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Abstract

Endophytic fungi residing within medicinal plants represent a rich and sustainable source of bioactive secondary
metabolites with diverse pharmacological applications. These symbiotic microorganisms establish mutualistic
relationships with their host plants, contributing to enhanced stress tolerance, growth promotion, and defense
against pathogens. In recent years, endophytic fungi have gained considerable attention as alternative biofactories
for the production of valuable compounds such as alkaloids, terpenoids, phenolics, lignans, and polysaccharides.
These metabolites exhibit a wide range of biological activities, including antimicrobial, antiviral, anticancer,
antioxidant, anti-inflammatory, and antidiabetic effects. Advances in cultivation strategies, such as OSMAC, co-
culture, and epigenetic modification, have significantly improved metabolite yield and diversity. Moreover, the
integration of genomics, transcriptomics, and metabolomics has revolutionized the understanding of biosynthetic
gene clusters and metabolic pathways, enabling the discovery of novel compounds and optimization of
production processes. Despite these advances, challenges such as low yield, silent gene clusters, and difficulties in
large-scale production remain significant barriers. Nevertheless, continued progress in multi-omics technologies,
synthetic biology, and biotechnological tools holds great promise for unlocking the full potential of endophytic
fungi. Herein, endophytic fungi represent a powerful and eco-friendly platform for the development of new
therapeutic agents and sustainable pharmaceutical applications.
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Introduction

Endophytic fungi are microbes that asymptomatically
invade the intercellular and, more rarely, the intracellular
tissues of a healthy plant at some time during its life cycle.
Compared with pathogens, these fungi live in mutual-
istic, commensal, or latent forms within their host and
frequently improve the health of the plant while deriving
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their nutrients from tissues and taking advantage of its
habitat. They are widely distributed in almost all plant
species from different habitats, such as medicinal plants,
crops, and forest flora [1-3]. Endophytic fungi and their
host plants have co-evolved over billions of years, result-
ing in a symbiotic relationship that offers the host several
ecological and physiological benefits. These fungi assist
plants to withstand different abiotic challenges, includ-
ing dry spells, salinity, and temperature oscillations,
by fabricating shielding metabolites [4]. They also pro-
mote disease resistance by the production of antimicro-
bial compounds that protect the plant from pathogens,
pests, and herbivores [5]. Moreover, some endophytes
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enhance plant physiology by producing key phytohor-
mones, including gibberellins, indole-3-acetic acid (IAA),
and cytokinins, which collectively promote plant growth
and improve nutrient uptake, particularly under nutrient-
limited conditions [4, 6, 7]. In addition to these functions,
endophytes are known to associate with plant metabolic
pathways either positively or negatively, affecting the
synthesis of such secondary metabolite compounds that
increase stress tolerance of plants and have a potential
advantage for human and veterinary medicine [8].

Medicinal plants are known for the abundance of bio-
active phytochemicals, i.e., alkaloids, flavonoids, terpe-
noids, and phenolic compounds involved in their known
antioxidant, antimicrobial, anti-inflammatory, and anti-
cancer activities [9-11]. However, the production of
these substances is usually obtained through massive
collection, thus constituting a threat to the preservation
of plant species. In this context, endophytic fungi have
the potential to serve as an alternative source due to
their diverse biosynthetic machinery. A few endophytes
are able to imitate host plant metabolites by producing
compounds similar to or identical to the ones produced
by medicinal plants [2, 12]. Moreover, they are reputed
to form new chemical analogues that increase or supple-
ment the therapeutic capabilities of plant metabolites
[13]. Besides their metabolic flexibility, these fungi can be
produced and genetically modified, which facilitates the
production of high quantities of valuable bioactive com-
pounds in a sustainable manner, avoiding pressure on
natural plant resources [14, 15].

Medicinal plants provide a chemically rich environ-
ment that supports diverse endophytic fungi, which
contribute significantly to the production of valuable
secondary metabolites. These fungi are producers of
valuable medicinal drugs such as paclitaxel (Taxol) from
Taxomyces andreanae, a widely used tumor growth
inhibitor [15], and have also demonstrated the ability to
produce antimicrobial agents active against antibiotic-
resistant pathogens [16]. The volatile organic compounds
(VOCs) produced by endophytic fungi have been found
to be antimicrobial and growth-promoting, which can
improve the plant tolerance under environmental stress,
and have potential applications in agriculture and the
medicinal industry [17]. Fungi reduce biotic stress and
enhance nutrient metabolism, thereby contributing to
the quality of plant secondary metabolites [4]. Certain
classes of secondary metabolites, including flavonoids,
glycosides, and phenolic compounds, are predominantly
produced by endophytic fungi inhabiting aboveground
plant tissues, rather than being synthesized by the host
plant, demonstrating their contribution to chemical
peculiarities in medicinal plants [12, 18]. They are also
producers of antimicrobial and antiviral metabolites,
such as alkaloids, peptides, and polyketides that have
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broad-spectrum antibacterial activity against antibiotic-
resistant bacteria and new viral infections [5]. Moreover,
the endophytic fungal metabolites have been shown to
have antioxidative efficacy and protect cells from oxida-
tive stress and some chronic diseases, including neuro-
degenerative and cardiovascular diseases [19, 20]. Aside
from human health, endophytic fungi also play a role
in agriculture and plant protection through enhancing
crop immunity. They apply biocontrol mechanisms that
help to prevent pests, and fertilization, sustain soil fertil-
ity, as well as the cultivation-promoting action of plants
through the production of various bioactive compounds
[4]. Endophytes represent a sustainable and prolific reser-
voir of valuable metabolites for use in biological, biotech-
nological, and agricultural applications, without placing
excessive pressure on the overexploitation of medicinal
plants. Their metabolic diversity and potential biomedi-
cal applications should continue to be explored for the
development of new therapies, particularly in response to
pressing global health challenges [15, 21-27].

The novelty of this review lies in its integrative and
application-oriented approach that bridges recent
advances in multi-omics technologies with practical
strategies for strain improvement and scalable pro-
duction of bioactive metabolites from endophytic
fungi. Unlike previous reviews that primarily summa-
rize metabolite diversity and biological activities, this
work emphasizes the linkage between genomics, tran-
scriptomics, and metabolomics with cultivation-based
approaches such as OSMAC, co-culture, and epigenetic
modulation to activate silent biosynthetic gene clusters
and enhance metabolite yield. Furthermore, it highlights
translational aspects by addressing current bottlenecks
such as low productivity and industrial scalability and
proposing solutions that connect laboratory discover-
ies with field and bioprocess applications, thereby offer-
ing a more comprehensive framework for developing
endophytic fungi as sustainable sources of therapeutic
compounds.

Diversity of endophytic fungi in medicinal plants

Diversity and community composition of endophyte
microbiomes associated with medicinal plants are
reversed by a recurring set of fungal phyla and genera,
but are strongly influenced by host, organ, habitat, and
season. Among most medicinal plants, the endophyte
community usually consists of members of the phylum
Ascomycota that largely outnumber with Basidiomycota
[28]. Generally, numbers range from 3 to 9 phyla, 20-60
+ orders, and 100-200 + genera per host [29]. Certain
genera, including Aspergillus, Penicillium, Fusarium,
Trichoderma, Colletotrichum, and Nigrospora, are fre-
quent fungal occurrences for several medicinal plants
in numerous regions, which was also the case with
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Table 1 Documented medicinal plants and associated
endophytic fungal taxa
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Table 2 Ecological roles of endophytic fungi associated with
medicinal plants

Medicinal Dominant endophyte Importance Refs. Example Role Main effect on Refs.
plant host/ecosystem
Taxus Taxomyces andreanae Produces Taxol, same 4] Alpine and cold- Stress tolerance Cold, drought, [38]
brevifolia as the host desert medicinal salinity, and metal
Azadirachta — Eupenicillium parvum Produces azadirachtin ~ [14] plants with DSE-rich resistance
indica A and B, insecticidal communities
terpenoids Ephedra pachy- Growth promotion Biomass, root [40]
Catharanthus  Fusarium oxysporum Produces vincris- [34] clada, Bletilla striata, growth, nutrient
spp. tine-like alkaloids Arnebia euchroma use
Cinchona spp.  Phomopsis sp. Produces quinine-relat-  [34] endophytes
ed compounds Antagonistic/ Defense/Biocontrol Disease and pest  [41]
Anisomeles  Colletotrichum Plant-growth [33] pathgtroph suppression
indica yulongense, promotion, rich in symbiotroph endo-
C. cobbittiense, alkaloids, phenolics, phytes in multiple
C. alienum, and flavonoids medicinal hosts
Fusarium equiseti Endophyte-en- Metabolite Higher or novel [42]
Oroxylum Colletotrichum C. gloeosporioides [35] hanced phenolics,  modulation medicinal
indicum gloeosporioides, extract shows strong diverse terpenoids, compounds
Daldinia eschscholt- antioxidant & cytotoxic and other SMs
Zii, Ectophoma activity
multirostrata
Dillenia indica Daldinia eschscholtzii,  Seasonal/tissue-specif-  [36] and Daldinia, which have often been reported from
Colletotrichum gloeo-  ic communities, strong the medicinally important plants, and they usually pro-
sporioides, Cladospo-  enzyme production duce terpenoids, alkaloids, quinones, and phenolics with
rium cladosporioides P . . . P
e antimicrobial and anti-cancer properties, or antioxidant
Ephedra Penicillium, Strong plam-growth [37] activities [2’ 14, 30, 33]'
pachyclada Talaromyces, promotion, IAA, phos-
Aspergillus spp. phate solubilization

Phyllosticta, Diaporthe, and Neopestalotiopsis on medici-
nal plant hosts [2, 30]. Specialized groups, particularly
Dark septate endophytes (DSE) such as Phialocephala
and Cadophora, can predominate in roots from extreme
or alpine environments and potentially contribute to
stress tolerance [28, 29]. New genera and many new spe-
cies are still being described from the Medicinal ferns
and herbs, highlighting the vast and still underexplored
fungal diversity associated with medicinal plants [31].

Diversity drivers and host or tissue specificity

Host identity and tissue niche are dominant factors in
determining diversity, with roots exhibiting the highest
richness in some systems, while leaves and stems domi-
nate in others [32]. Environment or season (altitude,
habitat type, summer/winter, or potted/field) greatly
reorganizes communities [28, 29]. Every medicinal plant
is expected to have some core taxa that could be involved
in stress tolerance, metabolite production, and pathogen
defense [28]. Numerous medicinal plants harbor diverse
endophytic fungi, predominantly Ascomycetes, which
can mimic and produce novel bioactive compounds com-
parable to plant metabolites. Many endophytic genera
are shared between medicinal plants of different hosts
and regions, with some occurring frequently (Table 1)
such as Alternaria, Cladosporium, Diaporthe/Phomopsis

Ecological roles

Endophytic fungi of medicinal plants are diverse and
composed of host- and habitat-specific communities
that benefit the hosts by increasing host fitness, stress
tolerance, defense responses, and production of second-
ary metabolites, and participate in ecosystem processes.
Endophytic fungi play a crucial role in enhancing host
plant stress tolerance and facilitating habitat adaptation.
DSE are the most prevalent root endophytes in Alpine
medicinal plants and are linked to cold and drought
stress tolerance (Table 2); Cadophora, Leptosphaeria,
and Tetracladium type taxa facilitate persistence of these
plants in high elevation, low temperature habitats [29].
Medicinal plants adapted to cold desert environments,
such as Arnebia euchroma, harbor endophytic commu-
nities with diverse plant growth—promoting traits that
facilitate their survival under nutrient-limited and arid
conditions [38]. Among species and sites, functionally
redundant endophytes provide similar stress-ameliorat-
ing services even as species composition changes, buft-
ering plant performance against climate change [28, 29].
Beyond stress mitigation, Many endophytes act as biofer-
tilizers by improving nutrient availability (e.g., phospho-
rus solubilization and nitrogen facilitation), producing
phytohormones such as auxins and gibberellins, and pro-
moting root system development, leading to increased
biomass and enhanced yields in medicinal plants and
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model crops [2, 38]. Functional guild analysis reveals the
presence of tons of symbiotrophs, including mycorrhiza-
like and root-associated biotrophs, in cultivable medici-
nal plants, suggesting participation in nutrient exchange
and root function [39]. Additionally, endophytic fungi
contribute to plant defense, community buffering, and
ecosystem cycling. Endophytes inhibit pathogens and
herbivores through antibiotics, lytic enzymes, sidero-
phore production, inducible defenses, and competi-
tion, acting as endogenous biocontrol agents [2, 39].
Pathotroph—saprotroph endophytes may commence
decomposition of senescent tissues, recycling nutrients
whilst living within the plant, connecting endophytism
with litter decay and nutrient turnover [28, 39]. More-
over, these fungi can regulate the biosynthesis of second-
ary metabolites in medicinal plants, thereby affecting
their chemical composition and therapeutic quality.
Many endophytes also play a role in or mimic host sec-
ondary metabolism, contributing to increased deposition
of phenolics and other bioactive compounds in medici-
nal tissues, and even producing their own antimicrobial,
antioxidant, antitumor, and insecticidal metabolites [2].

Environmental and physiological factors affecting diversity
The endophytic diversity of fungi in medicinal plants is
severely influenced by both external environmental fac-
tors (climate, soil, altitude, geography) and internal plant
factors (organ, age, growth stage, chemistry). These fac-
tors act as filters that decide which fungi can colonize,
persist, and dominate within the host tissues. Regarding
environmental determinants, geography and habitat play
crucial roles, as site and production area significantly
influence the richness and OTU composition of endo-
phytic communities in medicinal plants such as Cissam-
pelos pareira, Erigeron breviscapus, Rheum palmatum,
Arnebia euchroma, Gentiana spp., and Ardisia crenata
[39, 43]. These factors collectively shape the diversity
and structure of fungal endophyte communities. In situ
diversity of arbuscular mycorrhizal (AM) fungi in roots
and rhizosphere soils is strongly influenced by both soil
properties, such as total phosphorus and nitrogen avail-
ability, and geography factors like latitude and altitude,
but comparatively more so for the former factors than for
geographic distance alone [44]. Soil chemistry and plant
taxonomic richness affect the extent to which host plants
structure their root-associated fungal communities,
with higher plant species diversity supporting increased
microbial diversity in roots [45].

Climate conditions further modulate community
structure, where temperature and humidity, but espe-
cially precipitation, such as rainy versus dry or winter
seasons, consistently drive changes in alpha and beta
diversity, with richness often increasing during warm,
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moist, or monsoon periods [39]. Temperature is associ-
ated with endophyte species richness and diversity, for
example, in Pinus Armandi, where climate change leads
to differential genomic vulnerability of endophytes by
region [46]. Geographic factors account for generally
greater variation in endophytic communities than cli-
mate alone. However, climatic factors such as drought
and temperature fluctuations directly influence both fun-
gal community assembly and host plant growth, while
interactions may be further enhanced through inocula-
tion with microbiomes derived from native plants [47,
48]. Additionally, seasonal changes in solar radiation,
humidity, and temperature modulate endophytic com-
munity structure and function, affecting colonization
timing and metabolic activities [49]. Along elevational
gradients, diversity often shifts in a non-linear manner
due to the combined effects of temperature, moisture,
and surrounding plant communities; aerial tissues such
as leaves and stems tend to respond more strongly to
altitude compared with roots, which may exhibit distinct
or attenuated patterns [28, 29]. In addition, soil proper-
ties and rhizosphere characteristics, including pH, nutri-
ents, and rhizosphere community, are associated with the
endophyte structure, diversity in alpine roots and Ardisia
crenata, which affect the functional guilds and metabo-
lite accumulation [29]. Soil characteristics underpin the
assembly of endophytic fungi. Soil pH, organic matter,
and macronutrients (particularly nitrogen, phosphorus,
and potassium) are strongly correlated with the structure
of fungal communities. Ren et al. [50] reported that, for
example, found that geographic variation in soil fertil-
ity was directly related to significant differences in both
rhizospheric and endophytic root fungal diversity in
Scrophularia ningpoensis, with higher levels of diversity
associated with relatively balanced nutrient profiles of
the soil. In a similar vein, a study focusing on the orchid
Bletilla sinensis along an altitudinal gradient found that
soil characteristics as well as environmental variables
like temperature and moisture played important roles
in defining endophytic fungal diversity; furthermore,
specific fungal taxa displayed significant preferences for
certain soil features [51]. Rhizosphere properties consti-
tute the dynamic interface with the most active exchange
of signals between plant and microbes, serving as a sec-
ondary yet vigorous filter to narrow down endophyte
candidates from the external soil microbiome. The com-
position and quantity of root exudates comprising sugars,
amino acids, organic acids, flavonoids, and strigolac-
tones are pivotal in this process. These exudates serve
as carbon sources and chemoattractants that promote
the selection of beneficial fungi while repressing antago-
nistic taxa by antimicrobial compounds. In a study with
the grass Melica transsilvanica, it was found that epi-
chloé guerinii, as an above-ground endophyte, altered the
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host’s root exudation profile by facilitating the secretion
of organic acids, amino acids, and sugar alcohols, recon-
figuring the rhizosphere microbiome to help bacteria
harboring beneficial functional traits [52]. Beyond envi-
ronmental influences, host-related physiological factors
exert equally significant effects. The specific plant organ
represents a strong, consistent driver; the roots are often
associated with the highest richness due to their proxim-
ity to soil and exudates, whereas leaves and stems tend
to support distinct and more evenly distributed microbial
assemblages [28, 29, 39, 43]. Plant organ types are one of
the main factors determining endophytic fungal richness,
diversity, and community structure in medicinal plants.
Roots often have higher fungal richness and diversity
than stems and leaves [53]. For example, in Sophora alo-
pecuroides, roots had the greatest fungal diversity. Simi-
larly, in olive trees, inflorescences had richer endophyte
communities than fruits [54]. These endophytes prefer-
entially colonize a particular growth stage in a host plant,
where their physiological state and immune responses
could differ, thus tailoring the community structure of
invading mycobiota. However, adaptive mechanisms and
tolerance to environmental factors differ between growth
stages, which may impact the composition of the fungal
community within the plant [55]. Moreover, microbial
communities associated with roots are also affected by
plant provenance and environmental conditions, indicat-
ing that intrinsic factors, such as age and development,
and extrinsic factors contribute to endophytic diversity
[56]. The identity of host species and genotypes is also
related to selective filtering, as closely related Gentiana
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Phenolics

Coumarines

Endophytic
Fungi
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spp. growing in the same region can result in different
levels of endophytic communities and diversity, reflecting
genetic and physiological traits [57]. Finally, the second-
ary metabolite profiles of a plant might influence micro-
bial equilibrium; antibacterial or specialized compounds,
such as those found in Serjania erecta, may alter domi-
nance between bacterial and fungal or yeast communi-
ties, where endophyte diversity has often been reported
to be positively correlated with major biochemical sub-
stances of the host, including anthraquinones, iridoids,
shikonin, and dendrobine [58].

Bioactive compounds produced by endophytic
fungi

Endophytic fungi colonize the healthy internal tissues of
plants and function as “chemical factories” to produce
various secondary metabolites with potent pharmaco-
logical activity, like those made by plants. The primary
bioactive classifications consist of alkaloids, terpenoids,
phenolics, lignans and coumarins, polysaccharides,
and various other metabolites (Fig. 1) [59, 60]. Recent
research efforts have increasingly focused on endophytic
fungi as promising sources of novel bioactive compounds
with potential applications in multiple sectors [61]. Endo-
phytic fungi have been considered as efficient biological
factories due to their adaptability, ease of cultivation, and
rich metabolic potential [62]. The discovery of the abil-
ity of the endophytic fungus Taxomyces andreanae to
produce paclitaxel marked a breakthrough, underscor-
ing the potential of endophytes as alternative sources
of plant-derived metabolites [63]. Most of the reviews

Terpenoids

Lignans

Polysaccharides

Fig. 1 Bioactive metabolites of endophytic fungi from endophytic fungi. Created in BioRender. Hosny, A. (2026) https://BioRender.com/22xvbOw
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describe alkaloids as a primary metabolite class produced
by endophytic fungi [60]. They are found in numerous
hosts, including (medicinal plants, crop plants, trees),
and genera (Aspergillus, Penicillium, Fusarium, Colle-
totrichum, or Trichoderma) [13, 64]. Often, terpenoids
are the major new structures reported (35% of 220 new
compounds in a decade) [60], such as monoterpenoids,
sesquiterpenoids, diterpenoids, or triterpenoids with
anticancer, anti-inflammatory, antibacterial, antiviral,
and antimalarial activity [42, 64]. Phenolics (simple phe-
nols, polyphenols, flavonoids) and coumarins and lignans
exhibit potent antioxidant, antimicrobial, and cytotoxic
activity. Polysaccharides and Other Metabolites: Fun-
gal endophytes are recognized as prolific producers of
diverse metabolites, such as polyketides, cyclic peptides,
saponins, quinones, xanthones, macrolides, fatty acids,
carotenoids, sugars, and polysaccharides [59, 65]. Figure
2 illustrates some of common bioactive compounds from
endophytic fungi such as paclitaxel [66], camptothecin
[67], pestacin [68], quercetin [69], ergoflavine [70], podo-
phyllotoxin [71], huperzine A [72], chaetoglobsin A [73],
vincristine [74], piperine [75].

Plant secondary metabolites (PSMs), including phe-
nolics, terpenoids, and alkaloids, are very important for
plant defence and stress tolerance [76, 77]. Endophytes
can change this metabolism by enhancing or redirect-
ing PSM biosynthesis and, in some cases, contributing
their own metabolites (Fig. 3) [40, 78]. PSMs are derived
from biosynthetic pathways, including the shikimate/
phenylpropanoid, terpenoid, and alkaloid pathways, and
they are regulated by transcription factors (TFs) such as
MYB, bHLH, WRKY, AP2/ERF, bZIP, and NAC [77, 79].
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Biotic and abiotic stresses, such as salinity, temperature,
drought, light, and herbivory, affect PSM accumulation
through hormone signaling pathways and stress-induc-
ible TFs [80, 81]. Endophytic fungi can increase the
activity of biosynthetic enzymes like stilbene synthase
and whole metabolic pathways, often through host TFs
and stress-related signaling mechanisms [33, 78]. Addi-
tionally, fungal cells, extracts, or polysaccharides act
as elicitors, enhancing antioxidant defenses and trig-
gering the accumulation of defense-related PSMs [82].
Many fungal BGCs remain silent under standard condi-
tions; however, approaches such as co-culture or the use
of epigenetic modifiers can activate the production of
novel fungal metabolites that may complement or mimic
plant-derived PSMs [83]. Strains that enhance one class
of metabolites may suppress others, reflecting a trade-off
in resource allocation between growth and defense [84].

Alkaloids

Alkaloids are low molecular weight organic molecules
containing nitrogen atoms that derive from the amino
acids and have a cyclic structure [65]. In endophytic
Aspergillus, 263 alkaloids have been reported, such as
cytochalasans, diketopiperazine, quinazoline, quino-
line, indole, and pyrrolidine alkaloids [85]. Alkaloids
constitute one of the major classes of secondary metab-
olites in endophytes, accounting for approximately
25-30% of newly identified structures [60]. Reported
activities ranged from antibacterial, antifungal, anti-
viral, cytotoxic, and anticancer, anti-inflammatory, to
antimalarial and cytostatic activities, in addition to
enzyme inhibition (a-glucosidase, ACE, DPPH) [15, 59].

Pestacin | |

Quercetin | | Ergoflavine

HuperzineA |

[ Podophyllotoxin | |

[ Chaetoglobsin A | |

Vincristine | | Piperine

Fig.2 Some of common bioactive compounds from endophytic fungi
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Fig. 3 Plant secondary metabolite biosynthesis and its modulation by endophytic fungi

Endophytic alkaloids also play a role in defense (herbi-
vores, pathogens) of plants\ and can be associated with
enhanced host alkaloid accumulation in medicinal spe-
cies [64]. Endophytic fungi have shown the ability to bio-
synthesize alkaloids that are identical to those of their
host plants. They have been found to produce bioactive
compounds like paclitaxel, podophyllotoxin, vincris-
tine, and camptothecin, previously considered unique
to plants [60]. These results demonstrate their potential
as alternative and sustainable sources of plant alkaloids.
For example, specific endophytic fungi monitored in Sal-
via abrotanoides, including Penicillium canescens and
Paraphoma radicina, can synthesize cryptotanshinone (a
major bioactive compound from the host plant) indepen-
dently of plant tissue. This phenomenon could be attrib-
uted to close metabolic alliances between endophytes
and their host plants, where the fungal metabolic net-
works have the ability to utilize plant-derived precursors
or imitate plant biosynthetic pathways [18]. Alkaloids
include many compounds such as Aconitine, Berberine,
Camptothecin, Huperzine A and others.

Aconitine, a diterpenoid alkaloid found in Aconitum
spp. It is a highly toxic alkaloid, where is considered one
of the most potent naturally occurring neurotoxins and
cardiotoxins [86]. Moreover, aconitine is produced from
endophytic fungus Cladosporium cladosporioides which
isolated from Aconitum leucostomum plant [87].

Berberine is isoquinoline alkaloid compound that is
found in several plants, including the roots, rhizomes,
stems of some plants (such as Berberis vulgaris) as well as
endophytic fungi [88]. The endophytic Alternaria sp. and
E solani, which were isolated from Phellodendron amu-
rense and Coscinium fenestratum respectively were used
for production of berberine [89]. Berberine is extensively

utilized in the management of diseases such as hypergly-
cemia, hyperlipidemia and neural disorders. According to
Singh, Sharma [90], berberine exhibited anticancer activ-
ity through binding to DNA and inhibiting replication.

Camptothecin (CPT) is an inhibitor of quinoline alka-
loid that specifically targets topoisomerase I, resulting in
cytotoxic effects. CPT is a naturally occurring compound
derived from the bark and stem of Camptotheca acumi-
nata. Its constituents have been utilized in traditional
Chinese medicine for the treatment of cancer-related
cases [91]. CPT and its derivatives have gained signifi-
cant attention in the field of cancer research and che-
motherapy. This substance is extremely effective as an
inhibitor of topoisomerase I, an enzyme that plays a role
in both the replication and repair of DNA. CPT causes
DNA damage and ultimately cell death because it binds
to the DNA-topoisomerase I complex which leads to the
destruction of DNA [92]. CPT has been extracted from
various fungal endophytes, includin E solani, Entropho-
spora infrequens, Neurospora sp and Nodulisiporium sp
[93-95].

Huperzine A is a natural compound derived from the
Chinese club moss plant (Huperzia serrata). Also, many
endophytic fungi such as Aspergilli, Colletotrichum,
Phyllosticta, Hypoxylon, Xylaria and Nigrospora have
been shown to synthesize novel strong acetylcholines-
terase inhibitors (AChEIs) in their metabolite extracts
[96]. Huperzine A works primarily as an acetylcholines-
terase inhibitor. Acetylcholinesterase is an enzyme that
breaks down the neurotransmitter acetylcholine, which
is involved in memory, learning, and cognitive skills. By
inhibiting this enzyme, huperzine A increases the levels
of acetylcholine in the brain, which may help improve
cognitive skills and memory [97].
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Terpenoids

Terpenoids are biosynthesized from C5 isoprene units
through the mevalonate (MVA) or the methylerythri-
tol phosphate (MEP) pathways. Endophytes are able
to synthesize monoterpenoids, sesquiterpenoids, di-,
sester-, and triterpenoids, as well as meroterpenoids
that contain skeletons characteristic of both terpenoid
and polyketide synthesis. Many novel terpenoids have
been described from endophytic fungi within medicinal
plants, crops, algae, mangroves, and marine systems [64].
Terpenes are classified to sesquiterpenes, diterpenes and
meroterpenes. Sesquiterpenes are a category of terpenes
characterized by their composition of 15 carbon atoms,
which are obtained from the combination of three iso-
prene units. Xylarenones A and B, along with xylarenic
acid, were extracted from Xylaria sp. NCY2 [98]. Silva
et al. [99] reported the isolation of several cadinane ses-
quiterpene derivatives from Phomopsis cassiae, which
was isolated from Cassia spectabilis. Diterpenes are a
subclass of terpenes characterized by their composition
of 20 carbon atoms, which are formed by the combina-
tion of four isoprene units. Paclitaxel (Taxol) is the most
prevalent diterpene. Taxol, a diterpenoid with significant
functional groups, is present in all species of the Taxus
genus, although its first isolation occurred from Taxus
brevifolia. There are many endophytic fungi have abil-
ity to produce Taxol such as Fusarium solani, Alternaria
sp. and Aspergillus sp. which isolated Taxus chinensis,
Ginkgo biloba and Podocarpus sp. respectively [100].
Furthermore, Zhao et al. [101] reported that various
fungal species, including Phyllosticta spinarum and Bar-
talinia robillardoides have been identified as producers
of Taxol. Meroterpenes are a class of natural compounds
that are hybrid molecules containing both terpenoid and
non-terpenoid moieties. They are formed through the
combination of terpenoid precursor units with other bio-
synthetic building blocks, such as polyketides, shikimate
pathway intermediates, or amino acids [102]. Fill et al.
[103] reported that Penicillium sp has ability to produce
meroterpenoids.

A lot of endophytic terpenoids display anticancer, anti-
inflammatory, antibacterial, antiviral, antimalarial, anti-
oxidant, and hypoglycemic activities [42, 64]. Terpenoids
with antifungal and antibacterial activities are considered
promising candidates for drug development and crop
protection. However, their yields are typically low; there-
fore, optimization strategies, co-culture approaches, and
omics-guided strain engineering represent key areas of
research [64].

Phenolics

Phenolics are aromatic compounds with one or more
hydroxyl (-OH) groups, and in endophytes, they com-
prise simple phenols, phenolic acids, flavonoids, and
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tannins. Phenolic compounds are strongly correlated
with antioxidative capacity, underscoring their role as the
primary active constituents [104]. Extracts are investi-
gated as natural antioxidants in foods (e.g., preservation
of oxidation-sensitive olive oil) and lead to anti-cancer
and anti-inflammatory compounds [105]. Fungal pheno-
lics aid hosts in counteracting oxidative, biotic, and abi-
otic stress, strengthening the plant defense. Endophytes
can also regulate plant phenolic pathways, leading to the
accumulation of phenolic acid in medicinal plants [33].
Optimization of solvents, time, and culture conditions
significantly enhances the recovery of phenolics [104].
Studies have shown that endophytic fungi could synthe-
size phenolics like their host plants. For instance, fun-
gal isolates from Lagenandra toxicaria exhibited similar
phytochemical profiles and antimicrobial properties as
the plant itself [106]. The endophytes’ ability to produce
phenolics like their host has been attributed to co-evolu-
tionary processes and genetic communications enabling
fungi to mimic or complement the metabolic pathways of
the respective host [107, 108]. In a previous study, endo-
phytic Pestalotiopsis adusta was used for production of
pestalachloride A and B [109]. Also, Hoffman et al. [110]
successfully extracted a collection of phenolic acids from
the culture broth of a Phoma sp., which was identified
as an endophytic fungus residing within a Guinea plant
species known as Saurauia scaberrinae. Numerous novel
phenols and phenolic acids, which have been extracted
from endophytic cultures in recent research, have fre-
quently exhibited significant antimicrobial properties
[111]. Through conducting additional research on phenol
and phenolic acids, there exists significant potential for
the discovery of novel and highly efficacious antibiotics.

Lignans and coumarins

Lignans and coumarins are bioactive phenolic com-
pounds. Metabolomic analysis of endophytic fungal fer-
mentation has shown that these compounds are among
the main differential metabolites associated with thera-
peutic effects, exhibiting specific accumulation pat-
terns during fermentation [112]. In Cistanche sinensis,
a medicinal plant containing lignan compounds includ-
ing syringin, the relationships between endophytic fun-
gal communities and lignans indicated that endophytes
might affect lignan biosynthesis or accumulation [113].
Endophytic fungi can produce lignans and coumarins
that are identical or analogous to those of their host
plants. This ability is attributed to the long-term co-evo-
lution and genetic exchange between endophytic fungi
and their host plants, which enables the fungi to biosyn-
thesize secondary metabolites similar to plant-derived
compounds [107, 108]. A notable example includes
the production of podophyllotoxin, a lignan originally
obtained from Podophyllum species, by endophytic fungi
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such as Phialocephala fortinii, highlighting the ability of
endophytes to synthesize host-specific lignans [114].

Transcriptomic and metabolomic profiling of Gano-
derma lucidum also reveal that lignans occur along with
other phenolic compounds, suggesting possible fungal
biosynthesis pathways, although the precise mechanisms
are not yet completely understood. These compounds are
responsible for antioxidant, anti-inflammatory, and anti-
microbial properties reported for phenolic metabolites of
endophytes, showing a consonance with their ecological
functions and biotechnological profile [115].

Polysaccharides

Polysaccharides derived from endophytic fungi have
demonstrated important bioactivities, including anti-
oxidant and antimicrobial effects, as evidenced by exo-
polysaccharides (EPS) from Aspergillus fumigatus and
Preussia isabellae, which exhibit strong radical scaveng-
ing potential and antibacterial activity against Gram-
positive bacteria [116]. Intracellular polysaccharides of
endophytic Penicillium show strong antioxidant activity
and can cause apoptosis in prostate cancer cells, with-
out affecting normal cells [117]. The polysaccharide yield
and production of endophytes can be improved through
the optimization of culture conditions, as exemplified
by Acremonium sp., where immobilization increased the
intracellular polysaccharide content in addition to other
bioactive compounds [118]. The anti-inflammatory activ-
ity of fungal polysaccharides is associated with structural
characteristics, including glycosidic linkage of the carbo-
hydrate moieties, in which different linkages modulate
the gut microbiome and inflammation in colitis models
[119]. Generally, fungal polysaccharides are interesting
for pharmaceutical and nutraceutical usages because of
their wide physiological activities and the possibility to
upscale their production [120]. Endophytic fungi pro-
duce many polysaccharides with various structures and
bioactivities. Studies have shown that some of these poly-
saccharides even mimic those found in their host plants
[117]. A Fusarium solani endophyte has been reported to
produce polysaccharides like those of its host plant Den-
drobium officinale with the same monosaccharide com-
position and similar structure to the host Dendrobium
polysaccharide (DOP), optimized via culture C/N ratio
[121].

Other bioactive compounds

Beyond alkaloids, terpenoids, phenolics, lignans, cou-
marins, and polysaccharides, endophytic fungi exhibit
remarkable metabolic diversity, producing a wide range
of bioactive compounds such as peptides, polyketides,
steroids, and sulfur-containing molecules. These metabo-
lites display a wide range of bioactivities, including anti-
oxidant, anti-inflammatory, antimicrobial, anticancer,
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antiviral, and hemoprotective activities [122, 123]. New
antibacterial compounds with distinct chemical struc-
tures are derived from endophytic fungi and have been
considered as promising agents against antibiotic-resis-
tant pathogens [122]. Certain secondary metabolites,
such as averufin and equisetin, display effective anti-
cancer activity by acting through molecular docking
with cancerous proteins [124]. Fermentation of agricul-
tural residues by endophytic fungi might be a potential
approach to increase complex mixtures of amino acids,
phenolics, flavonoids, tannins, polysaccharides, and pro-
teins with multiple biological activities [125]. In general,
endophytic fungi have a wide range of structurally diverse
bioactive compounds that could serve as an enormous
and largely untapped reservoir for pharmaceutically
active compounds with good potential for therapeutic
use [123].

Enhancement of bioactive compounds production
from endophytic fungi

Bioactive compound production in endophytic fungi
is known to be an impending biotechnological fron-
tier owing to a global demand for new pharmaceuticals,
agrochemicals, and cosmeceuticals during the era of
antibiotic resistance and increasing complex diseases.
Endophytic fungi living asymptomatically in plant tis-
sues are prolific producers of secondary metabolites with
diverse structures and anticancer, antimicrobial, anti-
inflammatory, and neuroprotective activities [126, 127].
Due to the silencing of biosynthetic gene clusters (BGCs)
under standard culture conditions, their natural produc-
tivity in laboratories is normally low or inconsistent [128,
129]. Using several strategies, endophytic fungi can be
stimulated to produce increased levels or novel second-
ary metabolites. Systematic variation of carbon/nitro-
gen sources, salts, pH, temperature, aeration, agitation,
and incubation time (often employing statistical designs
such as RSM) vields higher levels of certain metabolites
as well as overall bioactivity [59, 130]. One Strain—Many
Compounds (OSMAC) strategy, which involves media
change, solid or liquid culture, and physical condition,
awakens silent or weakly expressed biosynthetic gene
clusters resulting in the production of various com-
pounds [60, 131, 132]. Culturing endophytes with other
fungi or bacteria simulates natural interactions, places
stress on the fungi, and activates pathways that would
otherwise go unexplored. Co-culture of paclitaxel-pro-
ducing Paraconiothyrium sp. with the other endophytes
increased paclitaxel up to 7.8-fold [131]. Co-culture of
tropical endophytes reduced antibacterial IC50 ~ 10-fold
compared with monocultures [133]. Fungi co-cultivated
with host plants or medicinal species can also stimulate
plant metabolite accumulation [118]. The addition of
elicitors (stress signals, small molecules) or precursors
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enhances target metabolite pathways and yields [15].
Emission of plant extracts or host-derived material can
augment production; Huperzia serrata extracts, for
example, increased huperzine A yield in an endophyte
to 255 pg/g dew and induced biosynthetic genes [134].
Chemical epigenetic modifiers, including 5-azacytidine
(AZA) and suberoylanilide hydroxamic acid (SAHA),
along with DNA methyltransferase and histone deacety-
lase inhibitors, can remodel chromatin structure, activate
silent biosynthetic gene clusters, and enhance secondary
metabolite diversity [132, 135]. Manipulation of BGCs,
global regulators, transcription factors, heterologous
expression of clusters in model hosts, and CRISPR-Cas9
editing are used to upregulate key genes or eliminate
repressors [136]. Submerged culture is quicker and more
easily managed; solid-state fermentation can lend pref-
erence towards different metabolic profiles. Process
parameters such as aeration, agitation, inoculum size,
and particle additives are tuned to maximize specific
metabolite yields [59]. Classical or modern mutagen-
esis, protoplast fusion, and adaptive evolution are able
to enhance the stability and productivity of endophytic
strains [137]. Furthermore, Enhancement of bioactive
metabolite production from endophytic fungi can be
effectively achieved through gamma irradiation, which
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induces genetic variations that lead to increased yield
and improved antimicrobial, anticancer, antioxidant, and
other pharmacologically active compounds [63, 138].

Biomedical applications of endophytic fungi
Endophytes of medicinal plants are known to be impor-
tant reservoirs of bioactive compounds, which have been
demonstrated to possess various biological activities such
as antimicrobial, anticancer, antioxidant, anti-inflam-
matory, and antidiabetic (Fig. 4). These fungi mainly
produce a range of secondary metabolites such as taxol,
camptothecin, podophyllotoxin, and several other new
compounds, which can replace synthetic drugs and are
effective against multidrug-resistant organisms [14, 60,
139].

Antimicrobial activity

The endophytic fungi obtained from medicinal plants
revealed remarkable antimicrobial potential against a
wide variety of human pathogens, such as bacteria and
fungi. For example, Aspergillus terreus isolated from
Egyptian medicinal plants, including Anabasis setifera,
Mesembryanthemum forsskaollii, Raphanus raphanis-
trum, and Zygophyllum coccineum, has demonstrated
significant antimicrobial activity against several human
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Fig. 4 Endophytic fungi-derived metabolites: production and biomedical applications
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pathogenic bacteria, yeasts, and fungi, as well as antioxi-
dant and cytotoxic activities [30, 140]. Likewise, antibac-
terial activity of South African and Amazonian medicinal
plants endophytic fungi with minimum inhibitory con-
centration (MIC) in the low mg/mL range is associated
with phenolic compound-related antioxidant potential
[104, 141]. Endophytic fungi such as Fusarium incar-
natum and Fusarium oxysporum from Jatropha multi-
fida L. roots generated antibacterial compounds active
against Staphylococcus aureus and methicillin-resistant
S. aureus (MRSA) [142]. Penicillium citrinum and Asper-
gillus spp, was found by other researchers from Garcinia
cowa and Rhodomyrtus tomentosa, respectively. which
showed significant anti-bacterial activities against S.
aureus, E. coli, and MRSA [143, 144]. Among the anti-
microbial secondary metabolites produced by these
fungi are cadinanes and abietane terpenoids, diterpenes,
and depsides with antibiofilm activity, such as penicillic
acid and methyl chloroacetate, suggesting their possible
use as new natural antibiotics against resistant infec-
tions [145, 146]. These endophytes generate bioactive
metabolites by multiple molecular mechanisms with
antimicrobial properties (Fig. 5). These metabolites are
believed to induce microbial cell membrane permeability
by directly disrupting membrane integrity, causing loss
of membrane potential, or indirectly leading to cell death
[141]. For example, penicillic acid isolated from an endo-
phyte of Hyssopus officinalis was shown to have strong
antibacterial activity against both Gram-positive and
Gram- negative bacteria in addition to reducing biofilm
formation, suggesting that it targets bacterial growth as
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well as biofilm development [145]. Various compounds,
including 2,2,4,4-tetramethylpentane, from A. niger (iso-
lated from Calotropis procera) have been mechanistically
linked to antimicrobial activity by forming stable adducts
with bacterial enzymes (e.g., the phenylalanine-tRNA
ligase and DNA gyrase) and inhibiting protein synthesis
and DNA replication [147]. Various metabolites (-)-pho-
malactone demonstrated strong antibacterial activity
against MRSA through enzyme inhibition and membrane
disruption from Curvularia inaequalis [148]. Moreover,
extracellular enzymes derived from endophytic fungi
(e.g., proteases, laccases, and peroxidases) also exhibit
antibacterial activity by degrading microbial compo-
nents or disrupting quorum sensing and biofilm forma-
tion [149]. Overall, endophytic fungi constitute a valuable
source for identifying novel antimicrobial compounds
derived from medicinal plants [14].

Antiviral activity

Endophytic fungi residing in medicinal plants consti-
tute a valuable reservoir of diverse bioactive compounds,
many of which exhibit significant antiviral potential
against specific viruses, such as HIV-1, influenza A, and
coronaviruses. For example, Penicillium rubens derived
from Albizia adianthifolia exhibited potent anti-HIV-1
activity, with metabolites such as diosgenin exhibiting
very high binding affinity to HIV-1 protease, which sug-
gests the possibility of designing a novel antiviral agent
[150]. Moreover, Alternaria alternata extracts also had
low inhibitory concentrations against HIV-1, and such
compounds are already reported to have antimicrobial
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and antioxidant properties that could be repurposed as
anti-HIV agents [151]. An endophyte-derived metabolite
(APL-16-5) produced by Aspergillus sp. has been shown
to inhibit influenza A virus by promoting degradation of
a viral polymerase subunit, and to confer protection in
mice against lethal infection [152]. An endophytic A. fla-
vus culture also demonstrated anti-viral activity against
human coronavirus HCOV 229E, and the molecular
docking results confirmed recognition of metabolites of
this strain by viral proteases [153]. Other fungal metabo-
lites like hexadepsipeptides and 4-hydroxy-2-pyridones
isolated from Fusarium sp. also exhibited in vitro anti-
viral activity against coronaviruses [154]. Fungi produce
a wide array of secondary metabolites that hinder viral
replication by inhibiting key viral enzymes such as pro-
teases and polymerases, preventing viral maturation
and proliferation [152, 153]. Inhibition of viral protease
activity and subsequent disruption of virus assembly or
release is a mechanism by which fungal metabolites exert
their antivirulence [150]. Another mechanism is through
the induction of viral protein degradation using the host’s
ubiquitin-proteasome pathway, such as a metabolite from
Aspergillus sp. This leads to the degradation of influenza
A virus polymerase subunit PA, thereby blocking viral
replication [152]. Furthermore, many of these metabo-
lites are characterized by antioxidant and anti-inflam-
matory roles to modulate host immunity response and
reduce virus-mediated cellular injury, thereby promoting
antiviral effectiveness [64].
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Anticancer activity

Fungal endophytes are endosymbiotic microbes and have
been considered as a valuable source of anticancer lead
molecules for new drug discovery. These fungi have been
shown to synthesize various bioactive metabolites like
paclitaxel, camptothecin, vinblastine, vincristine, and
podophyllotoxin, etc., which are already used in clinics
against breast, lung, and ovarian carcinoma as well as
for leukemia [14, 155]. Endophytic fungal extracts have
demonstrated cytotoxic activity against various cancer
cell lines, such as melanoma, breast adenocarcinoma,
lung carcinoma, and hepatocellular carcinoma, showing
selective toxicity toward malignant cells while sparing
normal cells [156, 157]. Recent studies suggest that fungal
endophytes can enhance the performance and antican-
cer efficacy of processes such as gamma irradiation and
nanoparticle biosynthesis, thereby improving overall bio-
logical activity and biocompatibility [156, 158]. Various
mechanisms are responsible for the anticancer activities
of bioactive metabolites from endophytic fungi isolated
from medicinal plants (Fig. 6); however, cytotoxicity
plays a key role since cancer cells are killed in preference
to normal cells. These metabolites include a wide range
of chemical classes, including terpenoids, phenolics, fla-
vonoids, and alkaloids that have been shown to trigger
apoptosis, suppress cell proliferation, and disturb signal-
ing pathways in cancer cells. For example, averufin from
Penicillium sp. has high binding rates to tubulin proteins,
disrupting microtubule dynamics that are crucial for the
division of cancer cells [124]. Other identified bioac-
tive compounds, such as squalene and a-phellandrene,
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increase their cytotoxic effects on melanoma, breast ade-
nocarcinoma, and lung carcinoma cells [156]. Similarly,
increased levels of metabolites produced by endophytic
fungi work in various positions by modulating oxidative
stress and inflammation when coming into contact with
normal cells or enhancing immune responses against
cancerous cells that further build anticancer potential
[125]. Although many studies are in vitro and need fur-
ther in vivo confirmation, the increasing evidence indi-
cates that endophytic fungi are valuable and promising
sources of new anticancer agents through mechanisms
such as apoptosis induction, cell cycle arrest, and target-
ing cancer-specific proteins [155, 159]. Certain types of
fungi, such as A. niger and Penicillium spp., have been
shown to produce anti-cancer drugs of strong activ-
ity that also act by suppressing tumor cell growth and
mobility [147, 157]. Herein, endophytic fungi represent a
promising and sustainable reservoir for discovering new
anticancer drugs with potential applications in breast
cancer and other malignancies [160, 161].

Anti-inflammatory activity

Endophytic fungi derived from medicinal plants pro-
duce many secondary metabolites having a high potential
of anti-inflammatory activity as alternatives to existing
drugs. Compounds derived from fungi, such as Alter-
naria species, have been found to promote macrophage
polarization toward an anti-inflammatory phenotype,
with altertoxins identified as potent anti-inflammatory
agents [162, 163]. Oxygenated isocoumarins and xan-
thones isolated from mangrove endophytes have dem-
onstrated inhibitory effects on nitric oxide production as
well as on key inflammatory enzymes, including induc-
ible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2), underscoring their therapeutic potential [164,
165]. Other endophytes, such as A. miger and Nigros-
pora zimmermanii, also gave rise to metabolites that
restrained potent pro-inflammatory mediators like pros-
taglandin E2 and accelerated wound healing by a combi-
nation of antimicrobial and tissue regenerating modes of
action [166, 167]. Molecular docking simulation studies
also corroborate the association of these fungal second-
ary metabolites with inflammatory targets (TNF-«, IL-1(,
INF-y) and provide rationale for their anti-inflammatory
activities [162, 168]. These endophytes show anti-inflam-
matory activity through many mechanisms, such as
inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), and pro-inflammatory cytokines such as TNF-a
and IL-6. Nitric oxide (NO) production in lipopolysac-
charide (LPS)-stimulated macrophage cells is suppressed
by compounds such as benzofuran derivatives, sesqui-
terpenoids, oxygenated isocoumarins, xanthones, and
diterpenoids [164, 165, 169]. Certain metabolites, such
as ravenelin and physcion, act at the molecular level by
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inhibiting both iNOS and COX-2 expression to modulate
inflammation [168]. Other bioactive compounds, such as
azaphilones, were also identified that reduce the produc-
tion of pro-inflammatory cytokines and have been shown
to be able to induce an anti-inflammatory phenotype in
immune cells [163, 170]. They tend to utilize mechanisms
such as downregulating inflammatory enzyme expression
or reacting towards oxidizing species, both of which can
contribute to the generation of antioxidant effects, which
are then potentiated to support anti-inflammatory activ-
ity [141, 168]. The results not only identified bioactive
molecules from endophytic fungal metabolites but also
provided a mechanistic basis for the development of nat-
ural anti-inflammatory drugs [165, 166].

Antioxidant activity

The endophytic fungi hosted by medicinal plants have
some powerful antioxidant properties due to the secre-
tion of various bioactive metabolites, including phenols,
flavonoids, and diterpene lactones. Fungal extracts,
including A. terreus and Pestalotiopsis neglecta, have
shown a high free radical scavenging activity when
tested against DPPH and ferric reducing antioxidant
power (FRAP) assays, and a few have even found to pos-
sess antioxidant power in much the same way as refer-
ence antioxidants quercetin [30, 104, 171]. Such fungal
extracts also prevent oxidative stress-induced DNA
damage, suggesting possible uses for the prevention of
oxidant-related diseases [171]. Antioxidant capacity is
commonly correlated with high total phenolic content,
as well as the presence of compounds such as tolycaine,
eugenol, and various phenolic acids identified by chro-
matographic techniques [139, 172]. These endophytes are
known for major antioxidant activities mainly through
radical scavenging and metal ion chelation mechanisms,
and bioactive metabolites. These fungi produce phenolic
compounds, flavonoids, and various secondary metabo-
lites such as kojic acid and diterpene lactones that con-
tribute to their antioxidant potential by scavenging free
radicals, including DPPH, ABTS, hydroxyl, and superox-
ide anions [171-173]. The antioxidant effect is frequently
associated with the total phenolic and flavonoid concen-
tration in fungal extracts, suggesting these bioactive com-
pounds are largely responsible for combating oxidative
stress [173]. The protective effect of fungal metabolites
on DNA and their FRAP role also supports their cellu-
lar protection mechanism [104, 141]. Through multiple
analytical approaches, including GC-MS and LC-MS,
diverse bioactive compounds with therapeutic poten-
tial, such as phenols, terpenes, and saponins have been
identified from endophytic fungi, many of which display
extensive antimycotic and cytotoxic properties [174]. The
mechanisms mainly consist of scavenging reactive oxy-
gen species (ROS), chelating metal ions that catalyze ROS
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formation, and protecting biomolecules from oxidative
damage, so it’s thought that endophytic fungi are a poten-
tial source of novel antioxidants with pharmaceutical
properties [139, 171]. Some endophytes manufacture the
same or similar secondary metabolites as those in their
host plants, which can be sustainable sources of antioxi-
dants for pharmaceutical purposes [175].

Antidiabetic activity

Recent findings provide strong evidence supporting
the antidiabetic potential of fungal endophytes from
medicinal plants, and they exhibited mechanisms, such
as enzyme inhibition and metabolic modulation. A
few fungi, such as Schizophyllum commune, isolated
from Aloe vera, showed in vitro a-glucosidase inhibi-
tion and reduced blood glucose levels, with beneficial
effects on lipid profiles and antioxidant status in diabetic
rats [176]. Methanolic extract of Aspergillus austwickii
showed promising activities against a- and B-amylase
enzymes, which are considered plausible targets for the
management of postprandial hyperglycemia [177]. New
diketopiperazine alkaloids from mangrove endophytic
Aspergillus sp. exhibited potent inhibitory activity against
a-glucosidase and are suggested for drug development
[178]. In a related study, exopolysaccharides of P jan-
thinellum were shown to decrease blood glucose and
increase insulin sensitivity in diabetic mice, demonstrat-
ing a wide range of bioactive compounds being produced
by endophytes [179]. A few in silico studies have reported
that a few fungal metabolites could inhibit targets such as
a-amylase and sodium-glucose cotransporter 2 (SGLT2);
further experimental evidence is required for their anti-
diabetic potential [180-182]. One of the most popular
mechanisms of antidiabetic activity of bioactive com-
pounds produced by endophytic fungi is the inhibition
of carbohydrate-digesting enzymes in the small intestine,
specifically a-glucosidase and «a-amylase, which takes
place by competitively inhibiting these brush-border
enzymes. Fungal metabolites, such as phenolic com-
pounds, delay the breakdown of complex carbohydrates
into absorbable monosaccharides like glucose [183]. In
addition to modulating glucose uptake into the blood,
a number of fungal metabolites directly augment insu-
lin sensitivity in end organs such as skeletal muscle and
adipose tissue. This is done by activating intracellular
signaling pathways. The AMP-activated protein kinase
(AMPK) pathway is a central player in this process.
When activated by increased cellular AMP/ATP ratios,
a condition mimicked by the presence of particular
metabolites, AMPK serves as a master metabolic regula-
tor needed to stimulate ATP production and limit exces-
sive energy consumption. It enhances glucose uptake by
driving translocation of the glucose transporter, GLUT4,
to the plasma membrane independent of insulin. This
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mechanism is similar to the main action of the most
prescribed diabetes medicine, metformin, which also
operates on AMPK activation [184]. Most importantly,
endophytic fungi is an excellent resource of natural prod-
ucts to introduce new antidiabetic agents with multiple
activities [14, 60].

Antiparasitic and antimalarial activity

Endophytes from medicinal plants have enormous poten-
tial for the discovery of new antiparasitic and antimalarial
drugs based on their ability to synthesize several diverse
bioactive metabolites. These fungi provide a sustainable
source of new compounds, which may be of therapeutic
value in combating drug resistance in parasitic diseases
such as malaria, by providing promising lead compounds
for pharmaceutical research [132]. Endophytes produce
diverse bioactive secondary metabolites such as alka-
loids, flavonoids, terpenoids, quinones, peptides, and
polyketides that exhibit antiparasitic and antimalarial
activities by targeting key parasite enzymes or pathways
[185]. Notable examples include erucamide, produced
by A. flavus isolated from red ginger, with significant
inhibition of Plasmodium berghei growth, presumably
due to its binding to Plasmepsin I, which is an impor-
tant enzyme in the malaria parasite [186]. Furthermore,
it was shown through metabolomics and in silico pre-
diction that quinone derivatives, including emodin and
physcion from fungal endophytes of Artemisia annua,
possessed significant antimalarial activity (IC50 values in
the low micromolar range) [187]. Novel cyclic peptides
such as pipecolisporin isolated from Nigrospora oryzae
demonstrate antimalarial and antitrypanosome activity
without notable cytotoxicity, supporting selective inter-
vention in parasites [188]. Mechanisms include interfer-
ence with proteases involved in parasite metabolism, as
well as targeting metabolic enzymes and disrupting cel-
lular processes critical for parasite survival or replication
[189]. Despite the limited research on the antiparasitic
potential of fungal endophytes, the broad-spectrum anti-
microbial and bioactive properties of their metabolites
indicate promising prospects for their application in the
treatment of parasitic infections. Genomics and metabo-
lomics are expediting the discovery and optimization of
these fungal compounds for therapeutic purposes [132].
In general, endophytic fungi are an unexplored and
promising source to obtain new antiparasitic and antima-
larial drugs from medicinal plants [132, 190, 191].

Pharmaceutical drug development

Endophytic fungi from medicinal plants are sources of
bioactive secondary metabolites that have great potential
in the development of pharmaceutical-grade products
that could be beneficial with antibacterial, antimicrobial,
and enzyme-producing activities. Drug development
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from endophytic fungi includes fungi isolation from
plant tissues and molecular identification using Internal
Transcribed Spacer (ITS) sequencing. It then progresses
through genome mining, metabolite profiling, and bio-
activity screening, ultimately leading to preclinical drug
development involving toxicity, efficacy, and pharmaco-
kinetics evaluation (Fig. 7). Endophytic extracts isolated
from Psychotria poeppigiana contain terpenes, flavo-
noids, and phenolic compounds with strong antibacte-
rial activity against Gram-positive and Gram-negative
bacteria and may be of use in formulating new antimi-
crobial drugs [192]. Fungal enzymes like L-glutaminase
from A. tamarii possess potential use as therapeutic
agents for their antimicrobial activity and stability under
extreme conditions, with strong applicability in phar-
maceutical biotechnology [193]. It can be applied as a
therapeutic agent to inhibit pathogenic microorganisms
and as a potential anticancer enzyme by depleting gluta-
mine required for tumor cell proliferation. Additionally,
its robustness supports its use in stable drug formula-
tions and biocatalytic processes for pharmaceutical syn-
thesis [194]. Further insight into the regulation of fungal
secondary metabolism by histone post-translational
modifications might allow increased production of use-
ful compounds for drug applications [195]. Moreover,
the combination of ethnic knowledge on natural drugs
from plants with advanced quality control techniques can
guarantee the safety and effectiveness of fungal-based
drugs [196]. Thus, endophytic fungi are an abundant
source for potentially important new drug leads against
infectious diseases and other medical issues [192, 193,
195, 196].
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Genes associated with secondary metabolite
biosynthesis

Omics-driven research reveals that the medicinal plant
endophytic fungi are enriched with diverse BGCs for
nonribosomal peptide synthases (NRPS), polyketide
synthases, and PKS—NRPS hybrids, responsible for
the production of a plethora of bioactive molecules.
They are discovered, activated, and functionally con-
nected with specific secondary metabolites by means of
genome mining, transcriptomics, and epigenetic engi-
neering tools. Integration of HyViS enables dozens of
BGCs to be identified in individual endophytic strains
using whole-genome sequencing and antiSMASH [197].
Toxicity, virulence, stress, and plant interaction are con-
trolled by NRPS/PKS products. In entomopathogenic
plant symbiotic fungi, such as Beauveria, PKSs and
NRPSs gene clusters are predicted for tenellin, beauv-
ericin, oosporein, bassianolide, and others contributing
to virulence, cell wall integrity, UV or oxidative stress
tolerance, and immune invasion [198-200]. Phytotoxic
polyketides in Alternaria spp. are produced by PKS and
PKS-NRPS, where the pair of reducing and non-reducing
PKS genes (ALPK7/ALPKS) is involved in benzenediol
lactones biosynthesis [201]. Transcriptomics has further
shown that a B.bezdeki PKS15 orthologue is required for
the expression of 36/45 remaining SM clusters (a number
being NRPS/PKS) and suggests cross-pathway regulation
by multiple toxins and siderophores [199]. Deletion of a
PKS—NRPS gene (BBA_09856) in B. bassiana affects the
conidial blastospore and enhances virulence and myco-
parasitism to Botrytis [200]. In endophytes, most NRPS/
PKS clusters are cryptic under normal growth conditions.
Epigenetic modification (histone deacetylase/DNA meth-
yltransferase inhibitors) modifies the chromatin and can
lead to selective up- or down-regulation of the NRPS/
PKS clusters, resulting in new chemical profiles [83, 135].
Reviews have featured genome mining combined with
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Table 3 Comparative overview of multi-omics approaches in
endophytic fungi research

Omics approach  Core research Representative Refs.
question outputs
Amplicon-based  Which taxa are ASVs/OTUs, diversity [203]
metagenomics present, and how metrics (alpha/beta),
is the community identification of domi-
structured? nant and core taxa
Whole-genome What biosynthet-  Biosynthetic gene clus-  [34]
sequencing ic and functional  ters (BGCs), carbohy-
capabilities are drate-active enzymes
encoded? (CAZymes), virulence-
and pathogenicity-
related genes
Transcriptomics Which genes Differentially expressed  [204]
are actively genes (DEGs) in host
expressed during  and endophyte,
plant-fungus signaling pathways,
interaction? and defense-related
responses
Proteomics Which proteins Secreted proteins (sec-  [64]
contribute to retome), cell wall-modi-
colonization fying enzymes, effector
and molecular proteins
communication?
Metabolomics Which me- Molecular networking [187]

tabolites are
synthesized and
accumulated in
situ?

profiles, annotation,
and characterization of
secondary metabolites

epigenetic elicitors and CRISPR-based editing to switch
on, refactoring, or over-expressing NRPS/PKS BGCs in

endophytic fungi for drug discovery [83, 135, 202].
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Application of genomics, transcriptomics, and
metabolomics in endophyte research

Genomics, transcriptomics, and metabolomics collec-
tively provide a systems-level framework for understand-
ing the biosynthetic potential and functional activity of
endophytic fungi, enabling the rational discovery and
enhancement of bioactive metabolites (Table 3; Fig. 8).
The multi-omics approach facilitates establishing links
among genes, pathways in fungus and host with real
bioactive metabolites, and plant traits in terms of stress
tolerance and disease resistance. Multi-omics indicates
complex fungal communities (Aspergillus, Penicillium,
Fusarium, Alternaria and Colletotrichum) in different
medicinal plants, typically associated with the host and
environmental conditions [2, 30, 203]. Genomic and
multi-omics investigations have linked endophytic genes
and BGCs to plant growth promotion, stress responses,
and pathogen suppression through secondary metabolite
production, as well as membrane signaling alterations
[204, 205]. Whole-genome sequencing analysis of indi-
vidual endophytes, such as Fusarium sp. VM 40, Alter-
naria alstroemeriae S6, and Helotiales sp. BL73 enables
the decoding of BGCs encoding polyketides, NRPS-
related products, terpenes, and Ribosomally synthe-
sized and Post-translationally modified Peptides (RiPPs),
highlighting their potential to biosynthesize biologically
active compounds [206—-208]. Genomic comparisons and
genome mining (antiSMASH, CAZyme, KEGG, COG
annotation) connect BGCs with putative metabolic path-
ways and ecological roles (e.g., plant association, stress
tolerance) [135, 208, 209]. From the transcriptomics per-
spective, next-generation RNA-seq is also employed to
map the expression of BGCs and plant-like pathways in
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endophytes, particularly those that produce metabolites
identical or similar to host phytochemicals [209]. Global
genome—transcriptome analyses are useful to distinguish
active from inactive clusters and reveal which genes are
induced during plant colonization or distinct culture
conditions [64, 135, 209]. While at the metabolite valida-
tion stage, untargeted molecular networking by LC-MS/
MS identifies the true metabolic products of endophytes,
leading to the discovery of polyketide-lactones, quinones,
alkaloids, terpenoids, and organic acids from medicinal-
plant isolates [133, 207]. Metabolomics verifies genomic
predictions (linking certain clusters to structures) and
identifies metabolites up-regulated following epigenetic
induction of cryptic BGCs [135, 206]. Metabolomics-
mediated genome-guided mining in endophytes from
medicinal plants (i.e.,, Vinca, Artemisia, Rosa Otoba,
Veronica Anisomeles) revealed polyketides, alkaloids,
terpenoids, peptides, quinones, phthalates, succinic acid,
with antimicrobial, antitumor, antioxidative, and antima-
larial properties [34, 187]. Epigenetic modification and
OSMAC approaches, guided by genomics and transcrip-
tomics, are applied to trigger cryptic BGCs and broaden
chemical space [135, 210].

Recent studies integrating molecular and
biochemical analyses

The recent research is concentrating more on integrating
molecular identification and omics tools with traditional
biochemical methods to comprehensively research endo-
phytic fungi in medicinal plants as well as their metab-
olites. A recent study on endophytic fungi of medicinal
plants demonstrates how a combination of metagenom-
ics, transcriptomics, proteomics and metabolomics
with biochemistry assays can follow interactions and
growth promotion, but also the synthesis of secondary-
metabolites from genes and transcripts via enzymes to
the accumulation of metabolites [2]. A further review on
endophyte—derived antimicrobial metabolites empha-
sizes the application of multi-omics (genomics, tran-
scriptomics, metabolomics, proteomics) in combination
with chromatography, MS, and NMR, as well as bioassays
to circumvent low metabolite titres and stage-specific
production, and to unravel host—endophyte communica-
tion pathways. Metabolomics-centred research focuses
on linking LC-HRMS/NMR-based untargeted metabo-
lomics with multivariate statistics, and in combination
with, when available, genetic or culture manipulation
approaches to prioritize strains and verify biological
activities of metabolites of endophytic fungi. Genomics
and metabolomics link biosynthetic gene clusters to sec-
ondary metabolites (extrolites) and their associated bio-
logical activities [207]. Metabolomics and classic isolation
chemistry, correcting and refining automated MS-based
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annotations and identification of structures and activi-
ties [211]. Taken together, these combined molecular and
biochemical techniques are moving endophyte research
out of mere screening towards mechanism-resolved nat-
ural product discovery as well as host—microbe interac-
tion analysis.

From laboratory discovery to industrial
application: yield improvement, scalability, and
production challenges

Although endophytic fungi are increasingly recognized
as promising biofactories for pharmaceutically and agri-
culturally important metabolites, the transition from lab-
oratory-scale discovery to industrial production remains
a major bottleneck. In laboratory conditions, many endo-
phytic fungi produce a wide range of bioactive secondary
metabolites; however, the yields are often low, unstable,
and highly dependent on specific cultivation parameters
due to the cryptic nature of biosynthetic gene clusters
and their complex regulatory networks [212]. To over-
come this limitation, strategies such as the OSMAC
approach, co-culture systems, and epigenetic modulation
have been widely applied to enhance metabolite diver-
sity and yield at the laboratory scale [213]. Nevertheless,
these improvements are frequently not sustained under
industrial fermentation conditions. A key challenge in
industrial translation is process scalability in bioreactors.
While shake-flask experiments allow controlled opti-
mization of fungal growth and metabolite production,
large-scale bioreactors introduce complex physicochemi-
cal constraints, including oxygen transfer limitations,
shear stress, mixing heterogeneity, and pH fluctuations.
These factors can significantly alter fungal morphol-
ogy, which in turn directly affects secondary metabolite
biosynthesis and overall productivity [214, 215]. Conse-
quently, production titers achieved at laboratory scale
often decline sharply during scale-up, highlighting the
lack of robust and transferable fermentation protocols
for endophytic fungi. Another major limitation is strain
instability over successive generations. Endophytic fungi
may undergo genetic drift, epigenetic reprogramming, or
loss of biosynthetic gene cluster activity during repeated
subculturing or prolonged fermentation. This instabil-
ity leads to inconsistent metabolite profiles and unpre-
dictable yields, which is a critical barrier for commercial
development. Furthermore, silent gene clusters that can
be artificially activated under laboratory conditions may
become re-silenced under industrial stress environments,
reducing long-term production reliability.

From a bioprocessing perspective, yield optimization
remains a central challenge. Although metabolic engi-
neering and genome mining have enabled the identifica-
tion of high-value biosynthetic pathways, the conversion
of this genetic potential into high-yield production
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systems is still limited. Factors such as precursor avail-
ability, metabolic flux imbalance, feedback inhibition,
and competition between primary and secondary metab-
olism restrict maximal metabolite output. In addition,
downstream processing of fungal metabolites is often
complex and costly due to low concentrations, structural
similarity of compounds, and co-production of unwanted
by-products. Commercialization is further constrained
by economic and regulatory challenges. High production
costs, lack of standardized industrial fermentation plat-
forms, and limited regulatory frameworks for genetically
modified fungal strains slow down market translation.
Moreover, scalability of optimized laboratory condi-
tions is not always economically viable, particularly when
compared with plant extraction or chemical synthesis
for certain compounds. Furthermore, while endophytic
fungi offer a sustainable and versatile platform for natural
product discovery, their industrial application requires
significant advances in strain engineering, bioprocess
optimization, and metabolic control. Future progress will
depend on developing genetically stable high-producing
strains, improving fermentation system design, and inte-
grating systems biology with industrial biotechnology to
bridge the gap between laboratory discovery and com-
mercial-scale production [212, 216].

Challenges and future perspective

Despite remarkable progress in the study of endophytic
fungi as reservoirs of bioactive secondary metabo-
lites, several critical challenges still limit their full
biotechnological exploitation. One of the most important
constraints is the poor reproducibility of metabolite pro-
duction. Secondary metabolite profiles are highly sensi-
tive to minor variations in culture conditions, including
nutrient composition, pH, temperature, and co-culture
interactions. As a result, compounds reported in labora-
tory studies are often difficult to reproduce consistently
across different laboratories or scale-up conditions,
which undermines their reliability for industrial appli-
cations. Another major challenge is the gap between
genomic potential and metabolic output. Although
genome mining has revealed a large number of biosyn-
thetic gene clusters (BGCs), a significant proportion of
these clusters remain transcriptionally silent under stan-
dard laboratory conditions. The regulatory mechanisms
controlling their activation are complex and still not
fully understood, making it difficult to predict or con-
trol metabolite production in a rational manner. From an
applied perspective, industrial scalability remains a major
bottleneck. Many endophytic fungi that produce valu-
able metabolites under laboratory conditions exhibit slow
growth rates, unstable productivity, or altered metabolic
profiles when transferred to large-scale fermentation
systems. Variations in oxygen transfer, shear stress, and
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nutrient gradients in bioreactors can significantly affect
fungal physiology and suppress secondary metabolism,
leading to reduced vyields. In addition, genome editing
and synthetic biology applications face several technical
limitations. These include low transformation efficiency,
limited availability of species-specific genetic tools,
unstable expression of introduced genes, and difficulties
in achieving precise and stable editing using CRISPR/Cas
systems. Furthermore, the complex regulatory networks
governing secondary metabolism often lead to unpre-
dictable outcomes after genetic manipulation, limiting
the efficiency of pathway engineering strategies. Regula-
tory issues also represent a significant barrier, particu-
larly regarding the biosafety and approval of genetically
modified fungal strains. The absence of standardized
global regulations for engineered endophytic fungi slows
down their translation from laboratory research to com-
mercial applications, especially in pharmaceutical and
agricultural sectors.

Despite these challenges, the future of endophytic
fungi research is highly promising, driven by advances
in multi-omics technologies, synthetic biology, and sys-
tems-level metabolic engineering. The integration of
genomics, transcriptomics, proteomics, and metabolo-
mics will enable a more comprehensive understanding of
biosynthetic pathways and regulatory networks, allow-
ing for more accurate prediction and activation of silent
gene clusters. Emerging approaches such as machine
learning and Al-based genome mining are expected to
play a key role in predicting metabolite structures and
biosynthetic pathways, significantly accelerating natural
product discovery. In parallel, the development of more
efficient genome editing platforms, including improved
CRISPR/Cas variants and species-adapted transforma-
tion systems, will enhance the precision and stability of
metabolic engineering in non-model endophytic fungi.
Furthermore, advances in heterologous expression sys-
tems and synthetic biology chassis organisms may pro-
vide reliable platforms for large-scale production of
valuable fungal metabolites, overcoming limitations asso-
ciated with native strains. Optimization of fermentation
strategies, including bioreactor design and process con-
trol, will also improve scalability and industrial feasibil-
ity. Finally, the integration of eco-friendly and sustainable
bioprocessing approaches will support the development
of endophytic fungi as green biofactories for pharma-
ceuticals, agricultural agents, and industrial compounds.
Herein, bridging the gap between omics-driven discovery
and industrial application will define the next phase of
innovation in this field.
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Conclusion

Endophytic fungi associated with medicinal plants have
emerged as a promising and sustainable reservoir of
bioactive compounds with significant biomedical appli-
cations. Their ability to produce diverse secondary
metabolites, including alkaloids, terpenoids, phenolics,
and polysaccharides, highlights their potential as alterna-
tive sources of valuable therapeutic agents. These fungi
not only mimic host plant metabolites but also generate
novel compounds with enhanced bioactivity, contrib-
uting to drug discovery and development. Advances in
cultivation techniques and metabolic engineering strate-
gies have improved the production of these compounds,
although challenges such as low yield, instability, and
silent biosynthetic gene clusters persist. The integration
of multi-omics approaches, including genomics, tran-
scriptomics, and metabolomics, has provided deeper
insights into the biosynthetic pathways and regulatory
mechanisms underlying metabolite production. These
tools have facilitated the identification of key genes and
pathways, enabling targeted manipulation for enhanced
productivity. Furthermore, endophytic fungi play a vital
ecological role in promoting plant growth, enhancing
stress tolerance, and protecting against pathogens, mak-
ing them valuable for sustainable agriculture. Despite
existing limitations, ongoing developments in synthetic
biology, genome editing, and fermentation technolo-
gies are expected to overcome current challenges. Future
research should focus on large-scale production, stan-
dardization, and clinical validation of endophyte-derived
compounds. In conclusion, endophytic fungi represent a
highly promising, eco-friendly, and versatile platform for
developing novel drugs and improving agricultural sus-
tainability, with significant implications for human health
and global food security.

Acknowledgements
The authors express their sincere thanks to Faculty of science (Boys), Al-Azhar
University, Cairo, Egypt or providing the necessary research facilities.

Research involving human participation and/or animals
Not applicable.

Author contributions

Contributions of authors : MH.S,, HH.E. and AH.H. put the idea of this reveiw;
AMN. and AH.H. wrote the main manuscript; All authors reviewed the
manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Data availability
No datasets were generated or analysed during the current study.

Page 19 of 25

Declarations

Ethics approval and consent to participate
Not applicable.

Informed consent
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 March 2026 / Accepted: 24 May 2026
Published online: 04 June 2026

References

1. Bogas AC, Cruz FPN, Lacava PT, Sousa CP. Endophytic fungi: an overview on
biotechnological and agronomic potential. Brazilian J Biology. 2024;84.

2. GaoY,XuY,Dong Z GuoY, Luo J, Wang F et al. Endophytic Fungal Diversity
and Its Interaction Mechanism with Medicinal Plants. 2025;30(5):1028.

3. El-Sayed E, Ahmed A, Abdelhakim. A novel source of the cardiac glycoside
digoxin from the endophytic fungus Epicoccum nigrum: isolation, charac-
terization, production enhancement by gamma irradiation mutagenesis and
anticancer activity evaluation. HlJoam. 2020;128(3):747-62.

4. Usman M, Shah IH, Sabir IA, Malik MS, Rehman A, Murtaza G, et al. Synergistic
partnerships of endophytic fungi for bioactive compound production and
biotic stress management in medicinal plants. Plant Stress. 2024;11:100425.
https://doi.org/10.1016/j.stress.2024.100425.

5. Udayan E, Gnanadoss Joel JJRJB. Potential of endophytic fungi as therapeu-
tics: antibiotics, antiviral and anticancer properties. 2023;18:6.

6. Abdelaziz AM, Kalaba MH, Hashem AH, Sharaf MH, Attia MS. Biostimulation
of tomato growth and biocontrol of Fusarium wilt disease using certain
endophytic fungi. Bot Stud. 2022;63(1):34. https://doi.org/10.1186/540529-02
2-00364-7.

7. Abdelaziz AM, EI-Wakil DA, Hashem AH, Al-Askar AA, AbdElgawad H, Attia MS.
Efficient Role of Endophytic Aspergillus terreus in Biocontrol of Rhizoctonia
solani Causing Damping-off Disease of Phaseolus vulgaris and Vicia faba.
Microorganisms. 2023;11(6):1487.

8. Mishra S, Priyanka, Sharma S. Metabolomic Insights Into Endophyte-Derived
Bioactive Compounds. 2022;Volume 13-2022. https://doi.org/10.3389/fmicb.
2022.835931

9. Hashem AH, Attia MS, Kandil EK, Fawzi MM, Abdelrahman AS, Khader MS, et
al. Bioactive compounds and biomedical applications of endophytic fungi: a
recent review. Microb Cell Fact. 2023;22(1):107. https://doi.org/10.1186/51293
4-023-02118-x.

10.  Khalil A, Abdelaziz A, Khaleil M, Hashem A. Fungal endophytes from leaves of
Avicennia marina growing in semi-arid environment as a promising source
for bioactive compounds. Lett Appl Microbiol. 2021;72(3):263-74.

11. Sharaf MH, Abdelaziz AM, Kalaba MH, Radwan AA, Hashem AH, Antimicro-
bial. Antioxidant, Cytotoxic Activities and Phytochemical Analysis of Fungal
Endophytes Isolated from Ocimum Basilicum. Appl Biochem Biotechnol.
2022;194(3):1271-89. https://doi.org/10.1007/512010-021-03702-w.

12. Sharma A, Malhotra B, Kharkwal H, Kulkarni GT, Kaushik N. Therapeutic agents
from endophytes harbored in Asian medicinal plants. Phytochem Rev.
2020;19(3):691-720. https://doi.org/10.1007/511101-020-09683-8.

13.  Ortega HE, Torres-Mendoza D, Caballero E, Z, Cubilla-Rios L. Structurally
Uncommon Secondary Metabolites Derived Endophytic Fungi. 2021;7(7):570.

14.  Adeleke BS, Babalola OO. Pharmacological Potential of Fungal Endophytes
Associated with Medicinal Plants. Rev. 2021;7(2):147.

15. Gupta A, Meshram V, Gupta M, Goyal S, Qureshi KA, Jaremko M et al. Fungal
Endophytes: Microfactories of Novel Bioactive Compounds with Therapeutic
Interventions; A Comprehensive Review on the Biotechnological Develop-
ments in the Field of Fungal Endophytic Biology over the Last Decade.
2023;13(7):1038.

16.  Nazir A, Puthuveettil AR, Hussain FHN, Hamed KE, Munawar N. Endophytic
fungi: nature’s solution for antimicrobial resistance and sustainable agricul-
ture. 15-2024. 2024. https://doi.org/10.3389/fmicb.2024.1461504.

17. Kong W-L, Ni H, Wang W-Y, Wu X-Q. Antifungal effects of volatile organic
compounds produced by Trichoderma koningiopsis T2 against Verticillium
dahliae. 2022;Volume 13-2022. https://doi.org/10.3389/fmicb.2022.1013468


https://doi.org/10.1016/j.stress.2024.100425
https://doi.org/10.1186/s40529-022-00364-7
https://doi.org/10.1186/s40529-022-00364-7
https://doi.org/10.3389/fmicb.2022.835931
https://doi.org/10.3389/fmicb.2022.835931
https://doi.org/10.1186/s12934-023-02118-x
https://doi.org/10.1186/s12934-023-02118-x
https://doi.org/10.1007/s12010-021-03702-w
https://doi.org/10.1007/s11101-020-09683-8
https://doi.org/10.3389/fmicb.2024.1461504
https://doi.org/10.3389/fmicb.2022.1013468

Nagib et al. Microbial Cell Factories

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

(2026) 25:141

Teimoori-BoghsaniY, Ganjeali A, Cernava T, Muller H, Asili J, Berg G. Endo-
phytic Fungi of Native Salvia abrotanoides Plants Reveal High Taxonomic
Diversity and Unique Profiles of Secondary Metabolites. 10-2019. 2020.
https://doi.org/10.3389/fmicb.2019.03013.

Wu C, Wang W, Wang X, Shahid H, Yang Y, Wang Y, et al. Diversity and commu-
nities of culturable endophytic fungi from the root holoparasite Balanophora
polyandra Griff. and their antibacterial and antioxidant activities. Ann Micro-
biol. 2022;72(1):19. https://doi.org/10.1186/513213-022-01676-6.

Elghaffar RYA, Amin BH, Hashem AH, Sehim AE. Promising Endophytic
Alternaria alternata from Leaves of Ziziphus spina-christi: Phytochemical
Analyses, Antimicrobial and Antioxidant Activities. Appl Biochem Biotechnol.
2022;194(9):3984-4001. https://doi.org/10.1007/512010-022-03959-9.
El-Sayed E-SR, Baskaran A, Pomarariska O, Mykhailova D, Dunal A, Dudek A, et
al. Bioprospecting endophytic fungi of forest plants for bioactive metabo-
lites with antibacterial, antifungal, and antioxidant potentials. Molecules.
2024,29(19):4746.

El-Sayed E-SR, El-Sayyad GS, Abdel-Fatah SS, El-Batal Al, Boratynski F.

Novel nanoconjugates of metal oxides and natural red pigment from the
endophyte Monascus ruber using solid-state fermentation. Microb Cell Fact.
2024,23(1):259.

El-Nagar D, Salem SH, El-Zamik Fl, El-Basit HMIA, Galal YGM, Soliman SM, et

al. Bioprospecting endophytic fungi for bioactive metabolites with seed
germination promoting potentials. BMC Microbiol. 2024;24(1):200. https://doi
.0rg/10.1186/512866-024-03337-x.

Hussein HG, El-Sayed E-SR, Younis NA, Hamdy AEHA, Easa SM. Harnessing
endophytic fungi for biosynthesis of selenium nanoparticles and exploring
their bioactivities. AMB Express. 2022;12(1):68. https://doi.org/10.1186/51356
8-022-01408-8.

Hazaa MA, Shebl MM, El-Sayed E-SR, Mahmoud SR, Khattab AA, Amer MM.
Bioprospecting endophytic fungi for antifeedants and larvicides and their
enhancement by gamma irradiation. AMB Express. 2022;12(1):120. https://doi
.0rg/10.1186/513568-022-01461-3.

El-Sayed E-SR, Gach J, Olejniczak T, Boratyniski F. A new endophyte Monascus
ruber SRZ112 as an efficient production platform of natural pigments using
agro-industrial wastes. Sci Rep. 2022;12(1):12611. https://doi.org/10.1038/541
598-022-16269-1.

El-Sayed E-SR, Mousa SA, Abdou DAM, Abo EI-Seoud MA, Elmehlawy AA,
Mohamed SS. Exploiting the exceptional biosynthetic potency of the endo-
phytic Aspergillus terreus in enhancing production of Co304, CuO, Fe304,
NiO, and ZnO nanoparticles using bioprocess optimization and gamma
irradiation. Saudi J Biol Sci. 2022,29(4):2463-74. https://doi.org/10.1016/j.5jbs.
2021.12.019.

Zheng H, Liu Q DiY, LiuT, Su, He Y, et al. Endophytic Fungal Diversity

in Carpesium lipskyi from the Gaoligong Mountains. Yunnan China.
2025;11(10):704.

Hou M, Zhu J, Leng C, Huang X, Yang M, Yin Y, et al. Composition and Biodi-
versity of Culturable Endophytic Fungi in the Roots of Alpine Medicinal Plants
in Xinjiang. China. 2025;11(2):113.

Osman ME, Abou-zeid AM, Abu-Saied MA, Ayid MM, El-Zawawy NA. Diversity
and bioprospecting activities of endophytic Fungi associated with different
Egyptian medicinal plants. Sci Rep. 2025;15(1):19494. https://doi.org/10.1038/
$41598-025-01202-z.

Zhang J, LuY, Tian X, Hyde K, Liu N, Xiao Y et al. Endophytic fungi associated
with medicinal ferns in Guizhou Province, China I : Morpho-molecular
characterization of culturable endophytic fungi associated with Dicranopteris
spp.

Chen X, Dou M, LiY, Su J, Zhao A, Huang XJFM. Elucidating the endophytic
bacterial and fungal community composition and diversity in the tree fern
Alsophila spinulosa through meta-amplicon sequencing. 2024;15:1445315.
Toppo P, Jangir P, Mehra N, Kapoor R, Mathur P. Bioprospecting of endophytic
fungi from medicinal plant Anisomeles indica L. for their diverse role in
agricultural and industrial sectors. Sci Rep. 2024;14(1):588. https://doi.org/10.
1038/541598-023-51057-5.

Tiwari P, Bae H. Endophytic Fungi: Key Insights, Emerging Prospects, and Chal-
lenges in Natural Product. Drug Discovery. 2022;10(2):360.

Rai N, Keshri PK, Gupta P, Verma A, Kamble S, Singh S, et al. Bioprospecting

of fungal endophytes from Oroxylum indicum (L.) Kurz with antioxidant and
cytotoxic activity. PLoS ONE. 2022;17. https://doi.org/10.1371/journal.pone.02
64673.

KumarV, Prasher |. Seasonal variation and tissues specificity of endophytic
fungi of Dillenia indical. and their extracellular enzymatic activity. Arch Micro-
biol. 2021;204. https://doi.org/10.1007/500203-022-02933-7.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

Page 20 of 25

Khalil A, Hassan S, Alsharif S, Eid A, Ewais EE-D, Azab E, et al. Isolation and
Characterization of Fungal Endophytes Isolated from Medicinal Plant Ephedra
pachyclada as Plant Growth-Promoting. Biomolecules. 2021;11. https://doi.or
9/10.3390/biom11020140.

Jain R, Bhardwaj P, Pandey SS, Kumar SJFM. Arnebia euchroma, a plant spe-
cies of cold desert in the Himalayas, harbors beneficial cultivable endophytes
in roots and leaves. 2021;12:696667.

He C, Meng D, LiW, Li X, He X. Dynamics of Endophytic Fungal Communi-
ties Associated with Cultivated Medicinal Plants in Farmland Ecosystem.
2023,9(12):1165.

Alam B, Li J-W, Ge Q, Khan M, Gong J, Mehmood S, et al. Endophytic Fungi:
From Symbiosis to Secondary Metabolite Communications or Vice Versa?
Front Plant Sci. 2021;12. https://doi.org/10.3389/fpls.2021.791033.

Akram S, Ahmed A, He P, He P, Liu Y, Wu Y-X, et al. Uniting the Role of Endo-
phytic Fungi against Plant Pathogens and Their Interaction. J Fungi. 2023;9.
https://doi.org/10.3390/j0f9010072.

Galindo-Solis J, Fernandez F. Endophytic Fungal Terpenoids: Natural Role and
Bioactivities. Microorganisms. 2022;10. https://doi.org/10.3390/microorganis
ms10020339.

Yu J,Yin C, Deng Z, Yuan Y, Tang D, Shi X et al. Community Structure Diversity
of Endophytic Fungi in Cissampelos pareira from Different Habitats and Their
a-Glucosidase Inhibitory Activity. 2025;11(9):615.

Liang X, Lu X, Wei, Jiang F, Wang M, Wei X. Composition and driving factors
of arbuscular mycorrhizal fungal communities in the roots and rhizosphere
soil of naturally regenerated Phoebe bournei seedlings in Guizhou Province,
China. Microbiol Spectr. 2025;13. https://doi.org/10.1128/spectrum.00210-25.
Mészarosova L, Kutdkové E, Kohout P Miinzbergova Z, Baldrian P. Plant effects
on microbiome composition are constrained by environmental conditions in
a successional grassland. Environ Microbiome. 2024;19. https://doi.org/10.11
86/540793-024-00550-z.

Zhang W-D, Liu Y-Y, Li M-M, Du H, Huang K-Y, Feng Y-Y, et al. Decoding endo-
sperm endophytes in Pinus armandi: a crucial indicator for host response to
climate change. BMC Microbiol. 2025;25. https://doi.org/10.1186/512866-02
5-03910-.

Chen D, Jia L, Hou Q, Zhao X-Y, Sun K. Analysis of Endophyte Diversity of
Rheum palmatum from Different Production Areas in Gansu Province of
China and the Association with Secondary Metabolite. Microorganisms.
2021,9. https://doi.org/10.3390/microorganisms9050978.

Fan L, LiY,Wang X, Leng F, Li S, Zhu N-J, et al. Culturable endophytic fungi
community structure isolated from Codonopsis pilosula roots and effect of
season and geographic location on their structures. BMC Microbiol. 2023;23.
https://doi.org/10.1186/512866-023-02848-3.

LiuY, LuW, LiY, Zhai B, Zhang B, Qin H, et al. Diversity of Endophytes of Actin-
idia arguta in Different Seasons. Life. 2024;14. https://doi.org/10.3390/life 1401
0149.

Ren D, Guo K, Sun Q, Zhu B, Qin L. Variations in Rhizospheric and Endophytic
Root Fungal Communities of Scrophularia ningpoensis in Different Producing
Areas. Curr Microbiol. 2023;80(10). https://doi.org/10.1007/500284-023-0343
9-1.

Zhao M, Deng W, Li X, Li Y, Huang Q, Wang C. Soil properties and envi-
ronmental factors across different altitudes influence biodiversity of root
endophytic fungi in the orchid Bletilla sinensis. Soil Res. 2025;63(1). https://do
i.0rg/10.1071/5r24073.

ShiC,Wang C, He J, Zhang M, Huang W. Epichloé Endophytes Potentially
Facilitate Host Plant Recruitment of Rhizosphere Microbiota Carrying Benefi-
cial Traits. Physiol Plant. 2025;177(4). https://doi.org/10.1111/ppl.70397.
ZuoY, Li X, Yang J, Liu J, Zhao L-L, He X. Fungal Endophytic Community and
Diversity Associated with Desert Shrubs Driven by Plant Identity and Organ
Differentiation in Extremely Arid Desert Ecosystem. J Fungi. 2021;7. https://do
i.0rg/10.3390/j0f7070578.

Wang R, Zhang Q,Ju M, Yan S, Zhang Q, Gu P. The Endophytic Fungi Diversity,
Community Structure, and Ecological Function Prediction of Sophora alope-
curoides in Ningxia, China. Microorganisms. 2022;10. https://doi.org/10.3390/
microorganisms10112099.

Erofeeva E. Plant hormesis and Shelford’s tolerance law curve. J Forestry Res.
2021;32:1789-802. https://doi.org/10.1007/511676-021-01312-0.

Song P, Duan R, Yang C, Wang Y, Dongdong, Lin Z, et al. Plant Host Prov-
enances Affect Taxonomic Composition of Root-Associated Culturable Bac-
teria from Tripterygium wilfordii Hook f. and Their Plant Growth Promoting
Properties. Forests. 2025. https://doi.org/10.3390/f16040637.

Hou QZ, Chen DW, Wang YP, Ehmet N, Ma J, Sun K. Analysis of endophyte
diversity of two Gentiana plants species and the association with secondary


https://doi.org/10.3389/fmicb.2019.03013
https://doi.org/10.1186/s13213-022-01676-6
https://doi.org/10.1007/s12010-022-03959-9
https://doi.org/10.1186/s12866-024-03337-x
https://doi.org/10.1186/s12866-024-03337-x
https://doi.org/10.1186/s13568-022-01408-8
https://doi.org/10.1186/s13568-022-01408-8
https://doi.org/10.1186/s13568-022-01461-3
https://doi.org/10.1186/s13568-022-01461-3
https://doi.org/10.1038/s41598-022-16269-1
https://doi.org/10.1038/s41598-022-16269-1
https://doi.org/10.1016/j.sjbs.2021.12.019
https://doi.org/10.1016/j.sjbs.2021.12.019
https://doi.org/10.1038/s41598-025-01202-z
https://doi.org/10.1038/s41598-025-01202-z
https://doi.org/10.1038/s41598-023-51057-5
https://doi.org/10.1038/s41598-023-51057-5
https://doi.org/10.1371/journal.pone.0264673
https://doi.org/10.1371/journal.pone.0264673
https://doi.org/10.1007/s00203-022-02933-7
https://doi.org/10.3390/biom11020140
https://doi.org/10.3390/biom11020140
https://doi.org/10.3389/fpls.2021.791033
https://doi.org/10.3390/jof9010072
https://doi.org/10.3390/microorganisms10020339
https://doi.org/10.3390/microorganisms10020339
https://doi.org/10.1128/spectrum.00210-25
https://doi.org/10.1186/s40793-024-00550-z
https://doi.org/10.1186/s40793-024-00550-z
https://doi.org/10.1186/s12866-025-03910-y
https://doi.org/10.1186/s12866-025-03910-y
https://doi.org/10.3390/microorganisms9050978
https://doi.org/10.1186/s12866-023-02848-3
https://doi.org/10.3390/life14010149
https://doi.org/10.3390/life14010149
https://doi.org/10.1007/s00284-023-03439-1
https://doi.org/10.1007/s00284-023-03439-1
https://doi.org/10.1071/sr24073
https://doi.org/10.1071/sr24073
https://doi.org/10.1111/ppl.70397
https://doi.org/10.3390/jof7070578
https://doi.org/10.3390/jof7070578
https://doi.org/10.3390/microorganisms10112099
https://doi.org/10.3390/microorganisms10112099
https://doi.org/10.1007/s11676-021-01312-0
https://doi.org/10.3390/f16040637

Nagib et al. Microbial Cell Factories

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

(2026) 25:141

metabolite. BMC Microbiol. 2022;22(1):90. https://doi.org/10.1186/512866-02
2-02510-4.

Hussein JM, Myovela H, Tibuhwa DD. Diversity of endophytic fungi from
medicinal plant Oxalis latifolia and their antimicrobial potential against
selected human pathogens. Saudi J Biol Sci. 2024;31(4):103958. https://doi.or
9/10.1016/j.505.2024.103958.

Singh VK, Kumar A. Secondary metabolites from endophytic fungi: Produc-
tion, methods of analysis, and diverse pharmaceutical potential. Symbiosis
(Philadelphia Pa). 2023;1-15. https://doi.org/10.1007/513199-023-00925-9.
Wen J, Okyere SK, Wang S, Wang J, Xie L, Ran Y et al. Endophytic Fungi: An
Effective Alternative Source of Plant-Derived Bioactive Compounds for Phar-
macological Studies. 2022;8(2):205.

El-Sayed E-SR, Grzelczyk J, Strzata T, Gatazka-Czarnecka |, Budryn G, Boratyriski
F. Bioprospecting endophytic fungi of forest plants for their monoamine oxi-
dase A and cholinesterases inhibitors, and peroxisome proliferator-activated
receptor gamma agonists. J Appl Microbiol. 2025;136(3):xaf034. https://doi.or
9/10.1093/jambio/Ixaf034.

El-Sayed E-SR, Younis NA, Easa SM, Hussein HG, Hamdy AA. Improving
Selenium Nanoparticles Bioproduction by Gamma Irradiated Endophytic
Fungi and Their Cytotoxic and Wound Healing Activities. %J Egypt J Chem.
2026;69(6):85-102. https://doi.org/10.21608/ejchem.2025.425649.12373.
El-Sayed E-SR, Zaki AG, Ahmed AS, Ismaiel AA. Production of the anticancer
drug taxol by the endophytic fungus Epicoccum nigrum TXB502: enhanced
production by gamma irradiation mutagenesis and immobilization tech-
nique. Appl Microbiol Biotechnol. 2020;104(16):6991-7003. https://doi.org/10
.1007/500253-020-10712-x.

Jha P, KaurT, Chhabra |, Panja A, Paul S, KumarV, et al. Endophytic fungi:
hidden treasure chest of antimicrobial metabolites interrelationship of endo-
phytes and metabolites. Front Microbiol. 2023;14. https://doi.org/10.3389/fmi
€b.2023.1227830.

Singh A, Singh D, Kharwar R, White J, Gond S. Fungal Endophytes as Efficient
Sources of Plant-Derived Bioactive Compounds and Their Prospective Appli-
cations in Natural Product Drug Discovery: Insights, Avenues, and Challenges.
Microorganisms. 2021,9. https://doi.org/10.3390/microorganisms9010197.
Sharma A, Thakur P, Thakur V, Chand D, Bhatia RK, Kulshrestha S, et al. Pacli-
taxel production from endophytic Mucor circinelloides isolated from Taxus
sp. North Himal region. 2024;14(10):251. https://doi.org/10.1007/513205-02
4-04091-7.

Ran X, Zhang G, Li S, Wang J. Characterization and antitumor activity of
camptothecin from endophytic fungus Fusarium solani isolated from Camp-
totheca acuminate. Afr Health Sci. 2017;17(2):566-74. https://doi.org/10.4314
/ahsv17i2.34.

Harper JK, Arif AM, Ford EJ, Strobel GA, Porco JA, Tomer DP, et al. Pestacin: a
1,3-dihydro isobenzofuran from Pestalotiopsis microspora possessing antioxi-
dant and antimycotic activities. Tetrahedron. 2003;59(14):2471-6. https://doi.
0rg/10.1016/50040-4020(03)00255-2.

Vig R, Bhadra F, Gupta SK, Sairam K, Vasundhara M. Neuroprotective effects

of quercetin produced by an endophytic fungus Nigrospora oryzae isolated
from Tinospora cordifolia. 2022;132(1):365-80. https://doi.org/10.1111/jam.15
174

Guerre P. Ergot alkaloids produced by endophytic fungi of the genus Epi-
chloé. Toxins (Basel). 2015;7(3):773-90. https://doi.org/10.3390/toxins7030773

Biswas D, Biswas P, Nandy S, Mukherjee A, Pandey DK, Dey A. Endophytes
producing podophyllotoxin from Podophyllum sp. and other plants: A review
on isolation, extraction and bottlenecks. South Afr J Bot. 2020;134:303-13.
https://doi.org/10.1016/].5aj.2020.02.038.

Cruz-Miranda OL, Folch-Mallol J. Identification of a Huperzine A-producing
endophytic fungus from Phlegmariurus taxifolius. 2020;47(1):489-95. https://
doi.org/10.1007/511033-019-05155-1

Li H, Xiao J, Gao YQ, Tang JJ, Zhang AL, Gao JM. Chaetoglobosins from
Chaetomium globosum, an endophytic fungus in Ginkgo biloba, and their
phytotoxic and cytotoxic activities. J Agric Food Chem. 2014,62(17):3734-41.
https://doi.org/10.1021/jf500390h.

Birat K, Binsuwaidan R. Report on Vincristine-Producing Endophytic Fungus
Nigrospora zimmermanii from Leaves of Catharanthus roseus. 2022;12(11).
https://doi.org/10.3390/metabo12111119

Verma VC, Lobkovsky E, Gange AC, Singh SK, Prakash S. Piperine production
by endophytic fungus Periconia sp. Isolated from Piper longum L. J Antibiot.
2011,64(6):427-31. https://doi.org/10.1038/ja.2011.27.

Rabeh K, Hnini M, Oubohssaine M. A comprehensive review of transcrip-
tion factor-mediated regulation of secondary metabolites in plants under

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

Page 21 of 25

environmental stress. Stress Biology. 2025;5. https://doi.org/10.1007/544154-0
24-00201-w.

Jan R, Asaf S, Numan M, Lubna, Kim K-M. Plant Secondary Metabolite Biosyn-
thesis and Transcriptional Regulation in Response to Biotic and Abiotic Stress
Conditions. Agronomy. 2021;11:968. https://doi.org/10.3390/agronomy 11050
968.

Toppo P, Kagatay LL, Gurung A, Singla P, Chakraborty R, Roy S, et al. Endo-
phytic fungi mediates production of bioactive secondary metabolites via
modulation of genes involved in key metabolic pathways and their contribu-
tion in different biotechnological sector. 3 Biotech. 2023;13. https://doi.org/1
0.1007/513205-023-03605-z.

Kajla M, Roy A, Singh I, Singh AK. Regulation of the regulators: Transcription
factors controlling biosynthesis of plant secondary metabolites during biotic
stresses and their regulation by miRNAs. Front Plant Sci. 2023;14. https://doi.o
rg/10.3389/fpls.2023.1126567.

Gaude AA, Jalmi S. Environmental Stress Induced Biosynthesis of Plant
Secondary Metabolites- Transcriptional Regulation as a key. Crop Des. 2025.
https://doi.org/10.1016/j.cropd.2025.100100.

Qaderi M, Martel A, Strugnell C. Environmental Factors Regulate Plant Sec-
ondary Metabolites. Plants. 2023;12. https://doi.org/10.3390/plants12030447.
Saia S, Corrado G, Vitaglione P, Colla G, Bonini P, Giordano M, et al. An Endo-
phytic Fungi-Based Biostimulant Modulates Volatile and Non-Volatile Second-
ary Metabolites and Yield of Greenhouse Basil (Ocimum basilicum L.) through
Variable Mechanisms Dependent on Salinity Stress Level. Pathogens. 2021;10.
https://doi.org/10.3390/pathogens10070797.

Pillay L, Nekati L, Makhwitine P, Ndlovu S. Epigenetic Activation of Silent Bio-
synthetic Gene Clusters in Endophytic Fungi Using Small Molecular Modifiers.
Front Microbiol. 2022;13. https://doi.org/10.3389/fmicb.2022.815008.

Li X, LinY,Qin Y, Han G-B, Wang H, Yan Z. Beneficial endophytic fungi improve
the yield and quality of Salvia miltiorrhiza by performing different ecological
functions. PeerJ. 2024;12. https://doi.org/10.7717/peerj.16959.

ZhuJ, Song L, Shen S, Fu W, Zhu'Y, Liu LY. Bioactive Alkaloids as Secondary
Metabolites from Plant Endophytic Aspergillus Genus. Molecules. 2023;28.
https://doi.org/10.3390/molecules28237789.

Anaddn A, Martinez-Larrafaga MR, Ares |, Martinez MA. Interactions between
nutraceuticals/nutrients and therapeutic drugs. Nutraceuticals. Elsevier; 2016.
pp. 855-74.

Yang K, Liang J, Li Q Kong X, Chen R, Jin Y. Cladosporium cladosporioides
XJ-AC03, an aconitine-producing endophytic fungus isolated from Aconitum
leucostomum. World J Microbiol Biotechnol. 2013;29(5):933-8. https://doi.org
/10.1007/511274-012-1246-4.

Salehi B, Selamoglu Z, Sener B, Kilic M, Kumar Jugran A, de Tommasi N, et al.
Berberis Plants—Drifting from Farm to Food Applications, Phytotherapy, and
Phytopharmacology. Foods (Basel Switzerland). 2019;8(10):522.

Duan L, Liwei G, Hong Y. Isolation and identification of producing endophytic
fungi of berberine from the plant Phellodendron amurense. J Anhui Agricul-
tural Sci. 2009.

Singh N, Sharma B. Toxicological Effects of Berberine and Sanguinarine. Front
Mol Biosci. 2018;5. https://doi.org/10.3389/fmolb.2018.00021.

Venditto VJ, Simanek EE. Cancer therapies utilizing the camptothecins: a
review of the in vivo literature. Mol Pharm. 2010;7(2):307-49. https://doi.org/1
0.1021/mp900243b.

Pommier Y. Topoisomerase | inhibitors: camptothecins and beyond. Nat Rev
Cancer. 2006;6(10):789-802. https://doi.org/10.1038/nrc1977.

Kusari S, Zuhlke S, Spiteller M. An endophytic fungus from Camptotheca acu-
minata that produces camptothecin and analogues. J Nat Prod. 2009;72(1):2-
7. https://doi.org/10.1021/np800455b.

Puri SC, Verma V, Amna T, Qazi GN, Spiteller M. An endophytic fungus

from Nothapodytes foetida that produces camptothecin. J Nat Prod.
2005;68(12):1717-9. https://doi.org/10.1021/np0502802.

Rehman S, Shawl AS, Verma V, Kour A, Athar M, Andrabi R, et al. An endo-
phytic Neurospora sp. from Nothapodytes foetida producing camptothecin.
Prikl Biokhim Mikrobiol. 2008;44(2):225-31.

Wang Y, Lai Z, Li XX, Yan RM, Zhang ZB, Yang HL, et al. Isolation, diversity and
acetylcholinesterase inhibitory activity of the culturable endophytic fungi
harboured in Huperzia serrata from Jinggang Mountain, China. World J
Microbiol Biotechnol. 2016;32(2):20. https://doi.org/10.1007/511274-015-196
6-3.

Walczak-Nowicka £J, Herbet M. Acetylcholinesterase Inhibitors in the Treat-
ment of Neurodegenerative Diseases and the Role of Acetylcholinesterase in
their Pathogenesis. 2021;22(17). https://doi.org/10.3390/ijms22179290


https://doi.org/10.1186/s12866-022-02510-4
https://doi.org/10.1186/s12866-022-02510-4
https://doi.org/10.1016/j.sjbs.2024.103958
https://doi.org/10.1016/j.sjbs.2024.103958
https://doi.org/10.1007/s13199-023-00925-9
https://doi.org/10.1093/jambio/lxaf034
https://doi.org/10.1093/jambio/lxaf034
https://doi.org/10.21608/ejchem.2025.425649.12373
https://doi.org/10.1007/s00253-020-10712-x
https://doi.org/10.1007/s00253-020-10712-x
https://doi.org/10.3389/fmicb.2023.1227830
https://doi.org/10.3389/fmicb.2023.1227830
https://doi.org/10.3390/microorganisms9010197
https://doi.org/10.1007/s13205-024-04091-7
https://doi.org/10.1007/s13205-024-04091-7
https://doi.org/10.4314/ahs.v17i2.34
https://doi.org/10.4314/ahs.v17i2.34
https://doi.org/10.1016/S0040-4020(03)00255-2
https://doi.org/10.1016/S0040-4020(03)00255-2
https://doi.org/10.1111/jam.15174
https://doi.org/10.1111/jam.15174
https://doi.org/10.3390/toxins7030773
https://doi.org/10.1016/j.sajb.2020.02.038
https://doi.org/10.1007/s11033-019-05155-1
https://doi.org/10.1007/s11033-019-05155-1
https://doi.org/10.1021/jf500390h
https://doi.org/10.3390/metabo12111119
https://doi.org/10.1038/ja.2011.27
https://doi.org/10.1007/s44154-024-00201-w
https://doi.org/10.1007/s44154-024-00201-w
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.1007/s13205-023-03605-z
https://doi.org/10.1007/s13205-023-03605-z
https://doi.org/10.3389/fpls.2023.1126567
https://doi.org/10.3389/fpls.2023.1126567
https://doi.org/10.1016/j.cropd.2025.100100
https://doi.org/10.3390/plants12030447
https://doi.org/10.3390/pathogens10070797
https://doi.org/10.3389/fmicb.2022.815008
https://doi.org/10.7717/peerj.16959
https://doi.org/10.3390/molecules28237789
https://doi.org/10.1007/s11274-012-1246-4
https://doi.org/10.1007/s11274-012-1246-4
https://doi.org/10.3389/fmolb.2018.00021
https://doi.org/10.1021/mp900243b
https://doi.org/10.1021/mp900243b
https://doi.org/10.1038/nrc1977
https://doi.org/10.1021/np800455b
https://doi.org/10.1021/np0502802
https://doi.org/10.1007/s11274-015-1966-3
https://doi.org/10.1007/s11274-015-1966-3
https://doi.org/10.3390/ijms22179290

Nagib et al. Microbial Cell Factories

98.

99.

100.

101.

102.

103.

104.

105.

106.

108.

109.

110.

111

117.

118.

(2026) 25:141

Hu ZY, LiYY,Huang YJ, SuWJ, Shen YM. Three new sesquiterpenoids from
Xylaria sp. NCY2. Helv Chim Acta. 2008,91(1):46-52.

Silva GH, Teles HL, Zanardi LM, Young MCM, Eberlin MN, Hadad R, et al.
Cadinane sesquiterpenoids of Phomopsis cassiae, an endophytic fungus
associated with Cassia spectabilis (Leguminosae). Phytochemistry.
2006,67(17):1964-9.

Liu K, Ding X, Deng B, Chen W. Isolation and characterization of endophytic
taxol-producing fungi from Taxus chinensis. J Ind Microbiol Biotechnol.
2009;36(9):1171-7. https://doi.org/10.1007/510295-009-0598-8.

Zhao J, Zhou L, Wang J, Shan T, Zhong L, Liu X, et al. Endophytic fungi for
producing bioactive compounds originally from their host plants. Curr Res
Technol Educ Trop Appl Microbiol Microb Biotechnol. 2010;1:567-76.

Shen X, Wang X, Huang T, Deng Z, Lin S. Naphthoquinone-Based Mero-
terpenoids from Marine-Derived Streptomyces sp. B9173. Biomolecules.
2020;10(8). https://doi.org/10.3390/biom10081187.

Fill TP, Pereira GK, Santos RMGd, Rodrigues-Fo E. Four additional meroter-
penes produced by Penicillium sp found in association with Melia azedarach.
Possible biosynthetic intermediates to austin. Z fur Naturforschung B.
2007,62(8):1035-44.

Gurgel R, De Melo Pereira DI, Garcia AVF, De Souza ATF, Da Silva TM, De
Andrade CP, et al. Antimicrobial and Antioxidant Activities of Endophytic
Fungi Associated with Arrabidaea chica (Bignoniaceae). J Fungi. 2023;9.
https://doi.org/10.3390/jof9080864.

Gupta A, Pandey BC, Yaseen M, Kushwaha R, Shukla M, Chaudhary P, et al.
Exploring anticancer, antioxidant, and antimicrobial potential of Aspergillus
flavus, a fungal endophyte isolated from Dillenia indica leaf callus. Heliyon.
2025;11. https://doi.org/10.1016/j.heliyon.2025.e42142.

Pooja P, Gopika O, Gayathri MR, Pradeep NS. Antimicrobial and Phytochemical
Analysis of Lagenandra toxicaria Dalz. and its Fungal Endophytes. Natl Acad
Sci Lett. 2023;46(4):357-60. https://doi.org/10.1007/540009-023-01219-w.

. Asiandu A, Wahyudi A, Ramadhan F, Widjajanti HICRE, Mycology A. Bio-

prospecting of non-mycorrhizal endophytic fungi associated with ferns and
mosses. 2021;11:416-37.

Rahmawati N, Astuti DI, Aditiwati PJSJA. Potential Antioxidant Compound
From the Culture of Endophytic Fungi from Surian Trees (Toona sinensis
Roem). 2024;40(3):810-8.

Li E, Jiang L, Guo L, Zhang H, Che'Y, Pestalachlorides. A-C, antifungal metabo-
lites from the plant endophytic fungus Pestalotiopsis adusta. Bioorg Med
Chem. 2008;16(17):7894-9. https://doi.org/10.1016/j.bmc.2008.07.075.
Hoffman AM, Mayer SG, Strobel GA, Hess WM, Sovocool GW, Grange AH, et al.
Purification, identification and activity of phomodione, a furandione from an
endophytic Phoma species. Phytochemistry. 2008;69(4):1049-56. https://doi.
0rg/10.1016/j.phytochem.2007.10.031.

Caruso DJ, Palombo EA. Exploring the Promise of Endophytic Fungi: A Review
of Novel Antimicrobial Compounds. 2022;10(10). https://doi.org/10.3390/mic
roorganisms10101990

. LiY,Wang Y-J, Guo X-P, Zhao H, Ren H-W, Li H-Y. Comprehensive analysis on

the regulatory mechanism of active ingredient accumulation during fermen-
tation process of Massa Medicata Fermentata: microbe and metabolic pro-
files. Front Microbiol. 2025;16. https://doi.org/10.3389/fmicb.2025.1548427.

. Zhang M, Miao Y-J, Zhang X, Sun X, Li M, Huang L. Revealing ecotype

influences on Cistanche sinensis: from the perspective of endophytes to
metabolites characteristics. Front Microbiol. 2023;14. https://doi.org/10.3389/
fmicb.2023.1154688.

. Eyberger AL, Dondapati R, Porter JR. Endophyte fungal isolates from Podo-

phyllum peltatum produce podophyllotoxin. J Nat Prod. 2006;69(8):1121-4.

. XuX, LiC,WuF,Zhao S, Chen T, You H, et al. Integrated Transcriptomic and

Targeted Metabolomic Analysis Reveals the Key Genes Involved in Triterpe-
noid Biosynthesis of Ganoderma lucidum. J Fungi. 2025;11. https://doi.org/10
.3390/jof11010057.

. Nyaisaba BM, Masalu R, Myovela H, Mpinda C. Unlocking the antioxidant

and antibacterial potential of exopolysaccharides produced by endophytic
fungi (Aspergillus fumigatus and Preussia isabellae) isolated from Tanzania's
mangroves. BMC Biotechnol. 2025;25. https://doi.org/10.1186/512896-025-01
005-0.

Naveen K, Sathiyaseelan A, Mandal S, Han K-S, Wang M-H. Unveiling the
Structural Characteristics and Bioactivities of the Polysaccharides Extracted
from Endophytic Penicillium sp. Molecules. 2023;28. https://doi.org/10.3390/
molecules28155788.

Wu H, Liu Q, Zeng L, Peng J, Yao X, Zhou T, et al. Revitalization of the Endo-
phytic Fungus Acremonium sp. MEP2000 and Its Impact on the Growth and

120.

121

122.

127.

128.

131

138.

Page 22 of 25

Accumulation of Bioactive Compounds in Inonotus obliquus. J Microbiol
Biotechnol. 2025;35. https://doi.org/10.4014/jmb.2410.10037.

. Yuan Q, LiuW, Hao W, Chen Y, Xiao Y, Li H, et al. Glycosidic linkages of fungus

polysaccharides influence the anti-inflammatory activity in mice. J Adv Res.
2024;67:161-72. https://doi.org/10.1016/jjare.2024.01.037.

Wang W, Tan J, Nima L, Sang Y, Cai X, Xue H. Polysaccharides from fungi: A
review on their extraction, purification, structural features, and biological
activities. Food Chemistry: X. 2022;15. https://doi.org/10.1016/j.fochx.2022.10
0414.

Zeng Y, Yang H-R, Ou XY, Su H-H, Zong M-H, Yang JG, et al. Fungal polysac-
charide similar with host Dendrobium officinale polysaccharide: Preparation,
structure characteristics and biological activities. Int J Biol Macromol. 2019.
https://doi.org/10.1016/j.ijbiomac.2019.08.238.

Deshmukh S, Dufossé L, Chhipa H, Saxena S, Mahajan G, Gupta M. Fungal
Endophytes: A Potential Source of Antibacterial Compounds. J Fungi. 2022;8.
https://doi.org/10.3390/j0f8020164.

. Wijesekara T, Xu B. Health-Promoting Effects of Bioactive Compounds from

Plant Endophytic Fungi. J Fungi. 2023;9. https://doi.org/10.3390/j0f9100997.

. Kaliaperumal K, Salendra L, Liu Y, Ju Z, Sahu SK, Elumalai S, et al. Isolation of

anticancer bioactive secondary metabolites from the sponge-derived endo-
phytic fungi Penicillium sp. and in-silico computational docking approach.
Front Microbiol. 2023;14. https://doi.org/10.3389/fmicb.2023.1216928.

. AlanaziY, Alrdahe S, Moussa Z, Darwish D, Alrdahi H, Saber W. Endophytic

Trichoderma asperellum WNZ-21 produces novel bioactives with anticancer,
anti-inflammatory, and hemoprotective properties from fermented bean bio-
mass. Front Microbiol. 2025;16. https://doi.org/10.3389/fmicb.2025.1609361.

. Deshmukh SK, Dufossé L, Chhipa H, Saxena S, Mahajan GB, Gupta MK.

Fungal Endophytes: A Potential Source of Antibacterial Compounds. J Fungi.
2022;8(2):164. https://doi.org/10.3390/j0f8020164.

dos Reis JBA, Lorenzi AS, Pinho DB, Cortelo PC, do Vale HMM. The hidden trea-
sures in endophytic fungi: a comprehensive review on the diversity of fungal
bioactive metabolites, usual analytical methodologies, and applications. Arch
Microbiol. 2024;206(4). https://doi.org/10.1007/500203-024-03911-x.

Mishra RC, Kalra R, Dwivedi N, Goel M. Exploring Endophytes Using Omics:
An Approach for Sustainable Production of Bioactive Metabolites. Fungal
Biology. 2021:349-76. https;//doi.org/10.1007/978-3-030-54422-5_15

. WeiQ, BaiJ,Yan D, Bao X, Li W, Liu B, et al. Genome mining combined meta-

bolic shunting and OSMAC strategy of an endophytic fungus leads to the
production of diverse natural products. Acta Pharm Sinica B. 2021;11(2):572-
87. https://doi.org/10.1016/j.apsb.2020.07.020.

. Santra H, Banerjee D. Bioactivity study and metabolic profiling of Colletotri-

chum alatae LCS1, an endophyte of club moss Lycopodium clavatum L. PLoS
ONE. 2022;17. https://doi.org/10.1371/journal.pone.0267302.

Gakuubi M, Munusamy M, Liang Z-X, Ng S. Fungal Endophytes: A Promising
Frontier for Discovery of Novel Bioactive Compounds. J Fungi. 2021;7. https://
doi.org/10.3390/jof7100786.

. Prajapati C, Rai SN, Singh AK, Chopade B, Singh Y, Singh SK, et al. An Update

of Fungal Endophyte Diversity and Strategies for Augmenting Therapeutic
Potential of their Potent Metabolites: Recent Advancement. Appl Biochem
Biotechnol. 2025;197:2799-866. https://doi.org/10.1007/512010-024-05098-9.

. Charria-Giron E, Marin-Felix Y, Beutling U, Franke R, Bronstrup M, Vasco-Pala-

cios A, et al. Metabolomics insights into the polyketide-lactones produced by
Diaporthe caliensis sp. nov,, an endophyte of the medicinal plant Otoba gra-
cilipes. Microbiol Spectr. 2023;11. https://doi.org/10.1128/spectrum.02743-23.

. LiW,Wang Z, Zhu Q, Tian P. Systematic Investigations of the Huperzine A—

Producing Endophytic Fungi of Huperzia serrata in China and Fermentation
Optimization Using OSMAC Strategy. Molecules. 2025;30. https://doi.org/10.3
390/molecules30132704.

. Verma A, Tiwari H, Singh S, Gupta P, Rai N, Singh SK, et al. Epigenetic manipu-

lation for secondary metabolite activation in endophytic fungi: current
progress and future directions. Mycology. 2023;14:275-91. https://doi.org/10.
1080/21501203.2023.2241486.

. Lépez-Menchero JR, Imperial J, Andrés M, Diaz C, Gonzélez-Coloma A.

Genomic characterization and fermentation study of the endophyte
Stemphylium sp. (Aa22), a producer of bioactive alkyl-resorcinols. PLoS ONE.
2025;20. https://doi.org/10.1371/journal.pone.0323031.

. Kong C, Wang J-Y, Shan B-H, Zhang H-X, Qin S, Ren C-G. Marine endophytes:

biosynthetic engines for novel bioactive metabolites. Front Microbiol.
2025;16. https://doi.org/10.3389/fmich.2025.1684777.

El-Sayed E-SR, Hazaa MA, Shebl MM, Amer MM, Mahmoud SR, Khattab
AA. Bioprospecting endophytic fungi for bioactive metabolites and use of


https://doi.org/10.1007/s10295-009-0598-8
https://doi.org/10.3390/biom10081187
https://doi.org/10.3390/jof9080864
https://doi.org/10.1016/j.heliyon.2025.e42142
https://doi.org/10.1007/s40009-023-01219-w
https://doi.org/10.1016/j.bmc.2008.07.075
https://doi.org/10.1016/j.phytochem.2007.10.031
https://doi.org/10.1016/j.phytochem.2007.10.031
https://doi.org/10.3390/microorganisms10101990
https://doi.org/10.3390/microorganisms10101990
https://doi.org/10.3389/fmicb.2025.1548427
https://doi.org/10.3389/fmicb.2023.1154688
https://doi.org/10.3389/fmicb.2023.1154688
https://doi.org/10.3390/jof11010057
https://doi.org/10.3390/jof11010057
https://doi.org/10.1186/s12896-025-01005-0
https://doi.org/10.1186/s12896-025-01005-0
https://doi.org/10.3390/molecules28155788
https://doi.org/10.3390/molecules28155788
https://doi.org/10.4014/jmb.2410.10037
https://doi.org/10.1016/j.jare.2024.01.037
https://doi.org/10.1016/j.fochx.2022.100414
https://doi.org/10.1016/j.fochx.2022.100414
https://doi.org/10.1016/j.ijbiomac.2019.08.238
https://doi.org/10.3390/jof8020164
https://doi.org/10.3390/jof9100997
https://doi.org/10.3389/fmicb.2023.1216928
https://doi.org/10.3389/fmicb.2025.1609361
https://doi.org/10.3390/jof8020164
https://doi.org/10.1007/s00203-024-03911-x
https://doi.org/10.1007/978-3-030-54422-5_15
https://doi.org/10.1016/j.apsb.2020.07.020
https://doi.org/10.1371/journal.pone.0267302
https://doi.org/10.3390/jof7100786
https://doi.org/10.3390/jof7100786
https://doi.org/10.1007/s12010-024-05098-9
https://doi.org/10.1128/spectrum.02743-23
https://doi.org/10.3390/molecules30132704
https://doi.org/10.3390/molecules30132704
https://doi.org/10.1080/21501203.2023.2241486
https://doi.org/10.1080/21501203.2023.2241486
https://doi.org/10.1371/journal.pone.0323031
https://doi.org/10.3389/fmicb.2025.1684777

Nagib et al. Microbial Cell Factories

139.

140.

141.

142.

143.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

(2026) 25:141

irradiation to improve their bioactivities. AMB Express. 2022;12(1):46. https.//d
01.0rg/10.1186/513568-022-01386-x.

Muthukrishnan S, Prakathi P, Sivakumar T, Thiruvengadam M, Jayaprakash

B, BaskarV, et al. Bioactive Components and Health Potential of Endophytic
Micro-Fungal Diversity in Medicinal Plants. Antibiotics. 2022;11. https://doi.or
9/10.3390/antibiotics11111533.

Hashem AH, Shehabeldine AM, Abdelaziz AM, Amin BH, Sharaf MH. Antifun-
gal Activity of Endophytic Aspergillus terreus Extract Against Some Fungi
Causing Mucormycosis: Ultrastructural Study. Appl Biochem Biotechnol.
2022;194(8):3468-82. https://doi.org/10.1007/512010-022-03876-x.

Kubayi S, Makola R, Dithebe K. Exploring the Antimicrobial, Antioxidant and
Extracellular Enzymatic Activities of Culturable Endophytic Fungi Isolated
from the Leaves of Kirkia acuminata Oliv. Microorganisms. 2025;13. https://do
i.org/10.3390/microorganisms13030692.

Masri RS, Syafni N, Rustini R, Supriyono A, Kuo P-C, Handayani D. Isolation of
endophytic fungi with antibacterial activity from medicinal plant Jatropha
multifida L. J Appl Pharm Sci. 2025. https://doi.org/10.7324/japs.2025.230085.
Handayani D, Hafiza H, Rustini R, Putra PP, Syafni N. Isolation of endophytic
fungi with antimicrobial activity from medicinal plant Rhodomyrtus tomen-
tosa (Aiton) Hassk. J Appl Pharm Sci. 2023. https://doi.org/10.7324/japs.2023.
143365.

. Handayani D, Muslim RI, Syafni N, Artasasta M, Riga R. Endophytic fungi from

medicinal plant Garcinia cowa Roxb. ex Choisy and their antibacterial activity.
J Appl Pharm Sci. 2024. https://doi.org/10.7324/japs.2024.180510.

Eshboev F, Karakozova M, Abdurakhmanov J, Bobakulov K, Dolimov K, Abdu-
rashidov A, et al. Antimicrobial and Cytotoxic Activities of the Secondary
Metabolites of Endophytic Fungi Isolated from the Medicinal Plant Hyssopus
officinalis. Antibiotics. 2023;12. https://doi.org/10.3390/antibiotics12071201.
Zhou Y-Q, Yao S, Wang J, Xie X, Tan X-M, Huang R, et al. Cultivable endophytic
fungal community associated with the karst endemic plant Nervilia fordii and
their antimicrobial activity. Front Microbiol. 2022;13. https://doi.org/10.3389/f
micb.2022.1063897.

El-Souad SA, Dawoud M, Ibrahim M, Soliman M. Investigating endophytic
fungi of Calotropis procera for novel bioactive compounds: molecular dock-
ing and bioactivity insights. Microb Cell Fact. 2025;24. https://doi.org/10.1186
/512934-025-02710-3.

Besharati M, Ciavatta M, Carbone M, Cacciapuoti N, Aversa M, Roscetto E, et
al. Extraction and Identification of the Bioactive Metabolites Produced by
Curvularia inaequalis, an Endophytic Fungus Collected in Iran from Echium
khuzistanicum Mozaff. Molecules. 2025;30. https://doi.org/10.3390/molecules
30193870.

Eshboev F, Mamadalieva N, Nazarov P, Hussain H, Katanaev V, Egamberdieva
D, et al. Antimicrobial Action Mechanisms of Natural Compounds Isolated
from Endophytic Microorganisms. Antibiotics. 2024;13. https://doi.org/10.339
0/antibiotics13030271.

Moloi N, Khumalo M, Nxumalo W, Mtambo S, Mkhwanazi N, Ndlovu S.
Combining an OSMAC approach and untargeted metabolomics to profile
compounds exhibiting anti-HIV-1 activities in an endophytic fungus, Penicil-
lium Rubens PO3MB2. Sci Rep. 2025;15. https://doi.org/10.1038/541598-025-0
8091-2.

Nzimande B, Kumalo H, Ndlovu S, Mkhwanazi N. Secondary metabolites
produced by endophytic fungi, Alternaria alternata, as potential inhibitors of
the human immunodeficiency virus. Front Genet. 2022;13. https://doi.org/10.
3389/fgene.2022.1077159.

Zhao J-Y,Wang J, Pang X, Liu Z, Li Q,Yi D-R, et al. An anti-influenza A virus
microbial metabolite acts by degrading viral endonuclease PA. Nat Commun.
2022;13. https://doi.org/10.1038/541467-022-29690-x.

Fathallah N, Elkady W, Zahran S, Darwish K, Elhady S, Elkhawas Y. Unveiling
the Multifaceted Capabilities of Endophytic Aspergillus flavus Isolated from
Annona squamosa Fruit Peels against Staphylococcus Isolates and HCoV
229E—In Vitro and In Silico Investigations. Pharmaceuticals. 2024;17. https://
doi.org/10.3390/ph17050656.

Chang S-L, Yan B, ChenY, Zhao W, Gao R, Li Y, et al. Cytotoxic hexadepsipep-
tides and anti-coronaviral 4-hydroxy-2-pyridones from an endophytic Fusar-
ium sp. Front Chem. 2023;10. https://doi.org/10.3389/fchem.2022.1106869.
Hridoy M, Gorapi MZH, Noor S, Chowdhury N, Rahman MM, Muscari |, et al.
Putative Anticancer Compounds from Plant-Derived Endophytic Fungi: A
Review. Molecules. 2022,27. https://doi.org/10.3390/molecules27010296.
El-Sayed E-S, Kloc M, Kulbacka J, Choromariska A, Bielecka M, Strzata T, et al.
Bioprospecting endophytic fungi of forest plants for bioactive metabolites
with anticancer potentials. Sci Rep. 2025;15. https://doi.org/10.1038/541598-0
25-10372-9.

163.

167.

169.

173.

Page 23 of 25

. El-Zehery H, Ashry N, Faiesal A, Attia M, Abdel-Maksoud M, El-Tayeb M, et al.

Antibacterial and anticancer potential of bioactive compounds and second-
ary metabolites of endophytic fungi isolated from Anethum graveolens.
Front Microbiol. 2024;15. https://doi.org/10.3389/fmicb.2024.1448191.

. Chen Z,LvT, Zhang Y, Kong W, Li X, Xie S, et al. Biosynthesis of bimetallic sil-

ver-copper oxide nanoparticles using endophytic Clonostachys rosea ZMS36
and their biomedical applications. Front Microbiol. 2025;16. https://doi.org/1
0.3389/fmicb.2025.1581486.

. Rivera-Cazano CV, Diaz-Blas P, Quifiones-Laveriano D, Villar-Lopez M. Anti-

carcinogenic Properties of Metabolites Extracted from Endophytic Fungi: A
Review of the Literature. Nat Resour Hum Health. 2025. https://doi.org/10.533
65/nrfhh/203181.

. Sharma M, Bharti S, Goswami A, Mallubhotla S, Diversity. Antimicrobial, Anti-

oxidant, and Anticancer Activity of Culturable Fungal Endophyte Communi-
ties in Cordia dichotoma. Molecules. 2023;28. https://doi.org/10.3390/molecu
les28196926.

. Varghese S, Jisha M, Rajeshkumar K, Gajbhiye V, Alrefaei A, Jeewon R.

Endophytic fungi: A future prospect for breast cancer therapeutics and drug
development. Heliyon. 2024;10. https://doi.org/10.1016/j.heliyon.2024.e3399
5

. Mahana A, Hammoda H, Saad M, Radwan M, Elsohly M, Ghareeb D, et al.

Bio-guided isolation of potential anti-inflammatory constituents of some
endophytes isolated from the leaves of ground cherry (Physalis pruinosa L.)
via ex-vivo and in-silico studies. BMC Complement Med Ther. 2023;23. https:/
/doi.org/10.1186/512906-023-03934-9.

Spina R, Ropars A, Bouazzi S, Dadi S, Lemiere P, Dupire F, et al. Screening of
Anti-Inflammatory Activity and Metabolomics Analysis of Endophytic Fungal
Extracts; Identification and Characterization of Perylenequinones and Terpe-
noids from the Interesting Active Alternaria Endophyte. Molecules. 2023;28.
https://doi.org/10.3390/molecules28186531.

. Koopklang K, Choodej S, Hantanong S, Intayot R, Jungsuttiwong S, Insumran

Y, et al. Anti-Inflammatory Properties of Oxygenated Isocoumarins and
Xanthone from Thai Mangrove-Associated Endophytic Fungus Setosphaeria
rostrata. Molecules. 2024;29. https://doi.org/10.3390/molecules29030603.

. LiZ, Zhu J,Mu R, Wang C, SunY, Qian B, et al. Metabolites with Anti-Inflam-

matory Activities Isolated from the Mangrove Endophytic Fungus Dothiorella
sp. ZJQQYZ-1. Microorganisms. 2025;13. https://doi.org/10.3390/microorgani
sms13040890.

. El-Bouseary M, Eliwa D, Farghali M, Ragab A. Investigating the potential

antibacterial, anti-biofilm, wound healing and anti-inflammatory activity of
the extract of Aspergillus niger endophyte isolated from cucumber leaves: in
vitro and in vivo study. BMC Microbiol. 2025;25. https://doi.org/10.1186/5128
66-025-04134-w.

Ferreira M, Katchborian-Neto A, Niccio K, Santos M, Dias D, Chagas-Paula D,
et al. Phytochemical investigation of Nigrospora zimmermanii isolated from
Poincianella pluviosa (Sibipiruna): metabolites characterisation and screening
for anti-inflammatory activity. Nat Prod Res. 2024;39:2635-41. https://doi.org/
10.1080/14786419.2024.2320733.

. Elawady M, Hamed A, Alsallami W, Gabr E, Abdel-Monem M, Hassan M.

Bioactive Metabolite from Endophytic Aspergillus versicolor SB5 with Anti-
Acetylcholinesterase, Anti-Inflammatory and Antioxidant Activities: In Vitro
and In Silico Studies. Microorganisms. 2023;11. https://doi.org/10.3390/micro
organisms11041062.

ChenY, Zou G, Yang W, Zhao Y, Tan Q, Chen L, et al. Metabolites with Anti-
Inflammatory Activity from the Mangrove Endophytic Fungus Diaporthe sp.
QYM12. Mar Drugs. 2021;19. https://doi.org/10.3390/md19020056.

. Andrioli W, Simdo T, Ferreira DP, Aratjo M, Calixto S, Bastos J, et al. Antimyco-

bacterial and anti-inflammatory activities of metabolites from endophytic
and soil fungi. Phytomedicine Plus. 2022. https://doi.org/10.1016/j.phyplu.20
22.100312.

. Almustafa H, Yehia R, Antioxidant, Cytotoxic, Damage Protection DNA. Activi-

ties of Endophytic Fungus Pestalotiopsis neglecta Isolated from Ziziphus
spina-christi Medicinal Plant. Microorganisms. 2023;11. https://doi.org/10.339
0/microorganisms11010117.

. JiaY, Zhang G, Xie Q,Tao J, BuT, Zhang X, et al. Isolation and identification of

endophytic fungi from Conyza blinii that exhibit antioxidant and antibacterial
activities. PeerJ. 2025;13. https://doi.org/10.7717/peer].19464.

GautamV, Singh A, Kumari P, Nishad J, Kumar J, Yadav M, et al. Phenolic and
flavonoid contents and antioxidant activity of an endophytic fungus Nigros-
pora sphaerica (EHL2), inhabiting the medicinal plant Euphorbia hirta (dudhi)
L. Arch Microbiol. 2022,204. https://doi.org/10.1007/500203-021-02650-7.


https://doi.org/10.1186/s13568-022-01386-x
https://doi.org/10.1186/s13568-022-01386-x
https://doi.org/10.3390/antibiotics11111533
https://doi.org/10.3390/antibiotics11111533
https://doi.org/10.1007/s12010-022-03876-x
https://doi.org/10.3390/microorganisms13030692
https://doi.org/10.3390/microorganisms13030692
https://doi.org/10.7324/japs.2025.230085
https://doi.org/10.7324/japs.2023.143365
https://doi.org/10.7324/japs.2023.143365
https://doi.org/10.7324/japs.2024.180510
https://doi.org/10.3390/antibiotics12071201
https://doi.org/10.3389/fmicb.2022.1063897
https://doi.org/10.3389/fmicb.2022.1063897
https://doi.org/10.1186/s12934-025-02710-3
https://doi.org/10.1186/s12934-025-02710-3
https://doi.org/10.3390/molecules30193870
https://doi.org/10.3390/molecules30193870
https://doi.org/10.3390/antibiotics13030271
https://doi.org/10.3390/antibiotics13030271
https://doi.org/10.1038/s41598-025-08091-2
https://doi.org/10.1038/s41598-025-08091-2
https://doi.org/10.3389/fgene.2022.1077159
https://doi.org/10.3389/fgene.2022.1077159
https://doi.org/10.1038/s41467-022-29690-x
https://doi.org/10.3390/ph17050656
https://doi.org/10.3390/ph17050656
https://doi.org/10.3389/fchem.2022.1106869
https://doi.org/10.3390/molecules27010296
https://doi.org/10.1038/s41598-025-10372-9
https://doi.org/10.1038/s41598-025-10372-9
https://doi.org/10.3389/fmicb.2024.1448191
https://doi.org/10.3389/fmicb.2025.1581486
https://doi.org/10.3389/fmicb.2025.1581486
https://doi.org/10.53365/nrfhh/203181
https://doi.org/10.53365/nrfhh/203181
https://doi.org/10.3390/molecules28196926
https://doi.org/10.3390/molecules28196926
https://doi.org/10.1016/j.heliyon.2024.e33995
https://doi.org/10.1016/j.heliyon.2024.e33995
https://doi.org/10.1186/s12906-023-03934-9
https://doi.org/10.1186/s12906-023-03934-9
https://doi.org/10.3390/molecules28186531
https://doi.org/10.3390/molecules29030603
https://doi.org/10.3390/microorganisms13040890
https://doi.org/10.3390/microorganisms13040890
https://doi.org/10.1186/s12866-025-04134-w
https://doi.org/10.1186/s12866-025-04134-w
https://doi.org/10.1080/14786419.2024.2320733
https://doi.org/10.1080/14786419.2024.2320733
https://doi.org/10.3390/microorganisms11041062
https://doi.org/10.3390/microorganisms11041062
https://doi.org/10.3390/md19020056
https://doi.org/10.1016/j.phyplu.2022.100312
https://doi.org/10.1016/j.phyplu.2022.100312
https://doi.org/10.3390/microorganisms11010117
https://doi.org/10.3390/microorganisms11010117
https://doi.org/10.7717/peerj.19464
https://doi.org/10.1007/s00203-021-02650-7

Nagib et al. Microbial Cell Factories

174.

175.

176.

178.

179.

180.

181.

182.

183.

184.

185.

186.

188.

189.

190.

191.

192.

(2026) 25:141

Ibrahim M, Oyebaniji E, Fowora M, Aiyeolemi A, Orabuchi C, Akinnawo B, et al.
Extracts of endophytic fungi from leaves of selected Nigerian ethnomedicinal
plants exhibited antioxidant activity. BMC Complement Med Ther. 2021,21.
https://doi.org/10.1186/512906-021-03269-3.

Li N, Xu D, Huang R, Zheng J, Liu Y-Y, Hu B, et al. A New Source of Diterpene
Lactones From Andrographis paniculata (Burm. f.) Nees—Two Endophytic
Fungi of Colletotrichum sp. With Antibacterial and Antioxidant Activities.
Front Microbiol. 2022;13. https://doi.org/10.3389/fmicb.2022.819770.

Sharma A, Kaur R, Kaur J, Garg S, Bhatti R, Kaur A. An endophytic Schizo-
phyllum commune Fr. exhibits in-vitro and in-vivo antidiabetic activity in
streptozotocin induced diabetic rats. AMB Express. 2021;11. https://doi.org/1
0.1186/513568-021-01219-3.

. Shettar SL, Hoskeri A. In Vitro Pharmacological Activity of Endophyte Aspergil-

lus austwickii isolated from the Leaves of Premna serratifolia. Arch Razi Inst.
2024;79 5:1023-30. https://doi.org/10.32592/ari.2024.79.5.1023.

Robertson M, Meyerowitz J, Skiniotis G. Drug discovery in the era of cryo-
electron microscopy. Trends Biochem Sci. 2021. https://doi.org/10.1016/j.tibs.
2021.06.008.

Shao Z,Tian Y, Liu S, Chu X, Mao W. Anti-Diabetic Activity of a Novel Exo-
polysaccharide Produced by the Mangrove Endophytic Fungus Penicillium
janthinellum N29. Mar Drugs. 2023;21. https://doi.org/10.3390/md21050270.
AbdelRazek M, Elissawy A, Mostafa N, Moussa A, Elanany M, Elshanawany

M, et al. Chemical and Biological Review of Endophytic Fungi Associated
with Morus sp. (Moraceae) and In Silico Study of Their Antidiabetic Potential.
Molecules. 2023;28. https://doi.org/10.3390/molecules28041718.

Linda TM, Maisyaroh DP, Berlyansah A, Tasliyah BJ, Juliantari E, Zul D, et al.
Efficacy of Endophytic Bacterium Serratia marcescens B.SB 1.1 associated
with Sea Fern (Acrostichum aureum L.) as an Antidiabetic Agent. J Microbiol
Biotechnol. 2025;35. https://doi.org/10.4014/jmb.2412.12031.

Mesquita P, De Araujo LM, Neves F, Borin M. Metabolites of endophytic fungi
isolated from leaves of Bauhinia variegata exhibit antioxidant activity and
agonist activity on peroxisome proliferator-activated receptors a, 3/6 and y.
Front Fungal Biology. 2022;3. https://doi.org/10.3389/ffunb.2022.1049690.
Tousif MI, Tauseef S, Nabeelah S, Sharmeen J, Zengin G, Legoabe L, et al.
Phenolics from endophytic fungi as natural a-glucosidase inhibitors: A com-
prehensive review. J Mol Struct. 2023;1291:135852. https://doi.org/10.1016/j.
molstruc.2023.135852.

Khalkho JP, Beck A, Priyanka u, Panda B, Chandra R. Microbial allies: exploring
fungal endophytes for biosynthesis of terpenoid indole alkaloids. Arch Micro-
biol. 2024;206(8). https://doi.org/10.1007/500203-024-04067-4.

Uzma F, Chowdappa S. Chapter 12 - Endophytic fungal metabolites of
medicinal plants and their bioactive properties. In: Singh J, Gehlot P, editors.
New and Future Developments in Microbial Biotechnology and Bioengineer-
ing. Elsevier; 2021. pp. 165-76.

Artasasta M, Faradilla DM, Rasyid H, Listyorini D, Putra WE, Handayani D, et

al. Antimalarial Activity Screening from Endophytic Fungus of Red Ginger
(Zingiber officinale): in vitro and in silico Studies. Sains Malaysiana. 2025.
https://doi.org/10.17576/jsm-2025-5406-08.

. Alhadrami H, Sayed A, EI-Gendy A, Shamikh Y, Gaber Y, Bakeer W, et al. A

metabolomic approach to target antimalarial metabolites in the Artemisia
annua fungal endophytes. Sci Rep. 2021;11. https://doi.org/10.1038/541598-0
21-82201-8.

Ferndndez-Pastor |, Gonzélez-Menéndez V, Annang F, Toro C, Mackenzie T,
Bosch-Navarrete C, et al. Pipecolisporin, a Novel Cyclic Peptide with Antima-
larial and Antitrypanosome Activities from a Wheat Endophytic Nigrospora
oryzae. Pharmaceuticals. 2021;14. https://doi.org/10.3390/ph14030268.

de Oliveira Almeida G, Mazucato VDS, Tonani L, von Zeska Kress MR, Barbosa
G, Krogh R, et al. Exploring Bioactive Metabolites From Fusarium falciforme
and Aspergillus terreus Isolated From Protease-Rich Fruits: Antifungal, Antitry-
panosomal, and Enzymatic Inhibitory Activities. Chem Biodivers. 2025;22(11).
https://doi.org/10.1002/cbdv.202500673.

El-Saadony M, Saad A, Mohammed D, Alkafaas S, Ghosh S, Negm S, et al.
Curcumin, an active component of turmeric: biological activities, nutritional
aspects, immunological, bioavailability, and human health benefits - a com-
prehensive review. Front Immunol. 2025;16. https://doi.org/10.3389/fimmu.2
025.1603018.

Urosevi¢ M, Nikoli¢ L, Gaji¢ |, Nikoli¢ V, Dini¢ A, Miljkovi¢ V. Curcumin: Biologi-
cal Activities and Modern Pharmaceutical Forms. Antibiotics. 2022;11. https://
doi.org/10.3390/antibiotics11020135.

Mendieta-Brito S, Sayed M, Son E, Kim D-S, Dévila M, Pyo S-H. Identification,
Characterization, and Antibacterial Evaluation of Five Endophytic Fungi

196.

198.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Page 24 of 25

from Psychotria poeppigiana Mll. Arg., an Amazon Plant. Microorganisms.
2024;12. https://doi.org/10.3390/microorganisms12081590.

. Youssef G, Zaid M, Youssef A, El-Aassar S. Biochemical and biological evalu-

ation of L-glutaminase from Aspergillus tamarii AUMC 10198 via solid-state
fermentation. Microb Cell Fact. 2025;24. https://doi.org/10.1186/512934-02
5-02802-0.

. Youssef GA, Zaid MS, Youssef AS, El-Aassar S. Biochemical and biological

evaluation of L-glutaminase from Aspergillus tamarii AUMC 10198 via solid-
state fermentation. Microb Cell Fact. 2025;24(1):178. https://doi.org/10.1186/s
12934-025-02802-0.

. Etier A, Dumetz F, Chéreau S, Ponts N. Post-Translational Modifications of

Histones Are Versatile Regulators of Fungal Development and Secondary
Metabolism. Toxins. 2022;14. https://doi.org/10.3390/toxins14050317.

Wang H, ChenY, Wang L, Liu Q, Yang S, Wang C. Advancing herbal medicine:
enhancing product quality and safety through robust quality control prac-
tices. Front Pharmacol. 2023;14. https://doi.org/10.3389/fphar.2023.1265178.

. LiuY, Xu M, Tang Y, Shao Y, Wang H, Zhang H. Genome Features and AntiS-

MASH Analysis of an Endophytic Strain Fusarium sp. R1. Metabolites. 2022;12.
https://doi.org/10.3390/metabo12060521.

Pedrini N. The Entomopathogenic Fungus Beauveria bassiana Shows Its Toxic
Side within Insects: Expression of Genes Encoding Secondary Metabolites
during Pathogenesis. J Fungi. 2022,8. https://doi.org/10.3390/jof8050488.

. Toopaang W, Yoocha T, Naktang C, Wichienchote N, Pechsrichuang P, Tang-

phatsornruang S, et al. Transcriptomic insights into the interplay between
polyketide biosynthesis and other secondary metabolite biosynthetic clus-
ters and biological pathways in entomopathogen Beauveria bassiana. Front
Microbiol. 2025;16. https://doi.org/10.3389/fmicb.2025.1583637.

Wang Y, Zou X, Zhu X, Qi J, Liu J, Zhang Z-K. The PKS-NRPS Gene BBA_09856
Deletion Mutant of Beauveria bassiana Enhanced Its Virulence Against
Ostrinia furnacalis Larvae and Strengthened the Host Plant’s Resistance to
Botrytis cinerea as an Endotype. J Fungi. 2025;11. https://doi.org/10.3390/jof1
1030197.

Courtial J, Helesbeux J, Oudart H, Aligon S, Bahut M, Hamon B, et al. Char-
acterization of NRPS and PKS genes involved in the biosynthesis of SMs in
Alternaria dauci including the phytotoxic polyketide aldaulactone. Sci Rep.
2022;12. https://doi.org/10.1038/541598-022-11896-0.

Mdzsik L, lacovelli R, Bovenberg R, Driessen A. Transcriptional Activation of
Biosynthetic Gene Clusters in Filamentous Fungi. Front Bioeng Biotechnol.
2022;10. https://doi.org/10.3389/fbioe.2022.901037.

Sneha MJX, Thangavel M, Mani |, Rajapriya P, Ponnuraj N, Pandi M. Endophytic
Fungal Diversity in Hardwickia binata: Bridging the Gap between Traditional
and Modern Techniques. Microbiol Res. 2024. https://doi.org/10.3390/microb
jolres15020053.

Chen X-L, Sun M, Chong S-L, Si J, Wu L. Transcriptomic and Metabolomic
Approaches Deepen Our Knowledge of Plant-Endophyte Interactions. Front
Plant Sci. 2022;12. https://doi.org/10.3389/fpls.2021.700200.

Yue X, Yang J, Qi J, Gao S, Huo Q, Guo X, et al. Loss of Pathogenicity and
Evidence of Horizontal Gene Transfer in Colletotrichum gloeosporioides From
a Medicinal Plant. Mol Plant Pathol. 2025;26. https://doi.org/10.1111/mpp.700
98.

Eshboev F, Gao A, Abdurashidov A, Mardieva K, Baymirzaev A, Musakhanov
M, et al. Genomic and Metabolomic Analysis of the Endophytic Fungus
Alternaria alstroemeriae S6 Isolated from Veronica acinifolia: Identification

of Anti-Bacterial Properties and Production of Succinic Acid. Antibiotics.
2025;14. https://doi.org/10.3390/antibiotics14070713.

He T, Li X, lacovelli R, Hackl T, Haslinger K. Genomic and Metabolomic Analysis
of the Endophytic Fungus Fusarium sp. VM-40 Isolated from the Medicinal
Plant Vinca minor. J Fungi. 2023;9. https://doi.org/10.3390/jof9070704.
Oberhofer M, Malfent F, Zehl M, Urban E, Wackerlig J, Reznicek G, et al.
Biosynthetic Potential of the Endophytic Fungus Helotiales sp. BL73 Revealed
via Compound Identification and Genome Mining. Appl Environ Microbiol.
2022;88. https://doi.org/10.1128/aem.02510-21.

Bielecka M, Pencakowski B, Nicoletti R. Using Next-Generation Sequencing
Technology to Explore Genetic Pathways in Endophytic Fungi in the Synthe-
ses of Plant Bioactive Metabolites. Agriculture. 2022. https://doi.org/10.3390/
agriculture12020187.

He T, Li X, Flores-Vallejo DC, Radu R, Van Dijl A-M, Haslinger J. The endophytic
fungus Cosmosporella sp. VM-42 from Vinca minor is a source of bioactive
compounds with potent activity against drug-resistant bacteria. Curr Res
Microb Sci. 2025;8. https://doi.org/10.1016/j.crmicr.2025.100390.


https://doi.org/10.1186/s12906-021-03269-3
https://doi.org/10.3389/fmicb.2022.819770
https://doi.org/10.1186/s13568-021-01219-3
https://doi.org/10.1186/s13568-021-01219-3
https://doi.org/10.32592/ari.2024.79.5.1023
https://doi.org/10.1016/j.tibs.2021.06.008
https://doi.org/10.1016/j.tibs.2021.06.008
https://doi.org/10.3390/md21050270
https://doi.org/10.3390/molecules28041718
https://doi.org/10.4014/jmb.2412.12031
https://doi.org/10.3389/ffunb.2022.1049690
https://doi.org/10.1016/j.molstruc.2023.135852
https://doi.org/10.1016/j.molstruc.2023.135852
https://doi.org/10.1007/s00203-024-04067-4
https://doi.org/10.17576/jsm-2025-5406-08
https://doi.org/10.1038/s41598-021-82201-8
https://doi.org/10.1038/s41598-021-82201-8
https://doi.org/10.3390/ph14030268
https://doi.org/10.1002/cbdv.202500673
https://doi.org/10.3389/fimmu.2025.1603018
https://doi.org/10.3389/fimmu.2025.1603018
https://doi.org/10.3390/antibiotics11020135
https://doi.org/10.3390/antibiotics11020135
https://doi.org/10.3390/microorganisms12081590
https://doi.org/10.1186/s12934-025-02802-0
https://doi.org/10.1186/s12934-025-02802-0
https://doi.org/10.1186/s12934-025-02802-0
https://doi.org/10.1186/s12934-025-02802-0
https://doi.org/10.3390/toxins14050317
https://doi.org/10.3389/fphar.2023.1265178
https://doi.org/10.3390/metabo12060521
https://doi.org/10.3390/jof8050488
https://doi.org/10.3389/fmicb.2025.1583637
https://doi.org/10.3390/jof11030197
https://doi.org/10.3390/jof11030197
https://doi.org/10.1038/s41598-022-11896-0
https://doi.org/10.3389/fbioe.2022.901037
https://doi.org/10.3390/microbiolres15020053
https://doi.org/10.3390/microbiolres15020053
https://doi.org/10.3389/fpls.2021.700200
https://doi.org/10.1111/mpp.70098
https://doi.org/10.1111/mpp.70098
https://doi.org/10.3390/antibiotics14070713
https://doi.org/10.3390/jof9070704
https://doi.org/10.1128/aem.02510-21
https://doi.org/10.3390/agriculture12020187
https://doi.org/10.3390/agriculture12020187
https://doi.org/10.1016/j.crmicr.2025.100390

Nagib et al. Microbial Cell Factories (2026) 25:141

212

214.

. Nagarajan K, Ibrahim B, Bawadikji AA, Lim J-W, Tong W, Leong C, et al. Recent

Developments in Metabolomics Studies of Endophytic Fungi. J Fungi. 2021;8.
https://doi.org/10.3390/jof8010028.

Keller NP. Fungal secondary metabolism: regulation, function and drug
discovery. Nat Rev Microbiol. 2019;17(3):167-80. https://doi.org/10.1038/5415
79-018-0121-1.

. Romano S, Jackson SA, Patry S, Dobson AD. Extending the one strain many

compounds(OSMAC) principle to marine microorganisms. Mar Drugs.
2018;16(7):244.

Shankar A, Sharma KK. Fungal secondary metabolites in food and
pharmaceuticals in the era of multi-omics. Appl Microbiol Biotechnol.
2022;106(9):3465-88.

Page 25 of 25

215. Formenti LR, Nerregaard A, Bolic A, Hernandez DQ, Hagemann T, Heins AL, et
al. Challenges in industrial fermentation technology research. Biotechnol J.
2014,9(6):727-38.

216. Brakhage AA. Regulation of fungal secondary metabolism. Nat Rev Microbiol.
2013;11(1):21-32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3390/jof8010028
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1038/s41579-018-0121-1

	﻿Untapped microbial factories for next-generation therapeutics: Endophytic fungi of medicinal plants
	﻿Abstract
	﻿Introduction
	﻿Diversity of endophytic fungi in medicinal plants
	﻿Diversity drivers and host or tissue specificity
	﻿Ecological roles
	﻿Environmental and physiological factors affecting diversity

	﻿Bioactive compounds produced by endophytic fungi
	﻿Alkaloids
	﻿Terpenoids
	﻿Phenolics
	﻿Lignans and coumarins
	﻿Polysaccharides
	﻿Other bioactive compounds

	﻿Enhancement of bioactive compounds production from endophytic fungi
	﻿Biomedical applications of endophytic fungi
	﻿Antimicrobial activity
	﻿Antiviral activity
	﻿Anticancer activity
	﻿Anti-inflammatory activity
	﻿Antioxidant activity
	﻿Antidiabetic activity
	﻿Antiparasitic and antimalarial activity

	﻿Pharmaceutical drug development
	﻿Genes associated with secondary metabolite biosynthesis
	﻿Application of genomics, transcriptomics, and metabolomics in endophyte research
	﻿Recent studies integrating molecular and biochemical analyses
	﻿From laboratory discovery to industrial application: yield improvement, scalability, and production challenges
	﻿Challenges and future perspective
	﻿Conclusion
	﻿References


