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Abstract

Fungi, which are recognized as the most complex group of microorganisms, are a treasure trove
of bioactive compounds, contributing significantly to drug discovery initiatives. Bioactive
peptides derived from fungi show great promise as therapeutic agents for combating the global
burden of diseases, including infections, cancers, and inflammatory disorders. This review
delves into the multifarious landscape of fungus-derived bioactive peptides, highlighting their
advantages over conventional small molecule-based drug counterparts and rendering a
rationale for their use in peptide-based therapies. The review comprehensively covers various
bioactive peptides derived from a wide range of fungal species found in terrestrial and marine
habitats, such as endophytic fungi in plant tissues, insects, sponges, and medicinal mushrooms.
In addition, the review categorizes natural fungal peptides based on their structural features,
including linear peptides, cyclic peptides based on amino acid chain length, cyclic
depsipeptides, lipopeptides, and peptide antibiotics, demonstrating their unique biological
activities and therapeutic index. Conclusively, an in-depth classification of fungal bioactive
peptides, revealing the impact of conformational attributes shaped by amino acid differences
and their link to bioactivity, paves the way for advances in peptide-based drug discovery, their
rational modification, and therapeutic development.
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1. Introduction

The global healthcare landscape is facing more and more challenges due to the global burden
of disease (GBD) contributed by lifestyle disorders and infectious diseases, driving the ongoing
epidemiological transformation (GBD 2021). The rapid uptick in the prevalence of lifestyle
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disorders such as diabetes, cancer, cardiovascular disorders, and obesity has significantly
contributed to increasing global mortality and morbidity rates. Additionally, communicable
diseases such as multidrug-resistant (MDR) bacterial infections have further aggravated these
health challenges (Sahu et al., 2024). According to the World Health Organization (WHO),
lifestyle disorders are accountable for nearly 74 % of all deaths worldwide, with ischemic heart
disease and strokes topping the mortality charts. While antimicrobial resistance (AMR)
accounts for approximately 1.27 million deaths per year, thereby exacerbating the risk caused
by infectious diseases (Antimicrobial Resistance Collaborators, 2022). Conventional
therapeutic regimens relied on small molecule-based drugs as a mainstay of drug development.
Although small molecule-based drugs have been sourced from diverse resource setups and
applications, higher toxicity, poor selectivity, numerous side effects, and limitations in long-
term treatments often hinder their deployment. These challenges are further exacerbated by
unwanted side effects such as the crossing of the blood-brain barrier and the generation of toxic
byproducts during metabolism. In addition, small molecules often suffer from resistance
development and off-target effects, underscoring the need for innovative and precise
therapeutic solutions (Gurevich & Gurevich, 2014; Maurer et al., 2022). In this context,
bioactive peptides, small protein fragments or compounds with low molecular weights, have
emerged as promising alternatives, particularly for tackling AMR and chronic lifestyle diseases.
By targeting specific biological pathways with precision, bioactive peptides align with the
objectives of personalized medicine and hold the potential to significantly ameliorate the GBD.
These peptides are small protein fragments or compounds with low molecular weights, derived
from natural or synthetic sources, exhibiting various biological activities such as antimicrobial,
anti-inflammatory, immunomodulatory, and antihypertensive effects (Akbarian et al., 2022).

Peptides play a vital role in normal physiological processes like cellular signaling and
biochemical regulation and offer several advantages over traditional compounds, such as
greater stability, attenuated toxicity, augmented bioavailability, and absorption in vivo
(Rossino et al., 2023). The era of therapeutic peptides began with the marvelous discovery of
insulin, a peptide with 51 amino acids, in the first half of the 20™ century. Insulin was first
isolated by Frederick Banting in 1921, who subsequently developed it with Charles Best, and
it became the first commercial peptide drug in 1923, rejuvenating the diabetes treatment
regimen. Although animal-derived insulin dominated the market for decades, recombinant
insulin eventually replaced it, meeting growing demands and improving patient outcomes
(Vecchio et al., 2018). Since the mid-20™ century, numerous peptide hormones and receptors
with therapeutic potential have been reported and characterized. Peptide-based drug
development saw a huge upsurge due to advances in structural biology, recombinant DNA
technology, and synthetic technologies, establishing a sophisticated framework for discovery,
design, synthesis, modification, and evaluation (Anand ef al., 2023; Martinovich & Baradzina,
2022). Besides this, peptide drugs derived from natural sources have acquired considerable
market traction, with global sales surpassing $70 billion in 2019. It was reported that in 2019,
the top-selling 200 drugs included 10 non-insulin peptide drugs (Njardarson, 2020). Notable
examples of this include GLP-1 analogues for type-2 diabetes mellitus (T2DM), such as
Trulicity (dulaglutide), Victoza (liraglutide), and Rybelsus (semaglutide), which altogether
render billions in sales and are ranked among the top peptide drugs globally (Karasek, 2022).
The emergence of bioactive peptide-based therapeutics has meant a transformative shift in
modern therapeutics, offering innovative solutions to address unmet medical needs.

2. Benefits of Peptide Therapy
Peptide-based therapies provide recognized benefits for managing lifestyle disorders and
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infectious diseases because of their high specificity, selectivity, reduced toxicity to healthy
tissues, and versatility in targeting different molecular pathways involved in disease
progression. Additionally, unlike proteins, peptides are fully absorbed at the intestinal level,
enabling them to wield both local and systemic effects through the cardiovascular system.
Small-molecule drugs, with their extended therapeutic chronicle, represent several advantages,
such as low production costs, economical price, oral administration, and efficient membrane
penetration (Fetse et al., 2023; Rossino et al., 2023). Both naturally derived and synthetically
produced small molecules offer competitive prices as compared to peptide-based drugs and
other protein-based biologics, including antibodies. Their oral bioavailability contributes to
safety and patient cooperation, while their small size allows them to pinpoint intracellular
molecules effectively. On the other hand, their small size restricts their ability to curb large
surface interactions, such as protein-protein interactions (PPIs). In contrast, peptide drugs, with
their larger size and flexible backbone, stand out as inhibitors of PPIs (Li efal., 2024). For
example, tyrosine kinase inhibitors like sorafenib and sunitinib target the tyrosine kinase
domains of vascular endothelial growth factor (VEGF) receptors, achieving anti-angiogenic
effects in cancer therapy. However, these inhibitors also interact with other kinase receptors,
such as serine/threonine kinase receptors, leading to cytotoxicity. Consequently, over 90 % of
peptides in progressive clinical development are centered around extracellular targets like G-
protein coupled receptors (GPCRs), gonadotropin-releasing hormone (GnRH) receptors, and
glucagon-like peptide 1 (GLP-1) receptors. Several therapeutic peptides sourced from bacteria,
fungi, plants, and animals have demonstrated a range of therapeutic attributes. For example,
venom peptides, such as VEGF analogues derived from snake venom, have been modified for
clinical applications. Exenatide, optimized from Gila monster venom, acts as a GLP-1 agonist,
while ziconotide, derived from Conus magus venom, is used to manage chronic neuropathic
pain (Vidya et al., 2021). At present, approximately 100 clinical trials are ongoing, and two
peptide-drug conjugates, 177Lu-dotatate (lutathera) and Pepaxto (melphalan flufenamide/
melflufen), have received U.S. Food and Drug Administration (FDA) approval. As a first-in-
class PDC, 177Lu-dotatate, a radiolabeled octreotide, is administered intravenously to treat
gastrointestinal, pancreatic, and neuroendocrine tumors. These peptides displayed different
pharmacological mechanisms, considering direct cell membrane lysis, organelle targeting, and
anticancer immune responses, which may help overcome MDR challenges (Ladriere ef al.,
2023; Xie & Duong, 2022).

3. Rationale behind the activity of peptides

Peptides generally exhibit higher potency and selectivity in comparison to small molecules due
to their chemical and biological diversity. Naturally occurring therapeutic peptides like insulin
display reduced toxicity and fast clearance, thereby requiring a lower dose regimen to yield
comparable therapeutic effects. Furthermore, many factors such as target selection, chemical
modification approaches, conjugation for enhanced stability, and innovative delivery
techniques have prioritized the peptide therapeutics over small-molecule drugs for identical
conditions (Pereira et al., 2024). These approaches have spurred a revitalization of peptides as
contending pharmaceutical agents in the therapeutic market (Rafferty et al., 2016).

4. Fungi as a source of bio-active peptides

Fungi are known for their ability to secrete an assorted array of linear, cyclic peptides,
cyclodepsipeptides, lipopeptides, peptide antibiotics, etc. (Shahidi & Saeid, 2025; Zhou et al.,
2023). These peptides frequently display a distinct structural diversity and a wide array of
bioactivities, viz., antimicrobial, antiviral, anticancer, and immunosuppressive properties
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(Table 1). Their chemical diversity and bioactive potential make peptides a valuable focus of
research in drug discovery and development. In the upcoming sections, a comprehensive
summary of each class, highlighting their fungal source, structural characteristics, and
associated bioactivities with an emphasis on their therapeutic potential, is discussed.

Table 1: List of fungal-derived peptides with significant biological activities

S. No. | Peptide Name Structural Source Biological ICso/ Reference
conformation | organism/Host activity MIC
of peptide Plant
Anticancer Activity
l. Trichoguizaibols | Peptaibols Trichoderma Displayed ICso - | Han et al.
J guizhouense cytotoxicity 0.68 to | (2024a)
(DS9-1) against MDA- | 1.4 uM
MB-231, SK-
Hepl, SKOV3,
DU145, and
HCT116 cells
2. Tolypocladamide | linear Tolypocladium Demonstrated ICso - 0.5 | Senadeera
s A-G peptaibols inflatum significant to 5.0 uM | et al.
cytotoxicity by (2022)
inhibition of
Ras/Raf
interactions
3. Halovirs I and J Planer Paramyrothecium | Anticancer ICso- 1.3 | Xiao et al.
roridum  NRRL | activity against | to 3.3 uM | (2022)
2183 A549, MCF7,
and HeLa cell
lines
4. Velutibol A linear Trichoderma Potent ICso - | Singh et
peptaibols velutinum cytotoxicity over | 7uM and | al. (2020)
MDA-MB231 4uM
and human
myeloid
leukemia (HL-
60) cell lines
5. Lipovelutibols B | Lipopeptaibols | Trichoderma Exhibited ICso - 2 | Singh et
and D velutinum cytotoxic effect | and 4 uM | al. (2018)
against HL-60
and MDA-MB-
231
6. Lipovelutibols D | Lipopeptaibols | Trichoderma Exhibited ICso - 4, | Singh et
velutinum cytotoxic effect | 7, 5, 4| al (2018)
against HL-60, | uM
LS180, MDA-
MB-231 and
A549 cancer cell
lines
7. Simplicilliumtide | Linear Simplicillium Cytotoxic ICso - | Liang et
sAand G obclavatum activity against | 64.7 and | al (2016)
HL-60 cells 100 uM
8. Simplicilliumtide | Linear Simplicillium Cytotoxic ICso - | Liang et
s Eand H obclavatum activity against | 39.4 and | al (2016)
K562 cells 73.5 uM
9. PM181110 Depsipeptide Phomopsis Anticancer 1Cso. Verekar et
glabrael activity against a | 0.089 uM | al. (2014)
Pongamia pinnata | panel of 40
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cell lines
Antimicrobial Activity
10. SK-P1 Linear Stephanonectria Antibacterial MIC- 2 | Chen et al.
peptaibols keithii LZD-10-1 | activity against | pg/ml (2025)
multidrug-
resistant S.
aureus
11. Simplicpeptaibs Peptaibiotics Simplicillium Antibacterial MICqy - | Liang et
A-K obclavatum activity against | 7.7to>64 | al. (2024)
EIODSF 020 Ralstonia M
solanacearum or
tilapia pathogens
Streptococcus
iniae and
Streptococcus
agalactiae
12. Avellanins E Cyclic Aspergillus Anti-insecticidal | LCsp - | Wang et
pentapeptides Sfumigatus GXIM | activity against | 86.6 uM | al. (2024)
D 03099 fungus | larvae of Culex
from Acanthus quinquefasciatu
ilicifolius s
13. Avellanins G Cyclic Aspergillus Antibacterial MIC - | Wang et
pentapeptides fumigatus GXIM | activity against | 5.85 uM | al. (2024)
D 03099 Vibrio harveyi
from Acanthus
ilicifolius
14. Aspergilalkaloid | Cyclic Aspergillus  sp. | Antibacterial MIC- Anjum et
A dipeptide HDN20-1401 activity against | 12.5uM | al. (2024)
Bacillus cereus
15. Simplicilliumtide | Cyclic Simplicillium Antifungal MIC- Karim et
sNand O obclavatum activity against | 0.195— al. (2022)
EIODSF 020 phytopathogenic | 6.250
Alternaria pg/disc
solani and
Colletotrichum
asianum
16. Talaropeptins A | Tripeptide Talaromyces Antifungal MIC- Zhou et al.
and B purpureogenus activity against | 12.5 and | (2022)
CX11 Fusarium 25 pg/ml
oxysporum
17. Pipecolisporin Cyclic Nigrospora Antimalarial (P. | ICso - | Fernandez
hexapeptide oryzae CF- | falciparum) and | 3.21 and | -Pastor et
298113/Triticum | Antitrypanosom | 8.46 uM | al. (2021)
sp. e (Trypanosoma
cruzi) activity
18. Simplicilliumtide | Linear Simplicillium Antifouling ECso- 7.8 | Liang et
sD obclavatum activity against | pg/ml al. (2016)
Bugula neritina
larvae
19. Colisporifungin cyclic Colispora Antifungal MIC- 8 | Ortiz-
depsilipopeptid | cavincola activity against | pg/ml Lopez et
e Aspergillus and 0.5-4 | al (2015)
Sfumigatus  and | pg/ml
Candida
albicans
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4.1 Linear peptides

A linear tetra-peptide, hirsutellic acid, featuring the presence of a distinct anthranilic acid
residue at its C-terminal, was purified from the parasitic fungus Hirsutella sp. BCC 1528.
Under in vitro conditions, it displayed potent activity against Plasmodium falciparum K1, with
an ICso value of 8.0 uM, while no cytotoxicity was observed in Vero cells up to the
concentration of 95 uM (Thongtan et al., 2006). Five new linear hybrid peptide-polyketides,
curvularides A—E, were isolated from Curvularia geniculata, an endophytic fungus recovered
from the limbs of Catunaregam tomentosa. Out of these five peptides, curvularide B was
observed to exhibit antifungal activity against Candida albicans as well as synergism when
administered along with the drug fluconazole (Chomcheon et al., 2010). Aspergillipeptide E,
a linear tetrapeptide, was recovered from Aspergillus sp. SCSIO 41501 derived from marine
gorgonian and was reported to exhibit potent antiviral activity against HSV-1 in Vero cell line
with ICsp of 19.8 uM (Ma et al., 2017).

4.2 Cyclic peptides

Peptides that form stable ring-shaped structures by cyclization of amino acid residues, due to
the formation of amide bonds between carboxyl and amino groups of adjacent amino acids, are
known as cyclopeptides or cyclic peptides. Due to their remarkable biological activities
towards infectious diseases to the leading lifestyle disorders, cyclic peptides have garnered
significant attention from the research community (Buckton et al., 2021). In addition, the robust
nature of their cyclic structure contributes to increased stability, impedance to enzymatic
degradation, and improved bioavailability in comparison to their linear counterparts, notably
accelerating their therapeutic relevance. Apart from this, they also contribute significantly to
vital physiological and bionomical functions, making them promising candidates for
development into pharmaceuticals and agrochemicals (Costa et al., 2023). Around 40 cyclic
peptides derived from natural sources or their derivatives are being employed as therapeutic
agents nowadays (Zorzi et al., 2017). These versatile groups of natural products have been
purified from various natural sources, including plants, bacteria, actinomycetes, algae, fungi,
sponges, as well as mammals. Among all the sources, fungi are recognized as potent producers
of structurally and functionally diverse cyclic peptides ranging from dipeptides to
dodecapeptides, thereby offering a valuable area of research in drug discovery and
development. Several bio-active and structurally distinct cyclic peptides are recovered from
plant and insect pathogenic fungi, terrestrial and marine fungi, mushrooms, and plant or insect
endophytic fungi (Wang et al., 2017).

4.2.1. Dipeptide

Marine, endophytic, and terrestrial fungi have emerged as prolific sources of cyclic dipeptides
with diverse structural attributes and potent biological activities. Two antibacterial cyclic
dipeptides, cyclo-(Proline-Threonine) and cyclo-(Proline-Tyrosine), were purified from the
fermentation broth of the endophytic Penicillium sp., isolated from the mangrove plant
Acrostichum aureum. Both dipeptides demonstrated promising activity against Staphylococcus
aureus and Candida albicans, further highlighting the antimicrobial potential of fungal-derived
peptides (Cui et al., 2008). Similarly, deep-sea Aspergillus sp. isolate yielded a novel cyclic
dipeptide, 14-hydroxy-cyclopeptine, as a unique addition to the growing library of fungal-
originated peptides. This unique dipeptide efficaciously suppressed nitric oxide production in
LPS and interferon-y stimulated macrophage cell line (RAW 264.7) with an ICso value of 40.3
pg/mL, with no cytotoxicity appearance up to a concentration of 100 pg/mL, establishing its
potential as an anti-inflammatory agent (Zhou et al., 2016). Based on the above findings,
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further exploration of marine fungi or fungi associated with marine organisms led to the
discovery of two new dipeptides, asperopiperazines A and B, from ethyl acetate fraction of
tunicate-derived Aspergillus sp. DY001. Based on the ID and 2D NMR data, asperopiperazine
A was comprised of leucine and phenylalanine moieties substituted with N-methyl and N-
acetyl groups, and asperopiperazine B was composed of proline and phenylalanine with a
hydroxyl substitution at C-2 of the proline residue. Both cyclic dipeptides (A and B) exhibited
potent antimicrobial activity against Escherichia coli (MIC- 8 & 4 uM, respectively) and
Staphylococcus aureus (MIC- 8 & 8 uM, respectively), compared to Candida albicans (MIC-
16 uM). Moreover, asperopiperazine B also displayed potent cytotoxicity against HCT 116
cells with ICso of 15.1 and 16.2 uM, highlighting its value as a compound of pharmaceutical
relevance (Youssef et al., 2022). Beyond the aspect of bioactivities, fungi have proven to be
instrumental in delineating the biosynthetic pathway, also serving as a mechanism of peptide
production. In this regard, echinulin-related cyclic dipeptides secreting Eurotium cristatum
NWAFU-1 fungal strain, derived from Jing-Wei Fu brick tea, were utilized to clone the cirC
gene encoding a non-ribosomal peptide synthetase (NRPS). The gene expression of cirC was
deciphered in heterologous host Aspergillus oryzae, which was confirmed by the production of
a novel metabolite comprised of L-tryptophan-L-alanine cyclic backbone. This study was the
first report of NRPS in fungi capable of catalyzing cyclic dipeptide formation, thereby
furnishing a new platform for scalable cyclic dipeptide biosynthesis (Qi et al., 2022).

4.2.2 Tripeptides

Cyclic tripeptides are a group of peptides with three amino acids linked by amide bonds to
form a stable cyclic structure. This unique set of peptides was isolated from various fungal
genera, namely, Aspergillus, Xylaria, and Penicillium, and was found to exhibit promising
cytotoxicity, antifungal, and insecticidal properties. The very first cyclic tripeptide,
Aspochracin, was purified from the muscardine disease-causing pathogenic Aspergillus
ochraceus in 1969. The purified tripeptide displayed contact toxicity on the first instar larvae
and the eggs of the silkworm (Myokei et al., 1969). Further research on the biological activities
of aspochracin and its derivatives has expanded our understanding of their therapeutic
significance. In a chemical screening and advanced NMR-MS characterization program, JBIR-
15, an N-demethyl derivative of aspochracin, was purified from the sponge-derived Aspergillus
sclerotiorum. The compound did not display cytotoxic potential against HeLa cells and
malignant pleural mesothelioma ACC-MESO-1 cells, even at the concentration of 50 pg/ml
(Motohashi et al., 2009). Along the same lines, sclerotiotides A-K, which are eleven new
aspochracin-type cyclic tripeptides, along with three known compounds - JBIR-15,
aspochracin, and penicillic acid - were obtained from a halotolerant Aspergillus sclerotiorum
grown in a hypersaline medium. All 13 cyclic peptides were subjected to antimicrobial and
cytotoxicity assays. Among them, sclerotiotides A, B, F, and I, along with JBIR-15, exhibited
exclusive antimycotic activity against Candida albicans with MIC values ranging between 3.8
to 30 uM, highlighting their therapeutic potential (Zheng et al., 2010). Considering the previous
studies, another four distinct cyclic tripeptides, psychrophilins E-H, characterized by unique
amide linkages involving anthranilic acid and indole moieties, were purified from a marine-
derived Aspergillus versicolor. Among these four peptides, only psychrophilins G
demonstrated lipid-lowering effects, pointing to potential applications in treating metabolic
disorders (Peng ef al., 2014). Furthermore, psychrophilins E, belonging to the psychrophilins
class of compounds, have also been purified from the mixed culture of two marine alga-derived
Aspergillus strains, along with two oxepin-containing pyrimidine alkaloids and three
mycotoxins. Psychrophilins E exhibited selective in vitro anti-proliferative activity against
colon (HCT116) and ovary (A2780) cancer cell lines with ICso of 28.5 and 27.3 uM,
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respectively (Ebada et al., 2014). Similarly, Sun et al. (2020) reported the isolation of three
new aspochracin-type cyclic tripeptides- sclerotiotides M, N, O - along with three known
analogues, sclerotiotide L, sclerotiotide F, and sclerotiotide B, from Aspergillus insulicola
HDN151418, a fungus derived from an Antarctic sponge. Out of the three new aspocharacin
tripeptides, sclerotiotides M and N displayed broad-spectrum antimicrobial activity against
Bacillus cereus, Proteus sp., Mycobacterium phlei, Bacillus subtilis, Vibrio parahaemolyticus,
Edwardsiella tarda, and MRSA, with MIC values ranging from 1.56 to 25.0 uM. Cumulatively,
the above findings emphasize the significant bioactive potential of marine fungi, particularly
Aspergillus and Penicillium, as sources of structurally diverse cyclic tripeptides.

4.2.3. Cyclic Tetrapeptides

Numerous bioactive cyclic tetrapeptides have also been reported from fungal species isolated
from diverse natural settings, revealing an exemplary array of bioactive attributes and
emphasizing their importance in both therapeutic and biological research. A cyclic tetrapeptide
antitumor antibiotic, WF-3161, consisting of phenylalanine, leucine, pipecolinic acid, and 2-
amino-8-0x0-9,10-epoxydecanoic acid, was isolated from Petriella guttulata. The purified
tetrapeptide exhibited prominent growth and inhibitory activity against Trichophyton
asteroides along with notable efficacy in prolonging survival in mice bearing leukemia P-388,
depicting a high therapeutic index (Umehara et al., 1983). After a few years, Itazaki and his
group reported antitumor tetrapeptides, trapoxins A and B, purified from Helicoma ambiens
RF-1023. The structural composition of these tetrapeptides was slightly different from earlier
reported peptide WF-3161 in terms of the presence of two phenylalanine residues and a proline
residue instead of pipecolinic acid, especially in the case of trapoxins B. Both compounds
exhibited de-transformation activity towards sis/NIH3T3 cells, indicating their antitumor
potential (Itazaki et al., 1990). Further, in the domain of anti-parasitic agents, such as cyclo-
(N-O-Methyl-L-Trp-L-Ile-D-Pip-L-2-amino-8-oxo-decanoyl)  derived from  Fusarium
pallidoroseum, emerged as a potent inhibitor of apicomplexan histone deacetylase (HDAC)
with an ICso of 1-2 nM. This HDAC inhibitory tetrapeptide exhibited promising broad-
spectrum antiparasitic activity both in vitro and in vivo against Plasmodium berghei (Singh et
al., 1996). Similarly, another HDAC inhibitory peptide, FR235222 against mammalian form
of HDAC enzyme was purified from Acremonium sp. No. 27082 and was observed to exhibit
strong immunosuppressive attributes by restricting T-cell proliferation and lymphokine
production (Mori et al., 2003). Continuing in the realm of discovery of HDAC inhibitory agents,
Gu et al. (2007) reported the purification of two cyclic tetrapeptides, namely, microsporins A
and B, from Microsporum ct. gypseum associated with the bryozoan Bugula sp. Both peptides
demonstrated promising HDAC inhibition and cytotoxicity against human colon cancer cell
line (HCT-116) along with a 60-cancer-cell panel from National Cancer Institute, thereby
highlighting their potential in cancer therapy. Further studies in this domain underpin the
discovery of a novel cyclic tetrapeptide isolated from Phoma sp. recovered from the giant
jellyfish Nemopilema nomurai. The peptide did not exert any cytotoxicity but did show sparse
repression on the nitric oxide production in murine macrophage cell line (RAW264.7) (Kim et
al., 2012). Moreover, in line with the work of Singh ef al. (1996), an apicidin-like compound,
apicidin F, was isolated from Fusarium fujikuroi by overexpressing the pathway-specific
transcription factor pertaining to an apicidin-like gene cluster. The newly isolated apicidin F
also demonstrated significant in vitro activity against Plasmodium falciparum with an 1Csg of
0.67 uM (Von Bargen et al., 2013).

Further studies documented the discovery of 1-alaninechlamydocin isolated from
Tolypocladium sp. recovered from the Great Lakes region with incredible antiproliferative
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activity against pancreatic cancer cells (MIA PaCa-2). The peptide was found to induce G2/M
cell cycle arrest and apoptosis through HDAC inhibition with LCso of 22nM (Du et al., 2014).
Another engrossing discovery includes pseudoxylallemycins A-F, a series of six cyclic
tetrapeptides isolated from Pseudoxylaria sp. X802, a termite associated with fungus.
Unusually, three of these tetrapeptides, pseudoxylallemycins B-D, displayed an occurrence of
rare, chemically modifiable allene moieties, which may open-up way to new avenues for
chemical modifications and therapeutic exploration. Further, pseudoxylallemycins A-D
exhibited promising antimicrobial activity against Pseudomonas aeruginosa and
antiproliferative effects towards human umbilical vein endothelial cells and K-562 cell lines
(Guo et al., 2016). Furthermore, two peculiar N-methylated tetrapeptides, endolide A and B,
containing a rare 3-(3-furyl)-alanine amino acid, were discovered from the Callyspongia
sponge-derived Stachylidium sp. cultured in sea salt-supplemented biomalt medium. Endolide
A demonstrated an affinity for the vasopressin receptor 1A (K = 7.04 uM) while endolide B
selectively targeted the serotonin receptor SHT2b (K; = 0.77 uM) only, suggesting their
relevance in receptor-based therapies (Almeida et al., 2016). Another study documented the
reports of two antifungal peptides, auxarthrides A and B, from coprophilous Auxarthron
pseudauxarthro. Both peptides displayed intermediate antifungal activity against Cryptococcus
neoformans and Candida albicans without any cytotoxic effect toward human cancer cell lines
(Li et al., 2017). Cyclic tetrapeptides were also reported to display their efficiency towards
inflammation-associated maladies via reports of cyclic tetrapeptides from the ethyl acetate
fraction of a sponge-derived Aspergillus violaceofuscus. The peptide demonstrated significant
anti-inflammatory potential by down-regulating the expression of IL-10 in LPS-stimulated
THP-1 cells with 84.3 %, highlighting their potential application in inflammation-related
disorders (Liu et al., 2018). In addition, an antibacterial peptide called 14,31-dimethoxy-
enicopeptide A was isolated from the endophytic Aspergillus versicolor of Paris polyohylla
var. yunnanensis (Franch) Hand-Mazz cultured on rice perlite. 14,31-dimethoxy-enicopeptide
A was found to display strong antibacterial activity against Bacillus subtilis with an ICso of
31.89 uM, further extending the repertoire of bioactive cyclic tetrapeptides (Li et al., 2022).
More recently, a unique aureobasidin analogue, persephacin, differentiated due to both
phenylalanine residues and the presence of a novel amino acid, persephanine, was produced by
Elsinoé sp. Persephacin exhibited the promising antifungal activity against various pathogenic
yeasts, i.e., several clinical strains of Candida auris as well as diverse filamentous fungi such
as Aspergillus fumigatus. The compound also demonstrated extraordinary effects in an ex vivo
eye infection model by subduing the fluconazole-resistant Candida albicans and A. fumigatus
at a concentration of 0.1 %, significantly lower than the clinically recommended levels for
fluconazole (2 %) and natamycin (5 %). Moreover, no toxicity or irritation episodes occurred
in 3D tissue models for acute dermal and ocular safety at threshold concentrations
recommended for antifungal treatments (Du ef al., 2023). Cyclic tetrapeptides are an assorted
and promising class of bioactive natural products with extraordinary therapeutic potential.
Their broad-spectrum activities, encompassing antitumor, antifungal, antibacterial, anti-
inflammatory, and antiparasitic properties, in conjunction with their diverse origins ranging
from terrestrial, endophytic to marine fungi, offer ample possibilities for further chemical
alterations to intensify their efficacy and applicability in modern medicine.

4.2.4 Cyclic Pentapeptide

Argadin, a novel chitinase inhibitor, isolated from the fermented broth of Clonostachys sp. FO-
7314 exhibited inhibitory activity against Lucilia cuprina (blowfly) chitinase with an ICso value
of 150 nM at 37 °C and 3.4 nM at 20 °C. The structural characteristics of argadin were found
to be cyclo(Nw-acetyl-L-arginyl-D-prolyl-homoseryl-histidyl-L-2-aminoadipyl), with the
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homoseryl y-methylene moiety covalently joined to the histidyl a-amino group. Furthermore,
it was observed to cease the molting process in cockroach larvae following injection into the
ventral abdominal region (Arai et al., 2000b). Another chitinase inhibitor, argifin, was purified
from the fermented broth of Gliocladium sp. strain FTD-0668. Structural elucidation using
NMR spectroscopy revealed its composition as cyclo(Nw-(N-methylcarbamoyl)-L-arginyl-N-
methyl-L-phenylalanyl-B-L-aspartyl-B-L-aspartyl-D-alanyl) (Arai et al., 2000a). Further
studies in the realm of discovery of bioactive cyclic pentapeptides by Li and colleagues led to
the isolation of two new cyclic pentapeptides: cyclo-(L-Phe-L-Leul-L-Leu2-L-Leu3-L-Ile)
and cyclo-(Phe-Val-Leu-Leu-Leu) purified from the endophytic fungal strain (No. 2524),
isolated from Avicennia marina seeds in a Hong Kong mangrove. Among these, cyclo-(L-Phe-
L-Leul-L-Leu2-L-Leu3-L-Ile) demonstrated cytotoxic activity against the human cancer cell
line Bel-7402, by suppressing the cell viability to 67 % at 15 pg/mL (Li ef al., 2004). Another
study documenting the purification of chrysosporide from pathogenic Sepedonium
chrysospermum obtained from a degraded basidiomycete sporophore collected in a podocarp
forest in the Bay of Plenty, New Zealand, displayed very low cytotoxicity towards P388 murine
leukemia cell line with an ICso of 33.4 uM (Mitova et al., 2006). In a similar pattern, weak
cytotoxic activity was exhibited by two cyclopentapeptides, cotteslosins A and B, isolated from
an Australian marine-derived Aspergillus versicolor MST-MF495 (Fremlin et al., 2009).
Furthermore, a novel cyclo-pentapeptide, asperpeptide A, was purified from a gorgonian-
derived Aspergillus sp. XS-20090B15, which was reported to demonstrate prominent
antibacterial activity against Bacillus cereus and Staphylococcus epidermidis with a minimum
inhibitory concentration (MIC) of 12.5 uM (Chen et al., 2014). Another study documenting the
inhibitory activity against Tobacco Mosaic Virus (TMV) infection and replication by novel
cyclic pentapeptide malformin Al recovered from an endophytic Aspergillus tubingensis
FIBJ11, exhibited ICso of 19.7 pg/mL and 45.4 pg/mL (Tan et al., 2015). Similarly, cysteine
residue containing malformin E, an analogue of malformin A1, was isolated from the fermented
broth of Aspergillus tamarii FR02, an endophytic fungus from the roots of Ficus carica.
Malformin E exhibited strong cytotoxic activity against human breast cancer (MCF-7) and lung
cancer (A-549) cell lines with ICso values of 0.65 and 2.42 uM, respectively. It also exhibited
significant antimicrobial activities against a panel of gram-positive bacteria (Bacillus subtilis,
Staphylococcus aureus), gram-negative bacteria (Pseudomonas aeruginosa, Escherichia coli),
and fungal species such as Penicillium chrysogenum, Candida albicans, and Fusarium solani
with MIC values spanning between 0.45-7.24 uM (Ma et al., 2016). Further, aspergillipeptide
D, an antiviral cyclic pentapeptide, was purified from the gorgonian-derived Aspergillus sp.
SCSIO 41501. The peptide was found to exhibit a potent antiviral effect against HSV-1 in Vero
cell line with an ICso of 9.5 uM under their non-cytotoxic concentrations and with 50 %
inhibition rate at a concentration of 12.5 uM against acyclovir-resistant clinical isolates of
HSV-1-106 and HSV-1-153 (Ma et al., 2017). In the following years, Luo et al. (2020)
recovered basidiosins A from the mycelial extracts of Basidiobolus meristosporus RCEF 4516
isolated from forest soil of the Anhui region of China. The peptide displayed moderate growth
inhibitory activity against Candida albicans at a higher concentration of 200 pg/ml, thereby
indicating their role in providing protection to hosts against fungal infections. Likewise, nine
basidiosins - Basidiosins D-L were isolated from the mycelia of B. meristosporus RCEF4516,
displaying a significant decrease in nitric oxide production among LPS-activated RAW264.7
cells in a dose-dependent fashion. However, Basidiosin J demonstrated more inhibitory effects
on a-glucosidase than acarbose (Zhao et al., 2023a). In the same year, Pseudoviridinutans A—F
(1-7), novel cyclic pentapeptides, were purified from the marine-derived Aspergillus
pseudoviridinutans TW585, featuring the presence of a rare amino acid, O, B-dimethyltyrosine,
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by molecular networking-guided isolation. Among these, pseudoviridinutans F modulated
NLRP3 and iNOS expression and suppressed LPS-induced NO production (Ding et al., 2023).
4.2.5 Cyclic Hexapeptides

Many cyclic hexapeptides with interesting biological activities have garnered significant
attention in the past three decades from scientists across the globe. Cycloaspeptide A and
pseurotin A are notable examples of cyclic hexapeptides derived from fungal sources.
Cycloaspeptide A was first isolated by Kobayashi et al. (1987) from an Aspergillus species and
later delineated from the psychrotolerant Penicillium ribeum (Dalsgaard et al., 2004). Further
research led to the reports of cycloaspeptide A from Penicillium algidum recovered from soil
under a Ribes sp. from the East of Oksestien, Zackenberg, Greenland, with moderate activity
against Plasmodium falciparum and an ICso of 3.5 pg/ml (Dalsgaard et al., 2005). As a
continuation of this, two cyclic hexapeptides, cycloaspeptide A and pseurotin A, were purified
from Penicillium janczewskii, an endophytic fungus associated with the phloem of the Chilean
gymnosperm Prumnopitys andina. Both peptides displayed low cytotoxicity towards human
lung fibroblasts with an ICso > 1000 uM and intermediate antimicrobial effects, with pseurotin
A exhibiting activity against Erwinia carotovora and Pseudomonas syringae (Schmeda-
Hirschmann et al., 2008). However, cyclic hexapeptide pseurotin A was previously reported
from Pseudeurotium ovalis (Bloch & Tamm, 1981) and Aspergillus fumigatus as well as from
Pochonia chlamydosporia var. catenulata (Hellwig et al., 2003).

The repertoire of cyclic hexapeptides from fungal species was further expanded by the recent
discovery of two novel cyclic peptides, guaspertide A and guaspertide B, from mangrove
endophytic Aspergillus sp. GXNU-4QQY 1. Both peptides exhibited promising insecticidal
activity against Citrus psyllids, highlighting their potential as an insecticide for agricultural
applications (Tan et al., 2023). Similarly, recent investigations have unveiled the discovery of
six new cyclic hexapeptides, futrines (1-6), purified from the ethyl acetate extract of the wheat
pathogen Fusarium tricinctum HM76, which was observed to display significant insecticidal
activity. However, futrines 2 and 6 exhibited potent insecticidal activities against Tetranychus
cinnabarinus and Aphis citricola, with LCso and LDso values of 0.212mg/mL and
2.230 ng/nymph, respectively. Moreover, the biosynthetic gene flock, which accounts for the
production of futrines was identified through gene knockout studies, rendering valuable
insights into their biosynthetic pathways and intensifying their potency for new insecticide
development (Ren ef al., 2024).

4.2.6. Cyclic Heptapeptide and Octapeptide

Three new cyclic heptapeptides, cordyheptapeptides C—E, were isolated from the culture
filtrate of marine-derived Acremonium persicinum SCSIO 115. Out of these three peptides,
cordyheptapeptides C and E demonstrated cytotoxicity against SF-268, MCF-7, and NCI-H460
tumor cell lines with 1Cso values ranging from 2.5 to 12.1 uM (Chen et al., 2012). Furthermore,
two cyclic heptapeptides, scytalidamides A and B, were purified from marine Scytalidium sp.
collected from the Bahamas. Both peptides exhibited moderate cytotoxicity against HCT-116
human colon adenocarcinoma cells, with ICso values of 2.7 uM and 11.0 uM, respectively (Tan
et al., 2003). Cyclic octapeptides represent a diverse class of fungal metabolites with evident
biological activities. Fungisporin was the first cyclic octapeptide secreted by various species
of Penicillium and Aspergillus and was categorized as mycotoxin (Miyao, 1960). Further,
shearamide A, another addition to the cyclic octapeptide family, purified from the stromata of
Eupenicillium shearii exhibited strong insecticidal potential against Helicoverpa zea larvae,
highlighting its potency for pest control applications (Belofsky et al., 1998). In subsequent
years, another octapeptide - epichlicin - purified from Epichloe typhina, an endophytic fungus
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of Phleum pretense (timothy plant), exhibited potent inhibitory activity against the spore
germination of a timothy plant pathogen, Cladosporium phlei, with an 1Cso value of 22 nM
(Seto et al., 2007). Another report of octapeptides includes the discovery of two novel
compounds, mariannamides A and B, recovered from Pinus densiflora-derived Mariannaea
elegans NBRC102301. However, only mariannamide A was observed to up-regulate the
mRNA expression of sirtuin 1 in mouse skeletal muscle myoblast cell line (C2C12 cells) and
showed potent antimicrobial activity against Escherichia coli and Cryptococcus neoformans
(Ishiuchi et al., 2020). Similarly, broomeanamide A, a novel cyclic octapeptide from
fungicolous Sphaerostilbella broomeana, exhibited antifungal activity against Cryptococcus
neoformans and Candida albicans, with MIC of 8.0 and 64 pg/mL, respectively (Ekanayake et
al., 2021). Together, these cyclic hepta and octapeptides underscore the potential of fungal
metabolites as indispensable sources for developing bioactive agents with applications ranging
from antimicrobial and antifungal therapies to insect pest management.

4.2.7 Decapeptides

In the past decade, several studies have provided strong evidence pertaining to the discovery
and characterization of new cyclic peptides from various fungal sources. The group of
Grunwald and colleagues reported the discovery of four cyclic decapeptides, auyuittugamides
A-D, purified from Sesquicillium microsporum RKAG 186, derived from marine sediments
collected in the intertidal zone of Frobisher Bay, Nunavut, Canada. All the peptides
demonstrated cytotoxic activity against MCF-7 and HEK cell lines (Grunwald et al., 2021). In
subsequent years, auyuittuqgamides E-H (1-4) were obtained from a soil-derived Sesquicillium
sp. These peptides contained both d- and I- isomers of N-methylleucine, and a bioinformatics-
based analysis disclosed a putative biosynthetic gene cluster (auy), with these peptides showing
in vitro growth inhibition of vancomycin-resistant Enterococcus faecium with MIC values of
8 ng/mL (Xiao et al., 2023). In another study, Zhao et al. (2023b) reported three new cyclic
peptides, meristosporins A—C, from the opportunistic pathogen Basidiobolus meristosporus.
The biosynthesis of meristosporin A (a hexapeptide) was linked to nonribosomal peptide
synthetase gene clusters. Both peptides demonstrated strong cytotoxicity against RAW?264.7
and 293T cells, respectively, potentially contributing to fungal pathogenicity in humans. With
an aim of boosting the process of discovery of novel and unique bioactive peptides, a targeted
genomics and metabolomics approach was used to harness additional cyclopeptides from fungi.
Seven cyclopeptides, six of which were new, namely isaridins [-N, were purified from the
Beauveria felina SYSU-MS7908, a marine-derived fungus. However, out of these seven
peptides, only isaridin K displayed the presence of a rare amino acid N-methyl-2-aminobutyric
acid residue, and isaridin J was reported to exert a growth inhibitory effect on Geotrichum citri-
aurantii via destabilizing its cell membrane, thereby emerging as a promising agrochemical
fungicide (Jiang et al., 2023).

5. Cyclic depsipeptides

Cyclic depsipeptides are a unique class of cyclopeptides where additional ester bonds are
present in the peptides along with the usual amide bonds. Numerous cyclodepsipeptides with
diverse biological activities, such as antibacterial, antiviral, insecticidal, cytotoxic, and
anthelmintic activities, have been recovered from Aspergillus, Trichoderma, Fusarium and
Penicillium (Wang et al., 2018). Some classical examples include commercialized cyclic
depsipeptides like fusafungine, comprising a blend of enniatins to treat rhinosinusitis (Sy-
cordero et al., 2012) and emodepside, a semisynthetic derivative of PF1022A, being used as
an anthelmintic agent (Sasaki ef al., 1992). Two depsipeptides, namely 1962A and B, were
purified from the culture filtrate of an endophytic fungus 1962 inhabiting the leaves of
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Kandelia candel from Hong Kong. Both depsipeptides shared a structural similarity in terms
of having at least one D-amino acid. However, of the two, only 1962A was observed to
demonstrate weak cytotoxicity against MCF-7 human breast cancer cell line in the in vitro
MTT assay (Huang et al., 2007). Further studies in this domain revealed the discovery of a
novel CDP, cordycommunin, from the insect-pathogenic Ophiocordyceps communis BCC
16475 with strong growth inhibitory effects on Mycobacterium tuberculosis H37Ra (MIC-15
uM) and weak cytotoxic activity, with ICso of 45 uM in KB cells (Haritakun et al., 2010).
Studies documenting the antibacterial potential of already reported CDPs, halobacillin and
PF1022F from Trichoderma asperellum, an endophytic fungus of Panax notoginseng (Ding et
al., 2012) and immuosupperssive effects of trichomides A and B, purified from Trichothecium
roseum, by modulating the Bcl-2 and Bax expression profiling (Zhang et al., 2013), spurred
the research sector in its exploration of fungi for bioactive peptides or their derivatives. A
molecular networking strategy led to the discovery of xylaroamide A from an endolichenic
Xylaria sp. with promising cytotoxic activity against BT-549 and RKO cancer cell lines with
ICso values of 2.5 and 9.5 uM, respectively (Luo et al., 2022). Apart from the cyclic
depsipeptides, several reports on cyclic tridepsipeptides, pentadepsipeptides, and
hexadepsipeptides state that they account for approximately 350 CDPs from fungi only. Cyclic
tridepsipeptides, such as colletopeptides A-D, a group of hybrid peptide-polyketide, were
purified from Colletotrichum sp. S8 isolated from a stem of Rubia podantha. All four hybrid
peptides exhibited potent anti-inflammatory potential by downregulating the LPS-induced
nitric oxide production in RAW264.7 macrophages with ICso values ranging between 8.3 and
38.7 uM (Feng et al., 2019). Furthermore, aspertides A—E, which are cyclic pentadepsipeptides,
were isolated from marine-derived Aspergillus tamarii and Aspergillus insuetus. Among these
five peptides, only aspertide D and E demonstrated activity against aquatic pathogens like
Edwardsiella tarda and Vibrio sp., with MIC values of 8-32 pg/mL (Chi et al., 2023). Similarly,
there were a few reports documenting the bioactivity of hexadepsipeptides from fungal species
inhabiting diverse natural habitats. Two antimalarial cyclohexadepsipeptides, Hirsutatins A
and B, isolated from Hirsutella nivea BCC 2594, restricted the growth of malarial parasite
Plasmodium falciparum K1 with an 1Cso value of 5.8 pg/mL, by deploying hirsutatin B (Isaka
et al., 2005). Similarly, paecilodepsipeptide A from Paecilomyces cinnamomeus exhibited
better antimalarial activity against P. falciparum K1 with ICso of 4.9 uM as compared to
hirsutatin B, along with cytotoxic activity against KB and BC cancer cell lines (Isaka ef al.,
2007). Another important hexadepsipeptide includes pullularins E from Bionectria ochroleuca,
recovered from the leaf part of Sonneratia caseolaris (Sonneratiaceae) found on Hainan Island
(China). Pullularin E exhibited cytotoxic effects against mouse lymphoma cells with ICso of
0.1-6.7 ng/ml (Ebrahim et al., 2012). Lastly, ethyl acetate extract of Aspergillus japonicus, a
marine sponge-derived fungus, led to the purification of japonamides A and B with potent
synergistic antifungal effects when combined with fluconazole, ketoconazole, or rapamycin,
significantly lowering their MIC values (Wang et al., 2022). These findings highlight the
therapeutic potential of CDPs in combating fungal infections and other diseases.

6. Cyclic Lipopeptides

Cyclic lipopeptides are a unique class of compounds in which amino acids are linked with one
or more fatty acid chains in the stable cyclic form. These lipopeptides, demonstrating a range
of biological activities, are reported to come from numerous microorganisms, especially fungi.
Cyclic lipopeptides and related compounds isolated from fungal species have been observed to
display diverse biological activities and ecological roles. The lipopeptide echinocandin A was
purified from Cryptosporiopsis sp. and Pezicula sp., endophytic fungi from Pinus sylvestris
and Fagus sylvatica, respectively. The lipopeptide was observed to display antimicrobial
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potential against certain yeasts (Noble et al., 1991). Two cyclic lipopeptides, namely,
fusaristatins A and B, purified from rice cultures of Fusarium sp. YG-45 were reported to
demonstrate moderate inhibition of topoisomerases I and II with ICso values of 73 uM and 98
uM, respectively. In addition, both of these lipopeptides also inhibit the growth of LU 65 lung
cancer cells with ICso values of 23 uM and 7 uM, respectively (Shiono et al., 2007). Similarly,
a study reported the isolation of fusaristatin A was also reported from Fusarium decemcellulare
LG53, an endophyte inhabiting Mahonia fortunei. Interestingly, fusaristatin A was observed to
exert allelopathic effects on another endophyte, Glomerella acutata LG52, pointing towards
the mechanism of balanced antagonism between co-inhabiting endophytes (Li et al., 2016).
Another study reported the isolation of three antimicrobial peptides from Emericellopsis
alkalina strain A118, which were classified as nonribosomal membrane-active peptaibols.
Among these peptaibols, A118-37 displayed significant antifungal activity against Candida
albicans, Aspergillus niger, and clinical fungal isolates of mycosis pathogens, including
multidrug-resistant strains (Baranova et al., 2019).

7. Peptide Antibiotics

Fungi are also considered to be a prolific source of peptide antibiotics with bio-active attributes,
immunomodulatory, anticancer, and antimicrobial, etc. Alamethicin is the first antibiotic
peptide isolated from Trichoderma viride, containing 20 amino acid residues (Meyer & Reusser,
1967). Afterwards, leucinostatins, another class of peptide antibiotics, were isolated from
endophytic Acremonium sp. inhabiting Taxus baccata, and they demonstrated clear antifungal-
anticancer properties. Among these, leucinostatin A was found to display significant antifungal
activity against Pythium ultimum with ICso < 1 uM and potent cytotoxicity against human
cancer cell lines, such as BT-20 breast cancer cells with ICso= 2.3 nM (Strobel et al., 1997).
The first defensin isolated from fungi was plectasin, a defensin protein isolated from
Pseudoplectania nigrella recovered from the Northern-Europe Pine Forest area (Mygind et al.,
2005), which was found to exhibit a promising antibacterial activity profile comparable to that
of penicillin and vancomycin against Streptococcus pneumoniae (Schneider et al., 2010).
Similarly, 17 fungal defensin-like peptides were also purified from Microsporum canis. These
were observed to demonstrate antimicrobial activity against methicillin-resistant
Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa (Zhu et al., 2012). A novel
cyclic nonapeptide, amanexitide, was isolated from Amanita exitialis, a toxic mushroom
endemic to China. The structural characteristics of amanexitide were found to display close
resemblance with antamanide, a cyclic decapeptide with antidotal activity against amatoxins,
indicating its potential protective role against toxin-induced damage (Xue et al., 2011).
Furthermore, leucinostatin A, a linear nonapeptide also known as Antibiotic P168, exhibits
reasonable activity against Candida albicans and Cryptococcus neoformans. Liposome-
encapsulated leucinostatin A formulations have also been explored to intensify therapeutic
efficacy and less toxicity, achieving a 15-fold reduction in LDso in mice (Ricci ef al., 2015).
Similarly, a related compound, leucinostatin Y, was purified from Purpureocillium lilacinum.
It has exhibited preferential cytotoxicity towards cancer cells in the absence of glucose and
repressed mitochondrial function in pancreatic cancer cells, highlighting the importance of its
C-terminal structure (Momose et al., 2019). Furthermore, Emericellipsin A, a novel peptide
antibiotic recovered from the alkalophilic Emericellopsis alkalina, displays potent antifungal
activity against Candida albicans, Aspergillus niger and multidrug-resistant fungal pathogens.
It has also exhibited selective cytotoxicity against tumor cell lines such as Hep G2 and HeLa
cells (Rogozhin et al., 2018). Further studies led to the discovery of additional homologs,
emericellipsins B-E, from specialized alkaline culture conditions, which displayed exclusive
anticancer properties, validating them as promising candidates for treating invasive mycoses
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and drug-resistant fungal infections (Kuvarina et al., 2021). Collutellin A, an antifungal peptide
from Colletotrichum dematium, inhibits plant pathogens such as Botrytis cinerea and
Sclerotinia sclerotiorum with a MIC value of 3.6 pg/mL. It also suppressed CD4+ T-cell
activation and interleukin-2 production (Ren et al., 2008).

8. Linear Peptaibols

Two novel lipopeptaibols, tolypocaibols A and B, were purified from Tolypocladium sp. a
marine algal endophyte. The purified lipopeptaibols were found to be comprised of 11 amino
acid residues with a valinol C-terminus and an N-terminal decanoyl chain. Both lipopeptaibols
demonstrated selective activity against gram-positive and acid-fast bacteria (Morehouse et al.,
2023). Along the same lines, seven 18-residue peptaibols, trichorzins A—G, isolated from
Trichoderma sp. derived from sponges, exhibited potent cytotoxic effects on human carcinoma
cell lines with ICso value of 0.46—4.7 uM (Lin ef al., 2023).

9. Amino acid composition analysis of linear and cyclic peptides

A comparative amino acid composition analysis between linear and cyclic peptides was done
based on the predominance and ratio of hydrophobic versus hydrophilic residues, the existence
of unusual or modified residues, and the occurrence of non-proteinogenic or rare amino acids.
This compositional analysis elucidated both shared and unique structural characteristics
between linear and cyclic peptides of fungal origin. Cyclic peptides such as futrines, pullularins,
auyuittugamides, argadin, pseudoviridinutans, and asperopiperazine displayed rich
predominance of hydrophobic residues—notably leucine, isoleucine, phenylalanine, valine,
and alanine—in contrast to their linear counterparts. The higher hydrophobic content and
under-representation of hydrophillic residues such as serine, arginine, and asparagine are
significantly contributing to membrane permeability, target interaction, bioavailability, and
metabolic stability, attributes frequently reinforced by the rigid cyclic backbone (Biron et al.,
2008; Hoang et al., 2021). Interestingly, many cyclic peptides also comprise unique or
chemically modified amino acid residues such as N-methylated residue, for example, N-
methylleucine in auyuittugamides, o-aminoisobutyric acid, hydroxylated proline in
asperopiperazine B and D-amino acids, for example in argifin, which augment resistance to
proteolysis and target selectivity (Lucana ef al., 2021; Feng and Xu, 2016). However, a few
peptides, such as argadin and colletopeptides, incorporate rare amino acids like anthranilic acid
and homoserine, being responsible for their unique folding and bioactivity. The abundance of
cyclic conformations among natural bioactive peptides, particularly hexapeptides and
octapeptides, affirms nature's preference for conformational constraint as a strategy for
bioactivity optimization. In contrast, linear peptides such as penilumamides, aspergillipeptides,
and leucinostatins also incorporate hydrophobic amino acid residue; nonetheless, they typically
display a more balanced composition, diversified with mixture of polar and charged amino
acids such as serine, threonine, glutamine, asparagine. This variegated arrangement may
obstruct membrane diffusion alongside enhancing aqueous solubility and alleviating
engagement with intracellular signaling molecules (Hitchner ef al., 2021; Schifano & Caputo,
2022). While linear peptides also encompass N-methylations and D-amino acid residues, for
example, in penilumamides and leucinostatins, to improve their pharmacological profiles, such
attributes are more sporadic and less structurally integrated as compared to cyclic analogs.
Henceforth, the strong correlation between cyclic backbone, high hydrophobicity, and the
presence of atypical and rare amino acid residues suggests an evolutionary adaptation of fungal
biosynthetic pathways towards chemically stable and diverse peptide frameworks (Jwad et al.,
2020; D’ Amato, 2022).
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Apart from these bioactive classes, numerous inactive peptides belonging to different
categories have also been reported from fungal sources (Table 2). Although these peptides may
not display proximate bioactivity, they possess immense potential for further drug development
through peptide modification strategies. By employing sophisticated peptide engineering
techniques such as site-directed mutagenesis, incorporation of unusual/rare amino acids, or
cyclization, chemical conjugation leading to the formation of peptidomimetics offers
opportunities for the transformation of inactive peptides into bioactive entities with enhanced
stability, specificity, and pharmacokinetic properties (Lee & Poh, 2023). Therefore,
peptidomimetics, acting as intermediaries, bridge the gap between peptides and small
molecules, showcasing the immense potential of optimizing peptides to develop novel
therapeutics (Han et al., 2024b). This development has been majorly exemplified by milestones
such as captopril, an ACE inhibitor, initially derived from snake venom teprotide, which
became the first example of peptide modification into a clinically successful small molecule
(Smith & Vane, 2003). Similarly, Pfizer developed Parecoxib, initially a peptide-based COX-
2 inhibitor, via a similar peptide modification approach, thereby further highlighting this
strategy’s ability to enhance pharmacokinetics and bioavailability and ushering peptide-
derived small molecules into the therapeutic mainstream (Dalpiaz & Peterson, 2004; Han et al.,
2024b). Harnessing the potential of these peptides will not only expand the compendium of
chemical diversity of therapeutic agents but will also fortify the importance of fungal
biodiversity in contributing to novel peptide-based solutions for modern medicine.

Table 2: List of fungal-derived inactive peptides, their classification along with source with

otential for bioactivity throu

h peptide modification

S. No. | Peptide Name Peptide chain | Source Host Reference
length organism Plant/Source
Linear Peptides
1. Penilumamides (B- - Aspergillus sp. | Gorgonia Chen et al.
D) XS-20090B15 (2014)
2. Pullularin F - Bionectria Sonneratia Ebrahim et
ochroleuca caseolaris al. (2012)
3. Aspergillipeptides F | Tetrapeptide Aspergillus sp. | Marine Ma et al.
SCSIO 41501 gorgonian (2017)
4, Aspergillipeptides G | Tetrapeptide Aspergillus sp. | Marine Ma et al
SCSIO 41501 gorgonian (2017)
5. Coniosulfide E Linear Aspergillus Deep-sea shrimp | Anh et al.
unguis  1VI17- (2022)
109
Cyeclic peptides
6. Versicotide C Hexapeptide Aspergillus Marine Peng et al.
versicolor (2014)
ZLN-60
7. Hirsutide Tetrapeptide Hirsutella sp. Infected spider | Lang et al.
(2005)
8. cyclo-(L-Val-L-Leu- | Tetrapeptide Endophytic Castaniopsis Yin et al
L-Val-L-Leu) fungus #2221 fissa (2005)
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9. cyclo-(L-Leu-L-Ala- | Tetrapeptide Endophytic Castaniopsis Yin et al.
L-Leu-L-Ala) fungus #2221 | fissa (2005)
10. Cyclo-(I-Leu-I-Leu- | Pentapeptide Fusarium Mahonia Li et al
d-Leu-1-Leu-I-Ile) decemcellulare | fortunei (2016)
LG53
11. Cyclo-(I-Leu-I-Leu- | Pentapeptide Fusarium Mahonia Li et al
d-Leu-l-Leu-1-Val) decemcellulare | fortunei (2016)
LGS53
12. Cyclo-(I-Leu-I-Leu- | Pentapeptide Fusarium Mahonia Li et al
d-Leu-1-Leu-1-Leu) decemcellulare | fortunei (2016)
LGS53
13. MBJ-0173 Pentapeptide Mortierella soil sample, | Kawahara
alpina 28740 | Japan etal. (2017)
14. MBIJ-0174 Pentapeptide Mortierella soil sample, | Kawahara
alpina 28740 | Japan etal. (2017)
15. Basidiosin A Pentapeptide Basidiobolus forest soil in | Luo et al.
meristosporus | Anhui Province | (2020)
RCEF 4516 (China)
16. Cyclo(Hyp-XleXle- | Hexapeptide Fusarium Narcissus Wang et al.
Ala-Thr-Xle) (1-4) solani N0O6 tazetta (2015)

17. cyclo(Dhp-Xle-Xle- | Hexapeptide Fusarium Narcissus Wang et al.
Ala-ThrXle) (5) solani NO6 tazetta (2015)

18. cyclo(Hyp-Xle-Xle- | Hexapeptide Fusarium Narcissus Wang et al.
Val-Thr-XlIe) (6-8) solani NO6 tazetta (2015)

19. cyclo(Dhp-Xle-Xle- | Hexapeptide Fusarium Narcissus Wang et al.
Val-Thr-Xle) solani NO6 tazetta (2015)

20. Unguisin E and F Heptapeptide | Endophytic Moringa Akone et al.
Mucor stenopetala (2016)
irregularis

21. Unguisin C Heptapeptide | Emericella Marine  (Paria | Malmstrom
unguis M90A-2 | Bay, et al. (2002)

Venezuela)

22. Unguisin J Heptapeptide | Aspergillus Purchased from | Neupane et
heteromorphus | ARS Culture | al. (2024)
CBS 117.55 Collection

23. Unguisins A and B | Heptapeptide | Aspergillus - Wei et al.
violaceofuscus (2023)

CBS 115571

24, Sinulariapeptide F Cylic Simplicillium Sinularia sp., a | He et al,
sp. SCSIO | soft coral from | (2025)
41222 Yongxing

Island, South
China Sea
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25. Asperigimycin B Ribosomally Aspergillus sp. Nie et al,
synthesized (2025)

and post-
translationally
modified
peptides
(RiPPs)-
Cyclic
heptapeptide

10. Conclusion

Fungi are highly adaptive and complex microorganisms and represent a rich source of diverse
bioactive peptides with tremendous potential for pharmaceutical and biotechnological
applications. These peptides, viz. linear, cyclic, lipopeptides, peptide antibiotics, with their
unique structural and functional attributes, demonstrated significant antimicrobial, anticancer,
immunosuppressive, and antifungal properties, among other therapeutic activities. This
diversity validates the importance of fungi as a sustainable and versatile source for natural
product discovery. Future prospects in this field encompass investigating the enormous, mostly
untapped fungal biodiversity to identify novel peptide scaffolds. Deployment of advanced
technologies such as genomics, metabolomics, and machine learning-based drug discovery
may play a crucial role in unraveling and optimizing fungal peptides. Furthermore, chemical
and synthetic biology approaches for transforming peptides into small-molecule drugs can
enable the fine-tuning of fungal peptides in order to meet specific therapeutic needs.
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