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Chapter 1

Secondary metabolites

Humanity is currently facing unprecedented challenges such as climate change, increasing
antimicrobial resistance, loss of biodiversity, and food security. Traditionally, we have relied
on petroleum-based chemistry for industrial and consumer products, but now we are
witnessing a transition to more natural approaches (Pham et al., 2019). It is urgent to discover
novel chemistry, both to address our escalating global issues and to fulfill our demand for new,
effective, and sustainable chemical compounds. Thus it is important to explore natural
products, which encompass a variety of substances and compounds derived from living
organisms (Louwen et al., 2023). They include both primary metabolites and secondary
metabolites (SMs). Primary metabolites are essential for normal growth and reproduction,
being directly involved in vital biological processes. They are produced at a high rate and can
be easily extracted through simple biochemical methods. This has led to their early and
extensive use by humans. Examples of such metabolites include starch and sugars, which
are fundamental in various industrial and culinary applications (Sanchez & Demain, 2008). In
contrast, SMs, which are typically of low molecular weight and structurally complex, facilitate
the interaction between organisms and enable organisms to dynamically respond to
environmental challenges (Hoffmeister & Keller, 2007). For instance, cyclosporin A, a fungal
SM, can induce apoptosis and help to overcome the immune system in arthropod hosts,
leading to the colonization of the host by the fungus (X. Yang et al., 2018). Similarly, SMs
generated by plant pathogenic fungi can act as virulence factors, causing significant
agricultural losses (Collemare & Lebrun, 2011). In competitive scenarios, certain bacteria,
such as different Pseudomonas species, synthesize 2,4-diacetylphloroglucinol as an anti-
microbial agent (Velusamy et al., 2006), while fungi deploy the antibiotic cephalosporin to
suppress the growth of rival bacteria by disrupting their cell wall synthesis (Liu et al., 2022).
Within challenging habitats, some microbes utilize siderophores to scavenge iron from their
surroundings (De Serrano et al., 2016), a pathogenic bacteria, Acinetobacter baumannii,
produces ectoines to safeguard its cells from osmotic stress (Zeidler & Miiller, 2019), and
melanin protects fungal spores against threats such as UV irradiation, enzymatic lysis, and
extreme temperatures (Langfelder et al. 2003). In summary, SMs are structurally complex
compounds that play key roles in organismal interactions and environmental adaptations,
offering significant potential for innovative and sustainable solutions in various sectors.

Based on the wide range of biological activities of SMs, humans have explored the
applications of SMs in medicine, agriculture, and various other industries (Pham et al., 2019).
In the medical field, SMs are pivotal for drug development and therapeutic strategies, serving
as a reservoir of biologically active compounds with antibiotic, antiviral, antifungal, and
antitumor properties (Jakubiec-Krzesniak et al., 2018). For instance, penicillin, the first broad-
spectrum antibiotic, has proven effective against bacterial infections and marked the beginning
of the antibiotic era in modern medicine (Aly et al., 2011). Griseofulvin and amphotericin act
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as antifungal agents (Newman & Cragg, 2016), while compounds like cyclosporine A
(Laupacis et al., 1982) and psilocybin (Khan et al., 2022) function as an immunosuppressant
and can be applied to treat trauma-related disorders, respectively. In agriculture, SMs are
employed as biopesticides, thereby providing an eco-friendly alternative to traditional
pesticides as they have specific pest targets and do not contribute to chemical pollution. For
example, azadirachtin, derived from the Indian neem tree, has been commercialized and is
utilized as a botanical pesticide worldwide (Kilani-Morakchi et al., 2021), and strobilurin,
isolated mainly from mushrooms, contributes to controlling fungal diseases (Balba, 2007). In
various industries, SMs are also crucial for providing flavors, colors, and antioxidants
(Sanchez-Ballesta et al., 2022). For instance, curcumin, a yellow pigment derived from
Curcuma longa, is commonly used as a food-coloring agent and in cosmetic products (Menon
& Sudheer, 2007). Chromologics (https://www.chromologics.com/) sells a natural red pigment
“Chromored” produced by the fungus Talaromyces atroroseus at the bioreactor scale
(Morales-Oyervides et al., 2020). The Living Color Database documents approximately 445
pigment entries from both fungi and bacteria (Sharma & Meyer, 2022). Current research aims
to understand how SMs are produced, discover novel SMs, uncover the functions and
biological activities of SMs, and investigate methods to produce SMs on an industrial scale.

Fungal biosynthesis gene clusters

The fungal kingdom is remarkably large and diverse, comprising approximately 1.5 to 5 million
species, which inhabit various ecological niches and exhibit different morphologies and life
cycles (Choi & Kim, 2017). Interestingly, many fungi are known to be prolific producers of
diverse SMs (Mosunova et al., 2021). SM biosynthesis in fungi is orchestrated by a series of
enzymatic reactions that are catalyzed by diverse proteins, including the backbone (or core)
enzymes, tailoring enzymes, and those proteins responsible for transcriptional control,
transport, and/or host resistance (Figure 1) (Keller, 2019; Keller et al., 2005). Fungal SMs are
categorized into several major chemical groups based on the precursors (acyl-coAs, amino
acids, or prenyl diphosphates) they utilize to synthesize and the types of backbone enzymes.
Backbone enzymes such as polyketide synthase (PKS), non-ribosomal peptide synthetase
(NRPS), hybrid PKS-NRPS enzymes, dimethylallyl tryptophan synthetase (DMATS), and
terpene cyclase (TC), catalyze the production of polyketides, non-ribosomal peptides, PKS-
NRPS hybrids, indole alkaloids, and terpenes, respectively (Mosunova et al., 2021). Following
this initial step, tailoring enzymes modify the chemical structure of the intermediate
compounds through processes such as methylation, acylation, glycosylation, or hydroxylation
(Mosunova et al., 2021), giving rise to a diverse array of structurally complex and functionally
distinct SMs. Transport-related genes encode proteins to export the final products from the
fungal cell into the extracellular space (Gomez-Escribano and Bibb 2011), and genes
associated with resistance, provide protection to the fungi against the toxic effects of some
SMs (Gomez-Escribano & Bibb, 2011). Considering that certain biosynthetic pathways contain



Chapter 1

more than one backbone gene, leading to hybrid molecules, and that one biosynthetic
pathway can include several tailoring steps, the combination of these factors allows to
production of a vast and yet underexplored SMs from a limited set of chemical precursors.

.......................... ‘ I

.o
Tailoring enzymes Transcription factor Transporter Resistance gene

Primary Secondary
metabolite metabolite

Figure 1 Step-wise biosynthesis of secondary metabolites (SMs) encoded by biosynthetic
gene clusters (BGCs). This schematic represents a single BGC, composed of genes that encode
for a backbone and several tailoring enzymes, in addition to genes fulfilling other specific functions.
The biosynthesis process of an SM is sequential: it is initiated by the transformation of a primary
metabolite into a precursor, facilitated by a backbone enzyme. This is followed by the action of
tailoring enzymes, which further modify the precursor to yield the final SM.

Common to all canonical BGCs

The genes related to the biosynthesis of a fungal SM are often physically co-localized along
the chromosome and co-regulated, an organization that is referred to as the biosynthetic gene
cluster (BGC) (Figure 1). This special organization not only facilitates the sharing of
intermediate compounds among sequential enzymes, enhancing the production of SMs
(Pfannenstiel & Keller, 2019), but also may act as a suitable unit for the duplication, deletion,
or transfer of the complete SM pathway (Rokas et al., 2018). Moreover, the clustering might
minimize the risk of the accumulation of toxic intermediates (Rokas et al., 2018; Wisecaver et
al., 2014). An examination of 100 fungal genomes shows a bias for the physical pairing of
genes encoding enzymes that share a toxic intermediate (McGary et al., 2013), underscoring
the evolutionary advantage and functional significance of this genomic organization of genes
involved in the biosynthesis of SMs. Despite the strong selection pressure to maintain genes
involved in SM biosynthesis in gene clusters, extensive diversity in the presence and
organization of SM-BGCs has been detected by genome mining across the fungal kingdom,
ranging from a few to several dozen SM-BGCs per species (Figure 2) (Mosunova et al., 2021).
Species within the phylum Ascomycota on average encode more backbone genes compared
to other fungal phyla, in which Eurotiomycetes, Lecanoromycetes, and Sordariomycetes are
the top three classes with more than 45 backbone genes, especially in PKS, NRPS-like, and
NRPS (Figure 2). Basidiomycota, including wood-decaying species and edible mushrooms,
generally encodes fewer backbone genes compared with Ascomycota and it is relatively
enriched in NRPS-like and TC groups (Figure 2). Neocallimastigomycetes are especially rich
in NRPS genes, while other fungal classes show a reduced production capacity of this type of
backbone enzyme. In light of these observations, it is necessary and also most effective to

10
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focus on species within the same genus to understand the diversity of SMs in newly
sequenced species. For comparisons across different fungal genera, careful attention should
be given to the inherent diversity and complexity of SM-BGCs given their significant variations
across the fungal kingdom.

Number of available genomes Average number of core genes per genome
0 100 200 300 400 O 10 20 30 40 50 60 70

Pucciniomycotina
Ustilagomycotina
Agaricomycetes
Dacrymycetes
Tremellomycetes
Wallemiomycetes
Pezizomycetes
Orbiliomycetes
Eurotiomycetes
Dothideomycetes
Lecanoromycetes
Leotiomycetes
Sordariomycetes
Xylonomycetes
Saccharomycotina
Taphrinomycotina
Glomeromycotina
Mortierellomycotina
Mucoromycotina
Zoopagomycotina
Entomophthoromycotina
Kickxellomycotina
Blastocladiomycota
Chytridiomycetes
Monoblepharidomycetes
Neocallimastigomycetes
Microsporidia
Cryptomycota

Basidiomycota

Ascomycota

| Mucoromycota

Zoopagomycota

Chytridiomycota

BPKS BNRPS ONRPS-lke GHYBRID @TC BDMATS

Figure 2 Distribution of BGCs in the fungal kingdom. Mosunova et al. highlight the phylum
Ascomycota as having the highest abundance of BGCs among fungi. Data on the number of
genomes and SM genes are presented at the class level, with classes within the same phylum
unified by the same background color. Distinct SM groups are differentiated using various colors
in the bar plots, providing a clear visual breakdown of their presence across different fungal classes.
Figure adapted from (Mosunova et al., 2021).

Local and global transcriptional regulation of SM-BGCs

Given that the functions of SMs are diverse and considering the energy cost of their production,
SMs are only synthesized when necessary. The biosynthesis of fungal SMs is tightly regulated
by transcription factors (TFs), both on a local scale as well as globally (Brakhage, 2013). Some

11
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BGCs have one or several genes encoding TFs as part of the cluster, which can govern the
co-expression of BGC. For instance, aflR, one of the earliest-studied TFs within BGC,
regulates the expression of the aflatoxin and sterigmatocystin genes in Aspergillus species
(Woloshuk et al., 1994). To activate silent BGCs, scientists have tried to overexpress local
TFs by introducing an extra copy, which led to the discovery of aspyridone in Asperqgillus
nidulans (Bergmann et al., 2007). Moreover, replacing the local promotor with an inducible
one can turn on the biosynthesis of asperfuranone in A. nidulans (Chiang et al., 2009). In
response to environmental stimuli, global transcriptional regulators affect the expression of
some BGCs as well as other genes throughout the genome (Macheleidt et al., 2016). Global
TFs, such as CreA, AreA, or Hap, control the gene expression response to the carbon source
(Lyu et al., 2020), nitrogen source (B Tudzynski et al., 1999; Bettina Tudzynski, 2014), and
iron starvation (Hortschansky et al., 2017), respectively. Furthermore, PacC regulates BGC
expression in response to pH (Lyu et al., 2020), while the Velvet and LaeA protein complexes
control the response to light (Bayram et al., 2008). The manipulation of global TFs leads to
diverse effects of different BGCs and other genes. For instance, the deletion of mcrA (LaeA-
like) in A. nidulans results not only in upregulations of sterigmatocystin, terrequinone A, and
cichorine, but also alters the expression of more than 100 genes throughout the genome (Grau
et al., 2019). In summary, these intricate regulatory networks highlight the potential for
developing new methods to harness the production of valuable SMs by fine-tuning the
expression of both local and global TFs.

Histone PTMs-based regulation of SM-BGCs

Within the eukaryotic nucleus, the genetic material is organized into repeating basic units,
nucleosomes. They are formed by a 145—-147 bp DNA strand that is wrapped around a histone
octamer composed of two copies each of histone protein 2A (H2A), H2B, H3, and H4 (Luger
et al., 1997). Each histone protein has a globular central domain that facilitates the interaction
with nucleosomal DNA, a lysine- and arginine-rich N-terminal tail, and a short C-terminal tail
(van Holde, 1989). Multiple nucleosomes, connected by a 30-50 bp of DNA and a linker
histone protein H1, can aggregate to form a higher structure that is referred to as chromatin
(Luger et al., 1997). The compaction of nucleosomes within the chromatin is thought to be
dynamic and chromatin alternates between the ‘open’ euchromatin, a loosely packed and
transcriptionally active state, and the ‘closed’ (facultative or constitutive) heterochromatin, a
condensed and transcriptionally silent state (Grewal & Jia, 2007). Chemical post-translational
modifications (PTMs) on the tails of histone proteins as well as chemical modifications of the
DNA itself contribute to the formation and maintenance of chromatin states as well as dynamic
transitions between states. Especially histone PTMs can directly alter histone proteins’ net
charges or mediate the interaction with other inter-nucleosomal proteins, and consequently,
histone PTMs and DNA modifications are thought to influence chromatin compaction (Henikoff
& Shilatifard, 2011). Therefore, the chromatin state and dynamic transitions between states

12
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are crucial for organisms to regulate gene expression in response to both developmental and
environmental stimuli (Klemm et al., 2019).

Over recent years, a multitude of different histone PTMs have been identified across a range
of organisms. The enzymes responsible for these modifications have typically classified into
three distinct types: (i) ‘writers’ that introduce specific chemical modifications to histone
proteins; (ii) ‘erasers’ that remove these modifications; and (iii) ‘readers’ that initially detect
specific changes and then guide writers, erasers, or other proteins to the relevant genomic
sites (Ueda & Seki, 2020). Evolutionary analyses suggest that these enzymes originated early
and underwent significant expansion throughout the history of eukaryotes. An examination of
94 gene families involved in histone PTMs shows that 87 of them originated over a billion
years ago, with 48 already existing in the last common ancestor of all eukaryotes (Weiner et
al., 2020). Histone methylation and acetylation are the most common and abundant histone
PTMs found in a wide range of organisms, while other histone PTMs such as acylation,
phosphorylation, ubiquitination, and sumoylation have only been deeply studied in model
organisms such as humans and the baker's yeast Saccharomyces cerevisiae (Tan et al.,
2011). However, besides the few model species, we have little knowledge of histone PTMs in
less-studied fungal species.

The functional implication of different histone PTMs on chromatin organization and functioning
has been derived from data in only a few eukaryotic systems. Euchromatin is a lightly packed
form of chromatin that is enriched in gene-rich regions of the genome, characterized by its
accessibility to TFs and RNA polymerases (K. Yang et al., 2022). This open chromatin
structure facilitates active transcription, allowing for accurate and quick gene expression and
regulatory processes essential for normal cellular function and response to environmental
stimuli (K. Yang et al., 2022). It is predominantly associated with histone acetylation, such as
acetylation of amino acid residues on histone protein H3 (lysine 4 (K4), K9, K14, K18, K23,
and K27) and H4 (K5, K8, K12, and K16), and with methylations on histone protein H3 at K4,
K36, and K79 (Bhaumik et al., 2007; Shilatifard, 2006). Distinct histone modifications have
been observed on different regions of genes. In S. cerevisiae, H3K4ac (acetylation on histone
protein H3 at lysine 4) is positioned upstream of protein-coding genes, while H3K4me3
(trimethylations on histone protein H3 at lysine 4), H3K9ac, and H3K14ac are enriched at the
transcriptional start sites of active genes (Pokholok et al., 2005). Moreover, H3K4me2
(dimethylation) is most enriched throughout the coding region, while H3K4me1
(monomethylation), H3K36me3, and H3K79me3 are found predominantly at the end of active
genes in S. cerevisiae (Pokholok et al., 2005). Conversely, constitutive heterochromatin,
which describes chromatin that remains consistently condensed in an organism's lifespan, is
situated at centromeres, telomeres, and regions typically enriched in transposons, thus
contributing to the maintenance of genomic integrity and stability (Tamaru, 2010). H3K9me3
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is associated with the formation and maintenance of constitutive heterochromatin in several
fungal species, including the fission yeast Schizosaccharomyces pombe (Yamada et al., 2005)
and the filamentous model fungus Neurospora crassa (Rountree & Selker, 2010). Facultative
heterochromatin is chromatin that is thought to be able to dynamically transit between
euchromatin and constitutive heterochromatin in response to developmental and
environmental cues and has been linked with the presence of H3K27me3 (Grewal & Jia, 2007).
In many filamentous fungi, this histone PTM is found near sub-telomeric regions as well as in
regions rich in transposable elements (Ridenour et al., 2020; Schotanus et al., 2015). Last but
not least, even though numerous PTMs have been linked to either euchromatin or
heterochromatin, their impact can vary based on the regions they are located. For example,
in N. crassa and Fusarium fujikuroi, H3K36me1/2/3 catalyzed by SET-2 activates gene
expression, while H3K36me1/2/3 deposited by Ash-1 is located in sub-telomeric regions and
is linked to gene silencing (Bicocca et al., 2018; Janevska et al., 2018).

In several fungal species, it has been demonstrated that experimentally induced changes to
histone PTMs can influence the biosynthesis of SMs (K. Yang et al., 2022). For example, the
deletion of a histone deacetylase changes the conformation of the chromatin from the
transcriptionally silent ‘closed’ to the transcriptionally ‘open’ state, which increases the
expression of nine out of 14 NRPSs in Aspergillus fumigatus (Lee et al., 2009) and the
production of kojic acid in Aspergillus niger (Li et al., 2019). By contrast, the knockout of
histone acetyltransferase can lead to defects in secondary metabolism in A. nidulans
(Canovas et al., 2014). Similar observations have also been made for histone methylations
linked with euchromatin. For example, H3K36me3 can activate the transcription of genes
involved in fumonisin B1 and bikaverin biosyntheses in Fusarium verticillioides (Gu, Wang, et
al., 2017). Knocking out the catalytic enzyme of H3K4m3 leads to a significantly decreased
production of deoxynivalenol, fusarin C, zearalenone, and fusarielin H in Fusarium
graminearum (Bachleitner et al., 2019) and decreased biosynthesis of gibberellic acid in F.
fujikuroi (Studt et al., 2017). In contrast, knocking out enzymes related to histone methylations
of (facultative or constitutive) heterochromatin can induce the biosynthesis of SMs. For
instance, the deletion of the writer for H3K27me3 up-regulates 20 out of 47 predicted SM
genes in F. fujikuroi (Studt et al., 2016). Similarly, H3K9me3 mutant strains exhibit increased
black pigmentation and fumonisin B1 production in F. verticillioides (Gu, Ji, et al., 2017). Thus,
considering the abundant and diverse SM gene clusters encoded in fungal species, and the
regulation of gene expression by various histone PTMs, there is significant potential to unlock
more SM biosynthesis pathways.

The Aspergillus genus

The fungal genus Aspergillus encompasses approximately 350 species that display a wide
range of morphological variation and ecological flexibility (Samson et al., 2014). Some
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Aspergillus species can be detrimental by acting as pathogens to humans, animals, and crops,
or as food contaminants (Lamoth et al., 2015). For instance, A. fumigatus leads to severe
infections in individuals with weakened immune systems (Lamoth et al., 2015). Some species
are vital for industrial and medical applications; for example, A. niger produces citric acid, the
market for which is expected to reach three billion dollars by 2027 (Cairns et al., 2021; Mead
et al., 2021). Importantly, species belonging to the Aspergillus genus are thought to be highly
bioactive and can produce a variety of diverse SMs (Kjaerbglling et al., 2018; Mosunova et al.,
2021). Computational research spanning the fungal kingdom underscores the Aspergillus
genus' rich reservoir of predicted BGCs (Figure 2) (Mosunova et al., 2021). A comprehensive
study of 32 Aspergilli from the Nigri section revealed over 400 predicted BGCs. Intriguingly,
82% of these BGCs are identified in less than ten species, with 49% being unique to a single
individual species (Vesth et al., 2018). Despite the vast number and variety of BGCs encoded
in Aspergilli genomes, only a few hundred SMs have been experimentally identified. This
discrepancy arises because these compounds are produced only under specific ecological
conditions, making it difficult to express BGCs in a lab setting (Brakhage, 2013).

Several histone PTMs have been demonstrated to affect the SM biosynthesis in a handful of
model Aspergillus species. In addition to the examples mentioned above, other studies have
highlighted the impact of various histone PTMs on SM biosynthesis. For example, acetylation
of histone H3 is required for the biosynthesis of SMs in A. nidulans (Canovas et al., 2014;
Reyes-Dominguez et al., 2010). In A. fumigatus, mutants lacking H3K4me2/3 show increased
production of several SMs, including gliotoxin (Palmer et al., 2013). Importantly, research thus
far in Aspergillus as well as in other fungi has primarily focused on the alterations of a few
well-established histone PTMs. However, there is a notable absence of a comprehensive
overview regarding the prevalence, evolution, and regulatory role of histone PTMs in the
Aspergillus genus, especially concerning SM biosynthesis. In this context, an in-depth
exploration of both histone PTMs and SM-BGCs needs to be performed. The Aspergillus
genus is an excellent system considering its significant position as the prolific producer of SMs.
Such an investigation could pave the way for a more profound understanding of the regulatory
mechanisms of SM biosynthesis, potentially revealing novel avenues to express and exploit
novel biochemistry, potentially with benefit for humankind.

To study SM biosynthesis and unravel the roles of PTMs in Aspergilli, in this thesis, | perform
both wet-lab experiments and computational analyses. In chapter 2, | provide an extensive
overview of BCG abundance and diversity across Aspergilli. Subsequently, | examine the
genomic localization of these BGCs and how it relates to variation in gene expression and
histone modifications. To get an overview of histone PTMs in the Aspergillus genus, |
summarize the genes related to histone PTMs from the literature and check their absence and
presence patterns and evolution across the Aspergillus genus in chapter 3. To verify the
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computational analysis, | optimize a protocol to extract high-quality histone proteins and then
conduct a proteomics study to detect the occurrence of single and multiple histone PTMs in
three Aspergilli in chapter 4. Lastly, in chapter 5, | introduce the concept of ‘histone code’
and summarize its condition in Aspergilli. | pinpoint the interesting histone PTMs that can be
further studied based on my studies and predict their functions in SM biosynthesis.
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Chapter 2

Abstract

Fungi are well-known producers of bioactive secondary metabolites (SMs), which have been
exploited for centuries by humankind for various medical applications like therapeutics and
antibiotics. SMs are synthesized by biosynthetic gene clusters (BGCs) — physically co-
localized and co-regulated genes. Because BGCs are often regulated by histone post-
translational modifications (PTMs), it was suggested that their chromosomal location is
important for their expression. Studies in a few fungal species indicated an enrichment of
BGCs in sub-telomeric regions, however, there is no evidence that BGCs with distinct genomic
localization are regulated by different histone PTMs. Here, we used 174 Asperqgillus species
covering 22 sections to determine the correlation between BGC genomic localization, gene
expression, and histone PTMs. We found a high abundance and diversity of SM backbone
genes across the Aspergillus genus, with notable diversity increases between sections. Being
unique or conserved in many species, BGCs showed a strong bias for being localized in low-
synteny regions, regardless of their position in chromosomes. Using chromosome-level
assemblies, we also confirmed a significantly biased localization in sub-telomeric regions.
Notably, SM backbone genes in sub-telomeric regions and about half of those in low-synteny
regions exhibit higher gene expression variability, likely due to the similar higher variability in
H3K4me3 and H3K36me3 histone PTMs. In contrast, variations in histone H3 acetylation and
H3K9me3 are not correlated to genomic localization and expression variation. Overall, our
results indicate that BGCs tend to be located in low-synteny regions and that regulation of
expression in those regions likely involves different histone PTMs than the most commonly
studied modifications.
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Introduction

Filamentous fungi are prolific producers of bioactive molecules, termed secondary metabolites
(SMs) or natural products (Mosunova et al., 2021). While these metabolites are not directly
necessary to sustain fungal growth, development, or reproduction, they play indispensable
roles in inter-organismal interactions and fungal survival in diverse ecological niches (Keller,
2019). SMs have multifaceted functions, from acting as pigments that shield fungal spores
from UV radiation and serving as virulence factors in pathogenic interactions to providing
competitive edges through antibiotic properties (Keller, 2019). Humans have harnessed the
bioactive potential of these metabolites to significantly enhance their quality of life (Cairns et
al., 2021). Fungal SMs have found significant applications in medical treatments, serving as
therapeutic agents, exemplified by lovastatin and ergotamine, as well as immunosuppressants
like cyclosporine (Newman & Cragg, 2016; Wiemann & Keller, 2014). They also play crucial
roles as antibiotics, with penicillin being a notable example, and as antifungal agents, such as
griseofulvin (Newman & Cragg, 2016).

The biosynthesis of fungal SMs is orchestrated by a series of enzymatic reactions. First,
backbone (or core) enzymes use precursors derived from primary metabolism to synthesize
an intermediate that is then further modified by so-called tailoring enzymes to produce the
final compound(s) (Mosunova et al., 2021). Backbone enzymes responsible for the synthesis
of diverse SMs have been classified into categories based on their enzymatic functions such
as polyketide synthase (PKS), non-ribosomal peptide synthetase (NRPS), hybrid PKS-NRPS
enzymes, dimethylallyl tryptophan synthetase (DMATS), and terpene cyclase (TC) (Mosunova
et al., 2021). Genes encoding backbone and tailoring enzymes, as well as genes responsible
for transcription control, transport, and/or self-resistance, are co-regulated and often physically
co-localized along the chromosome in biosynthetic gene clusters (BGCs) (Mosunova et al.,
2021).

The discrepancy between the predicted bioactive potential based on genome mining and the
number of known molecules effectively produced can be explained by the tight transcriptional
control of SM biosynthetic pathways (Brakhage, 2013). In addition to the regulation by local
and global transcription factors (Chiang et al., 2009; Macheleidt et al., 2016), SM production
is regulated globally by chromatin dynamics that, in response to both internal and external
stimuli, transitions between different chromatin states: the ‘open’ euchromatin, loosely packed
and ftranscriptionally active state, and the ‘closed’ heterochromatin, tightly packed and
transcriptionally silent state (Collemare & Seidl, 2019; Gacek & Strauss, 2012). Histone post-
translational modifications (PTMs) — chemical modifications on specific amino acids localized
on the ‘tails’ of histone proteins contribute to the control of the chromatin status. Most histone
acetylations and some histone methylations on H3K4 (histone protein H3 at lysine 4) and
H3K36 are associated with euchromatin, while histone methylations on H3K9 and H3K27 are
associated with heterochromatin (Lawrence et al., 2016). In Aspergillus fumigatus, the deletion
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of histone deacetylases, which changes the chromatin from ‘closed’ heterochromatin to ‘open’
euchromatin, increases the activity of nine out of 14 NRPSs (Lee et al., 2009) and the
production of kojic acid in Aspergillus niger (Li et al., 2019). The knockout of histone
acetyltransferases also leads to defects in SM biosynthesis in Aspergillus nidulans (Canovas
etal., 2014).

Following the discovery that histone PTMs play an important role in the regulation of SM
biosynthesis, it was hypothesized that the chromosomal location of BGCs was crucial for their
regulation (Palmer and Keller, 2010). Indeed, several studies reported that BGCs tend to be
preferentially located at, or close to, sub-telomeric regions, such as in Fusarium graminearum
(Connolly et al., 2013), and in some well-studied Aspergilli: Aspergillus oryzae (Kjaerbglling et
al., 2020), Aspergillus flavus (Yang et al., 2022), A. fumigatus (Keller, 2019; Perrin et al., 2007),
and A. nidulans (Klejnstrup et al., 2012). Sub-telomeric regions in fungi are rich in repetitive
sequences such as transposable elements and are typically associated with histone PTMs
linked to heterochromatin, especially with the presence of H3K9me3 and H3K27me3 (Keller,
2019; Palmer & Keller, 2010; Wiemann et al., 2013). For instance, in Fusarium fujikuroi, the
PKS19 BGC, which produces fujikurins, is embedded within a region rich in H3K9me3 on the
long arm of chromosome VIII (Wiemann et al., 2009). Similarly, in A. nidulans, some BGCs
occur in proximity to H3K9me3-rich regions (Gacek-Matthews et al., 2016). Thus, the peculiar
genomic localization of BGCs might explain why these BGCs remain transcriptionally silent.
Moreover, because of their high repeat content, sub-telomeric regions are prone to
rearrangements and typically exhibit low synteny, characterized by reduced conservation of
physical co-localization of genes compared to other species (Nakao et al., 2009). In A.
nidulans, compared to A. oryzae and A. fumigatus, BGCs often occur at less conserved and
heavily rearranged genomic regions, even though the majority (77-79%) of the genomes show
conserved synteny (Inglis et al., 2013). However, not all SM gene clusters are associated with
heterochromatin and sub-telomeric regions. While previous studies have predominantly
focused on a limited number of well-known Aspergillus sections and species, often finding an
association of SM gene clusters with heterochromatin and sub-telomeric regions, it is crucial
to note that not all SM gene clusters are confined to these areas. To address this knowledge
gap, we examined the correlation among the BGC diversity, their genomic organizations, gene
expression, and histone PTMs together across a more diverse range of species. We here
include 174 diverse Aspergilli species including 22 sections to provide a more nuanced
analysis of the distribution, conservation, and genomic localization of SM genes, particularly
in relation to genome-wide syntenic regions and histone PTMs. This extensive approach
allows us to explore the implications of BGC localization and histone PTMs on SM gene
expression regulation.
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Results and discussions

A comprehensive phylogenetic analysis of the fungal genus Aspergillus

To provide a comprehensive analysis of BGCs in Aspergilli, we included 174 publicly available
Aspergilli genomes and three outgroup Penicillium species derived from the Joint Genome
Institute (Table S1). The assembled genomes range in size from 23.2 to 42.9 Mb and 90% of
them fall within the range of 25.8 to 38.8 Mb (Figure 1, Table S1). Four Aspergillus species -
A. fumigatus, A. nidulans, A. niger, and Aspergillus ochraceus - have chromosomal-level
genome assemblies (Nierman et al., 2005), which are comprised of eight chromosomes
(Figure 1, Table S1). The other well-studied model system, A. oryzae, has also a good genome
assembly of eleven scaffolds. Twenty-four Aspergilli assemblies have 100 or fewer scaffolds,
while Aspergillus rambellii has the most fragmented assembly with 4,177 scaffolds (Figure 1,
Table S1). The number of predicted protein-coding genes ranges from 7,761 to 15,687, with
90% of Aspergilli having between 9,561 and 14,061 genes (Figure 1, Table S1). Because the
genome contiguity and the number of genes varied between different Aspergilli, we sought to
calculate the genome completeness by querying each genome assembly for the occurrence
of single-copy orthologous BUSCO genes (Table S2). Importantly, we observed very high
genome completeness with 90% of all Aspergilli scoring higher than 98.0% BUSCO
completeness (Figure 1, Table S1). Even A. rambellii with the most fragmented assembly and
the fewest genes (7,761) attains a high genome completeness of 97.1%. Similarly, four other
Aspergilli with more than 1,000 scaffolds also have high genome completeness (Aspergillus
udagawae (97.8%), Aspergillus avenaceus (99.1%), Aspergillus haitiensis (98.3%), and
Aspergillus coremiiformis (99.5%)) (Figure 1, Table S1). Thus, all species included in this
study are of sufficient quality to perform accurate comparative analyses.

To provide a robust phylogenetic framework to study BGC and genomic diversity in Aspergilli,
we constructed a species phylogeny based on the concatenated alignment of 758 conserved,
single-copy BUSCO genes (in total 758 positions with 132,397 informative sites). The tree
reveals 22 distinct Aspergillus sections, each supported by bootstrap values exceeding 99%
(Figure 1), suggesting that our phylogenic analysis is robust. Moreover, our species phylogeny
confirms the associations among distinct Aspergillus sections as reported in previous studies
and enlarges the taxonomic breadth by incorporating a much larger set of diverse Aspergilli;
we included 174 Aspergillus species compared to less than 90 Aspergilli in previous
publications (Steenwyk et al., 2019; C M Visagie et al., 2023; Cobus Meyer Visagie et al.,
2014; X. Zhang et al., 2022). The 22 sections exhibit notable variation in the number of
sequenced species: section Nigri has 28 sequenced species, whereas sections Janorum,
Bispori, and Silvati are each represented by only a single sequenced species (Figure 1).
Despite these differences, the genome assemblies in most sections are relatively uniform
concerning assembly length, number of scaffolds, genome completeness, and gene count,
and thus provide a comprehensive and robust reference to study the diversity and evolution
of Aspergilli and a solid framework for further analysis.
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Aspergilli encode an abundant secondary metabolite biosynthetic gene cluster
repertoire

To evaluate the potential for SM biosynthesis encoded in the genomes of Aspergillus species,
we focused on SM backbone genes as these genes are crucial for the first step in SM
biosynthesis (Keller, 2019). We used antiSMASH (Blin et al., 2021) to identify regions that
comprise a predicted BGC, and employed an in-house BGCtoolkit to further classify SM
backbone enzymes into groups that correspond to major chemical families and retrieve their
sequences.

We identified in total 16,243 SM backbone genes across 174 Asperqgillus species and three
Penicillium species, ranging from 18 in Aspergillus caninus to up to 160 in Aspergillus
implicatus (Figure 1, Table S3). On average, we identified 92 SM backbone genes per
Aspergilli compared to only 77 per Penicillium species. These SM backbone genes are
unevenly distributed. The 41 early-diverging Aspergilli (comprising sections Polypaecilum,
Cremei, Restricti, Aspergillus, Cervini, Clavati, and Fumigati) have on average 65 SM
backbone genes, while the other 133 Aspergilli have on average 99. The Circumdati section
has the highest average number of SM backbone genes, with its 18 species encoding an
average of 129 SM backbone genes. As one BGC can contain several SM backbone genes,
the average number of SM backbone genes in Aspergilli is higher than the number of predicted
BGCs that have been reported in previous studies. For instance, studies that focused on
sections Nigri (Theobald et al., 2018) and Flavi (Kjeerbglling et al., 2020) have detected on
average 82 and 70 BGCs, respectively. Here, we found these sections have an average of
104 (section Nigri) and 101 (section Flavi) SM backbone genes. Five groups of SM backbone
genes stood out due to their abundance in all genomes. NRPS-like with 3,888, rPKS with
3,175, NRPS with 2,943, nrPKS with 1,395, and DMATS with 1,203 backbone genes. In most
of the species (145 in total, including three Penicillium species), NRPS-like, rPKS, and NRPS
are the three most abundant SM backbone genes. In contrast, ten species in sections
Flavipedes and Fumigati have highly abundant DMATS, and other 22 Aspergilli have also
many nrPKSs. Interestingly, we also observed variation in the number of SM backbone genes
within sections. For example, within the Nigri section, we could define two sub-groups based
on their morphology, and biseriates tend to have more SM backbone genes encoded in their
genomes compared to uniseriates; uniseriates and biseriates differ in the attachment of
phialides to the vesicle (Nielsen et al., 2009). Similarly, two sub-groups in the Fumigati section
show a diverse pattern of SM backbones, the clade to which A. fumigatus belongs has a higher
number of SM backbone genes. Moreover, we also observed that often a section is out-
grouped by one species with fewer genes, such as in sections Circumdati, Flavi, Nigri, and
Nidulantes, suggesting that gene loss in these species may be a pivotal factor driving their
evolutionary differentiation and niche specialization. In summary, our findings underscore that
the SM repertoires tend to be consistent within a given section and vary between sections.
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Figure 1 Aspergilli encode an extensive number of secondary metabolite (SM) backbone
genes, with notable differences across sections. The phylogenetic relationships between 174
Aspergillus and three Penicillium species are built using a maximum-likelihood framework
implemented in IQ-TREE using a concatenated alignment of 758 single-copy BUSCO genes. The
dots on the branches indicate ultrafast bootstrap values over 95 and SH-aLRT ((Shimodaira-
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Hasegawa-like approximate likelihood ratio test)) values over 80. Species from the same section
are highlighted by the same background color. The names of five well-studied Aspergilli are shown
in the tree and a dashed line highlights the separation of sub-groups within the Nigri section. The
smallest and largest dot sizes correspond to the minimum and maximum number in each category,
respectively. Genome completeness is indicated by the percentage of identified complete, single-
copy BUSCO genes in each genome assembly. SM backbone genes are first detected with
antiSMASH, then reclassified by BGCtoolkit. Bar plots representing different SM backbone groups
are arranged from left to right from the most to the least abundant.

Previous studies used BGC network approaches to assess BGC conservation within
Aspergillus sections (Kjeerbglling et al., 2020; Vesth et al., 2018), which overestimates the
BGC diversity as variation in gene content of the identified BGCs will directly result in non-
conserved BGCs. In contrast, we here utilized a phylogeny-aware method (Figure S1) to
determine orthologous groups for each type of SM backbone gene. To obtain an estimate of
gene conservation in Aspergilli, we used Orthofinder to identify orthologous groups for all
genes among all genomes. We included in total 1,546,732 orthologs defined by the
Orthofinder (Table S4) and 16,638 SM backbone genes to test their uniqueness among
Aspergilli. From 1,546,732 orthologous entries defined by the Orthofinder, we identified 34,144
unique genes (2.2%) among all species, of which the estimated growth rate 8 is 0.27 (Figure
2A), in which B represents the rate of growth of unique genes as the number of sampled
species increases. For SM backbone genes, 2,426 out of 16,638 (14.6%) are unique, of which
the growth rate B is 0.45 (Figure 2B). These [ rates imply that sequencing more Aspergillus
species is expected to expand the overall genomic diversity and specifically increase the
diversity within the set of SM backbone genes. However, saturation is reached for many SM
groups, but not for NRPS and NRPS-like, which indicates that we might have found nearly all
polyketide and terpene biosynthetic pathways, but many non-ribosomal peptides likely remain
to be discovered. Lastly, we observed a similar trend for both unique orthologues and SM
backbone genes with continuous slight increases within sections and small jumps between
sections (Figures 2C and 2D), suggesting that sections are indeed characterized by a sudden
increase in BGC diversity that is consistent with divergence.
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Figure 2 Aspergilli have an extensive repertoire of unique SM backbone genes. (A) The
saturation curve plots the number of unique and conserved orthologous genes when species are
added randomly. The calculations are performed ten times, and the standard deviations are shown
as shadows around the curve. (B) Saturation curves plot the stacked number of unique SM
backbone genes when species are added randomly. Different colors indicate distinct groups of SM
backbone genes. The calculations are performed 10 times, and the standard deviations are shown
as shadows around the curve. (C) Saturation curves of unique and conserved orthologous genes
when species are added according to their taxonomy, starting with the outgroup, and the dash
lines indicate distinct taxonomic sections. (D) Saturation curves of unique SM backbone genes
with the species added according to their taxonomy and the dash lines indicate distinct taxonomic
sections. A phylogenetic species tree is shown at the bottom for reference.

We observed that SM backbone genes are diverse and that increased diversity is observed
across different Aspergillus sections. However, the number of unique genes is lower than
estimated in two recent studies focused solely on the sections of Nigri (Vesth et al., 2018) or
Flavi (Kjeerbglling et al., 2020) that found around half of the SM BGCs were predicted to be
species-specific. Here, we only focused on SM backbone genes and implemented a
phylogeny-aware approach to evaluate SM backbone gene diversity across a diverse set of
Aspergillus species, while these previous studies used complete SM gene cluster diversity
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and relied on a limited taxonomic sampling. These previous studies thus overestimate the
BGC diversity within Aspergillus sections. In contrast, our results are more conservative and
underestimate the true biochemical diversity that is provided by the diversity of additional
tailoring genes within BGCs that can lead to the production of complex secondary metabolites.
However, our approach provides broader and more detailed estimations regarding the type of
metabolite and BGCs that remain to be discovered in Aspergillus species.

Genome-wide synteny in Aspergilli is higher within than between sections

The tight regulation of BGC expression and the role of chromatin conformation in this
regulation suggested that the genomic localization of BGCs might be important (Palmer et al.,
2010). Several studies have indicated an over-representation of SM BGCs in sub-telomeric
regions (Guzman-Chavez et al., 2018; Keller, 2019; Kjeerbglling et al., 2020; Klejnstrup et al.,
2012). Sub-telomeric regions are known to be variable between strains and species, and
consequently, these regions display low levels of synteny. The term ‘synteny’ here refers to
the conservation of genomic regions that are maintained in a similar arrangement across
different genomes through evolutionary time (Drillon et al., 2013) (Figure 3A). As most of the
Aspergillus species do not have chromosome-level assemblies, we assessed BGC
localization by examining synteny throughout the Aspergillus genus. We performed an all-
versus-all pairwise comparison of all species, and we uncovered, in general, that the amount
of shared synteny between species (synteny percentage) correlates with the divergence and
is consistent with the phylogenetic relationship between species (Figure 3B); i.e., two
Aspergillus sections that are more syntenic indeed diverged more recently. Based on this
observation, we propose that the Nigri section could be split in two, which is also coherent
with the phylogeny. Similarly, the Circumdati, Flavi, Nigri, and Nidulantes sections show
distinct groups of higher synteny that might indicate ongoing divergence within these sections.
Section Nidulantes exhibits lower synteny, which seems coherent with the branch lengths in
this clade compared to other clades where the divergence between species appears more
recent in the Nidulantes section. Finally, early-diverging sections (i.e., Polypaecilum, Cremei,
Restricti, Aspergillus, Cervini, Clavati, and Fumigati) show high synteny within sections
compared with other sections (Figure 3C). Overall, the synteny between sections is low,
ranging from only 34% to 54%, with a median of 46%.
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Figure 3 Within-section synteny in Aspergillus is higher than between-section synteny. (A)
A graphical representation of a hypothetical syntenic region between two species is demarcated
by a dashed box. Arrows of the same color, linked by a line, represent homologous genes from
two different species, with the arrow direction indicating the gene’s orientation. (B) The heatmap
shows pairwise synteny expressed as the synteny percentage based on all-versus-all comparisons
of all species, arranged based on the phylogenetic tree (Figure 1). The species tree, displayed to
the left and top of the heatmap, uses colors to differentiate between sections (see legend for Figure
1A for the color coding). (C) Boxplots show the quantification of synteny by the ‘synteny percentage’
between sections, within sections, and in each section of the Aspergillus genus. Numbers in the
parentheses indicate the number of species in the sections, and only sections with more than one
species are shown. (D) Genome alignment between two species from the same section (top) and
different sections (middle and bottom) highlights the degradation of synteny when taxonomic
distance increases.

In Ascomycota, synteny, or the conservation of gene order, varies across distantly related
species (Hane et al., 2011). This phenomenon is categorized into micro-synteny, meso-
synteny, and macro-synteny (Hane et al., 2011). Micro-synteny refers to the conservation of
a small number of successive genes, typically ranging from two to ten. Meso-synteny
represents larger, yet fragmented, synteny blocks compared to micro-synteny but shorter than
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20 thousand base pairs (kbp). Macro-synteny, on the other hand, is characterized by large
and continuous blocks extending over 20 kbp (Hane et al., 2011). Our findings align with
expectations, revealing longer synteny blocks within sections than between them (Figure S2).
For instance, species in the Fumigati section show extensive regions of shared synteny across
chromosomes (Figure 3D). In contrast, species from different sections exhibit markedly
reduced synteny, both in percentage and block length (Figures 3D and S2). A pattern of
'degraded macrosynteny' was previously identified in several filamentous Ascomycota fungi,
including some Aspergilli (Hane et al., 2011). Our data suggest that within Aspergillus sections,
synteny blocks with an approximate length of 150 kbp are indicative of macrosynteny. In
contrast, between different sections, synteny blocks averaging 70 kbp to 150 kbp represent
degraded macrosynteny, likely reflecting the divergence time among these sections.

SM backbone genes tend to reside in low-synteny and sub-telomeric regions

To investigate the genomic localizations of SM genes in Aspergilli, we analyzed four species
with chromosomal-level assemblies: A. nidulans, A. fumigatus, A. niger, and A. oryzae
(Figures 4 and S3-S5). In each of the four species, the gene density shows that predicted
genes are evenly distributed throughout the genome, except for putative centromere and
telomere regions, which are known to contain fewer genes but harbor repetitive sequences
and exhibit unique structural and functional characteristics distinct from the rest of the genome
(Xu et al., 2022). BUSCO genes, which are conserved across the fungal kingdom and crucial
for organismal function, are significantly enriched in regions with high synteny, both within
individual sections (91% of BUSCO genes) and across the Aspergillus genus (83%) compared
with all genes (59% and 42%, respectively) (Figure 5B and 5C). In contrast, SM backbone
genes are significantly enriched in low-synteny regions in all four species at the Aspergillus
genus level (81% of backbone genes) (Figures 5B and 5C, Table S6). For the section-level
synteny scores, though only 24% of SM backbone genes are found in low-synteny regions,
the trend remains significant compared with all genes (14%) and clearly differs from BUSCO
genes (2%) (Figures 5B and 5C, Tables S6). When examining the synteny scores at the
section level, we observed that while a subset of SM backbone genes is in regions with
relatively high-synteny scores, the general pattern of these scores is notably distinct from that
of regions with BUSCO genes. This contrast is evident when comparing the chromosomal
distribution of synteny scores for SM backbone genes against those for BUSCO genes
(Figures 5B and 5C; Table S6). Only 21% of all genes are located in sub-telomeric regions,
and BUSCO genes are significantly located outside of these regions (7% in sub-telomeric
regions) (Figures 5D and 5E). In contrast, SM backbone genes show a trend to be located in
the sub-telomeric regions (36%) (Figures 5D and 5E), aligning with previous reports in A.
nidulans (Klejnstrup et al., 2012), A. fumigatus (Keller, 2019; Perrin et al., 2007), A. oryzae
(Kjeerbglling et al., 2020), as well as other fungal species such as F. fujikuroi (Studt et al.,
2017) and Penicillium chrysogenum (Guzman-Chavez et al., 2018). However, the enrichment
of SM backbone genes in sub-telomeric regions is less significant than in low-synteny regions,
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suggesting that association with low-synteny regions is an attribute of SM BGCs. The
localization of SM backbone genes in low-synteny and sub-telomeric regions of Aspergillus
genomes may facilitate rapid genetic rearrangement of these BGCs, thereby enabling rapid
adaptation to diverse ecological niches. Noteworthy, SM backbone genes with known
metabolite structures, as listed in the MIBIiG database (Table S5), tend to occur more
frequently in sub-telomeric areas. For instance, four out of six SM backbone genes in A.
nidulans (Figure 4), 18 out of 27 in A. fumigatus (Figure S3), and seven out of eleven in A.
niger (Figure S4) are found in sub-telomeric regions. A. oryzae presents a unique case, with
only two out of 18 SM backbone genes with known structures located in sub-telomeric regions
(Figure S5). The observation that most characterized BGCs are localized in sub-telomeric
regions suggests that they are more frequently expressed than those in other regions.
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Figure 4 SM backbone genes occur preferentially in low-synteny and sub-telomeric regions.
This figure illustrates the genomic localization of BUSCO genes and SM backbone genes in A.
nidulans. Lines in black and green represent synteny density across 177 species and within the
Nidulantes section, respectively. The gene density is shown along the chromosomes. Red bars
indicate the chromosomal locations of BUSCO genes, with bar width proportional to gene length.
Black and blue bars mark the positions of shared and unique SM backbone genes, respectively,
with their widths corresponding to gene length. Numbers adjacent to the black bars denote SM
backbone genes associated with known metabolites as listed on the MIBiG website (Table S5).
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Figure 5 Analysis of SM backbone gene localization in low-synteny and sub-telomeric
regions in four Aspergillus species. (A) Summary table of the different groups of genes
considered in four Aspergillus species. (B) Distribution of different groups of genes in relation to
synteny score analyzed across 177 species and within individual sections. (C) Summary table of
the number of SM backbone genes, BUSCO genes, and all genes with high-synteny score (larger
than 80%) and low-synteny score (lower than 20%) at the genus-level and section-level. Chi-
square statistic tests (Virtanen et al., 2020) were performed on SM backbone genes and BUSCO
genes, determining whether their distributions differ significantly from the distribution of all genes
in terms of genus-level synteny and section-level synteny. (D) Distribution of different groups of
genes relative to chromosomal localization, considering the terminal 10% of chromosomal regions
as sub-telomeric. (E) Summary table of the number of SM backbone genes, BUSCO genes, and
all genes within and outside of sub-telomeric regions. Chi-square statistic tests (Virtanen et al.,
2020) were performed on SM backbone genes and BUSCO genes, determining whether their
distributions differ significantly from the distribution of all genes in terms of sub-telomeric
localization.
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Exploring the impact of genomic localization and histone PTMs on SM gene expression
variability in Aspergilli

It has been proposed that genomic localization of SM BGCs is important for the regulation of
their expression through histone modifications as several histone PTMs were shown to
influence the production of SM in Aspergilli (Canovas et al., 2014; Lee et al., 2009; Li et al.,
2019). Thus, we sought to explore the relationship between gene expression, histone PTMs,
and genomic and syntenic conditions of SM backbone genes compared with BUSCO genes.
To this end, we utilized publicly available RNA-seq from A. nidulans, A. fumigatus, A. niger,
and A. oryzae and ChIP-seq data from the former two Aspergilli (Tables S7 and S8). We used
the coefficient of variance (CV) to assess the relative variability of gene expression and histone
modification of different gene groups across diverse experimental conditions. For BUSCO
genes, we observed stable gene expression in all species (Figures 6, S6, and S7), which is
accompanied by low variation in all histone PTMs included in this study (H3K4me3, H3K9me3,
H3K36me3, and H3Kac). Compared to BUSCO and all genes, SM backbone genes exhibit
greater variability in gene expression (Figures 6, S6, and S7). For histone PTMs, H3K36me3
in A. nidulans and H3K4me3 in both A. nidulans and A. fumigatus show higher variability at
SM backbone genes in regions compared with other gene groups (Figures 6 and S8),
suggesting a role for these histone modifications in regulating the expression of SM genes.
The correlation between the CVs of these marks' reads and RNA-seq reads further supports
this (Figure 6). Especially, SM backbone genes with known structure and variable expression
in A. fumigatus also exhibit high CVs in H3K4me3, with four of them ranking among the top
five most variable SM genes (Table S5). However, the observed gene expression variation of
SM genes is not explained by H3K9me3 (in A. nidulans and A. fumigatus) nor H3ac (in A.
nidulans) as SM genes do not differ from BUSCO genes for these PTMs (Figures 6 and S8).

When taking the chromosome localization into account, SM backbone genes within the sub-
telomeric regions show slightly higher variation in gene expression in A. nidulans, A. fumigatus,
and A. niger, but notin A. oryzae (Figures 6 and S6). The difference in A. oryzae could be due
to the fact that it was domesticated for industrial purposes such as producing sake, soy sauce,
and miso, and it is generally recognized for its simplified metabolic profile (Gibbons et al.,
2012). However, the sub-telomeric localization does not fully explain a higher variation in both
gene expression and histone PTMs because the distribution of these variations for SM
backbone genes outside sub-telomeric regions is bimodal and overlap with sub-telomeric
backbone genes (Figures 6, S6, and S7). Lastly, SM backbone genes with the known
metabolite structures listed on the MIBiG website show various expression patterns (Table
S5). In A. fumigatus, known SM genes show high variability as their average CV (1.20) is
higher than the average CV for both all SM backbone genes (1.09) and SM backbone genes
outside sub-telomeric regions (0.94) (Table S5). Two SM backbone genes responsible for
sartorypyrone A are in the top five most variably expressed SM backbone genes. By contrast,
in other Aspergilli, either no (in A. nidulans and A. niger) or only one (in A. oryzae) SM

37



Chapter 2

backbone gene with known structure is in the top five most variable SM backbone genes
(Table S5). Based on our results, SM backbone genes that are still uncharacterized but exhibit
higher variation in expression deserve further attention as they are likely to produce SMs under
laboratory conditions.
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Figure 6 SM backbone genes in sub-telomeric regions tend to show more gene expression,
H3K4me3, and H3K36me3 variation compared with BUSCO genes. We employed the
coefficient of variance (CV) to assess the relative variability of all genes, BUSCO genes, and SM
backbone genes in A. nidulans. The variability is depicted using distinct colors for dots and density
lines to differentiate between the gene groups.

Conclusions

Altogether, our results highlighted that SM backbone genes are quite abundant and diverse in
the fungal genus Aspergillus, especially between different sections. Moreover, we showed that
BGCs exhibit a strong bias for low-synteny regions, and the association between BGC
localization, variation in expression, and histone PTMs is restricted to H3K4me3 and
H3K36me3 only. It is important to note that our study is limited to the few histone PTMs that
are publicly available and other PTMs might play a more important role and need to be
investigated. In particular, H3K79me is a relevant candidate as this modification was reported
to localize at transition regions between heterochromatin and euchromatin, and we recently
reported differences in abundances between different Aspergilli (X. Zhang et al., 2023).

Materials and methods

Acquisition of genomes and predicted proteomes for 177 fungal species

The genomes and predicted proteomes of 177 fungal species were retrieved from the Joint
Genome Institute MycoCosm (https://mycocosm.jgi.doe.gov/mycocosm/home) repository
(Grigoriev et al., 2014) in January 2022. These species comprise 174 Aspergilli as well as
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three Penicillium species (Penicillium brevicompactum, Penicillium griseofulvum, and
Penicillium chrysogenum) that were used as an outgroup in our analyses (Table S1).

Species tree reconstruction

To reconstruct the phylogenetic relationship between the here analyzed Aspergillus species,
we used BUSCO (Benchmarking Universal Single-Copy Ortholog assessment tool) v4.0.1
(Siméo et al., 2015) to retrieve 758 fungal single-copy genes (Table S2) that are present in
the 177 genomes. For homologs of each single-copy BUSCO gene, we first generated multi-
sequence alignment using MAFFT v7.271 (Katoh & Standley, 2013), then removed positions
in the alignments with gaps in more than 90% of the sequences using ‘-gt 0.1’ in TrimAl v1.2
(Capella-Gutiérrez et al., 2009). We concatenated the 758 alignments into one ‘super-
alignment’ and employed IQ-TREE v1.6.10 (Chernomor et al., 2016; Nguyen et al., 2015) to
construct the maximum-likelihood phylogeny with partitioned model selection to allow
selecting a substitution model (Table S2) for each BUSCO gene alignment, and used both
ultrafast bootstrap and SH-aLRT (Shimodaira—Hasegawa approximate Likelihood Ratio Test)
with 1,000 pseudo-replicates to calculate branch supports.

Identification and conservation analysis of putative SM backbone genes and
orthologous groups

We used antiSMASH (antibiotics and Secondary Metabolite Analysis SHell) v6.1.0 (Blin et al.,
2021) (parameters: —minimal) to identify all regions with predicted BGCs in the 177 genome
assemblies, and refined the classification of SM backbone genes with our in-house tool
BGCtoolkit (https://github.com/WesterdijkInstitute/BGClib, DOI: 10.5281/zenodo.6593238)
(Figure 1 and Table S3). Then, we extracted the protein sequence of the predicted backbone
enzymes or of the adenylation domains for NRPS, NRPS-like, and PKS-NRPS hybrid
enzymes using BGCtoolkit. For each type of backbone enzyme, protein sequences were
aligned and trimmed using MAFFT and TrimAl, respectively, as mentioned above. We
constructed phylogenetic trees using FastTree v2.1.11 with default parameters (Price et al.,
2009). We subsequently used Newick Utilities v1.6.0 (Junier & Zdobnov, 2010) to identify
orthologs via three steps: i) re-root the tree based on the mid-point (nw_reroot); ii) manually
select the clades having more than 88 leaves and with trustworthy bootstrap value (>= 0.99)
and mark them as orthologs; iii) for the remaining leaves, automatically split the clades with
fewer than 88 leaves and with trustworthy bootstrap value (>= 0.99) (nw_ed -n -r). In the
construction of the three adenylation domain trees, an extra step was undertaken to

consolidate multiple domains originating from the same gene. This involved examining all
leaves in the domain tree to identify the genes associated with these domains. Clades were
collapsed and assigned a new clade name when the domains were found to originate from
the same gene. For any remaining domains, the original clade names were retained. We built
a saturation curve with the matplotlib.pyplot visualization library (Hunter, 2007) and used the
function from the SciPy library (Virtanen et al., 2020) to implement a curve-fitting process,
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which determines the rate of growth () of unique gene numbers under Heap’s Law (Heaps,
1978).

We used Orthofinder v2.3.8 (Emms & Kelly, 2019) to identify orthologous groups across 177
predicted proteomes using default settings (Table S4). A saturation curve based on these
orthologous groups was built as described above.

Genome synteny analysis

We employed MCScanX (Multiple Collinearity Scan Toolkit X version) (Wang et al., 2012) to
conduct an all-versus-all pairwise comparison among all species to identify syntenic blocks
(match size: -s 3 and max gaps: -m 15). We defined the ‘synteny percentage’ between a pair
of species as the ratio of syntenic genes detected between two compared species to the total
genes. We defined the ‘between sections’ synteny percentage by considering all pairs of
species that are associated with different taxonomic sections, and the ‘within sections’ synteny
percentage by considering all pairs from the same taxonomic section. For the synteny
percentage of each taxonomic section, we considered all comparisons for species within that
specific section. For visual representation of genome alignment between two species, we used
the R package GENESPACE v1.2.3 (Lovell et al., 2022).

To calculate the average length of syntenic regions, we took all syntenic blocks identified by
the MCScanX in all-versus-all pairwise comparisons and excluded the contigs with less than
50 genes. Subsequently, we employed the hypergeometric distribution (Rice, 2003) utilizing
the ‘hypergeom.cdf(x, M, n, N)’ function from the SciPy library (Virtanen et al., 2020) to
evaluate the likelihood of successfully detecting a syntenic region between two given species.
In this function, ‘M’ denotes the total number of homologous gene pairs identified when
comparing the complete genomes of species A and B, ‘n’ represents the count of genes on
scaffold B1 with homologs in species B, and ‘N’ is the number of genes on scaffold A1 with
homologs in species A. This cumulative distribution function aggregates the probabilities of
identifying up to X’ successful syntenic matches, thereby yielding the cumulative probability
of detecting ‘x’ or fewer successes. The analysis considered (1) the total number of homologs
between the two species, (2) the number of homologs on each contig relative to the other
species, and (3) the number of homologs between the contigs themselves. Setting a p-value
threshold at 1e-5, we then computed the average length of syntenic blocks for each pair of
species.

We defined the synteny score at the genus level as the synteny score for a specific gene by
dividing the number of species containing that gene by the total number of species (177
species). At the section level, the synteny score for a gene is determined by the ratio of the
number of species within the section harboring that gene to the total species count in that
section. We used the function ‘chi2_contingency’ from the SciPy library (Virtanen et al., 2020)
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to perform chi-square statistic tests on SM backbone genes and BUSCO genes, determining
whether their distributions differ significantly from the distribution of all genes in terms of
genus-level synteny, section-level synteny, and sub-telomeric localization (Table S6).

RNA-seq sample preparation

To perform RNA sequencing, we obtained the fine powder of young mycelium of A. fumigatus
(strain: Af293, CBS 126847), A. nidulans (strain: Wtpaba (genotype: pabaA1)), and A. niger
(strain: NRRL3, CBS 120.49) as described previously (X. Zhang et al., 2023). Subsequently,
we extracted high-quality total RNA from each species in four replicates, following our in-
house RNA extraction protocol. Briefly, we placed around 100 mg of fine powder in a 1.5 mL
tube, added 1 mL TRIzol reagent (Fisher, 15596026), and incubated for 5 mins at 25°C.
Following that, we added 0.2 mL chloroform-d (Sigma, 416754), mixed gently by hand 15
times, and incubated for 5 mins at room temperature. After centrifuging the samples at 10,000
RPM for 15 mins, we transferred the aqueous supernatant to a new tube. We then added 0.5
volume of 100% ethanol (BOOM, 200-578-6) and proceeded from the 5" step of the
NucleoSpin RNA Kit protocol (Bioke, 740955). Finally, we eliminated DNA contamination
using DNase | (Sigma, AMPD1) and sent samples to the Beijing Genome Institute (BGI, Hong
Kong, China) for library construction and DNBseq (DNA NanoBall sequencing).

Acquisition and analysis of public RNA-seq and ChIP-seq datasets

To retrieve publicly available RNA-seq data (Table S7) from A. niger, A. fumigatus, A. nidulans,
and A. oryzae, we utilized prefetch v2.10.0 and fasterg-dump v2.10.0 from SRA Toolkit
(https://github.com/ncbi/sra-tools) to extract FASTQ files from the SRA database
(https://www.ncbi.nlm.nih.gov/sra). For all reads from both our BGI| sequencing projects and
the public database, we used the pseudoalignment tool kallisto v0.46.0 (Bray et al., 2016) to
build the index and quantify raw read counts per gene. To remove the potential batch effect,
we used ComBat-seq (Y. Zhang et al., 2020) in R v3.6.1 (Team, 2010) and obtained batch-
effect corrected read counts. Following this, we calculated the TPM (Transcripts Per Million)
and used log-transformed TPMs to calculate the coefficient of variation (CV) to assess the
variability of gene expression levels across different samples. We used seaborn (Waskom,
2021) and Matplotlib (Hunter, 2007) to plot the scatter plot and density plots.

We utilized ChlIP-seq data from two studies (Colabardini et al., 2022; Gacek-Matthews et al.,
2016), which included A. nidulans (H3ac, H3K4me3, H3K9me3, and H3K36me3) and A.
fumigatus (H3K4me3 and H3K9me3) (Table S8). The analyses (downloading and processing)
of this data were the same as the RNA-seq analysis mentioned above, yet we did not perform
the batch effect removal step because the two studies were conducted in different species.
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Supplementary Figure 1 The phylogeny-aware method to detect SM backbone gene
diversity. We used FastTree (Price et al., 2009) to construct the phylogeny of each type of SM
backbone genes and annotated the trees with iTOL. The inner colored ring indicates Aspergillus
sections and the outer colored ring showed the splitting results by Newick Utilities (Junier &
Zdobnov, 2010). (A) Manual selection is implemented first to pick up the clades larger than 88
leaves (red “*” in the tree). For remaining leaves and trees that don’t need manual trimming (B),
automatic splitting was performed with a trustworthy bootstrap value of >= 0.99.
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Average length of
syntenic blocks ( kbp)

N,

Supplementary Figure 2 Longer syntenic blocks are shared within Aspergillus sections.
The heatmap displays the all-versus-all pairwise comparisons based on the average length of
syntenic blocks across all species; species were arranged according to the phylogenetic tree. The
accompanying species tree, displayed to the left and top, uses colors to differentiate between
sections.
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Supplementary Figure 3 SM backbone genes occur preferentially in low-synteny regions.
This figure illustrates the genomic localization of BUSCO genes and SM backbone genes in A.
fumigatus. Lines in black and green represent synteny density across 177 species and within the
Fumigati section, respectively. The gene density is shown along the chromosomes. Red bars
indicate the chromosomal locations of BUSCO genes, with bar width proportional to gene length.
Black and blue bars mark the positions of shared and unique SM backbone genes, respectively,
with their widths corresponding to gene length. Numbers adjacent to the black bars denote SM
backbone genes associated with known metabolites as listed on the MIBiG website (Table S5).
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Supplementary Figure 4 SM backbone genes occur preferentially in low-synteny regions.
This figure illustrates the genomic localization of BUSCO genes and SM backbone genes in A.
niger. Lines in black and green represent synteny density across 177 species and within the Nigri
section, respectively. The gene density is shown along the chromosomes. Red bars indicate the
chromosomal locations of BUSCO genes, with bar width proportional to gene length. Black and
blue bars mark the positions of shared and unique SM backbone genes, respectively, with their
widths corresponding to gene length. Numbers adjacent to the black bars denote SM backbone
genes associated with known metabolites as listed on the MIBiG website (Table S5).

45



Chapter 2

St e oenswl,mvww NVMWV\W\NWVW A Mv\mwwvwwmmwnwmvmwwmnvwmw«,mw«wrmww«v M
BUSCO genes
SM backbone genu: I

N2 Gone donsity ] /"’\N\,VM'*MV\/""“\/\/\I\(-’MF\ wvwmwmw\w_mw WWW\,"'\NNWW"‘W Wwwu MWWAWAMVNW S [V A A
BUSCO genes

SMbackbone genes || |
memwwmwwmwmmw e
N3 Gane density 'vw'ww IWW\_'MWMW“W‘-WMWWWW\M jo—
£ be) guee sl I | s‘ 789 | |

;
i WWMMJ\WM
A A

g
| |

SM backbone genes 1th2

N5 Gane density nwﬂw\m«'ﬂ,w\/m Wwwwwwwwm_mwwmeM\vw
BUSCO genes 1
'SM backbone genes [ 13l |

‘
q fretned!

N6 Gane density ] Aty ton My JWmmwm«v«er NN oy wwrwmﬂmwwmp'-vm,
BUSCO genes.
SM backbone genes salial) 1 | |

=, MWMIWM}M»

CH.7  Gene danswsMW\MWWWM/M\FMWW\," WM Am-w-\m
BUSCO genes
SMbackbone genes | | |

\7\

Synteny density | | —— Synteny score across 177 species

Synteny score within Flavi section
Che8 oo density] ;) WMMVWW_/M W A A A B Shared SM backbons gene
BUSCO genes :
SM backbone genes | 1 n i sia 5. Unique SM backbone gene

Supplementary Figure 5 SM backbone genes occur preferentially in low-synteny regions.
This figure illustrates the genomic localization of BUSCO genes and SM backbone genes in A.
oryzae. Lines in black and green represent synteny density across 177 species and within the Flavi
section, respectively. The gene density is shown along the chromosomes. Red bars indicate the
chromosomal locations of BUSCO genes, with bar width proportional to gene length. Black and
blue bars mark the positions of shared and unique SM backbone genes, respectively, with their
widths corresponding to gene length. Numbers adjacent to the black bars denote SM backbone
genes associated with known metabolites as listed on the MIBiG website (Table S5).

46



(A) A. fumigatus

10 1
81 1
| |
06! |
> % i
; | |
24
* . H .
q . : i
£ 2 & HHIT i i il
s ]
- Lo UL
oo o 0 02 04 06 08 100 04 06 08 1‘8
Density Q-GJ - 0 | 7 o
g 3
V 3 @
2 . g
Genus-level g Section-level
synteny score 16 synteny score | gg
(C) A. oryzae
i }
6 ]
5 |
24 1
o floe
3 3 | ST |
@ H H
2 .
. ! HHI
1 . thiit
T :-'l
5 Plespgaiiaiialitia
oFe 2 02 04 06 08 100 02 04 06 08 10
Density AASZ A a 0 — . [
V o 9
g 3
3 E
Genus-level & Section-level <
synteny score 14 synteny score y é%

Secondary metabolite gene clusters

(B) A. niger

y
.

. ]
oce © 0 02 04 06 08 10 20 6 08 1.0
Density 0 = Z 0
\ ~ =]
g H
3 -3
Genus-level 3 Section-level '§
synteny score 14 synteny score 1 28

(D) A. nidulans

8
6
3
3
All genes <*
o — BUSCO genes E
o — SMbackbone genes 2
out of sub-telomeric regions
e —— SM backbone genes
in sub-telomeric regions o
0
70
=}
8
5
2
Section-level <
synteny score v

Supplementary Figure 6 SM backbone genes show more variance in gene expression
compared to BUSCO and all genes in four Aspergilli. We employed the coefficient of variance

(CV) to assess the relative variability of all genes,
(A) A. fumigatus, (B) A. niger, (C) A. oryzae, and

BUSCO genes, and SM backbone genes within
(D) A. nidulans. The variability is depicted using

distinct colors for dots and density lines to differentiate between the gene groups. RNA-seq data

was downloaded from SRA (Table S7) and ChIP-s
etal., 2016).
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Supplementary Figure 7 Gene distribution of section-level synteny score in A. nidulans. We
employed the coefficient of variance (CV) to assess the relative variability of all genes, BUSCO
genes, and SM backbone genes in A. nidulans. The variability is depicted using distinct colors for
dots and density lines to differentiate between the gene groups. ChlP-seq data is from the
publication (Gacek-Matthews et al., 2016).
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Supplementary Figure 8 SM backbone genes in sub-telomeric regions show more variance
in H3K4me3 in A. fumigatus. We employed the coefficient of variance (CV) of H3K4me3 and
H3K9me3 to assess the relative variability of all genes, BUSCO genes, and SM backbone genes.
Data is from publication (Colabardini et al., 2022). The variability is depicted using distinct colors
for dots and density lines to differentiate between the gene groups.
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Supplementary Table 1 Summary of 177 Aspergillus and Penicillium species included in this study

Genome
No. Species JG.I . Section Assembled Scaffolds completen Genes
abbreviation length ess
1 Aspergillus aculeatus Aspac1 Nigri 35424414 660 99.2 10845
2 Aspergillus acristatulus Aspacril Nidulantes 32593788 311 99.2 11220
3 Aspergillus aculeatinus Aspacu1 Nigri 36471649 121 99.5 12027
4 Aspergillus affinis Aspaff1 Circumdati 37303864 638 98.4 12409
5 Asperqgillus alabamensis Aspalal Terrei 31994729 219 99.5 11841
6 Asperqgillus albertensis Aspalbe1 Flavi 40140031 473 98.7 12816
7 Asperqgillus allahabadii Aspall1 Terrei 29783189 43 99.2 11228
8 Aspergillus ambiguus Aspamb1 Terrei 29374911 149 99.2 11088
9 Aspergillus amoeneus Aspamoe1 Nidulantes 33399842 173 98.8 13458
10 Aspergillus amylovorus Aspamy1 Cavernicolus 34894441 462 99.5 12857
11 Aspergillus arachidicola Aspara19utr Flavi 39764385 451 98.9 13895
12 Aspergillus arxii Asparx1 Cremei 27919226 471 98.3 10666
13 Aspergillus assulatus Aspass1 Fumigati 30732071 674 99.5 10548
14 Aspergillus aureoterreus Aspaur1 Terrei 29516179 109 98.8 11269
15 Aspergillus aureofulgens Aspaurfull Flavipedes 32899741 619 99.6 11485
16 Aspergillus aureoluteus Aspaurlut1 Fumigati 33749143 71 98.5 10768
17 Aspergillus avenaceus Aspave1 Flavi 33765472 1528 99.1 11293
18 Aspergillus bertholletius Aspber1 Flavi 37014000 443 98.8 12948
19 Aspergillus biplanus Aspbip1 Sparsi 42030724 501 98.8 15330
20 Aspergillus bisporus Aspbisp1 Bispori 27095172 244 98.6 9731
21 Aspergillus bombycis Aspbom1 Flavi 37474605 450 97.8 12265
22 Aspergillus botucatensis Aspbot1 Fumigati 34492499 539 98.3 11812
23 Aspergillus brasiliensis Aspbr1 Nigri 35808783 105 99.2 13000
24 Aspergillus brevipes Aspbre1 Fumigati 30071435 237 98.8 10475
25 Aspergillus brevijanus Aspbrev1 Janorum 36004448 685 99.3 12832
26 Aspergillus brevistipitatus Aspbrevi1 Fumigati 28615967 320 98.5 10133
27  Aspergillus brunneoviolaceus Aspbru1 Nigri 37477200 153 98.7 12075
28 Aspergillus carbonarius Aspca3 Nigri 36290756 963 91.3 11624
29 Aspergillus caelatus Aspcael Flavi 40016351 729 98.8 13916
30 Aspergillus californicus Aspcalif1 Cavernicolus 36744266 398 98.9 13881
31 Aspergillus campestris Aspcam1 Candidi 28257496 62 99.1 9764
32 Aspergillus candidus Aspcand1 Candidi 27317772 268 98.7 9641
33 Aspergillus caninus Aspcanin1 Polypaecilum 24260488 111 98.2 9969
34 Aspergillus capensis Aspcap1 Flavipedes 32934471 529 98.2 11706
35 Aspergillus carlsbadensis Aspcar1 Usti 39460077 254 99.1 14289
36 Aspergillus cervinus Aspcer1 Cervini 34080287 604 98.9 11707
37 Asperqgillus chevalieri Aspchev1 Aspergillus 26413841 417 98.9 10252
38 Aspergillus chrysellus Aspchr1 Circumdati 37957915 549 98.8 12926
39 Aspergillus clavatus Aspcl1 Clavati 27859441 143 99.5 9121
40 Asperqgillus clavatonanicus Aspclal Clavati 26779860 309 99.1 9490
41 Aspergillus conjunctus Aspcon1 Sparsi 33840813 675 98.9 12025
42 Aspergillus coremiiformis Aspcor1 Flavi 30132285 2728 99.5 9078
43 Aspergillus coreanus Aspcoreal Fumigati 31295293 447 99.1 10893
44 Aspergillus costaricaensis Aspcos1 Nigri 36947918 86 99.2 11966
45 Aspergillus cretensis Aspcre1 Circumdati 36176632 586 99.2 11751
46 Aspergillus creber Aspcreb1 Nidulantes 35476325 422 98.5 13531
47 Aspergillus cristatus Aspcril Aspergillus 28454192 68 95.8 10344
48 Aspergillus crustosus Aspcru1 Aenei 37360539 462 98.7 12063
49 Aspergillus desertorum Aspdese1 Nidulantes 29041708 288 98.9 10111
50 Aspergillus duricaulis Aspdur1 Fumigati 30322558 266 98.7 10468
51 Aspergillus egyptiacus Aspegy1 Cavernicolus 28335649 682 99.2 9890
52 Aspergillus elegans Aspele1 Circumdati 37553232 679 98.0 13286
53 Aspergillus ellipticus Aspell1 Nigri 42866077 518 98.6 12884
54 Aspergillus eucalypticola Aspeuc1 Nigri 34792412 131 98.6 11934
55 Aspergillus ferenczii Aspfer1 Fumigati 26938309 126 99.1 10035
56 Aspergillus fijiensis Aspfij1 Nigri 36513906 149 99.5 12019
57 Aspergillus filifera Aspfili1 Nidulantes 31484740 814 99.1 11685
58 Aspergillus flavus Aspfl1 Flavi 36790245 138 94.7 12604
59 Aspergillus flavipes Aspflal Flavipedes 35257526 476 98.5 13390
60 Aspergillus floccosus Aspflo1 Terrei 30552350 224 98.4 11810
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Genome
No. Species JG_I . Section Assembled Scaffolds completen Genes
abbreviation length ess

61 Aspergillus flocculosus Aspfloc1 Circumdati 34735525 268 97.9 12432
62 Aspergillus luchuensis Aspfo1 Nigri 37468345 107 99.3 13530
63 Aspergillus frequens Aspfre1 Flavipedes 33664157 239 98.7 12444
64 Aspergillus fumigatus Aspful Fumigati 29388377 8 98.3 9781

65 Aspergillus fumigatiaffinis Aspfumig1 Fumigati 33218226 201 98.0 11917
66  Aspergillus fumisynnematus Aspfumis1 Fumigati 32126662 399 98.8 11626
67 Aspergillus funiculosus Aspfuni1  Ochraceorosei 25445165 144 98.8 9300

68 Aspergillus galapagensis Aspgal1 Fumigati 29972746 261 98.0 11453
69 Aspergillus germanicus Aspger1 Usti 39479152 430 98.5 14761
70 Aspergillus giganteus Aspgig1 Clavati 28200622 151 98.7 9308

71 Aspergillus glaucus Aspgl1 Aspergillus 27993362 82 99.1 11277
72 Asperqgillus granulosus Aspgra1 Usti 35311868 455 98.3 12860
73 Asperqgillus haitiensis Asphai1 Sparsi 35849033 1702 98.3 11396
74 Aspergillus heteromorphus Asphet1 Nigri 35607567 205 99.5 11133
75 Aspergillus heterothallicus Asphethal1 Usti 37429956 371 98.9 13761
76 Aspergillus hiratsukae Asphir1 Fumigati 29263246 305 99.1 10825
77 Aspergillus homomorphus Asphom1 Nigri 34054866 152 99.5 11361
78 Asperqgillus hortai Asphor1 Terrei 30242590 226 99.1 11172
79 Aspergillus ibericus Aspibe1 Nigri 33437983 116 99.5 11680
80 Asperqgillus igneus Aspign1 Fumigati 33547489 491 99.2 11877
81 Aspergillus iizukae Aspiiz1 Flavipedes 32658954 223 98.3 12279
82 Aspergillus implicatus Aspimp1 Sparsi 39195316 372 98.7 13656
83 Aspergillus indologenus Aspind1 Nigri 38592838 334 99.2 12163
84 Aspergillus indicus Aspind2_1 Nidulantes 32492420 601 98.9 11359
85 Aspergillus insuetus Aspins1 Usti 40452873 296 99.5 15211
86 Aspergillus insolitus Aspinso1 Polypaecilum 23177606 157 99.3 8833

87 Aspergillus japonicus Aspjap1 Nigri 36099954 163 98.7 12024
88 Aspergillus kawachii Aspkal_1 Nigri 36544702 317 98.3 11475
89 Aspergillus karnatakaensis Aspkar1 Aenei 36255367 239 99.1 13540
90 Aspergillus keveii Aspkev1 Usti 41415647 587 98.5 15687
91 Aspergillus laciniosus Asplaci1 Fumigati 33457904 348 99.1 11759
92 Aspergillus lentulus Asplen1 Fumigati 30572422 58 98.5 11171
93 Aspergillus longivesica Asplon1 Clavati 26674246 432 99.2 9605

94 Aspergillus lucknowensis Aspluc1 Usti 30792796 232 98.7 11541
95 Aspergillus luppii Asplup1 Flavipedes 33321554 383 99.1 11947
96 Aspergillus microcysticus Aspmic1 Nidulantes 25913919 60 98.5 10236
97  Aspergillus minisclerotigenes Aspmin1 Flavi 37064162 296 99.1 13415
98 Aspergillus multicolor Aspmul1_1 Nidulantes 35254497 113 99.2 12821
99 Aspergillus multiplicatus Aspmult1 Fumigati 28914259 191 99.2 10498
100 Aspergillus muricatus Aspmuri1 Circumdati 34116413 353 98.5 11718
101 Aspergillus nakazawae Aspnaka1 Circumdati 36345397 954 98.4 12556
102 Aspergillus neoechinulatus Aspne1 Nidulantes 30669358 236 98.9 10504
103 Aspergillus neoniger Aspneo1 Nigri 35416444 169 99.2 11939
104 Aspergillus neoflavipes Aspneof1 Flavipedes 34015292 324 98.5 12734
105 Aspergillus neoindicus Aspneoil Terrei 30897550 121 99.1 11849
106 Aspergillus niger Aspni_NRRL3_1 Nigri 35245396 15 98.8 11846
107 Asperqgillus nidulans Aspnid1 Nidulantes 30483994 8 98.2 10680
108 Aspergillus nishimurae Aspnis1 Fumigati 30189492 218 98.9 9648

109 Aspergillus niveus Aspniv1 Terrei 30196435 107 99.2 11488
110 Aspergillus nomius Aspnom1 Flavi 36713177 290 98.8 12897
111 Aspergillus novofumigatus Aspnov1 Fumigati 32440129 62 98.7 11549
112 Aspergillus novoparasiticus Aspnovo1 Flavi 40857493 870 98.7 14182
113 Aspergillus nutans Aspnut1 Cervini 34348625 427 98.7 11620
114 Aspergillus ochraceus Aspoc7043_1  Circumdati 35604108 8 98.5 12066
115  Aspergillus ochraceoroseus Aspoch1 Ochraceorosei 27718211 34 98.6 8924

116 Aspergillus olivicola Aspoli1_1 Nidulantes 33173879 824 98.0 12183
117 Aspergillus oryzae Aspor1 Flavi 37882812 11 93.7 12030
118 Aspergillus ostianus Asposti1 Circumdati 35652827 606 98.7 12122
119 Aspergillus parasiticus Asppar1 Flavi 38390758 270 98.8 13752
120 Aspergillus parvulus Aspparv1 Cervini 32731898 329 99.1 11927
121 Aspergillus pseudodeflectus Asppdef1 Usti 39072803 179 98.9 14450
122 Aspergillus penicilloides Asppeni1 Restricti 26403364 255 98.8 10386
123 Aspergillus persii Aspper1 Circumdati 37819877 342 99.2 12945

50



Secondary metabolite gene clusters

Genome
No. Species JG_I . Section Assembled Scaffolds completen Genes
abbreviation length ess

124 Aspergillus petrakii Asppet1 Circumdati 35785289 561 98.9 12569
125 Aspergillus piperis Asppip1 Nigri 35280331 47 98.9 12069
126  Aspergillus pseudocaelatus Asppsec1 Flavi 39651556 466 97.5 13895
127 Aspergillus pseudonomius Asppsen1 Flavi 37780514 374 99.5 13384
128 Aspergillus pseudotamarii Asppset1 Flavi 38243929 249 98.0 13428
129 Aspergillus pseudoterreus Asppseute1 Terrei 29514308 270 98.3 10945
130 Aspergillus pulvericola Asppul1 Circumdati 34902482 435 98.5 11818
131 Aspergillus pseudoustus Asppust1 Usti 41220403 656 98.7 15536
132 Aspergillus puulaauensis Asppuu1 Nidulantes 33961053 198 98.2 12901
133 Aspergillus rambellii Aspram1 Ochraceorosei 26435630 4177 97.1 7761

134 Asperqgillus recurvatus Asprec1_1 Nidulantes 30717846 269 98.9 11005
135 Asperqgillus restrictus Aspres1 Restricti 23256008 297 99.5 9143

136 Asperqgillus rhizopodus Asprhi1 Clavati 27579276 297 98.7 9816

137 Aspergillus robustus Asprobu1 Circumdati 33138998 186 99.2 12180
138  Aspergillus roseoglobulosus Aspros1 Circumdati 35815337 708 98.7 12489
139  Aspergillus saccharolyticus Aspsac1 Nigri 31096189 120 99.2 10066
140 Asperqgillus sclerotiorum Aspsc1 Circumdati 37971091 335 99.3 12620
141 Aspergillus sclerotioniger Aspscl1 Nigri 36720365 138 99.5 12338
142 Aspergillus sclerotiicarbonarius Aspscle1 Nigri 37621264 166 99.1 12571
143 Aspergillus sepultus Aspsep1 Cremei 32180178 194 98.9 12290
144 Aspergillus sergii Aspser1 Flavi 38325693 262 98.7 13713
145 Aspergillus sesamicola Aspses1 Circumdati 38310826 435 98.0 12058
146 Aspergillus silvaticus Aspsil1 Silvati 30974195 257 98.7 10314
147 Aspergillus spectabilis Aspspel_1 Aenei 38710628 715 98.7 13926
148 Aspergillus steynii Aspste1 Circumdati 37847960 37 99.1 13211
149 Aspergillus stella-maris Aspstel1_1 Nidulantes 33998249 266 98.3 12535
150 Aspergillus subramanianii Aspsubr1 Circumdati 37435068 564 99.1 12314
151 Aspergillus sydowii Aspsy1 Nidulantes 34381026 97 99.2 13620
152 Aspergillus taichungensis Asptaic1 Candidi 27121736 310 98.6 9691

153 Aspergillus tamarii Asptam1 Flavi 38511287 448 98.6 13331
154 Aspergillus tanneri Asptan1 Circumdati 37353086 684 98.8 12392
155 Aspergillus terreus Aspte1 Terrei 29331195 26 93.0 10406
156 Aspergillus templicola Asptem1 Flavipedes 33946247 242 98.9 12132
157 Aspergillus tennesseensis Aspten1 Nidulantes 33969804 194 98.5 12788
158 Aspergillus thesauricus Aspth1 Usti 37882319 610 98.7 12812
159 Aspergillus triticus Asptr1 Candidi 27452540 228 99.6 9769

160  Aspergillus transmontanensis Asptra1 Flavi 39338775 293 97.8 14216
161  Aspergillus transcarpathicus Asptran1 Cervini 30225050 234 98.9 10456
162 Aspergillus tubingensis Asptu1 Nigri 35146149 33 98.8 12322
163 Aspergillus udagawae Aspuda1 Fumigati 32185562 1029 97.8 9999

164 Aspergillus undulatus Aspund1_1 Nidulantes 32112944 190 99.1 11802
165 Aspergillus unguis Aspung1 Nidulantes 26060700 142 99.2 10397
166 Asperqgillus uvarum Aspuval Nigri 35850703 172 98.6 12017
167 Aspergillus vadensis Aspvad1 Nigri 35663374 60 98.8 12132
168 Asperqgillus versicolor Aspve1 Nidulantes 33126810 51 99.1 13228
169 Aspergillus venezuelensis Aspveni Nidulantes 34837464 715 98.6 12450
170 Aspergillus violaceofuscus Aspvio1 Nigri 36012865 209 99.3 12082
171 Aspergillus wentii Aspwe1 Cremei 31350635 27 99.2 12442
172 Aspergillus welwitschiae Aspwel1 Nigri 37511876 396 98.2 13687
173 Asperqgillus ruber Eurhe1 Aspergillus 26209327 110 98.9 10076
174 Aspergillus fischeri Neofi1 Fumigati 32551711 976 99.1 10406
175  Penicillium brevicompactum Penbr2 Penicillium 32114150 35 98.2 11536
176 Penicillium griseofulvum Pench1 Penicillium 31340922 27 99.5 11396
177 Penicillium chrysogenum Pengri1 Penicillium 29140916 122 98.8 9630
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BUSCO gene Best fit model BUSCO gene Best fit model BUSCO gene Best fit model
100957at4751 JTT+R5 259700at4751 JTT++G4 398592at4751 JTT+F+R5
101133at4751 LG+R4 259883at4751 JTT+R3 398882at4751 PMB+|+G4
10168at4751 JTTDCMut+F+R5  260251at4751 JTT++G4 398968at4751 JTTDCMut+G4
103183at4751 JTT+R5 260722at4751 JTT++G4 399376at4751 JTT+R5
103461at4751 JTT+R5 260896at4751 JTT+R4 399413at4751 LG+R4
103836at4751 LG+R4 261237at4751 JTT+F+R5 399810at4751 JTTDCMut+R4
104173at4751 JTT+F+R5 262317at4751 JTT++G4 401387at4751 JTT+I+G4
104415at4751 JTT+R6 26329at4751 LG+R8 402005at4751 mtZOA+R3
10531at4751 JTT+R5 263390at4751 JTT+R4 402255at4751 JTT+I+G4
105401at4751 LG+R4 264038at4751 JTT+F+R5 403079at4751 JTTDCMut++G4
106281at4751 HIVb+F+R6 264164at4751 JTT+R5 404050at4751 JTT+R5
107136at4751 JTT+R5 265302at4751 JTT+F++G4 405669at4751 JTT+R5
107464at4751 LG+R4 265325at4751 mtMet+F+1+G4 405898at4751 JTT+R4
109276at4751 JTT+F+R5 266634at4751 JTTDCMut++G4 406240at4751 JTT++G4
111022at4751 JTT+R4 267556at4751 JTTDCMut+R5 406403at4751 JTTDCMut+R4
111189at4751 JTT+F+R5 269389at4751 LG+R3 406434at4751 mtZOA+F+1+G4
11140at4751 HIVb+F+R6 269580at4751 JTT+R5 406793at4751 Dayhoff+|+G4
112646at4751 JTT+R6 269939at4751 JTT+R5 407348at4751 JTT+R5
112937at4751 JTT+R5 27008at4751 JTT+R5 408391at4751 JTT+F+R4
115993at4751 JTT+R5 271511at4751 JTT+H+G4 408419at4751 JTT+R5
11636at4751 JTT+R5 271781at4751 JTT+R4 409761at4751 mtMet+F+1+G4
117017at4751 JTTDCMut+R6 271850at4751 JTT+R4 410458at4751 LG+I+G4
118189at4751 JTT+H+G4 272081at4751 JTT+R8 410782at4751 JTT++G4
118701at4751 JTT+R8 272711at4751 JTTDCMut+R4 410986at4751 LG+I+G4
11879at4751 JTT+F+R5 273469at4751 JTTDCMut+l+G4 410991at4751 LG+F+1+G4
119833at4751 JTT+H+G4 274828at4751 JTT+F+R5 411130at4751 LG+I+G4
122507at4751 JTT+R6 276205at4751 JTT+H+G4 411471at4751 mtMet+F+R5
12258at4751 JTTDCMut+R5 278643at4751 JTT+F+R5 411518at4751 JTT+R5
122824at4751 JTT+R5 279020at4751 JTT+F++G4 411677at4751 LG+I+G4
123228at4751 JTT+F+R5 280937at4751 LG+R5 411754at4751 JTT+R3
123277at4751 JTT+F+R5 281299at4751 JTT+R5 411919at4751 JTT+R7
123494at4751 JTT+R4 281726at4751 LG+ +G4 412006at4751 LG+ +G4
125400at4751 HIVb+F+R6 281920at4751 JTTDCMut+R5 413850at4751 JTT+I+G4
125935at4751 JTTDCMut+R5 282059at4751 JTT++G4 414474at4751 JTT+R5
126037at4751 JTT+R5 282964at4751 JTT++G4 414508at4751 JTT+I+G4
126249at4751 JTT+F++G4 283177at4751 JTT+R4 416039at4751 JTT+R5
126256at4751 JTT+F++G4 284127at4751 LG+R4 416914at4751 JTT+F++G4
126519at4751 JTT+R5 284176at4751 JTTDCMut+F+R5  417109at4751 JTT+R5
127140at4751 JTT+F+R5 284287at4751 JTTDCMut+R6 417470at4751 JTT+R5
12812at4751 HIVb+F+R6 284377at4751 JTT+F+R5 417746at4751 JTTDCMut+1+G4
129160at4751 LG+R4 285254at4751 JTTDCMut+R5 418242at4751 LG+R4
129326at4751 JTT+R5 285477at4751 JTTDCMut+R5 418644at4751 JTT+R5
129520at4751 LG+I+G4 285977at4751 JTT+R5 418680at4751 JTTDCMut+R4
12959at4751 JTT+R5 289666at4751 LG+R4 419048at4751 LG+G4
130062at4751 JTT+R4 289686at4751 JTTDCMut++G4 419200at4751 JTTDCMut+R4
130930at4751 JTT+R6 290314at4751 LG+R4 419232at4751 JTT++G4
130976at4751 JTT+H+G4 290471at4751 JTT+R5 419667at4751 JTT++G4
13224at4751 JTT+F+R5 291828at4751 JTT+R5 419868at4751 LG+I+G4
133954at4751 JTTDCMut+R5 292336at4751 JTT+H+G4 420414at4751 JTT+F+R6
135184at4751 JTT+F+R5 292418at4751 LG+R4 420527at4751 JTTDCMut+F+R5
135652at4751 JTT+R4 293405at4751 JTT+H+G4 421097at4751 JTT++G4
13605at4751 JTT+R5 29512at4751 JTTDCMut+R5 421687at4751 JTT+R5
137963at4751 JTTDCMut++G4 295692at4751 JTT+R5 422151at4751 LG+R2
138484at4751 HIVb+F+R6 295937at4751 JTT+H+G4 422622at4751 JTTDCMut+R4
138695at4751 LG+R4 296024at4751 JTT+R4 422764at4751 JTT+R6
138697at4751 LG+I+G4 296643at4751 JTT+R5 423166at4751 WAG++G4
138833at4751 JTTDCMut++G4 297145at4751 JTT+F+R6 423206at4751 JTTDCMut+R4
141273at4751 JTT+R5 297671at4751 JTT+R5 427250at4751 Dayhoff+I+G4
142357at4751 JTT+R6 298335at4751 JTT+R5 428342at4751 LG+ +G4
14295at4751 LG+R10 298379at4751 JTT+H+G4 428569at4751 JTTDCMut+R4
142965at4751 FLU+F+I+G4 299054at4751 JTT+R5 428774at4751 LG+ +G4
143414at4751 JTT+R5 299330at4751 JTTDCMut+R4 428984at4751 JTT+F+R5
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14441at4751 JTTDCMut+F+R5  299509at4751 LG+R4 429332at4751 JTT++G4
145178at4751 JTT+R6 299559at4751 LG+R5 429862at4751 JTT+R4
14523at4751 JTT+R3 299583at4751 JTT++G4 430556at4751 JTT+R5
145378at4751 JTTDCMut+R4 299611at4751 JTT+R4 431195at4751 LG+I+G4
145524at4751 JTT+F+R6 300016at4751 JTT++G4 431607at4751 LG+R4
147028at4751 JTTDCMut+R4 300216at4751 JTTDCMut+R4 432952at4751 JTTDCMut++G4
14793at4751 JTT+R5 302127at4751 JTT+R4 433181at4751 JTT++G4
148293at4751 JTT++G4 304341at4751 JTT+H+G4 433384at4751 JTT+F+R5
14986at4751 JTTDCMut+R6 304453at4751 JTT+R4 434428at4751 VT+R3
150469at4751 mtZOA+F+R4 304547at4751 JTTDCMut+R5 434500at4751 JTT+R4
153083at4751 JTT+R6 304733at4751 LG+R3 434984at4751 JTT++G4
154126at4751 JTT+R6 305061at4751 JTT+R5 435317at4751 JTT+R5
156073at4751 JTT+R5 306594at4751 JTT+H+G4 435471at4751 JTT++G4
160044at4751 JTT+R10 307144at4751 JTT+R5 435767at4751 JTT+I+G4
160875at4751 JTTDCMut+R5 308236at4751 JTTDCMut+F+R5  436872at4751 JTTDCMut+R3
160940at4751 JTT++G4 308816at4751 JTT++G4 437914at4751 JTTDCMut++G4
160995at4751 JTT+I+G4 310718at4751 JTT+R4 438274at4751 JTT+F+1+G4
161113at4751 JTT+R7 310891at4751 JTT+R4 43842at4751 JTT+R5
163318at4751 JTT+F+R5 311048at4751 JTTDCMut+1+G4 438731at4751 JTT++G4
165243at4751 JTT+R5 311254at4751 JTTDCMut+1+G4 438861at4751 JTT++G4
167290at4751 JTTDCMut+F+R4  312080at4751 JTT++G4 439490at4751 JTT++G4
167374at4751 JTT+R4 312209at4751 JTT+F+R5 440401at4751 JTT++G4
167498at4751 LG+F+R3 31256at4751 JTT+R6 4409at4751 JTT+R6
168092at4751 JTTDCMut+R5 312950at4751 JTT++G4 441586at4751 JTT+R5
168489at4751 JTTDCMut+R5 31324at4751 JTT+R6 443595at4751 JTTDCMut+l+G4
169381at4751 JTT+F+R4 315551at4751 mtMet+F+R4 444174at4751 JTT+G4
170297at4751 JTT+R5 315639at4751 JTT+R5 444399at4751 LG+R3
170401at4751 JTT+R6 315799at4751 JTT+F++G4 444602at4751 JTT++G4
170904at4751 JTT+F+R6 315802at4751 JTT+R5 444892at4751 JTT+R5
171181at4751 JTT+R6 316254at4751 JTT++G4 445210at4751 JTT+F++G4
171238at4751 JTT++G4 316920at4751 mtinv+F++G4 445401at4751 LG+ +G4
17174at4751 JTTDCMut+R6 317276at4751 JTT+R4 445954at4751 JTTDCMut+l+G4
172113at4751 JTT++G4 317335at4751 JTTDCMut+R4 446124at4751 LG+ +G4
172363at4751 JTT+F++G4 319121at4751 JTTDCMut+R6 4466at4751 JTT+F+R5
172966at4751 JTT+R5 320163at4751 JTT++G4 447112at4751 JTT++G4
173428at4751 JTT+R5 320638at4751 JTTDCMut+l+G4 447424at4751 mtMet+F+R4
173995at4751 JTT+R6 320777at4751 JTT+F+R5 449717at4751 mtMet+F+R5
174653at4751 LG+I+G4 320782at4751 JTT+R5 449803at4751 LG+I+G4
174672at4751 JTT+R9 321416at4751 JTTDCMut+R5 451032at4751 JTT++G4
175136at4751 JTT+R4 321585at4751 LG+R5 451701at4751 JTT++G4
175599at4751 JTT+R5 32164at4751 JTT+R4 451811at4751 JTT+R5
176178at4751 JTT+R9 321728at4751 JTT+H+G4 451849at4751 JTT++G4
176478at4751 JTTDCMut+R5 322254at4751 JTT+R5 4523at4751 JTTDCMut+R5
176648at4751 JTT+F+R6 322267at4751 JTT++G4 452573at4751 JTTDCMut++G4
176748at4751 JTT+F+R4 323327at4751 JTT++G4 452692at4751 JTT+I+G4
179025at4751 JTT+R5 324442at4751 JTT+F+R4 452759at4751 JTT+I+G4
179437at4751 JTT+I+G4 325992at4751 LG+I+G4 452947at4751 JTT++G4
179897at4751 JTT+R5 326512at4751 JTT+R6 453693at4751 LG+ +G4
181890at4751 JTT+R5 326649at4751 JTT++G4 453909at4751 JTT+R6
181959at4751 LG+ +G4 327672at4751 JTT++G4 454746at4751 JTTDCMut+l+G4
183720at4751 JTT+R5 327748at4751 JTT+R4 454840at4751 JTT++G4
183801at4751 JTT++G4 327884at4751 LG+F+R4 455110at4751 JTT++G4
183849at4751 JTTDCMut+R4 329067at4751 JTT+R5 456963at4751 Dayhoff+G4
184718at4751 JTT+R4 330533at4751 JTT+R5 457161at4751 JTT+R4
184762at4751 LG+R2 330551at4751 JTT+R5 457544at4751 JTTDCMut+R4
185196at4751 JTT+R4 330629at4751 JTT++G4 457951at4751 LG+G4
185399at4751 JTT+R5 330815at4751 LG+ +G4 458554at4751 mtZOA+F+R4
186138at4751 JTT+R5 330949at4751 JTT+R6 458980at4751 JTT+R5
186574at4751 JTT+R6 331022at4751 JTTDCMut++G4 459844at4751 JTT++G4
1866at4751 JTTDCMut+R4 331763at4751 WAG+R2 46090at4751 JTTDCMut+R4
186701at4751 JTT+R5 332006at4751 JTT++G4 46098at4751 JTT+R10
187821at4751 LG+R4 332036at4751 JTT+F++G4 46119at4751 HIVb+F+R6
188070at4751 JTT++G4 332416at4751 JTT++G4 461238at4751 JTT++G4
18809at4751 JTT+F+R5 332876at4751 JTTDCMut+R5 461919at4751 JTT+R5
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189234at4751 JTT+R5 332891at4751 mtMet+F+R5 464711at4751 mtinv+F++G4
189573at4751 JTT+F+R4 334424at4751 JTT++G4 464772at4751 JTT+R7
190183at4751 JTT+R4 335237at4751 JTT+R6 464897at4751 LG+R3
190475at4751 JTT+R5 335719at4751 JTT++G4 465849at4751 JTT++G4
190832at4751 JTT+R4 336181at4751 JTT++G4 46666at4751 JTT+F+R6
191114at4751 JTTDCMut+R5 336187at4751 JTTDCMut+l+G4 467311at4751 JTT++G4
191296at4751 JTT+R5 337150at4751 JTT+R5 46752at4751 JTT+F+R5
191310at4751 JTT+R4 337917at4751 JTTDCMut+l+G4 467847at4751 JTT+R5
192059at4751 JTT+R6 338301at4751 JTTDCMut+R5 467959at4751 JTT++G4
192135at4751 JTT+R6 338808at4751 JTTDCMut+R4 468195at4751 JTT+F+R5
192452at4751 JTTDCMut+R6 339525at4751 JTT+H+G4 468224at4751 JTT+R4
195619at4751 JTTDCMut+R4 33984at4751 JTT+R6 468408at4751 HIVb+F+R5
195863at4751 JTT+R5 34223at4751 HIVb+F+R7 46918at4751 JTT+R6
196015at4751 JTT+R4 342642at4751 LG+ +G4 469452at4751 LG+G4
196094at4751 JTTDCMut+R4 343196at4751 JTT+R5 470813at4751 JTTDCMut++G4
196841at4751 LG+R5 343603at4751 JTT+H+G4 471205at4751 JTT++G4
197111at4751 JTT+I+G4 343623at4751 JTT++G4 473814at4751 JTT+F++G4
197612at4751 JTT+F+R5 343717at4751 JTT+R5 474125at4751 JTT+I+G4
198196at4751 JTTDCMut+R5 344553at4751 JTT++G4 474320at4751  JTTDCMut+F+I+G4
198234at4751 JTT+R4 345661at4751 JTT+R5 474374at4751 rtREV+R2
200331at4751 JTT++G4 34706at4751 JTT+R5 47592at4751 JTTDCMut+R4
201591at4751 JTT++G4 348020at4751 JTT+R5 477057at4751 JTT++G4
202089at4751 JTT++G4 348111at4751 JTT+R5 477122at4751 LG+F+I+G4
202248at4751 JTT+R8 34830at4751 JTT+R6 481052at4751 LG+ +G4
203109at4751 JTT+R4 349264at4751 Dayhoff++G4 482337at4751 JTT+F++G4
203710at4751 JTT++G4 350840at4751 JTT++G4 483049at4751 JTT++G4
204087at4751 LG+I+G4 351351at4751 JTT+F+R5 483370at4751 JTT++G4
204341at4751 JTT+R5 351482at4751 LG+ +G4 483390at4751 JTT+G4
204508at4751 JTT+F+R5 351646at4751 JTT+R5 484080at4751 JTT++G4
205479at4751 JTT++G4 351651at4751 JTT+R5 484323at4751 JTT++G4
20600at4751 JTT+R4 351849at4751 JTTDCMut++G4 484805at4751 JTTDCMut+R6
207926at4751 JTT+F+R5 351858at4751 LG+R3 485650at4751 JTT++G4
208463at4751 JTT+R6 351906at4751 JTTDCMut++G4 485702at4751 JTT+F++G4
209053at4751 JTT+R4 352224at4751 JTTDCMut+1+G4 48708at4751 LG+R7
20952at4751 JTT+R5 352999at4751 JTT++G4 488348at4751 mtMet+F++G4
209619at4751 JTT+R6 3534at4751 JTT+R5 488426at4751 JTT+R4
210178at4751 JTT+H+G4 353685at4751 JTT+R4 488857at4751 JTT+I+G4
210462at4751 JTT+H+G4 353762at4751 JTT+I+G4 490662at4751 JTT+I+G4
210986at4751 JTT+F+I+G4 353991at4751 JTT+R6 490719at4751 LG+I+G4
211442at4751 JTT+R5 354679at4751 JTT+F+I+G4 492591at4751 JTT++G4
211634at4751 JTTDCMut++G4 354739at4751 JTT+H+G4 493358at4751 DCMut+1+G4
211768at4751 LG+R4 354778at4751 JTT+R4 494427at4751 JTT+G4
212522at4751 JTT+R6 354913at4751 JTT+R3 49476at4751 JTT+R5
212735at4751 JTTDCMut+R5 355454at4751 HIVb+F+R6 494at4751 JTT+R6
213564at4751 JTT+F+R5 355525at4751 JTTDCMut++G4 497024at4751 JTTDCMut++G4
215926at4751 JTTDCMut+R5 355781at4751 JTT++G4 49967at4751 JTTDCMut+R6
216270at4751 LG+R4 356079at4751 JTT++G4 50786at4751 LG+R5
21651at4751 JTT+F+R5 356691at4751 JTT+F+R9 50835at4751 JTT+R4
216661at4751 JTT+I+G4 356743at4751 LG+I+G4 52541at4751 JTT+R5
216683at4751 JTT++G4 357182at4751 JTT+R4 52909at4751 JTT+R5
216747at4751 JTT+R4 357584at4751 JTTDCMut+1+G4 53270at4751 JTT+R9
21689at4751 JTT+R6 358012at4751 LG+F+I+G4 54252at4751 JTT+R5
216949at4751 JTT+F+H+G4 358118at4751 JTT+R6 54919at4751 JTTDCMut+l+G4
217097at4751 JTT++G4 359271at4751 JTT+R5 56395at4751 JTT+R5
217374at4751 LG+I+G4 359482at4751 JTT++G4 56432at4751 JTT+R5
219236at4751 LG+R3 359627at4751 JTT+F++G4 56729at4751 JTT+R4
219492at4751 JTT+R8 360800at4751 JTT+R5 57081at4751 JTTDCMut+R4
221926at4751 JTT+R5 361877at4751 JTTDCMut+R5 58127at4751 JTT+R8
224693at4751 JTT+F+R5 362218at4751 JTTDCMut++G4 59795at4751 JTT+F+R4
224775at4751 JTTDCMut+R4 362250at4751 LG+R4 5995at4751 JTT+R5
224804at4751 JTT++G4 362322at4751 JTTDCMut+1+G4 61411at4751 JTT+R7
225321at4751 mtZOA+F++G4 362601at4751 JTT+F+R5 61438at4751 JTT+R5
225351at4751 JTTDCMut+R5 363593at4751 JTTDCMut++G4 61857at4751 JTT++G4
225535at4751 JTT+R4 364123at4751 JTT++G4 6186at4751 JTT+F+R5
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BUSCO gene Best fit model BUSCO gene Best fit model BUSCO gene Best fit model
225712at4751 JTTDCMut+l+G4 364284at4751 JTT+R6 6272at4751 JTT+R5
225820at4751 JTT+F+R5 365270at4751 JTTDCMut+R6 62846at4751 JTTDCMut+R5
225918at4751 JTT+R6 36610at4751 JTT+R6 63635at4751 JTT+R5
226810at4751 JTT+R4 366595at4751 LG+I+G4 6377at4751 JTTDCMut++G4
227572at4751 JTT+H+G4 366597at4751 JTT+R5 63838at4751 JTT+R5
228465at4751 JTT+H+G4 366635at4751 JTT++G4 64002at4751 JTT+R5
228752at4751 JTT+H+G4 367778at4751 JTT++G4 64498at4751 JTTDCMut+R4
229510at4751 JTT+R10 368706at4751 JTT+R5 65334at4751 JTT+R4
22982at4751 LG+R7 369435at4751 LG+R4 65499at4751 JTT+R4
22992at4751 HIVb+F+R6 37028at4751 LG+R4 6592at4751 JTT+R5
229997at4751 JTT+F+R5 370505at4751 LG++G4 66151at4751 JTTDCMut+R5
230605at4751 JTT+R4 370952at4751 JTT+R4 67284at4751 JTT+R5
231468at4751 JTT+F+R5 371481at4751 Dayhoff+|+G4 67399at4751 LG+R7
231582at4751 JTT+R5 371674at4751 JTT++G4 67806at4751 JTT+R4
23198at4751 JTT+R5 371862at4751 JTT+F+R5 6812at4751 JTT+R5
232698at4751 JTT+R4 372381at4751 JTT+H+G4 68466at4751 JTT+R4
233287at4751 JTTDCMut+R4 372510at4751 JTT+F+R5 68881at4751 HIVb+F+R6
233706at4751 JTTDCMut+l+G4 372972at4751 JTTDCMut+F+l+G4  71039at4751 JTTDCMut+R5
234548at4751 JTT+R5 374350at4751 JTT++G4 71046at4751 JTT+R5
234698at4751 JTT++G4 374548at4751 JTT+R6 73383at4751 JTT+R5
235105at4751 JTT+R5 37573at4751 JTT++G4 73477at4751 JTT++G4
235463at4751 LG+R4 376255at4751 JTT+R4 73771at4751 JTT+F+R5
235640at4751 JTTDCMut+R5 37642at4751 JTT+R6 7423at4751 mtMet+F+R5
236504at4751 JTTDCMut+l+G4 376442at4751 JTT+F+R6 75033at4751 JTT+F+R5
237276at4751 JTTDCMut+l+G4 376539at4751 JTT+R5 75456at4751 JTT+F+R5
237281at4751 JTT+R5 376586at4751 JTT+R5 7545at4751 JTT+F+R6
237393at4751 JTTDCMut+R5 377787at4751 LG+ +G4 75463at4751 JTT+F+R5
237533at4751 JTT++G4 378256at4751 JTT++G4 75709at4751 JTT+F+R6
23856at4751 JTT+R4 378281at4751 JTT++G4 75976at4751 JTT+F+R5
238922at4751 JTT+F+R5 378295at4751 JTT++G4 76196at4751 JTTDCMut+F+R5
240036at4751 JTT+F++G4 378376at4751 JTTDCMut+R4 76893at4751 JTT++G4
240246at4751 JTT+R5 378430at4751 JTT+R5 76975at4751 JTT+R4
241079at4751 JTT+R4 378436at4751 JTT+R5 771at4751 JTT+R5
241483at4751 LG+I+G4 379525at4751 JTT++G4 78289at4751 JTT+R4
241586at4751 JTTDCMut+R4 38031at4751 JTT+R5 78665at4751 JTT+R4
241860at4751 JTT+R5 38184at4751 HIVb+F+R6 79262at4751 JTT+R4
24198at4751 JTT+R6 382001at4751 JTT++G4 79294at4751 LG+R4
243015at4751 JTT+R4 383007at4751 JTT+R5 79797at4751 JTT+R6
244066at4751 JTT+R6 384156at4751 LG+R3 79988at4751 JTT+R6
245480at4751 JTT+R5 384315at4751 LG+I+G4 81295at4751 JTTDCMut+R5
245900at4751 LG+F+I+G4 385139at4751 LG+R3 81614at4751 JTT+F+R5
246207at4751 JTT+R3 385343at4751 JTT+F+I+G4 81687at4751 LG+R5
246951at4751 JTT+F+R5 385564at4751 mtMet+F+1+G4 8406at4751 JTT+R5
247065at4751 JTT+R5 385971at4751 JTT++G4 84250at4751 JTT+R6
247129at4751 JTT+R4 386220at4751 JTT+G4 84829at4751 JTT+F+R6
247383at4751 JTT+R4 386245at4751 JTT+R5 85793at4751 JTT+R6
248360at4751 JTT+F+R5 387347at4751 JTT++G4 86293at4751 JTT+R5
25020at4751 JTT+R5 387759at4751 FLU+R4 87251at4751 JTT+F+R5
251158at4751 JTTDCMut+l+G4 388229at4751 LG+ +G4 87313at4751 JTTDCMut+R4
251613at4751 JTT+R5 389034at4751 LG+F+I+G4 8818at4751 JTT+R4
25161at4751 JTT+R5 389547at4751 JTT++G4 90022at4751 JTT+F+R4
252314at4751 JTT++G4 389565at4751 JTT++G4 91135at4751 JTT+R6
252469at4751 JTT+R4 390518at4751 JTT++G4 92267at4751 LG+R4
254717at4751 Dayhoff+F++G4 391384at4751 JTT+R5 93783at4751 JTT+F+R5
255378at4751 JTT++G4 392558at4751 JTT+R5 94384at4751 JTTDCMut+R5
255412at4751 JTTDCMut+l+G4 393440at4751 JTT++G4 94628at4751 JTTDCMut+F+R5
256318at4751 JTTDCMut+R5 393996at4751 LG+ +G4 95253at4751 JTT+R5
256914at4751 JTT+R5 396097at4751 JTT+R6 96633at4751 JTT+R5
257330at4751 JTT++G4 396330at4751 JTT+R5 97141at4751 JTT+R5
258245at4751 JTTDCMut+I+G4 396842at4751 JTTDCMut+R4 98519at4751 JTT+R5
258762at4751 JTT++G4 397465at4751 JTT+R5 98733at4751 JTTDCMut+R5
259060at4751 JTT+R5 39833at4751 JTT+F+R5 98739at4751 JTTDCMut+R5
259444at4751 JTT+F+R5 398519at4751 JTTDCMut+F+R6
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Secondary metabolite gene clusters

Supplementary Table 5 SM backbone genes with known metabolites on MIBiG and their RNA and H3K4me3 CVs

A. fumigatus

No. Gene Known metabolite RNA CVs H3K4me3 CVs
1  0zg3230 YWA1 0.47 0.03
2 0zq3269 fumigaclavine C 1.70 0.31
3 0zq3274 fumigaclavine C 1.67 0.28
4 0zq4d27 hexadehydroastechrome/terezine-D/astechrome 0.67 0.10
5 0zq4428 hexadehydroastechrome/terezine-D/astechrome 0.38 0.03
6 0zq4678 endocrocin 0.89 0.19
7 0zqg5642 clavaric acid 0.65 0.27
8 0zqg5879 trypacidin 1.04 0.31
9 0zg5912  fumihopaside A/compound 3/21-B-H-hopane-3beta, 22-diol 2.37 0.63
10 0zq6307 clavaric acid 0.40 0.13
11 0zq8266 fumiquinazoline A/fumiquinazoline C/fumiquinazoline D 1.43 0.50
12 0zq8269 fumiquinazoline A/fumiquinazoline C/fumiquinazoline D 0.76 0.26
13  0zq8446 pyripyropene A 1.38 0.35
14  0zq8447 pyripyropene A 0.89 0.18
15 0zq8450 pyripyropene A 1.27 0.74
16 0zq8452 pyripyropene A 1.14 0.68
17 0zq9170 fumagillin/-trans-bergamotene/fumagillol 1.66 0.08
18 0zq9173 fumagillin/B-trans-bergamotene/fumagillol 1.40 0.27
19  0zq9177 fumagillin/B-trans-bergamotene/fumagillol 1.45 0.09
20 0zq9189 fumagillin/B-trans-bergamotene/fumagillol 0.96 0.13
21 0zq9201 fumagillin/B-trans-bergamotene/fumagillol 1.15 0.42
22 0zq9203 fumagillin/B-trans-bergamotene/fumagillol 1.51 0.24
23  0zq9205 fumagillin/B-trans-bergamotene/fumagillol 0.66 0.32
24 0zq9214 fumagillin/B-trans-bergamotene/fumagillol 0.63 0.31
25 0zq9385 sartorypyrone A 1.07 0.16
26 0zq9388 sartorypyrone A 2.63 0.07
27 0zq9390 sartorypyrone A 2.24 0.13
Summary
Average CV for SM known genes 1.20 0.27
Average CV for SM genes 1.09 0.24
Average CV for SM genes in sub-telomeric regions 1.21 0.26
Average CV for SM genes outside sub-telomeric regions 0.94 0.21
A. nidulans
No. Gene Known metabolite RNA CVs H3K4me3 CVs
1 zpw3780 cichorine 0.79 0.37
2 zpw3795 cichorine 0.59 0.38
3  zpw1666 naphthopyrone 0.31 0.23
4 zpw10599 choline 0.09 0.31
5 zpw6226 monascorubrin 1.04 0.34
6 zpw6805 cyclo-(D-Phe-L-Phe-D-Val-L-Val) 0.91 0.41
Summary
Average CV for SM known genes
0.62 0.34
Average CV for SM genes 0.88 0.35
Average CV for SM genes in sub-telomeric regions 0.99 0.42
Average CV for SM genes outside sub-telomeric regions 0.81 0.29
A. niger
No. Gene Known metabolite RNA CVs
1 fin462 YWA1 0.27
2 fin531 clavaric acid 0.08
3 fin998 pyrophen/campyrone B 0.24
4 fin1334 AbT1 0.62
5 fin1339 AbT1 0.82
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A. niger
No. Gene Known metabolite RNA CVs
6 fin6217 choline 2.90
7 fin6237 choline
0.17
8 fin6291 yanuthone D
1.54
9 fin9549 TAN-1612 0.41
10 fin10128 pyranonigrin E 0.50
11 fin10375 burnettiene A/preburnettiene B/preburnettiene A 1.42
Summary
Average CV for SM known genes 0.82
Average CV for SM genes 1.00
Average CV for SM genes in sub-telomeric regions 1.21
Average CV for SM genes outside sub-telomeric regions 0.92
A. oryzae
No. Gene Known metabolite RNA CVs
1 ogu1425 choline 0.06
2 ogu2271 leporin B 0.62
3 ogu2284 leporin B 0.1
4 0ogu2300 leporin B 0.14
5 ogud449 aflavarin 0.43
6  ogu5190 astellolide A 0.52
7  ogu5359 flavunoidine 3.70
8  ogu5360 flavunoidine 0.73
9  ogu5363 flavunoidine 0.35
10 ogu6602 clavaric acid 0.04
11 ogu6962 2,4'-dihydroxy-3'-methoxypropiophenone 0.13
12 ogu6963 2,4'-dihydroxy-3'-methoxypropiophenone 0.15
13  ogu7533 dichlorodiaporthin 1.10
14 ogu9094 actinopolymorphol C 0.12
15  ogu9136 clavaric acid 0.12
16 ogu9143 clavaric acid 0.44
17  ogu10870 6-methylsalicyclic acid 0.20
18 ogu11976 8-methyldiaporthin 0.70
Summary
Average CV for SM known genes 0.53
Average CV for SM genes 0.80
Average CV for SM genes in sub-telomeric regions 1.00
Average CV for SM genes outside sub-telomeric regions 0.73
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Supplementary Table 8 ChiP-seq data analysis

A. fumigatus

No Accession number Description

1 SRR14493639 Af293_G_H3_AGGTCAGTT_ChIPMix82

2 SRR14493640 Af293g_H3_CTTGTAT_ChIPMix78

3 SRR14493641 af293_Chris_16h_input_ TCGCGTACT_ChIPMix90
4 SRR14493642 af293_chris_input_ TCGCGTACT_ChIPMix82
5 SRR14493643 Af293_C_H3K9me3_GGCTACT_ChIPMix82
6 SRR14493644 Af293c_H3k9me3_CCTTTACAGT_ChIPMix78
7 SRR14493645 Af293_C_H3K4me3_TAGCTTT_ChIPMix82
8 SRR14493650 Af293c_H3k4me3_TGACGCATT_ChIPMix78
9 SRR14493655 Af293g_input_ TCGCGTACT_ChIPMix78
10 SRR14493656 af293_Ana_input_ TATACCGTT_ChIPMix82
11 SRR14493657 Af293_G_H3K9me3_CCATACACT_ChIPMix82
12 SRR14493658 Af293g_H3k9me3_TTGAGTGTT_ChIPMix78
13 SRR14493661 Af293_C_H3_GATCAGT_ChIPMix82

14 SRR14493662 Af293c H3 TAGCTTT ChIPMix78

A. nidulans

No Accession number Description

1 SRR2170269 KdmB 17 h H3Ac ChIP

2 SRR2170273 KdmB 17 h H3Ac ChIP

3 SRR2170277 KdmB 48 h H3Ac ChIP

4 SRR2170281 KdmB 48 h H3Ac ChIP

5 SRR2170286 WT 17 h H3Ac ChIP

6 SRR2170290 WT 17 h H3Ac ChIP

7 SRR2170294 WT 48 h H3Ac ChIP

8 SRR2170298 WT 48 h H3Ac ChIP

9 SRR2170270 KdmB 17 h H3K36me3 ChIP

10 SRR2170274 KdmB 17 h H3K36me3 ChIP

11 SRR2170278 KdmB 48 h H3K36me3 ChIP

12 SRR2170282 KdmB 48 h H3K36me3 ChIP

13 SRR2170287 WT 17 h H3K36me3 ChIP

14 SRR2170291 WT 17 h H3K36me3 ChIP

15 SRR2170295 WT 48 h H3K36me3 ChIP

16 SRR2170299 WT 48 h H3K36me3 ChIP

17 SRR2170271 KdmB 17 h H3K4me3 ChIP

18 SRR2170275 KdmB 17 h H3K4me3 ChIP

19 SRR2170279 KdmB 48 h H3K4me3 ChIP

20 SRR2170283 KdmB 48 h H3K4me3 ChIP

21 SRR2170288 WT 17 h H3K4me3 ChIP

22 SRR2170292 WT 17 h H3K4me3 ChIP

23 SRR2170296 WT 48 h H3K4me3 ChIP

24 SRR2170300 WT 48 h H3K4me3 ChIP

25 SRR2170272 KdmB 17 h H3k9me3 ChIP

26 SRR2170276 KdmB 17 h H3k9me3 ChIP

27 SRR2170280 KdmB 48 h H3k9me3 ChIP

28 SRR2170284 KdmB 48 h H3k9me3 ChIP

29 SRR2170289 WT 17 h H3k9me3 ChIP

30 SRR2170293 WT 17 h H3k9me3 ChIP

31 SRR2170297 WT 48 h H3k9me3 ChIP

32 SRR2170301 WT 48 h H3k9me3 ChIP
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Chapter 3

Abstract

Chemical modifications of DNA and histone proteins impact the organization of chromatin
within the nucleus. Changes in these modifications, catalyzed by different chromatin-modifying
enzymes, influence chromatin organization, which in turn is thought to impact the spatial and
temporal regulation of gene expression. While combinations of different histone modifications,
the histone code, have been studied in several model species, we know very little about
histone modifications in the fungal genus Aspergillus, whose members are generally well-
studied due to their importance as models in cell and molecular biology as well as their medical
and biotechnological relevance. Here, we used phylogenetic analyses in 94 Aspergilli as well
as other fungi to uncover the occurrence and evolutionary trajectories of enzymes and protein
complexes with roles in chromatin modifications or regulation. We found that these enzymes
and complexes are highly conserved in Aspergilli, pointing towards a complex repertoire of
chromatin modifications. Nevertheless, we also observed few recent gene duplications or
losses, highlighting Aspergillus species to further study the roles of specific chromatin
modifications. SET7 (KMT6) and other components of PRC2 (Polycomb Repressive Complex
2), which is responsible for methylation on histone H3 at lysine 27 in many eukaryotes
including fungi, are absent in Aspergilli as well as in closely related Penicillium species,
suggesting that these lost the capacity for this histone modification. We corroborated our
computational predictions by performing untargeted mass spectrometry analysis of histone
post-translational modifications in Aspergillus nidulans. This systematic analysis will pave the
way for future research into the complexity of the histone code and its functional implications
on genome architecture and gene regulation in fungi.
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Introduction

Inside eukaryotic cells, the membrane-bound nucleus facilitates the storage and replication of
the genetic material as well as the regulation of gene expression (Labrador & Corces, 2002).
Within the nucleus, DNA is arranged as a chromatin fiber formed by repeated nucleosome
units consisting of histone protein octamers (two copies of each H2A, H2B, H3, and H4
histones) that are wrapped by 145-147 bp of DNA (Luger, 2003; Luger et al., 1997). The
chromatin structure is regulated by chemical modifications such as methylation of DNA on
cytosines (5mC) and adenines (6mA), and different post-translational modifications (PTMs)
on the histone proteins, including methylation and acetylation (Jenuwein & Allis, 2001;
Peterson & Laniel, 2004). The combination of these different modifications, the histone code,
influences the recruitment of diverse nucleosome-associated proteins (e.g., DNA binding
proteins), which can cause dynamic transitions between the condensed and transcriptionally
silent heterochromatin and the accessible and transcriptionally active euchromatin (Berger,
2007; Grewal & Jia, 2007; Santos-Rosa et al., 2002). Chromatin dynamics is therefore key for
organisms to adapt gene expression patterns in response to a variety of developmental and
environmental clues.

In the past decades, several enzymes involved in orchestrating chromatin dynamics have
been identified and functionally characterized in diverse eukaryotes (Berger, 2007; Jenuwein
& Allis, 2001; B. Xiao et al., 2003). These enzymes can be broadly classified into three distinct
types: (i) writers that place modifications on nucleosomes or linker DNA,; (ii) erasers that
remove these modifications; and (iii) readers that first recognize specific modifications and
subsequently recruit writers, erasers, or other proteins to the correct genomic location
(Collemare & Seidl, 2019). Chromatin modifiers that catalyze the same type of chemical
modification often harbor functionally and evolutionarily conserved catalytic domains. For
instance, DNA methylation (5mC) is catalyzed by different DNA methyltransferases (DNMTs)
which contain a DNA methyltransferase domain, while histone mono-, di-, and tri-methylation
are nearly exclusively catalyzed by proteins containing a SET (Su (var) 3-9, E(z) and Trithorax)
domain (B. Xiao et al., 2003). Next to these catalytic domains, the enzymes often contain
accessory domains, which can contribute to the overall stability of the enzyme or establish
interactions with other proteins (Helmlinger et al., 2021). Furthermore, these multi-domain
proteins, together with other accessory protein subunits, can form multi-protein complexes to
find the correct target region witin the genome and modify the exact amino acid residue,
collectively contributing to the specific functions of these complexes (Gates et al., 2018;
Hajheidari et al., 2019). For example, the histone methyltransferase complex PRC2
(Polycomb Repressive Complex 2) is responsible for the mono-, di-, and tri-methylation of
histone protein H3 on the lysine at position 27 (abbreviated as H3K27me1/2/3; the same
abbreviation principle will be applied below for other histone PTMs) (Freitag, 2017; Jamieson
et al., 2013, 2016; Kamei et al., 2021). Evolutionary analyses have suggested that the key
enzymes responsible for chromatin modifications have evolved and siginificantly expanded
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early in eukaryotic evolution (Weiner et al., 2020). An analysis of 94 gene families with roles
in chromatin modifications reveals that 87 out of 94 gene families emerged more than one
billion years ago, and 48 were already present in the last eukaryotic common ancestor (Weiner
et al., 2020).

Among eukaryotes, the fungal kingdom is remarkably large and diverse, comprising an
estimated 1,5-5 million species with various morphologies, life cycles, and ecological niches
(Choi & Kim, 2017). The most well-studied model fungal species in respect of chromatin
modifications is the unicellular yeast Saccharomyces cerevisiae, in which 75 histone PTMs on
43 distinct amino acid positions have been reported with histone methylation and acetylation
being most abundant (Collemare & Seidl, 2019). In addition to ancient chromatin modifiers,
also lineage-specific innovations such as duplications and losses were found in fungi. For
example, Dim-2 and RID (Repeat-Induced Point Mutation (RIP)-Defective) are considered to
be fungal-specific DNMTs, while DNMT3 that is typically found in animals and plants seems
to be absent in fungi (Bewick et al., 2019; Kouzminova & Selker, 2001; Nai et al., 2021).
However, S. cerevisiae is not representative of the complete fungal kingdom, and detailed
studies on PTMs are needed for other, less studied fungal species.

The fungal genus Aspergillus comprises approximately 350 species, including pathogens of
humans, animals, and crops, food contaminants, as well as important cell factories for
industrial and medical applications (Samson et al., 2014). Chromatin dynamics influences
gene expression in several Aspergilli and regulates growth, sexual development, secondary
metabolite biosynthesis, and virulence (Canovas et al., 2014; Collemare & Seidl, 2019; Palmer
et al., 2008; Yang et al., 2016). Thus far, very few well-known chromatin modifications and
their catalytic protein complexes have been identified and studied in few Aspergillus species
(Collemare & Seidl, 2019). For example, gene knockout of the H3K9 methyltransferase Cir4
homolog in Aspergillus fumigatus reduced histone H3K9me1/3 results in reduction of radial
growth and conidia production, as well as delayed conidiation (Palmer et al., 2008). Similarly,
CclA, a subunit of the COMPASS (COMplex of Proteins ASsociated with SET1) complex, is
essential for H3K4me2/3 in A. fumigatus, and the deletion strain showed increased secondary
metabolite production and decreased growth (Palmer et al., 2013). The SAGA (Spt-Ada-Gcn5
Acetyltransferase) complex, which is responsible for histone acetylation, has been functionally
characterized in Aspergillus nidulans (Georgakopoulos et al., 2013). Notably, this complex in
A. nidulans lacks the Sgf11 and Sus1 subunits that have been described in S. cerevisiae,
suggesting that this complexe evolves in distinct trajectories in different fungi
(Georgakopoulos et al., 2013). Besides these few examples, we so far lack a complete view
of the occurrence and evolution of chromatin modifiers in the Aspergillus genus. Here, we
report the phylogenetic analyses of core enzymes involved in the deposition and removal of
histone PTMs, and assess the conservation of all the subunits belonging to chromatin
regulator complexes in 94 diverse Aspergilli. We also performed proteomics analyses to
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corroborate our computational predictions and reveal a broader spectrum of histone
modifications.

Results and discussion

DNA methylation, histone methylation, and histone acetylation are among the most studied
chromatin modifications in animals, plants, and fungi (Binda, 2013; Wade et al., 1997; Wolffe
& Matzke, 1999). Protein complexes involved in writing, reading, and erasing these
modifications have been reported in few model fungal species to date (Jamieson et al., 2013;
Kouzminova & Selker, 2001), but the evolution and conservation of these complexes in
diverse fungal species have not been largely systematically explored. Besides some research
on DNA methyltransferases (Bewick et al., 2019; Nai et al., 2021) and SET domain-containing
proteins (Freitag, 2017) that have been performed throughout the fungal kingdom, we still lack
the evolutionary overview of other chromatin modifiers and in depth analyses for important
fungal groups. To start uncovering the occurrence and evolutionary histories of chromatin
modifiers involved in these major modifications in the fungal genus Aspergillus, we first
focused on six conserved catalytic domains reported to be involved in histone modifications:
DNA methyltransferase domain for DNMTs, SET domain for histone methyltransferases
(HMTs), acetyltransferase domain and MOZ/SAS FAMILY domain for histone
acetyltransferases (HATs), histone deacetylase domain for histone deacetylases (HDACs),
and JmjC domain for histone demethylases (HDMTs). We identified homologs harboring these
conserved domains in 109 predicted proteomes; the completeness of the predicted proteomes
was generally high as 97 had more than 97% complete BUSCO predicted proteins (Table S1).
The 94 Aspergilli species cover 18 recognized sections: Polypaecilum, Cremei, Restricti,
Aspergillus, Cervini, Clavati, Fumigati, Candidi, Circumdati, Janorum, Terrei, Flavi,
Ochraceorosei, Bispori, Cavernicolarum, Usti, Nidulantes, and Nigri (Chen et al., 2016; James
et al., 2020; Kjeerbglling et al., 2020; Souza et al., 2019; Steenwyk et al., 2019; Sun et al.,
2020; Vesth et al., 2018), and 15 other species were used as outgroups (Figure S1). Two of
the outgroup species are Basidiomycota and the remaining species cover each class in the
Ascomycota phylum, which provides a robust framework for our evolutionary analyses within
Aspergilli. The outgroup species include well-studied model species, some of which are
important for crop production, food fermentation, and antibiotics production (Grunstein &
Gasser, 2013; Nielsen et al., 2017). We used the identified homologs for each catalytic domain
to determine their evolutionary history using maximum-likelihood phylogenies (Figures 1-4,
S2, and S3).
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Figure 1. Conservation of DNA methyltransferase families in the Aspergillus genus and
outgroup species. The maximum-likelihood phylogeny of DNA methyltransferase domain
(PF00145) found in 94 Aspergilli and 15 outgroup species was determined using IQ-TREE
(Boratyn et al., 2013; Simé&o et al., 2015). The black dot on the branch indicates ultrafast bootstrap
values over 95 and SH-aLRT values over 80. Leaves from Aspergilli with trustworthy support are
collapsed and shown as red triangles. The numbers of hits and species are separated by the pipe
in the ‘#Homologs | #Species’ column. The number in parentheses after * indicates the additional
hits found by the TBLASTN search on NCBI. Additional conserved domains in DNA
methyltransferase domain-containing proteins were identified using the PFAM database
(https://pfam.xfam.org).
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Aspergilli harbor conserved DNA methyltransferases for genome defense and
methylation maintenance

The conserved DNA methyltransferase domain is the only domain known to catalyze the
addition of methyl groups to DNA specifically at cytosines (5mC) (Bewick et al., 2019). Based
on previous domain architecture analyses, phylogeny reconstructions, and functional
experiments, five distinct protein families containing a DNA methyltransferase domain have
been recognized in fungi: DNMT1, DNMT2, and DNMT5 are commonly found in eukaryotes,
while Dim-2 and RID are considered to be fungal specific (Bewick et al., 2019). Among these
five families, DNMT2 seems to function as a tRNA methyltransferase rather than DNA
methyltransferase (Ko et al., 2021). In line with previous observation (Bewick et al., 2019;
Jurkowski & Jeltsch, 2011), DNMT2 only occurs in our study in two Basidiomycota and one
Ascomycota (Schizosaccharomyces pombe), suggesting it has been lost in most Ascomycota.

Three (DNMT1, DNMT5, and Dim-2) of the four remaining families catalyze the maintenance
of DNA methylation pattern from parental DNA strand onto synthesized daughter DNA strands,
while Dim-2 is also able to catalyze de novo methylation (Bestor, 1988; Okano et al., 1998).
Based on our species selection and phylogenetic analyses, we here found DNMT1 and Dim-
2 to be absent in all Aspergilli and only present in four or seven out of 15 outgroup species,
respectively, while DNMT5 is found in most Aspergilli and outgroup species (Figure 1). Only
four outgroup species harboring DNMT1, the two Basidiomycota species, Botrytis cinerea,
and Plectania melastoma, which corroborates previous findings (Bewick et al., 2019; Z. Zhang
et al., 2021). Dim-2 was identified only in seven Ascomycota outgroup species, and matches
in B. cinerea and Zymoseptoria tritici were included after an additional TBLASTN search in
NCBI (Table S6). The original Dim-2 absence in B. cinerea by local Hmmsearch is caused by
the older version and fragmented assembly at JGI compared to NCBI. The Z. tritici IPO323
strain used in this study carries a non-functional Dim-2 as previously reported (Moller et al.,
2021) and no significant hit was found with Hmmsearch or BLASTP searches, but several
fragmented hits with TBLASTN search in NCBI. This loss of Dim-2 function in Z. tritici IPO323
is very recent because other isolates harbor a functional Dim-2 gene (Moller et al., 2021). Its
loss leads to the deactivation of transposable elements (TEs) and decreased mutation rate,
thus influencing genome defense and genome evolution (Moller et al., 2021). Integration of a
functional Dim-2 allele in Zt09 restores DNA methylation (Moller et al., 2021). In contrast to
the DNMT1 and Dim-2 losses in Aspergilli, DNMTS5 is identified in 88 out of 94 Aspergilli and
10 out of 15 outgroup species (Figure 1), with a conserved domain architecture consisting of
a DNA methyltransferase domain, an SNF2 family domain (PF00176), and a Helicase
conserved C-terminal domain (PF00271), in which the latter two domains are involved in
transcription regulation (Delmas et al., 1993). The five outgroup species without DNMT5 are
S. cerevisiae, S pombe, Neurospora crassa, Fusarium graminearum, and Cladonia grayi,
among which the two yeast species also lack the other two DNA methylation maintaining
enzymes, and thus accordingly are considered to be incapable of DNA methylation (Capuano
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et al., 2014; Huff & Zilberman, 2014; Proffitt et al., 1984). Five out of the six Aspergillus species
that lost DNMT5 belong to a single clade within the Nidulantes section (Aspergillus undulatus,
Aspergillus olivicola, Asperqgillus filifera, Aspergillus venezuelensis, and Asperqgillus stella-
maris), and the sixth one is Aspergillus robustus which is assigned to the Circumdati section
(Figure S1). In the Basidiomycota fungus Cryptococcus neoformans, DNMT5 maintains DNA
methylation using the same cofactors as DNMT1 (Catania et al., 2020; Huff & Zilberman,
2014). Thus, it is most likely that DNMT5 is similarly involved in DNA methylation maintenance
in Aspergilli as in C. neoformans. Moreover, DNA methylation maintenance does not appear
to be required for the survival of fungi as shown with the absence of all three DNMT1, DNMTS5,
and Dim-2 not only within the Nidulantes section but also in S. cerevisiae and S. pombe
(Figure 1). However, the absence of these genes could have an impact on the regulation of
certain genes like secondary metabolite biosynthetic gene clusters and it would be interesting
to compare species within the Nidulantes section in more detail to identify how such loss may
have affected gene expression and genome organization.

RID is a more recently acquired single domain DNMT that specifically occurs in fungi and is
involved in a fungal-specific genome defense mechanism called RIP (Repeat-Induced Point
mutation) (Bewick et al., 2019). RID is a putative de novo methyltransferase for TEs in both
CG and non-CG contexts relating to RIP during the sexual stage in N. crassa; however the
capacity of RID to catalyze 5mC has not yet been demonstrated (Rountree & Selker, 2010).
Here, we identified RID in all analyzed Aspergilli species as well as in ten outgroup species.
A RID-like homolog knock-out mutant in the model filamentous Ascomycota Podospora
anserina shows blocked sexual development, as gametes formation and fertilization can
happen but dikaryotic cells cannot develop normally (Grognet et al., 2019). Interestingly, the
knock-out mutant of DmtA (homolog of RID in Aspergillus flavus) shows altered conidiation,
sclerotial production, aflatoxin biosynthesis, and virulence (Yang et al., 2016), suggesting that
RID might have additional functions next to genome defense. Additionally, fungi lost the gene
for de novo DNA methyltransferase, DNMT3, around 50—150 million years ago (Catania et al.,
2020; Madhani, 2020), and only DNMT5 and RID were consistently found in Aspergilli (Figure
1). Thus, we hypothesize that Aspergilli can only maintain DNA methylation via DNMT5 but
do not spur genome-wide de novo DNA methylation. This hypothesis seems to be
corroborated as bisulfite sequencing in A. flavus has uncovered very little genome-wide DNA
methylation (S.-Y. Liu et al., 2012). However, systematic analyses of DNA methylation
patterns and experimental evidence for the roles of DNMTs in Aspergilli are still largely missing.

Aspergilli lack SET7 (KMT6), but SET-domain proteins are abundant and other histone
methyltransferases are conserved

Histone methylation is typically catalyzed by SET domain-containing proteins (Freitag, 2017;
Spellmon et al., 2015). We identified a total of 1,548 SET domain-containing proteins and
classified them into 15 groups based on their domain architecture and phylogenetic support
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that contain species both from Aspergilli as well as from the outgroup. Among these groups,
107, 111, 109, 102, and 108 sequences represent homologs of the known histone
methyltransferases (HMTs) SET9 (KMT5), Dim-5 (KMT1), SET1 (KMT2), Ash1 (KMT2H), and
SET2 (KMT3), respectively (Figure 2). The remaining homologs were divided into nine groups
that we broadly classified as SET domain-containing proteins. Among them, eight groups
contain a SET domain but lack experimentally determined functions, and 117 sequences could
be grouped as Ribosomal lysine N-methyltransferases (Figure 2). Enzymes in this group
contain a SET domain together with a Rubisco LSMT substrate-binding domain (PF09273).
While the homolog in plant transfers a methyl group to the large subunit of the Rubisco
holoenzyme complex (Raunser et al., 2009; Trievel et al., 2003), the homolog in S. cerevisiae
has been characterized as a ribosomal lysine N-methyltransferase (Porras-Yakushi et al.,
2007).

The well-described HMTs, SET1, Dim-5, SET2, Ash1, and SET?9, all contain distinct accessory
domains and catalyze methylation on lysine residues at different positions of H3 or H4 tails
(Freitag, 2017). SET1 is composed of the SET domain, the N-SET domain (PF11764), as well
as the SET_assoc domain (PF11767), and is responsible for H3K4me1/2/3 in S. cerevisiae
(Roguev et al., 2001). SET1 occurs in a single copy in all species (Figure 2), indicating that
this enzyme and its catalyzed PTM play fundamental roles in fungal biology. Dim-5 contains
a SET domain and Pre-SET domain (PF05033) and acts as an H3K9 methyltransferase
inducing heterochromatin formation notably in N. crassa (X. Zhang et al., 2002). Dim-5 was
found in all species included in this study except S. cerevisiae and Aspergillus calidoustus,
among which S. cerevisiae is reported to lack H3K9me (Marina et al., 2013; X. Zhang et al.,
2002). How such a loss has impacted gene expression in A. calidoustus in comparison to its
closest relative Aspergillus carlsbadensis deserves further investigation. Both SET2 and Ash1
catalyze H3K36me in N. crassa and share the SET domain and the AWS domain (PF17907)
(Figure 2), yet SET2 harbor one additional SRI domain (PF08236) that interacts with RNA
polymerase Il and links H3K36me with transcript elongation (M. Li et al., 2005; Strahl et al.,
2002; T. Xiao et al., 2003). In N. crassa, Ash1 was shown to contribute to H3K36me at sub-
telomeric regions, while SET2 acts primarily at euchromatic regions (Bicocca et al., 2018;
Janevska et al., 2018). Considering the common origin of SET2 and Ash1 as well as their
similar activities, an ancient duplication followed by the loss or gain of the SRI domain is likely
to have contributed to their functional diversification (Figure 2). SET2 was found in all outgroup
species, while Ash1 was lost in both Basidiomycota and two yeasts. False absences of Ash1
in B. cinerea and F. graminearum were corrected as they could be retrieved by TBLASTN
search at NCBI (Table S6). Both enzymes are conserved in all Aspergillus species except in
Aspergillus carbonarius from the Nigri section, suggesting that either other SET domain-
containing proteins exhibit functional redundancy or that H3K36 methylation is not fully
required in this species. In Fusarium fujikuroi, deletion of SET2 and Ash1 strongly affected
vegetative growth and conidiation (Janevska et al., 2018). SET9 homologs harbor only a SET
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domain, and were shown to catalyze H4K20me in S. pombe (Y. Wang et al., 2009). This group
is well conserved in most of the species except in S. cerevisiae (Veerappan et al., 2008) and
in the two closely related Aspergilli, Aspergillus novoparasiticus and Aspergillus arachidicola
that both belong to section Flavi (Figures 2 and S1).

SETY7 is the catalytic subunit of PRC2, and is highly conserved in mammals, plants, and N.
crassa, in which it has been well-characterized to catalyze methylation on H3K27, a PTM that
is deposited at facultative heterochromatin (Jamieson et al., 2013). Even though PRC2 is
considered to be a key chromatin modifier complex, its catalytic subunit SET7 was lost in
many fungal species (Freitag, 2017). SET7 has previously been reported to be absent in A.
nidulans and A. fumigatus (Freitag, 2017; Jamieson et al., 2013, 2016), and we here
demonstrate that SET7 is absent from all analyzed Aspergilli as well as from Penicillium
(Figure 2), suggesting that this enzyme was most likely lost at or before the divergence of the
last common ancestor of these two fungal genera. Thus, in line with previous reports
(Bachleitner et al., 2019; Canovas et al., 2014; Freitag, 2017; Gacek-Matthews et al., 2015),
our results indicate that methylation on H3K4, H3K9, H3K36, and H4K20 are likely catalyzed
by conserved enzymes in most Aspergilli, while H3K27 methylation is absent. Considering the
loss of this methylation is usually reported to trigger deleterious phenotypes in the soil-borne
fungus Verticillium dahliae (Kramer et al., 2022), humans (Sneeringer et al., 2010), and mice
(Tao et al., 2011), investigating how Aspergillus species are able to cope with such a loss will
likely provide new insights on the histone code and its evolution in fungi.

Importantly, the occurrence of a high number of uncharacterized SET domain-containing
proteins opens the possibility that these contribute to not yet characterized histone
modifications. Especially, four uncharacterized SET domain-containing groups with 144, 195,
113, and 113 members are conserved in Aspergilli and thus likely play important roles in
different cellular processes.
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Figure 2. Conservation of histone methyltransferase families in the Aspergillus genus and
outgroup species. The maximume-likelihood phylogeny of SET domains (PF00856) found in 94
Aspergilli and 15 outgroup species was determined using IQ-TREE (Boratyn et al., 2013; Simao
et al., 2015). The black dot on the branch indicates ultrafast bootstrap values over 95 and SH-
aLRT values over 80. Leaves from Aspergilli with trustworthy support are collapsed and shown as
red triangles. Leaves with similar protein architecture but unknown functions covering both

91



Chapter 3

Aspergilli and outgroup species are collapsed and shown as grey triangles. The numbers of hits
and species are separated by the pipe in the ‘#Homologs | #Species’ column. The number in
parentheses after * indicates the additional hits found by the TBLASTN search on NCBI. Additional
conserved domains in SET domain-containing proteins were identified using the PFAM database
(https://pfam.xfam.orq).

Histone acetyltransferases are conserved in Aspergilli

Histone acetyltransferases (HATs) have been classified into five families: MYST (MOZ,
Ybf2/Sas3, Sas2, and Tip60)-related HATs, Gcnb-related acetyltransferases (GNATS),
p300/CBP HATSs, general transcription factor HATs, and nuclear hormone-related HATs
(Carrozza et al., 2003; Sterner & Berger, 2000; Torchia et al., 1998). We here only focused
on the first two HAT families because these are known to be involved in the regulation of
histone proteins and appear largely conserved in fungi (Carrozza et al., 2003).The MOZ/SAS
FAMILY domain is the catalytic domain of MYST-related HATs (Roth et al., 2001). As
previously reported (Kawahara et al., 2008), the three characterized MYST-related HATS,
Sas3, Sas2, and Esa1, belong to distinct monophyletic clades, and these paralogues are
nearly fully conserved in the here analyzed fungi (Figure 3). MOZ/SAS FAMILY domain and
zf-MYST domain (PF17772) are present in Sas3, which can on its own acetylate histone H3
and H4, and H2A weakly in vitro (Takechi & Nakayama, 1999). Within the NuA3 (Nucleosomal
Acetyltransferase of histone H3) complex, Sas3 histone acetylation activity is in vitro restricted
on H3K14 and to a less extent on H3K23, while in S. cerevisiae, only H3K14ac can be
detected (Taverna et al., 2006). Sas3 occurs in most of the species but is lost in S. pombe, as
previously observed (Gémez et al., 2005; Nugent et al., 2010), and is duplicated in A.
carbonarius (Figure 3). In addition to the two domains found in Sas3, Sas2 and Esa1 carry a
PHD_4 domain (PF16866) or Tudor-knot domain (PF11717), respectively (Figure 3). Esal is
present as a single copy in all species included in this study, and its functions is known to
contribute to the acetylation of K5, K8, K12, K16 on histone H4, as well as on H2AZK14 in S.
cerevisiae (Allard et al., 1999; Kim et al., 2018; Millar et al., 2006; Searle et al., 2017). Sas2
is similarly found in most of the species except for two Basidiomycota as well as for A.
carbonarius. Sas2 is involved in chromatin-mediated gene regulation and H4K16 acetylation
in both S. cerevisiae and Candida albicans (Kim et al., 2018; Meijsing & Ehrenhofer-Murray,
2001; X. Wang et al., 2013). Although Esa1 and Sas2 catalyze H4K16ac, it was shown in C.
albicans that they are differentially recruited at different stages of development (Kim et al.,
2018). Because both Esal and Sas2 are well-conserved in the Aspergillus genus, we
hypothesize that these two HATs may also have distinct roles during development.
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Figure 3. Conservation of MOZ/SAS FAMILY domain-containing histone acetyltransferases
in the Aspergillus genus and outgroup species. The maximum-likelihood phylogeny of
MOZ/SAS FAMILY domains (PF01853) found in 94 Aspergilli and 15 outgroup species was
determined using IQ-TREE (Boratyn et al., 2013; Simao et al., 2015). The black dot on the branch
indicates ultrafast bootstrap values over 95 and SH-aLRT values over 80. Leaves from Aspergilli
with trustworthy support are collapsed and shown as red triangles. The numbers of hits and
species are separated by the pipe in the ‘#Homologs | #Species’ column. ‘In vitro’ indicates the
acetylation activity of this enzyme was only observed on the substrate in vitro. Additional conserved
domains in MOZ/SAS FAMILY domain-containing proteins were identified using the PFAM
database (https://pfam.xfam.org).
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GNATs have a acetyltransferase domain as its catalytic core, and 2,604 acetyltransferase
domain-containing proteins were found in our search (Figure S2). The genes for two well-
characterized GNATSs, Genb and Elp3, occur in a single copy in every species included in our
study (Figure S2). Gen5 harbors a Bromodomain (PF00439) in addition to the
Acetyltransferase domain and is a crucial subunit of distinct histone acetyltransferase
complexes such as the HAT-A2 complex, the SAGA complex, and the ADA complex in S.
cerevisiae (Carrozza et al., 2003; Sterner & Berger, 2000). All these complexes contain two
coactivator proteins, Ada2 and Ada3, that directly bind to Gen5 (Balasubramanian et al., 2002)
and the recruitment of different other subunits determines the location where they catalyze
acetylation (Carrozza et al., 2003). Elp3 is characterized by the Acetyltransferase domain,
Radical SAM (PF04055), and Radical SAM C-terminal domain (PF16199), and has been
shown to catalyze H3K14ac and H4K8ac in S. cerevisiae (Krogan & Greenblatt, 2001; Winkler
et al., 2002; Wittschieben et al., 1999). Elp3 also exhibits a dual enzymatic activity as it
catalyzes demethylation in mouse zygotes (Okada et al., 2010), which is due to the Radical
SAM domain that catalyzes the demethylation of methylated lysyl residues on histones
(Booker & Grove, 2010).

Next to Gen5 and Elp3, we have identified 2,386 additional acetyltransferase domain-
containing proteins. Because their functions remain unknown due to the lack of homology to
sequences with characterized functions, they are valuable candidates that may acetylate
histones or other proteins. Interestingly, it has been shown that Gcn5 also exhibits
succinyltransferase activity in humans (Y. Yuan et al., 2020) and can also function as histone
crotonyltransferase to regulate gene transcription in vitro (Kollenstart et al., 2019). It is
expected that other less common histone modifications, i.e., histone lysine butyrylation,
propionylation, or malonylation, may also be catalyzed by histone acetyltransferases because
these histone modifications all use acyl-Coenzyme A to complete the reactions (Jones, 2014;
B. Liu et al., 2009; Papanicolaou et al., 2014). Further research is needed to determine
whether these less common histone modifications are catalyzed by the known histone
acetyltransferases Genb and Elp3, or as of yet unstudied HATs. In conclusion, all five
characterized fungal HATs described above are highly conserved in the Aspergillus genus,
showing their importance in fungal biology. Many other acetyl-transferase domain-containing
proteins are encoded in Aspergillus genomes and may be responsible for histone acetylation
or additional less common histone modifications like butyrylation, succinylation, and
malonylation.

Duplication of RpdA histone deacetylase gene in the Flavi and Janorum sections

Five families of histone deacetylases (HDACs) can be grouped into two classes based on
sequence similarity: class | (HOS1, HOS2, and Rpd3/RpdA) and class Il (HdaA and HOS3)
(Bernstein et al., 2000; Ekwall, 2005). They all harbor the Histone deacetylase catalytic
domain, and our phylogenetic tree corroborates the HDAC classification into two distinct
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classes (Figure 4). HdaA is found as a single copy in each species included in this study
(Figure 4). It harbors the Histone deacetylase domain and C-terminal Arb2 domain (PF09757)
that serves as an anchor to target centromeric heterochromatin region (Honda et al., 2016;
Job et al., 2016). HdaA deacetylates lysine in histones H3 and H2B, but not H4 nor H2A in S.
cerevisiae (Kurdistani & Grunstein, 2003; Wu et al., 2001), and the AhdaA knock-out strains
show increased or reduced production of different secondary metabolites in A. nidulans (X. Li
et al., 2019), A. niger (X. Li et al., 2019), and A. fumigatus (Lee et al., 2009). By contrast,
HOS3 is found in only 80 Aspergillus species, as it is lost in nine species (Aspergillus nomiae,
Aspergillus pseudocaelatus, Aspergillus tamarii, Aspergillus pseudotamarii, Aspergillus
caelatus, Aspergillus sergii, A. novoparasiticus, A. minisclerotigenes, A. arachidicola) in the
Flavi section, three species (A. desertorum, Aspergillus stercorarius, and A. multicolor) in the
Nidulantes section, and two species (Aspergillus heteromorphus and A. carbonarius) in the
Nigri section. HOS3 is well conserved in all outgroup species except S. pombe (Figure 4)
(Brosch et al., 2008). HOS3 has been shown to catalyze deacetylation with distinct specificity
for histone H2AK7, H2BK11, H3K14 and H3K23, as well as H4K5 and H4K8 in S. cerevisiae
cell extracts (Carmen et al., 1999). Notably, HOS71 was only detected in three outgroup
species, S. cerevisiae and both Basidiomycota (Figure 4). The specificity of Hos1 in catalyzing
deacetylation on histone proteins is not known yet (Pérez-Martinez et al., 2020), but it can
catalyze the deacetylation of the Smc3 subunit of Cohesin and influence the regulation of
chromosome segregation during mitosis in S. cerevisiae (S. Li et al., 2017). HOS2 is found in
15 outgroup species and most of Aspergilli except A. oryzae (Figure 4). It is known to
deacetylate lysine residues in H3 and H4 histone tails (A. Wang et al., 2002). The conservation
of HOS2 in Aspergilli suggests that it plays a key role, which is supported by the deletion of
HOS2 in A. niger where the deletion strains displays severe reduction in growth, sporulation,
SM biosynthesis, and stress resistance (X. Li et al., 2019).
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Figure 4. Conservation of histone deacetylase domain-containing proteins in the
Aspergillus genus and outgroup species. The maximum-likelihood phylogeny of Histone
deacetylase domains (PF00850) found in 94 Aspergilli and 15 outgroup species was determined
using IQ-TREE (Boratyn et al., 2013; Sim&o et al., 2015). The black dot on the branch indicates
ultrafast bootstrap values over 95 and SH-aLRT values over 80. Leaves from Aspergilli with
trustworthy support are collapsed and shown as red triangles. The numbers of hits and species
are separated by the pipe in the ‘#Homologs | #Species’ column. ‘In vitro' indicates the
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deacetylation activity of this enzyme was only observed on the substrate in vitro. Additional
conserved domains in histone deacetylase domain-containing proteins were identified using the
PFAM database (https://pfam.xfam.org).

Within class | HDACs, the Rpd3/RpdA clade is divided into two sub-clades (Figure 4). One is
nearly fully conserved (except in A. oryzae) and comprises the well-characterized Rpd3/RpdA
HDACSs, while the other one only comprises sequences from the Flavi and Janorum sections
(Figure 4). Our phylogenetic reconstruction suggests a duplication event that has occurred in
the ancestor of all Aspergilli giving rise to a paralog that was retained in two sections only and
could explain the A. oryzae loss in the conserved sub-clade. The two paralogs from the same
species vary in length as they share a conserved N terminal catalytic domain but have a
different C terminus (Figure 4). Follow-up studies are needed to investigate the function of
both paralogues in Aspergillus species. Rpd3 is a crucial deacetylase in eukaryotes, as it is
required for deacetylation in most locations on core histone proteins, except H4K16 in vitro
(Suka et al., 2001) that is catalyzed by HOS2 (A. Wang et al., 2002). S. cerevisiae lacking
Rpd3 is sensitive to high osmolarity and shows compromised expression of osmotic stress
genes (De Nadal et al., 2004). Deletion of RpdA in A. nidulans is lethal (Tribus et al., 2010),
while only heterokaryon disruptants could be obtained in A. oryzae (Kawauchi et al., 2013),
indicating its crucial role in the fungal genus Aspergillus. In summary, class | and class ||
deacetylases are well conserved in Aspergilli, and duplication events like the one observed
for RpdA may confer new activities. While only one paralog was retained in A. oryzae, the
presence of two paralogs in sections Flavi and Janorum may provide functional redundancy
or diversification, which remains to be determined.

Lastly, we reconstructed the phylogeny of histone demethylases harboring the Jumonji C
(JmjC) domain (PF02373) (Figure S3). Six groups are distinguished by their domain
distribution: KDM4A/JHDM3/JMJD2, KDM5/JARID, DMM-1, JMJD6/PKDM11, KDM2/Epe1,
and KDM6B/JMJD3, which also agrees with a previous study (Gacek-Matthews et al., 2015).
The first five groups occur in most of the outgroup and Aspergillus species, but the
KDM6B/JMJD3 is only present in several outgroup species but not in any of the Aspergillus
species. Certain JmjC domain-containing proteins were shown to catalyze the demethylation
of histone proteins, e.g., KDM5/JARID for H3K4me2/3 and KDM4A/JHDM3/JMJD2 for
H3K9me2/3 and H3K36me2/3 (Klose et al., 2006). The histone demethylase activity has not
been detected for DMM-1 (Tamaru, 2010) or Epe1 (Isaac et al., 2007) in N. crassa, while
KDM2 can demethylate H3K36me1/2 in mouse (Turberfield et al., 2019) and JMJD6/PKDM11
is an arginine demethylase in Arabidopsis (Qian et al., 2015). Interestingly, the human
KDM6B/JMJD3 is responsible for the demethylation of H3K27me2/3 (Hong et al., 2007). As
we did not find SET7 and thus conclude that H3K27me3 is absent, it would be tempting to
speculate that H3K27 demethylase should be absent in Aspergillus too. However, based on
the fact that other enzymes, e.g., UTX can also catalyze the demethylation of H3K27 (Agger
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et al,, 2007; Hong et al., 2007), we cannot unambiguously correlate the absence of
KDMBG6B/JMJD3 to SET7 loss. More studies are needed to investigate the regulation
mechanism and interplay of proteins for H3K27 methylation.

Presence-absence patterns of subunits that compose histone modifier complexes
Histone PTMs are catalyzed by the conserved domains found in HMTs, HATs, and HDACs
(Figure 2-4 and S2), but these chromatin modifying enzymes are often not acting alone.
Instead, they are part of protein complexes that comprise accessory subunits, which are
involved in the recognition and induction of specific histone modifications at the correct
locations (Gates et al., 2018; Hajheidari et al., 2019). To further investigate the presence-
absence patterns (PAPs) of known chromatin modifier complexes in Aspergilli, we focused on
15 chromatin modifier complexes with 83 subunits previously identified and studied in S.
cerevisiae or N. crassa (Table S4). Forty-four subunits are present in all Aspergillus and
outgroup species. Most of the accessory subunits are either fully conserved or absent in
Aspergilli (Figure 5 and Table S4). Ten subunits show PAPs in both Aspergilli and outgroup
species, while nine subunits appear specific to S. cerevisiae as they are not found in any other
species and are likely to play a specific role in this species. Seventeen subunits show PAPs
in the outgroup species, while eight are absent and nine are present in the Aspergilli. Lastly,
three subunits are present in all outgroup species but show PAPs in Aspergilli.

Five histone methyltransferase complexes, COMPASS, DCDC (Dim-5/-7/-9/CUL4/DDB1
Complex), SET2 Complex, PRC2, and Dot1 (disruptor of telomeric silencing 1) (KMT4) were
included in our analyses (Figure 5). Five COMPASS subunits (SET1, CclA, Swd1, Swd2, and
Swd3) are fully conserved, suggesting an important function for H3K4 methylation. Consistent
with a PAP in most outgroup species and the loss in Aspergilli, Spp1p is not essential for H3K4
methylation (Dehé et al., 2006). As Sdc? shows a PAP in Aspergilli and outgroup species, it
is likely that this subunit also does not play a key role in H3K4 methylation. In the DCDC
complex, while Dim-7 and Dim-9 seem to be dispensable for H3K9 methylation, Dim-5, Cul4,
and Dim-8 are highly conserved, and we thus expect these enzymes to play key roles in the
activity of this complex (Figure 5 and Table S4). However, it was shown that Dim-7 and Dim-
9 are responsible for heterochromatin recognition, which leads to subsequent recruitment of
the complete DCDC to induce H3K9 methylation in N. crassa (Lewis et al., 2010). Thus, it is
very likely that other accessory subunits are involved in recruiting DCDC at specific chromatin
locations in Aspergilli. Furthermore, the unique absence of Dim-8 in Aspergillus indicus may
suggest altered H3K9 methylation in this species. Consistent with the absence of SET7
(Figure 2), all components of the PRC2 complex are lost in Aspergilli (Figure 5). Lastly, the
interaction and crosstalk of multiple chromatin modifications in Aspergillus species should be
further explored. For example, heterochromatin formation and regulation are done by
H3K9me3, DNA methylation, and H3K27me3 in N. crassa. In this species, H3K9me3 is
recognized by an adapter protein, HP1, to recruit DNA methyltransferase Dim-2 for DNA
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methylation (Rountree & Selker, 2010), and cause the redistribution of H3K27me3 (Jamieson
et al., 2016). In Aspergillus species, although HP1 and the writer for H3K9me3, DCDC
complex, are well conserved (Figure 5), the inability for genome-wide de novo DNA
methylation and H3K27me3 suggest different mechanisms of heterochromatin formation and
regulation in Aspergilli which remain to be determined.

We included eight histone acetyltransferase complexes that differ by their distinct catalytic
subunits (Figure 5). The HAT-A2, ADA, SAGA, and Elongator complexes use an
acetyltransferase domain-containing protein as catalytic subunit (Eberharter et al., 1999;
Georgakopoulos et al., 2013). The SAS (Something About Silencing), NuA4 (Nucleosomal
Acetyltransferase of histone H4), and NuA3 complexes use a MOZ/SAS FAMILY domain-
containing protein (Doyon & Cété, 2004). The NuB4 (Nuclear Hat1p-containing type B histone
acetyltransferase) complex uses the histone acetyltransferase HAT1 domain-containing
protein (Verzijlbergen et al., 2011). Gen5, Ada2, and Ada3 are fully conserved in all fungi and
constitute the core enzymatic module of the HAT-A2, ADA, and SAGA complexes. This
catalytic module contributes to catalyzing histone acetylation, and other subunits in these
complexes guide them to specific locations and link them to the transcriptional machinery
(Sendra et al., 2000). Besides the catalytic module, the ADA complex also harbors the Ahc1
subunit that is found in S. cerevisiae only (Eberharter et al., 1999; Grant et al., 1997). Twelve
additional subunits of the SAGA complex are well conserved in Aspergilli and outgroup
species (Figure 5). The SAGA complex also contains a deubiquitylase (DUB) module, for
which the composition differs between Aspergilli and other species. Sgf17 is unique to S.
cerevisiae and Sus1 was likely lost in the ancestor of Pezizomycotina because we can only
identify Sus7 orthologs in both Basidiomycota and the yeasts (Figure 5). The Elongator
complex appears more variable as four subunits are mostly conserved, but Elp6 is specific to
S. cerevisiae, and Hpa2 and Hpa3 show PAPs in both Aspergilli and outgroup species.
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Figure 5. Presence-absence patterns of subunits that constitute characterized histone
modification complexes. The top row with distinct color boxes indicates outgroup species and
Aspergilli sections, the order of the species from right to left is the same as in the species tree from
top to bottom (Figure S1) without Fusarium oxysporum and Aspergillus kawachii since they were
excluded in the later analysis. Each row represents a subunit in the histone modification complexes,
the order agrees with the summary list (Table S4). Each row shows the presence/absence of a
specific complex subunit. For each complex, the first row represents the catalytic subunit. Each
box in the matrix indicates the presence (dark color) or absence (light color) of a subunit (Table
S4). The brown boxes indicate additional hits found with TBLASTN search on NCBI (Table S6).

The NuA4, SAS, and NuB4 complexes are well-conserved in Aspergilli as well as in the

outgroup species (Figure 5). These complexes appear slightly different in S. cerevisiae with
the presence of specific subunits (Eaf5 in the NuA4 complex; Sas4 and Sas5 in the SAS
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complex). Both SAS and NuA4 complexes can catalyze H4K16ac with opposite effects during
cell growth and morphogenesis in C. albicans (Kim et al., 2018). It would be interesting to
assess whether these two complexes exhibit similar activities in Aspergilli. For the NuA3
complex, two accessory subunits are well conserved among Aspergilli while two others, Pdp3,
and Nto1, show different PAPs, and Yng1 is specific to S. cerevisiae. Pdp3 and Nto1 seem to
be lost in a complementary manner, suggesting a possible functional redundancy (Figure 5).
Finally, two histone deacetylase complexes, Sin3-Rpd3 and HCHC, are fully conserved
(Figure 5). The Sin3-Rpd3 complex is slightly different in S. cerevisiae with the specific of the
Ume1 subunit. Overall, our analysis showed that the core catalytic modules of complexes
involved in histone PTMs are mostly conserved in all fungi, including Aspergilli, but variability
in accessory subunits could contribute to differences in the localization of histone PTMs along
the genome.

Unbiased mass spectrometry captures the diverse histone modifications in A. nidulans
and verifies the absence of H3K27 methylation

Our genomic and phylogenetic analyses have identified the presence of multiple chromatin
modifiers in Aspergilli, suggesting that these species have the ability to establish a wide variety
of histone modifications. To assess the presence of histone PTMs predicted in our
evolutionary analyses (Figures 2-5), we extracted histone proteins from A. nidulans and
performed unbiased mass spectrometry analyses (Figures 6A and 6B). H3 and H4 peptides
with PTMs corresponding to H3K4me, H3K9me, H3K36me, and H3K79me were detected
(Figure 6C), which we anticipated being catalyzed by SET1, Dim-5, Ash1 and SET2, and Dot1,
respectively. H4K20me, which is catalyzed by SET9 in S. pombe (Y. Wang et al., 2009), was
not detected (Figure 6C), which is likely due to technical reasons because the unmodified form
of histone H4 peptide 20-24 containing the K20 residue, was not detected. For the acetylation
on H3K9, H3K14, H3K18, H3K23, H4K5, H4K8, H4K12, and H4K16, they were confidently
detected (Figure 6C). We did not observe any peptide that would indicate the presence of
H3K27me in A nidulans, while we did detect H3K27ac (Figure 6C and Table S3). These results
corroborate our computational analysis that the PRC2 complex is absent in A. nidulans, as
well as previous reports on the absence of H3K27me3 in several Aspergilli (Buscaino, 2019;
Erlendson et al., 2017; Freitag, 2017). Thus, the mass spectrometry results verify the
occurrence of histone modifications predicted to be present based on our comparative
analyses in the fungal genusAspergillus. Moreover, the differences between the relative
abundance of distinct histone modifications provide interesting information to investigate these
abundances and identify specific conditions under which these modifications increase or
decrease in abundance.
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Figure 6. Mass spectrometry unlocks the histone code in Aspergilli. (A) Schematic
presentation of the in-gel digestion method used to process histones isolated in A. nidulans. After
SDS-PAGE separation, gel bands corresponding to histone H3 and H4 are excised and chemically
acylated with propionic anhydride (which derivatizes unmodified and mono-methylated lysines).
Thanks to the derivatization, trypsin cutting at lysines is impaired, and histones are cleaved only
at the C-terminus of arginine. Finally, digested peptides are N-terminally derivatized with phenyl
isocyanate (PIC). (B) A. nidulans histone H3 and H4 sequences. Cleavage sites after PRO-PIC
digestion are shown. Peptides identified in this study are highlighted in light red and labeled using
their starting-ending amino acids. (C) Relative abundance of post-translational modifications
detected on peptides of histone H3 and H4 from A. nidulans using unbiased mass spectrometry
analysis. unmod: unmodified peptide; me1: monomethylation; me2: dimethylation; me3:
trimethylation; ac: acetylation. The term “combinations” refers to multiple modifications occurring
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on the same peptide (Table S3). (D) Histone modifications are predicted by genomic and
phylogenetic analyses, and/or proved by mass spectrometry in A. nidulans. Histone modifications
verified by mass spectrometry are labeled as solid dots, while the ones that are only predicted by
phylogenic analysis are labeled as solid dots with a red outline.

Conclusion

Changes in chromatin organization play an important role in regulating the expression of
genes (Brosch et al., 2008). The fungal genus Aspergillus is well known for its ability to thrive
in a broad range of different environmental niches and the huge potential of secondary
metabolite biosynthesis (Collemare & Seidl, 2019; Steenwyk et al., 2020). However, a detailed
and complete overview of occurrence and evolution of chromatin modifiers in Aspergilli is a
prerequisite to be able to better understand how these fungi regulate gene expression. In the
future, more research is needed to uncover how the absence of de novo DNA methylation
impacts genome evolution in Aspergilli. We demonstrate that PRC2 is lost throughout
Aspergilli, a finding consistent with the lack of H3K27me detection by mass spectrometry.
Although histone acetyltransferases and deacetylases are overall conserved, our study also
revealed specific duplication and loss events, which require further investigation to understand
their impact on chromatin and gene regulation in certain Aspergillus species. Moreover, other
less common histone modifications like histone lysine succinylation, crotonylation, butyrylation,
propionylation, and malonylation, are all likely catalyzed by HATs and HDACs as they all use
Coenzyme A (CoA) to complete the reactions (Jones, 2014; B. Liu et al., 2009; Papanicolaou
et al., 2014), but may require specific yet to be discovered subunits. In conclusion, our study
provides a detailed overview of the evolutionary routes of chromatin modifier complex in the
fungal genus Aspergillus, and therefore generates the necessary framework to identify targets
for functional studies to understand how chromatin regulates gene expression in Aspergilli.

Material and Methods

Acquisition of predicted proteomes for 109 fungal species

The predicted proteomes of 109 fungal species were retrieved from JGI (Joint Genome
Institute) MycoCosm (https://mycocosm.jgi.doe.gov/mycocosm/home) (Grigoriev et al., 2014)
on 24" January 2020. These species comprise 94 different Aspergilli species, 13 Ascomycota
species from other genera, as well as two Basidiomycota species (Coprinopsis cinerea and
Dendrothele bispora) (Table S1).

Phylogenetic analyses of chromatin modifiers

Phylogenetic trees for six major chromatin modifiers were generated using their conserved
catalytic domains. Catalytic domain HMMs (Hidden Markov Model) of DNA methyltransferase
domain (PF00145), histone methylation SET domain (PF00856), acetyltransferase domain
(PF00583), histone acetyltransferase MOZ/SAS FAMILY domain (PF01853), histone
deacetylase domain (PF00850), and histone demethylase Jumonji C (JmjC) domain
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(PF02373) were downloaded from the Pfam database (https://pfam.xfam.org). Hmmsearch,
which is part of the HMMER package (v3.1b2) (Eddy, 2011), with the Gathering Cut-Off
threshold (-cut_ga) was used to identify occurrences of these domains in the predicted
proteomes of all 109 fungal species considered here. To filter out short and incomplete
fragments, we applied a cutoff calculated by 50% length coverage of the query sequence
(domain) or the hit. Subsequently, the identified domain sequences were aligned using
MAFFT v7.271 (Katoh & Standley, 2013). TrimAl v1.2 (-gt 0.1) was used to remove positions
in the alignments with gaps in more than 90% of the sequences (Capella-Gutiérrez et al.,
2009). Maximum-likelihood phylogenetic trees were constructed using IQ-TREE v1.6.10
(Chernomor et al., 2016; Nguyen et al., 2015) using ultrafast bootstrap and Shimodaira—
Hasegawa approximate likelihood ratio test (SH-aLRT) (Anisimova et al., 2011) with 1,000
pseudo-replicates, and standard model selection to automatically determine the best-fit model.
We predicted additional domains in the analyzed proteins using Hmmsearch with all Pfam
domain profiles that are present in the Pfam database (v28.0) and visualized them along the
phylogenetic trees using iTOL (Letunic & Bork, 2019). Lastly, additional TBLASTN searches
were performed on the NCBI website (https://blast.ncbi.nim.nih.gov/Blast.cgi) and checked
manually to confirm dubious absences in the domain trees.

Species tree construction

To construct a species phylogeny of the here analyzed fungi, we used BUSCO v4.0.1
(Benchmarking Universal Single-Copy Ortholog assessment tool) (Siméo et al., 2015) to
identify the occurrence of 758 fungal single-copy genes (Table S2) within the 109 predicted
proteomes (Table S1). The identified homologs of single-copy BUSCO genes were
subsequently concatenated into a single super-alignment. Then, the maximum-likelihood
species phylogeny was estimated using IQ-TREE v1.6.10 (Chernomor et al., 2016; Nguyen
et al., 2015) by employing partitioned model selection, which allows selecting a substitution
model for each BUSCO gene. Branch supports were obtained using ultrafast bootstrap and
SH-aLRT (Anisimova et al., 2011) with 1,000 pseudo-replicates separately.

Chromatin modifier subunits homology search and gene tree construction

We obtained previously studied chromatin modifier complexes from literature, and the
associated protein sequences were downloaded from NCBI (https://www.ncbi.nim.nih.gov)
(Table S4). For each subunit of the chromatin modifier complexes, homologs in the analyzed
109 predicted proteomes were detected based on sequence similarity searches. First,
BLASTP (v2.2.31+) (Boratyn et al., 2013) searches were performed, and an e-value threshold
of 102 was applied. Multiple BLAST matches (High-Scoring Pairs: HSPs) of the same query
were concatenated if they were aligned with different non-overlapping regions. Only the non-
redundant region was retained when HSPs of the same query were overlapping. For these
two conditions, the highest e-value of the different matches was used to represent the merged
match. Only matches with the e-value lower than 10° and covering more than 50% of query
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or subject were retained for the following analyses. If we observed less than ten hits for the
BLASTP search after filtering in Aspergilli, we used PSI-BLAST (Position-Specific Initiated
BLAST v2.2.31+) (Boratyn et al., 2013) with five iterations (-num_iterations 5) using the best
Aspergilli hit from the BLASTP as the query; if no Aspergilli match was retained, we used the
same query as for the BLASTP searches. The same filter criterion as for the BLASTP selection
was applied to the PSI-BLAST hits, and the results of these two homology search strategies
were subsequently jointed.

To account for apparent protein absences due to erroneous gene annotation, we tested these
potential losses by using TBLASTN (BLAST v2.2.31+) (Boratyn et al., 2013) to query protein
sequences against the genome assemblies. Matches with e-value lower than 10° together
with 4,500 nucleotides upstream and downstream were extracted, and Exonerate v2.2.0
(Slater & Birney, 2005) was used to predict the gene structure (options: protein2genome,
extensive search, showtargetgff, showcigar, and showquerygff options were set as true, and
“>%ti(%tcb - %tce)\n%tcs\n” option was used to output the complete aligned coding sequence).
Transeq v6.6.0.0 (Rice et al., 2000) was used to translate the coding sequence into protein
sequences. Together with the protein sequences identified from BLASTP and PSI-BLAST, all
protein sequences from each subunit were retrieved to build a phylogenetic tree (MAFFT,
TrimAl, and IQ-TREE settings were the same as for the tree reconstruction using the catalytic
domains above).

For each sequence included in the phylogenic trees, the domain organization was identified
and visualized as described above. When the domain organization of a Aspergillius protein
differed from its orthologues, the corresponding gene model was manually checked in the
MycoCosm genome browser (Grigoriev et al., 2014) and corrected. The presence and
absence patterns of 83 subunits from 15 different chromatin modifier complexes were
visualized using the Seaborn library in Python (Hunter, 2007; Waskom, 2021). Lastly,
additional TBLASTN searches for dubious absences in the outgroup species were performed
on the NCBI website as absences could be caused by older and more fragmented assemblies
in the JGI database compared to NCBI.

Histone enrichment and mass spectrometry

Spores of 4- or 5-days old sporulating A. nidulans (AnWT pabaA1 veA1, kindly provided by
Prof. Joseph Strauss) growing on ME (Malt Extract) agar medium were harvested with 2 mL
sterile water and cultured in 50 mL ME liquid medium at 28 °C, 200 rpm for 16 hours. The
sample was centrifuged at 8,000 g for 10 minutes to discard supernatant, and germinating
spores were resuspended in 25 mL 0.8 M NaCl and centrifuged again. Ten mL protoplasting
solution (20 mg/mL Trichoderma lysing enzyme and 5 mg/mL driselease in 0.8 M NaCl) were
used to resuspend spores, which were then incubated at 30 °C, 100 rpm for 2-3 hours.
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Protoplasts were retrieved by filtering through sterile Miracloth and were concentrated by
centrifugation at 3,000 rpm, 4 °C for 5 minutes. Histone proteins were extracted according to
an adapted histone protein extraction protocol (Noberini et al., 2020). Briefly, 108 protoplasts
were resuspended in 1 mL Nuclei Isolation Buffer (1xPBS, 0.5 mM PMSF, 5 uM Leupeptin, 5
MM Aprotinin, and 5mM Na-butyrate) with 1% Triton X-100, followed by vigorous pipetting
through a 200 pL pipette several times. Then, centrifuged at 2,300 g for 15 minutes at 4 °C,
discarded the supernatant, and resuspended the nuclear pellet in 200 yL Nuclei Isolation
Buffer with 0.1% SDS and 250 U Pierce™ Universal Nuclease and incubated at 37 °C for 30
minutes to digest nucleic acids. The protein concentration was measured using the Bradford
Protein Assay (He, 2011).

The samples were separated on a 17% SDS-PAGE gel and histone bands were excised,
chemically acylated with propionic anhydride and in-gel digested with trypsin, followed by
peptide N-terminal derivatization with phenyl isocyanate (PIC) (Noberini et al., 2021).
Chemical acylation of lysines (which occurs on unmodified or mono-methylated residues)
impairs trypsin cleavage, resulting in proteolityc cleavage at arginine residues only. This
treatment allows obtaining histone peptides of proper length for MS analysis. The samples
were then desalted on handmade StageTips columns (Prudhomme et al., 2021). Peptide
mixtures were separated by reversed-phase chromatography on an EASY-Spray column
(Thermo Fisher Scientic), 25-cm long (inner diameter 75 ym, PepMap C18, 2 um particles),
which was connected online to a Q Exactive Plus instrument (Thermo Fisher Scientific)
through an EASY-Spray™ lon Source (Thermo Fisher Scientific), as described (Noberini et
al., 2021).

The acquired RAW data were analyzed using the integrated MaxQuant software v.1.6.10. The
Uniprot UP000000560 database was used for identification of A. nidulans histone peptides.
Enzyme specificity was set to Arg-C. The estimated false discovery rate (FDR) was set at a
maximum of 1%. The mass tolerance was set to 6 ppm for precursor and fragment ions. Two
missed cleavages were allowed, and the minimum peptide length was set to 4 amino acids.
Min. score for modified peptides and min. delta score for modified peptides were set to 1.
Variable modifications included lysine propionylation, monomethylation + propionylation,
dimethylation, trimethylation and acetylation. N-terminal PIC labeling was set as a fixed
modification (Noberini et al., 2021). To reduce the search time and the rate of false positives,
with increasing the number of variable modifications included in the database search, the raw
data were analyzed through multiple parallel MaxQuant jobs (Bremang et al., 2013), setting
different combinations of variable modifications. Peptides identified by MaxQuant with
Andromeda score higher than 50 and localization probability score higher than 0.75 were
quantitated, either manually or by using a version of the EpiProfile 2.0 software (Z.-F. Yuan et
al., 2018) adapted to the analysis of histones from A. nidulans. |dentifications and retention
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times were used to guide the manual quantification of each modified peptide using
QualBrowser version 2.0.7 (Thermo Fisher Scientific). Site assignment was evaluated from
MS2 spectra using QualBrowser and MaxQuant Viewer. Extracted ion chromatograms (XICs)
were constructed for each doubly charged precursor, based on its m/z value, using a mass
tolerance of 10 ppm. For each histone modified peptide, the % relative abundance (%RA) was
estimated by dividing the area under the curve (AUC) of each modified peptide for the sum of
the areas corresponding to all the observed forms of that peptide (Pesavento et al., 2006).
The AUC values are reported (Table S3) and visualized using GraphPad Prism.
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Supplementary Figure 1. A robust
species phylogeny for the fungal
genus Aspergillus. The species
phylogeny was based on a maximum-
likelihood phylogeny reconstructed by
IQ-TREE with partitioned analysis
using 758 BUSCO (Benchmarking
Universal  Single-Copy  Orthologs)
genes. The dot on the branch indicates
ultrafast bootstrap values over 95 and
SH-aLRT bootstraps values over 80.
Species from the same section are
labeled by background color with a
section name. Two species, F.
oxysporum and A. kawachii, are
included in the species tree, but we
don’t use these two in the following
analyses.
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Genb

Tree scale: 10
@»  Radical SAM_C PF16199

~» Radical_SAM PF04055
@»  Bromodomain PF00439
4@  Acetyltransf_10 PF13673
- Acetyltransf_1 PF00583

Supplementary Figure 2. Two known histone acyltransferase-domain containing protein
groups are conserved in the Aspergillus genus and outgroup species together with many
unknown proteins. Maximum likelihood phylogeny of Histone acyltransferase domains (PF00583)
found in 94 Aspergilli and 15 outgroup species were determined using IQ-TREE (Chernomor et al.
2016; Nguyen et al. 2015). The black dot on the branch indicates ultrafast bootstrap values over
95 and SH-aLRT bootstraps values over 80. Additional conserved domains in histone
acyltransferase domain-containing proteins were identified using the PFAM database
(https://pfam.xfam.org).
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Supplementary Figure 3. Five histone demethylase-domain containing protein groups are
conserved in Aspergillus genus and outgroup species while KDM6B/JMJD3 is lost.
Maximum likelihood phylogeny of Jumoniji C (JmjC) domain (PF02373) found in 94 Aspergilli and
15 outgroup species were determined using IQ-TREE (Chernomor et al. 2016; Nguyen et al. 2015).
The black dot on the branch indicates ultrafast bootstrap values over 95 and SH-aLRT bootstraps
values over 80. Additional conserved domains in JmjC domain-containing proteins were identified

using the PFAM database (https://pfam.xfam.org).

110



Supplementary Table 1. List of species included in this study.

The histone code

Species name Class abbr:\c/;ilation Scaffolds Genes compﬁel.tj:r(l:ecs)s (%)
Asperqgillus acristatulus Eurotiomycetes Aspacri1 311 11221 99.21
Aspergillus aculeatinus Eurotiomycetes  Aspacu1 121 12027 99.47

Aspergillus aculeatus Eurotiomycetes Aspac1 660 10845 99.21
Aspergillus albertensis Eurotiomycetes  Aspalbe1 473 12816 98.68
Aspergillus amylovorus Eurotiomycetes ~ Aspamy1 462 12857 99.47
Aspergillus arachidicola Eurotiomycetes Aspara19utr 451 13895 98.94
Aspergillus avenaceus Eurotiomycetes  Aspave1 1528 11293 99.08
Aspergillus bertholletius Eurotiomycetes Aspber1 443 12948 98.81

Aspergillus bisporus Eurotiomycetes  Aspbisp1 244 9731 98.55

Aspergillus bombycis Eurotiomycetes ~ Aspbom1 450 12265 97.76
Aspergillus brasiliensis Eurotiomycetes Aspbr1 105 13000 99.21

Aspergillus brevijanus Eurotiomycetes  Aspbrev1 685 12832 99.34

Aspergillus brunneoviolaceus Eurotiomycetes Aspbru1 153 12075 98.68

Aspergillus caelatus Eurotiomycetes  Aspcae1 729 13916 98.81
Aspergillus calidoustus Eurotiomycetes Aspcal1 78 15139 96.97
Aspergillus campestris Eurotiomycetes ~ Aspcam1 62 9764 99.08

Aspergillus candidus Eurotiomycetes  Aspcand1 268 9641 98.68
Aspergillus carbonarius Eurotiomycetes Aspca3 963 11624 91.29

Aspergillus carlsbadensis Eurotiomycetes Aspcar1 254 14289 99.08
Aspergillus chevalieri Eurotiomycetes  Aspchev1 417 10253 98.94
Aspergillus clavatus Eurotiomycetes Aspcl1 143 9121 99.47
Aspergillus coremiiformis Eurotiomycetes Aspcor1 2728 9078 99.47
Aspergillus costaricaensis Eurotiomycetes  Aspcos1 86 11966 99.21

Aspergillus cristatus Eurotiomycetes Aspcri1 68 10344 95.78
Aspergillus desertorum Eurotiomycetes  Aspdese1 288 10111 98.94
Aspergillus egyptiacus Eurotiomycetes Aspegy1 682 9890 99.21

Aspergillus ellipticus Eurotiomycetes Aspell1 518 12884 98.55
Aspergillus eucalypticola Eurotiomycetes Aspeuc1 131 11934 98.55

Aspergillus fijiensis Eurotiomycetes Aspfij1 149 12019 99.47
Aspergillus filifera Eurotiomycetes Aspfili1 814 11686 99.08
Aspergillus fischeri Eurotiomycetes Neofi1 976 10406 99.08
Aspergillus flavus Eurotiomycetes Aspfl1 138 12604 94.72

Aspergillus fumigatus Eurotiomycetes Aspfu1 8 9781 98.28

Aspergillus funiculosus Eurotiomycetes  Aspfuni1 144 9300 98.81
Aspergillus glaucus Eurotiomycetes Aspgl1 82 11277 99.08
Aspergillus heteromorphus Eurotiomycetes Asphet1 205 11133 99.47
Aspergillus homomorphus Eurotiomycetes ~ Asphom1 152 11361 99.47
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Species name Class abbr:\(/;ilation Scaffolds Genes compﬁ:tjesrg:s (%)
Aspergillus ibericus Eurotiomycetes Aspibe1 116 11680 99.47
Asperqgillus indicus Eurotiomycetes  Aspind2_1 601 11361 98.94

Aspergillus indologenus Eurotiomycetes Aspind1 334 12163 99.21
Aspergillus insolitus Eurotiomycetes  Aspinso1 157 8834 99.34
Aspergillus japonicus Eurotiomycetes Aspjap1 163 12024 98.68
Aspergillus luchuensis Eurotiomycetes Aspfo1 107 13530 99.34
Aspergillus minisclerotigenes Eurotiomycetes ~ Aspmin1 296 13415 99.08
Aspergillus multicolor Eurotiomycetes  Aspmul1_1 113 12821 99.21
Aspergillus neoauricomus Eurotiomycetes  Aspneoa’ 364 12221 98.55
Aspergillus neoechinulatus Eurotiomycetes Aspne1 236 10504 98.94
Aspergillus neoniger Eurotiomycetes  Aspneo1 169 11939 99.21
Aspergillus nidulans Eurotiomycetes Aspnid1 8 10680 98.15
Asperqgillus niger Eurotiomycetes Ast_:‘RRB 15 11846 99.6
Aspergillus nomius Eurotiomycetes ~ Aspnom1 290 12897 98.81
Aspergillus novofumigatus Eurotiomycetes Aspnov1 62 11549 98.68
Aspergillus novoparasiticus Eurotiomycetes  Aspnovo1 870 14182 98.68
Aspergillus ochraceoroseus Eurotiomycetes ~ Aspoch1 34 8924 98.55
Aspergillus olivicola Eurotiomycetes  Aspoli1_1 824 12183 98.02
Aspergillus oryzae Eurotiomycetes Aspor1 11 12030 93.67
Aspergillus parasiticus Eurotiomycetes Asppar1 270 13752 98.81
Aspergillus parvulus Eurotiomycetes  Aspparv1 329 11927 99.08
Aspergillus penicilloides Eurotiomycetes  Asppeni1 255 10386 98.81
Aspergillus piperis Eurotiomycetes Asppip1 47 12069 98.94
Aspergillus pseudocaelatus Eurotiomycetes  Asppsec1 466 13895 97.49
Aspergillus pseudonomius Eurotiomycetes  Asppsen1 374 13384 99.47
Aspergillus pseudotamarii Eurotiomycetes  Asppset1 249 13428 98.02
Aspergillus rambellii Eurotiomycetes ~ Aspram1 4177 7761 97.1
Aspergillus recurvatus Eurotiomycetes  Asprec1_1 269 11007 98.94
Aspergillus restrictus Eurotiomycetes Aspres1 297 9143 99.47
Asperqgillus robustus Eurotiomycetes  Asprobu1 186 12182 99.21
Aspergillus roseoglobulosus Eurotiomycetes Aspros1 708 12489 98.68
Aspergillus ruber Eurotiomycetes Eurhe1 110 10076 98.94
Aspergillus saccharolyticus Eurotiomycetes  Aspsac1 120 10066 99.21
Aspergillus sclerotiicarbonarius Eurotiomycetes  Aspscle1 166 12571 99.08
Aspergillus sclerotioniger Eurotiomycetes Aspscli 138 12338 99.47
Aspergillus sclerotiorum Eurotiomycetes Aspsc1 335 12620 99.34
Aspergillus sergii Eurotiomycetes Aspser1 262 13713 98.68
Asperqgillus stella-maris Eurotiomycetes Aspstel1_1 266 12537 99.34
Aspergillus stercoraria Eurotiomycetes Aspstec1_1 278 10324 98.42
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Species name Class abbr:\(/;ilation Scaffolds Genes compﬁ:tjesrg:s (%)
Aspergillus steynii Eurotiomycetes Aspste1 37 13211 99.08
Aspergillus sydowii Eurotiomycetes Aspsy1 97 13620 99.21

Aspergillus taichungensis Eurotiomycetes Asptaic1 310 9692 98.55
Aspergillus tamarii Eurotiomycetes ~ Asptam1 448 13331 98.55
Aspergillus terreus Eurotiomycetes Aspte1 26 10406 93.01

Aspergillus transmontanensis Eurotiomycetes Asptral 293 14216 97.76
Aspergillus triticus Eurotiomycetes Asptr1 228 9769 99.6
Asperqgillus tubingensis Eurotiomycetes Asptu1 33 12322 98.81
Aspergillus udagawae Eurotiomycetes ~ Aspuda1 1029 9999 97.76
Aspergillus undulatus Eurotiomycetes  Aspundi1_1 190 11802 99.08
Aspergillus unguis Eurotiomycetes  Aspung1 142 10397 99.21
Aspergillus uvarum Eurotiomycetes ~ Aspuval 172 12017 98.55
Asperqgillus vadensis Eurotiomycetes Aspvad1 60 12132 98.81
Aspergillus venezuelensis Eurotiomycetes ~ Aspveni 715 12450 98.55
Aspergillus versicolor Eurotiomycetes Aspve1 51 13228 99.08

Aspergillus violaceofuscus Eurotiomycetes Aspvio1 209 12082 99.34

Aspergillus welwitschiae Eurotiomycetes Aspwel1 396 13687 98.15
Aspergillus wentii Eurotiomycetes Aspwe1 27 12442 99.21

Penicillium brevicompactum Eurotiomycetes Penbr2 35 11536 98.15
Penicillium griseofulvum Eurotiomycetes Pengri1 92 9630 98.81
Penicillium rubens (chrysogenum)  Eurotiomycetes Pench1 27 11396 99.47
Cladonia grayi Leca”‘::mycet Clagr3 414 11389 94.59
Botrytis cinerea Leotiomycetes Botci1 588 16447 84.96
Arthrobotrys oligospora Orbiliomycetes Artol1 215 11479 97.76
Plectania melastoma Pezizomycetes Plemel1 175 16180 98.02
Saccharomyces cerevisiae SaCCh::myCOt Sacce1 16 6575 94.59
Fusarium graminearum Sordaricimycete Fusgr1 31 13322 98.15
Neurospora crassa Sordariimycete Neucr2 20 10785 91.69
Schizosaccharomyces pombe Taphri:c;mycoti Schpo1 5 5134 93.54

Xylona heveae Xylonomycetes Xylhe1 27 8205 99.74
Zymoseptoria tritici bothideomyeet mycgr3 21 10952 97.89
Coprinopsis cinerea Basidiomycota Copci1l 94 13393 96.04
Dendrothele bispora Basidiomycota Denbi1 3942 33645 91.82
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Supplementary Table 3. Mass spectrometry result for A. nidulans

Peptide AUC (Area under the curve) %RA (%relative abundance)
H3_3_8 unmod 7.81E+09 96.4
H3_3 8 K4me1 / /
H3_3_8 K4me2 9.34E+07 1.2
H3_3_8 K4me3 2.01E+08 2.5
H3_9_17 unmod 2.61E+08 61.9
H3_9_17 K9me1 1.97E+07 4.7
H3_9_17 K9me2 4.66E+05 0.1
H3_9_17 K9me3 9.10E+06 2.2
H3_9_ 17 K9ac 4.00E+07 9.5
H3_9_17 K14ac 6.64E+07 15.7

H3_9_17 K9me1K14ac / /
H3_9_17 K9me2K14ac 2.87E+06 0.7
H3_9_ 17 K9me3K14ac 1.61E+06 0.4
H3_9_17 K9acK14ac 2.06E+07 4.9
H3_18_26 unmod 8.02E+08 53.0
H3_18_26 K18ac 5 58E+08 6.8

H3_18_26 K23ac

H3_18_26 K18acK23ac 1.54E+08 10.2
H3_27_40 unmod 1.00E+09 67.1
H3_27_40 K36me1 6.16E+07 4.1
H3_27_40 K27ac 4.30E+08 28.8
H3_73_83 unmod 7.88E+07 66.9
H3_73_83 K79me1 3.76E+06 3.2
H3_73_83 K79me2 3.53E+07 30.0
H4_4_17 unmod 2.02E+08 12.7
H4_4 17 K5(12)ac 9.09E+06 0.6
H4_4_17 K8ac 3.12E+07 2.0
H4_4_17 K16ac 8.91E+08 56.0
H4_4 17 di ac 3.12E+08 19.6
H4_4 17 tri ac 1.02E+08 6.4
H4_4_17 tetra ac 4.48E+07 2.8

H4_4 17 di-ac: K12ac/K16ac; K5ac/K12ac; K5ac/K16ac; K5ac/K8ac; K5ac/K8ac; K8ac/K16ac
H4_4 17 tri-ac: KbacK12acK16ac; K5acK8ac12ac; K5acK8acK16ac; K8acK12acK16ac
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Data Summary

The predicted proteomes used in this study are publicly available at the JGI (Joint Genome
Institute) MycoCosm repository (Grigoriev et al., 2014); the species names and abbreviations
are listed in Table S1. To evaluate the completeness of the predicted proteomes and to obtain
a species phylogeny, 758 fungal BUSCO (Benchmarking Universal Single-Copy Ortholog)
genes were used, and their names are listed in Table S2. The fasta, trimmed alignment, and
maximum-likelihood phylogenetic tree files can be found in Supplementary Data 1 and 2
deposited at Zenodo (doi:10.5281/zenodo.5907090). The mass spectrometry results
mentioned in Table S3 are deposited in the PRIDE database with the dataset identifier
PXD033478.
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Chapter 4

Abstract

In eukaryotes, the combination of different histone post-translational modifications (PTMs) —
the histone code — impacts the chromatin organization as compact and transcriptionally silent
heterochromatin or accessible and transcriptionally active euchromatin. Although specific
histone PTMs have been studied in fungi, an overview of histone PTMs and their relative
abundance is still lacking. Here, we used mass spectrometry to detect and quantify histone
PTMs in three fungal species belonging to three distinct taxonomic sections of the genus
Aspergillus (Aspergillus niger, Aspergillus nidulans (two strains), and Aspergillus fumigatus).
We overall detected 23 different histone PTMs, including a majority of lysine methylations and
acetylations, and 23 co-occurrence patterns of multiple histone PTMs. Among those, we report
for the first time the detection of H3K79me1, H3K79me2, and H4K31ac in Aspergilli. Although
all three species harbor the same PTMs, we found significant differences in the relative
abundance of H3K9me1/2/3, H3K14ac, H3K36me1, and H3K79me1, as well as the co-
occurrence of acetylation on both K18 and K23 of histone H3 in a strain-specific manner. Our
results provide novel insights into the underexplored complexity of the histone code in
filamentous fungi and its functional implications on genome architecture and gene regulation.
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Introduction

In eukaryotes, genetic information is stored within the nucleus as chromatin, a complex of
DNA and proteins of which the basic unit is the nucleosome (Luger et al., 1997). A nucleosome
is composed of a histone octamer formed by two copies of each histone protein H2A, H2B,
H3, and H4 wrapped by a DNA stretch of 145-147 bp (Luger et al., 1997). Nucleosomes are
linked by 30-50 bp DNA sequence and the linker histone protein H1 (Luger et al., 1997).
Histone proteins are highly conserved, consistent with their fundamental roles in structuring,
scaffolding, and packaging DNA (van Holde, 1989). Each histone protein contains a globular
central domain that interacts with the nucleosomal DNA, and a lysine- and arginine-rich N-
terminal tail that is subject to a diverse array of chemical modifications (van Holde, 1989).
These histone post-translational modifications (PTMs) contribute to the regulation of
chromatin accessibility by two mechanisms: first, they directly alter chromatin packaging by
changing histone proteins’ net charges; second, histone PTM-specific binding proteins are
recruited and can influence inter-nucleosomal interactions (Henikoff & Shilatifard, 2011). The
resulting chromatin changes lead to transitions between inaccessible and transcriptionally
silent chromatin regions, the so-called (facultative or constitutive) heterochromatin, and the
accessible and transcriptionally active regions, the so-called euchromatin (Henikoff &
Shilatifard, 2011). The combination of different histone PTMs at a single genomic locus — the
histone code — contributes to the accessibility of chromatin for the transcriptional machinery,
thereby regulating gene expression to influence not only growth and development but also
responses to environmental challenges (van Holde, 1989).

In the last decades, a plethora of different histone PTMs have been uncovered in diverse
organisms from plants to humans, with an enrichment of histone mono-, di-, and tri-
methylation (me) and acetylation (ac) (Huang et al., 2015). Accordingly, the vast majority of
studies in fungi thus far have focused on these PTMs (Collemare & Seidl, 2019). Euchromatin
has been typically associated with methylations on histone protein H3 at lysine 4 (K4), K36
and K79, and acetylations on H3 at K9, K14, K18, K23, and K27 and H4 at K5, K8, K12, and
K16 (Bhaumik et al., 2007; Shilatifard, 2006). For instance, in the budding yeast
Saccharomyces cerevisiae methylation on the lysine 4 of histone protein H3 (H3K4me) and
H3K36me are enriched at the 5’ and 3’ end of actively transcribed genes, respectively, while
H3K79me has been detected at the coding regions of active genes (Farooq et al., 2016;
Pokholok et al., 2005). H3K4ac is located just upstream of actively transcribed genes
(Guillemette et al., 2011), and H3K9ac and H4K5ac have been shown to induce transcription
elongation in vitro (Gates et al., 2017). In members of the filamentous Aspergilli, some of these
euchromatin marks are shown to positively influence the production of secondary metabolites
(SMs), including H3K4me in Aspergillus oryzae (Shinohara et al., 2016); H3K36me,
H3K14/18/23ac (acetylation on either of these lysines), and H4K16ac in Aspergillus flavus
(Chen et al., 2022; Zhuang et al., 2022); H3K9ac in Aspergillus fumigatus (Y. Zhang et al.,
2021) and Aspergillus nidulans (Reyes-Dominguez et al., 2010); and H3K27ac in A. fumigatus
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(Adlakha et al., 2016). Especially, the diverse functions of histone acetyltransferase complex
(SAGA complex) or its crucial subunits (Gen5 and AdaB) have been extensively studied in A.
nidulans, in which they can influence asexual development (Canovas et al., 2014), production
of natural products in response to the interaction with bacteria (Nutzmann et al., 2011), and
nucleosome positioning (Reyes-Dominguez et al., 2008). Histone PTMs can also be linked to
gene silencing, as first shown for H3K9me and H3K27me which are marks for heterochromatin
in animals and plants (Henikoff & Shilatifard, 2011). H3K9me3 plays a similar role in fungi as
this PTM is typically located at telomeres, sub-telomeres, centromeres, and transposon-rich
regions in the fission yeast Schizosaccharomyces pombe (Yamada et al., 2005), the
filamentous model fungus Neurospora crassa (Rountree & Selker, 2010) and many other
filamentous fungi (Freitag, 2017). H3K9me can influence SM biosynthesis in A. nidulans
(Reyes-Dominguez et al., 2010) and A. fumigatus (Colabardini et al., 2022), however, as
H3K9me is not always found located near SM gene clusters, it remains obscure whether it is
directly linked to the regulation of SM gene clusters in Aspergilli and raises the possibility of
the interaction of multiple histone PTMs or the distal regulation based on a higher level of
chromatin structure. Facultative heterochromatin is linked with H3K27me3, and unsurprisingly,
it does generally not overlap with the euchromatin mark H3K4me in the cereal pathogens
Fusarium graminearum (Connolly et al., 2013) and Fusarium fujikuroi (Wiemann et al., 2013).
By contrast, SET7 (KMT6) which is responsible for H3K27me is absent in Aspergilli, and
consequently, no H3K27me is detected (X. Zhang et al., 2022). Although many PTMs have
been clearly associated with gene activation or repression only, their effect can also be more
subtle, depending on the genomic context. In N. crassa and F. fujikuroi, H3K36me catalyzed
by SET-2 drives gene expression at the euchromatic