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Abstract

Fungi produce an abundance of bioactive secondary metabolites which can be utilized as 

antibiotics and pharmaceutical drugs. The genes encoding secondary metabolites are contiguously 

arranged in biosynthetic gene clusters (BGCs), which supports co-regulation of all genes required 

for any one metabolite. However, an ongoing challenge to harvest this fungal wealth is the finding 

that many of the BGCs are ‘silent’ in laboratory settings and lie in heterochromatic regions of the 

genome. Successful approaches allowing access to these regions - in essence converting the 

heterochromatin covering BGCs to euchromatin - include use of epigenetic stimulants and genetic 

manipulation of histone modifying proteins. This review provides a comprehensive look at the 

chromatin remodeling proteins which have been shown to regulate secondary metabolism, the use 

of chemical inhibitors used to induce BGCs, and provides future perspectives on expansion of 

epigenetic tools and concepts to mine the fungal metabolome.
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1. Introduction

Fungi are a major source of secondary metabolites, also termed natural products, compounds 

which are an incredibly fruitful source for the development of pharmaceutical drugs 

(Schueffler and Anke, 2014). The bioactivity of secondary metabolites make them potent 

drug candidates (Harvey et al., 2015; Newman and Cragg, 2016). Secondary metabolites 

differ from their primary metabolite counter parts in both the timing of their production, as 

well as their dispensability for fungal growth under laboratory conditions. In the 

environment however, these metabolites are important in combating abiotic and biotic 
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stresses (Keller, 2018 (accepted) Fungal Secondary Metabolism: Regulation, function and 

drug discovery. Nature Reviews Microbiology).

The biosynthetic enzymes that produce secondary metabolites are encoded by genes which 

are physically clustered in the genome, and are called biosynthetic gene clusters (BGCs). 

This contiguous arrangement coupled with the conserved sequence of synthases (e.g. 

polyketide synthase) and synthetases (e.g. non-ribosomal peptide synthetase) encoded in the 

genome has allowed for the generation of algorithms able to predict the BGC number of any 

sequenced genome (Khaldi et al., 2010; Medema et al., 2011). For example, analysis of the 

genomes of 19 Aspergillus species showed a range of 21–66 BGCs in each species (de Vries 

et al., 2017). In fact there are some species (e.g. Aspergillus westerdijkiae) containing 

upwards of 80 BGCs (Han et al., 2016). Considering the estimate that there may be between 

3 and 5 million species of fungi (Blackwell, 2011; O’Brien et al., 2005), many of which 

containing equivalent numbers of BGCs as the Aspergilli, the number of uncharacterized 

BGCs is likely astounding. However, many of these BGCs are silent under laboratory 

conditions. This impediment has led to the development of various strategies to awaken 

these BGCs and characterize their cryptic products.

The most straightforward method to activate BGC expression is by culturing a fungus on 

various growth medias (Frisvad, 2012). This can also include the co-incubation of the fungus 

of interest with another microbe to induce expression of BGCs (Marmann et al., 2014). 

These two strategies have been successful in the identification of secondary metabolites, but 

will not awaken all clusters. At the genetic level, overexpression of transcription factors, 

both BGC specific or global regulators, has also been fruitful in activating some silent BGCs 

(Brakhage, 2013; Lim and Keller, 2014). However, overexpression of transcriptional 

regulators do not always result in BGC expression, which is in part due to epigenetic 

regulation. Epigenetics is the study of heritable phenotypes, such as production of secondary 

metabolites, that do not involve changes in the DNA sequence. The “epi” represents features 

“on top of” or “in addition to” traditional genetic inheritance. The proteins which are 

involved in the inheritance of gene expression do so, in part, through manipulating 

chromatin. There has been a movement to induce the expression of these silent BGCs 

through manipulating chromatin regulators to prevent the formation of silencing chromatin 

modification over BGCs. This strategy has been very successful in the identification of novel 

compounds with bioactivities of interest. This review summarizes the findings over the past 

decade regarding chromatin regulation of secondary metabolism, and poses questions that, 

once answered, may result in new chromatin regulation strategies to unlock the drug 

producing potential of fungi.

2. Chromatin structure and regulation

In order to protect, maintain, and organize the millions of nucleotides that make up 

eukaryotic genomes, DNA is wound around nucleosomes to form chromatin. The 

nucleosome core molecules are octamers composed of two copies of four histone subunits; 

H2A, H2B, H3, and H4. Histones are very basic, small proteins (11–15 kDa) which are 

highly conserved throughout eukaryotic species, each with an N-terminal “histone tail” 

which extends outwards from the nucleosome. These tails makes up about 25% of the mass 
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of the core histones, and their individual amino acid residues can be highly modified (Cutter 

and Hayes, 2015). Lastly, association with an additional linker histone, H1, completes the 

nucleosome organizing approximately 200 base pairs of DNA (Cutter and Hayes, 2015; 

McGinty and Tan, 2015).

The strength of interactions between the nucleosomes and DNA, and higher order chromatin 

structures such as heterochromatin or euchromatin, can be controlled through modifications 

to the chromatin. This can be to the DNA itself, such as the addition of methyl groups to 

cytosines (Jin et al., 2011), or as post-translational modifications (PTMs) to histone tails. 

Loosely compact chromatin is more transcriptionally active and is called euchromatin, 

whereas the tightly compact chromatin is termed heterochromatin. Genes in heterochromatic 

regions, including BGCs, are typically silent. In particular, PTMs to histone tails are the 

main target for chromatin regulation of secondary metabolism (Bannister and Kouzarides, 

2011; Gacek and Strauss, 2012; Strauss and Reyes-Dominguez, 2011). There are a wide 

array of PTMs that can be placed on many residues in the histone tail, such as acetylation, 

methylation, phosphorylation, ubiquitylation, sumoylation, ADP ribosylation, and 

deimination (Bannister and Kouzarides, 2011). This review focuses on methylation and 

acetylation of histone tails (Fig. 1), which are the best characterized throughout eukaryotes. 

There is evidence of some of these other modifications regulating secondary metabolism, 

such as sumolyation (Szewczyk et al., 2008), however it is not known if it is sumoylation of 

histone tails or other proteins that leads to the change. The shorthand for writing a histone 

PTM is by listing the histone, the one letter code for the residue, the number of residues 

from the end of the histone tail that it is occurring on, followed by the modification. For 

example, acetylation of the ninth lysine on histone H3 is written as H3K9ac.

The current hypothesis is that these histone PTMs can either act as signals or binding sites 

for downstream transcriptional processes, or act by influencing the structure of the local 

chromatin. This hypothesis is called the histone code, suggesting that various combinations 

of histone modifications will lead to distinct biological outcomes. A criticism to the histone 

code hypothesis is that it has the potential to be immensely complex, however this 

complexity has not be seen in vivo (reviewed in Rando, 2012). Most likely there are several 

patterns which will comprise the histone code, and that not all combinations of 

modifications occur biologically. Histone PTMs, which make up this histone code, are 

controlled and interpreted by three types of proteins: proteins which place or “write” 

modifications on histone tails, proteins which remove or “erase” those modifications, and 

proteins who interpret or “read” the modifications and mediate the response to that signal 

(Fig. 1B). Examples of each of these types of proteins and their relationship to secondary 

metabolism are described in “Writing the Code” (Section 4), “Erasing the Code” (Section 5), 

and “Reading the Code” (Section 6) below. The strategy for activation of cryptic BGCs has 

been inhibition, deletion or overexpression of chromatin modifying enzymes, to prevent 

formation of heterochromatin over BGCs (Fig. 2).

3. Techniques used to study chromatin and secondary metabolism

The majority of work done to study chromatin modifications and their relationship to 

secondary metabolism have primarily used two major techniques. The first method is 
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assessing the global levels of histone modifications, typically through western blotting. The 

most successful western blotting protocols will enrich for histones, whether that is through 

nuclei extraction and purification (Soukup and Keller, 2013), or through acid extraction 

(Jourquin and Géli, 2017). These extracts are run on a high percentage PAGE gel, and utilize 

antibodies specific to a particular histone modification. As a loading control, an antibody to 

the C-terminus (which is unmodified) of H3 or H4 is typically used. Histone extractions can 

be difficult, and may require optimization for the fungus of interest. With the improvement 

of mass spectrometry techniques and methods, it is also possible to measure levels of histone 

PTMs via mass spectrometer (MS) (Krautkramer et al., 2015). This requires a very pure 

histone preparation, but can yield more information (~62 unique modifications in human cell 

line) and does not require the purchase of many antibodies. This technique has not been 

fully utilized in filamentous fungi, so it is hard to say how many unique modifications that 

can be measured by MS. However, a modification to the protocol demonstrated the MS was 

able to detect few changes in a few histone PTMs in A. nidulans (Gacek-Matthews et al., 

2016, 2015).

While western blotting and MS will inform of the changes in global levels of histone 

modifications, they do not reveal the histone PTMs at specific loci. Rather, chromatin 

immunoprecipitation (ChIP) technology is used to identify levels of specific histone 

modifications at specific loci, as well as determine the binding of proteins of interest directly 

or indirectly bound to DNA (Orlando, 2000). ChIP typically involves the crosslinking of 

protein and DNA, shearing of DNA through mechanical means (sonication) or enzymes 

(micrococcal nuclease), a DNA/protein pull-down using an antibody specific to the protein 

of interest (e.g. histone PTM such as H3K9me3), and then purification of DNA. DNA can 

then be quantified via quantitative PCR (qPCR) if only a few genomic loci are of interest, or 

examined on a genome wide scale through microarray technology (ChIP on chip), or more 

recently, next generation sequencing technology (ChIP-seq) (Boedi et al., 2012). In 

combination with RNA-seq, one can study the changes in histone modifications throughout 

the genome and correlate modifications with transcriptomics.

The advancements in ChIP technology, such as the transition from microarrays to next 

generation sequencing, has also occurred with the analytical chemistry techniques used. The 

pioneering paper describing the relationship between histone PTM and secondary 

metabolism was published in 2007, using thin-layer chromatography (TLC) to measure the 

differences in production of metabolite (Shwab et al., 2007). High performance liquid 

chromatography (HPLC) paired with a variety of detectors yields more information about 

metabolite extracts of various chromatin mutants, and is used now instead of TLC. The use 

of MS detectors paired with HPLC (Pfannenstiel et al., 2018) or techniques such as 2D 

NMR spectroscopy (Forseth et al., 2011) give the most thorough analysis of the whole 

metabolome, and greatly aids the search for novel compounds. This is important to note, as 

early work may have concluded that secondary metabolism was not impacted by genetic 

manipulation of chromatin regulators, however the use less sensitive instrumentation could 

have obscured differences in secondary metabolism.
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4. Writing the code

In the analogy of histone modifying enzymes, those which are responsible for placing the 

highly dynamic, reversible modifications on chromatin are called “writers”. Writers can be 

placed into several groups (e.g. methyltransferases, acetyltransferases), depending upon the 

type of modifications they are responsible for placing on histone tails, and further divided 

based upon their protein domains which perform these actions. When considering 

filamentous fungi and the regulation of secondary metabolism, there are two main enzymes 

which are “writing” on chromatin, those which write with methyl groups (histone 

methyltransferases) and those write with acetyl groups (histone acetyltransferases) (Table 1).

4.1. Methyltransferases

Histone methyltransferases add a level of complexity to the histone code, as the presence or 

absence of methylation does not always lead to the same output. Unlike histone acetylation 

which is generally associated with transcriptional activation (Eberharter and Becker, 2002), 

the effect of methylation depends on which particular residue in a histone tail is targeted. In 

addition, there are three methylation levels of lysines (mono-, di-, and tri-), which can each 

have their own biological significance. Methylation of H3K4, K36, or K79 is associated with 

active chromatin, whereas methylation of H3K9, K27, or H4K20 is typically associated with 

repressed chromatin (Martin and Zhang, 2005). Arginine residues are targets of methylation 

as well, and can lead to activation or repression (Blanc and Richard, 2017). Several 

complexes of methyltransferases have been characterized as secondary metabolite 

regulators, and are listed separately below and in Table 1.

4.1.1. COMPASS—The Complex of proteins associated with Set1 (COMPASS) is a 

highly conserved heteromeric complex from yeast to humans. Set1 (YHR119W) is a 

methyltransferase responsible for the methylation of the fourth lysine of Histone 3 (H3K4) 

(Krogan et al., 2002). H3K4me3 is typically associated with transcriptional activation, and is 

found in areas of active transcription (Sims and Reinberg, 2006). COMPASS is also 

associated with transcriptional silencing near telomeres (Schneider et al., 2005). Considering 

that many BGCs are located in sub-telomeric regions and are silenced, one way to induce the 

expression of these was by manipulating the COMPASS complex in A. nidulans (Bok et al., 

2009). Bre2/ASH2 homolog cclA (AN9399), which is required for H3K4 methyltransferase 

activity, was deleted and subsequent metabolomics identified the production of emodin, 

monodictyphenone, and its derivatives which were at the time not known to be produced by 

A. nidulans. Deletion of suspect backbone genes identified the cluster responsible for these 

metabolites, and led to the identification of F9775A/ B polyketides (Bok et al., 2009). 

Chromatin precipitation of two genes within the cluster and one gene that flanked the BGC 

revealed a decrease in H3K4me2/3 in all three genes, and an increase in H3K9me2/3 in the 

two genes within the cluster but not the flanking gene in the ΔcclA strain indicating the 

involvement of the COMPASS complex at this genomic locus. Similarly, in A. fumigatus, 

deletion of cclA results in the global loss of H3K4me2/3, and regulation of several 

secondary metabolites as seen by thin layer chromatography (Palmer et al., 2013).
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In Pestalotiopsis fici, PfcclA (PFICI_05127) was deleted and assessed for novel metabolite 

production (Wu et al., 2016). This led to the characterization of several compounds such as 

pestaloficiols and ficipyrone. It was shown that media composition (rice or PDA) was also a 

factor in the regulation of compounds, indicating that BGC activation and nutrient 

availability can be interdependent and should both be considered when mining for novel 

natural products.

In A. oryzae, a transcription factor and chromatin remodeling deletion library was screened 

that identified two gene deletions within the COMPASS complex, cclA (AO090124000076) 

and an additional gene which will be discussed in “Reading the Code” (Section 6) of this 

review, sspA (AO090003001570). Deletion of either of these two genes eliminates H3K4 

methyltransferase activity, and resulted in loss of H3K4me3, and an increase in various 

astellolide compounds (Shinohara et al., 2016).

The cclA homolog CCL1 was deleted in the plant pathogens Fusarium fujikuroi 
(FFUJ_04433) and F. graminearum (FGSG_09564), and was demonstrated to be responsible 

for H3K4me3 in these species as well (Liu et al., 2015; Studt et al., 2017). Despite 

H3K4me3 being an activating modification, there were observed changes in both the loss 

and increase in various secondary metabolites. Interestingly, metabolites which are known 

virulence factors (e.g. gibberellic acid and deoxynivalenol also known as vomitoxin) were 

found to be decreased when grown on laboratory media, and yet production was unchanged 

during infection, indicating the fact that environmental factors can compensate for losses in 

chromatin machinery (Studt et al., 2017). An important observation from this study was 

apparent disconnect between CCL1 disruption, H3K4me3 levels and transcription of the 

BGCs of interest, strongly suggesting the misregulation of secondary metabolism may be 

indirect, and through some additional cis–/trans- acting factors (Studt et al., 2017).

Set1, for which the complex is named, has additionally been studied for its role in secondary 

metabolism. Unlike deletion of Bre2/Ash2/CclA/Ccl1 which leads to a decrease in 

H3K4me3, deletion of Set1 leads to a decrease in mono-, di-, and trimethylated H3K4 (Liu 

et al., 2015). This was demonstrated in F. graminearum (FGSG_07445), which resulted in 

the loss of the mycotoxin deoxynivalenol. Interactions between the COMPASS complex 

members identified from S. cerevisiae was confirmed to be similar in F. graminearum as 

well. ChIP-qPCR demonstrated that there were significant decreases in H3K4me, 

H3K4me2, and H3K4me3 levels at various deoxynivalenol biosynthetic genes, partially 

explaining the decrease in transcription of these genes (Liu et al., 2015). Similarly, in F. 
verticillioides FvSet1 (FVEG_07811) is required for fumonisin B1 production and 

transcription, although changes in histones modifications were not assessed (Gu et al., 

2017b). Although their production was not directly assessed, Set1 (MGG_15053) in 

Magnaporthe orzyae regulates BCGs transcriptionally (Pham et al., 2015).

4.1.2. Clr4—The highly conserved methyltransferase known as Clr4 in 

Shizzosaccharomyces pombe, DIM-5 in Neurospora crassa, and Su(var)3–9 in Drosphila, is 

responsible for the trimethylation of H3K9. H3K9me3 is a repressive mark, and is 

recognized by heterochromatin protein 1 (HP1) which is a key component of 

heterochromatin, leading to heterochromatin formation (Allshire and Madhani, 2017). 
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Following naming conventions in A. nidulans, the homolog named clrD (AN1170), has been 

shown to regulate secondary metabolism. ClrD is required for H3K9me3 in A. nidulans and 

the loss of this protein leads to an increase in expression of several BGCs, including the 

sterigmatocystin BGC (Reyes-Dominguez et al., 2010). The loss of H3K9me3 also led to a 

loss of HepA (HP1 homolog, AN1905) occupancy at the sterigmatocystin BGC, illustrating 

a requirement for HepA in proper heterochromatin formation. Using ChIP-qPCR, it was 

shown that HepA and H3K9me3 levels typically decrease through primary growth phase and 

are replaced by H3K9K14ac, which leads to activation of the gene cluster and production of 

sterigmatocystin, and demonstrated how facultative heterochromatin is involved in the 

regulation of secondary metabolism.

In the plant endophyte Epichloë festucae, H3K9me3 was also shown to repress several 

alkaloid BGCs in axenic culture, and these levels were reduced in plant infected tissue 

(Chujo and Scott, 2014). Similar to A. nidulans, the clrD homolog (EfM3.062280) is 

responsible for H3K9me3. The loss of H3K9me3 only partially derepressed the alkaloids 

produced by E. festucae, with the kmt6 homolog (discussed in Section 4.1.3) also playing a 

role in the heterochromatin formation and repression of the alkaloid BGCs. Similar to the 

previous two examples, in F. vertilicillioides the Clr4/Dim-5/Su(var)3–9 homolog Fvdim5 
(FVEG_08911), is responsible for the majority of H3K9me3. Fvdim5 represses fumonisin 

B1 production, and expression of melanin biosynthetic enzymes (Gu et al., 2017a). Taken 

together, removal of H3K9me3 through deletion of the Clr4/Dim-5/Su(var)3–9 homologs in 

fungi can remediate some of the repression from heterochromatin formation, but it may take 

knocking out several heterochromatin histone modifications in order to awaken silent BGCs 

in some fungi.

4.1.3. Polycomb repressive complex 2—Lysine(k) methyltransferase 6 (Kmt6) is 

part of the polycomb group (PcG) called the polycomb repressive complex 2 (PRC2) first 

characterized in Drosophila (Jürgens, 1985). Kmt6 has been shown in two Fusarium species 

to be responsible for the presence of the repressive mark H3K27me3. H3K27me3 is heavily 

enriched at telomeric/subtelomeric regions where many predicted BGCs are located, and 

thus possibly explaining why BGC are typically silent in these regions. Kmt6 is an essential 

protein in F. fujikorui (FFUJ_00719) but not in F. graminearum (FGSG_15795). The knock 

down of KMT6 led to the induction of the recently characterized beauvericin BGC in F. 
fujikuroi (Niehaus et al., 2016). The repressive H3K27me modification at the beauvericin 

cluster was replaced with the activating H3K27ac, and in fact H3K27ac modification was 

increased globally. Interestingly, H3K27me3 forms several foci that are spread throughout 

the nucleus, however this distribution is disrupted in the knock down of KMT6, 

demonstrating that histone modifications may be playing several biological functions 

(Niehaus et al., 2016).

Characterization of Kmt6 has particularly insightful in presenting differences in epigenetic 

regulation in various fungal species. For example, in Neurospora crassa 5–8% of the genome 

is covered in H3K27me3 whereas about a third of the Fusarium genomes are covered in this 

mark. Loss of H3K27me3 led to expression of 14% of the silent genes in a wild-type strain 

of Fusarium, while 20% of the genome remained silent indicating that loss of this PTM is 

not enough to activate the entire genome and that there are additional regulatory elements 
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that keep these gene silent. The multiple layers of repressive elements has been 

demonstrated in E. festucae, where H3K27me3 was present in higher levels at gene 

promoters whose expression was repressed in axenic culture (Chujo and Scott, 2014). 

Deletion of the kmt6 homolog ezhB (EfM3.069800) which is responsible for the H3K27me3 

in the cell, relieved some of the repression of the examined BGC. However, it was only in a 

double deletion of ezhB and the H3K9me3 methyltransferase clrD, that these BGC were 

fully derepressed (Chujo and Scott, 2014).

4.1.4. Set2—Set2 (YJL168C) is the only H3K36 methyltransferase identified in S. 
cerevisiae, and is required for the mono-, di-, and trimethylation of H3K36 (Strahl et al., 

2002). H3K36 methylation is often associated with transcriptional activation. FvSET2 
(FVEG_06937) has been deleted in F. verticillioides, and was shown to be required for 

H3K36me3, similar to what has been seen in N. crassa and S. cerevisiae (Adhvaryu et al., 

2005; Strahl et al., 2002). Set2 was similarly required for normal levels of the mycotoxin 

fumonisin B1, demonstrating the requirement of H3K36me3 for production of at least one 

secondary metabolite, however the study did not determine if this modification is present at 

the BGC itself (Gu et al., 2017c). Set2 (FFUJ_08690) is also required for distributing the 

majority of H3K36me3 modifications in F. fujikuroi, and plays a role in regulating various 

secondary metabolites such as fusarins, fusarubins, and gibberellic acids (Janevska et al., 

2018). Set1 H3K36me3 was found mostly within euchromatic regions in F. fujiuroi, and 

overlaps with the pattern of H3K4me2/3.

4.1.5. Ash1—Ash1 (FFUJ_05655) is a H3K36 methyltransferase, responsible for a 

minority of H3K36me3 in F. fujikouroi. The other H3K36 methyltransferase in F. fujikouroi 
is Set2 (FFUJ_08690) (Section 4.1.4), and in a double deletion there is a complete loss of 

H3K36me3. These two methyltransferases appear to target different chromosomal regions, 

and Ash1 mediated H3K36me was typically found in facultative heterochromatin located in 

subtelomeric regions (Janevska et al., 2018). These regions overlap with H3K27me3, a 

silencing mark placed by Kmt6 activity (Section 4.1.3). This suggests a very different role 

for K36 methylation for filamentous fungi than what is seen in other species including yeasts 

and higher eukaryotes (Janevska et al., 2018). Deletion of Ash1 led to either an increase or 

decrease of several metabolites such as gibberellic acids, bikaverin, fusarins, fusarubins, and 

fusaric acid which are primarily located in facultative heterochromatin. This work strongly 

suggests that the location and the chromatin context can strongly influence the function of a 

modification.

4.1.6. DOT1—Dot1 is a H3K79 methyltransferase in yeast, and has not been studied in 

filamentous fungi heavily. A dot1 homolog (AFLA_093140) in A. flavus has been deleted, 

and shown to transcriptionally regulate the aflatoxin BGC (Liang et al., 2017). However, it 

remains unclear if this homolog does in fact regulate H3K79 methylation, or how prevalent 

this modification is in filamentous fungi.

4.1.7. Hmt1—There are only two examples of protein arginine methyltransferases 

(PRMT) studied in the context of secondary metabolism, both are homologs of the S. 
cerevisiae gene Hmt1 (YBR034C). Methylation of arginine can be activating or repressing, 
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depending on whether the methylation is symmetrical (one methyl group on each of the 

terminal nitrogens) or asymmetrical (two methyl groups to one terminal nitrogen) (Di 

Lorenzo and Bedford, 2011). The Hmt1 homolog arginine methyltransferase A (RmtA, 

AN10526) has been shown to have H4R3 specificity in A. nidulans (Trojer et al., 2004). 

There was no general growth phenotype observed in the deletion mutant, and secondary 

metabolite production was not tested, however the deletion of this homolog, amt1 
(FGSG_01134) in F. graminearum led to a decrease in radial growth and production of the 

mycotoxin deoxynivalenol (Bauer et al., 2010; Wang et al., 2012). Similar to F. 
graminearum, the Hmt1 homolog in A. flavus RmtA (AFLA_127370) positively regulates 

the production of the mycotoxin aflatoxin (Satterlee et al., 2016). Although not 

demonstrated to contain the arginine methylation ability in either F. graminearum or A. 
flavus, the high homology to A. nidulans suggests that impact is due to the loss of H4R3 

methyltransferase activity. However, there is no evidence whether this modification present 

at the deoxynivalenol or aflatoxin BGCs, so it is not known if the PTM presents a direct or 

indirect relationship.

4.2. Acetyltransferases

Histone acetylation has been proposed and subsequently found to be associated with 

transcriptional activation since the 1960s (Allfrey et al., 1964; Pogo et al., 1966). Histone 

acetyltransferases (HAT) will transfer the acetyl group from acetyl-CoA to lysines in the 

histone tails, and can be very promiscuous in their specificity, and not just targeting a single 

lysine (Struhl, 1998). The general hypothesis is that the acetylation of a lysine will negate 

the positive charge of that amino acid, decreasing the interaction between the histone and 

DNA. The weaker the interaction between these two bodies, the more open the DNA is, 

allowing for higher rates of transcription (Berger, 2007; Workman and Kingston, 1998). 

Outside of genetic manipulation of HATs, acetylation has been shown to be an important 

natural process of progressive gene cluster activation in A. flavus (Roze et al., 2007). In 

addition, mutation of histone residues which can no longer be acetylated showed a decrease 

in secondary metabolite production (Nützmann et al., 2013). Although only one complex is 

mentioned below, HATs are often part of larger complexes and require these binding 

partners to carry out their respective functions in the cell (Lee and Workman, 2007). The 

HATs which have been shown to regulate secondary metabolism are described below.

4.2.1. SAGA/Ada—The Spt-Ada-Gcn5 acetyltransferase (SAGA) complex is a highly 

conserved global chromatin regulating complex, impacting 13% of the genome in S. 
cerevisiae (Lee et al., 2000), and ~10.9% in A. nidulans (Cánovas et al., 2014). This 

complex in S. cerevisiae is responsible for the acetylation of histones, as well as the 

deubiquitination of the H2B tail (Georgakopoulos et al., 2013; Shukla et al., 2006). The best 

studied SAGA complex in regards to secondary metabolism is in A. nidulans, where it was 

found to mediate the fungal secondary metabolite response to co-culture with Streptomyces 
rapamycinicus (Fischer et al., 2018; Nützmann et al., 2011). The complex in A. nidulans 
lacks the deubiquitination components of the yeast SAGA/Ada complex, and suggests that 

this type of chromatin remodeling is mediated from another complex (Georgakopoulos et al., 

2013). GcnE, a histone acetyltransferase and member of the SAGA complex, has also been 

shown to interact with the light regulated protein, LreA, mediating histone acetylation in 
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response to light (Hedtke et al., 2015). The role of GcnE has been heavily studied in A. 
nidulans, and is responsible for acetylation of H3K9 and H3K14 residues at many genomic 

loci such as at BGCs (e.g. orsellinic acid BGC), nitrogen utilization genes, and 

developmental regulators (Bok et al., 2013; Cánovas et al., 2014; Fischer et al., 2018; 

Nützmann et al., 2011; Reyes-Dominguez et al., 2008). The SAGA/Ada complex is the 

bacterial target in an additional co-culture interaction between the bacterium Pseudomonas 
piscium, found in the wheat head microbiome, and the wheat pathogen F. graminearum 
(Chen et al., 2018). In this interaction, P. piscium produces a metabolite which inhibits 

FgGcn5 (FGRRES_00280), which impacts histone acetylation of many residues including 

H3K14, H3K18, H3K27, and H2BK11 acetylation. This and one other study reported that 

FgGcn5 is required for deoxynivalenol production (Chen et al., 2018; Kong et al., 2018). 

Together, these papers provide a mechanism of how co-culture can control production of 

secondary metabolites through chromatin regulation, and how this is an integral aspect of 

microbial communication.

The SAGA complex has also been identified in the rice pathogen F. fujikuroi, whose protein 

composition matched that of A. nidulans (Rösler et al., 2016). Deletion of Ffgcn5 
(FFUJ_00382) and two other components of the SAGA complex, Ffada2 (FFUJ_08807) and 

Ffada3 (FFUJ_00496), all resulted in alterations in secondary metabolism production 

including gibberellic acids, fusarubin, fusaric acid, and bikaverin. Unlike what is seen in A. 
nidulans, there is no global change in acetylation levels of H3K14, however there are global 

loses of acetylation levels at H3K4, H3K9, H3K18, and H3K27 when the HAT gcnE is 

deleted in F. fujikuroi (Rösler et al., 2016). The Gcn5 (TRIATDRAFT_47901) homolog in 

the mycoparasite Trichoderma atroviride similarly regulates secondary metabolism genes, 

however the metabolites themselves were not quantified (Gómez-Rodríguez et al., 2018). 

The changes in expression patterns did not alter T. atroviride parasitism of the 

phytopathogenic fungus Rhizoctonia solani. In A. flavus, AflgcnE is required for aflatoxin 

production (Lan et al., 2016). Finally, an examination of the gcn5 deletion mutant in 

Ustilago maydis provides one of the few studies to show an impact of chromatin modifiers 

on secondary metabolism in the Basidiomycete taxon of fungi (Martínez-Soto et al., 2015).

4.2.2. Esa1—The only S. cerevisiae Esa1 (YOR244W) homolog that has been studied in 

relation to secondary metabolism in filamentous fungi is EsaA (AN10956) a MYST (named 

for its founding members; MOZ, Ybf2/Sas3, Sas2, and Tip60) type acetyltransferase. Esa1 

is a member of the NuA4 complex, and acetylates many lysine residues of H4, including K5, 

K8, and K12, as well as H2BK5 (Smith et al., 1998; Suka et al., 2001). EsaA was identified 

from a suppressor screen of the deletion of the global regulator of secondary metabolism 

laeA in A. nidulans (Soukup et al., 2012). In a ΔlaeA strain, overexpression of esaA was 

able to restore production of sterigmatocystin. The overexpression of EsaA also led to the 

increase in production of several other secondary metabolites (penicillin, xanthones, and 

emericellin). Although there are several lysines targeted by EsaA homologs, in A. nidulans 
its upregulation of secondary metabolite BGCs seems to come from its acetylation of 

H4K12 as assessed by ChIP-qPCR.
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4.2.3. Sas3—The second MYST type acetyltransferases to be studied for their control of 

secondary metabolism are the something about silencing (Sas3) yeast homologs. Sas3 

(YBL052C) is part of the NuA3 histone acetyltransferase complex, and has been shown to 

regulate secondary metabolism in two species. In Pestalotiopsis microspora the Sas3 

homolog mst2 (KX268363) is a positive regulator of pestalotiollide B and the melanin 

associated polyketide synthase (Zhang et al., 2018). Conversely, deletion of the homolog in 

Metarhizium robertsii (HAT1, MAA_02282) was used to discover several novel natural 

products which were highly produced in the deletion mutant, including meromusides A-I, 

and meromutides A and B (Fan et al., 2017). There is a 50% decrease in histone acetylation 

of H3 when HAT1 is deleted, indicating it is responsible for a significant amount of the H3 

acetylation in M. robertsii. Finally, FgSas3 (FGRRES_08481) positively transcriptionally 

regulates the production of deoxynivalenol in F. graminearum (Kong et al., 2018).

4.2.4. Hat1—There are two major classes of histone acetyltransferases, type A and B 

(Ruiz-García et al., 1998), categorized on the basis of where they are located and what they 

acetylate. Type A acetylates chromatin associated histones in the nucleus while Type B is 

cytoplasmic and acetylates free histones. Of these type B histone acetyltransferases, there is 

one in particular which has been shown to regulate secondary metabolism, Hat1 

(ANS59908) (Zhang et al., 2016). Hat1 was deleted in P. microspora, and was shown to be 

required for production of several secondary metabolites including pestalotiollide B. The 

exact mechanism of how Hat1 functions has not been defined, so whether this is a direct or 

indirect relationship of Hat1 to secondary metabolite BGCs is yet to be determined.

5. Erasing the code

The antagonists to the epigenetic writing machinery are the epigenetic erasers. These 

enzymes catalyze the removal of the histone PTMs that are written on histone tails. It is this 

balance between ‘erasers’ and ‘writers’ that makes chromatin regulation a dynamic process. 

There are two groups of eraser enzymes which have been studied in relation to secondary 

metabolism, those that remove the acetyl-PTM from histone tails (histone deacetylases, 

HDAC) and those which remove the methyl groups (demethylases) (Table 1).

5.1. Histone demethylases

As discussed in Section 4.1, histone tail lysines are the primary residues modified by histone 

methyltransferase. The reversible methylation mark can be removed by lysine demethylases, 

of which there are two reported classes; those which are amino oxidase homologs of KDM1 

(KIAA0601), and those which contain the Jumonji C (JmjC) domain (D’Oto et al., 2016). 

However, only the class which contains a JmjC domain which can remove all three 

methylation states of a lysine (Klose et al., 2006; Tsukada et al., 2006), and are discussed 

below.

5.1.1. Rph1—The yeast homolog of Rph1, lysine(k) demethylase A (KdmA, AN1060), 

has been shown to have K36 demethylase activity, and is a transcriptional regulator of 

primary and secondary metabolism genes (Gacek-Matthews et al., 2015). The deletion of 

kdmA in A. nidulans did not lead to an increase in global H3K36me3/2 levels but did impact 
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methylation at specific loci. For example, the local levels of H3K36me3 increased at the 

penicillin and sterigmatocystin BGCs in the deletion mutant. Expression of several other 

BGCs were altered (both increased and decreased) in the A. nidulans kdmA deletion mutant, 

however whether this is a direct or indirect relationship is to be determined. The homolog of 

KdmA in F. fujikuroi (KDM4, FFUJ_01769), similarly did not lead to any noticeable 

changes in global H3K36me3 levels (Janevska et al., 2018). In addition, there were no 

differences in the four secondary metabolites measured, providing additional evidence that 

chromatin regulation varies between species of fungi.

5.1.2. Jhd2—The second lysine demethylase, KdmB (AN8211) to be studied in A. 
nidulans was also shown to be a regulator of secondary metabolism and is the homolog of 

the JmjC domain-containing histone demethylase (JHD2) in S. cerevisiae. KdmB is a 

specific H3K4me3 demethylase, which is an activating mark. Transcriptomics and ChIPseq 

identified regions which are regulated directly and indirectly via KdmB (Gacek-Matthews et 

al., 2016). BGCs and cell structure and function genes were among the most regulated genes 

in the deletion mutant. Deletion of kdmB led to the loss of sterigmatocystin, 

emericellamides, and orsellinic acid, and an increase in emodin production. Interestingly 

even in BGCs, such as the sterigmatocystin BGC, when activated, the H3K4me3 mark is 

largely absent, indicating that it is either present at very low levels or the BGC activation 

was indirect. The homolog (Rum1, AFLA_006240) in A. flavus has also been shown to 

regulate aflatoxin production transcriptionally (Hu et al., 2018).

5.2. Histone deacetylases

Histone deacetylases (HDACs), were the first histone modifying enzymes shown to link 

secondary metabolism with chromatin remodeling in fungi (Shwab et al., 2007). HDACs are 

responsible for the removal of acetyl groups, and can be placed into four classes. There are 

three “classical” HDAC classes; Class I (Rpd3-like), Class II (HdaI-like), and Class IV (Seto 

and Yoshida, 2014). Class IV enzymes have only been identified in plants and mammals and 

are not present in fungi (Graessle et al., 2001). These classical HDACs are similar in their 

requirement for zinc and remove the acetyl group with a molecule of H2O (Grunstein, 1997; 

Kuo and Allis, 1998), whereas the HDAC Class III (sirtuins) are NAD+ dependent HDACs 

(Marks and Xu, 2009).

Histone acetylation is typically associated with transcriptional activation. The original 

hypothesis from the 2007 study was that removal or inhibition of enzymes which erase this 

particular mark would result in increased gene activation and concomitant increases in 

secondary metabolite production (Fig. 2). Shwab et al. looked at three particular HDACs, 

each one belonging to a different class of HDACs, and tested for any regulation of 

terraquinone, sterigmatocystin, and penicillin in A. nidulans, and found that HdaA was a 

negative regulator of the two subtelomeric BGCs of sterigmatocystin and penicillin (Shwab 

et al., 2007). In addition, treatment with the small molecule HDAC inhibitor tricostatin A 

(TSA) influenced the production of secondary metabolism in both Alternaria alternata and 

Penicillium expansum (Shwab et al., 2007). Since this study, research on HDACs control 

over secondary metabolism has exploded. Below we summarize the work performed in each 

HDAC class, using the nomenclature originally described in S. cerevisiae.
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5.2.1. Class I—There are two reported Class I HDACs in S. cerevisiae, Rpd3 (reduced 

potassium dependency) and Hos2 (HAD one similarity) (Robyr et al., 2002; Rundlett et al., 

1996). Rpd3 is often used as the architype of the Class I HDAC. Although not as heavily 

studied as the Class II HDACs for induction and study of secondary metabolism, Class I 

HDACs can be utilized to discover novel secondary metabolites. Of note, Rpd3 homologs 

have been found to be essential in most filamentous fungi in contrast to the dispensable 

nature of this protein in S. cerevisiae.

5.2.1.1. Rpd3. One of the major members of the Class I HDACs are Rpd3-like 
enzymes.: Rpd3 (YNL330C) was originally named in S. cerevisiae and is conserved from 

yeast to humans (Taunton et al., 1996; Vidal et al., 1990). The Rpd3 homolog in A. nidulans 
(rpdA, AN4493), and in F. fujikuroi (Ffhda3, FFUJ_00456), are both essential genes (Studt 

et al., 2013; Tribus et al., 2010). The metabolome of an A. nidulans rpdA knockdown strain 

was analyzed alongside a wild-type strain, and compared to a strain grown with the HDAC 

chemical inhibitor suberoylanilide hydoxamic acid (SAHA). Interestingly the profile of both 

the chemical inhibitor as well as the rpdA knockdown showed great similarities in the array 

of secondary metabolites up and down regulated (Albright et al., 2015). In a follow up study, 

this knockdown strain was also used to identify novel aspercryptins in A. nidulans (Henke et 

al., 2016).

5.2.1.2. Hos2.: The S. cerevisiae Hos2 (YGL194C) homolog in F. fujikuroi, Ffhda2 
(FFUJ_01551), was shown to be a regulator of secondary metabolism. Ffhda2 was 

responsible 25% of total HDAC activity in this fungus and shown to be a positive regulator 

of the secondary metabolites bikaverin, gibberellic acids, fusaric acid, and fusarins (Studt et 

al., 2013). The A. nidulans homolog (HosA, AN3806) is both a positive and negative 

transcriptional regulator; repressing the orsellinic acid BGC and activating the penicillin 

BGC. ChIP-qPCR of several of these upregulated clusters showed they had an enrichment of 

H3K9ac and H4K16ac in their promoters, demonstrating the role of HosA as a chromatin 

remodeling agent (Pidroni et al., 2018).

5.2.2. Class II—A prominent member of the Class II HDACs is HDA1 (histone 

deacetylase 1), one of the best studied histone modifying enzymes in regards to secondary 

metabolism. The second member from S. cerevisiae in Class II is Hos3, which is not found 

outside of fungi.

5.2.2.1. Hda1.: The HDA1 ortholog HdaA was shown to be responsible for the majority of 

HDAC activity in A. nidulans, and appears to be active as a monomer (Tribus et al., 2005). 

As detailed above, deletion of HdaA (AN8042) in A. nidulans led to increased expression of 

the subtelomeric BGCs producing penicillin and sterigmatocystin (Shwab et al., 2007). 

HdaA (Afu5g01980) was also found to regulate some secondary metabolites in A. fumigatus 
including gliotoxin, as well as other unknown metabolites (Lee et al., 2009). In this species, 

HdaA positively and negatively regulated several BGCs containing NRPSs. There was no 

measurable increase in global histone H3 acetylation when hdaA was deleted in A. 
fumigatus as may have been expected considering that HdaA is responsible for the majority 

of HDAC activity in A. nidulans (Lee et al., 2009; Tribus et al., 2005).
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The HdaA homolog in F. fujikuroi, Ffhda1 (FFUJ_09787), was similarly found to be 

responsible for the majority of HDAC activity (> 60%). Of the several secondary metabolites 

measured, Ffhda1 acts as both a positive (bikaverin, fusarubins, gibberellic acids, and fusaric 

acid) and negative (bikaverin during highly inducing conditions) regulator. Genome wide 

analysis of H3K9ac was assessed by ChIP-seq, and generally the trend of loss of acetylation 

coincided with loss of metabolite, and vice versa (Studt et al., 2013). The F. fujikuroi 
metabolite, beauvericin, observed in the Ffhda1 deletion strain was later assigned to an 

uncharacterized BGC (Niehaus et al., 2016). This gene cluster was shown to be repressed by 

the H3K27 methyltransferase Ffkmt6 (Section 4.1.3), and it was shown that the activating 

H3K274ac modification is enriched both genome wide (western blotting), and at the 

beauvericin cluster (ChIP-qPCR) (Niehaus et al., 2016).

Several other studies have utilized HdaA homologs to modulate the production of secondary 

metabolites. P. fici has been examined for metabolite changes in response to PfhdaA 
(PFICI_08988) deletion (Wu et al., 2016). In the absence of PfhdaA, the metabolites 

ficiolides and asperpentyn were upregulated, indicating either direct or indirect regulation of 

secondary metabolism from PfhdaA. Similarly, in Pestalotiopsis microspora the HdaA 

homolog named hid1 (GenBank: AHE63221. 1), is a negative regulator of pestalotiollide B, 

and increased the production of this metabolite by two fold even in media conditions that 

had been optimized for production (Niu et al., 2015). Deletion of the HdaA homolog in 

Magnaporthe orzyae led to increase in melanin biosynthetic gene expression, and its deletion 

led to an increase in trichothecenes in Fusarium asiaticum (Maeda et al., 2017). In the 

endophyte Calcarisporium arbuscular, hdaA deletion drastically modified the secondary 

metabolite profile, resulting in activation of over 75% of the biosynthetic enzymatic 

backbone encoding genes, and discovery of several metabolites including arbumycin, 

arbumelin, arubuscullic acid A and B (Mao et al., 2015). Additional metabolites isolated 

from the deletion mutant demonstrated inhibition of expression of matrix 

metalloproteinases, in human breast cancer cells (Bai et al., 2018). Interestingly, previous 

attempts to induce expression of secondary metabolites from this fungus using epigenetic 

inducing chemicals or different media were not successful (Mao et al., 2015). Taken 

together, these studies on C. arbuscular demonstrate the need to examine more than one 

method to induce metabolite production. The Hda1 homolog in Penicillium chrysogenum, 
hdaA (EN45_076690), regulated the chryogine and sorbicillinoid BGC, and led to the 

production of an unknown metabolite (Guzman-Chavez et al., 2018).

5.2.2.2. Hos3.: The third set of fungal HDACs are homologs of Hos3 (YPL116W) 

originally identified in S. cerevisiae (Rundlett et al., 1996). This subset of Class II HDAC 

enzymes are unique to fungi, and are resistant to the HDAC inhibitor TSA (Carmen et al., 

1999; Trojer et al., 2003). In F. fujikuroi the Hos3 homolog Ffhda4 (FFUJ_08772) was not 

responsible for a significant amount of the HDAC activity in the fungus, and no changes in 

secondary metabolite production were observed when the gene was deleted although the 

mutant did show aberrant development which is often tied in with secondary metabolism 

(Studt et al., 2013). The A. nidulans Hos3 homolog hosB (AN7019) does show intrinsic 

HDAC activity, however has not been studied in the context of secondary metabolism 

(Trojer et al., 2003).
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5.2.3. Class III: sirtuins—The last class of HDACs are called the sirtuins which are 

known as Class III HDACs. Sirtuins erase acetylation, on both histones and other proteins, in 

a NAD+ dependent manner (Bheda et al., 2016). Sirtuins have been shown to demonstrate 

different sub cellular localizations, and not all sirtuins have been able to demonstrate 

deacetylase activity, suggesting sirtuins have several functions (Du et al., 2011; Michishita et 

al., 2005). Sitruins can be placed into four classes (I-IV). All classes are not present in all 

organisms, such as prokaryotes which do not contain classes II and IV (Frye, 2000). The A. 
nidulans class I sirtuin HstA sirtuin (AN11067) was the first sirtuin to be examined for an 

impact on secondary metabolism where it had no impact on the three metabolites measured 

in that study (Shwab et al., 2007). However, with the increased panel of known A. nidulans 
secondary metabolites and advances in mass spectrometry technologies, there may in fact be 

changes in some metabolites that were unable to be detected previously.

Another A. nidulans sirtuin, SirA (AN10449) the homolog of the class I sirtuin Hst1 in S. 
cerevisiae, was shown to deacetylate H4K16 in the promoter regions of the penicillin and 

sterigmatocystin BGCs (Shimizu et al., 2012). A transcriptomic study of the sirA deletion 

mutant showed both up and down regulated secondary metabolite BGCs, and measured 

increases in austinol and sterigmatocystin production (Itoh et al., 2017b). Another class I 

sirtuin SirE (AN1226) has also been studied in A. nidulans, and was found to regulate both 

primary and secondary metabolism (Itoh et al., 2017a). Deletion of sirE led to an increase in 

H3K9ac, H3K18ac, as well as H3K56ac during various growth conditions (Itoh et al., 

2017a).

Sirtuins have also been studied in A. oryzae, where it was found that the A. nidulans sirE 
homolog hstD (AO090038000370) regulates development and secondary metabolism, 

specifically the production of penicillin and kojic acid (Kawauchi et al., 2013). An epistatic 

relationship was shown between hstD and the global regulator of secondary metabolism 

laeA, where laeA phenotype was dominant to that of hstD, whether hstD was overexpressed 

or deleted.

6. Reading the code

The final group of proteins to be discussed is the epigenetic “reading” machinery. Readers 

can interpret the code, and are required for the writing and erasing enzymes to find the 

correct genomic loci to modify (Yun et al., 2011). Readers contain protein domains which 

recognize specific histone modifications and some of these domains can be contained within 

a writing or erasing protein itself (Gacek-Matthews et al., 2016). There are several domains 

that can recognize various histone modifications, and each has a particular preference for 

recognizing a histone modification (e.g. Bromo domain and acetylation, Tudor domain and 

methylation). One can find many proteins containing reading domains in the genomes of 

fungi (Table 2). Despite this high number (~83 proteins containing reading domains Table 2) 

there are only three examples of reading proteins having been studied in the context of 

secondary metabolism. Thus, reading proteins represent the area with the greatest space for 

exploration.
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6.1. Spp1

Deletion of SppA (AO090003001570), homolog of the S. cerevisiae Spp1 (YHR184W), was 

shown to repress astellolide production in A. oryzae (Shinohara et al., 2016). SppA contains 

a single plant homeodomain (PHD, referred to as a PHD finger) which is an example of an 

epigenetic reading domain that typically recognizes lysine methylation (Musselman and 

Kutateladze, 2009; Sanchez and Zhou, 2011). This reader is a member of the COMPASS 

complex (4.1.1). The loss of sppA led to an equal reduction in H3K4me3 as the deletion of 

the COMPASS methyltransferase cclA, however the levels of H3K4me/me2 were consistent 

as is seen in the cclA deletion, and is unlike what is seen in a set1 deletion (Liu et al., 2015; 

Shinohara et al., 2016). The Spp1 homolog in F. graminearum however is dispensable for 

H3K4me3 (Liu et al., 2015). This underlines the importance of a reader; where manipulation 

can lead to a similar output as deletion of a writer or eraser.

6.2. HP1

Heterochromatin protein 1 (HP1) is an epigenetic reader that has a major role in 

heterochromatin formation. HP1 and its homologs contain two conserved protein domains, 

an N-terminal chromo-domain and a C-terminal chromo-shadow domain. The N-terminal 

chromo-domain is required for recognition of the repressive H3K9me modification, which is 

required for function (Bannister et al., 2001; Platero et al., 1995). This protein is conserved 

in many species, however is absent in S. cerevisiae thus most of the fungal work on this 

particular protein has been in S. pombe and N. crassa (Freitag et al., 2004; Wang et al., 

2000).

The HP1 homolog has been studied in A. nidulans (HepA, AN1905) and F. graminearum 
(HEP1, FG08763) (Reyes-Dominguez et al., 2012, 2010). HEP1 positively regulates the 

deoxynivalenol BGC and negatively regulates aurofusarin in F. graminearum. The loss of 

Hep1 led to a decrease in H3K9me at both clusters, despite one being activated and the other 

repressed, (Reyes-Dominguez et al., 2012). In A. nidulans, ChIP with HepA showed it 

covered the secondary metabolite BGC of sterigmatocystin, and was removed in a laeA 
dependent manner (Reyes-Dominguez et al., 2010). The deletion of hepA led to an increase 

in transcript of several BGCs including sterigmatocystin, penicillin, and terriquinone BGCs. 

This study was the first demonstration of facultative heterochromatin controlling expression 

of BGCs.

6.3. Snt2

Aspergillus nidulans SntB (AN9517), named for homology to S. cerevisiae Snt2, was 

recognized as a regulator of secondary metabolism from a forward genetic screen in A. 
nidulans (Pfannenstiel et al., 2017). SntB contains five conserved domains that recognize 

specific histone tail modifications: the SANT domain, three PHD fingers, and one 

bromoadjacent homology (BAH) domain. The BAH domain contained two mutations which 

led to amino acid substitutions in the mutant that arose from the screen, indicating that this 

BAH domain is crucial for function. In A. nidulans, it was shown that deletion of this 

reading protein led to misregulation of secondary metabolism, with increases (F-9775A/B) 

and decreases (sterigmatocystin, alternariol, microperfuranone, and cichorine) in various 

metabolites. This phenotype was conserved in A. flavus (AFLA_029990), where deletion 
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led to the loss of many secondary metabolites (aflavarin, aflatoxin, asparasoneA, aflatrem, 

and kojic acid) but an increase in the production of the cryptic metabolites ditryptophenline 

and leporine B (Pfannenstiel et al., 2018). Studies in fission and budding yeasts show that 

the yeast Snt2 complex contains various readers and writers that differ with Snt2 complexed 

with RpdA (S. cerevisiae) or KdmB (S. pombe) (Baker et al., 2013; Roguev et al., 2004). 

Assessment of the global histone modifications in the A. flavus sntB deletion showed an 

increase in both histone H3 acetylation as well as H3K4me3, suggesting that Aspergillus 
SntB may form a hybrid complex with these two epigenetic erasers (Pfannenstiel et al., 

2018).

7. Chemical inhibition of epigenetic machinery

Although molecular manipulation of epigenetic machinery has greatly added to the quest for 

increased secondary metabolite synthesis in fungi, this tactic is not possible for all fungi as 

many remain recalcitrant to genetic transformation. However, it is also possible to alter 

chromatin modifications utilizing small molecule inhibitors of chromatin regulators (Cole, 

2008). The first example that chemical small molecule inhibitors could be used to awaken 

silent BGCs was the treatment of A. alternata and P. expansum with the HDAC inhibitor and 

antifungal antibiotic trichostatin A (Shwab et al., 2007). Since this study, the use of chemical 

treatment to induce expression of silent BGC has grown.

One of the two primary groups of inhibitors utilized inhibit DNA methyltransferases 

(DNMTs). The DNMT inhibitor 5-azacytidine is the most commonly used chemical which 

inhibits DNA methylation when incorporated into DNA (Christman, 2002). 5-azacytidine 

has been used to successfully identify novel metabolites in Alternaria sp. (Sun et al., 2012), 

A. niger (Fisch et al., 2009), Beauveria bassiana (Yakasai et al., 2011), Cladosporium 
resinae (Khan et al., 2017), Cladosporium cladosporioides (Williams et al., 2008), 

Cordyceps indigotica (Asai et al., 2012d), Diatrype sp. (Williams et al., 2008), Muscodor 
yucatanensis (Qadri et al., 2017), Penicillium citreonigrum (Wang et al., 2010), and 

Pestalotiopsis crassiuscula (Yang et al., 2014). A second DNMT inhibitor, RG-108, which 

blocks the active site of DNMTs (Savickiene et al., 2012), was used with success to induce 

secondary metabolism in Isaria tenuipes (Asai et al., 2012a).

The second class of inhibitors used targets HDACs. Five inhibitors that have met with 

success in increasing secondary metabolite production in fungi target the Class I and Class II 

HDACs: octanoylhydroxamic acid (OHA), trichostatin A, sodium valproate (VPA), SAHA 

(vorinostat), and suberoyl bis-hydroxamic acid (SBHA) (Marks and Xu, 2009). Trichostatin 

A was the first inhibitor used to show HDAC inhibitors can change secondary metabolite 

profiles (Shwab et al., 2007). SAHA has been used by several groups to identify novel 

metabolites in A. nidulans (Albright et al., 2015), A. niger (Henrikson et al., 2009), Chalara 
sp. (Adpressa et al., 2017), C. resinae (Khan et al., 2017), Daldinia sp. (Du et al., 2014), 

Drechslera sp. (Siless et al., 2018), Microascus sp. (Vervoort et al., 2011), and M. 
yucatanensis (Qadri et al., 2017). OHA is an analog of SAHA which has induced production 

in Drechslera sp. (Siless et al., 2018). SBHA has also been widely used in B. bassiana 
(Yakasai et al., 2011), Cordyceps annullata (Asai et al., 2012b), C. cladosporoides (Williams 

et al., 2008), C. indigotica (Asai et al., 2012e), I. tenuipes (Asai et al., 2012a), and 
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Torrubiella luterorostrata (Asai et al., 2011). Lastly, VPA has been used successfully in 

Drechslera sp. (Siless et al., 2018).

Class III HDAC inhibitors can also be used to alter the secondary metabolite profile of 

strains. The most common Class III inhibitor that has been used is nicotinamide, which 

binds to a conserved pocket of the HDAC that is responsible for the NAD+ binding and 

catalysis (Avalos et al., 2005). Sodium butyrate, sirtinol, and splitomycin have also been 

used, but not nearly as widely as nicotinamide. Nicotinamide has been successful in 

inducing metabolite production in Chaetomium canroideum (Asai et al., 2016), Chaetomium 
mollipilium (Asai et al., 2012c), Graphiopsis chlorocephala (Asai et al., 2013), Monascus 
ruber (Hu et al., 2017), and Penicillium brevicompactum (El-Hawary et al., 2018). A 

secondary metabolite produced by Didymobotryum rigidum, 5-methylmellein, was 

identified as an inhibitor of SirA from A. nidulans, and treatment of this inhibitor led to 

increased metabolite profiles in A. nidulans (Shigemoto et al., 2018).

8. Future prospects

In the approximate 10 years since the first publication of epigenetic regulation of secondary 

metabolism in fungi (Shwab et al., 2007), research has exploded in the applications of this 

concept to mining fungal genomes (Fig. 2). This has expanded to additional fungi, types of 

histone modifying enzymes, and inhibitors. Despite the growth, there are still several areas 

which need additional attention as the field continues to study the regulation of BGCs 

through epigenetic proteins (Fig. 3).

The first area that needs to be expanded is the taxa of fungi to be studied (Fig. 3a). As seen 

in Table 1, the vast majority of research has focused on the Ascomycete genera Aspergillus 
and Fusarium. The fungi that have been studied outside of these two genera have also been 

almost exclusively Ascomycetes, whether through genetic manipulation or treatment with 

chemical inhibitors. Members of the Basidiomycetes and Mucorales, many rich in various 

secondary metabolites, have largely been ignored in epigenetic mining. Although these fungi 

are less accessible to genetic manipulations, treatment with chemical inhibitors might 

stimulate production of cryptic metabolites.

A second area of great interest is characterizing the mechanism of microbial interactions, 

and how this controls secondary metabolism (Fig. 3b). Currently there have been two 

phenomenon in a microbial interaction that has controlled secondary metabolism, 

interestingly both through the SAGA/Ada complex (Chen et al., 2018; Nützmann et al., 

2011). Additional interactions should be characterized to see if this is a common theme, or if 

regulation of secondary metabolism occurs through different epigenetic complexes. For 

instance, several of the Fusarium metabolites regulated by the histone deacetylase HdaA 

(bikaverin, gibberellic acid and beauvericin) are induced by confrontations with the 

bacterium Ralstonia solanacearum (Spraker et al., 2018) possibly an indication of bacterial 

regulation of these BGCs through affecting HdaA expression.

The types of histone modifying proteins studied has been limited, and should be expanded in 

order to understand chromatin regulation of BGC (Fig. 3c). Erasers and writers that place 
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and remove phosphorylation, ubiquitylation, sumoylation, ADP ribosylation, and 

deamination of histone tails have not been assessed. Also there is little known about how 

epigenetic readers regulate secondary metabolism. Possibly this group of enzymes which 

may inform us the most as to how secondary metabolite gene clusters are regulated. It is this 

group of proteins which will tell us how the writers and erasers arrive to the locations that 

they need to act, as well as what modifications are there based off of the recognition 

domains within the reading proteins themselves. On several occasions it has been seen that 

heterochromatic regions flank several well characterized BGCs (Palmer and Keller, 2010). 

The question of how the BGC chromatin is regulated, may have to do with specific histone 

modifications that cover the BGC. Along the same vein, the types of chemical inhibitors 

used in genome mining for secondary metabolites has also been extremely limited, and in 

order to establish more efficient and complete genome mining efforts, additional chemical 

inhibitors should be used. On the forefront of epigenetic therapies for cancer and other 

genetic diseases are inhibitors of epigenetic reader domains (Greschik et al., 2017; Zaware, 

2017). These types of inhibitors are untested when it comes to fungi, and represent a novel 

manner in chromatin perturbation to induce expression of silent BGC (Fig. 3d).

This review has shown that there is no one perfect way to manipulate chromatin regulators to 

induce expression of all silent BGC. It will be a combination of multiple strategies through 

molecular means of those fungi which are genetically amenable, as well as the use of 

multiple chemical inhibitors of these proteins which will increase the efficacy of genome 

mining efforts. Ideally the knowledge gleaned from this research will increase the push for 

utilizing fungal secondary metabolites as new pharmaceutical drugs and antibiotics.
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Fig. 1. 
Histone tail modifications and the enzymes that regulate them. A) Representation of two 

nucleosomes, and the sequences of the tails of histones H3 and H4 whose post translational 

modifications (PTM) have been best studied in regards to secondary metabolism. PTM have 

been placed on residues that have been demonstrated to regulate secondary metabolism. Ac- 

acetylation. Me-methylation. B) The actions of the three classes of epigenetic machinery. 

Each protein is acting at a nucleosome, with just two histone tails being shown instead of the 

eight for simplicity. “Writers” (green) place modifications on histone tails, as represented by 

the blue dot. “Erasers” (light blue) remove the PTM, illustrated by the blue dot moving in 

the opposite direction as seen in the “writer”. Lastly, “readers” (blue) recognize the PTM on 

histone tails, bringing the writers and/or erasers to the correct genomic loci to act at. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 2. 
Strategies for interfering with chromatin regulation. A) Action of an epigenetic eraser under 

wild-type conditions. This enzyme removes the activating modifications represented by the 

blue dots, which leads to more condensed, repressed chromatin where BGC are often found. 

B) Deletion of the eraser prevents the removal of the activating modifications, and the 

chromatin remains open and active, allowing for expression of genes which are typically 

repressed. C) Adding chemical inhibitors (represented by the light blue hexagons) which 

prevent the eraser from removing the activating PTM. This leads to a similar outcome as 

deletion of the enzyme, and allows for expression of genes which are typically repressed. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 3. 
Areas of future research. Depiction of a fungal hyphae, which contains two nuclei 

represented by the ovals. Each letter represents an area that needs further research relating to 

chromatin regulation of secondary metabolism. “a” is labeling the fungus, because despite 

the extensive research that has occurred within Aspergillus and Fusarium, very few taxa of 

fungi have been studied for how their BGC are regulated by chromatin. “b” marks the 

bacterial interaction which has been demonstrated to regulate secondary metabolite 

production. “c” a zoomed in look in the nucleus, shows chromatin with various purple 

reading proteins. This represents an untapped resource of proteins which may be controlling 

secondary metabolism through recognition of PTM, and recruitment of writing or erasing 

enzymes. “d” represents the use of chemical inhibitors to prevent the actions of the histone 

modifying enzymes. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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