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Abstract

Microbial metabolic pathways, including those of endophytic fungi, offer
significant potential for synthesizing secondary metabolites, regardless of their
ecological niche. These pathways can be modulated at the molecular level
through genome and epigenome manipulation. The metabolic activation of
fungal endophytes using epigenetics presents an exciting frontier in science,
paving the way for advanced biotechnological applications and enhancing our
understanding of these microorganisms' roles in ecosystems. This review
examines the significant role of epigenetics in the biosynthesis of secondary
metabolites from fungal endophytes, which is vital for drug discovery. Our
primary focus centers on studies that explore the epigenetic modulation of
endophytic fungi up until December 2024. Acknowledging the rapidly evolving
landscape of epigenetic research in this field, which has limited examples for
endophytic fungi, we provide crucial foundational insights into fungal
epigenetics and relate these insights to the broader context of plant—-microbe
interactions and endophytic fungal epigenetics, supported by relevant
examples. Key mechanisms, such as histone acetylation, histone methylation,
and DNA methylation, are discussed alongside recent advances in small-
molecule epigenetic modulators that can activate silent biosynthetic gene
clusters (BGCs). Further, chromatin-dependent regulation of these BGCs and
methods for probing chromatin modifications and secondary metabolism in
fungi are discussed. The role of CRISPR-Cas9 genome editing, combined with
epigenetic strategies, is highlighted, showcasing its ability to alter the
metabolite profiles of fungal endophytes. Finally, we explore how artificial
intelligence (Al), machine learning (ML), and deep learning (DL) innovations
are transforming research in chemical epigenomics at the plant—microbe

interface.
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1. Introduction

Natural products featuring diverse chemical scaffolds and exhibiting
significant biological activities remain an invaluable reservoir for bioactive small
molecules.' Investigating these compounds from a wide range of natural
organisms has been instrumental in advancing natural product-based drug
discovery.” In recent decades, endophytic fungi (or fungal endophytes’) have
become a critical source of bioactive secondary metabolites (Figure 1). These
microorganisms inhabit the living tissues of healthy plants for at least a portion
of their life cycle, typically without inducing visible disease symptoms.** Since
the early identification of endophytic fungi in the seeds of Lolium temulentum in
the late 19" century,® it has become widely recognized that virtually all plant
species harbor at least one fungal endophyte, including those that are currently
unculturable under laboratory conditions.” These mutualistic endophytic
microorganisms often enhance the metabolic functions of their host plants.
However, disruptions in the signaling pathways maintaining these endophytic
associations could result in pathogenic infections rather than beneficial
mutualistic relationships.® Additionally, these fungi confer protective advantages
to the host plant against pests and diseases by producing bioactive compounds,
such as defensive metabolites or allelochemicals.” While our understanding of
the selective pressures and regulatory mechanisms driving the synthesis of
these biosynthetic compounds remains limited, the multitrophic interactions
among plants, endophytes, and their associated organisms are believed to
influence the metabolic landscapes of these microorganisms significantly.’

Given the vast biological diversity and the potential of plant-associated
endophytic fungi to produce secondary metabolites, there is a strong motivation
to utilize them as microbial factories for the biotechnological production of
pharmaceutically relevant bioactive compounds (Figure 1). Surprisingly, until
the late 20" century, these endophytes received insufficient attention from the

natural product chemistry community. The ability of endophytic fungi to produce
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bioactive compounds, particularly those effective against current and emerging
diseases, holds significant ecological and industrial importance. Although their
discovery may appear to be random, it stands to reason that, following
extensive co-evolution, selective fungal endophytes could produce plant-
derived natural products, their precursors, pathway intermediates, or structural
analogs that possess therapeutic potential."” Moreover, these fungi and their
community demonstrate remarkable adaptability,'’ and can produce complex
secondary metabolites that can function as prodrugs or therapeutic agents for
various diseases.'> Their unique ability to biosynthesize diverse chemical
structures makes them especially valuable in pharmaceutical research and

development.
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Figure 1. Summarization of the research on natural products from endophytic
fungi. The histogram compares the number of publications regarding natural
product research for endophytic fungi each year, while the pie chart compares
the ratios of publications by country. Key research advances, including the
epigenetic modifications of endophytic fungi, are indicated. The data were
retrieved from the Web of Science Core Collection using keyword combinations:
‘endophytic fungus and compound” and “fungal endophyte and compound.”
The document type selected for the search was limited to research articles. The
collected reference documents were randomly downloaded and checked
manually to ensure the reliability of the data. *More discussions on the Taxol®
biosynthesis by endophytic fungi can be found in section 10 in this review.



The secondary metabolites produced by fungal endophytes represent a
small fraction of their biosynthetic potential.'*'° The challenge lies in the limited
translation of discoveries involving endophytes capable of producing valuable
compounds into industrial bioprocesses for the commercial production of
biopharmaceuticals. This issue is often attributed to the silent or insufficient
expression of relevant genes or the inability of isolated organisms to remain
metabolically active in artificial environments.'*'® Epigenetic mechanisms,
which are heritable and do not entail changes to the DNA sequence, serve as
essential regulatory elements for fungi in modulating the transcription of
biosynthetic genes.”""” Focusing on epigenome-related histone and DNA post-
translational modifications offers an opportunity to rationally induce the
activation or suppression of biosynthetic gene clusters (BGCs) involved in
secondary metabolite production.”>*> This strategy may contribute to advanced
biotechnological applications and improve our understanding of the roles of
these microorganisms in ecosystems.

In this comprehensive review, we explore the pivotal role of epigenetics in
enhancing the biosynthesis of secondary metabolites from fungal endophytes,
which plays a significant part in the drug discovery process, encompassing
studies reported up to December 2024. Given the limited number of studies
specifically focused on endophytic fungal epigenetics, we draw upon broader
examples from fungal epigenetics and plant-microbe interactions to provide
essential context and foundational understanding. These examples are
carefully selected to illustrate key mechanisms and concepts that are likely
conserved or relevant in endophytic systems, thereby strengthening the
conceptual framework and highlighting potential directions for future research
in this emerging field. Our discussion extends to the recent advancements in
synthesizing small-molecule epigenetic modulators and their capacity to
activate silent or cryptic biosynthetic pathways through manipulating gene

clusters. We also examine the application of the CRISPR-Cas9 genome editing
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technology in conjunction with epigenetic interventions, highlighting its potential
to reshape the metabolite profiles of fungal endophytes. Furthermore, we delve
into the contributions of artificial intelligence (Al), machine learning (ML), and
the latest developments in deep learning (DL) methodologies to chemical
epigenomics at the plant-microbe interface, underscoring their transformative

impact on research in this area.

2. Biosynthetic Gene Clusters (BGCs) of endophytic fungi for natural
product biosynthesis

Endophytic fungi are increasingly recognized as having significant
capabilities in natural product biosynthesis. The backbone, tailoring, and
regulatory enzymes responsible for the biosynthesis of secondary metabolites
are typically encoded by a cluster of co-located genes in the genome, which is
known as a biosynthetic gene cluster (BGC).!° With the rapid growth of fungal
genomic and metagenomic data, a significant number of fungal BGCs have
been annotated. However, only a tiny fraction of these BGCs have been linked
to the production of natural products identified to date, such as only 16% of the
polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS)-
derived Penicillium BGCs that could be connected to a characterized fungal
pathway in the MIBiG database.> Filamentous fungi typically contain around 50
distinct BGCs per genome.”* However, complex genetic and epigenetic
regulatory networks in endophytic fungi often keep most of these BGCs cryptic
or expressed at low levels under certain conditions, indicating that most
endophytic fungal chemical diversity remains unexplored.” In particular, the
substantial biosynthetic potential of endophytic fungi reflects the complex
ecological environment, which is difficult to replicate in the laboratory. A
representative example is the symbiosis between fungal endophytes in the
Epichloae clade (Epichloé species and their asexual counterpart Neotyphodium

species; Clavicipitaceae, Ascomycota) and grasses of the family Poaceae (sub-
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family Podideae).”

Endophytic fungi in the Epichloae clade are capable of producing alkaloids
of four distinct classes: ergot alkaloids (ergovaline), indole diterpenes (lolitrem
B), 1-aminopyrrolizidines (loline), and pyrrolopyrazines (peramine) (Figure 2).>°
Loline and peramine alkaloids are deterrent and/or toxic to insects, while ergot
alkaloids and indole diterpenes are two main classes of anti-mammalian
alkaloids.””** Ergot alkaloids in endophyte-infected tall fescue caused “fescue
toxicosis” in livestock, and indole-diterpene alkaloids in endophyte-infected
ryegrass led to “ryegrass staggers”. Ergot alkaloids, such as ergovaline, are the
most extensively researched, mainly because of their plentiful production and
are thought to mainly influence vertebrate feeding deterrents.”-** Today, ergot
alkaloids act as templates for many semisynthetic derivatives used clinically to
treat migraines, Parkinsonism, and tumor growth, with their diverse bioactivities
associated with agonist/antagonist effects on dopamine, serotonin, and
adrenaline neuroreceptors.

Ergot alkaloids belong to a family of indole derivatives characterized by a
tetracyclic ergoline ring system.” They can be classified into three distinct
subgroups: clavines, ergoamides, and ergopeptines. Specifically, clavine-type
alkaloids, such as D-lysergic acid, simply consist of the tetracyclic ergoline ring
system. In contrast, ergoamides and ergopeptines share the same ergoline ring
system as the clavine-type alkaloids, but differ in their substituents: ergoamides
are amides derived from D-lysergic acid, while ergopeptines are D-lysergic acid
derivatives with tripeptide units attached to its carboxy group via amide bonds.”
The tripeptide residues in ergopeptines always contain proline and form a
tricyclic ring system. Specifically, ergovaline, the best-characterized ergot
alkaloid produced by Epichloé, has a peptide moiety that includes alanine and
valine, in addition to proline. In comparison, the phenylalanine in the well-known
ergotamine produced by Claviceps purpurea is replaced by valine in ergovaline

biosynthesized by grass endophytes.***
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The discovery of individual genes involved in biosynthetic pathways for
each of the four alkaloid classes has resulted in the elucidation of their BGC,
especially the well-documented BGC (eas) genes for ergot alkaloids. The ergot
alkaloid biosynthesis genes within the endophytic Epichloé genomes have
discontinuous distributions and show evident rearrangements of gene positions
relative to each other and to the telomeres (Figure 2)*'*2. Additionally, the eas
cluster, along with the indole diterpenes BGC (/tm), are highly expressed when
the endophyte grows in planta and display a pattern of gene expression that
classifies them as symbiosis-specific genes, indicating the vast metabolic
potential harbored by endophytic fungi.’'** The eas gene cluster within the
ergovaline-producing endophytic E. festucae contains 11 genes organized in
three subculsters separated by large blocks of type | (retrotransposon) and type
Il transposon relics (Figure 2). The genes responsible for each enzymatic step
in the ergovaline pathway have been identified by sequence similarity analyses,
gene disruptions, genetic complementation, or in vitro biochemical

characterizations.*
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Figure 2. The BGCs of the representative ergot alkaloid, ergovaline, from
endophytic fungi in the epichloae clade. (A) Physical map of the ergovaline (eas)
biosynthetic gene clusters. The colored arrows identify the location of each
cluster gene and the direction of transcription. Closed circles indicate telomeres.
(B) The biosynthetic pathway of ergovaline.



The biosynthesis of all ergot alkaloids, including the grass endophytes-
derived ergovaline, initiates with a pivotal first step (Figure 2): the formation of
dimethylallyltryptophan (DMAT) from L-tryptophan and dimethylallyl
diphosphate = (DMAPP).>*° This reaction is catalyzed by the
dimethylallyltryptophan synthase (DMATS) DmaW.** As reported by Wang et al.
in 2004, the disruption of the dmaW gene in endophytic Neotyphodium sp
isolate Lp1 led to the complete loss of ergot alkaloids production.’* The easF
gene encodes an enzyme that catalyzes the N-methylation of DMAT in the
presence of S-adenosyl methionine (SAM).”*” Subsequently, following the
action of the N-methyltrasderase EasF, the EasC protein, which shows catalase
activity, works in conjunction with Easg, a FAD-dependent oxidoreductase.
Together, they are involved in the intramolecular cyclization of the prenyl and
indole wunit within N-Me-DMAT, resulting in the formation of tricyclic
chanoclavine-l.**** The hydroxyl of chanoclavine-l is further oxidized to
chanoclavine-l-aldehyde  through EasD, a  short-chain alcohol
dehydrogenase.””*’ Chanoclavine-l-aldehyde serves as a common
intermediate for all classes of ergot alkaloids. The EasA protein derived from
the BGC of N. lolii is essential for the isomerization of chanoclavine-l-aldehyde
and the formation of ring D in the cyclic iminium intermediate. This is followed
by the reduction of a double bond by the NADPH-dependent oxidoreductase
EasG, yielding agroclavine.* Agroclavine is then converted, via the
intermediate elymoclavine, to the ergolene carboxylic acid, paspalic acid, which
spontaneously isomerizes to D-lysergic acid. In this conversion process, two
enzymes with NADPH-dependent cytochrome P450 monooxygenase activities
are required: agroclavine oxygenase and elymoclavine oxygenase (CloA).*
LpsA (LPS1) is a three-module non-ribosomal peptide synthetase (NRPS) and
plays a crucial role in the formation of the tripepetide moiety in N. lolii.** LpsB
(LPS2), on the other hand, is a single-module NPRS responsible for activating

and linking lysergic acid in N. lolii.>* It is proposed that lysergic acid is gradually
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elongated to the mono-, di-, and tripeptides by the trimodular LpsA. The final
hydroxylation at the aminoacyl residue, followed by a spontaneous
heterocyclization step that leads to the production of the end product ergovaline,

is proven to be catalyzed by a dioxygenase, EasH.*

3. Chromatin-dependent regulation of natural product biosynthesis in
fungal endophytes

The fungal genome is packaged into chromatin, a macromolecular
complex comprising DNA, histones, and non-histone proteins. Chromatin can
further be classified into heterochromatin and euchromatin (Figure 3), the two
primary states of chromatin exhibiting significant differences in structure,
function, and gene expression activity.* Heterochromatin is highly condensed
and transcriptionally inactive, restricting proteins from accessing DNA and
leading to gene silencing.***’ In contrast, euchromatin is generally gene-rich,
relatively relaxed, and less compacted. Despite consisting of condensed liquid-
like domains, it allows easy access for DNA transcription machinery to the DNA,
resulting in gene expression.” The interconversion from heterochromatin
covering BGCs to euchromatin using chemical and genetic modulations of

fungal epigenetic enzymes is promising for awakening BGCs.>’-*>
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Histone acetylation/deacetylation, histone methylation/demethylation, and DNA
methylation/demethylation.

The basic and repeating unit of chromatin in eukaryotes is called a
nucleosome, which consists of a segment of ~147 base pairs of DNA wrapped
around an octamer of highly conserved core histones: two dimers of H3 and H4
as a central tetramer, together with two copies of H2A and H2B (Figure 3). Each
core histone protein has an unstructured N-terminal histone tail extending
outwards from the nucleosome.* In addition to the core histones with histone
tails, there are also linker histones that are less conserved and bind to the
nucleosome with ~10bp of DNA at both the entry and exit sites of the
nucleosome core particle.* The complex containing the nucleosome and a
linker histone is called the chromatosome core particle with ~167 bp DNA.*
They strongly associate with the linker DNA, the segment of DNA between
adjacent nucleosomes. Histone H1 is the predominant linker histone in fungi
and is important to stabilize the nucleosome structure and interact with

neighboring nucleosomes by binding to the linker DNA.* In the nucleosome
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and chromatosome core particles, core histones - especially their histone tails
- and linker histones primarily depend on the positively charged arginine and
lysine residues to form electrostatic interactions with the backbone phosphates
of DNA.’ They play a crucial role in the interconversion between
heterochromatin and euchromatin and serve as primary regulatory targets for
chromatin-mediated control of secondary metabolism.

The epigenetic regulation of secondary metabolism through chromatin
modification mainly encompasses the methylation of cytosines in DNA and the
post-translational modifications (PTMs) of the histone tails and linker histone
proteins (Figure 3).2>> These modifications play crucial roles in modulating
chromatin structure and function, thereby influencing gene expression and
metabolic pathways. In particular, PTMs allow nuclear modifier enzymes to
interact with amino acid residues in the histone tails, adding or removing
chemical groups and even small molecular weight proteins, such as acetyl and
methyl units, phosphate, ubiquitin, and ADP-ribose groups.’’ These specific
chemical modifications also refer to “histone mark”.”> Currently, DNA
methylation and hypomethylation of the C-5 position of the cytosine nucleotide,
predominately within CpG dinucleotides, are well recorded,>* while the histone
acetylation and deacetylation of lysine residues on H3 or H4 histone tails are
the most thoroughly studied PTMs.>* Furthermore, the addition or removal of
methyl groups to conserved lysine and arginine residues on histones
represents another significant class of PTMs that are commonly encountered.’!
The locations and combinations of these epigenetic modifications on the
genome intertwine and influence gene expression.*

To denote a histone PTM succinctly, the histone name is listed first,
followed by the single-letter code for the modified amino acid residue, its
position from the N-terminus of the histone tail, and finally, the type of
modification.”> For example, the acetylation of the sixteen lysine residues on

histone H4 is written as H4K16ac. The complex combination of PTMs on
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histones is called histone code,*° which is crucial in regulating gene expression.
Histone code is regulated by three main types of enzymes,” including “writers”
that add specific PTMs to histone tails, “erasers” that remove these PTMs, and
“readers” that recognize specific PTMs and mediate the downstream responses,
such as transcriptional activation or repression (for more information, refer to
section 5 in this review). Molecular-based and chemical epigenetic methods
targeting these well-established chromatin-modifying enzymes, especially
“‘writers” and “erasers,” have shown great potential for rationally directing BGC

activation or suppression in fungi.”’>

4. Methods for probing chromatin modification and secondary
metabolism in fungi

Standard techniques for detecting chromatin modifications in fungi
include western blotting, liquid chromatography-mass spectrometry (LC-MS),
and chromatin immunoprecipitation (ChlIP), each offering distinct advantages in
epigenetic analysis (Figure 4). Some excellent reviews have summarized the
methodologies for detecting chromatin modifications by LC-MS/MS,>*¢! and
ChlP.>2o> Western blotting is a primary method for identifying specific histone
modifications through antigen-antibody recognition. By employing primary
antibodies targeting specific PTMs (e.g., H3K56ac, H3K27me3,
H3K4me1/me2/me3),”** followed by enzyme-conjugated or fluorophore-
labeled secondary antibodies, this technique enables assessment of
modification levels through densitometric analysis of chemiluminescent or
fluorescent signals. It is relatively simple and intuitive, allowing for a quick
assessment of whether a specific histone modification exists and its
approximate level in a sample.”** In contrast, LC-MS/MS can provide high-
resolution characterization of histone PTMs through bottom-up, middle-down,
and top-down proteomics workflows.* Among them, the bottom-up MS strategy

is widely adopted and exploited. Following histone extraction, isolation,
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chemical derivatization, and enzymatic digestion, reversed-phase
chromatography separates peptide mixtures before MS analysis.”* It can
identify site-specific identification of modifications in fungi, such as
distinguishing H3K9me from H3K9ac.®® Moreover, with the help of isotope
labeling techniques, MS/MS could potentially help study the dynamic changes
of fungal histone modifications.®” In addition, LC-MS/MS can be used to detect
global DNA modifications after a DNA hydrolysis procedure by which genomic
DNA is converted into mononucleosides.*

Although western blotting and LC-MS can provide information about the
alterations in the global levels of chromatin modifications, they cannot disclose
the histone PTMs at specific genomic loci.> In contrast, chromatin
Immunoprecipitation (ChIP) is a powerful technique for studying the interactions
between proteins and DNA (Figure 4). It has been frequently employed in
investigating the specific histone PTMs at particular loci in fungi.®” This process
begins with the reversible cross-linking of protein and DNA, stabilizing their
interactions. Next, the chromatin is fragmented into smaller pieces, usually
through sonication or enzymatic digestion. Specific antibodies targeting the
proteins of interest (PTMs such as H3K9ac, H3K14ac, H4K16ac, and H3K27me)
are further added to pull down DNA-protein complexes.**"*7> Subsequently, the
cross-links are reversed to separate the DNA from the protein, and the DNA is
then purified. Finally, DNA quantification can be carried out for several genomic
regions by multiple qPCRs*> or at a genome-wide scale by sequencing
technology (ChIP-seq),**’" determining the genomic regions where the protein

binds.
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Figure 4. Methods for probing chromatin modifications in fungi. (A) Western
blotting for identifying histone modifications through antigen-antibody
recognition; (B) The bottom-up LC-MS strategy for identifying specific histone
modifications; (C) LC-MS for detecting global DNA methylations after a DNA
hydrolysis procedure by which genomic DNA is converted into
mononucleosides; (D) Chromatin Immunoprecipitation (ChlP) for investigating
the specific histone PTMs at particular loci.

In the context of chromatin modifications in fungi, many analytical
techniques can be utilized to explore their secondary metabolism. The
framework for analyzing and discovering secondary metabolites has evolved
significantly. Rather than depending on the traditional bioactivity-guided
approaches, research efforts have now shifted towards genomics,”
metagenomics,” as well as MS- and NMR-based metabolomics,” together with
their integrated applications.”” For example, our research group has effectively
employed LC-MS to uncover the production of decalin-containing compounds
following the epigenetic modulation of the endophytic fungus Eupenicillium sp.
LG41.7° This innovative approach has led to the rapid identification of two
promising new derivatives. Moreover, MS-based metabolic profiling of the
endophytic fungus Chaetomium nigricolor F5 has proven instrumental in the

16



analysis and isolation of novel cytochalasans.” Utilizing these advanced
analytical methods along with epigenetic stimulation presents significant
opportunities to enhance the potential applications of fungal endophytes across

various fields.

5. Mechanistic insights into epigenetic remodelling of silent gene clusters
The epigenetic mechanisms responsible for activating silenced biosynthetic
gene clusters (BGCs) in fungi includes histone acetylation, histone methylation
and DNA methylation. These key biomacromolecules provide the essential
context for the targeted activation of dormant pathways in endophytic fungi.
5.1. Histone acetylation
Histone acetylation is the most studied PTM in fungi for epigenetic
remodeling of secondary metabolism and is commonly associated with actively
transcribed chromatin.” There are two primary types of enzymes involved in
the acetylation and deacetylation of lysine within the epigenome, namely
histone acetyltransferases (HATSs, “writers”) and histone deacetylases (HDACs,
“‘erasers”).” HATs facilitate the transfer of an acetyl group from acetyl-CoA to a
lysine residue on the histone tails (Figure 3). This process activates a BGC
through histone acetylation by neutralizing the positive charge of lysine, which
generally reduces the electrostatic interactions between the histone and the
negatively charged DNA.>* Such modifications that decrease the interaction of
lysines with DNA are crucial for the transition between ‘open’ euchromatin,
which promotes gene expression, and ‘closed’ heterochromatin, which is
associated with gene silencing.”” In contrast, HDACs remove acetyl groups
from lysine residues, forming more condensed heterochromatin, which can
result in transcriptional repression by making the DNA less accessible to the
transcription machinery.” HDACs have been grouped into four classes: Class |
(HDACs 1-3 and 8), Class Il (HDACs 4-7, 9, and 10), Class lll, and Class IV

(HDAC 11).5¢1 HDAC Class lll, as the sirtuins family, are nicotinamide adenine
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dinucleotide (NAD") dependent deacetylases, whereas the other three ones
remove acetyl groups in a zinc-dependent manner using a divalent zinc cation
for catalysis. It has to be noted that HDAC11, as the only member of Class IV
with a very efficient long-chain fatty acid deacetylase activity, has not been

identified in fungi and are present in humans and plants.*

5.2 Histone methylation

Histone methylation in fungi is a well-characterized post-translational
modification (PTM) that plays a critical role in regulating transcriptional
outcomes, mediating both activation and repression in a complex and often
nuanced manner.** This modification is primarily executed by histone
methyltransferases (HMTs), commonly referred to as “writers,” which include
histone lysine methyltransferases (HKMTs) and protein arginine
methyltransferases (PRMTs) (Figure 3).* HKMTs can be subdivided into two
distinct classes: SET domain-containing methyltransferases, such as SUV39
and SET1, which utilize their SET domain as the catalytic site and are
associated with transcriptional activation of diverse genes, and the DOT1 family,
which methylates K79 on histone H3 with a role in cell development, DNA
damage repair and metabolic process.** These enzymes facilitate the transfer
of one to three methyl groups from the methyl donor S-adenosyl-methionine
(SAM) to lysine residues, resulting in mono-, di-, or tri-methylated forms.®
Within the PRMT family, two major subclasses are acknowledged: type | and
type Il PRMTs. Type | PRMTs are responsible for adding single methyl groups
to arginine residues and generating asymmetric N,N'-dimethylarginine, while
type Il PRMTs catalyze the formation of symmetric N,N-dimethylarginine.”” The
reverse process—demethylation—is carried out by histone demethylases
(HDMTs), or “erasers.” These enzymes are classified into two principal
subgroups: lysine-specific demethylases (like LSD1), which perform oxidative

demethylation of lysine residues, and Jumonji C domain-containing
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demethylases (JMJC), adept at removing all three methyl groups from specific

lysines.”

5.3 DNA methylation

DNA methylation, a prevalent post-translational modification (PTM) in
fungi, is predominantly linked to gene silencing and can be categorized into
three types: C5-methylcytosine (5mC),*> N4-methylcytosine (4mC),* and N6-
methyladenine (6mA) (Figure 3).* Among these, 5mC is the most extensively
studied form of methylation, with its dysregulation frequently implicated in
various human diseases, particularly oncogenesis.® The regulatory enzymes,
DNA methyltransferases (DNMTs), known as “writers,” orchestrate the
methylation of bases, generating the corresponding methylated derivatives of
cytosines or adenines.

DNMTs can be categorized into five classes, namely DNMT1 (which
includes DNMT1/Masc2, MET1, CMT, and Dim-2), DNMT2, DNMT3 (including
DNMT3 and DRM), Masc1/RID, and DNMT5.” Notably, DNMT3 and
Masc1/RID are key players in “de novo” methylation, targeting initially
unmethylated cytosines to establish novel DNA methylation landscapes.®’
Conversely, DNMT1 and DNMTS5 are primarily involved in “maintenance”
methylation, preserving the established methylation patterns through DNA
replication. Additionally, DNMT2 is known to methylate transfer RNA specific for
aspartic acid (tRNA”sP) across all domains of life.®* It is important to note that
DNMT3 is absent in fungal species, while Masc1/RID is fungi-specific. The
predominant contexts for methylation in fungi encompass CG, CHG, and CHH,
particularly within transposon regions. The presence of various DNMT types
across different fungal genomes results in substantial variability in methylation
patterns, which are associated with a range of complex biological processes.*’

The pathways for DNA demethylation display significant variability

across mammals and plants, while they remain poorly characterized in fungi.
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Unlike the relatively straightforward process of DNA methylation, which typically
involves the addition of methyl groups to cytosines or adenines, the catalytic
removal of these methyl units is notably more complex in eukaryotes. A
pertinent example is CcTet, a bifunctional ten-eleven translocation (Tet)
dioxygenase derived from the mushroom Coprinopsis cinerea
(Psathyrellaceae), which engages in both 5mC and 6mA demethylation via
distinct mechanisms (Figure 3).* Specifically, CcTet oxidizes the methyl group
of 5mC to generate 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC).” The oxidation products 5fC and 5caC are
likely substrates for recognition and excision by thymine DNA glycosylase
(TDG), with subsequent restoration to unmethylated cytosine via the base
excision repair (BER) pathway, as observed in mammalian systems.®
Furthermore, CcTet catalyzes the oxidation of 6mA to the intermediate 6-
hydroxymethyladenosine (6hmA), thereby facilitating the subsequent

demethylation process.”

6. Design and synthesis of small-molecule chemical epigenetic
modulators

Epigenetic modifications play a significant role in regulating metabolic
pathways across various fungal species and are essential in the initiation and
progression of multiple diseases, including cancer. Research has increased in
developing small-molecule inhibitors that specifically target epigenetic
regulators.””* These chemical entities may modulate epigenetic marks within

endophytic fungi, providing insights into their metabolic pathways.

6.1 “Cap-Linker-ZBG” type HDAC inhibitors
When Marks and Breslow cultured murine erythroleukemia cells (MELC)
for transfection with 280 mM dimethyl sulfoxide (DMSO) in aqueous buffer,

around two-thirds of the cells turned red, revealing the hemoglobin formation.”

20



In efforts to unravel the underlying mechanism by which DMSO induces
erythroid differentiation in MELC, researchers identified suberoylanilide
hydroxamic acid (SAHA), widely known as vorinostat, a prominent histone
deacetylase (HDAC) inhibitor and an FDA-approved anticancer agent. SAHA’s
structural composition features a phenyl ring-containing Cap that interacts with
the surface of the HDAC enzyme, promoting robust binding within its
hydrophobic pocket.”* The Zinc-Binding Group (ZBG), consisting of a
hydroxamic acid moiety, chelates the zinc ion present at the catalytic site of the
HDAC, thereby directly inhibiting its enzymatic activity. A six-carbon aliphatic
Linker connects the Cap and ZBG, optimizing the spatial configuration to
facilitate the inhibitor's access to the HDAC catalytic tunnel.”> The synthetic
pathway for SAHA involves the condensation of suberic anhydride with anilide
hydroxamic acid, with the introduction of the phenyl substituent to enhance its
inhibitory potency.”*”> SAHA effectively targets class | and Il HDACs, resulting
in the acetylation of histones and non-histone proteins, thus regulating gene
expression and triggering apoptotic pathways in cancer cells. Both preclinical
and clinical investigations have demonstrated its efficacy across various
malignancies, culminating in FDA approval in 2006.” Subsequently, an
increasing array of HDAC inhibitors have been designed following the “Cap-

Linker-ZBG” template established by SAHA (Figure 5).

6.1.1 Cap-based design and synthesis

The design and modification of “cap” units have been extensively
documented, highlighting their significant potential for enhancing selectivity and
epigenetic modulation. Belinostat (1, Figure 5), an FDA-approved HDAC
inhibitor featuring a sulfonamide-hydroxamide “cap” motif, exhibits improved
enzymatic inhibition attributed to its distinctive chemical architecture.” The cap
modification, specifically defined by the phenylsulfamoyl group, enhances

target affinity and selectivity by promoting interactions with the active sites of
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HDAC enzymes. This structural characteristic is instrumental in its preferential
cytotoxicity against malignant cells relative to normal cell populations,
consistent with findings from preclinical investigations.”® Notably, alterations in
the phenyl ring substituents to incorporate triazole phenyl groups have shown
a marked influence on selectivity for HDAC1 and HDACG6.” Among the
derivatives evaluated, compound 2 (Figure 5), featuring a triazole phenyl cap,

exhibited the highest selectivity for HDACG, achieving a remarkable 51-fold

preference.
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Figure 5. The design and synthesis of “Cap-Linker-ZBG” type HDAC inhibitors
(1-7) based on the FDA-approved first HDAC inhibitor, SAHA.

22



6.1.2 Linker-based design and synthesis

The design of HDAC inhibitors prominently incorporates the “linker”
component. In their study, Chi et al. concentrated on developing and
synthesizing PARP-1/HDAC dual-targeting inhibitors through a linker-based
approach, leveraging benzopyrazole and benzimidazole scaffolds.” A total of
fourteen compounds were synthesized, incorporating a variety of linkers such
as benzene and alkyl chains to refine target interactions. Notably, compounds
3 and 4 (Figure 5), which featured benzene-containing linkers, exhibited
enhanced antiproliferative activity and improved membrane permeability
relative to those with alkyl linkers. This improvement can be attributed to their

superior binding affinity and lower polarity.”

6.1.3 ZBG-based design and synthesis

Enhancing the deacetylation-inhibitory efficacy can be achieved through
modifications to the ZBG. Gong et al. developed bisthiazole-based HDAC
inhibitors by systematically varying the ZBG and the linking chains (Figure 5).”
The synthetic pathway encompassed several key steps: esterification,
reduction, oxidation, the Wittig reaction, methylsilylation, hydrolysis, and
condensation. Notably, compound 5 (Figure 5), featuring a trifluoromethyl
ketone as the ZBG, exhibited significant antiproliferative effects against various
cancer cell lines.” Additionally, derivatives of ferulic acid, synthesized through
esterification, methylation, and hydrolysis, were assessed using the Glide
module in Schrédinger software.'”” Among these, compound 6 (Figure 5)—with
an amide n-hexane ZBG—emerged as a promising HDAC inhibitor, showing
potential to suppress lung cancer A549 cell proliferation and offering a novel
candidate for cancer treatment.'”” Furthermore, HG-30 (7, Figure 5), a
hydrazide-based HDAC3 inhibitor, utilized ZBG modification to achieve
selective inhibition through chelation of the catalytic Zn?* ion.!"! The hydrazide

ZBG not only enhances the pharmacokinetic profile, including a favorable
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bioavailability (F = 57%) and a benign toxicity profile (LDso > 1000 mg/kg), but

also improves solubility and metabolic stability.

6.2 Specific chemical scaffold-based epigenetic modifiers

Epigenetic modifiers with unique structural skeletons, unrelated
to the Cap-Linker-ZBG framework, also warrant our attention.
Romidepsin (8, Figure 6), a naturally derived and selective inhibitor of class |
and Il HDAC, received FDA approval in 2009 for the treatment of cutaneous T-
cell lymphoma (Figure 6).'> Originally isolated from Chromobacterium
violaceum, the synthetic pathway for compound 8 involves the construction of
a hydroxy-mercapto heptenoic acid moiety and culminates in the formation of
a 16-membered cyclic depsipeptide.'*> Tripartin (9, Figure 6), another natural
product, functions as a HDMT inhibitor by elevating levels of H3K9me3 and
H3K9me2.'”* Its unique structural feature is a dichloromethylcarbinol group
connected to a dihydroxyindandione scaffold, setting it apart from conventional
small-molecule inhibitors. The synthesis of compound 9 entails some crucial
steps, including the addition of a dichloromethyl anion to dimethoxyindanone
under cryogenic conditions, followed by benzylic oxidation using
Pd(OAc)2/TBHP, and finally, AICIs mediated demethylation.'”> Compound 10
(Figure 6), which incorporates an a—f-amino acid substitution leading to a 13-
membered ring, serves as a versatile framework for developing highly potent
and selective HDAC inhibitors.'* Its synthesis employs solid-phase
combinatorial library techniques using “one-bead-one-compound” strategies.
Strategic structural modifications, such as the introduction of aromatic residues
and optimization of Zn#*-binding groups, have resulted in the generation of

isoform-selective inhibitors.!'*

6.3 DNA-DBDs type for enhancing affinity
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In contrast to monomeric epigenetic regulators, sequence-specific
epigenetic regulators represent advanced synthetic dual-target ligands with the
ability to modulate multi-gene networks. DNA-binding domains (DBDs),
particularly pyrrole-imidazole polyamides (PIPs), exhibit a strong affinity for
specific DNA sequences (Figure 6).'” The development of DBD-based
inhibitors and activators of HATs and HDACs through conjugation with
epigenetic modulators has emerged as a robust research area.'” Yu et al.
designed DBD-HAT inhibitors, referred to as C646-PIPs, which featured varied
linker lengths and were synthesized using solid-phase methodologies.'*
Notably, compound 11 (Figure 6) demonstrated a high degree of affinity and
specificity for its DNA target, effectively inhibiting HAT activity while displaying

antiproliferative effects in p53 wild-type cancer cell lines.
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Figure 6. The design and synthesis of small molecule chemical epigenetic
modulators (8-12) based on specific chemical scaffolds, DBD, and large
databases.

6.4 Computer-driven analysis and design
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The HEMD database catalogs a comprehensive set of 269 epigenetic
enzymes, derived from PubMed abstracts combined with manual curation,
offering detailed annotations encompassing genetic data, biological functions,
associated mutations, and related pathologies.'’” In addition, the database
includes an extensive list of 4,377 chemical modulators, complete with
information on binding sites, pharmacological profiles, and therapeutic
applications, thereby facilitating advancements in epigenetic therapeutic
research.'”” A recent study by Li et al. employed a drug repurposing approach
to discover a novel series of potent lysine-specific demethylase 1 (LSD1)
inhibitors, specifically quinazoline derivatives.'”® By screening an existing
compound library, they identified several LSD1 inhibitors and subsequently
developed compound 12 (Figure 6) through targeted chemical modifications.
This compound demonstrated excellent aqueous solubility and markedly
enhanced inhibitory efficacy against LSD1 in both in vitro and in vivo assays.'*
Additionally, the study reported significant effects on tumor cell dynamics,
including reduced proliferation, migration, and induction. A computer-assisted
approach was utilized to construct a predictive Al model for identifying
compounds that selectively target HDAC1 activity.!” The methodology involved
creating a pharmacophore model via Phase software, conducting rigorous
conformational analysis using MacroModel, and generating a robust 3D-QSAR

model based on a dataset of 370 HDAC inhibitors.

7. Chemical modulation of endophytic fungal epigenetic machinery
Fungal epigenetic mechanisms encompass intricate and dynamic
regulatory transcriptional pathways governed by the covalent modifications of
chromatin, mediated by enzymes classified as writers, erasers, and readers.”
Various naturally occurring and synthetic small molecules, termed epigenetic
modulators or elicitors, can inhibit these DNA methylation and histone post-

translational modification (PTM) enzymes.'” This domain of research is
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collectively known as chemical epigenetics.!! Recent developments in
chemical epigenetics highlight the potential to exploit the metabolic
functionalities of fungal endophytes.!"" Small chemical elicitors, such as the
frequently used HDAC inhibitor, SAHA, and the DNMT inhibitor, 5-azacytidine
(Figure 7), can trigger epigenetic alterations in these endophytic fungi,
activating dormant biosynthetic gene clusters (BGCs).!'>!"* Such activation can
enhance the production of known metabolites or facilitate the biosynthesis of
novel compounds (Tables 1 and 2). Since the initial application of chemical
epigenetics in fungi in 2008,"* followed by its first extension to fungal
endophytes in 2012,'" chemical epigenetics holds significant promise for
advancing research across agriculture, medicine, and environmental

sustainability.
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Figure 7. Epigenetic modulators used for the activation of silent or low-
expression BGCs in endophytic fungi.

7.1 HDAC inhibitors

Administering HDAC inhibitors to endophytic fungi presents a promising
strategy for activating BGCs that are typically dormant or minimally expressed
under standard laboratory conditions (Table 1). In their research, Chen et al.
introduced the inhibitor SAHA into the culture medium of the endophytic fungus
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Fusarium oxysporum f. sp. harbored by the medicinal plant Datura stramonium
L."* This treatment facilitated the isolation and identification of two novel fusaric
acid derivatives (13 and 14, Figure 8), which were undetected in the absence
of SAHA.!'"> Although these two compounds exhibited no antibacterial activity,
they may represent oxidized derivatives of the toxic fusaric acid, suggesting
that their biosynthesis could serve to mitigate the plant’s toxicity.

Three HDAC inhibitors—SAHA, sodium butyrate, and valproic acid—
were employed to modify the secondary metabolic profile of Aspergillus
fumigatus (GA-L7), an endophytic fungus isolated from Grewia asiatica L.
Notably, valproic acid significantly up-regulated the expression of several genes
involved in the biosynthesis of fumiquinazoline C (15, Figure 8), leading to an
approximately tenfold increase in its overall production.'’* In a separate study,
Gubiani et al. screened a small collection of fungal endophytes by culturing
them in liquid media supplemented with or without the epigenetic modifier
SAHA."” The endophytic Phoma sp. nov. LG0217 was found to biosynthesize
(10'S)-verruculide B (16, Figure 8), vermistatin (17), and dihydrovermistatin (18)
specifically at a SAHA concentration of 500 uM, whereas these secondary
metabolites were not detected at lower concentrations of 100 and 200 uM.""”
Furthermore, compound 16 demonstrated inhibitory activity against protein

tyrosine phosphatases, with ICso values ranging from 8.8 to 16.6 pM.

28



et
H (0] N/-\ (0]
SO

/

R =CH
13 R = crethe
2

14 15

R = CH=CHCH

17
R =CH 3
18 2CH,CH;

w
H
>III:E\x
5

(9]

T

35
36
37
38

IITITO

Figure 8. Chemical structures of compounds 13-40 induced by HDAC inhibitors

in endophytic fungi.

Following a thorough pre-screening of various chemical epigenetic

modifiers on endophytic fungi, Zhao et al. identified the endophytic fungus

Lachnum palmae, isolated from Przewalskia tangutica, which exhibited

sensitivity to SAHA.""® Further chemical analysis of this fungal strain in the
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presence of SAHA led to the isolation of seven novel halogenated
dihydroisocoumarins, designated as palmaerones A-G (19-25, Figure 8), which
demonstrated antimicrobial, anti-inflammatory, and cytotoxic properties.''* In
another study, the roots-derived endophytic fungus Drechslera sp., when
treated with SAHA, triggered the release of hexosylphytosphingosine (26,
Figure 8), a compound that was virtually undetectable in the control medium
lacking SAHA."" Moreover, the endophytic fungus Penicillium chrysogenum
PO3MB2, sourced from the medicinal plant Albizia adianthifolia, exhibited
activation of silent biosynthetic gene clusters (BGCs) encoding cryptic natural
products with anti-HIV potential upon treatment with sodium butyrate.”
Adpressa et al. also reported the discovery of the salt-tolerant endophytic
fungus Chalara sp. 6661 from Artemisia vulgaris, which metabolizes SAHA to
produce aniline.””' This aniline moiety can be further integrated into the fungal
biosynthetic pathways to vyield aniline-containing “unnatural” polyketides,
specifically chalanilines A and B (27 and 28, Figure 8). The cultivation of an
endophytic fungus Penicillium sp. KMU18029 with SAHA yielded two pairs of
diterpenic meroterpenoids with an uncommon framework (Figure 8),
pyrandecarurins A (29) and B (30), and pileotins A (31) and B (32).>> Similarly,
six new polyketides were isolated from a mangrove-associated endophytic
fungus Diaporthe goulteri by adding SAHA for the chemical epigenetic
modification.'> These polyketides are cytosporin E2 (33), cytosporin D1 (34),
cytosporin G1 (35), cytosporin J1 (36), cytosporin K1 (37), and cytosporin F1
(38) (Figure 8).

Our research group utilized a nicotinamide-based HDAC inhibitor,
specifically the NDA*-dependent variant, to investigate the impact of epigenetic
modulation on the metabolic profiles of selected endophytic fungi.”
Supplementation of the PDB medium with nicotinamide significantly enhanced
the production of structurally intricate secondary metabolites, namely

eupenicinicols C and D (39 and 40, Figure 8).° This strategy proved
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advantageous in the structural elucidation of compounds generally produced in

minimal quantities under standard laboratory conditions.

7.2 DNMT inhibitors

DNMT inhibitors target and inhibit DNMTs, the key enzymes responsible
for methylating cytosine and adenine residues in the DNA sequence.® By
obstructing the activity of these enzymes, DNMT inhibitors effectively halt the
methylation process, which facilitates the demethylation of previously
methylated genomic regions. This demethylation can lead to the reactivation of
silenced genes due to hypermethylation, potentially restoring their normal
expression levels.** This mechanism underlies the therapeutic efficacy of DNMT
inhibitors in various conditions, particularly in cancer, where they may reverse
aberrant gene silencing and contribute to tumor suppression.®

The DNMT inhibitor 5-azacytidine, at a concentration of 500 uM, was
introduced into the culture medium of the fungal endophyte Pestalotiopsis
crassiuscula, isolated from the leaves of Fragaria chiloensis (Table 2).'>* This
treatment significantly modulated the secondary metabolite profile of the fungus,
leading to the isolation and identification of three compounds (Figure 9): 4,6-
dihydroxy-7-hydroxymethyl-3-methoxymethylcoumarin (41), pestalotiopyrone
G (42), and scirpyrone B (43)." Among them, compound 41 was a new
compound, while the production of compounds 42 and 43 was enhanced. In
addition, 5-azacytidine was utilized to epigenetically remodel the fungal
genome and activate cryptic biosynthetic pathways in the endophytic fungus
Chaetomium globosporum, which resides in Euphorbia humifusa.”* This
approach facilitated the discovery of two new cyclopentenones, globosporins A
and B (44 and 45, Figure 9), alongside two new monoterpenoid indole alkaloids,
globosporines C and D (46 and 47, Figure 9). Notably, compound 47 exhibited

significant activity as a potent antiphytopathogenic agent.
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Table 1. HDAC inhibitors for modulating endophytic fungal epigenetic machinery.

Modifiers Cons. Endophytic fungi Host plants Induced or enhanced compounds Biological activity Ref.
SAHA 500 uM  Fusarium Datura stramonium L. 5-Butyl-6-oxo-1,6-dihydropyridine-2- Antibacterial 115
oxysporum f. sp. carboxylic acid (13),
5-(but-9-enyl)-6-oxo-1,6-dihydropyridine-2-
carboxylic acid (14)
SAHA 500 uM  Phoma sp. nov. LG0217  Parkinsonia microphylla (10’S)-Verruculide B (16), vermistatin (17),  Protein tyrosine 117
dihydrovermistatin (18) phosphatases inhibition
SAHA 500 yM  Lachnum palmae Przewalskia tangutica Palmaerones A-G (19-25) Antimicrobioal, anti- 118
inflammatory,
cytotoxicity
SAHA 500 uM  Drechslera sp. Morus Cathayana Hemsl. Hexosylphytosphingosine (26) Antifungal 119
SAHA 1 mM Chalara sp. 6661 Artemisia vulgaris Chalanilines A and B (27 and 28) Antibacterial 121
SAHA 100 yM  Penicillium sp. Aconitum brachypodum Diels. Pyrandecarurins A and B (29 and 30), Acetylcholinesterase 122
KMU18029 pileotins A and B (31 and 32) inhibition
SAHA 1 mM Diaporthe goulteri Acanthus ilicifolius L. Cytosporins E2 (33), D1 (34), G1 (35), J1 Antioxidant 112
(36), K1 (37), F1 (38)
Valproic acid 500 uM  Aspergillus fumigatus Grewia asiatica L. Fumiquinazoline C (15) None reported 116
Nicotinamide 1.2 mM  Eupenicillium sp. LG41 Xanthium sibiricum Eupenicinicols C and D (39 and 40) Antibacterial, 76

cytotoxicity
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A novel antibacterial polyketide, identified as (3S,4R)-3,4,8-trihydroxy-6-
methyl-3,4-dihydronaphthalen-1(2H)-one (48, Figure 9), was isolated from the
endophytic fungus Penicillium sp. KMU18029 following treatment with the
DNMT inhibitor 5-azacytidine.’>> Utilizing 'H NMR-based metabolomics,
Happyana et al. demonstrated that procaine, another DNMT inhibitor,
significantly altered the metabolite profiles of the endophytic fungus
Talaromyces wortmannii isolated from Morus cathayana Hemsl."” Notably,
procaine induced the biosynthesis of mannitol, choline, lactic acid, and
phosphocholine, while simultaneously repressing the production of various fatty

acids, including palmitic, stearic, linoleic, and oleic acids.'*
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Figure 9. Chemical structures of compounds 41-48 induced by DNMT inhibitors
in endophytic fungi.

7.3 The combination of HDAC and DNMT inhibitors
Intriguingly, a synergistic effect was observed when HDAC and DNMT
inhibitors were combined, resulting in enhanced production of specific fungal
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metabolites compared to using either inhibitor in isolation (Table 2).'>>” The
Abe group reported that applying 5-azacytidine and SAHA to the endophytic
fungus Alternaria sp. led to significant alterations in its metabolic profile, notably
inducing the production of mycotoxins. The yield of (5S,8S)-tenuazonic acid (49,
Figure 10), which was absent under standard cultivation conditions, was
notably doubled when compared to cultures supplemented solely with SAHA.'"*
Furthermore, employing the same epigenetic modifiers to activate cryptic BGCs
in another plant-associated endophytic fungus, Pestalotiopsis acacia, enabled
the isolation of three novel aromatic compounds (Figure 10): 2'-hydroxy-6'-
hydroxymethyl-4'-methylphenyl-2,6-dihydroxy-3-(2-isopentenyl)benzoate (50),
4,6-dihydroxy-7-hydroxymethyl-3-methylcoumarin (51), and 4,6-dihydroxy-3,7-

dimethylcoumarin (52).">
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Figure 10. Chemical structures of compounds 49-52 induced by the combined
use of HDAC and DNMT inhibitors in endophytic fungi.
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Table 2. DNMT inhibitors used alone or in combination with HDAC inhibitors for modulating endophytic fungal epigenetic machinery.

Modifiers Cons. Endophytic Host plants Induced or enhanced compounds Biological activity Ref.
fungi

5-azacytidine 500 uM Pestalotiopsis Fragaria chiloensis  4,6-Dihydroxy-7-hydroxymethyl-3-methoxymethylcoumarin Antifungal 123
crassiuscula (41), pestalotiopyrone G (42), scirpyrone B (43)

5-azacytidine 500 pM Chaetomium Euphorbia Globosporins A and B (44 and 45), globosporines C and D Antimicrobial 124
globosporum humifusa (46 and 47)

5-azacytidine 100 uM Penicillium sp. Aconitum (3S,4R)-3,4,8-Trihydroxy-6-methyl-3,4-dihydronaphthalen- Antibacterial 125
KMU18029 brachypodum 1(2H)-one (48)

Diels.

5-azacytidine 250 uM and Alternaria sp. Datura stramonium  Tenuazonic acid (49) None reported 113

and SAHA 500 uM L.

5-azacytidine 500 pM and Pestalotiopsis unknown 2’-Hydroxy-6’-hydroxymethyl-4’-methylphenyl-2,6-dihydroxy- ~ None reported 127

and SAHA 500 uM acaciae 3-(2-isopentenyl)benzoate (50), 4,6-dihydroxy-7-

hydroxymethyl-3-methylcoumarin (51), 4,6-dihydroxy-3,7-

dimethylcoumarin (52)
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8. Inactivation or overexpression of epigenetic regulators

Molecular epigenetic modification enables precise manipulation of the
epigenetic landscape, including the targeted deletion or overexpression of
chromatin-modifying enzymes in endophytic fungi. Chemical epigenetic
modifications have demonstrated efficacy in reactivating dormant BGCs within
endophytic fungi, highlighting their potential for natural product discovery.
Nevertheless, these modifications often fail to fully activate cryptic gene clusters,
leading to variability and unpredictability in the outcomes.”® A review by
Pfannenstiel and Keller has underscored the role of chromatin remodeling
proteins in regulating secondary metabolism in fungi, presenting compelling
targets for genetic modification.”> For example, the inactivation of HDACs has
emerged as an effective strategy, facilitating a level of specificity that traditional
methods may not achieve.” It is crucial to acknowledge that the interplay of
various epigenetic modifications can either enhance or suppress gene

expression, thus contributing to a complex regulatory framework.>

8.1 Erasers (HDACs)

Shwab et al. first reported the disruption of epigenetic regulators in
2007."*¢ The class || HDAC HdaA is a pivotal epigenetic modification enzyme in
the molecular modulation of secondary metabolite production. Its regulation
exhibits a dual role, exerting both positive and negative influences. For instance,
in Aspergillus nidulans, HdaA has been shown to downregulate the expression
of sterigmatocystin and penicillin,'>* while it also diminishes the transcription of
nonribosomal peptide synthetase (NRPS) genes in Aspergillus fumigatus.'”
Conversely, the overexpression of hdaA leads to increased gliotoxin production,
a notable virulence factor, whereas the hdaA gene disruption significantly
reduces gliotoxin biosynthesis.'”” Moreover, the disruption of the hdaA homolog
in the endophytic fungus Penicillium chrysogenum Fes1701 has been

demonstrated to significantly alter the secondary metabolic profile, resulting in
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the emergence of alkaloids.”*" In this context, the BGC associated with
meleagrin/roquefortine is upregulated, while the BGC for chrysogine is
downregulated.

Mao et al. performed a targeted deletion of the hdaA gene, which
encodes the histone H3 lysine 14 (H3K14) deacetylase, in the endophytic
fungus Calcarisporium arbuscula.®* This knockout resulted in a significant
pleiotropic effect, activating and causing overexpression of 75% of the
polyketide synthase (PKS) genes, 78% of the non-ribosomal peptide synthase
(NRPS) genes, and 78% of the terpenoid synthase (TS) genes in C. arbuscula.
These findings indicate that HdaA functions as a global suppressor of BGCs
under axenic conditions.** Chemical analyses of the 41hdaA mutant yielded two
novel cyclic peptides (Figure 11), arbumycin and arbumelin (53 and 54), a new
diterpenoid arbuscullic acid A (55), a new meroterpenoid arbuscullic acid B (56),
and twelve additional novel diterpenoids (57-68), alongside various known
polyketides.* 3!

The targeted deletion of PfHdaA in the endophytic fungus Pestalotiopsis
fici, a homolog of A. fumigatus HdaA, significantly augmented the production of
polyketides.'*> This study led to the isolation of a novel polyketide (Figure 12),
pestaloficiol W (69), alongside eleven new macrodiolides, ficiolides A—K (70-
80), with ficiolide K (80) featuring a rare 1,6-anhydro-pyranose unit.'>
Subsequent genetic deletion of PfptaA, which encodes the biosynthetic
pathway for the principal compounds pestheic acid and its derivatives in P. fici,
resulted in the construction of a APfptaAAPfhdaA strain.'* This mutant
exhibited a marked alteration in its metabolic profile, yielding a novel compound,

pestaloficiol X (81, Figure 11).
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Figure 11. Chemical structures of compounds 53-81 induced by deleting
epigenetic erasers (HDACs and HDMTSs) in endophytic fungi
8.2 Writers (HATs and HKMTs)

Wang et al. adopted a histone acetyltransferase (HAT) overexpression

strategy to activate silent BGCs in their study.** Focusing on the endophytic
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fungus Chaetomium globosum, they utilized a Trpc promoter to enhance the
expression of CgHAT, successfully upregulating a cryptic azaphilone gene
cluster. This led to the novel isolation of a pair of atropisomeric dimeric bis-
spiro-azaphilones, designated cochliodones A and B (82 and 83, Figure 12),
from C. globosum CBS148.51."** Histone H3 lysine 4 (H3K4) methylation
mediated by the histone methyltransferase CclA is extensively characterized in
its role in regulating secondary metabolism in fungi.”> Disruption of CclA or its
homologs typically results in the activation of silent secondary metabolite gene
clusters.”” Research conducted by the O’Connell group has established that
CclA is indispensable for global H3K4 trimethylation in the fungus
Colletotrichum higginsianum, thereby influencing both fungal growth and
secondary metabolic pathways.'*> The deletion of CclA led to a pronounced
upregulation of three distinct BGCs, which are implicated in the biosynthesis of
five novel compounds (Figure 12): colletorin D (84), colletorin D acid (85),
higginsianin C (86), 13-epi-higginsianin C (87), and sclerosporide (88).'*
Similarly, targeted knockout of PfCclA in the endophytic fungus Pestalotiopsis
fic—a homologous protein to A. nidulans CclA—significantly boosted
secondary metabolite production, resulting in the identification of three new

polyketides, designated pestaloficiols T-V (89-91, Figure 12).1*
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Figure 12. Chemical structures of compounds 82-91 induced by the
overexpression or deletion of epigenetic writers (HATs and HKMTSs) in fungi,
including endophytic fungi.

8.3 Readers (SntB)

SntB is an essential epigenetic reader contributing to various facets of
fungal physiology, including growth, development, virulence, and secondary
metabolite production.'*® The pioneering deletion of the epigenetic reader StnB
was executed and validated by Pfannenstiel et al."”” This study established
StnB as a global regulator of secondary metabolism, modulating histone
modifications such as H3K9 and H3K14 acetylation, along with H3K4
trimethylation in both Aspergillus nidulans and Aspergillus flavus.'** The AstnB
mutant exhibited a loss of biosynthetic capability for several secondary

metabolites, including aflavarin, aflatoxin B1, asparasone A, and aflatrem.
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Conversely, the StnB deletion strain was associated with elevated production
of ditryptophenaline and leporin B."** Additionally, the loss of SntB in A. flavus
triggered the biosynthesis of two previously cryptic cyclic hexa-depsipeptides,
aspergillicins A and F (92 and 93, Figure 13)."*” Furthermore, SntB has been
shown to positively influence the expression of three key global regulators of
virulence and secondary metabolism—LaeA, CreA, and PacC—thereby
enhancing the production of toxic compounds such as patulin and citrinin in

Penicillium expansum.'*

93

Figure 13. Chemical structures of compounds 92 and 93 induced by deleting
an epigenetic reader (SntB) in A. flavus.

8.4 The integrated strategy

Recent studies have highlighted the diversity of epigenetic marks
present in fungi; however, comprehensive investigations that integrate these
modifications remain limited. A significant challenge in manipulating epigenetic
regulators stems from the complex interplay of numerous modifications that can

act either synergistically or antagonistically in gene expression regulation. For
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instance, in Neurospora crassa, the HDAC complex HCHC collaborates with
the DNMT complex DIM-2-HP1 to establish and maintain heterochromatin.'+’
By concurrently inactivating multiple epigenetic regulators, researchers can
more effectively shift global transcriptional landscapes, enhancing the
activation of previously silent BGCs and enabling the exploration of novel
biosynthetic pathways that may not be accessible through modification of a
single regulatory axis."”' In a study aimed at activating silent BGCs in
Aspergillus nidulans, Zhao et al. employed a combinatorial approach to
inactivate three key epigenetic regulators, viz. HdaA, CclA, and CIrD.'*' This
strategy led to the isolation of three novel hybrid compounds (94, 95, and 96,
Figure 14), which were identified as products of the interaction between the

cichorine and polyamine biosynthetic pathways.
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Figure 14. Chemical structures of compounds 94-96 induced by the
simultaneous deletion of three epigenetic regulators (HdaA, CclA, and CIrD) in
A. nidulans.

9. CRISPR/dCas9-mediated epigenetic modification

While the deletion and overexpression of epigenetic factors have yielded
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some beneficial outcomes, such interventions tend to be non-selective and
impact the genome on a global scale. The application of the Clustered
Regularly Interspaced Short Palindromic Repeats-CRISPR associated protein
9 (CRISPR/Cas9) technology can be directed to specific gene loci, enabling
targeted double-stranded DNA cleavage.'*> Researchers have developed a
catalytically inactive variant known as dead Cas9 (dCas9) by engineering
mutations in two essential nuclease structural domains. Although dCas9 cannot
cleave DNA, it retains the ability to bind to a specific DNA sequence in
conjunction with a small guide RNA (sgRNA).'* When dCas9 is fused to various
epigenetic modification domains or enzymatic effectors, it serves as a versatile
DNA-binding platform for modulating gene expression. DNA-binding platform
for modulating gene expression. This approach allows for the precise
installation or removal of epigenetic markers, facilitating the targeted
reprogramming of gene expression in eukaryotic systems, and can ultimately
enhance secondary metabolite yields in endophytic fungal systems.

Hilton et al. demonstrated that the fusion of the p300 core domain, a
human histone acetyltransferase, with dCas9, led to efficient acetylation of
H3K27 at designated genomic loci in mammalian cells.'** This modification
corresponded with significant transcriptional activation of genes associated with
promoters, proximal enhancers, and distal enhancers. Likewise, various
epigenetic regulators have been successfully coupled with CRISPR/dCas9 for
targeted transcriptional modulation in mammalian cells, including the histone
deacetylase HDAC3,'* histone methyltransferases DOT1L and PRDM9,'“® and
histone demethylase LSD1.'*” Additionally, DNA methyltransferase DNMT3A
and its murine homolog Dnmt3a, %'+ as well as the DNA demethylase Tet1,'+
have been employed in this context. The versatility of fusing varied epigenetic
effector domains to dCas9 for gene regulation has also been demonstrated in
organisms such as Plasmodium falciparum,'>° Bombyx mori,"*'and various plant

species. >’
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CRISPR/dCas9-based tools, including CRISPR transcriptional and
epigenetic regulators, have also been developed to manipulate BGCs in various
fungi and bacteria.””> Transcriptional modulation using CRISPR typically
employs dCas9 and dCas12a through CRISPR-based activation (CRISPRa)
and inhibition (CRISPRI), allowing for the targeted delivery of effector proteins
to specific regulatory sequences.'** A notable application of a dCas9 activator
system by fusing activator proteins with dCas9 was demonstrated in
myxobacteria, where it was used to enhance the expression of exogenous
epothilone biosynthetic genes in Myxococcus xanthus.'** In parallel, targeted
epigenome editing is achievable by fusing dCas proteins with epigenetic
effectors.'>* For instance, to spur the production of secondary metabolites in
Aspergillus niger, Li et al. devised a CRISPR/dCas9-mediated system that
enables precise control over gene expression.'>> They constructed fusions of
various epigenetic regulators with CRISPR/dCas9 to regulate secondary
metabolic genes, such as breF. The histone acetyltransferase p300-dCas9
fusion could target the promoter region adjacent to the ATG of the breF gene,
subsequently activating its transcription. Additionally, they deployed
endogenous histone modification effectors fused to dCas9 upstream of breF’s
ATG, confirming that the histone acetylase GenE-dCas9, along with the histone
deacetylases HosA-dCas9 and RdpA-dCas9, effectively repressed breF
transcription.’>> Although CRISPR/dCas9 offers higher specificity than its active
Cas9 counterpart,'* off-target modifications at unintended loci can still occur.'*°
For example, the HosA-dCas9 system, initially intended to specifically target
the fwnA gene and enhance melanin biosynthesis in A. niger, inadvertently

increased the transcription of the pigment gene ovi/A.">

10. Biological and nature-inspired modulation of endophytic fungal
epigenetic machinery

As mentioned above, certain chemicals serve as epigenetic modulators,

44



significantly impacting the secondary metabolite production in endophytic fungi.
The role of environmental fungi in mediating interactions with other
microorganisms through epigenetic alterations is becoming increasingly
apparent in activating a diverse array of secondary metabolic pathways.!?7!>
This phenomenon is particularly salient in endophytic fungi that form symbiotic
relationships with plants, exemplified by the associations between Epichloé spp.
and grasses. In these systems, the BGCs are often silent or exhibit minimal
expression in axenic cultures but demonstrate robust expression within their
plant hosts.**"*1°"  Compounding this complexity, the endophytic fungus
Epichloé festucae has been shown to facilitate the increased infection rate of
the pathogenic fungus Claviceps purpurea in seeds of Festuca rubra (red
fescue).' This interaction subsequently drives the production of Claviceps
alkaloids, which are toxic to herbivorous animals and serve to mitigate
herbivore pressures.'®> Root fungal endophytes have also demonstrated
significant inter-kingdom synergistic effects with plant microbiota against
aggressive soil-borne pathogens.'®

Given the extensive and often intricate interactions between endophytic
fungi and their host plants, as well as the multifaceted interspecies relationships
at play, it is plausible to consider that specific compounds, signaling
mechanisms from host plants, natural products from associated organisms, and
even biological agents within similar ecosystems could exert epigenetic
influences on endophytic fungi. Although the underlying epigenetic effects of
these natural compounds and organisms on endophytic fungi are not fully
elucidated, such nature-derived modulations have the potential to activate
BGCs that remain dormant or insufficiently expressed in controlled laboratory
environments.

Taxol® (paclitaxel, 97, Figure 15) is recognized as one of the most
significant plant-derived anticancer agents in the pharmacological landscape.

In 1993, Stierle et al. first described the production of compound 97 by the
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endophytic fungus Taxomyces andreanae (currently reclassified as
Ceriporiopsis andreanae'**), which was isolated from Taxus brevifolia.'*> This
seminal finding has generated over 1800 citations in the Web of Science and
has spurred a multitude of subsequent investigations into other endophytes
exhibiting similar biosynthetic capabilities. However, recent metabolic analyses
and functional genomics approaches aimed at verifying the potential of C.
andreanae for producing compound 97 have vyielded disappointing
outcomes.'**19¢-1% The sustained production of compound 106 from various
endophytic strains have also been attempted but remains elusive, primarily due

to reduced yields linked to extensive subculturing and storage practices.'®

97 )<o

Figure 15. Chemical structures of paclitaxel (97), which could be
induced by the biological and nature-inspired modulation of endophytic fungal

epigenetic machinery.

El-Sayed et al. investigated novel fungal isolates exhibiting molecular and
metabolic stability conducive to paclitaxel (97) biosynthesis. They discovered
that incorporating surface-sterilized leaves from host plants significantly
enhanced the yield of compound 97 by these endophytic fungi, whereas
utilizing autoclaved leaves in the culture medium did not yield similar
outcomes.'”'7> This finding underscores the hypothesis that proximal physical
interactions between endogenous endophytes are crucial for eliciting the
biosynthesis of compound 97."" Further proteomic analyses have revealed a
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marked upregulation of specific proteins, notably histones H2A and H2B,
following these plant-fungi interactions,'” implicating chromatin remodeling as
a possible process in paclitaxel biosynthesis. Such closely associated physical
interactions between microorganisms have been documented, leading to
epigenetic regulatory mechanisms, including Saga/Ada-mediated histone

acetylation that modulate fungal secondary metabolic pathways.!*7!*

11. Epigenetic modulation at the plant-fungal interface

The intricate interplay between plants and their endophytic fungi
underscores the significant role of epigenetic modifications in shaping these
relationships. The epigenetic modulation of endophytes presents exciting
potential, particularly for activating dormant BGCs, which facilitates the
production of bioactive metabolites with medicinal value."”* Additionally, these
fungal endophytes and their metabolites can induce epigenetic alterations in
their host plants when faced with various biotic and abiotic stressors."’*!”> Such
interactions enable endophytes to modulate plant gene expression and
phenotypic traits via epigenetic changes, enhancing plant resilience to
environmental challenges.'” This understanding of plant-endophyte dynamics
highlights the critical nature of their symbiotic relationships, revealing how
endophyte colonization can lead to beneficial epigenetic modifications that
fortify plant defenses against stress. By employing epigenetic manipulation, we
can improve the efficiency of screening for bioactive compounds in plant
systems while boosting plant resilience. This approach offers significant
prospects for progress in agricultural biotechnology and medicinal science,
paving the way for developing more resilient crop varieties and novel

therapeutic strategies.

11.1 DNA methylations

DNA methylation is an evolutionarily conserved epigenetic modification
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essential for gene expression regulation and maintaining genomic stability in
plants.””” Notably, this modification exhibits considerable divergence among
different species and contexts.'”” The dynamic methylation and demethylation
processes occur throughout the plant’s life cycle, adapting to developmental
cues and environmental stressors'’” and showing variability across plant tissues
and species.'® Both biotic and abiotic stressors have been shown to elicit
alterations in DNA methylation profiles within plants's!-'#+.

Endophytic fungi establish complex interactions within plant tissues,
enabling host plants to navigate biotic and abiotic stressors such as pathogens
and drought. These fungal associates are known to influence the methylation
dynamics of host plant genomes, which can enhance plant resilience and
fitness under stress conditions. A study by Hubbard et al. illustrated that specific
Ascomycota isolates, particularly the endophytic fungus SMCD 2206,
significantly improved various growth metrics in wheat subjected to heat and
drought stress'®. Notably, SMCD 2206 markedly lowered the hydrothermal time
(HTT) requirement for germination while also enhancing the germination
energy of wheat seeds under both stress conditions.'®>'*” These findings
demonstrate that colonization by endophytic fungi, specifically strain SMCD
2206, mitigates the susceptibility of wheat to heat and drought, thereby
improving tolerance levels. Furthermore, the analysis revealed that this strain
induced epigenetic alterations in the DNA methylation profiles of wheat under
drought stress.'® The methylation patterns in drought-stressed wheat seedlings
colonized by SMCD 2206 closely resembled those of unstressed controls,'®
highlighting the critical role of plant-endophyte interactions. These results
suggest that endophyte-mediated epigenetic modifications can potentially
bolster the resilience of host plants in the face of environmental stressors.

Epichloé spp. as endophytic fungi play a significant role in the ecological
environment and have important implications for grassland ecosystems and

agricultural production. They are notable fungal symbionts associated with
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Podideae grasses, including perennial ryegrass (Lolium perenne), tall fescue,
and meadow fescue.'** The interactions between these fungi and their hosts
can range from mutualistic to pathogenic, largely contingent upon their modes
of reproduction: primarily vertical transmission via seeds or horizontal
transmission through ascospores.'® Research has demonstrated that the
vertical transmission of Epichloé fungal endophytes through seeds is
significantly influenced by the genetic background of the host.””” Seed-
transmitted endophytes exploit host-derived sugars, amino acids, and other
metabolites for sustenance, and in exchange, they confer protection against
various biotic and abiotic stressors.!’"'*> This protection is largely mediated
through the biosynthesis of specific bioactive alkaloids within the plant system.
The metabolic interactions of these endophytes enhance the performance and
resilience of pastures. Key bioactive alkaloids produced by wild-type Epichloé
endophytes (also known as standard or common-toxic endophytes) include
ergot alkaloids and indole diterpenes,'** with ergovaline and lolitrem B being the
principal terminal compounds. These metabolites exhibit toxicity towards
herbivorous insects and mammals, presenting significant challenges for the
pastoral sector.”’?* Conversely, safe-to-consume Epichloé endophytes have
been selectively developed that offer bio-protective advantages, contributing to
improved pasture persistence and productivity. These variants have been
successfully commercialized and adopted in agricultural practices across the
USA, Australia, and New Zealand.'®-"**

The mutualistic association between L. perenne and Epichloé sp. AR37
is among the most effective interactions, yielding epoxy-janthitrem indole
diterpenes that exhibit toxicity towards insects while presenting a lower risk to
livestock.'”> Forte et al. demonstrated that the long-term establishment of
Epichloé sp. AR37 within L. perenne led to global hypomethylation across
multiple genomic features, with a pronounced effect in intergenic regions and

CHH methylation contexts.'” This hypomethylation phenomenon was also
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evident across successive plant generations, suggesting a role for the
endophyte in promoting this multi-generational complex hypomethylation
process."”” Furthermore, under drought stress conditions, Epichloé sp. AR37

markedly altered DNA methylation patterns in L. perenne.”'°

11.1 Hostone and chromatin modifications
Histone lysine methylation serves as a critical epigenetic modification in
the regulation of transcription, with distinct methylation marks indicating either
active (H3K4me2/3) or repressive (H3K9me2/3 and H3K27me2/3) chromatin
states.”*”” Recent findings by Chujo and Scott highlight the importance of
H3K9me3 and H3K27me3 trimethylation states in the chromatin of Epichloé
festucae, which play a pivotal role in the symbiotic expression of bioprotective
alkaloids.’' In plant-infected tissues, a marked reduction in the levels of
H3K9me3 and H3K27me3 was observed at the loci responsible for lolitrems
(BGC: Itm; LTM locus located on chromosome one) and ergot alkaloids (BGC:
eas; EAS locus located on chromosome three) when compared to axenic
cultures.’’'”® The targeted deletion of H3K9 and H3K27 methyltransferases,
encoded by the clrD and ezhB genes, respectively, resulted in the derepression
of ltm and eas gene expression under non-symbiotic conditions, with this effect
being further amplified in a double deletion mutant.’! This alteration in histone
methylation status is essential not only for controlling alkaloid biosynthesis but
also for the endophytic fungus’s capacity to establish a mutualistic association
with its grass host.’’ Notably, the E. festucae AclrD mutant exhibited a
pronounced growth deficiency in culture and failed to colonize L. perenne
seedlings, emphasizing that the methylation mark influenced by AclrD is critical
for the expression of genes vital to host cell interaction and colonization
processes.
Subsequent investigations by Chujo et al. into the high-level expression

of cluster genes in planta in response to chromatin remodeling have highlighted
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the pivotal role of heterochromatin 1 protein (HepA) in mediating the chromatin
landscape of sub-telomeric secondary metabolite genes, particularly in the
context of symbiosis-specific regulation.”” The deletion of HepA led to the
derepression of /tm and eas gene expression under axenic culture conditions.
Furthermore, when AhepA mutants were introduced to L. perenne seedlings,
they exhibited a pronounced host interaction phenotype with diminished tiller
length but an enhanced tiller count. This was also accompanied by reduced /tm

gene expression and a loss of the capacity to produce lolitrems.'”

11.3 Other modulations

RNA interference (RNAI) represents a fundamental and conserved gene
regulatory pathway in eukaryotic organisms, initiated by small RNAs (sRNAs)
ranging from approximately 20 to 25 nucleotides in length. Recent work by
Dalakouras et al. has elucidated the core components of the RNAi machinery
in the Fusarium solani strain K, a beneficial root endophyte associated with
Nicotiana benthamiana.”® Utilizing an engineered RNAI sensor system, they
demonstrated that F. solani strain K is capable of delivering sRNA signals
(including siRNAs and/or miRNAs) to N. benthamiana, which facilitates
systemic gene silencing and induces epigenetic alterations.”*° This underscores
the potential role of RNAi-mediated communication between endophytes and
their host plants in enhancing plant performance, particularly in the context of
specific microbial associations. Moreover, the macrodomain gene PoMACRQO2
has been identified as prevalent in bryophytes yet lacking in vascular plants. It
is hypothesized that bryophytes may have acquired PpMACROZ2 from
mycorrhizal fungal interactions.””’ This gene is implicated in histone
modification via ADP-ribosylation, instigating epigenetic modifications within the
moss Physcomitrella patens.”’' These insights emphasize the importance of
fungal symbioses and the role of ancestral gene sets in shaping the

evolutionary trajectory of terrestrial plants during their initial colonization of land.
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Increased in Bonsai Methylation 1 (IBM1) functions as a H3K9
demethylase in Arabidopsis.”” The disruption of IBM1 leads to an elevation in
genome-wide H3K9me2 levels. Investigations utilizing 16S rRNA gene
sequencing have shown that impairment of this histone demethylase
significantly modifies root-associated microbial communities within both the
rhizosphere and endosphere.””> The resultant alterations in plant-microbe
interactions are closely linked to the plant autoimmunity observed in IBM1
mutants, as indicated by transcriptomic analyses highlighting salicylic acid-
mediated defense pathways, systemic acquired resistance mechanisms, and
increased synthesis of the defense metabolite camalexin.

Phenazine-1-carboxamide, a secondary metabolite produced by the
bacterium Pseudomonas piscium, isolated from the wheat head microbiome,
was shown to modulate the activity of FgGen5, a histone acetyltransferase
within the Spt-Ada-Gcnb-acetyltransferase (SAGA) complex in the wheat
pathogen Fusarium graminearum.”* This interaction led to specific deregulation
of histone acetylation, notably affecting residues such as H2BK11, H3K14,
H3K18, and H3K27. The resultant epigenetic modifications inhibited fungal
growth, reduced virulence, and decreased mycotoxin production.””” These
findings underscore the potential of antagonistic bacteria to mitigate the
pathogenicity of plant-pathogenic fungi through the strategic alteration of

histone modifications.

12. Artificial Intelligence (Al) in epigenetic modulation

Recent advancements in understanding the epigenetic mechanisms
governing fungi, particularly endophytes, have highlighted their intricate
interactions with host organisms. However, our current frameworks for
cataloging the myriad epigenetic markers and their complex interrelations
remain inadequate. Concurrently, the volume of multifaceted datasets—

encompassing genomics, epigenomics, transcriptomics, proteomics, and
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metabolomics—has surged.”** The recent progress in artificial intelligence (Al),
particularly through machine learning (ML) and deep learning (DL)
methodologies, has markedly transformed the analysis of epigenetic
modifications, equipping researchers with powerful tools to decipher complex
epigenomic datasets, especially in fungal systems.”>>” Numerous Al-driven
methodologies for modeling and anticipating epigenomic marks, predominantly
concerning humans, mice, and plants, have been extensively reviewed.??>>%
This efficacy can be attributed to the availability of large and heterogeneous
datasets for these organisms, including epigenomic datasets for various human
primary cells and tissues in the Reference Epigenome Mapping Centers
(REMCs).”* DeepChrome, a convolutional neural network that leverages DL,
excels at classifying gene expression levels across 56 distinct human cell types
using histone modification data as input.’” It also uncovers complex
combinatorial relationships among these histone marks that govern gene
regulation. Recently, Chromoformer, a transformer-based architecture that
incorporates three-dimensional chromatin conformation, has surpassed
existing DL models in gene expression prediction by capitalizing on human
epigenetic features.’'* eDICE, an attention-based deep learning model, was
developed to impute missing epigenomic tracks by leveraging sets of existing
data.?'" It can predict individual-specific epigenomic variations, even in tissues
that lack comprehensive mapping in personal epigenomes. Wang et al.
introduced a deep learning approach called SMEP, designed to mine
epigenomic datasets from a variety of plant species and facilitate whole-
genome predictions of diverse epigenomic modifications.?’> Notably, in datasets
from the Japonica rice variety Nipponbare, SMEP achieved prediction
accuracies exceeding 95% for 6mA, even when accounting for biotic stressors.

The application of Al in predicting epigenetic modifications and their
consequent effects on gene expression in fungi is gaining traction.”

Techniques such as Hi-C, which employs chromosome conformation capture,
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provide comprehensive genome-wide (contact) data on chromosomal
interactions, essential for exploring the three-dimensional architecture of
chromatin.”’* Notably, the analysis of Hi-C datasets has enabled the
identification of a jet-like domain within the deoxynivalenol BGC of Fusarium
graminearum, a domain linked to active transcriptional processes and histone
acetylation facilitated by the acetyltransferase GCN5.>'* Several ML
methodologies, including the unsupervised clustering approach ClusterTAD,>"
and DL techniques such as the convolutional neural network HICNN,>'> as well
as the SRHIC model based on ResNet and WDSR architectures,’'* have been
developed utilizing Hi-C data. These Al-driven approaches not only facilitate the
identification of specific chromosomal regions but also enhance the resolution
of Hi-C datasets, thereby advancing our understanding of chromatin dynamics
and gene regulation.

Cook et al. investigated the impact of physical and chemical
characteristics of DNA on genome evolution in the fungus Verticillium dahliae,
revealing notable incomplete methylation of repetitive elements specifically
within Lineage-Specific (LS) genomic regions enriched with genes relevant to
host adaptation.”’” Their chromatin analysis established a correlation with
H3K27me3 modifications and accessible genomic DNA. To further explore
these relationships, they employed multiple supervised ML models, including
logistic regression (LR), stochastic gradient boosting (GBM), boosted
classfication trees (BCT), and random forest (RF).”'” These models identified a
greater number of LS genomic regions than previously documented, a finding
corroborated by orthogonal validation analyses. The results underscore the
defining role of distinct chromatin profiles in shaping adaptive genomic
landscapes, highlighting the interplay of epigenetic factors in organizing these
functional domains.

6mA data, rich in epigenetic information, is crucial for various biological

processes and has been extensively characterized in the yeast species
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Saccharomyces cerevisiae.”'**"” Traditional experimental methods have been
complemented by ML models for the identification of methylation sites directly
from DNA sequences. Among these, LR classifiers and support vector
machines have been employed effectively.”’*?"” Qiang et al. introduced the 6mA
predictor MGAMRFS, which leverages an eXtreme Gradient Boosting (XGBoost)
algorithm tailored for S. cerevisiae. *** This model incorporates dinucleotide
binary encoding along with local position-specific dinucleotide features as
descriptors. Using a dataset derived from the TSm6A-DL study, which
encompasses both DNA and RNA sequence data from S. cerevisiae, an RF
model was also developed utilizing binary encoding for predicting 6mA sites.>!
However, this model demonstrated marginally inferior performance compared
to M6AMRFS in accurately identifying 6mA locations. These ML approaches
not only enhance our understanding of 6mA's biological roles but also shed light
on the underlying mechanisms governing DNA modifications.
13. Conclusion

In conclusion, activating dormant or low-expression biosynthetic BGCs
in endophytic fungi via epigenetic mechanisms presents significant
opportunities for identifying and producing novel bioactive compounds. By
modulating epigenetic factors such as histone acetylation, histone methylation,
and DNA methylation, researchers can reveal the metabolic potential of these
fungi, potentially leading to significant advancements in pharmacology and
biotechnology. Adopting cutting-edge strategies—such as innovative chemical
modulators, genetic engineering, and Al-enhanced predictive models—
highlights the pivotal role of epigenetic regulation in tapping into the
underexplored metabolic capabilities of fungal endophytes. The field of
epigenetics provides a robust framework for advancing our understanding of
plant-fungal interactions while facilitating the translation of research outcomes
into actionable intellectual property. This includes leveraging endophytic fungi

as microbial platforms for biotechnological production of pharmaceutically
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relevant compounds.

14. Future prospects

Several critical areas warrant further exploration in the realm of fungal
endophyte epigenetics. The regulatory networks governing epigenetic
modifications in these organisms are notably intricate, and the precise interplay
between various epigenetic alterations and their influence on gene expression
remains inadequately characterized. Gaining insights into these mechanisms is
imperative for the targeted and effective activation of BGCs, particularly those
whose expression is restricted to plant hosts. Current epigenetic approaches
aimed at reactivating silent or under-expressed BGCs frequently encounter off-
target effects, which inhibit the effective mining of the metabolic potential
harbored within endophytic fungi. Future investigations should focus on the
development of more selective and robust strategies to enhance metabolite
production. Presently, chemical epigenetic modifiers such as SAHA and 5-
azacytidine are the most commonly utilized in the context of endophytic fungi.
However, there exists an opportunity to harness additional epigenetic
modulators that precisely target relevant epigenetic regulators known to impact
cancer, thereby refining the manipulation of endophytic fungal epigenetic
processes. Furthermore, the implications of epigenetic regulation on the
symbiotic interactions between endophytes and their host plants in natural
ecosystems remain largely unexplored. Advancing our understanding in this
area could inform sustainable agricultural practices and yield new insights into
the evolutionary dynamics and functional attributes of these symbiotic systems.
The current framework for delineating the comprehensive landscape of
epigenetic markers and their intricate interrelations remains underdeveloped.
The inherent complexity and variability of epigenomic regulation in fungi
necessitate advancing Al-driven methodologies capable of integrating diverse

epigenomic datasets. These Al-based tools can effectively process the
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extensive omics data derived from fungal endophytes, enabling the prediction
of epigenetic modifications and their subsequent influences on gene expression.

Epigenetic modulation has significantly advanced the discovery of
bioactive natural products derived from endophytic fungi, as illustrated in this
review. However, it is crucial to note that many current investigations aimed at
leveraging the metabolic capabilities of endophytic fungi via epigenetic
approaches often overlook the intricate associations these fungi share with host
plants and other organisms, including pathogens, pests, and external
environmental factors, as well as endophytic microorganisms within their
ecological contexts. To address this oversight, there is an urgent need for
interdisciplinary research that can inform the strategic design of epigenetic
interventions for the discovery of novel natural products. Particularly,
CRISPR/dCas9-mediated epigenetic modifications present a compelling
avenue for the precise manipulation of epigenetic marks that regulate plant—
microbe interactions. By integrating natural product chemistry with chemical
ecology, synthetic biology, molecular biology, and other relevant fields, the
exploration of bioactive natural products in endophytic fungi through targeted
epigenetic alterations will be significantly enhanced.

Looking forward, epigenetics as a scientific field is poised to transform
the landscape of large-scale fungal endophyte biotechnology. This innovative
approach could give rise to practical and sustainable methodologies for
synthesizing pharmaceutical prodrugs and lead candidates derived from fungal
endophytes, yielding new therapeutic agents. The stakeholders involved in this
domain comprise a diverse array of participants, including researchers
integrating the fields of chemistry and biology, entrepreneurs, as well as

pharmaceutical and agricultural companies.
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57



unpublished, primary research results, software, or code, and no new data has
been generated in this review. All referenced works have been duly cited in the

references section of the manuscript.
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