualistic, commensal, or sometimes latent pathogenic associations
with their plant hosts (Higginbotham et al., 2013; Oliva et al., 2021; Zhou et al., 2021).
Their ecological success is shaped by a combination of host-specific traits and
environmental factors, including soil composition, moisture availability, and climatic
conditions (Ayala et al., 2023; Huusko et al., 2017; Oita et al., 2021). Functionally, fungal
endophytes can influence host physiology by enhancing nutrient uptake, improving stress
tolerance, and producing defensive metabolites that suppress pathogens and herbivores

(Molina-Montenegro et al., 2023; Watts et al., 2023).

Fungi produce a vast diversity of secondary metabolites, small molecules that do
not contribute directly to growth or reproduction but are critical for mediating ecological
interactions such as defense against stressors, competition with microbes, or predator
deterrence (Eagan & Keller, 2025). These metabolites span diverse chemical classes,

including alkaloids, polyketides, terpenoids, and peptides, and they exhibit a wide range



of biological activities such as antimicrobial, cytotoxic, antiparasitic, and neuroprotective
effects (Aly et al., 2010; Jiang et al., 2019; Jia et al., 2024). While fungal secondary
metabolism has been extensively studied in certain groups, endophytic fungi remain
comparatively underexplored. Traditional fungal isolation methods often favor fast-
growing species that thrive in many conditions, which means rare or slow-growing
endophytes are frequently overlooked (Aly et al., 2010). As a result, the diversity of
endophyte-derived metabolites and their ecological functions remain incompletely
characterized, highlighting the need for continued exploration of these organisms for

novel bioactive compounds (James et al., 2020).

Following isolation, the range of applications for endophyte-derived secondary
metabolites spans industry, agriculture, and medicine. These compounds include volatile
aromatics used in perfumery (Monggoot et al., 2017), plant-growth—promoting
metabolites such as indolic auxins produced by Trichoderma spp. (Contreras-Cornejo et
al., 2009), and clinically valuable molecules like ambuic acid with potent antimycotic
activity and the cardiotonic glycoside digoxin (Li et al., 2017; Kaul et al., 2013).
However, beyond these broader applications, one of the most critical and urgently relevant
roles of endophyte-derived metabolites lies in their potential as new antibiotic
compounds. For example, Trichoderma longibrachiatum SMF?2 produces peptaibols such
as trichokonins A (TKA), which strongly inhibit the rice pathogen Xanthomonas oryzae
pv. oryzae. TKA disrupts bacterial membrane integrity, causing cell deformation and
leakage of intracellular contents (Zhang et al., 2022). Likewise, an Aspergillus fumigatus
endophyte from Albizia lucidior produces compounds active against Staphylococcus

aureus that target DNA gyrase and topoisomerase IV (Hussein et al., 2022). More broadly,



natural-product antibiotics, including those derived from endophytes, commonly act on
conserved bacterial processes such as cell-envelope biosynthesis, protein synthesis,
DNA/RNA synthesis, and B-lactamase inhibition, which are major targets in modern

antibiotic discovery (Butler et al., 2024).

The functional diversity of fungal metabolites has led to increased interest in
endophytes from medicinal plants, which are often enriched in fungi capable of producing
biologically active compounds. Medicinal hosts are rich in bioactive phytochemicals
which can provide a selective environment that favors fungi capable of producing
metabolites with therapeutic properties (Toppo et al., 2024). As a result, the
phytochemical environment of medicinal plants may shape the metabolic potential of their
endophytes, increasing the likelihood of isolating fungal strains that produce bioactive
metabolites (Egamberdieva et al., 2017). Bioprospecting studies support this trend, with
medicinal hosts consistently yielding a higher proportion of endophytic fungi that exhibit
antimicrobial, anticancer, and other therapeutically relevant activities compared to non-
medicinal plants (Hashem et al., 2023; El-Zehery et al., 2024). These patterns suggest that
medicinal plants serve as reservoirs for unique fungal diversity that shape endophyte

metabolic potential, increasing the likelihood of discovering novel bioactive metabolites.

Despite substantial interest in fungal secondary metabolism, the majority of fungal
biodiversity remains uncharacterized. Of the estimated 2.2—3.8 million fungal species on
Earth, only ~120,000 have been formally described, and fewer than 5,000 have been
identified as endophytes (Hawksworth & Liicking, 2017; James et al., 2020). This gap
between known and undiscovered fungal diversity reveals how much of endophyte

biology and metabolism is still unexplored. Consequently, bioprospecting endophytic



fungi, particularly those associated with medicinal plants, remains a highly promising
strategy for discovering novel and therapeutically relevant antibacterial metabolites that

may help address the growing challenge of antimicrobial resistance.

This project aims to discover and characterize antibacterial secondary metabolites

from fungal endophytes associated with medicinal plant species. Specifically, I will:

1. isolate fungal endophytes from surface-sterilized tissues of seven plant species and

screen for antibacterial activity

2. produce crude extracts from the top antibacterial producing isolates, followed by
chromatographic fractionation and chemical characterization of the most active

extracts/compounds

Objective 1: Fungal endophytes will be isolated from seven medicinal plants,
which will then be screened for antibacterial activity using agar plug diffusion assays.
Morphological characterization will be performed for all isolates, and DNA-based
identification (ITS sequencing) will be conducted for bioactive strains. We hypothesize
that endophytes from diverse plant hosts will yield a subset of isolates with measurable

antibacterial activity, some of which may represent under characterized or novel taxa.

Objective 2: The fungal isolates demonstrating the highest antibacterial activity
will be fermented in liquid media, and crude extracts will be obtained via solvent
extraction. Crude extracts will first be analyzed using LC-MS to characterize their
metabolite profiles. Extracts showing the highest bioactivity will then be fractionated
using flash chromatography, and the resulting fractions will be evaluated using minimum

inhibitory concentration (MIC) assays to identify antibacterial components. We



hypothesize that chemical profiling and fractionation of the most active extracts will
reveal chemically diverse secondary metabolites, some of which may represent previously

uncharacterized antibacterial compounds

Materials and Methods:

1. Endophyte isolation and antibacterial activity screening

1.1 Host species collection

Endophytic fungi were isolated from seven medicinal plant species (Table 1).
These plants were chosen primarily because they are less widely studied as hosts of
endophytes, providing an opportunity to discover novel fungal taxa and metabolites. They
were also selected because they are locally abundant at the collection sites and have a
documented medicinal history, supporting their relevance as reservoirs of bioactive
endophytes. To maximize the recovery of diverse endophytic taxa from each host, tissues
were sampled from both the rhizosphere (roots) and phyllosphere (leaves). All plant
species, except Arctium lappa, were collected from a residential garden (49.94393° N,
97.05918° W) characterized by heavy clay soil and natural wood mulch in Winnipeg,
Manitoba, Canada. Arctium lappa was collected from a naturalized public area within
Bunn’s Creek Park (49.94910° N, 97.05965° W) in Winnipeg, Manitoba, characterized by
clay and organically enriched loamy soil. Whole plants were collected between early and
late May 2025 and stored in paper envelopes at 4 °C for a maximum of 48 h prior to
processing. Five biological replicates were collected for each plant species, except

Viburnum trilobum, for which one replicate was collected.



Table 1. Medicinal plant species selected for endophyte isolation, including traditional
medicinal uses.

ID Scientific name Medicinal Use Reference
Dandelion (DL) Taraxacum Exhibits anti-inflammatory, (D1 Napoli &

officinale antioxidant, antimicrobial, Zucchetti,

and anticancer activities 2021).

Creeping bluebell Campanula Alleviate inflammation and  (Vasfilova et

(CB) rapunculoides abdominal discomfort al., 2020)
Canadian ginger ~ Asarum canadense Poultice applied to infected  (Cavallito &
(CG) wounds; analgesic effects  Bailey, 1946)
Lily of the valley Convallaria Demonstrates anticancer, (Witkowska
(LV) majalis anti-inflammatory, and et al., 2024)

cardioprotective properties

Sarsaparilla (SS) Aralia nudicaulis  Poultice applied to wounds  (Wang et al.,

and infections; possesses 2006)
anticancer and antioxidant
activity
Greater burdock Arctium lappa Treat infection and wounds;  (Yosri et al.,
(GB) diuretic; reduce fever 2023)
Highbush Viburnum trilobum Exhibits antioxidant, (Sharifi-Rad
Cranberry (HC) antibacterial, anti- etal., 2021)
inflammatory, and cytotoxic
effects

1.2 Medicinal plant sterilization

Plant tissues were surface sterilized following a protocol adapted from Arnold et
al. (2007) and Hamzah et al. (2018), with modifications based on tissue type. Leaf
samples were rinsed under distilled water for 5 min, immersed in 70% ethanol for 1 min,
rinsed in sterile distilled water, treated with 1% sodium hypochlorite (bleach) for 1 min,
rinsed again, then immersed in 70% ethanol for an additional 1 min, followed by a final
rinse of distilled water. Root samples, due to their thicker structure, were treated with
longer exposure: 70% ethanol for 3 min, 1% bleach for 2 min, and a second 70% ethanol
wash for 3 min, with distilled water rinses between and after each step. All samples were

processed in a Class II biosafety cabinet and allowed to air dry on sterile Petri dishes.



Leaf segments were cut into ~0.5—1 cm squares, while root samples were cut into ~1—
1.5 cm pieces with a longitudinal incision to expose internal tissue.
1.3 Fungal endophyte isolation

Following surface sterilization, tissue segments were plated onto 90 x 15 mm Petri
dishes containing one of four media types: malt extract agar (MEA), potato dextrose agar
(PDA), MEA + ampicillin, and PDA + ampicillin, with a final antibiotic concentration of
50 pg/mL. Plates were sealed and incubated at ambient room temperature (22 + 2 °C) for
up to five weeks. Emerging fungal colonies were monitored daily and differentiated based
on macroscopic morphological characteristics. Distinct morphotypes were identified
according to colony color, texture (e.g., powdery versus filamentous growth), radial
growth rate, margin characteristics, and pigmentation observed on both the obverse and
reverse sides of the agar. Morphologically distinct fungal colonies were sub-cultured onto
fresh agar plates to obtain pure isolates. Any isolates initially grown on ampicillin-
supplemented media were subsequently transferred to antibiotic-free media prior to
antibacterial screening to ensure that no observed activity resulted from residual
ampicillin.
1.4 Fungal endophyte identification

Genomic DNA was extracted from fresh fungal mycelium using a modified
cetyltrimethylammonium bromide (CTAB) protocol previously described in Hausner et al.
(1992) and optimized for next generation sequencing (Wai and Hausner, 2021). Whole-
genome sequencing was performed by MicrobesNG (Birmingham, UK) using Illumina

short-read technology.



[llumina reads and contigs were uploaded onto the Galaxy (usegalaxy.eu; Afgan et al.
2018). The reads were initially assessed using FastQC v0.11.9

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and assemblies were

generated with SPAdes vs. 3.14.0 (setting the “--careful” option and assembly graph
option, Bankevich et al. 2012). Bandage (Wick et al. 2015) was used to examine the
assembly graph files generated from SPAdes to aid in the recovery of potential
mitogenome contigs. In addition, GetOrganelle was used to recover mitogenome-derived
reads and to generate mitogenome assemblies (Jin et al., 2020) v1.7.5, with the organelle

type set to fungus mitogenome (i.e., -F fungus_mt).

The assembled mitogenome contigs were annotated using the MFannot program
(Lang et al. 2023; https://megasun.bch.umontreal.ca/cgi-bin/dev_mfa/mfannotinterface.pl;
setting “Genetic Code” to 4) and RNAweasel (Prince et al. 2022;

https://megasun.bch.umontreal.ca/cgi-bin/RNAweasel/RNAweasellnterface.pl; setting to

predict tRNAs, and group I and group II introns.

The isolated mitochondrial sequences were used as BLASTn queries against the
NCBI GenBank nucleotide database to identify closely related taxa and the potential hits

provided guides for nuclear marker selection.

Taxonomic identity was assessed using three commonly applied fungal molecular
markers: the internal transcribed spacer (ITS) region, the B-tubulin gene, and complete
mitochondrial genome sequences. Reference FASTA sequences for these markers were
obtained from NCBI based on literature and database searches. Marker sequences were
imported into the Galaxy Europe platform (usegalaxy.eu) and used as queries to identify

contigs with similar sequences. The recovered “hits” were used to search in NCBI to find


http://usegalaxy.eu/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://megasun.bch.umontreal.ca/cgi-bin/RNAweasel/RNAweaselInterface.pl

similar sequences and for the top hits the sequence identity and query coverage were
recorded.
1.5 Screening for antibacterial activity

Antibacterial activity of fungal endophytes was assessed using the agar plug
diffusion method, following the protocol of Onn et al. (2016) with modifications.
Overnight bacterial cultures (see Table 2) were prepared by inoculating 5 mL of LB broth
in sterile test tubes and incubating at 37 °C for 16—18 hours in a New Brunswick
Excella E24 incubator shaker, set to 220 rpm. Initial antimicrobial screening using the
agar plug diffusion assay was performed against a broader panel of bacterial strains
including both Gram-positive and Gram-negative pathogens, to assess general
antibacterial activity. Bacterial suspensions were then standardized to a 0.5 McFarland
standard using a DensiCHEK densitometer, diluted using 0.85% NaCl solution
(physiological saline). A uniform bacterial lawn was established by swabbing the
standardized suspension across the surface of LB agar plates. One-week-old fungal
endophyte cultures were sampled by cutting 1 cm diameter agar plugs and placed
centrally on a freshly streaked LB plate, later incubated at 37 °C for 24 hours. Zones of
inhibition (cm) produced by fungal endophytes were measured to assess antibacterial
activity. Only fungal isolates that show inhibitory effects toward the bacterial strains in

the preliminary screening were selected for further analysis.



Table 2. Bacterial strains used for antimicrobial screening assays.

10

Strain ID! Bacterial Species Gram Description References
Reaction
AB258 /% Acinetobacter Gram- Efflux-sensitive  (Kornelsen
baumannii negative derivative of A.  etal., 2021)
baumannii ATCC
17978 containing
deletions in
adelJK, adeFGH,
and adeAB
PA(75% Pseudomonas Gram- Efflux-sensitive (Kumar et
aeruginosa negative strain containing al. 2006)
deletions in
mexAB-oprM,
mexCD-oprJ,
mexEF-oprN,
mexJK, mexXY,
and opmH
MRSAT/? Staphylococcus ~ Gram-positive Methicillin- (Turner et
aureus resistant clinical al., 2019)
isolate
AB030f Acinetobacter Gram- MDR clinical (Fernando
baumannii negative isolate et al., 2013)
PA082" Pseudomonas Gram- MDR clinical (Singh et
aeruginosa negative isolate al., 2013)
ATCC 179781 Acinetobacter Gram- Wild type strain ~ (Piechaud
baumannii negative and Second
1951)
PAO1f Pseudomonas Gram- Wild type strain ~ (Holloway
aeruginosa negative 1955)
ATCC 43524 Klebsiella Gram- Reference strain ~ (Brown &
pneumoniae negative widely used for Wilson,
subsp. antiseptic and 1972)
pneumoniae quality-control

testing

'+ Included in primary screening using agar plug diffusion. { Included in downstream
antibacterial disc diffusion assays.

MDR = multidrug resistant, ATCC = American type culture collection
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2. Crude Extraction and Metabolite Characterization

2.1 Fermentation and extraction of fungal crude

For each strain, 250 mL of sterile liquid medium (either malt extract broth or
potato dextrose broth) was prepared in a 1 L Erlenmeyer flask to initiate static
fermentation for secondary metabolite production. A single flask was used per fungal
isolate during the initial fermentation. Agar plugs from actively growing solid fungal
cultures were aseptically transferred into the flasks, that were covered with aluminum
caps, and incubated at 22 + 2 °C under static conditions for approximately 14 days. Fungal
growth was monitored visually, and fermentation was considered complete when a dense

surface mat of mycelium formed.

Extraction of secondary metabolites from each fungal culture was performed
following vacuum filtration of the fermented broth through a ceramic Buchner funnel. The
recovered spent media was acidified to pH 2.5-3.0 using HCI. An equal volume of ethyl
acetate was added to the acidified filtrate (1:1, v/v). After phase separation, the upper
organic layer, containing the extracted metabolites, was collected, while the lower
aqueous layer was retained for an additional extraction using fresh ethyl acetate. The
combined organic layers were dried over anhydrous sodium sulfate, filtered, and
concentrated under reduced pressure using a Biichi Rotavapor R-300 rotary evaporator
(110 rpm, 125 mbar) at 40 °C to remove the ethyl acetate solvent. The remaining crude
extract was rinsed from the flask with methanol and transferred to a glass vial using a
sterile serological pipette. Extracts were allowed to air dry overnight to remove residual

solvent, sealed, and stored at —20 °C until further analysis.
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2.2 Antibacterial disc diffusion assay

Antibacterial activity of fungal crude extracts was evaluated using a disc diffusion
assay following Sharma et al. (2017) with modifications. Sterile 6 mm filter paper discs
were placed onto LB agar plates with overnight bacterial lawns of the test organisms
(Table 2). For downstream analyses, a subset of representative strains was selected to
focus on clinically relevant and antibiotic-resistant pathogens, enabling a more targeted
evaluation of therapeutic potential while maintaining coverage of both Gram-positive and
Gram-negative pathogens. Each disc was loaded with 7 pL of crude extract at a
concentration of 1 g/mL prepared in methanol. Methanol-loaded discs served as controls.
Plates were incubated at 35 + 2 °C for 24 h, after which antibacterial activity was
determined by measuring the diameter of the zone of inhibition surrounding each disc.
2.3 Determining MIC

Minimum inhibitory concentrations (MICs) of the purified fungal extract fractions
were determined using the broth microdilution method following Clinical and Laboratory
Standards Institute (CLSI) guidelines (Wayne, 2019) and adapted from Gill et al. (2023).
Bacterial cultures grew overnight in 5 mL of LB broth and adjusted to a 0.5 McFarland
standard (108 CFU/mL) in 0.85% NaCl using a DensiCHEK densitometer. The adjusted
cultures were diluted in Mueller—Hinton Broth (MHB) to a final bacterial density of
approximately 5 x 10° CFU/mL. 50 uL of purified fractions were prepared in two-fold
serial dilutions from 512 to 16 pg/mL in a 96-well microtiter plate, and each well was
inoculated with the 50 uL of bacterial suspension. Plates were incubated at 37 °C for 16—
20 h. Ciprofloxacin and methanol were included as positive and negative controls,
respectively. The MIC was recorded as the lowest extract concentration at which no

visible bacterial growth was observed.
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2.4 LC-MS/MS Analysis and Fractionation of Fungal Extracts

To characterize the secondary metabolites, present in the fungal extracts, crude
extracts were first analyzed using liquid chromatography—mass spectrometry (LC-
MS/MS). The resulting mass spectral data were uploaded to the Global Natural Products
Social Molecular Networking (GNPS) platform to generate molecular networks and
compare detected features against reference spectral libraries for preliminary metabolite
annotation. This also served as a dereplication step that enabled the rapid identification of
previously reported compounds and prioritized novel metabolites of interest for further

purification.

Following LC-MS/MS-based dereplication, crude extracts from candidate isolates
were subjected to flash column chromatography to separate individual metabolites.
Fractionation was performed using a silica gel stationary phase and an organic solvent
gradient consisting of hexane, ethyl acetate, and methanol of increasing polarity. Eluted
fractions were collected sequentially and monitored by thin layer chromatography (TLC)
using hexane: ethyl acetate (7:3, v/v) as the developing solvent system. Developed plates
were visualized under ultraviolet (UV) illumination to assess the presence and separation
of distinct metabolites. Fractions displaying distinct TLC profiles were retained for further
purification and downstream chemical analysis.

2.5 Statistical analysis

Because the primary objective of this study was exploratory screening for
antibacterial activity among fungal endophyte isolates, results were interpreted
descriptively. Antibacterial activity was evaluated based on the presence or absence of
zones of inhibition and relative differences in inhibition zone size among isolates.

Consequently, no formal statistical analyses were performed.
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Results:

Fungal Isolation and Diversity

A total of 264 fungal endophytes were isolated from surface-sterilized tissues
across the seven medicinal plant species based on colony morphology. Fungal isolation
success varied among hosts, ranging from 21 isolates from dandelion and creeping blue

bell, to 66 isolates from lily of the valley (Figure 1).
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Figure 1. Total number of fungal endophytes isolated from each medicinal plant species.
Bars represent the number of morphologically distinct fungal isolates (n = 264) recovered
from each host plant. Plant abbreviations: Taraxacum officinale (dandelion, DL), Asarum
canadense (canadian ginger, CG), Campanula rapunculoides (creeping bluebells, CB),
Arctium lappa (greater burdock, GB), Viburnum trilobum (highbush cranberry, HC),
Convallaria majalis (lily of the valley, LV), Aralia nudicaulis (sarsaparilla, SS).

Antibacterial Activity of Endophytic Fungal Isolates
Of the 264 isolates, 58 (22%) produced measurable antibacterial activity, as

observed by the presence of zone of inhibitions, against the antibiotic-sensitive AB258

strain, which lacks major efflux pumps and is therefore useful for detecting antibacterial
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metabolites that might otherwise be exported by resistant strains. The distribution of
antibacterial isolates varied substantially among host plants: greater burdock contributed
the most active isolates (20), while Canadian ginger yielded only one (Figure 2). Across
all host plants, antibacterial activity was tissue biased. From the antibacterial fungal
isolates, 74.1% originated from root tissues, whereas only 25.9% were isolated from leaf
tissues (Figure 2). This indicates that roots were the predominant source of endophytes

exhibiting antibacterial activity in the AB258 screening assay.
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Figure 2. Tissue origin (root vs. leaf) of AB258-active fungal endophytes. Bars show the
number of isolates exhibiting antibacterial activity against the sensitive AB258 strain (n =
58), separated by tissue of origin. Root-derived isolates are shown in brown and leaf-
derived isolates in green. Plant abbreviations: Taraxacum officinale (dandelion, DL),
Asarum canadense (canadian ginger, CG), Campanula rapunculoides (creeping bluebells,
CB), Arctium lappa (greater burdock, GB), Viburnum trilobum (highbush cranberry, HC),
Convallaria majalis (lily of the valley, LV), Aralia nudicaulis (sarsaparilla, SS).
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Twenty-four of the 58 isolates (41.4%) inhibited additional bacterial strains (see
Table 2), showing that a substantial proportion of the AB258-active fungi produced
metabolites with broader-spectrum antibacterial properties. Among the 24 isolates, 15
(62.5%) produced stronger ZOIs of 1.5 cm or greater, while 9 isolates (37.5%) produced
smaller zones (<1.5 cm). To streamline downstream work and prioritize isolates with
comparatively higher antibacterial activity, only the 15 strongest isolates were selected for

crude extract production.

All 15 fungal extracts inhibited at least one bacterial strain, with zones of
inhibition (ZOIs) ranging from 1.0-3.6 cm across the panel (Table 3; Figure 3). Several
isolates exhibited broad-spectrum activity: DL16 (ZOIs 2.6-3.6 cm), GB29 (2.2-3.4 cm),
and GB2 (1.7-2.9 cm) inhibited all four test strains. Moderate multi-strain inhibition was
observed for DL18, LV6, and GB41. The efflux-sensitive Pseudomonas aeruginosa strain
PA0750 was the most resistant, inhibited strongly by only DL16 and GB29 with ZOIs of
3.6 cm and 3.4 cm, respectively. In contrast, Acinetobacter baumannii AB258 and MRSA
were inhibited by 13 of 15 extracts, with ZOIs ranging from 1.0-3.3 cm and 1.0-3.2 cm,
respectively. Klebsiella pneumoniae was inhibited by 12 of 15 extracts, with ZOIs ranging
from 1.0-2.6 cm (Table 3). A complete set of crude extract inhibition plates is provided in

the Appendix (Figure A1).
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Table 3. Zone of inhibition (ZOI) values for fifteen crude fungal extracts tested against
the four-strain bacterial panel defined in Table 2. Extracts were prepared at 1 g/mL in
methanol, with methanol serving as the solvent control. Values represent ZOI diameters
(cm) measured using disc diffusion assays. Plant abbreviations: Taraxacum officinale
(dandelion, DL), Asarum canadense (canadian ginger, CG), Campanula rapunculoides
(creeping bluebells, CB), Arctium lappa (greater burdock, GB), Viburnum trilobum
(highbush cranberry, HC), Convallaria majalis (lily of the valley, LV), Aralia nudicaulis
(sarsaparilla, SS).

Zone of Inhibition (cm)
Bacterial Species

Fungal Efﬂ}p{— Efﬂ}l?(— Methicillin— Klebsiella
Strain ID sensitive sensitive resistant pneumoniae
Pseudomonas Acinetobacter Staphylococcus subsp.

aeruginosa baumannii aureus pneumoniae

(PAO75) (AB258) (MRSA) (ATCC 4352)
DL?2 0.0 2.5 1.8 0.0
DL 16 3.6 33 2.6 2.6
DL 18 1.8 2.6 3.2 1.6
LV 6 1.8 2.8 1.8 2.0
LV 12 1.1 2.5 1.6 1.4
HC 12 0.0 1.0 1.1 0.0
GB2 1.8 2.6 2.9 1.7
GB3 1.3 2.0 2.2 1.2
GB 10 1.4 2.2 1.8 1.7
GB 21 1.3 1.5 1.0 1.0
GB 26 1.5 2.2 1.6 1.4
GB 29 34 3.0 2.2 2.2
GB 39 1.9 2.2 1.3 1.0
GB 41 1.5 2.6 2.4 1.8

GB 52 1.3 1.8 1.6 1.2
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Figure 3. Representative disc diffusion assay showing antibacterial activity of a crude
fungal extract against the sensitive AB258 strain. The figure shows an example plate from
crude extracts derived from Viburnum trilobum (highbush cranberry, HC), and
Convallaria majalis (lily of the valley, LV), illustrating how inhibition zones (ZOIs) were
measured to quantify antibacterial activity. Each crude extract was prepared at a
concentration of 1 g/mL in methanol, and methanol alone served as the solvent control.
Clear zones surrounding the extract-loaded discs indicate inhibition of bacterial growth.

Based on the panel screening results, three isolates, DL.16, LV6, and GB2,
were selected for liquid chromatography—mass spectrometry (LC-MS)
characterization. These isolates were prioritized because they exhibited strong and
consistent multi-strain antibacterial activity, produced relatively large zones of
inhibition, and originated from different host plants and tissues, thereby

maximizing the chemical diversity captured for downstream analysis.

Although GB29 showed one of the strongest inhibition zones, it displayed
morphological features like DL16. Both GB29 and DL16 demonstrated rapid
growth on PDA, covering most of the plate surface within 14 days. On the obverse
surface, colonies appeared grey-green and distinctly powdery in texture, consistent
with heavy sporulation, while the reverse side exhibited pronounced yellow—

orange pigmentation visible through the agar (Figure 4). The two isolates
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displayed highly comparable colony morphology, including similar sporulating surfaces
and reverse pigmentation patterns. This shared phenotype suggests that GB29 and DL16
may be taxonomically related and/or possess overlapping biosynthetic capacities. Due to
time constraints, only one representative was advanced; therefore, DL16 was selected
over GB29 because it produced slightly larger ZOlIs and represented the stronger

candidate of the two.

Figure 4. Colony morphology of fungal endophyte isolates GB29 and DL16 grown on
potato dextrose agar (PDA). Obverse (top) and reverse (bottom) views of isolates after
incubation at 25°C for 14 days. On the obverse surface, both GB29 and DL16 formed
dense, powdery grey-green colonies indicative of abundant sporulation, with diffuse
colony margins and near-complete plate coverage. On the reverse side, both GB29 and
DL16 display strong yellow—orange pigmentation visible through the agar.

Molecular Identification of Candidate Endophytic Fungi
For each of the three candidate isolates (DL16, GB2, and LV6) whole-genome

assemblies were analyzed using three molecular markers: the complete mitochondrial
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genome, the internal transcribed spacer (ITS) region, and the B-tubulin gene.
Taxonomic identity was assessed based on percent identity and query coverage

obtained from BLASTn comparisons against the NCBI GenBank database.

For isolate DL16, all three markers showed complete concordance. The
mitochondrial genome sequence exhibited 100% identity and 100% query
coverage to Penicillium digitatum (Table 4). Similarly, both ITS and B-tubulin
sequences showed 100% identity and 100% query coverage to P. digitatum. The
consistent agreement across mitochondrial and nuclear markers supports

unambiguous identification of DL16 as Penicillium digitatum.

Table 4. BLASTn results for multilocus sequence analysis of isolate DL16 using
mitochondrial, internal transcribed spacer (ITS), and B-tubulin markers. The table shows
the top database match, maximum score, total score, query coverage (%), E-value, percent
identity (%), accession length, and accession number for each marker.

Marker Scientific = Max  Total Query E Percent Accession Accession
Name Score Score Coverage value Identity  Length number
(%) (%)

Mitocondrion  Penicillium 24083 24083 100 0 100 28978 NC_015080.1
digitatum

ITS Penicillium 989 989 100 0 100 547 OR468972.1
digitatum

B-tubulin Penicillium 1336 1336 100 0 100 723 KC175444.1
digitatum

Isolate GB2 also demonstrated full agreement among markers with regards
to species designation (Table 5). The mitochondrial genome showed 100% identity
and 100% query coverage to the mtDNA of Trichoderma reesei. The ITS and -
tubulin loci likewise returned 100% identity and 100% query coverage to 7. reesei.

These results consistently support the assignment of GB2 to Trichoderma reesei.


https://www.ncbi.nlm.nih.gov/nucleotide/NC_015080.1?report=genbank&log$=nucltop&blast_rank=1&RID=UE8M8KYE014
https://www.ncbi.nlm.nih.gov/nucleotide/OR468972.1?report=genbank&log$=nucltop&blast_rank=1&RID=UE8G18XT016
https://www.ncbi.nlm.nih.gov/nucleotide/KC175444.1?report=genbank&log$=nucltop&blast_rank=1&RID=UE8GXGR8016
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Table 5. BLASTn results for multilocus sequence analysis of isolate GB2 using
mitochondrial, internal transcribed spacer (ITS), and B-tubulin markers. The table shows
the top database match, maximum score, total score, query coverage (%), E-value, percent
identity (%), accession length, and accession number for each marker.

Marker Scientific Max Total  Query E  Percent Accession  Accession
Name Score Score Coverage value Identity  Length number
(%) (%)
Mitocondrion Trichoderma 11119 11119 100 0 100 42130 NC_003388.1
reesei
ITS Trichoderma 1197 1197 100 0 100 648 MW514156.1
reesei
B-tubulin  Trichoderma 342 342 100 10% 100 231 OM669565.1
reesei

For isolate LV6, the recovered mitochondrial sequence showed 100% identity and
100% query coverage to reference genomes annotated as Alternaria alternata complex in
GenBank (Table 6). To further assess taxonomic placement, ITS and B-tubulin loci were
extracted from the nuclear genome assembly and subjected to BLASTn analysis. Both
markers returned 100% identity and 100% query coverage to entries annotated as
Alternaria alternata. However, the I'TS sequence also produced equivalent 100% identity
matches to several closely related members of the Alternaria alternata species complex.
Similar results were observed for B-tubulin, which matched multiple Alternaria species
with identical identity and coverage values. Due to this lack of resolution among closely
related taxa, species-level assignment based solely on ITS and B-tubulin was not possible,
whereas the complete mitochondrial genome provided a highly specific match to

Alternaria alternata reference sequences.


https://www.ncbi.nlm.nih.gov/nucleotide/NC_003388.1?report=genbank&log$=nucltop&blast_rank=1&RID=UE8ZJ9V8016
https://www.ncbi.nlm.nih.gov/nucleotide/MW514156.1?report=genbank&log$=nucltop&blast_rank=2&RID=UE88AW2M014
https://www.ncbi.nlm.nih.gov/nucleotide/OM669565.1?report=genbank&log$=nucltop&blast_rank=1&RID=UE86A38P016
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Table 6. BLASTn results for multilocus sequence analysis of isolate LV6 using
mitochondrial, internal transcribed spacer (ITS), and B-tubulin markers. The table shows
the top database match, maximum score, total score, query coverage (%), E-value, percent
identity (%), accession length, and accession number for each marker.

Marker Scientific  Max  Total Query E Percent  Accession Accession
Name Score Score Coverage value Identity Length number
(%) (%)

Mitocondrion  Alternaria 36967 36967 100 0 100 57449 pPVv822414.1
alternata

ITS Alternaria 857 857 100 0 100 533 KT375656.1
alternata
complex

B-tubulin Alternaria 1225 1225 100 0 100 809 MG558003.1
alternata
complex

LC-MS/MS Analysis and Chromatographic Fractionation of Bioactive Extracts
LC-MS/MS analysis followed by molecular networking on the GNPS

platform revealed a diverse range of putative secondary metabolites across the
three candidate fungal isolates. A total of 29 putative metabolites were detected in
both the GB2 and LV6 extracts, while 30 putative metabolites were detected in the
DL 16 extract. Of these, 24 metabolites in GB2 and LV6, and 26 metabolites in
DL16, were annotated through comparison with GNPS spectral libraries, while the
remaining features could not be confidently assigned and were classified as
uncharacterized compounds. Detailed lists of both annotated and uncharacterized
metabolites for each extract are provided in Appendix Tables A1-A6. The
annotated metabolites represent a range of compound classes previously reported
to exhibit diverse biological activities, including antibacterial, antioxidant, and

anticancer properties.

Crude extracts from the three candidate isolates (GB2, LV6, and DL16)

were prepared for downstream chemical analysis. However, due to insufficient


https://www.ncbi.nlm.nih.gov/nucleotide/PV822414.1?report=genbank&log$=nucltop&blast_rank=1&RID=UBZYH7UH014
https://www.ncbi.nlm.nih.gov/nucleotide/KT375656.1?report=genbank&log$=nucltop&blast_rank=1&RID=UE6EWS0W016
https://www.ncbi.nlm.nih.gov/nucleotide/MG558003.1?report=genbank&log$=nucltop&blast_rank=1&RID=UCFHNNA8014
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crude extract yield, isolate LV6 could not be subjected to further chromatographic
purification. The remaining extracts were therefore evaluated to determine their

suitability for additional fractionation.

Thin-layer chromatography (TLC) was subsequently performed to assess
compound separation within the fractions obtained from these crude extracts. The TLC
profile of the GB2 fraction revealed multiple distinct bands under UV illumination, with
at least three clearly separated features observed on the chromatographic plate (Figure 5),
suggesting the presence of several chemically distinct compounds. In contrast, fractions
derived from the DL16 extract showed minimal band separation, with only a limited

number of detectable bands observed on the TLC plate.

Figure 5. Thin-layer chromatography (TLC) analysis of a fraction derived from the GB2
crude extract developed using a hexane:ethyl acetate (7:3, v/v) solvent system.
Differences in band number and migration distance reflect variation in compound polarity
among the detected metabolites.



Based on these observations, the GB2 extract was prioritized for further
purification. Additional flash column chromatography was therefore performed to
further resolve the chemical constituents present in the GB2 extract. This
secondary fractionation yielded three pure fractions, which were collected for

future chemical characterization.

Minimum inhibitory concentrations (MICs) were determined for three
purified fractions (GB2 B, GB2 C, and GB2 D) against methicillin-resistant S.
aureus (MRSA) strain, and two Gram-negative 4. baumannii strains, AB258 and
ATCC 17978 (Table 7). All three fractions exhibited similar inhibitory activity
across the strains examined. For the MRSA strain, each fraction produced an MIC
of 256 ng mL™". In contrast, lower MIC values were observed for the AB258 and
ATCC 17978 strains, with all three fractions showing MICs of 128 ug mL™* (Table
7). No differences in inhibitory activity were observed among the three fractions

across the bacterial strains tested.

24
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Table 7. Minimum inhibitory concentrations (MICs) of purified fractions GB2 B, GB2 C,
and GB2 D against methicillin-resistant Staphylococcus aureus (MRSA) and two

Acinetobacter baumannii strains (AB258 and ATCC 17978). MIC values are expressed in
pg mL™" and indicate the lowest concentration required to inhibit visible bacterial growth.

Minimum Inhibitory Concentrations (pg/mL)

Bacterial Species

Purified Fractions Wlld-type Efflux-sensitive Methicillin-resistant
Acinetobacter .
baumannii (XTCC Acinetobacter Staphylococcus
baumannii (AB258) aureus (MRSA)
17978)

GB2 B 128 128 256
GB2C 128 128 256
GB2D 128 128 256

Discussion:

Fungal Diversity and Host Influence

Fungal endophytes are taxonomically diverse and ecologically widespread,
colonizing nearly all plant lineages across a broad range of environments. Their diversity
and distribution are shaped by multiple ecological factors, including host identity, soil
chemistry, moisture availability, geographic location, and climatic conditions (Ayala et al.,
2023; Huusko et al., 2017; Oita et al., 2021). Given that nearly 300,000 terrestrial plant
species may each harbor multiple endophytic fungi, the global diversity of fungal

endophytes is estimated to include several million species (Mishra et al., 2019).

In this study, 264 morphologically distinct fungal endophytes were recovered from
seven medicinal plant species, indicating that all host plants examined support diverse and
culturable endophytic communities. It should be noted, however, that culture-based

isolation approaches capture only the culturable fraction of endophytic communities, and
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a proportion of endophytes may remain undetected due to their inability to grow in pure
culture outside host tissues (Akram et al., 2023). Additionally, morphotype classification
was based solely on macroscopic colony characteristics. As morphological traits can vary
with growth conditions and may overlap among taxa, this approach may have resulted in
underestimation or overestimation of true isolate diversity. Molecular identification would
be required to confirm taxonomic distinctiveness among the 264 morphologically defined

1solates.

The number of isolates recovered varied substantially among hosts, ranging from
21 isolates in dandelion and creeping bluebell to 66 in lily of the valley. The variation in
endophyte isolation success among hosts observed in this study is consistent with
previous multi-host surveys demonstrating that plant species differ widely in the
abundance and diversity of their endophytic fungi. Studies sampling multiple hosts have
similarly found that some plants yield only a small number of endophytes, whereas others
harbor highly diverse communities of fungal endophytes (U’Ren et al., 2012; Wang et al.
2019). These host-dependent differences are commonly attributed to species-specific
traits, including tissue structure and phytochemical composition, that influence fungal
colonization success, in addition to local environmental conditions (AlSharari et al., 2022;

Caruso et al., 2020).

Consistent with these ecological patterns, greater burdock yielded the highest
number of antibacterial isolates (20) among the plants screened in this study. One possible
explanation for the disproportionately high number of antibiotic-producing endophytes
isolated from greater burdock may relate to differences in environmental context between

sampling locations. Greater burdock was sampled from a relatively natural and
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undisturbed habitat at Buns Creek, whereas the other candidate plants were obtained from
managed garden environments. Plants growing in relatively natural or undisturbed
environments are often exposed to a broader diversity of environmental microorganisms
compared with plants cultivated in managed systems (Harrison & Griffin, 2020). Because
many fungal endophytes are horizontally transmitted from surrounding microbial
communities, environmental context can strongly influence the diversity and composition
of plant endophyte assemblages (Christian et al., 2016; Pirttila et al., 2015). Studies
comparing plants grown under different management regimes have demonstrated that
endophytic fungal abundance and diversity are often significantly higher in less
intensively managed environments, such as organic or natural ecosystems, than in
conventional or highly managed systems (Xia et al., 2019). These findings suggest that
plants growing in microbially rich habitats may host more diverse endophyte
communities, increasing the likelihood of isolating strains capable of producing bioactive

secondary metabolites.

Investigating the distribution of endophytic fungi across plant tissues is essential
for identifying reservoirs of bioactive diversity. The phyllosphere (above-ground tissues
such as leaves and stems) and the rhizosphere (root-associated tissues) differ markedly in
their microbial communities. Previous studies show that fungal biodiversity is typically
higher in the rhizosphere than in the phyllosphere because root tissues provide a more
stable, long-lived, and nutrient-rich environment for colonization (Jin et al., 2015;
Hartmann et al., 2008). The rhizosphere is nutrient-rich, with up to 40% of photosynthetic
products released from plant roots entering the surrounding soil, supporting diverse

microbial populations (Contreras-Cornejo et al., 2009).
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The results of this study closely reflect these ecological patterns. Of the 58 isolates
that inhibited A. baumannii AB258, 74.1% originated from roots, while only 25.9% were
recovered from leaves, indicating that most bioactive isolates were associated with below-
ground tissues. This strong root bias is consistent with reports that rhizosphere-associated
fungi exhibit both higher diversity and greater metabolic potential than phyllosphere
endophytes (Jin et al., 2015; Qian et al., 2019; Su et al., 2010). Several ecological
mechanisms may be creating this root-associated bias. In contrast to below-ground
tissues, leaf-associated endophyte communities experience persistent environmental
stressors, including exposure to UV radiation, limited nutrient availability, and
temperature fluctuations over daily cycles. These conditions can restrict fungal
establishment and persistence in leaf tissues, contributing to the generally lower diversity
of leaf-associated endophytic fungi relative to those inhabiting root-associated
environments (Qian et al., 2019; Remus-Emsermann & Schlechter, 2018). Additionally,
the greater abundance of endophytic fungi in roots may be influenced by differences in
tissue longevity. Typically, roots persist for substantially longer periods than leaves and
stems, increasing the opportunity for endophytes to be acquired from the surrounding
environment. This pattern aligns with a predominantly horizontal mode of endophyte
transmission, in which fungi are recruited from the environment over time, leading to

higher endophyte abundance in older, longer-lived root tissues (Su et al., 2010).

Consistent with this expectation, several of the most potent antibacterial isolates
identified in this study, including DL16, GB29, and GB 2, were recovered exclusively
from root tissues. The alignment between our results and prior literature suggests that root

tissues offer greater bioprospecting potential, as their higher endophyte richness yields a
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larger and more chemically diverse set of fungi capable of producing antibacterial
metabolites relevant to drug discovery.
Clinical Relevance of the Antibacterial Screening Panel

To evaluate the antibacterial potential of isolated endophytic fungi against
clinically relevant and antimicrobial-resistant pathogens, the screening panel was
designed to include both Gram-positive and Gram-negative species associated with high

morbidity, mortality, and treatment failure.

Methicillin-resistant S. aureus (MRSA) was included as a representative
antibiotic-resistant Gram-positive pathogen of major clinical importance. MRSA is both a
common commensal organism and a leading cause of serious infections, including
bacteremia, endocarditis, skin and soft tissue infections, and hospital-acquired infections.
Despite declining incidence in some regions, MRSA remains associated with substantial

morbidity and mortality worldwide (Turner et al., 2019).

P. aeruginosa strains (PAO1 and PA082) were selected as opportunistic Gram-
negative pathogens frequently implicated in healthcare-associated infections, particularly
among immuno-compromised patients and individuals with chronic conditions such as
cystic fibrosis, chronic obstructive pulmonary disease, and cancer. P. aeruginosa is well
known for its high resistance to many antibiotics. A major factor is the bacterium’s outer
membrane, which has low permeability compared with many other Gram-negative
bacteria, limiting the passive entry of antibiotics into the cell, even in strains lacking

major efflux pumps (Kriimina et al., 2026).

Clinical isolates of A. baumannii (AB258, AB030, and ATCC17978) were

included due to their role as opportunistic pathogens responsible for severe hospital-
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acquired infections and their well-documented multidrug resistance. Clinical isolates
commonly overexpress resistance-nodulation-division (RND) efflux pumps, which
actively expel antimicrobial agents and contribute to treatment failure (Fernando et al.,
2013). A. baumannii AB258 is the antibiotic sensitive strain used for the preliminary

screening.

K. pneumoniae was included to highlight clinically significant pathogens
associated with antimicrobial resistance (AMR) and hospital-acquired infections.
Globally, it is a major contributor to AMR-related mortality, one of only six pathogens
linked to over 100,000 AMR-related deaths in 2021 (Robles Aguilar et al., 2024). K.
pneumoniae has also emerged as a frequent cause of secondary infections in critically ill
COVID-19 patients, with co-infection rates up to 43% in ICU admissions, most
commonly due to K. pneumoniae, and associated with high mortality (Koupaei et al.,
2024).

Taxonomic Identity and Bioactive Potential of Candidate Endophytes

Fungal species identification has traditionally relied on a combination of spore
morphology, chemotype, and molecular markers (Adeyemo & Schmidt-Heydt, 2024).
However, morphological characteristics and secondary metabolite profiles can vary
widely depending on environmental conditions and may not accurately reflect
phylogenetic relationships, therefore molecular markers have become the most reliable

approach for fungal taxonomy.

The internal transcribed spacer (ITS) region of the ribosomal RNA gene cluster is
considered the universal DNA barcode for fungi because of its high copy number, ease of

amplification, and sufficient variation for species-level identification in many fungal
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groups (Schoch et al., 2012). Additional loci, such as the B-tubulin gene, are often used to
provide improved phylogenetic resolution in certain genera where ITS alone may not
adequately distinguish closely related species (Glass & Donaldson, 1995). Mitochondrial
genomes and mitochondrial markers can also contribute to fungal taxonomy and
phylogenetics because they are typically conserved in structure yet accumulate mutations
at rates that can help resolve evolutionary relationships among closely related taxa

(Aguileta et al., 2014).

For isolate LV6, although mitochondrial sequences showed complete identity to
Alternaria alternata, nuclear markers (ITS and B-tubulin) failed to resolve the isolate to a
single species. Both loci produced identical top matches to multiple A/ternaria taxa. This
likely reflects the well-documented taxonomic complexity of the Alternaria alternata
species complex, in which closely related species share identical ITS and B-tubulin

sequences.

Common nuclear markers, including ITS, B-tubulin, TEF1, and ATPase, often fail
to distinguish closely related Alternaria species (Zhang et al., 2020). Even when multiple
loci are analyzed together, isolates assigned to different species can be indistinguishable,
highlighting the limited resolution of traditional barcodes within the A. alternata species
complex. Broader studies also show that single-gene markers frequently lack sufficient
discriminatory power, and accurate identification often requires multilocus approaches

(Adeyemo & Schmidt-Heydt, 2024

In contrast, mitochondrial genomes provide well-supported phylogenetic
relationships among Alternaria species and contain structural features such as gene

rearrangements, introns, and repetitive elements, that offer additional phylogenetic signal
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beyond single nuclear loci (Liang et al., 2026). Because mitochondrial identity agrees
with nuclear marker placement, the isolate is conservatively assigned to the Alternaria
alternata complex, a group of closely related, morphologically similar species often
indistinguishable using standard barcodes. Future multilocus or genome-scale analyses

would likely improve taxonomic resolution.

A. alternata 1s widely reported as a plant-associated fungus that can occur as both
a pathogen and an asymptomatic endophyte within the 4scomycota phylum (DeMers,
2022). This species has a broad ecological distribution and is frequently isolated from
plant tissues without visible disease symptoms, indicating its ability to colonize hosts in a
non-pathogenic lifestyle. Endophytic isolates of 4. alternata have been reported from
numerous plant species, including crop plants such as strawberry, apple, rapeseed,

soybean, rice, and citrus (DeMers, 2022).

Endophytic A. alternata is also recognized as a source of diverse bioactive
secondary metabolites with potential pharmaceutical and agricultural applications. Several
studies have reported antibacterial compounds produced by endophytic A. alternata,
including polyketides active against phytopathogenic bacteria such as Xanthomonas
oryzae and Ralstonia solanacearum (Zhao et al., 2021). Extracts from endophytic isolates
have also demonstrated antibacterial activity against clinical bacterial strains and
cytotoxic activity against a human lung carcinoma cell line (A549), indicating potential
anticancer properties (Ashoka & Shivanna, 2023). Additionally, 4. alternata extracts have
shown measurable antibacterial activity against bacteria including Bacillus subtilis, S.
aureus, Escherichia coli, K. pneumonia, and P. aeruginosa, along with significant

antioxidant activity (Kusmiati et al., 2024; Sabreen et al., 2015).
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Multilocus sequence analysis consistently identified isolate GB2 as Trichoderma
reesei, with 100% identity and query coverage across mitochondrial and nuclear markers.
Trichoderma reesei is recognized as a filamentous fungus that can occur in multiple
ecological niches, including soil, saprophytic environments, and as an endophyte within
plant tissues (Onofre et al., 2014). Endophytic isolates of 7. reesei have been recovered
from plants such as Solanum surattense, where the fungus was shown to promote wheat
growth and improve plant tolerance under salt stress conditions (Ikram et al., 2019).
Similarly, endophytic 7. reesei isolates obtained from banana tissues have demonstrated
antagonistic activity against Fusarium oxysporum f. sp. cubense, causal agent of Panama

wilt (Savani et al., 2021).

T. reesei is also known to produce a wide range of secondary metabolites with
diverse biological activities. Studies have demonstrated that extracts of 7. reesei exhibit
antibacterial activity against several bacterial pathogens, including S. aureus, E. coli, and
P aeruginosa (Wigati et al., 2024). Endophytic isolates of 7. reesei have also shown
broad-spectrum antibacterial activity against phytopathogenic bacteria such as
Xanthomonas oryzae, Pseudomonas syringae, Agrobacterium tumefaciens, and Ralstonia
solanacearum, with bioactive extracts containing compounds such as phenolics,
flavonoids, and organic acids that may contribute to both antibacterial and antioxidant

activities (Ikram et al., 2019).

Based on multilocus sequence analysis, isolate DL16 was identified as Penicillium
digitatum, with 100% identity and query coverage across mitochondrial and nuclear
markers. The genus Penicillium, comprising more than 200 species, represents one of the

largest and most extensively studied groups of fungi and is well recognized as an
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important source of antibiotics and other bioactive secondary metabolites. Many
Penicillium species occur as endophytes, colonizing plant tissues asymptomatically and
producing metabolites that may protect their host plants against environmental stresses or
microbial pathogens, with potential applications in agriculture, biotechnology, and
pharmaceutical development (Toghueo & Boyom, 2020). However, P. digitatum is not
typically described as an endophyte; rather, it is best known as the causal agent of green

mold disease and a major post-harvest pathogen of citrus fruits (Abd Ali et al., 2023).

P. digitatum is also capable of producing bioactive secondary metabolites. For
example, the metabolite bis-(2-ethylhexyl) phthalate isolated from P. digitatum has
demonstrated antibacterial activity against both Gram-positive and Gram-negative
bacterial pathogens (Abd Ali et al., 2023). In addition, this species produces several indole
alkaloid secondary metabolites, including tryptoquialanines, tryptoquivalines, and
fumiquinazolines, which have been detected during infection of citrus hosts (Costa et al.,
2019). Some of these compounds, such as tryptoquialanine A, have been shown to possess
biological activity, including insecticidal effects, suggesting that P. digitatum may
represent a source of diverse bioactive natural products (Costa et al., 2019).

Chemical Characterization of Antibacterial Metabolites

LC-MS/MS analysis coupled with GNPS molecular networking revealed
numerous putative secondary metabolites across all three fungal extracts. While the
majority of detected features were annotated through spectral library matching, several
metabolites remained uncharacterized. Specifically, five uncharacterized features were
detected in both the GB2 and LV6 extracts, while four uncharacterized metabolites were

identified in the DL16 extract. In natural product discovery workflows, such unmatched
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spectral features are of particular interest, as they may represent previously undescribed
secondary metabolites not currently represented in spectral databases. Fungal endophytes
are well recognized sources of structurally diverse natural products with a wide range of
biological activities, including antibacterial, antioxidant, and anticancer compounds
(Newman and Cragg, 2020; Keller, 2019). Molecular networking platforms such as GNPS
facilitate the rapid prioritization of potentially novel compounds by highlighting
metabolites that lack reference spectra in existing libraries (Wang et al., 2016; Nothias et
al., 2020). Therefore, the uncharacterized metabolites detected in these extracts represent
promising targets for future structural elucidation and bioactivity screening to determine

whether they possess previously unreported chemical scaffolds or biological activities.

The relatively high MIC values observed for fractions GB2 B, GB2 C, and GB2 D
indicate that these purified compounds exhibit limited antibacterial potency when tested
individually. However, the earlier disc diffusion assays demonstrated clear zones of
inhibition, suggesting that the antibacterial phenotype may not be attributable to a single

compound alone.

One possible explanation is that the bioactivity observed in crude extracts results
from synergistic interactions among multiple metabolites, which may be reduced or lost
following chromatographic separation (Liu et al., 2025). Synergistic antimicrobial
interactions are well documented, where the combined activity of two or more compounds
produces greater inhibitory effects than individual agents alone. Such interactions can
enhance pathogen killing, disrupt multiple cellular targets, or reduce the concentration

required for antimicrobial activity (Baym et al., 2016).
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Compounds that exhibit limited antimicrobial activity individually may still play
an important role in combination therapies, where interactions among metabolites can
produce synergistic effects that enhance overall antibacterial efficacy (Woods, & Read,
2023). Additionally, these metabolites may function as antibiotic adjuvants, compounds
that enhance the efficacy of existing antimicrobials rather than acting as strong antibiotics
independently (Dhanda et al., 2023). Identifying metabolites with adjuvant properties
represents an increasingly important strategy for addressing antimicrobial resistance, as
such compounds can restore or enhance the effectiveness of existing antibiotic therapies.
Future work should therefore evaluate both synergistic interactions among these fractions
and their capacity to potentiate conventional antibiotics, which may reveal combinatorial

effects that reduce MIC values and enhance antibacterial activity.

Although the discovery of entirely novel fungal genera is often prioritized due to
their potential to harbor unique and unexplored chemistry, well-characterized genera such
as Alternaria, Penicillium, and Trichoderma continue to yield previously uncharacterized
compounds, underscoring their ongoing relevance for antimicrobial discovery (Bao et al.,

2025; Pathak et al., 2020).

Filamentous fungi have historically yielded clinically important antibiotics, yet
genomic and metabolomic evidence indicates that their biosynthetic capacity is far from
exhausted (Correia et al., 2023; Pathak et al., 2020). Recent estimates suggest that fungi
may produce over 1.4 million secondary metabolites, the vast majority of which remain
uncharacterized (Riedling & Rokas, 2025). In this context, the isolates examined here
represent promising systems for further investigation, not only as sources of individual

antibacterial compounds but also for their potential to exhibit synergistic interactions and
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antibiotic adjuvant activity. Exploring both the chemical diversity and combinatorial
effects of these metabolites may reveal novel strategies to enhance antibacterial efficacy

and address antimicrobial resistance.

Conclusion:

Overall, this study demonstrates that medicinal plants harbor diverse communities
of fungal endophytes capable of producing antibacterial metabolites. These findings
contribute to the growing body of evidence that fungal endophytes represent an
underexplored reservoir of natural products with potential applications in antimicrobial

drug discovery.

Future work should focus on structural characterization of the bioactive
metabolites present in GB2 fractions using analytical techniques such as LC—MS and
NMR spectroscopy, which is essential for resolving molecular structures and confirming
compound identities. Optimization of culture conditions may also improve metabolite
yields from promising isolates, including LV6 and DL16, enabling further chemical
investigation. In addition, molecular identification and phylogenetic analysis will be
important to more precisely resolve the taxonomic placement of the LV6 isolate within the
Alternaria complex, which contains many closely related and difficult-to-distinguish
species. Future studies should also evaluate the potential for synergistic interactions
among purified fractions and their capacity to act as antibiotic adjuvants, including testing
combinations of metabolites and co-administration with existing antibiotics to assess
whether such interactions enhance antibacterial efficacy. Together, these approaches will
help clarify both the chemical diversity and taxonomic identity of these endophytes and

further evaluate their potential as sources of novel antimicrobial compounds.



38

References:

Abd Ali, M., Darweesh, A., & Matar, M. (2023). Isolation and characterization of an antibacterial
compound bis-(2-ethylhexyl) phthalate from the fungi Penicillium digitatum.
Biomedicine, 43(5), 1607-1612. https://doi.org/10.51248/.v4315.3264

Abdel-Salam, O. M., Youness, E. R., Mohammed, N. A., Morsy, S. M., Omara, E. A., & Sleem,
A. A. (2014). Citric acid effects on brain and liver oxidative stress in lipopolysaccharide-
treated mice. Journal of medicinal food, 17(5), 588—598.
https://doi.org/10.1089/jmf.2013.0065

Adeyemo, A., & Schmidt-Heydt, M. (2024). Expansion of the multi-locus gene alignment
approach to improve identification of the fungal species Alternaria alternata. International
Journal of Food Microbiology, 421, Article 110746.
https://doi.org/10.1016/j.ijfoodmicro.2024.110746

Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M., Chilton, J., Clements,
D., Coraor, N., Griining, B. A., Guerler, A., Hillman-Jackson, J., Hiltemann, S., Jalili, V.,
Rasche, H., Soranzo, N., Goecks, J., Taylor, J., Nekrutenko, A., & Blankenberg, D.
(2018). The Galaxy platform for accessible, reproducible and collaborative biomedical
analyses: 2018 update. Nucleic Acids Research, 46(W1), W537-W544.
https://doi.org/10.1093/nar/gky379

Aguileta, G., de Vienne, D. M., Ross, O. N., Hood, M. E., Giraud, T., Petit, E., & Gabaldon, T.
(2014). High Variability of Mitochondrial Gene Order among Fungi. Genome Biology and
Evolution, 6(2),451-465. https://doi.org/10.1093/gbe/evu028

Akram, S., Ahmed, A., He, P., He, P, Liu, Y., Wu, Y., Munir, S., & He, Y. (2023). Uniting the
Role of Endophytic Fungi against Plant Pathogens and Their Interaction. Journal of Fungi
(Basel), 9(1), 72. https://doi.org/10.3390/j0f9010072

AlSharari, S. S., Galal, F. H., & Seufi, A. M. (2022). Composition and Diversity of the Culturable
Endophytic Community of Six Stress-Tolerant Dessert Plants Grown in Stressful Soil in a


https://doi.org/10.51248/.v43i5.3264
https://doi.org/10.1089/jmf.2013.0065
https://doi.org/10.1016/j.ijfoodmicro.2024.110746
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1093/gbe/evu028
https://doi.org/10.3390/jof9010072

39

Hot Dry Desert Region. Journal of Fungi (Basel), 8(3), Article 241.
https://doi.org/10.3390/j0f803024 1

Aly, A. H., Debbab, A., Kjer, J., & Proksch, P. (2010). Fungal endophytes from higher plants: a
prolific source of phytochemicals and other bioactive natural products. Fungal Diversity,
41(1), 1-16. https://doi.org/10.1007/s13225-010-0034-4

Arnold, A. E., Henk, D. A., Eells, R. L., Lutzoni, F., & Vilgalys, R. (2007). Diversity and
phylogenetic affinities of foliar fungal endophytes in loblolly pine inferred by culturing
and environmental PCR. Mycologia, 99(2), 185-206.
https://doi.org/10.3852/mycologia.99.2.185

Ashok, D., Pervaram, S., Chittireddy, V. R. R., Reddymasu, S., & Vuppula, N. K. (2018).
Stereoselective total synthesis of (—)-pyrenophorol. Chemical Papers, 72(4), 971-977.
https://doi.org/10.1007/s11696-017-0331-4

Ashoka, G. B., & Shivanna, M. B. (2023). Metabolite profiling, in vitro and in silico assessment
of antibacterial and anticancer activities of Alternaria alternata endophytic in Jatropha
heynei. Archives of Microbiology, 205(2), Article 61. https://doi.org/10.1007/s00203-022-
03388-6

Ayala, S., Thomas, V., Nelson, G., & Soti, P. (2023). Soil conditions regulate the patterns of root
colonization by fungal endophytes in Guinea grass (Megathyrsus maximus). Symbiosis
(Philadelphia, Pa.), 91(1-3), 101-105. https://doi.org/10.1007/s13199-023-00944-6

Azhagiya Singam, E. R., Tachachartvanich, P., La Merrill, M. A., Smith, M. T., & Durkin, K. A.
(2019). Structural Dynamics of Agonist and Antagonist Binding to the Androgen
Receptor. The Journal of Physical Chemistry. B, 123(36), 7657-7666.
https://doi.org/10.1021/acs.jpcb.9b05654

Bailly, C. (2021). Anticancer properties of caudatin and related C-21 steroidal glycosides from
Cynanchum plants. Steroids, 172, Article 108855.
https://doi.org/10.1016/].steroids.2021.108855

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., Lesin, V. M.,
Nikolenko, S. I., Pham, S., Prjibelski, A. D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N,
Tesler, G., Alekseyev, M. A., & Pevzner, P. A. (2012). SPAdes: A New Genome Assembly
Algorithm and Its Applications to Single-Cell Sequencing. Journal of Computational
Biology, 19(5), 455-477. https://doi.org/10.1089/cmb.2012.0021



https://doi.org/10.3390/jof8030241
https://doi.org/10.1007/s13225-010-0034-4
https://doi.org/10.3852/mycologia.99.2.185
https://doi.org/10.1007/s11696-017-0331-4
https://doi.org/10.1007/s00203-022-03388-6
https://doi.org/10.1007/s00203-022-03388-6
https://doi.org/10.1007/s13199-023-00944-6
https://doi.org/10.1021/acs.jpcb.9b05654
https://doi.org/10.1016/j.steroids.2021.108855
https://doi.org/10.1089/cmb.2012.0021

40

Bao, M., Shi, Y., Gong, X., Guo, Y., Wang, J., Chen, X., & Liu, L. (2025). New bioactive
secondary metabolites from fungi: 2024. Mycology, 16(3), 961-987.
https://doi.org/10.1080/21501203.2025.2526772

Baym, M., Stone, L. K., & Kishony, R. (2016). Multidrug evolutionary strategies to reverse
antibiotic resistance. Science (American Association for the Advancement of Science),
351(6268), 40—40. https://doi.org/10.1126/science.aad3292

Bedir, E., Karakoyun, C., Dogan, G., Kuru, G., Kiiciiksolak, M., & Yusufoglu, H. (2021). New
Cardenolides from Biotransformation of Gitoxigenin by the Endophytic Fungus Alternaria

eureka E1BL1: Characterization and Cytotoxic Activities. Molecules (Basel,
Switzerland), 26(10), 3030. https://doi.org/10.3390/molecules26103030

Bernatova, 1. (2018). Biological activities of (—)-epicatechin and (—)-epicatechin-containing
foods: Focus on cardiovascular and neuropsychological health. Biotechnology Advances,
36(3), 666—681. https://doi.org/10.1016/j.biotechadv.2018.01.009

Burns, R. L. (1999). Hydrotropic properties of a novel alkylnaphthalene sulfonate. Journal of
Surfactants and Detergents, 2(4), 483—488. https://doi.org/10.1007/s11743-999-0096-1

Butler, M. S., Vollmer, W., Goodall, E. C. A., Capon, R. J., Henderson, 1. R., & Blaskovich, M. A.
T. (2024). A Review of Antibacterial Candidates with New Modes of Action. 4ACS
Infectious Diseases, 10(10), 3440-3474. https://doi.org/10.1021/acsinfecdis.4c00218

Cao, N, Liu, X., Hou, Y., Deng, Y., Xin, Y., Xin, X., Xiang, X., Liu, X., & Yu, W. (2023). 18-a-
glycyrrhetinic acid alleviates oxidative damage in periodontal tissue by modulating the
interaction of Cx43 and JNK/NF-«kB pathways. Frontiers in Pharmacology, 14, Article
1221053. https://doi.org/10.3389/fphar.2023.1221053

Caruso, G., Golubkina, N., Tallarita, A., Abdelhamid, M. T., & Sekara, A. (2020). Biodiversity,
Ecology, and Secondary Metabolites Production of Endophytic Fungi Associated with
Amaryllidaceae Crops. Agriculture (Basel), 10(11), Article 533.
https://doi.org/10.3390/agriculture10110533



https://doi.org/10.1080/21501203.2025.2526772
https://doi.org/10.1126/science.aad3292
https://doi.org/10.3390/molecules26103030
https://doi.org/10.1016/j.biotechadv.2018.01.009
https://doi.org/10.1007/s11743-999-0096-1
https://doi.org/10.1021/acsinfecdis.4c00218
https://doi.org/10.3389/fphar.2023.1221053
https://doi.org/10.3390/agriculture10110533

41

Cavallito, C. J. & Bailey, J. H. (1946). Antibacterial substances from Asarum canadense;
isolation, physical properties and antibacterial action. Journal of the American Chemical
Society. 68489-492. https://doi.org/10.1021/ja01207a039

Chibuye, B., Singh, I. S., Chimuka, L., & Maseka, K. K. (2024). In silico and ADMET molecular
analysis targeted to discover novel anti-inflammatory drug candidates as COX-2
inhibitors from specific metabolites of Diospyros batokana (Ebenaceae). Biochemistry
and Biophysics Reports, 39, Article 101758. https://doi.org/10.1016/].bbrep.2024.101758

Christian, N., Sullivan, C., Visser, N. D., & Clay, K. (2016). Plant Host and Geographic Location
Drive Endophyte Community Composition in the Face of Perturbation. Microbial
Ecology, 72(3), 621-632. https://doi.org/10.1007/s00248-016-0804-y

Cipollina, C., Di Vincenzo, S., Siena, L., Di Sano, C., Gjomarkaj, M., & Pace, E. (2016). 17-0x0-
DHA displays additive anti-inflammatory effects with fluticasone propionate and inhibits
the NLRP3 inflammasome. Scientific Reports, 6(1), Article 37625.
https://doi.org/10.1038/srep37625

Clark, J. W. (2006). Rubitecan. Expert Opinion on Investigational Drugs, 15(1), 71-79.
https://doi.org/10.1517/13543784.15.1.71

Contreras-Cornejo, H. A., Macias-Rodriguez, L., Cortés-Penagos, C., & Lopez-Bucio, J. (2009).
Trichoderma virens, a plant beneficial fungus, enhances biomass production and promotes
lateral root growth through an auxin-dependent mechanism in Arabidopsis. Plant
Physiology (Bethesda), 149(3), 1579-1592. https://doi.org/10.1104/pp.108.130369

Correia, J., Borges, A., Simdes, M., & Simdes, L. (2023). Beyond Penicillin: The Potential of
Filamentous Fungi for Drug Discovery in the Age of Antibiotic Resistance. Antibiotics
(Basel), 12(8), 1250. https://doi.org/10.3390/antibiotics 12081250

Costa, J. H., Bazioli, J. M., de Vilhena Aratjo, E., Vendramini, P. H., de Freitas Porto, M. C.,
Eberlin, M. N., Souza-Neto, J. A., & Fill, T. P. (2019). Monitoring indole alkaloid
production by Penicillium digitatum during infection process in citrus by Mass
Spectrometry Imaging and molecular networking. Fungal Biology, 123(8), 594—600.
https://doi.org/10.1016/j.funbi10.2019.03.002



https://doi.org/10.1021/ja01207a039
https://doi.org/10.1016/j.bbrep.2024.101758
https://doi.org/10.1007/s00248-016-0804-y
https://doi.org/10.1038/srep37625
https://doi.org/10.1517/13543784.15.1.71
https://doi.org/10.1104/pp.108.130369
https://doi.org/10.3390/antibiotics12081250
https://doi.org/10.1016/j.funbio.2019.03.002

42

Dammene Debbih, O., Mazouz, W., Benslama, O., Zouchoune, B., Selatnia, 1., Bouchene, R., Sid,
A., Bouacida, S., & Mosset, P. (2024). Hydrazone analogs as DNA gyrase inhibitors and
antioxidant agents: Structure-activity relationship and pharmacophore modeling. Journal
of Chemical Sciences, 136(2), Article 32. https://doi.org/10.1007/s12039-024-02264-8

De Napoli, L., Messere, A., Palomba, D., Piccialli, V., Evidente, A., & Piccialli, G. (2000).
Studies toward the Synthesis of Pinolidoxin, a Phytotoxic Nonenolide from the Fungus
Ascochyta pinodes. Determination of the Configuration at the C-7, C-8, and C-9 Chiral
Centers and Stereoselective Synthesis of the C6—C18 Fragment. Journal of Organic
Chemistry, 65(11), 3432—-3442. https://doi.org/10.1021/j0991722f

DeMers, M. (2022). Alternaria alternata as endophyte and pathogen. Microbiology (Society for
General Microbiology), 168(3). https://doi.org/10.1099/mic.0.001153

Deng, X., Zhao, P., Zhou, X., & Bai, L. (2021). Excellent sustained-release efficacy of herbicide
quinclorac with cationic covalent organic frameworks. Chemical Engineering Journal
(Lausanne, Switzerland : 1996), 405, Article 126979.
https://doi.org/10.1016/j.cej.2020.126979

Derosa, G., Maffioli, P., Scelsi, L., Bestetti, A., Vanasia, M., Cicero, A. F. G., Spinardi, L.,
Bentivenga, C., Esposti, D. D., Caprio, M., Borghi, C., Pitt, B., & Cosentino, E. (2019).
Canrenone on cardiovascular mortality in congestive heart failure: CanrenOne eFFects on
cardiovascular mortality in patiEnts with congEstlve hearT failure: The COFFEE-IT
study. Pharmacological Research, 141, 46. https://doi.org/10.1016/j.phrs.2018.11.037

Dhanda, G., Acharya, Y., & Haldar, J. (2023). Antibiotic Adjuvants: A Versatile Approach to
Combat Antibiotic Resistance. ACS Omega, 8(12), 10757-10783.
https://doi.org/10.1021/acsomega.3c00312

Di Napoli, A., & Zucchetti, P. (2021). A comprehensive review of the benefits of Taraxacum
officinale on human health. Bulletin of the National Research Centre, 45(1), Article 110.
https://doi.org/10.1186/s42269-021-00567-1

Eagan, J. L., & Keller, N. P. (2025). Fungal secondary metabolism. Current Biology, 35(11),
R503—-R508. https://doi.org/10.1016/j.cub.2025.02.029



https://doi.org/10.1007/s12039-024-02264-8
https://doi.org/10.1021/jo991722f
https://doi.org/10.1099/mic.0.001153
https://doi.org/10.1016/j.cej.2020.126979
https://doi.org/10.1016/j.phrs.2018.11.037
https://doi.org/10.1021/acsomega.3c00312
https://doi.org/10.1186/s42269-021-00567-1
https://doi.org/10.1016/j.cub.2025.02.029

43

Egamberdieva, D., Wirth, S., Behrendt, U., Ahmad, P., & Berg, G. (2017). Antimicrobial activity
of medicinal plants correlates with the proportion of antagonistic endophytes. Frontiers in
Microbiology, 8, 199—-199. https://doi.org/10.3389/fmicb.2017.00199

Egawa, D., Itoh, T., Akiyama, Y., Saito, T., & Yamamoto, K. (2016). 17-OxoDHA Is a PPARa/y
Dual Covalent Modifier and Agonist. ACS Chemical Biology, 11(9), 2447-2455.
https://doi.org/10.1021/acschembio.6b00338

El-Soudany, 1., Attia, N., Emad, R., & Rezk, S. (2024). The Effect of Citric and Ascorbic Acids as
Anti-Biofilm and Anti-Capsular Agents on Multidrug-Resistant Acinetobacter baumannii.
Medical Principles and Practice, 33(3), 281-290. https://doi.org/10.1159/000537852

El-Zehery, H. R. A., Ashry, N. M., Faiesal, A. A., Attia, M. S., Abdel-Maksoud, M. A., El-
Tayeb, M. A., Aufy, M., & El-Dougdoug, N. K. (2024). Antibacterial and anticancer
potential of bioactive compounds and secondary metabolites of endophytic fungi isolated

from Anethum graveolens. Frontiers in Microbiology, 15, 1448191.
https://doi.org/10.3389/fmicb.2024.1448191

Fang, Z.-E., Wang, Y., Bian, S., Qin, S., Zhao, H., Wen, J., Liu, T., Ren, L., Li, Q., Shi, W., Zhao,
J., Yang, H., Peng, R., Wang, Q., Bai, Z., & Xu, G. (2024). Helenine blocks NLRP3
activation by disrupting the NEK7-NLRP3 interaction and ameliorates inflammatory
diseases. Phytomedicine (Stuttgart), 122, Article 155159.
https://doi.org/10.1016/j.phymed.2023.155159

Fernando, D., Zhanel, G., & Kumar, A. (2013). Antibiotic resistance and expression of resistance-
nodulation-division pump- and outer membrane porin-encoding genes in Acinetobacter
species isolated from Canadian hospitals. Canadian Journal of Infectious Diseases and
Medical Microbiology, 24(1), 17-21. https://doi.org/10.1155/2013/696043

Formato, M., Crescente, G., Scognamiglio, M., Fiorentino, A., Pecoraro, M. T., Piccolella, S.,
Catauro, M., & Pacifico, S. (2020). (-)-Cannabidiolic Acid, a Still Overlooked Bioactive
Compound: An Introductory Review and Preliminary Research. Molecules (Basel,
Switzerland), 25(11), 2638. https://doi.org/10.3390/molecules25112638

Frolova, S. G., Vatlin, A. A., Maslov, D. A., Yusuf, B., Buravchenko, G. 1., Bekker, O. B.,
Klimina, K. M., Smirnova, S. V., Shnakhova, L. M., Malyants, 1. K., Lashkin, A. L., Tian,
X., Alam, M. S., Zatonsky, G. V., Zhang, T., Shchekotikhin, A. E., & Danilenko, V. N.
(2023). Novel Derivatives of Quinoxaline-2-carboxylic Acid 1,4-Dioxides as
Antimycobacterial Agents: Mechanistic Studies and Therapeutic Potential.


https://doi.org/10.3389/fmicb.2017.00199
https://doi.org/10.1021/acschembio.6b00338
https://doi.org/10.1159/000537852
https://doi.org/10.3389/fmicb.2024.1448191
https://doi.org/10.1016/j.phymed.2023.155159
https://doi.org/10.1155/2013/696043
https://doi.org/10.3390/molecules25112638

44

Pharmaceuticals (Basel, Switzerland), 16(11), Article 1565.
https://doi.org/10.3390/ph16111565

Gao, X., Zhang, S., Wang, L., Yu, L., Zhao, X., Ni, H., Wang, Y., Wang, J., Shan, C., & Fu, Y.
(2020). Anti-Inflammatory Effects of Neochlorogenic Acid Extract from Mulberry Leaf
(Morus alba L.) Against LPS-Stimulated Inflammatory Response through Mediating the
AMPK/Nrf2 Signaling Pathway in A549 Cells. Molecules (Basel, Switzerland), 25(6),
1385. https://doi.org/10.3390/molecules25061385

Gill, H., Sykes, E. M. E., Kumar, A., & Sorensen, J. L. (2023). Isolation of bioactive metabolites
from soil derived fungus-Aspergillus fumigatus. Microorganisms (Basel), 11(3), 590.
https://doi.org/10.3390/microorganisms11030590

Glass, N. L., & Donaldson, G. C. (1995). Development of primer sets designed for use with the
PCR to amplify conserved genes from filamentous ascomycetes. Applied and
Environmental Microbiology, 61(4), 1323—1330. https://doi.org/10.1128/AEM.61.4.1323-
1330.1995

Glushakova, A. M., & Kachalkin, A. V. (2023). Yeast community succession in cow dung
composting process. Fungal Biology, 127(6), 1075-1083.
https://doi.org/10.1016/j.funbio.2023.06.001

Goga, M., Balaz, M., Daneu, N., Elecko, J., Tkac¢ikova, L., Marcin¢inova, M., & Backor, M.
(2021). Biological activity of selected lichens and lichen-based Ag nanoparticles prepared
by a green solid-state mechanochemical approach. MATERIALS SCIENCE AND
ENGINEERING C-MATERIALS FOR BIOLOGICAL APPLICATIONS, 119, Article
111640. https://doi.org/10.1016/j.msec.2020.111640

Gutsche, M., Pfaff, D., & Podlech, J. (2024). Synthesis of the Altertoxin I Framework. European
Journal of Organic Chemistry, 27(3). https://doi.org/10.1002/ejoc.202301052

Hamzah, T. N. T., Lee, S. Y., Hidayat, A., Terhem, R., Faridah-Hanum, 1., & Mohamed, R.
(2018). Diversity and characterization of endophytic fungi isolated from the tropical
mangrove species, Rhizophora mucronata, and identification of potential antagonists
against the soil-borne fungus, Fusarium solani. Frontiers in Microbiology, 9, Article

1707. https://doi.org/10.3389/fmicb.2018.01707



https://doi.org/10.3390/ph16111565
https://doi.org/10.3390/molecules25061385
https://doi.org/10.3390/microorganisms11030590
https://doi.org/10.1128/AEM.61.4.1323-1330.1995
https://doi.org/10.1128/AEM.61.4.1323-1330.1995
https://doi.org/10.1016/j.funbio.2023.06.001
https://doi.org/10.1016/j.msec.2020.111640
https://doi.org/10.1002/ejoc.202301052
https://doi.org/10.3389/fmicb.2018.01707

45

Hao, X., Wang, Y., Hou, M.-J., Liao, L., Yang, Y. X., Wang, Y.-H., & Zhu, B. T. (2025).
Raloxifene Prevents Chemically-Induced Ferroptotic Neuronal Death In Vitro and In
Vivo. Molecular Neurobiology, 62(3), 3934-3955. https://doi.org/10.1007/s12035-024-
04497-7

Harrison, J. G., & Griffin, E. A. (2020). The diversity and distribution of endophytes across
biomes, plant phylogeny and host tissues: how far have we come and where do we go
from here? Environmental Microbiology, 22(6), 2107-2123. https://doi.org/10.1111/1462-
2920.14968

Hartmann, A., Rothballer, M., & Schmid, M. (2008). Lorenz Hiltner, a pioneer in rhizosphere
microbial ecology and soil bacteriology research. Plant and Soil, 312(1/2), 7-14.
https://doi.org/10.1007/s11104-007-9514-z

Hashem, A. H., Attia, M. S., Kandil, E. K., Fawzi, M. M., Abdelrahman, A. S., Khader, M. S.,
Khodaira, M. A., Emam, A. E., Goma, M. A., & Abdelaziz, A. M. (2023). Bioactive
compounds and biomedical applications of endophytic fungi: a recent review. Microbial
Cell Factories, 22(1), Article 107. https://doi.org/10.1186/s12934-023-02118-x

Hashimoto, T., Rathore, H., Satoh, D., Griffin, J. F., From, A. H. L., Ahmed, K., Fullerton, D. S.,
& Hong, G. (1986). Cardiac glycosides. 6. Gitoxigenin C16 acetates, formates,
methoxycarbonates, and digitoxosides. Synthesis and Na+,K+-ATPase inhibitory
activities. Journal of Medicinal Chemistry, 29(6), 997-1003.
https://doi.org/10.1021/jm00156a017

Hausner, G., Reid, J., & Klassen, G. R. (1992). Do galeate-ascospore members of the

cephaloascaceae, endomycetaceae and ophiostomataceae share a common phylogeny?
Mycologia, 84(6), 870. https://doi.org/10.2307/3760285

Hawksworth, D. L., & Liicking, R. (2017). Fungal diversity revisited: 2.2 to 3.8 million species.
Microbiology Spectrum, 5(4). https://doi.org/10.1128/microbiolspec.funk-0052-2016

He, Y.-Q., Yao, B.-H., & Ma, Z.-Y. (2011). Diterpenoid alkaloids from a Tibetan medicinal plant
Aconitum richardsonianum var. pseudosessiliflorum and their cytotoxic activity. Journal
of Pharmaceutical Analysis, 1(1), 57-59. https://doi.org/10.1016/S2095-1779(11)70010-7



https://doi.org/10.1007/s12035-024-04497-7
https://doi.org/10.1007/s12035-024-04497-7
https://doi.org/10.1111/1462-2920.14968
https://doi.org/10.1111/1462-2920.14968
https://doi.org/10.1007/s11104-007-9514-z
https://doi.org/10.1186/s12934-023-02118-x
https://doi.org/10.1021/jm00156a017
https://doi.org/10.2307/3760285
https://doi.org/10.1128/microbiolspec.funk-0052-2016
https://doi.org/10.1016/S2095-1779(11)70010-7

46

Hellwig, V., Grothe, T., Mayer-Bartschmid, A., Endermann, R., Geschke, F.-U., Henkel, T., &
Stadler, M. (2003). Altersetin, a New Antibiotic from Cultures of Endophytic Alternaria
spp. Taxonomy, Fermentation, Isolation, Structure Elucidation and Biological Activities.
ChemlInform, 34(12), no-no. https://doi.org/10.1002/chin.200312204

Holloway, B. W. (1955). Genetic recombination in Pseudomonas aeruginosa. Microbiology,
13(3), 572-581. https://doi.org/10.1099/00221287-13-3-572

Hoque, N., Afroz, F., Khatun, F., Rony, S. R., Hasan, C. M., Rana, Md. S., & Sohrab, Md. H.
(2022). Physicochemical, pharmacokinetic and cytotoxicity of the compounds isolated
from an endophyte Fusarium oxysporum: in vitro and in silico approaches. Toxins, 14(3),
Atrticle 159. https://doi.org/10.3390/toxins 14030159

Houbraken, J. A. M. P, Frisvad, J. C., & Samson, R. A. (2010). Taxonomy of Penicillium
citrinum and related species. Fungal Diversity, 44(1), 117-133.
https://doi.org/10.1007/s13225-010-0047-z

Huneck, S., Schmidt, J., & Tabacchi, R. (1989). Thermal Decomposition of Lichen Depsides.
Zeitschrift Fiir Naturforschung. B, A Journal of Chemical Sciences, 44(10), 1283—1289.
https://doi.org/10.1515/znb-1989-1023

Hussein, M. E., Mohamed, O. G., El-Fishawy, A. M., El-Askary, H. L., El-Senousy, A. S., El-
Beih, A. A., Nossier, E. S., Naglah, A. M., Almehizia, A. A., Tripathi, A., & Hamed, A. A.
(2022). Identification of Antibacterial Metabolites from Endophytic Fungus Aspergillus
fumigatus, Isolated from Albizia lucidior Leaves (Fabaceae), Utilizing Metabolomic and
Molecular Docking Techniques. Molecules (Basel, Switzerland), 27(3), 1117.
https://doi.org/10.3390/molecules27031117

Huusko, K., Ruotsalainen, A. L., & Markkola, A. M. (2017). A shift from arbuscular mycorrhizal
to dark septate endophytic colonization in Deschampsia flexuosa roots occurs along
primary successional gradient. Mycorrhiza, 27(2), 129-138.
https://doi.org/10.1007/s00572-016- 0736-x

Ikram, M., Ali, N., Jan, G., Hamayun, M., Jan, F. G., & Igbal, A. (2019). Novel antimicrobial and
antioxidative activity by endophytic Penicillium roqueforti and Trichoderma reesei
isolated from Solanum surattense. Acta Physiologiae Plantarum, 41(9), Article 164.
https://doi.org/10.1007/s11738-019-2957-z



https://doi.org/10.1002/chin.200312204
https://doi.org/10.1099/00221287-13-3-572
https://doi.org/10.3390/toxins14030159
https://doi.org/10.1007/s13225-010-0047-z
https://doi.org/10.1515/znb-1989-1023
https://doi.org/10.3390/molecules27031117
https://doi.org/10.1007/s11738-019-2957-z

47

Ikram, M., Ali, N, Jan, G., Igbal, A., Hamayun, M., Jan, F. G., Hussain, A., & Lee, 1.-J. (2019).
Trichoderma reesei improved the nutrition status of wheat crop under salt stress. Journal
of Plant Interactions, 14(1), 590-602. https://doi.org/10.1080/17429145.2019.1684582

Isbister, J. C., Strocchi, M., Riedy, M., Yeates, L., Gray, B., Singer, E. S., Bagnall, R. D., Ingles,
J., Raju, H., Semsarian, C., Niederer, S. A., & Sy, R. W. (2025). Noninvasive assessment
of hydroquinidine effect in Brugada syndrome (QUIET BrS). Heart Rhythm, 22(11),
2906-2916. https://doi.org/10.1016/j.hrthm.2024.12.014

James, T. Y., Stajich, J. E., Hittinger, C. T., & Rokas, A. (2020). Toward a fully resolved fungal
tree of life. Annual Review of Microbiology, 74(1), 291-313.
https://doi.org/10.1146/annurev-micro-022020-051835

Jia, H., Wu, L., Liu, R, Li, J., Liu, L., Chen, C., Li, J., Zhang, K., Liao, J., & Long, Y. (2024).
Penifuranone A: a novel alkaloid from the mangrove endophytic fungus Penicillium
crustosum SCNU-F0006. International Journal of Molecular Sciences, 25(9), 5032-.
https://doi.org/10.3390/ijms25095032

Jiang, C.-X., Li, J., Zhang, J.-M., Jin, X.-]., Yu, B., Fang, J.-G., & Wu, Q.-X. (2019). Isolation,
identification, and activity evaluation of chemical constituents from soil fungus Fusarium
avenaceum SF-1502 and endophytic fungus Fusarium proliferatum AF-04. Journal of
Agricultural and Food Chemistry, 67(7), 1839—1846.
https://doi.org/10.1021/acs.jafc.8b05576

Jin, H., Yang, X., Lu, D., Li, C., Yan, Z., Li, X., Zeng, L., & Qin, B. (2015). Phylogenic diversity
and tissue specificity of fungal endophytes associated with the pharmaceutical plant,
Stellera chamaejasme L. revealed by a cultivation-independent approach. Antonie van
Leeuwenhoek, 108(4), 835-850. https://doi.org/10.1007/s10482-015-0538-8

Jin, J.-J., Yu, W.-B., Yang, J.-B., Song, Y., dePamphilis, C. W., Yi, T.-S., & Li, D.-Z. (2020).
GetOrganelle: a fast and versatile toolkit for accurate de novo assembly of organelle
genomes. Genome Biology, 21(1), Article 241. https://doi.org/10.1186/s13059-020-02154-
S

Jin, X., Wang, Y., Li, X., Tan, X., Miao, Z., Chen, Y., Hamdy, R. C., Chua, B. H. L., Kong, J.,
Zhao, H., & Xu, X. (2015). 7,8-Dihydroxy-4-methylcoumarin Provides Neuroprotection
by Increasing Hippocalcin Expression. Neurotoxicity Research, 27(3), 268-274.
https://doi.org/10.1007/s12640-014-9507-7



https://doi.org/10.1080/17429145.2019.1684582
https://doi.org/10.1016/j.hrthm.2024.12.014
https://doi.org/10.1146/annurev-micro-022020-051835
https://doi.org/10.3390/ijms25095032
https://doi.org/10.1021/acs.jafc.8b05576
https://doi.org/10.1007/s10482-015-0538-8
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1007/s12640-014-9507-7

48

Kalsoom Khan, F., Kluting, K., Téngrot, J., Urbina, H., Ammunet, T., Eshghi Sahraei, S., Rydén,
M., Ryberg, M., & Rosling, A. (2020). Naming the untouchable - environmental
sequences and niche partitioning as taxonomical evidence in fungi. IMA Fungus, 11(1),
23-23. https://doi.org/10.1186/s43008-020-00045-9

Kaul, S., Gupta, S., Ahmed, M., & Dhar, M. K. (2012). Endophytic fungi from medicinal plants:
a treasure hunt for bioactive metabolites. Phytochemistry Reviews, 11(4), 487-505.
https://doi.org/10.1007/s11101-012-9260-6

Keller, N. P. (2019). Fungal secondary metabolism: regulation, function and drug discovery.
Nature Reviews. Microbiology, 17(3), 167—180. https://doi.org/10.1038/s41579-018-0121-

Khanam, H., & Shamsuzzaman. (2015). Bioactive Benzofuran derivatives: A review. European
Journal of Medicinal Chemistry, 97, 483—504.
https://doi.org/10.1016/j.ejmech.2014.11.039

Kim, H.-Y., Kang, H.-G., Choi, Y.-J., Kim, H.-M., & Jeong, H.-J. (2023). Caudatin attenuates
inflammatory reaction by suppressing JNK/AP-1/NF-kB/caspase-1 pathways in
activated HMC-1 cells. Food Science and Biotechnology, 32(8), 1101-1109.
https://doi.org/10.1007/s10068-023-01251-y

Konyalioglu, S. et al. (2007) The potential antioxidant effect of raloxifene treatment: a study on
heart, liver and brain cortex of ovariectomized female rats. Cell biochemistry and
function. [Online] 25 (3), 259-266. https://doi.org/10.1002/cbf.1328

Kornelsen, V., Unger, M., & Kumar, A. (2021). Atorvastatin does not display an antimicrobial
activity on its own nor potentiates the activity of other antibiotics against Acinetobacter
baumannii ATCC17978 or A. baumannii AB030. Access Microbiology, 3(11), 000288.
https://doi.org/10.1099/acmi.0.000288

Koupaei, M., Asadi, A., Mahdizade Ari, M., Seyyedi, Z. S., Mohammadi, F., Afifi rad, R.,
Ghanavati, R., Rezaei Khozani, N., Darbandi, A., & Masjedian Jazi, F. (2024). Secondary
Klebsiella pneumoniae infection in patients with COVID-19: A systematic review.
Diagnostic Microbiology and Infectious Disease, 108(2), Article 116105.
https://doi.org/10.1016/j.diagmicrobio.2023.116105



https://doi.org/10.1186/s43008-020-00045-9
https://doi.org/10.1007/s11101-012-9260-6
https://doi.org/10.1038/s41579-018-0121-
https://doi.org/10.1016/j.ejmech.2014.11.039
https://doi.org/10.1007/s10068-023-01251-y
https://doi.org/10.1099/acmi.0.000288
https://doi.org/10.1016/j.diagmicrobio.2023.116105

49

Krimina, A., Zeltina, 1., Simsone, P., Eulitz, E., Reinis, A., & Viksna, L. (2026). [Rev. of
Mechanisms of Pseudomonas aeruginosa Resilience Against Antibiotic Treatment and
Outlooks of Emerging Treatment Strategies|. Medicina (Kaunas, Lithuania), 62(1), 163.
https://doi.org/10.3390/medicina62010163

Kumar, A., Chua, K.-L., & Schweizer, H. P. (2006). Method for Regulated Expression of Single-
Copy Efflux Pump Genes in a Surrogate Pseudomonas aeruginosa Strain: Identification of
the BpeEF-OprC Chloramphenicol and Trimethoprim Efflux Pump of Burkholderia
pseudomallei 1026b. Antimicrobial Agents and Chemotherapy, 50(10), 3460-3463.
https://doi.org/10.1128/AAC.00440-06

Brown, C. P., & Wilson, F. H. (1972). Corrected Identification of a Test Organism (ATCC 4352)
Previously Thought to be Escherichia coli. Applied Microbiology, 23(3), 661-661.
https://doi.org/10.1128/AEM.23.3.661-661.1972

Kumar, N., Gupta, G., Anilkumar, K., Fatima, N., Karnati, R., Reddy, G. V., Giri, P. V., &
Reddanna, P. (2016). 15-Lipoxygenase metabolites of a-linolenic acid, [13-(S)-HPOTrE
and 13-(S)-HOTTE], mediate anti-inflammatory effects by inactivating NLRP3
inflammasome. Scientific Reports, 6(1), Article 31649. https://doi.org/10.1038/srep3 1649

Kusmiati, K., Fanani, A., Nurkanto, A., Purnaningsih, I., Mamangkey, J., Ramadhani, I.,
Nurcahyanto, D. A., Simanjuntak, P., Afiati, F., [rawan, H., Puteri, A. L., Ewaldo, M. F., &
Juanssilfero, A. B. (2024). Profile and in silico analysis of metabolite compounds of the
endophytic fungus Alternaria alternata K-10 from Drymoglossum piloselloides as
antioxidants and antibacterials. Heliyon, 10(6), Article €27978.
https://doi.org/10.1016/j.heliyon.2024.e27978

Lang, B. F., Beck, N., Prince, S., Sarrasin, M., Rioux, P., & Burger, G. (2023). Mitochondrial
genome annotation with MFannot: a critical analysis of gene identification and gene
model prediction. Frontiers in Plant Science, 14, 1222186.
https://doi.org/10.3389/1pls.2023.1222186

Li, W., Li, S.-G,, Li, L., Yang, L.-J., Li, Z.-S., Li, X., Ye, A.-Y., Xiong, Y., Zhang, Y., & Xiong,
Y.-Y. (2023). Soyasaponin I alleviates hypertensive intracerebral hemorrhage by inhibiting

the renin-angiotensin-aldosterone system. Clinical and Experimental Hypertension
(1993), 45(1), 2177667. https://doi.org/10.1080/10641963.2023.2177667

Li, Y., Steenwyk, J. L., Chang, Y., Wang, Y., James, T. Y., Stajich, J. E., Spatafora, J. W.,
Groenewald, M., Dunn, C. W., Hittinger, C. T., Shen, X.-X., & Rokas, A. (2021). A


https://doi.org/10.3390/medicina62010163
https://doi.org/10.1128/AAC.00440-06
https://doi.org/10.1128/AEM.23.3.661-661.1972
https://doi.org/10.1038/srep31649
https://doi.org/10.1016/j.heliyon.2024.e27978
https://doi.org/10.3389/fpls.2023.1222186
https://doi.org/10.1080/10641963.2023.2177667

50

genome-scale phylogeny of the kingdom Fungi. Current Biology, 31(8), 1653-1665.¢5.
https://doi.org/10.1016/j.cub.2021.01.074

Liang, L., Feng, Y., Han, Z., Zhang, F., Fu, A., Gao, X., Liu, W., Yang, Q., Yang, J., & Tang, W.
(2026). Comparative analysis of mitochondrial genomes and evolutionary characteristics

of five Alternaria species causing potato leaf spot diseases. Fungal Biology, 130(1),
Article 101715. https://doi.org/10.1016/j.funbio.2025.101715

Lin, F.,, Pan, A., Ye, Y., & Liu, J. (2021). Simultaneous determination of monocrotaline and its N-
oxide metabolite in rat plasma using LC-MS/MS: Application to a pharmacokinetic study.
Biomedical Chromatography, 35(12), €5207-n/a. https://doi.org/10.1002/bmc.5207

Liu, F,, Ren, J., Zhang, P., Sun, W., Liu, W., Smith, A. D., Li, R. W., & Yang, H. (2025).
Exploiting strong synergies between punicalagin and cefoperazone to combat methicillin-
resistant Staphylococcus aureus infections. NPJ Biofilms and Microbiomes, 11(1), Article
193. https://doi.org/10.1038/s41522-025-00822-7

Macédo, A. P. A., Muiioz, V. R., Cintra, D. E., & Pauli, J. R. (2022). 12,13-diHOME as a new
therapeutic target for metabolic diseases. Life Sciences (1973), 290, Article 120229.
https://doi.org/10.1016/1.1fs.2021.120229

Matsuda, Y., Awakawa, T., & Abe, 1. (2013). Reconstituted biosynthesis of fungal meroterpenoid
andrastin A. Tetrahedron, 69(38), 8199—8204. https://doi.org/10.1016/j.tet.2013.07.029

Matsumura, T., Uryu, O., Matsuhisa, F., Tajiri, K., Matsumoto, H., & Hayakawa, Y. (2020). N-
acetyl-I-tyrosine is an intrinsic triggering factor of mitohormesis in stressed animals.
EMBO Reports, 21(5), €49211-n/a. https://doi.org/10.15252/embr.201949211

Mazzanti, A., Maragna, R., Vacanti, G., Kostopoulou, A., Marino, M., Monteforte, N., Bloise, R.,
Underwood, K., Tibollo, V., Pagan, E., Napolitano, C., Bellazzi, R., Bagnardi, V., &
Priori, S. G. (2017). Hydroquinidine Prevents Life-Threatening Arrhythmic Events in
Patients With Short QT Syndrome. Journal of the American College of Cardiology,
70(24), 3010-3015. https://doi.org/10.1016/j.jacc.2017.10.025

McCullough, P. E., Yu, J., & Johnston, C. R. (2016). Physiological Basis for Bermudagrass
Control with Ethofumesate in Seashore Paspalum and St. Augustinegrass. Crop Science,
56(3), 1306—1313. https://doi.org/10.2135/cropsci2015.06.0359



https://doi.org/10.1016/j.cub.2021.01.074
https://doi.org/10.1016/j.funbio.2025.101715
https://doi.org/10.1002/bmc.5207
https://doi.org/10.1038/s41522-025-00822-7
https://doi.org/10.1016/j.lfs.2021.120229
https://doi.org/10.1016/j.tet.2013.07.029
https://doi.org/10.15252/embr.201949211
https://doi.org/10.1016/j.jacc.2017.10.025
https://doi.org/10.2135/cropsci2015.06.0359

51

Mishra, R., Kushveer, J. S., & Sarma, V. V. (2019). A worldwide list of endophytic fungi with
notes on ecology and diversity. Mycosphere, 10(1), 798-836.
https://doi.org/10.5943/mycosphere/10/1/19

Molina-Montenegro, M. A., Escobedo, V. M., & Atala, C. (2023). Inoculation with extreme
endophytes improves performance and nutritional quality in crop species grown under

exoplanetary conditions. Frontiers in Plant Science, 14, 1139704.
https://doi.org/10.3389/fpls.2023.1139704

Monggoot, S., Popluechai, S., Gentekaki, E., & Pripdeevech, P. (2017). Fungal endophytes: an
alternative source for production of volatile compounds from agarwood oil of Aquilaria
subintegra. Microbial Ecology, 74(1), 54—61. https://doi.org/10.1007/s00248-016- 0908-4

Morishima, S., Shibata, M.-A., Ohmichi, M., & Otsuki, Y. (2008). Raloxifene, a selective
estrogen receptor modulator, induces mitochondria-mediated apoptosis in human
endometrial carcinoma cells. Medical Molecular Morphology, 41(3), 132—138.
https://doi.org/10.1007/s00795-008-0403-1

Nakano, T., Villamizar, J., & Maillo, M. A. (1999). Highly efficient synthesis of optically active
drimanic sesquiterpenes, (+)-fuegin, (+)-epifutronolide (7p-hydroxyisodrimenin) and (+)-
7-ketoisodrimenin. Tetrahedron, 55(6), 1561-1568. https://doi.org/10.1016/S0040-
4020(98)01201-0

Newman, D. J., Cragg, G. M., & Snader, K. M. (2003). Natural Products as Sources of New
Drugs over the Period 1981-2002. Journal of Natural Products (Washington, D.C.),
66(7), 1022-1037. https://doi.org/10.1021/np0300961

Nothias, L.-F., Petras, D., Schmid, R., Diihrkop, K., Rainer, J., Sarvepalli, A., Protsyuk, I., Ernst,
M., Tsugawa, H., Fleischauer, M., Aicheler, F., Aksenov, A. A., Alka, O., Allard, P.-M.,
Barsch, A., Cachet, X., Caraballo-Rodriguez, A. M., Da Silva, R. R, Dang, T., ...
Dorrestein, P. C. (2020). Feature-based molecular networking in the GNPS analysis
environment. Nature Methods, 17(9), 905-908. https://doi.org/10.1038/s41592-020-0933-
6

Oita, S., Ibafiez, A., Lutzoni, F., Miadlikowska, J., Geml, J., Lewis, L. A., Hom, E. F. Y., Carbone,
I., U’Ren, J. M., & Arnold, A. E. (2021). Climate and seasonality drive the richness and


https://doi.org/10.5943/mycosphere/10/1/19
https://doi.org/10.3389/fpls.2023.1139704
https://doi.org/10.1007/s00248-016-%200908-4
https://doi.org/10.1007/s00795-008-0403-1
https://doi.org/10.1016/S0040-4020(98)01201-0
https://doi.org/10.1016/S0040-4020(98)01201-0
https://doi.org/10.1021/np030096l
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1038/s41592-020-0933-6

52

composition of tropical fungal endophytes at a landscape scale. Communications Biology,
4(1), 313-11. https://doi.org/10.1038/s42003-021-01826-7

Oliva, J., Ridley, M., Redondo, M. A., Caballol, M., & Morrién, E. (2021). Competitive exclusion
amongst endophytes determines shoot blight severity on pine. Functional Ecology, 35(1),
239-254. https://doi.org/10.1111/1365-2435.13692

Onn, M. L., Lim, P. T., Mujahid, A., Proksch, P., and Miiller, M. (2016). Initial screening of
mangrove endophytic fungi for antimicrobial compounds and heavy metal biosorption
potential. Sains Malaysiana, 45, 1063—1071. https://doi.org/10.21577/0100-
4042.20250153

Onofre, S. B., Bonfante, T., dos Santos, Z. M. Q., De Moura, M. C., & Cardoso, A. F. (2014).
Cellulase production by endophytic strains of Trichoderma reesei from Baccharis
dracunculifolia D. C. (Asteraceae). Advances in Microbiology, 4(5), 275-283.
https://doi.org/10.4236/aim.2014.45034

Otargaliev, T., Ishbaev, A. 1., & Aslanov, Kh. A. (1977). The synthesis of new derivatives of
aphyllic acid. Chemistry of Natural Compounds, 12(1), 108—109.
https://doi.org/10.1007/BF00570222

Pathak, A., Nowell, R. W., Wilson, C. G., Ryan, M. J., & Barraclough, T. G. (2020). Comparative
genomics of Alexander Fleming’s original Penicillium isolate (IMI 15378) reveals

sequence divergence of penicillin synthesis genes. Scientific Reports, 10(1), Article
15705. https://doi.org/10.1038/s41598-020-72584-5

Piechaud, M., & Second, L. (1951). Studies of 26 strains of Moraxella Iwoffi. Annales de
['Institut Pasteur (Paris), 80, 97-99.

Pirttila, A. M., Doering, M., Compant, S., Campisano, A., Hardoim, P. R., Sessitsch, A., van
Overbeek, L. S., & Berg, G. (2015). The hidden world within plants: ecological and
evolutionary considerations for defining functioning of microbial endophytes.
Microbiology and Molecular Biology Reviews, 79(3), 293-320.
https://doi.org/10.1128/ MMBR.00050-14

Poddig, J., McAlpine, J., Kadam, S., Fung, L., Rasmussen, R., Tennent, S., Karwowski, J.,
Jackson, M., Humphrey, P., & Hochlowski, J. (1994). Citrinin hydrate and radicinin:


https://doi.org/10.1038/s42003-021-01826-7
https://doi.org/10.1111/1365-2435.13692
https://doi.org/10.4236/aim.2014.45034
https://doi.org/10.1007/BF00570222
https://doi.org/10.1038/s41598-020-72584-5
https://doi.org/10.1128/MMBR.00050-14

53

Human rhinovirus 3C-protease inhibitors discovered in a target-directed microbial screen.
Journal of Antibiotics, 47(7), 836—839. https://doi.org/10.7164/antibiotics.47.836

Praisthy LJ, C., Kushwah, R., Dubey, S., Kumar, V., & Jain, S. (2025). Pharmacotherapeutic
potential of daidzein: insights into mechanisms and clinical relevance.
Inflammopharmacology, 33(9), 5145-5171. https://doi.org/10.1007/s10787-025-01891-y

PubChem. (2026). Proline-leucine. National Center for Biotechnology Information.
https://pubchem.ncbi.nlm.nih.gov/compound/Pro-Leu

Qian, X., Li, H., Wang, Y., Wu, B., Wu, M., Chen, L., Li, X., Zhang, Y., Wang, X., Shi, M.,
Zheng, Y., Guo, L., & Zhang, D. (2019). Leaf and Root Endospheres Harbor Lower
Fungal Diversity and Less Complex Fungal Co-occurrence Patterns Than Rhizosphere.
Frontiers in Microbiology, 10, 1015. https://doi.org/10.3389/fmicb.2019.01015

Riedling, O. L., & Rokas, A. (2025). mGem: How many fungal secondary metabolites are
produced by filamentous fungi? Conservatively, at least 1.4 million. mBio, 16(10),
e0138125. https://doi.org/10.1128/mbio.01381-25

Reis, R. A. G, Calil, F. A,, Feliciano, P. R., Pinheiro, M. P., & Nonato, M. C. (2017). The
dihydroorotate dehydrogenases: Past and present. Archives of Biochemistry and
Biophysics, 632, 175-191. https://doi.org/10.1016/1.abb.2017.06.019

Remus-Emsermann, M. N. P., & Schlechter, R. O. (2018). Phyllosphere microbiology: at the
interface between microbial individuals and the plant host. The New Phytologist, 218(4),
1327-1333. https://doi.org/10.1111/nph.15054

Robles Aguilar, G., Altay, U., Giannakis, K., Fell, F., Abdelkader, A., Addo, I. Y., Adeyeoluwa, T.
E., Al Thaher, Y., Alalalmeh, S. O., Alhaji, N. B., Al-Zyoud, W. A., Anvari, S., Atout, M.
M. W., Baig, A. A., Baker, S., Bardhan, M., Basharat, Z., Bastard, M., Bhagavathula, A.
S., ... Murray, C. J. L. (2024). Global burden of bacterial antimicrobial resistance 1990—
2021: a systematic analysis with forecasts to 2050. The Lancet (British Edition),
404(10459), 1199-1226. https://doi.org/10.1016/S0140-6736(24)01867-1

Ruan, C., Wang, C., Gu, J., & Zhu, Z. (2024). Isoscopoletin inhibits hepatocellular carcinoma cell
proliferation via regulating glycolysis-related proteins. PloS One, 19(11), €0310530.
https://doi.org/10.1371/journal.pone.0310530



https://doi.org/10.7164/antibiotics.47.836
https://doi.org/10.1007/s10787-025-01891-y
https://pubchem.ncbi.nlm.nih.gov/compound/Pro-Leu?utm_source=chatgpt.com
https://doi.org/10.3389/fmicb.2019.01015
https://doi.org/10.1128/mbio.01381-25
https://doi.org/10.1016/j.abb.2017.06.019
https://doi.org/10.1111/nph.15054
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.1371/journal.pone.0310530

54

Ruzi, Z., Bozorov, K., Nie, L., Zhao, J., & Aisa, H. A. (2022). Novel pyrazolo[3,4-d]pyrimidines
as potential anticancer agents: Synthesis, VEGFR-2 inhibition, and mechanisms of action.
Biomedicine & Pharmacotherapy, 156, 113948.
https://doi.org/10.1016/j.biopha.2022.113948

Sabreen, A. K., Lena, F. H., & Imad, H. H. (2015). Antibacterial activity of secondary metabolites
isolated from Alternaria alternata. African Journal of Biotechnology, 14(43), 2972-2994.
https://doi.org/10.5897/AJB2015.14906

Saito-Shida, S., Kashiwabara, N., Shiono, K., Nemoto, S., & Akiyama, H. (2020). Development
of an analytical method for determination of total ethofumesate residues in foods by gas
chromatography-tandem mass spectrometry. Food Chemistry, 313, Article 126132.
https://doi.org/10.1016/j.foodchem.2019.126132

Savani, A. kumar, Bhattacharyya, A., Boro, R. C., Dinesh, K., & JC, N. S. (2021). Exemplifying
endophytes of banana (Musa paradisiaca) for their potential role in growth stimulation and

management of Fusarium oxysporum f. sp cubense causing panama wilt. Folia
Microbiologica, 66(3), 317-330. https://doi.org/10.1007/s12223-021-00853-5

Schneider, Y. K. (2021). Bacterial natural product drug discovery for new antibiotics: strategies
for tackling the problem of antibiotic resistance by efficient bioprospecting. Antibiotics
(Basel), 10(7), 842. https://doi.org/10.3390/antibiotics 10070842

Schoch, C. L., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L., Levesque, C. A., & Chen,
W. (2012). Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA
barcode marker for fungi. Proceedings of the National Academy of Sciences, 109(16),
6241-6246. https://doi.org/10.1073/pnas.1117018109

Schrey, H., Lambert, C., & Stadler, M. (2025). Fungi: Pioneers of chemical creativity —
Techniques and strategies to uncover fungal chemistry. IMA Fungus, 16, €142462-67.
https://doi.org/10.3897/imafungus.16.142462

Shamsi, A., Zain, N. N. M., Dinislam, K., Alzahrani, A. A., Khan, M. S., & Shahwan, M. (2025).
Exploring the binding of cinchonine with human transferrin: combined experimental and
computational approaches. Scientific Reports, 15(1), Article 40660.
https://doi.org/10.1038/s41598-025-27571-z



https://doi.org/10.1016/j.biopha.2022.113948
https://doi.org/10.5897/AJB2015.14906
https://doi.org/10.1016/j.foodchem.2019.126132
https://doi.org/10.1007/s12223-021-00853-5
https://doi.org/10.3390/antibiotics10070842
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.3897/imafungus.16.142462
https://doi.org/10.1038/s41598-025-27571-z

55

Shankar, V. K., Wang, M., Ajjarapu, S., Kolimi, P., Avula, B., Murthy, R., Khan, 1., & Murthy, S.
N. (2022). Analysis of docosanol using GC/MS: Method development, validation, and
application to ex vivo human skin permeation studies. Journal of Pharmaceutical
Analysis, 12(2), 287-292. https://doi.org/10.1016/j.jpha.2021.08.004

Sharifi-Rad, J., Quispe, C., Vergara, C. V., Kitic, D., Kostic, M., Armstrong, L., Shinwari, Z. K.,
Khalil, A. T., Brdar-Jokanovi¢, M., Ljevnai¢-Masi¢, B., Varoni, E. M., Iriti, M., Leyva-
Gomez, G., Herrera-Bravo, J., Salazar, L. A., Cho, W. C., & Gil, G. (2021). Genus
Viburnum: Therapeutic Potentialities and Agro-Food-Pharma Applications. Oxidative
Medicine and Cellular Longevity, 2021(1), Article 3095514.
https://doi.org/10.1155/2021/3095514

Sharma, V. K., Kumar, J., Singh, D. K., Mishra, A., Verma, S. K., Gond, S. K., Kumar, A., Singh,
N., & Kharwar, R. N. (2017). Induction of cryptic and bioactive metabolites through
natural dietary components in an endophytic fungus Colletotrichum gloeosporioides
(Penz.) Sacc. Frontiers in Microbiology, 8, Article 1126.
https://doi.org/10.3389/fmicb.2017.01126

Singh, M., Yau, Y. C. W., Wang, S., Waters, V., & Kumar, A. (2017). MexXY efflux pump
overexpression and aminoglycoside resistance in cystic fibrosis isolates of Pseudomonas
aeruginosa from chronic infections. Canadian Journal of Microbiology, 63(12), 929-938.
https://doi.org/10.1139/cjm-2017-0380

Sinha, A. K., Joshi, B. P., & Dogra, R. (2001). One Step Conversion of Toxic B-asarone from
Acorus calamus into 1-(2,4,5-Trimethoxyphenyl)-1,2-dihydroxypropane and
Asaronaldehyde Occurring in Piper clusii. Natural Product Letters, 15(6), 439-444.
https://doi.org/10.1080/10575630108041315

Steiner, D., Krska, R., Malachova, A., Taschl, 1., & Sulyok, M. (2020). Evaluation of Matrix
Effects and Extraction Efficiencies of LC-MS/MS Methods as the Essential Part for

Proper Validation of Multiclass Contaminants in Complex Feed. Journal of Agricultural
and Food Chemistry, 68(12), 3868—-3880. https://doi.org/10.1021/acs.jafc.9b07706

Stojanovic, 1., Dordevic, A., Stankov-Jovanovic, V., Mitic, V., Jovanovic, O., Petrovic, G., &
Smelcerovic, A. (2017). Antimicrobial and antioxidant activity of Hypogymnia physodes
methanol extract and its constituents. 3-hydroxyphysodic acid, a potent natural
antioxidant. Oxidation Communications, 40(1-1), 91-101.
https://doi.org/10.1080/09674845.2007.11732776


https://doi.org/10.1016/j.jpha.2021.08.004
https://doi.org/10.1155/2021/3095514
https://doi.org/10.3389/fmicb.2017.01126
https://doi.org/10.1139/cjm-2017-0380
https://doi.org/10.1080/10575630108041315
https://doi.org/10.1021/acs.jafc.9b07706

56

Su, Y.-Y., Guo, L.-D., & Hyde, K. D. (2010). Response of endophytic fungi of Stipa grandis to
experimental plant function group removal in Inner Mongolia steppe, China. Fungal
Diversity, 43(1), 93—101. https://doi.org/10.1007/s13225-010-0040-6

Takagaki, A., & Nanjo, F. (2015). Bioconversion of (—)-Epicatechin, (+)-Epicatechin, (—)-
Catechin, and (+)-Catechin by (—)-Epigallocatechin-Metabolizing Bacteria. Biological &
Pharmaceutical Bulletin, 38(5), 789—794. https://doi.org/10.1248/bpb.b14-00813

Tiwari, P., & Bae, H. (2022). Endophytic fungi: Key insights, emerging prospects, and challenges
in natural product drug discovery. Microorganisms (Basel), 10(2), 360-.
https://doi.org/10.3390/microorganisms10020360

Toghueo, R. M. K., & Boyom, F. F. (2020). Endophytic Penicillium species and their agricultural,
biotechnological, and pharmaceutical applications. 3 Biotech, 10(3), Article 107.
https://doi.org/10.1007/s13205-020-2081-1

Toppo, P., Jangir, P., Mehra, N., Kapoor, R., & Mathur, P. (2024). Bioprospecting of endophytic
fungi from medicinal plant Anisomeles indica L. for their diverse role in agricultural and
industrial sectors. Scientific Reports, 14(1), Article 588. https://doi.org/10.1038/s41598-
023-51057-5

Turner, N. A., Sharma-Kuinkel, B. K., Maskarinec, S. A., Eichenberger, E. M., Shah, P. P.,
Carugati, M., Holland, T. L., & Fowler, V. G. (2019). Methicillin-resistant Staphylococcus
aureus: an overview of basic and clinical research. Nature Reviews. Microbiology, 17(4),
203-218. https://doi.org/10.1038/s41579-018-0147-4

U’Ren, J. M., Lutzoni, F., Miadlikowska, J., Zimmerman, N. B., Carbone, 1., May, G., & Arnold,
A. E. (2019). Host availability drives distributions of fungal endophytes in the imperilled
boreal realm. Nature Ecology & Evolution, 3(10), 1430-1437.
https://doi.org/10.1038/s41559-019-0975-2

Vasfilova, E., Vorob’eva, T., Tomoshevich, M., Banaev, E., & Zaytseva, Y. (2020). Little-known
medicinal plants with a wide spectrum of pharmacological action under the conditions of
introduction in the Middle Urals. BIO Web of Conferences, 24, Article 00090.
https://doi.org/10.1051/bioconf/20202400090



https://doi.org/10.1007/s13225-010-0040-6
https://doi.org/10.1248/bpb.b14-00813
https://doi.org/10.3390/microorganisms10020360
https://doi.org/10.1007/s13205-020-2081-1
https://doi.org/10.1038/s41598-023-51057-5
https://doi.org/10.1038/s41598-023-51057-5
https://doi.org/10.1038/s41579-018-0147-4
https://doi.org/10.1038/s41559-019-0975-2
https://doi.org/10.1051/bioconf/20202400090

57

Visagie, C. M., Seifert, K. A., Houbraken, J., Samson, R. A., & Jacobs, K. (2014). Diversity of
Penicillium section Citrina within the fynbos biome of South Africa, including a new
species from a Protea repens infructescence. Mycologia, 106(3), 537-552.
https://doi.org/10.3852/13-256

Vo, Q. V., Trung Hieu, L., Thi Cam Hang, H., Huynh Ngoc Diep, V., Thi Hoa, N., Huynh, U. T.
D., Quang Trung, N., & Mechler, A. (2024). Is lecanoric acid a good antioxidant? Journal
of Molecular Liquids, 408, Article 125336. https://doi.org/10.1016/j.molliq.2024.125336

Wai, A., & Hausner, G. (2021). The mitochondrial genome of Ophiostoma himal-ulmi and
comparison with other fungi causing Dutch elm disease. Canadian Journal of
Microbiology, 67(8), 584-598. https://doi.org/10.1139/cjm-2020-0589

Wang, J., Li, Q., Ivanochko, G., & Huang, Y. (2006). Anticancer effect of extracts from a North
American medicinal plant - Wild Sarsaparilla. Anticancer Research, 26(3A), 2157-2164.

Wang, L.-H., Tai, X.-S., Azam, M., Sui, B.-L., & Wang, A.-L. (2025). Synthesis, structural
characterization, and Hirschfeld surface analysis of a novel Mn(II) complex based on N-
acetyl-L-phenylalanine ligand and its evaluation as a cytotoxic agent. Polyhedron, 279,
Article 117659. https://doi.org/10.1016/1.poly.2025.117659

Wang, L., Ren, L., Li, C., Gao, C., Liu, X., Wang, M., & Luo, Y. (2019). Effects of endophytic
fungi diversity in different coniferous species on the colonization of Sirex noctilio
(Hymenoptera: Siricidae). Scientific Reports, 9(1), Article 5077.
https://doi.org/10.1038/s41598-019-41419-3

Wang, M., Carver, J. J., Phelan, V. V,, Sanchez, L. M., Garg, N., Peng, Y., Nguyen, D. D.,
Watrous, J., Kapono, C. A., Luzzatto-Knaan, T., Bouslimani, A., Melnik, A. V., Meehan,
M. J., Liu, W.-T., Criisemann, M., Sandoval-Calderén, M., Kersten, R. D., Quinn, R. A.,
Hsu, C.-C., ... Dorrestein, P. C. (2016). Sharing and community curation of mass
spectrometry data with GNPS. Nature Biotechnology, 34(8), 828—837.
https://doi.org/10.1038/nbt.3597

Wang, S.-L., Li, H.-T., Zhang, L.-J., Lin, Z.-H., & Kuo, Y.-H. (2016). Conversion of Squid Pen to
Homogentisic Acid via Paenibacillus sp. TKU036 and the Antioxidant and Anti-
Inflammatory Activities of Homogentisic Acid. Marine Drugs, 14(10), Article 183.
https://doi.org/10.3390/md14100183



https://doi.org/10.3852/13-256
https://doi.org/10.1016/j.molliq.2024.125336
https://doi.org/10.1139/cjm-2020-0589
https://doi.org/10.1016/j.poly.2025.117659
https://doi.org/10.1038/s41598-019-41419-3
https://doi.org/10.1038/nbt.3597
https://doi.org/10.3390/md14100183

58

Watts, D., Palombo, E. A., Jaimes Castillo, A., & Zaferanloo, B. (2023). Endophytes in
Agriculture: Potential to Improve Yields and Tolerances of Agricultural Crops.
Microorganisms (Basel), 11(5), 1276. https://doi.org/10.3390/microorganisms11051276

White, T. J., Bruns, T., Lee, S., & Taylor, J. (1990). Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In M. A. Innis, D. H. Gelfand, J. J. Sninsky, & T.
J. White (Eds.), PCR protocols: A guide to methods and applications (pp. 315-322).
Academic Press. https://doi.org/10.1007/BF01576012.

Wick, R. R., Schultz, M. B., Zobel, J., & Holt, K. E. (2015). Bandage: interactive visualization of
de novo genome assemblies. Bioinformatics, 31(20), 3350-3352.
https://doi.org/10.1093/bioinformatics/btv383

Wigati, D., Setyowati, E. P., Pratiwi, S. U. T., & Nugraha, A. S. (2024). Trichoderma reesei JCM
2267, fungi-associated sponge Stylissa flabelliformis: Effects of applied different

fermentation methods on their antibacterial activity. Journal of Advanced Pharmaceutical
Technology and Research, 15(4), 243-247. https://doi.org/10.4103/JAPTR.JAPTR 7 24

Witkowska, A., Gryn-Rynko, A., Syrkiewicz, P., Kitala-Tanska, K., & Majewski, M. S. (2024).
Characterizations of white mulberry, sea-buckthorn, garlic, lily of the valley, motherwort,
and hawthorn as potential candidates for managing cardiovascular disease—in vitro and
ex vivo animal studies. Nutrients, 16(9), Article 1313.
https://doi.org/10.3390/nu16091313

Wollenweber, E., [inuma, M., Tanaka, T., & Mizuno, M. (1990). 5-Hydroxy-6,2'-
dimethoxyflavone from Primula denticulata. Phytochemistry (Oxford), 29(2), 633—637.
https://doi.org/10.1016/0031-9422(90)85132-Y

Woods, R. J., & Read, A. F. (2023). Combination antimicrobial therapy to manage resistance.
Evolution, Medicine, and Public Health, 11(1), 185—186.
https://doi.org/10.1093/emph/eoad005

Xia, Y., Sahib, M. R., Amna, A., Opiyo, S. O., Zhao, Z., & Gao, Y. G. (2019). Culturable
endophytic fungal communities associated with plants in organic and conventional
farming systems and their effects on plant growth. Scientific Reports, 9(1), Article 1669.
https://doi.org/10.1038/s41598-018-38230-x



https://doi.org/10.3390/microorganisms11051276
https://doi.org/10.1093/bioinformatics/btv383
https://doi.org/10.4103/JAPTR.JAPTR_7_24
https://doi.org/10.3390/nu16091313
https://doi.org/10.1016/0031-9422(90)85132-Y
https://doi.org/10.1093/emph/eoad005
https://doi.org/10.1038/s41598-018-38230-x

59

Xiao, M., Zhang, J., Wu, J., Yuan, N., Liu, T., Tang, C., Xu, N., Li, Q., Wu, J., Li, S., & Song, Z.
(2024). Microneedles containing Cucumaria frondosa polysaccharides and 3-
acetylaconitine exert analgesic, anti-inflammatory and chondroprotective activity for knee

osteoarthritis. International Journal of Biological Macromolecules, 281(Pt 1), Article
136204. https://doi.org/10.1016/j.1jbiomac.2024.136204

Yilmaz, M., Tay, T., Kivang, M., Tiirk, H., & Tiirk, A. O. (2005). The Antimicrobial Activity of
Extracts of the Lichen Hypogymnia tubulosa and Its 3-Hydroxyphysodic Acid
Constituent. Zeitschrift Fiir Naturforschung C. A Journal of Biosciences, 60(1), 35-38.
https://doi.org/10.1515/znc-2005-1-207

Yosri, N., Alsharif, S. M., Xiao, J., Musharraf, S. G., Zhao, C., Saeed, A., Gao, R., Said, N. S., Di
Minno, A., Daglia, M., Guo, Z., Khalifa, S. A. M., & El-Seedi, H. R. (2023). Arctium
lappa (Burdock): Insights from ethnopharmacology potential, chemical constituents,
clinical studies, pharmacological utility and nanomedicine. Biomedicine &
pharmacotherapy = Biomedecine & pharmacotherapie, 158, 114104.
https://doi.org/10.1016/j.biopha.2022.114104

Zhang, N., Lian, Z., Peng, X., Li, Z., & Zhu, H. (2017). Applications of Higenamine in
pharmacology and medicine. Journal of Ethnopharmacology, 196(NA), 242-252.
https://doi.org/10.1016/1.jep.2016.12.033

Zhang, X., Lu, X., Dai, M., Fan, Y., Yang, Z., Sun, Y., Yu, X., Song, R., Zhang, M., Lan, H.,
Chen, X., Wang, S., Wang, J., Guo, L., Li, L., Li, Y., Zhao, L., Hao, F., & Ye, W. (2025).
Citrate accumulation mediated through GhCS6 enhances antioxidant modulation under
Cd2+ stress in cotton. Plant Physiology and Biochemistry, 228, Article 110226.
https://doi.org/10.1016/j.plaphy.2025.110226

Zhang, Y.-Q., Zhang, S., Sun, M.-L., Su, H.-N., Li, H.-Y., Kun-Liu, Zhang, Y.-Z., Chen, X.-L.,
Cao, H.-Y., & Song, X.-Y. (2022). Antibacterial activity of peptaibols from Trichoderma
longibrachiatum SMF2 against gram-negative Xanthomonas oryzae pv. oryzae, the causal
agent of bacterial leaf blight on rice. Frontiers in Microbiology, 13, 1034779.
https://doi.org/10.3389/fmicb.2022.1034779

Zhang, Y.-Y., Yi, M., & Huang, Y.-P. (2017). Oxymatrine Ameliorates Doxorubicin-Induced
Cardiotoxicity in Rats. Cellular Physiology and Biochemistry, 43(2), 626—635.
https://doi.org/10.1159/000480471



https://doi.org/10.1016/j.ijbiomac.2024.136204
https://doi.org/10.1515/znc-2005-1-207
https://doi.org/10.1016/j.biopha.2022.114104
https://doi.org/10.1016/j.jep.2016.12.033
https://doi.org/10.1016/j.plaphy.2025.110226
https://doi.org/10.3389/fmicb.2022.1034779
https://doi.org/10.1159/000480471

60

Zhang, Y., Tian, P., Duan, G., Gao, F., Schnabel, G., Zhan, J., & Chen, F. (2020). Histone H3 gene
is not a suitable marker to distinguish Alternaria tenuissima from A. alternata affecting
potato. PloS One, 15(4), Article €0231961. https://doi.org/10.1371/journal.pone.0231961

Zhao, S., Wang, B., Tian, K., Ji, W., Zhang, T., Ping, C., Yan, W, & Ye, Y. (2021). Novel
metabolites from the Cercis chinensis derived endophytic fungus Alternaria alternata
ZHJGS and their antibacterial activities. Pest Management Science, 77(5), 2264-2271.
https://doi.org/10.1002/ps.6251

Zheng, 7., Zhao, Z., Li, S., Lu, X., Jiang, M., Lin, J., An, Y., Xie, Y., Xu, M., Shen, W., Guo, G.
L., Huang, Y., Li, S., Zhang, X., & Xie, W. (2017). Altenusin, a Nonsteroidal Microbial
Metabolite, Attenuates Nonalcoholic Fatty Liver Disease by Activating the Farnesoid X
Receptor. Molecular Pharmacology, 92(4), 425-436.
https://doi.org/10.1124/mol.117.108829

Zhou, L., Li, X., Kotta-Loizou, I., Dong, K., Li, S., Ni, D., Hong, N., Wang, G., & Xu, W. (2021).
A mycovirus modulates the endophytic and pathogenic traits of a plant associated fungus.
The ISME Journal, 15(7), 1893—-1906. https://doi.org/10.1038/s41396-021-00892-3



https://doi.org/10.1371/journal.pone.0231961
https://doi.org/10.1002/ps.6251
https://doi.org/10.1124/mol.117.108829
https://doi.org/10.1038/s41396-021-00892-3

61

Appendix:
A) ATCC 4352 (Klebsiella pneumonia subsp. Pneumoniae)

Figure A1. Complete collection of crude extract inhibition plates for all 15 antibacterial
fungal isolates. Disc diffusion assays were performed against the four bacterial strains
outlined in Table 3, and the resulting zones of inhibition were quantified to generate the
values reported in Table 4. K. pneumoniae was added to refocus the screening panel
toward clinically relevant pathogens associated with antimicrobial resistance and hospital-
acquired infections. Recent global estimates show that K. pneumoniae is one of only six
bacterial pathogens responsible for over 100,000 AMR-related deaths in 2021 (Robles
Aguilar et al, 2024).



Table A1. Putatively characterized metabolites detected in GB2 fungal crude extracts
through LC-MS/MS analysis and molecular networking using the GNPS platform.
Metabolite annotations were assigned through spectral library matching, and associated
molecular formulas and reported biological activities were compiled from the literature
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Feature ID Annotation Molecular Description Reference
Formula
1 Ci9H13CIO Halogenated chalcone  (Dammene
(2E)-3-(2,4- derivati : :
. erivative with reported  Debbih et
dichlorophenyl)-1- bacterial activit al., 2024)
naphthylprop-2-en-1-one antibac eriat activity, ”
mediated by
interactions with
bacterial DNA gyrase.
3 3-Acetylaconitine C36H49NO12 Aconitine-type (He et al.,
diterpenoid alkaloid 2011; Xiao
with reported et al., 2024)
cytotoxicity against
P388 leukemia cells,
and anti-inflammatory
effects reported in
osteoarthritis models.
6 Cinchonine CioH22N-0 Quinoline alkaloid (Shamsi et
closely related to al., 2025)
quinine, with known
antimalarial,
antioxidant, and anti-
inflammatory activity,
and forms a stable
complex with human
transferrin, suggesting
potential
neuroprotective effects.
7 Citric acid CeHsO7 Tricarboxylic acid with (Abdel-
reported antioxidant Salam et al.,
and anti-inflammatory 2014; El-
activity, shown to Soudany et
reduce lipid al., 2024)

peroxidation,
inflammation, and liver
damage. Also reported
to exhibit anti-biofilm
and anti-capsular
activity against
multidrug-resistant
Acinetobacter
baumannii.
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diverse bioactivities,
including cytotoxic
(anticancer),
antibacterial,
antimycobacterial,

8 Daidzein CisH1004 Isoflavone with (Praisthy et
reported antioxidant, al., 2025)
anti-inflammatory, and
estrogenic activity.
Shown to modulate
estrogen receptors and
inflammatory pathways,
with evidence for
anticancer,
cardiovascular, and
neuroprotective effects
9 Evista (Raloxifene) C28H27NO4S Selective estrogen (Hao et al.,
receptor modulator with 2025;
clinical use in Konyaliogl
osteoporosis uetal.,
prevention. Reported 2007;
antioxidant and Morishima
neuroprotective effects et al., 2008)
in animal models, and
anticancer activity in
cell systems.
10 Gitoxigenin C23H3405 Cardiac steroid (Bedir et
(cardenolide) with al., 2021;
cardiotonic activity via ~ Hashimoto
inhibition of Na*/K*- et al., 1986)
ATPase, with additional
evidence for cytotoxic
and anticancer effects.

12 Hydroquinidine C20H26N202 Quinidine derivative (Isbister et
with antiarrhythmic al., 2025;
activity via sodium Mazzanti et

channel blockade. al., 2017)

13 Isoscopoletin Ci10HgO4 Coumarin derivative ~ (Ruan et al.,

reported to exhibit anti- 2024)
tumor activity, with
additional antioxidant
and anti-inflammatory
activity effects.
14 Lecanoric acid Ci6H1407 Depside compound (Vo etal.,
reported to exhibit 2024)
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antiviral, and
antioxidant effects.

15

Quinclorac

Ci10H5CL2NO
2

Quinoline-based (Deng et al.,
herbicide that interferes 2021)
with plant growth
hormone (auxin)
signaling.

16

13S-HOTrE

Ci1sH3003

Lipoxygenase-derived  (Kumar et
oxylipin from a- al., 2016)
linolenic acid with
reported anti-
inflammatory activity
via NLRP3
inflammasome
inhibition.

17

17-HDoHE

C2H3203

Oxidized DHA-derived  (Cipollina
specialized pro- etal., 2016;
resolving mediator and Egawa et
biosynthetic precursor al., 2016)
to 17-oxo-DHA, which
exhibits anti-
inflammatory activity,
including inhibition of
the NLRP3
inflammasome.

19

1-(2,4,5-
Trimethoxyphenyl)propane-
1,2-diol

C12H1805

A natural (Sinha et
phenylpropanoid al., 2001)
reported from Piper
clusii, which has been
synthesized from B-
asarone.

24

Neochlorogenic acid

Ci16H1809

Phenolic compound (Gao et al.,
which possesses 2020)
multiple
pharmacological
activities containing
antioxidant and anti-
inflammatory effects
through mediating the
AMPK/Nrf2 signaling
pathway in A549 cells.

25

Pinolidoxin

Ci18H260s6

Tetrasubstituted (De Napoli
nonenolide fungal et al., 2000)
metabolite that acts as a
phytotoxin.
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26 Pyrenophorol Ci6H2406

Sixteen-membered
diolide fungal
metabolite, phytotoxic,
with anthelmintic
activity and antifungal
effects against
Microbotryum
violaceum.

(Ashok et
al., 2018)

27 Decylbenzenesulfonic acid Ci6H2603S

Alkylbenzenesulfonate
surfactant commonly
used in detergent and
cleaning formulations,

where it functions as a
hydrotrope to modify

solubility and viscosity.

(Burns,
1999)

28 Leu-Pro C11H20N203

A dipeptide composed
of leucine and proline.

(Pubchem,
2026)

29 Testosterone C19H2802

Steroid androgen that
acts as an androgen
receptor agonist to

promote male sex organ
development and
secondary sexual
characteristics.

(Azhagiya
Singam et
al., 2019)

Table A2. Putatively characterized metabolites detected in LV6 fungal crude extracts
through LC-MS/MS analysis and molecular networking using the GNPS platform.
Metabolite annotations were assigned through spectral library matching, and associated
molecular formulas and reported biological activities were compiled from the literature.

Feature 1D Annotation Molecular
Formula

Description

Reference

1 CasH73013

Soyasaponin I

Pentacyclic triterpenoid
saponin and
trisaccharide derivative
that has been been
shown to alleviate
hypertensive
intracerebral
hemorrhage in
experimental models by
inhibiting the renin—
angiotensin—aldosterone
system, suggesting

(Lietal.,
2023)
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potential therapeutic
applications.

Aphyllic acid

C15H26N202

Pentacyclic triterpenoid
reported to possess
bronchospasmolytic
activity, inhibit vagus
nerve-mediated cardiac
impulse transmission,
and attenuate the toxic
effects of
anticholinesterase
agents.

(Otargaliev
et al.,
1977)

Citric acid

CeHsO7

Tricarboxylic acid with
reported antioxidant
and anti-inflammatory
activity, shown to
reduce lipid
peroxidation,
inflammation, and liver
damage. Also reported
to exhibit anti-biofilm
and anti-capsular
activity against
multidrug-resistant
Acinetobacter
baumannii.

(Abdel-
Salam et al.,
2014; El-
Soudany et
al., 2024)

13S-HOTTE

Ci1sH3003

Lipoxygenase-derived
oxylipin from a-
linolenic acid with
reported anti-
inflammatory activity
via NLRP3
inflammasome
inhibition.

(Kumar et
al., 2016)

Decylbenzenesulfonic acid

Ci6H2603S

Alkylbenzenesulfonate
surfactant commonly
used in detergent and
cleaning formulations,

where it functions as a
hydrotrope to modify

solubility and viscosity.

(Burns,
1999)

3-Acetylaconitine

C36H49NO12

Aconitine-type
diterpenoid alkaloid
with reported
cytotoxicity against
P388 leukemia cells,

(He et al.,
2011; Xiao
et al., 2024)
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and anti-inflammatory
effects reported in
osteoarthritis models.

Docosanol

C22H460

Long-chain saturated
fatty alcohol used
clinically as a topical
antiviral agent that
inhibits herpes simplex
virus entry by blocking
membrane fusion.

(Shankar et
al., 2022)

11

Altenusin

Ci15H140¢6

Nonsteroidal fungal
metabolite from
Alternaria spp. that
exhibits antifungal
activity and attenuates
nonalcoholic fatty liver
disease via activation of
the farnesoid X
receptor.

(Zheng et
al., 2017)

12

Isoarthonin

C25H32N204

Exhibit significant anti-
inflammatory activity,
potentially through
COX-2 inhibition, with
reported effects
comparable to
diclofenac and
ibuprofen.

(Chibuye et
al., 2024)

13

5,6,2'-Trimethoxyflavone

CisHi1605

Polyphenolic compound
found in various plant
species that modulates

cell signaling and
enzyme activity,
including inhibition of
cytochrome P450, and
exhibits anti-
inflammatory and
antioxidant effects.

(Wollenweb
er et al.,
1990)

14

N-Acetyl-L-phenylalanine

C11H13NO3

Acetylated derivative of
L-phenylalanine that
occurs as a metabolic
intermediate and also

functions as a
carboxylate ligand in
coordination chemistry,
forming metal
complexes such as

(Wang et
al., 2025)
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Mn(II) coordination
polymers.

15

Altersetin

C24H33NO4

Alternaria-derived
antibacterial metabolite
related to equisetin with

potent activity against
Gram-positive bacteria.

(Hellwig et
al., 2003)

16

Epicatechin

Ci15H140¢6

Dietary flavanol linked
to blood pressure
reduction,
cardiovascular and
neuroprotective effects,
and prevention of
cancer, diabetes, and
age-related diseases.

(Bernatova,
2018;
Takagaki &
Nanjo,
2015)

17

Cinchonine

C 19H22N20

Quinoline alkaloid
closely related to
quinine, with known
antimalarial,
antioxidant, and anti-
inflammatory activity,
and forms a stable
complex with human
transferrin, suggesting
potential
neuroprotective effects.

(Shamsi et
al., 2025)

19

7,8-Dihydroxy-4-
methylcoumarin

C10HgO4

Coumarin derivative
with strong antioxidant
and radical scavenging

activity. It serves as a
precursor for bioactive

4-methylcoumarin
derivatives and has
demonstrated
neuroprotective effects,
including upregulation
of hippocalcin
expression.

(Jin et al.,
2015)

20

Canrenone

C22H2303

Steroidal aldosterone
antagonist shown to
reduce mortality and
improve cardiovascular
outcomes in patients
with chronic heart
failure.

(Derosa et
al., 2019)
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22

Monocrotaline N-Oxide

Ci6H23NO7

Metabolite of the
pyrrolizidine alkaloid
monocrotaline that can

reconvert to its toxic
parent compound and
contribute to organ
toxicity.

(Lin et al.,
2021)

23

Altertoxin |

C20H160s6

Alternaria-derived
perylenequinone
mycotoxin with

reported toxic,
genotoxic, and
carcinogenic effects,
and has been linked to
esophageal cancer risk.

(Gutsche et
al., 2024)

24

12,13-DiHOME

C138H3404

Oxylipin identified as a
thermogenic metabolite
that activates brown
adipose tissue. Elevated
levels are associated
with improved
metabolic health and
potential benefits in
obesity and metabolic
disease.

(Macédo et
al., 2022)

25

Higenamine

CisH17NO3

Plant-derived alkaloid
first isolated from
Aconitum species and
identified as its active
cardiotonic component.
It has been evaluated as
a pharmacologic stress
agent for the detection
of coronary artery
disease.

(Zhang et
al., 2017)

25

N-Aceyl-L-tyrosine

C11H13NO4

Soluble acetylated
derivative of L-tyrosine
used as a tyrosine
precursor in parenteral
nutrition. It functions as
a human metabolite and
biomarker and has
reported enzyme
inhibitory activity.

(Matsumura
et al., 2020)
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26

Caudatin

C28H4207 C21 steroidal aglycone
isolated from
Cynanchum species.
C21 steroidal
glycosides exhibit
anticancer activity, and
caudatin has been
shown to attenuate
inflammation by
suppressing JNK/AP-
1/NF-kB/caspase-1
signaling pathways in
activated HMC-1 cells.

(Bailly,
2021; Kim
et al., 2023)

27

Cannabidiolic acid

C22H3004 Non-psychoactive
cannabinoid and the
acidic precursor of
cannabidiol (CBD)
found in Cannabis
sativa. It exhibits anti-
inflammatory, anti-
emetic, anti-convulsant,
and potential anti-
carcinogenic effects.

(Formato et
al., 2020)

28

Daidzein

Ci5H1004 Isoflavone with
reported antioxidant,
anti-inflammatory, and
estrogenic activity.
Shown to modulate
estrogen receptors and
inflammatory pathways,
with evidence for
anticancer,
cardiovascular, and
neuroprotective effects

(Praisthy et
al., 2025)

29

Dihydroorotate

CsHsN204~  Monocarboxylate anion
formed by
deprotonation of
dihydroorotic acid and
serves as an
intermediate in de novo
pyrimidine
biosynthesis.

(Reis et al.,
2017)
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Table A3. Putatively characterized metabolites detected in DL16 fungal crude extracts
through LC-MS/MS analysis and molecular networking using the GNPS platform.
Metabolite annotations were assigned through spectral library matching, and associated
molecular formulas and reported biological activities were compiled from the literature.

Feature ID

Annotation

Molecular Description

Formula

Reference

1

Homogentisic Acid

Aromatic intermediate
in tyrosine degradation
reported in Penicillium
commune and other
organisms, which has
demonstrated
antioxidant and anti-
inflammatory activities.

CsHsO4

(Wang et
al., 2016)

Citrate

Salt or ester of citric
acid, reported
antioxidant that
functions in primary
metabolism and metal
chelation.

CeHs50773

(Zhang et
al., 2025)

13S-HOTrE

Lipoxygenase-derived
oxylipin from a-
linolenic acid with
reported anti-
inflammatory activity
via NLRP3
inflammasome
inhibition.

Ci1sH3003

(Kumar et
al., 2016)

Decylbenzenesulfonic acid

Ci6H2603S  Alkylbenzenesulfonate
surfactant commonly
used in detergent and
cleaning formulations,
where it functions as a

hydrotrope to modify

solubility and viscosity.

(Burns,
1999)

3-Acetylaconitine

Aconitine-type
diterpenoid alkaloid
with reported
cytotoxicity against
P388 leukemia cells,
and anti-inflammatory
effects reported in
osteoarthritis models.

C36H49NO12

(He et al.,
2011; Xiao
et al., 2024)
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Planaic acid

C27H3607

Orcinol depside lichen
secondary metabolite
identified in Lethariella
and Juniperus rock-
inhabiting species with
ecological roles
including UV
protection.

(Huneck et
al., 1989)

Docosanol

C22H460

Long-chain saturated
fatty alcohol used
clinically as a topical
antiviral agent that
inhibits herpes simplex
virus entry by blocking
membrane fusion.

(Shankar et
al., 2022)

Quinoxaline-2-carboxylic
acid

CoHsN202

Nitrogen-containing
heterocyclic aromatic
compound and core
scaffold of quinoxaline-
2-carboxylic acid 1,4-
dioxide derivatives
reported to exhibit
antimycobacterial
activity against
Mycobacterium spp.

(Frolova et
al., 2023)

Agistatin E

C11H160s5

Pyranacetal secondary
metabolite originally
isolated from a
Fusarium sp., reported
to inhibit cholesterol
biosynthesis.

(Steiner et
al., 2020)

10

5,6,2'-Trimethoxyflavone

Ci1sH1605

Polyphenolic compound
found in various plant
species that modulates

cell signaling and
enzyme activity,
including inhibition of
cytochrome P450, and
exhibits anti-
inflammatory and
antioxidant effects.

(Wollenweb
eretal.,
1990)
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11

Andrastin A

C28H3307

Meroterpenoid
secondary metabolites
produced by several
Penicillium species that
exhibit inhibitory
activity against Ras
farnesyltransferase,
suggesting potential as
antitumor lead
compounds.

(Matsuda et
al., 2013)

12

2-(methyl(2H-pyrazolo[3,4-
d]pyrimidin-4-
yl)amino)ethanol

CsHiiNsO

Nitrogen-rich
pyrazolopyrimidine
derivative belonging to
a heterocyclic scaffold
widely investigated for
anticancer activity,
including VEGFR-2
inhibition.

(Ruzi et al.,
2022)

13

3-Hydroxyphysodic acid

CsH1005

Lichen-derived
depsidone reported
from Hypogymnia

physodes, demonstrated
potent natural
antioxidant activity and
associated antimicrobial
effects.

(Stojanovic
et al., 2017;
Yilmaz et
al., 2005)

14

Cryptostictic acid

C19H1609

Lichen-derived
depsidone isolated from
Hypogymnia physodes,

reported to exhibit
antioxidant activity and
contribute to
antimicrobial effects in
methanolic extracts.

(Goga et al.,
2021)

16

9-Nitro-20(S)-camptothecin

CZOH 15N306

Nitro-substituted
camptothecin derivative
and potent
topoisomerase |
inhibitor derived from
Camptotheca
acuminata, investigated
as an oral anticancer
agent for pancreatic
cancer and other solid
tumors.

(Clark,
20006)
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17

Ethofumesate-2-keto

C11H1205S

Methanesulfonate ester
and y-lactone identified
as a metabolite of the
herbicide ethofumesate,
classified as a marine
xenobiotic metabolite
and member of the
benzofuran family.

(McCulloug
hetal.,
2016; Saito-
Shida et al.,
2020)

18

Helenine

C15H2002

Sesquiterpene lactone,
reported to inhibit
NLRP3 inflammasome
activation by disrupting
the NEK7-NLRP3
interaction,
demonstrating anti-
inflammatory activity.

(Fang et al.,
2024)

19

Citrinin hydrate

C13H1606

hydration product of
citrinin isolated from a
marine-derived
Penicillium sp. It was
identified in a target-
directed microbial
screen as an inhibitor of
human rhinovirus 3C
protease.

(Poddig et
al., 1994)

21

Oxymatrine

Ci15H24N202

Quinolizidine alkaloid
isolated from the root of
Sophora flavescens. It
exhibits antioxidant,
anti-inflammatory,
antifibrotic, and
anticancer activities,
and has shown
protective effects in
cardiovascular diseases.

(Zhang et
al., 2017)

23

18 Alpha-Glycyrrhetinic Acid

C30H4604

Triterpenoid with anti-
inflammatory and anti-
aging activities; shown
to reduce pulmonary
inflammation and
fibrosis in mice.

(Cao et al.,
2023)

24

Isoscopoletin

Ci10HsgO4

Coumarin derivative
reported to exhibit anti-
tumor activity, with
additional antioxidant

(Ruan et al.,
2024)
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Fuegin

and anti-inflammatory
activity effects.
Ci5H2204

26

Cinchonine

Sesquiterpene
benzofuran isolated
from Polygonum
hydropiper. It belongs
to the benzofuran class al., 1999)
of natural products, a
structural group
commonly associated
with diverse biological
activities, although
specific bioactivity data
for Fuegin itself
remains limited.
C19H22N20

(Khanam &
Shamsuzza
man, 2015;
Nakano et

27

Canrenone

Quinoline alkaloid (Shamsi et
closely related to al., 2025)
quinine, with known
antimalarial,
antioxidant, and anti-
inflammatory activity,
and forms a stable
complex with human
transferrin, suggesting
potential

neuroprotective effects.
C22H2303

28

Leu-Leu

Steroidal aldosterone (Derosa et
antagonist shown to

al., 2019)
reduce mortality and
improve cardiovascular
outcomes in patients
with chronic heart

failure.
C12H24N203

Dipeptide of two L- (Pubchem,
leucine residues; human

2026)
and Mycoplasma
genitalium metabolite
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29 Caudatin C28H4207

C21 steroidal aglycone
isolated from
Cynanchum species.
C21 steroidal
glycosides exhibit
anticancer activity, and
caudatin has been
shown to attenuate
inflammation by
suppressing JNK/AP-
1/NF-kB/caspase-1
signaling pathways in
activated HMC-1 cells.

(Bailly,
2021; Kim
et al., 2023)

Table A4. Uncharacterized metabolite features detected in GB2 fungal crude extracts by
LC-MS/MS and GNPS molecular networking. These features did not produce confident

spectral library matches and therefore remain putatively unidentified. Such metabolites
may represent previously undescribed compounds requiring further structural elucidation.

Feature ID Annotation

Molecular Formula

18 (25)-2-[[(25)-2-[[(2S)-2-amino-4-
methylpentanoyl]amino]-4-
methylpentanoyl]amino]-3-(4-
hydroxyphenyl)propanoic acid

C22H3203

20 (3S,6R,6aR,78S,12aS)-6,6a,7,8-
tetrahydroxy-3-methyl-

3,4,5,6,7,12a-hexahydro-2H-

benzo[a]anthracene-1,12-dione

C 19H2006

21 6-[(8a-carboxy-
4,4,6a,6b,11,11,14b-heptamethyl-
1,2,3,4a,5,6,7,8,9,10,12,12a,14,14a-
tetradecahydropicen-3-yl)oxy]-5-
[3,5-dihydroxy-6-(hydroxymethyl)-
4-(3,4,5-trihydroxy-6-methyloxan-
2-yl)oxyoxan-2-yl]oxy-3,4-
dihydroxyoxane-2-carboxylic acid

C48H760 18

22 6H-Benzofuro[3,2-
c][1]benzopyran-4,9-diol, 6a,11a-
dihydro-3-methoxy-, (6aR,11aR)-

C16H1405
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23 17-[2,3-dihydroxy-6-methyl-6- Cs3Hs54012
[3,4,5-trihydroxy-6-

(hydroxymethyl)oxan-2-
ylJoxyheptan-2-yl1]-2,3,14-
trihydroxy-10,13-dimethyl-

2,3,4,5,9,11,12,15,16,17-

decahydro-1H-
cyclopenta[a]phenanthren-6-one

Table AS. Uncharacterized metabolite features detected in LV6 fungal crude extracts by
LC-MS/MS and GNPS molecular networking. These features did not produce confident
spectral library matches and therefore remain putatively unidentified. Such metabolites
may represent previously undescribed compounds requiring further structural elucidation.

Feature ID Annotation Molecular Formula
4 8,8-dimethyl-2,10-dioxo- Ci9H150s
9H-pyrano[2,3-f]chromen-9-
yl) (Z)-2-methylbut-2-

enoate
9 FA 18:1+30 CisH3405
10 (2S,3S)-8-[(2R,3S)-5,7- CaeHsoOre

dihydroxy-2-(4-
hydroxyphenyl)-4-oxo0-2,3-
dihydrochromen-3-yl]-3,5,7-
trihydroxy-2-(4-
hydroxyphenyl)-2,3-
dihydrochromen-4-one

18 (2)-9-benzylidene-3-methyl- C20H1sN-HCl
9H-indeno[2,1-c]pyridin-2-
ium chloride
21 2-(2-furylcarbonylamino)-3- Ci6H1aN204
indol-3-ylpropanoic acid

Table A6. Uncharacterized metabolite features detected in DL16 fungal crude extracts by
LC-MS/MS and GNPS molecular networking. These features did not produce confident
spectral library matches and therefore remain putatively unidentified. Such metabolites
may represent previously undescribed compounds requiring further structural elucidation.
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Feature ID

Annotation

Molecular Formula

15

methyl (4R)-4-
((3R,5S,7R,9S8,10S,13R,17R)-7-
acetoxy-3-hydroxy-10,13-
dimethyl-12-oxohexadecahydro-
1H-cyclopenta[a]phenanthren-17-
yl)pentanoate

C27H4206

20

2,6-anhydro-, 5-[4-(beta-D-
glucopyranosyloxy)-2-
methylenebutanoate] 1-(4-
hydroxy-2-methylenebutanoate)

C22H34O 14

22

5-(4-methyl-5-oxo0-2H-furan-3-
yl)pentanoic acid

C 10Hl404

30

Phe-C16:1

C25H39NO3
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