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01.	The chemical space of non-reduced polyketides in the Lecanoromycetes  
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(this thesis)
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a channel of public tax funds to private business.
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Chapter 1 General introduction and scope of the thesis

Humanity and limits to growth

Around 5,000 years ago, the global human population is estimated to have 

reached 12 million people (01). By the year 1, this number had increased 

to approximately 190 million people worldwide, marking a gradual growth. 

However, in the last 400 years, we have witnessed an unprecedented growth 

of the human population, from 600 million in the year 1600 to 8 billion in 2022 
(02).

	 The projected future growth of the population presents new challenges 

for agriculture, medicine, and food manufacturing. The interconnected global 

society faces threats such as the spread of diseases, exemplified by recent 

global pandemics. The emergence of multi-resistant bacteria, as highlighted 

in the World Health Organization's warning list, poses a significant concern. If 

no changes are made by 2050, antimicrobial resistance (AMR) is estimated to 

claim 10 million lives annually, surpassing the toll of SARS-CoV-2 by three times 

(WHO, https://www.who.int/data/stories/the-true-death-toll-of-covid-

19-estimating-global-excess-mortality). About 1.2 million humans died from 

infections caused by multi-resistant microbes in 2019 (03).

	 Over the past three decades, we have encountered a "discovery void" 

in the realm of antibiotics, with no structurally new antibiotics introduced to 

the medical market. This void is partly attributed to research strategies that 

were relying on reusing the same panel of source strains, and combinatorial 

chemistry (04). Exploration of the chemical space of Streptomyces bacteria 

often yielded the same molecules repeatedly. The pharmaceutical industry 

invested in combinatorial chemistry to generate large numbers of compounds 

by combining scaffolds with functional groups that react with each other. 

The limitations of combinatorial chemistry became evident, and it provided 

unacceptably low number of molecules that could have been developed 

into marketed drugs (05). These strategies failed to deliver structurally new 

chemical moieties, lacking reliance on evolution. Evolution sets biology 

aside from exact sciences like mathematics and physics. Under evolutionary 

pressure plants, bacteria and fungi produce of bioactive molecules, which 

requires trade-off of building blocks with primary metabolism, and can 

arguably be deemed energetically costly (06,07). Often their molecular 

structure violates the "Lipinski rule of five" used in pharmacology for selecting 

potential drug leads (04), indicating that naturally occurring bioactive 

molecules could be a valuable source for the development of clinically 

successful compounds.

	 Among other actions, finding new antimicrobials that structurally 

differ from the existing ones provide a better chance to get effective 

medical treatment. Plants and microbes, such as bacteria and fungi are 

potential source of bioactive molecules, or natural products (NPs). Around 

40% of the developed therapeutics drugs approved by the US Food and 

Drug Administration (FDA) are NP-derived or NP-inspired chemicals. Recent 

genomic studies have revealed that fungal genomes encode for a spectrum 

of pathways that offer them evolutionary benefit, which can be exploited as a 

source of biologically active molecules (08).

	 NPs refer to compounds that are not directly required for growth 

and reproduction called secondary metabolites (SMs). Biosynthetic pathways 

for SMs in fungi consist of genes that are often physically colocalized in the 

genome, and co-regulated (09). These clusters of genes are called biosynthetic 

gene clusters (BGCs). Typically, a BGC contains one or more core genes which 

assemble the backbone of the molecule, and one or several tailoring genes 

that modify the molecule scaffold further. Core genes are classified based on 

the precursors they recognize and incorporate into the backbone: polyketide 

synthases (PKSs) assemble polyketides from acetyl- and malonyl-CoA, non-

https://www.who.int/data/stories/the-true-death-toll-of-covid-19-estimating-global-excess-mortality
https://www.who.int/data/stories/the-true-death-toll-of-covid-19-estimating-global-excess-mortality
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ribosomal peptide synthases (NRPSs) recognize proteinogenic and non-

proteinogenic amino acids and condensate them into non-ribosomal peptides. 

Terpene cyclases (TCs) recognize molecules assembled by condensation of 

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) from 

acetyl-CoA, and assemble diverse terpenes (10). Dimethylallyltryptophan 

synthases (DMATs) assemble indole alcaloids from tryptophan, tryptamine

and indole-3-glycerol phosphate 4-dimethylallyltryptophan (4-DMAT).

Genomes of Lecanoromycetes as a source of potentially 

novel bioactive molecules

Lichens are symbiotic organisms that typically consist of a photobiont 

(algae or cyanobacteria), and a mycobiont (fungus) mostly belonging to 

Lecanoromycetes. Lichens can be found in diverse and extreme environments 

across the globe. Lichens possess unique capability for adaptation, which 

has led to significant physiological differences between the fungal and algal 

partners, and their free-living counterparts (11). The spectrum of molecules 

involved in complex interactions within a lichen and its environment is 

remarkable. Lichens compounds have been a subject of extensive research 

and are a focal point in traditional Chinese medicine, dyeing and fragrance 

industry (12, 13). Lichen compounds are produced by mycobionts, and 

most of those chemicals structurally relate to polyketides (14, 15). Lichen 

depsides and depsidones such as atranorin, usnic acid and evernic acid exhibit 

antimicrobial (16), antiviral (17), and anti-inflammatory activities (18). Usnic 

acid and its derivatives are used as a photoprotective agents (19), and it also 

has shown potential as an antibiotic and antitumor agent (20). The lichens 

Pseudevernia furfuracea and Evernia prunastri are extensively used in perfume 

industry (21).

	 Despite that more than 1000 compounds have been reported for 

lichens (22), the full compound-producing potential of Lecanoromycetes 

remains largely unexplored. At the time this PhD work was performed, only 

about 28 species of Lecanoromycetes had been sequenced (now 98 genomes 

can be found accessible on NCBI), but the available data on their

genomes revealed that they possess high amount of pathways encoded per 

genome, compared to the rest of Ascomycota (23). Genome of Usnea florida 

contains striking amount of 120 pathways (23). This high abundance 

of pathways which encode PKSs in genomes of lichen forming fungi (LFF) 

does not directly reflect the structural diversity of the polyketides (PKs) 

produced by LFF: most of the produced PKs bear aromatic ring and are 

assembled by non-reducing PKSs (nrPKSs). The genomes of lichens number 

more PKSs than other types or core genes (24), which is consistent with 

metabolomic studies (15). Fewer molecules of other classes have been 

identified for Lecanoromycetes, although their genomes indicate that more 

reduced polyketides, non-ribosomal peptides, terpenes and alkaloids can be 

theoretically produced by these fungi (24). Such discrepancy suggests that 

there are many unexplored pathways in lichen genomes that can potentially 

produce previously unreported molecules.

	 The abundance of pathways encoded in the genomes of LFF requires 

strategies for their prioritization for functional studies. The first step required 

for prioritization of pathways is linking already known compounds to their 

respective pathways. As the majority of extrolites of LFF structurally relate to 

polyketides (14), most existing strategies were employed to delimit pathways 

with PKSs as core genes. Phylogenetic analyses of fungal PKSs is a useful 

approach for exploring the chemical diversity of fungal polyketides, as enzymes 

in the same monophyletic clade often exhibit similar enzymatic activities, 
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leading to the production of identical polyketide backbones. The phylogenetic 

position of PKSs in regards to already characterized PKSs together with 

comparative genomics, metabolomics and gene expression studies provide 

useful information for linking gene clusters to compounds (23). Expression 

analysis of nrPKSs concurrent with production of usnic acid, and features of

molecular structure of usnic acid allowed identifying a single candidate nrPKS 

in the genome of C. uncialis that is consistent with usnic acid structure (25). 

Correlation of gene expression to grayanic acid production revealed putative 

grayanic acid BGC in Cladonia grayi with a core nrPKS CgrPKS16 (26). 

Comparative genomics studies demonstrated that the genomes of E. 

prunastri, P. furfuracea (14) and C. uncialis (27) also encode for grayanic 

acid BGC, and the candidate usnic acid BGC was identified in genomes of E. 

prunastri, P. furfuracea (14). A BGC for the depside atranorin was identified 

by profiling the genomes of Stereocaulon alpinum and Cladonia strains that 

produce atranorin, for a common BGC, which was functionally characterized 

using heterologous expression (28). Genetic studies indicate that genomes 

of LFF may encode for polyketides that have not been reported for a given 

species yet, and allow proposing their putative structures. Genome of C. 

uncialis encodes for BGC with a putative 6-hydoxymellein synthase cu-

pks-4, which was linked to the respective backbone by homology search, 

revealing C. uncialis BGC similarity to the terrein BGC of Aspergillus terreus 
(29). Based on the comparison of genetic context around cu-pks-4 and terA, 

the authors proposed a structure to the hypothetical oxidized, methylated, 

and halogenated derivative of 6-hydroxymellein that may be produced by the 

identified BGC of C. uncialis.

	 Lichen mycobionts can be grown in culture, although extremely slow 

growth of fungal partners in the lab hampers functional studies. Spectrum of 

metabolites that are produced in culture often differ from those of the original 

lichen, and biosynthetic pathways of the cultured fungi remain inactive, or 

silent. It is challenging to identify and simulate specific environmental stimuli 

to trigger expression of silent pathways, and no universal stimulant has been 

found (30). Together, these factors make functional studies of BGCs from 

lichens difficult. No successful genetic manipulation or a pathway functional 

study performed directly in a lichen mycobionts has been reported to the 

date. Conventional tools like promoter swap, gene deletion or disruption are 

therefore not developed for LFF. It must be noted that a proof of principle 

protocols for Agrobacterium-mediated transformation has been developed 

for Umbilicaria muehlenbergii (31) and C. macilenta (32). Heterologous 

expression of biosynthetic pathways in a fungal host of choice is a reliable 

strategy that enables linking genes to respective compounds, allowing to 

circumvent constraints of the native organism. Saccharomyces cerevisiae 
(33, 34), and Ascochyta rabiei (28) hosts have been employed for elucidation 

of lecanoric acid and atranorin pathways from LFF. Aspergillus oryzae is 

frequently used as a heterologous host for elucidation of pathways from 

fungi (35,36). However, attempts for heterologous expression of putative 

6-methylsalicylic acid and orsellinic acid PKSs from C. uncialis in A. oryzae 

only achieved heterologous transcription, and no compounds has been found 

to be produced (37). The same host did produce orsellinic acid and 6-MSAS 

when orthologs of the initially selected lichen genes from Penicillium sp. and 

Fusarium sp. were expressed (37). Therefore, expression of orthologs of genes 

from mycobiont BGCs could provide access to the potential of lichens to 

produce compounds, even if expression of BGCs directly from lichens is not 

achievable for a chosen heterologous host.
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Project aims and thesis outline

This thesis narrates to the chemical space of lichenizing fungi, exploring

their genomes and compounds that could be produced by the encoded

biosynthetic pathways. We recognize lichens as potential source of

bioactive molecules, including structurally unique and/or potentially new

antibiotics. We explore nrPKSs encoded in lichen genomes, dereplicate

pathways and characterize selected BGCs using heterologous expression

in A. oryzae.

In Chapter 2 we provide current understanding of secondary metabolism 

in fungi, summarize existing bioinformatic tools for detection/prediction 

of biosynthetic gene clusters (BGCs), provide an overview of engineering 

strategies used to activate silent pathways, heterologously express selected 

pathways, and discuss synthetic biology future perspectives in relation to 

biosynthetic pathways in fungi.

In Chapter 3 we employ a powerful strategy of evolution-guided pathway 

prioritization to the genomes of eight lichenizing fungi, which provided 

with a set of two phylogenetic clades containing nrPKS. These nrPKSs are 

phylogenetically unrelated to earlier identified clades, or groups. We identify 

a gene cluster family (GCF) that consists of set of genes conserved across 

Ascomycota pathways that contain orthologs of the identified nrPKSs from 

Lecanoromycetes. We characterize the orthologous nrPKS of Aspergillus 

parvulus by heterologous expression in A. oryzae NSAR1, which together with 

metabolic profiling of A. parvulus enabled us to assign the GCF to biosynthesis 

of naphthalenones in fungi. We further predict pathway boundaries as defined 

by gene expression in conducive compared to non-conducive conditions. A 

putative pathway to naphthalenones is proposed, and involvement of tailoring 

genes in modifications of the chemical backbone is discussed.

In Chapter 4 we further elucidated the naphthalenone pathway of A. parvulus 

using heterologous expression. We expressed combinations of tailoring genes 

that correspond to steps of the proposed pathway and yields asparvenone 

and parvulenone derivatives. Structures of selected resulting molecules 

are characterized using 2D NMR. We have identified previously unreported 

derivatives, and characterized stereoselective properties of FAD-binging 

oxidoreductase Apr2. Proposed chemical steps of naphthalenone pathway are 

discussed in the light of the obtained data.

In Chapter 5 we examined the genomes of nine LFF and identified one 

phylogenetically distinct clade consisting of three nrPKSs. We used comparative 

genomics to identify tailoring genes that are conserved within the GCF. 

Characterization of homologous pathway of Aspergillus melleus yields orsellinic 

acid and orcinol, leading to the assignment of the corresponding GCF to the 

biosynthesis of orsellinates. We characterize individual steps of the pathway 

by co-expressing combinations of tailoring genes, and identify pathway 

intermediate with antibiotic and demelanizing activity. We discuss the putative 

mode of action and future perspectives.

Chapter 6 considers most important findings of the present thesis and 

suggests further development.
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Introduction

Secondary metabolites (SMs) are natural products synthesized mainly by 

bacteria, fungi and plants. They are molecules of low molecular weight with 

diverse chemical structures and biological activities. The name secondary 

metabolite originates from the initial observation that their production is 

not necessary for the growth and reproduction of organisms, in contrast to 

primary metabolites which include lipids, amino acids, carbohydrates and 

nucleic acids. However, SMs are far from being secondary and the term 

“specialized metabolites” is emerging to describe them. It is now accepted 

that SMs play key roles in the survival of the organisms that produce them 

because SMs determine interactions within their environment. Nowadays, SM 

production is a major research field for organic chemists, molecular biologists 

and bioinformaticians alike. In this review, we will focus on SMs produced by 

fungi to introduce the fundamental concepts of their biosynthesis, present 

how the genomics era has impacted the study of fungal SMs, and report the 

biotechnological tools that have been developed to engineer SM biosynthetic 

pathways.

Fungi Produce Bioactive Secondary Metabolites That Impact 

Human Societies

Fungal Secondary Metabolites in Human Daily Life

Fungal SMs have impacted human societies both positively and negatively

since ancient times. The episode known as Saint Anthony’s fire in 1039 was

an outbreak of ergotism, a disease caused by the consumption of rye that

we know now was infected by the fungus Claviceps purpurea (van Dongen 

and de Groot, 1995). This disease is actually caused by SMs called ergot 

alkaloids that are secreted by the fungus. Many other so-called mycotoxins 

have been reported and their presence in food and feed is strictly regulated 

and monitored. The most frequently encountered mycotoxins worldwide are 

produced by Fusarium species on cereals and include deoxynivalenol (DON), 

fumonisin and zearalenone (Biomin mycotoxin survey see “Relevant Websites 

Section”). Aflatoxins produced by Aspergillus species are also an important 

threat, which are famous to have caused in England the death of 100,000 

turkeys that consumed contaminated peanut meal (Richard, 2008).

	 Although some fungal SMs are mycotoxins, many others exhibit 

beneficial activities to humans. Hundreds of fungal species, mostly 

basidiomycetous edible mushroom-forming species, have been used 

in traditional Chinese medicine for thousands of years. Their beneficial 

properties are linked to the production of mixtures of SMs with diverse 

biological activities, for example against cancer, diabetes and cardiovascular 

 

Fig. 01. 
Discovery of fungal secondary metabolites with commercial application. Since the end of the 

1980s, we have entered a so-called discovery void due to companies stopping the

prospection of natural products and investing in chemical synthesis. Since the release of the

first genomes of filamentous fungi at the beginning of the 21st century, the genomic era has

revived interest in fungal secondary metabolites. 
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diseases (Hyde et al., 2019). In the Western world, fungal SMs have 

revolutionized modern medicine more than once (Fig. 01). The most famous 

example is the discovery of the first large-spectrum antibiotic penicillin 

produced by Penicillium rubens (formerly P. chrysogenum; (Houbraken et al., 

2011)). Penicillin belongs to a family of compounds known as beta-lactams, 

which still accounts for the largest antibiotic market size. The discovery of 

cyclosporin A produced by Tolypocladium inflatum brought another revolution 

in the second half of the 20th century: this immunosuppressive SM allowed 

successful organ transplantation (Colombo and Ammirati, 2011). The statin 

family of compounds, used as cholesterol-lowering agents, was also discovered 

in the 1970s and several compounds of fungal origin, like monacolin K, actually 

represent the largest market of drugs, reaching an annual turn-over circa 

US$50 billion (Hyde et al., 2019). Fungal SMs find many other applications in 

diverse fields, including agriculture (e.g., strobilurin fungicides are all derived 

from SMs produced by the basidiomycetous mushroom Strobilurus tenacellus 

(Bartlett et al., 2002)) and industry (e.g., Monascus purpureus is exploited for 

the production of red rice powder in Asia because it produces red pigments 

like rubropunctamine (Mukherjee and Singh, 2011)).

	 Since the 1990s, the development of natural products into marketed 

active molecules has entered a so-called discovery void (Fig. 01) because the 

same molecules of natural origin were rediscovered, which turned companies 

to redirect their efforts towards chemical synthesis of analogs of existing 

compounds (Li and Vederas, 2009). Despite having provided key compounds 

to human societies, the fungal kingdom had been neglected in the search for 

natural products. But the genomic era promises to bring fungi in the spotlight 

again, especially to find solutions to the emergence of multi-resistant bacterial 

and fungal pathogens (Harvey et al., 2015). Academic laboratories and small 

and medium enterprises have initiated new exploitation of the fungal kingdom 

for bioactive compounds, and these initiatives represent the beginning of a 

long-term research effort.

Fungal Secondary Metabolites in Fungal Daily Life

While fungal SMs exhibit biological activities that are useful or detrimental 

to humans, these activities are most often side effects and do not reflect 

the biological function for the organisms that produce them. It is now well 

accepted that SMs have important functions in the interactions between 

fungi and their environments, especially by contributing to the colonization 

of specific ecological niches. Fungal pigments like dihydroxynaphthalene 

(DHN) melanin and cladofulvin provide protection against environmental 

stresses such as UV light, desiccation and extreme temperatures (Langfelder 

et al., 2003; Dadachova et al., 2007; Griffiths et al., 2018). Fungal SMs are 

particularly important for pathogens to establish disease. DHN melanin 

protects human pathogens from the immune system (Chai et al., 2010; 

Thywißen et al., 2011), while this SM is required for certain plant pathogens to 

mechanically penetrate plant tissues (Chumley and Valent, 1990). Toxic SMs 

are particularly well known to contribute to plant infection. Host-specific 

toxins (e.g., HC-toxin, AK-toxin) produced by Cochliobolus and Alternaria 

species determine their host range by targeting plant cultivars that carry a 

sensitivity gene (Stergiopoulos et al.,2013). Non-specific toxins are more widely 

distributed and also contribute to the virulence of many fungi. One of the 

most studied class of toxins are perylenequinones, photoactive toxins that 

make Cercospora nicotianae pathogenic on tobacco (Choquer et al., 2005; 

Ebert et al., 2019). More recently, it is becoming clear that SMs produced by 

plant pathogens play more diverse and subtle roles in virulence which are not 
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straightforward to study (Collemare et al., 2019). Symbiotic fungi also appear 

to rely on the production of SMs to establish a mutualistic interaction with 

their hosts. The ectomycorrhizal fungus Laccaria bicolor secretes terpenes 

that were shown to be required for symbiosis establishment (Ditengou et al., 

2015), while the symbiont Epichloё festucae produces indole alkaloid SMs that 

protect its ryegrass host from herbivorous animals (Schardl et al., 2013). Such 

a defensive biological function can be extended to antimicrobial compounds 

produced by fungi when they compete with other microorganisms living in the 

same ecological niche (O’Brien and Wright, 2011). This function was recently 

experimentally proven with bikaverin and beauvericin produced by Fusarium 

fujikuroi against the bacterium Ralstonia solanacearum (Spraker et al., 2018) 

and with lagopodin B produced by Coprinopsis cinerea in response to the 

presence of bacteria (Stöckli et al., 2019).

The Fundamentals of Secondary Metabolite Production in Fungi

A Diversity of Biosynthetic Enzymes

Fungal SMs are classified into a few major chemical classes depending on 

the precursors (either acyl-coAs, amino acids, or prenyl diphosphates) and 

enzymes used for their biosynthesis (Keller, 2019). Polyketides, nonribosomal 

peptides, terpenes and indole alkaloids are synthesized by core enzymes 

named polyketides synthases (PKSs), non-ribosomal peptide synthetases 

(NRPSs), terpene cyclases (TCs) and dimethylallyltryptophan synthases 

(DMATSs), respectively (Fig. 02 and Fig. 03(A)). These core enzymes are 

characterized by highly conserved domains that exhibit diverse catalytic 

activities. TCs and DMATSs are enzymes which are composed of one or two 

 
 
Fig. 02.  
Diversity of chemical structures observed for fungal secondary metabolites (SMs). Examples 

of fungal secondary metabolites. (A) polyketides (1) 1,8-dihydroxynaphthalene; (2) aflatoxin B1; 

(3) fumonisin B; (4) cyperone B1, (B) non-ribosomal peptides (5) penicillin G; (6) beauvericin, (C) 

hybrid polyketide-peptides (7) monacolin K; (8) cytochalasin A, (D) hybrid peptide-polyketides 

(9) tenuazonic acid, (E) non-ribosomal peptide-like (10) atromentin; (11) microperfuranone, (F) 

terpenes (12) deoxynivalenol; (13) lagopodin B, (G) indole alkaloids (14) ergotamine, (H) NRPS-

independent siderophore (NIS) (15) rhizoferrin, (I) Ribosomally synthesized and post-translationally 

modified peptides (RiPPs) (16) ustiloxin, and (J) unconventional compounds (17) psilocybin.
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Fig. 03.  
Secondary metabolite (SM) biosynthetic pathways in fungal genomes. (A) Core genes and 

enzymes involved in the biosynthesis of the SM chemical backbone. The module organization of 

the core enzymes is shown with the arrangement of conserved domains. SAT: Starter Acylcarrier 

protein Transacylase; KS: Keto-Synthase: AT: Acyl-Transferase; PT: Product Template; ACP: Acyl-

Carrier Protein; TE: ThioEsterase; CLC: Claisen Cyclase; MT: Methyl Transferase; R: Reductase; 

DH: DeHydratase; ER; Enoyl Reductase; KR: Keto Reductase; A: Adenylation; T: Thiolation; C: 

Condensation; E: Epimerization; TC: Terpene Cyclase; SQCY: Squalene Cyclase; PPt: PolyPrenyl 

transferase; ABBA-PT: Aromatic Prenyl Transferase; SP: Signal Peptide. Two architectures are 

found for iterative type I non reducing polyketide synthases (PKSs), but both are characterized 

by the presence of the SAT and PT domains. The brackets indicate that the ACP domain is 

duplicated in certain enzymes. Type I reducing PKSs are characterized by the presence of at 

least one of the DH, ER and KR domain. The brackets indicate the domains that are not found 

in partially reducing PKSs. The most common structure of NRPS-like enzymes is represented, 

but diverse domains, including ferric reductase, polynucleotidyl transferase ribonuclease H and 

LPS-induced tumor necrosis alpha factor, linked to a single A domain are also found. Terpene 

Cyclases (TCs) are classified into different groups according to the conserved domain they 

harbor. Bifunctional TCs are characterized by the presence of a PPt domain. NRPS-independent 

siderophore (NIS) synthetases contain a single IucA_IucC domain. Ribosomally synthesized 

and post-translationally modified peptides (RiPPs) are encoded by genes. In many cases, the 

precursor peptide contains a SP followed by a repetitive sequence, which consists of the core 

peptide embedded between N- and C-terminal sequences and KR recognition motif for the 

kexin Golgi protease. (B) The biosynthetic gene cluster organization. Reproduced from Bushley, 

K.E., Turgeon, B.G., 2010. Phylogenomics reveals subfamilies of fungal nonribosomal peptide 

synthetases and their evolutionary relationships. BMC Evolutionary Biology 10 (1), 26.

doi:10.1186/1471-2148-10-26.
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conserved domains (Schmidt-Dannert, 2015). In contrast, PKSs and NRPSs are 

multidomain mega-enzymes with complex catalytic activities (Fig. 03(A)).

	 In fungi, two types of PKSs are found: iterative type I PKSs and type 

III PKSs. Type I PKSs are mega-enzymes with several domains that are used 

iteratively to elongate the polyketide backbone mostly from acetyland malonyl-

CoA (Cox, 2007; Herbst et al., 2018). Type I iterative PKSs are further classified 

into three groups depending on the presence of specific conserved domains 
(Fig. 03(A)). Non-reducing PKSs (nrPKSs) produce aromatic compounds while 

reducing (rPKS) and partially reducing (prPKS) enzymes produce reduced 

polyketides due to the presence of one or several reducing conserved domains 

(dehydratase (DH), keto-reductase (KR) and enoyl-reductase (ER) domains) 

(Cox, 2007; Herbst et al., 2018). The release of the polyketide chain from 

the PKS can be performed through different mechanisms depending on the 

presence of a final thiolesterase (TE) or reductase (R) domain (Cox, 2007). 

Certain PKSs do not carry such a releasing domain and have co-evolved 

with other enzymes, including beta-lactamases and hydrolases, to release 

the polyketide chain (Cox, 2007; Griffiths et al., 2016). While progress has 

been made towards understanding the programming of iterative type I PKSs, 

predicting the compound they will produce in terms of acyl-CoA specificity, 

chain length, cyclisation and reduction steps, remains challenging. 

	 Type III PKSs are small enzymes consisting of a single ketosynthase (KS) 

domain (Fig. 03(A)). They catalyze the iterative condensation of a starter fatty 

acyl-coA and several extender units, mostly malonyl-CoA (Shimizu et al., 2017). 

Type III PKSs show considerable flexibility, accepting a wide range of starter 

unit, from short to long linear or cyclic acyl-coA, resulting in the production of 

a variety of compounds (Shimizu et al., 2017; Kaneko et al., 2019). Compared 

to type I PKSs, fungal type III PKSs have been neglected enzymes and more 

research effort is needed to understand how they function.

	 NRPSs are large multi-modular enzymes, each module usually 

consisting of three conserved domains (Fig. 03(A)): adenylation (A; recruits 

an amino acid), condensation (C; catalyses the peptide bond) and thiolation 

(T; carries the peptide chain) domains (Singh et al., 2017). Eventually, amino 

acid epimerization and N-methylation domains can be found within modules 

Singh et al., 2017). Often, the NRPS organization ends with a single C domain 

that is responsible for the release of the peptide chain through cyclisation 

(Zhang et al., 2016). In many cases, NRPS modules are sequentially used, so 

that the number and order of the modules determine the length and nature of 

the peptide. However, some fungal NRPSs are iterative and contain modules 

that reuse the A domain of another module to incorporate a new amino acid 

(Schwecke et al., 2006; Yu et al., 2017). Similarly to fungal PKSs, it is possible to 

classify NRPSs into large phylogenetic groups (Bushley and Turgeon, 2010), but 

predicting which amino acids are incorporated remains difficult. A recent study 

revealed that the activity of NRPS modules also depends on the presence of 

other surrounding modules (Degen et al., 2019), making these predictions even 

more uncertain.

	 Hybrid enzymes between PKSs and NRPSs are also commonly found 

in fungi, either as PKS-NRPS or NRPS-PKS hybrid enzymes (Fig. 03(A)). The 

former consists of an rPKS fused to a single NRPS module and a final releasing 

domain, leading to the production of a polyketide which contains a single 

amino acid (Fisch, 2013). These enzymes are notably known for the production 

of cytochalasins, which are inhibitors of actin polymerization (Skellam, 2017). 

Statins are produced by hybrid PKS-NRPSs that are truncated and have lost 

the A and T domains, consistent with the absence of an amino acid in the 

statin chemical structure (Boettger et al., 2012). Hybrid NRPS-PKSs are less 

widespread and thus less studied. The only two characterized fungal NRPS-

PKSs either carry a single NRPS module upstream of a KS domain or an A-T 
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module upstream of a prPKS, and they are respectively responsible for the 

production of tenuazonic acid in the rice pathogen Pyricularia oryzae (Yun et 

al., 2015), and of swainsonine in the insect pathogen Metarhizium robertsii  

(Cook et al., 2017).

	 Several other classes have been less studied in fungi (Fig. 02 and Fig. 

03(A)). NRPS-like enzymes consist of a single A-T module linked to various extra 

domains, including thioester reductase, ADH short chain dehydrogenase and 

ferric reductase domains (Bushley and Turgeon, 2010). Only a few compounds, 

such as atromentin and microperfuranone, have been identified as the product 

of NRPS-like enzymes (Schneider et al., 2008; Yeh et al., 2012). While most fungi 

produce siderophores, ironbinding compounds, through an NRPS pathway, it 

was reported that Rhizopus delemar produces the siderophore rhizoferrin using 

an NRPSindependent siderophore (NIS) synthetase that is characterized by an 

IucA/IucC conserved domain (Carroll et al., 2017). Such synthetases have been 

characterized in bacteria (Carroll and Moore, 2018), but genome analyzes suggest 

that NISs could actually be produced by many fungi.

	 Certain SMs are not synthesized by conserved core enzymes and are 

therefore difficult to identify in fungal genomes. Ribosomally synthesized and post-

translationally modified peptides (RiPPs) represent a minor class of SMs in fungi 

(Vogt and Künzler, 2019). In contrast to the previous pathways, RiPPs are directly 

encoded by genes in the form of a precursor peptide (Yang and van der Donk, 

2013). Remarkably, the precursors of the ustiloxin, phomopsin, asperipin-2a and 

epichloëcyclin RiPPs consist of a signal peptide followed by repeats of the core 

peptide in between KR signal sequences that are recognized by the kexin Golgi 

protease for cleavage (Fig. 03(A)) (Vogt and Künzler, 2019). Finally, SMs like kojic 

acid and psilocybin are also produced by unconventional biosynthetic pathways 

that do not include any core enzyme, but only enzymes for the modification of the 

respective precursors (Terabayashi et al., 2010; Fricke et al., 2017).

The Gene Cluster Organization

The core enzymes described above are involved in the production of the 

first stable intermediate. However, biosynthetic pathways are usually much 

more complex and can involve many additional modifications of the produced 

backbone. For example, the production of aflatoxin involves at least 15 tailoring 

steps after release of the norsorolinic acid precursor from the PKS (Bhatnagar 

et al., 2003). These modifications are catalyzed by socalled tailoring enzymes 

with very diverse catalytic activities such as methylation, monooxygenation, 

decarboxylation, etc. (Walsh and Tang, 2017). The number and type of 

modifications steps after the release of the initial chemical backbone from 

the core enzymes expand the diversity of biosynthetic pathways and chemical 

structures (Fig. 02).

	 In fungi, the genes that encode core and tailoring enzymes in a given 

pathway often co-localize in the genome and are co-regulated, criteria 

that define a gene cluster organization (Fig. 03(B)) (Keller and Hohn, 1997). 

Additionally, these biosynthetic gene clusters (BGCs) can also comprise 

genes that encode MFS or ABC transporters for SM export or self-protection 

(Gardiner et al., 2005; Wiemann et al., 2009; Brown et al., 2015; Dolan et al., 

2015), transcription factors for BGC regulation (Lyu et al., 2019) and protein 

decoys for self-protection (Bushley et al., 2013; Yeh et al., 2016). Certain 

BGCS contain more than one core gene, leading to the production of hybrid 

molecules. For example, macrolide lactones are produced by a conserved pair 

of nrPKS and rPKS (Kim et al., 2005), and meroterpenoids are the products of 

pathways involving PKSs and TCs (Itoh et al., 2010). The diversity of core genes, 

tailoring genes and their combinations in BGCs makes it possible to produce a 

large diversity of bioactive compounds from a very limited set of precursors 

issued from primary metabolism.
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	 How BGCs are formed in fungal genomes remains a matter of debate. 

A BGC organization has been suggested to facilitate the coregulation of genes 

and interactions between enzymes from a given biosynthetic pathway (Hurst 

et al., 2004; Santoni et al., 2013; Rokas et al., 2018). Another hypothesis 

suggests that the partial loss of genes from a given pathway would result 

in the production of toxic intermediates (McGary et al., 2013). Finally, this 

organization could be the result of accumulated horizontal gene transfers 

(HGTs) (Rokas et al., 2018). None of these hypotheses has been experimentally 

tested and thus requires further investigation.

Tight Regulation of Secondary Metabolite Production

Given that SMs often exhibit biological activities that could be detrimental to 

the producing organisms and that their production costs energy, SMs should 

be produced only when required. BGCs are tightly regulated to be expressed 

under very specific conditions. The first level of regulation involves pathway-

specific transcription factors, which are encoded by genes within the BGC they 

regulate (Lyu et al., 2019) (Fig. 04). The best characterized example of such 

a local transcription factor is AflR that regulates the production of aflatoxins 

(Woloshuk et al., 1994). AflR binds to the promoter of the other genes in the 

BGC and activate their transcription (Fernandes et al., 1998; Ehrlich et al., 

1999).

	 The second level of regulation involves global regulators that control 

the expression of a number of BGCs in response to developmental and 

environmental signals (Fig. 04). CreA, AreA and PacC are transcription factors 

that control BGC expression in response to the carbon source, nitrogen 

source, and pH, respectively (Lyu et al., 2019). The Velvet and LaeA protein 

 
 
 
 
Fig. 04.  
Tight regulation of secondary metabolite production in fungi. The expression of biosynthetic 

gene clusters (BGCs) is controlled by several interconnected levels of regulation. BGCs can 

contain a gene that encode transcription factors that regulate the expression of the other 

genes in the BGC by binding to their promoters. Global regulators can also directly regulate the 

expression of fungal BGCs in response to environmental and developmental signals. Expression 

of fungal BGCs is also regulated through the modification of chromatin, the complex of DNA 

and histone proteins. Both DNA methylation and post-translational modifications of histones 

are epigenetic modifications that affect SM production in fungi. The protein structures are 

representations obtained with the Illustrate program. Reproduced from Goodsell, D.S., Autin, L., 

Olson, A.J., 2019. Illustrate: Software for biomolecular illustration. Structure 27 (11), 1716–1720. 

(Cell Press). doi:10.1016/J.STR.2019.08.011.
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complex regulates BGC expression in response to light (Bayram et al., 2008; 

Fischer, 2008), while Hap transcription factors control the response to redox 

status and iron starvation (Reverberi et al., 2012; Wiemann and Keller, 2014; 

Hortschansky et al., 2017). SM production is also interconnected with fungal 

development, often linked to conidiation and formation of survival structures 

like sclerotia (Calvo and Cary, 2015). This coordination involves specific signaling 

pathways, which are also activated in response to environmental signals (Lind et 

al., 2018).

	 The third level of global regulation corresponds to epigenetic 

modifications (Fig. 04). The conformation of chromatin, the complex of 

DNA and histone proteins, determine the accessibility of DNA to regulatory 

proteins (Armeev et al., 2019). Changes between euchromatin (open state) and 

heterochromatin (closed state) are especially determined by posttranslational 

modifications of histones, mainly acetylation and methylation (Turner, 2007). 

As a result, BGCs located in euchromatin can be activated while BGCs located 

in heterochromatin remain silent (Strauss and Reyes-Dominguez, 2011). This 

research field has seen much progress in the last decade and a histone code 

for active and silent BGCs could be determined. BGC expression is mainly linked 

to acetylation of lysine residues in H3 and H4 histone proteins (Nützmann et 

al., 2011; Gacek and Strauss, 2012; Soukup et al., 2012; Nützmann et al., 2013). 

In contrast, trimethylation of lysine residues in H3 histones are a hallmark 

of BGC repression (Reyes-Dominguez et al., 2010; Gacek and Strauss, 2012; 

Connolly et al., 2013; Studt et al., 2016). Several histone acetyltransferases 

and deacetylases, as well as histone methyltransferases and demethylases, 

have been characterized in fungi and were shown to impact the expression 

of several BGCs in a given fungus (Collemare and Seidl, 2019). However, BGC 

regulation by these enzymes is complex because altering the acetylation or 

methylation status of histones usually results in both activating and repressing 

different BGCs (Lee et al., 2009; Connolly et al., 2013; Rösler et al., 2016). 

Although less studied because of its low abundance in fungi, DNA methylation 

was also found to modify SM production in several fungi, including Aspergillus 

and Fusarium species (Williams et al., 2008; Fisch et al., 2009; Yang et al., 2016). 

More detailed information about each kind of regulation can be found on recent 

extensive reviews dedicated to this topic (Collemare and Seidl, 2019; Pfannenstiel 

and Keller, 2019).

Genomics of Fungal Secondary Metabolism

The study of fungal SMs had been focused on their diverse biological activities 

and functions until the advent of genomes. Since then, the genomics era has 

provided new research questions, especially regarding the origin and evolution 

of BGCs, and new tools to investigate fungal SMs. The number and diversity of 

available fungal genomes is increasing every day thanks to the development of 

Next Generation Sequencing (NGS) technologies and the consequential drop 

in sequencing cost. The public repositories NCBI and Joint Genome Institute 

MycoCosm portal (Grigoriev et al., 2014) currently host around 2000 and 1400 

fungal genomes, respectively. This wealth of genomic information allows for the 

exploitation of a treasure trove in terms of biochemical reactions and biological 

activities.

Abundance of Biosynthetic Pathways in Fungal Genomes

The regain of interest in fungal SMs is certainly due to the availability of fungal 

genomes. For a given fungus, only a few SMs can be detected under standard 

laboratory conditions. However, genome analyzes have revealed that fungal 
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species possess a much higher SM production capacity with many BGCs in 

their genomes remaining silent under laboratory conditions. These silent BGCs 

encode so-called cryptic biosynthetic pathways. For example, the genome 

of the well-studied model fungus Aspergillus nidulans contains 58 predicted 

BGCs, but we know the corresponding SM for only 26 of them (Romsdahl and 

Wang, 2019). The explanation for this discrepancy is the tight regulation of SM 

production under specific environmental conditions that are difficult to identify 

and reproduce in the laboratory.

	 Predicted numbers of core genes highlighted the very high SM 

production capacity of Ascomycota (Fig. 05). Apart from Saccharomycotina and 

Taphrinomycotina, the average number of core genes in Ascomycota genomes 

varies between 12 and 68 (Fig. 05). Basidiomycota fungi, which includes edible 

mushrooms and wood-decaying species, exhibit a more moderate production 

capacity with a predominance of NRPS-like and TC genes. With the exception 

of the Neocallimastigomycetes that are especially rich in NRPS genes, the other 

fungal lineages show a reduced SM production capacity (Fig. 05).

	 Even though more than 15,000 fungal SMs are reported in the Natural 

Product Atlas (van Santen et al., 2019) (an open database of SM compounds 

curated by the scientific community), characterization of the BGCs behind 

their synthesis is still scarce. The largest collection of characterized BGCs is 

the Minimum Information about a Biosynthetic Gene cluster (MIBiG) (Medema 

et al., 2015; Kautsar et al., 2019), which currently contains around 270 fungal 

BGCs. This limited number of characterized BGCs and the observation that 

most of fungal BGCs predicted in fungal genomes are silent, highlight the task 

that is ahead. Especially, the correct identification and prioritization of silent 

BGCs using bioinformatic approaches are crucial before embarking on lengthy 

characterization efforts.

In Silico Prediction of Biosynthetic Gene Clusters

In silico prediction of BGCs usually starts with the detection of the core 

genes, which requires good quality genome assemblies and, more importantly, 

Fig. 05.  
Abundance of biosynthetic pathways in fungal genomes. Number of fungal genomes and predicted 

core genes in these genomes were retrieved from the Joint Genome Institute MycoCosm repository 

(November 7, 2019). Reproduced from Grigoriev, I.V., et al., 2014. MycoCosm portal: Gearing up for 

1000 fungal genomes. Nucleic Acids Research 42 (D1), D699–D704. doi:10.1093/nar/gkt1183.
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accurate gene prediction. While this can be accomplished with simple BLAST 

searches using reference data, several in silico BGC mining tools have been 

created to facilitate this process (Ziemert et al., 2016), with most of them 

falling into two categories: motif-dependent and motif-independent detection. 

It is noteworthy to mention that many tools have been superseded or are not 

updated anymore, and in some cases, they only exist as a web tool with no 

open source code (Table 01).

Motif-dependent detection

This approach is based on the conserved sequences (domains) that 

characterize the SM core enzymes of the most commonly found biosynthetic 

classes. Protein conserved domains can be encoded as probabilistic 

mathematical models (hmm: hidden Markov model) that are built from multiple 

sequence alignments. The frequencies of every amino acid at each position in 

the alignment are recorded into a so-called profile and then used by software 

like HMMER (hmmer.org) to search and score similar sequences (Eddy, 1998). 

Nowadays, two tools that make use of hmm profiles (from the Pfam (El-

Gebali et al., 2019), TIGRFAM (Haft et al., 2001) or custom-made databases) 

are predominantly employed to predict BGCs in fungal genomes with high 

confidence (Medema and Fischbach, 2015).

	 SMURF was the first tool specifically designed to detect fungal BGCs 

(Khaldi et al., 2010). This tool uses domain detection not only to find NRPS, 

PKS, PKS/NRPS hybrid, NRPS-like, PKS-like and DMATS core enzymes in 

predicted proteomes, but also to find tailoring enzymes. These proteins are 

also commonly characterized by conserved domains and SMURF relies on a 

dataset of conserved domains found in 22 BGCs from Aspergillus fumigatus. 

Table 01.  
Software dedicated to the prediction and analysis of biosynthetic gene clusters (BGCs) in fungi

Name
Main
Function Availability Remarks

Latest
publication

SMURF

fungiSMASH

CASSIS

MIDDAS-M

Motif-dependent 
prediction. Flexible BGC 
borders. Not updated 
anymore

BGC 

prediction
(Khaldi et al., 2010)

Webserver: http://
smurf.jcvi.org

Motif-dependent 
prediction. Fixed 
BGC borders. Active 
development

BGC 

prediction
(Blin et al., 2019)

Webserver: https://
fungismash,
secondarymetabolites.
org. Open source:
https://docs.antismash,
secondarymetabolites.
org/install

Predict co-regulation 
by searching shared 
motifs in gene 
promoters 
Incorporated in 
fungiSMASH 4 (but 
currently not available 
in fungiSMASH 
webserver version)

Fungal BGC 

border detection
(Wolf et al., 2016)

Webserver: https://
sbi.hki-jena.de/cassis/
Open source: https://
sbi.hki-jena.de/smips/
Download.php
fungiSMASH module

Motif-independent 
prediction using gene 
co-expression

BGC prediction (Umemura et al., 2013) Not available

MIPS-CG
Motif-independent 
prediction using 
nonsyntenic blocks

BGC prediction (Takeda et al., 2014) Not available

FunGeneClusterS
BGC identification from 
gene coexpression

BGC prediction (Vesth et al., 2016)

Webserver and open 
source:
https://fungiminions.
shinyapps.io/
FunGeneClusterS/

NaPDos
Phylogeny of key 
biosynthetic domains

Phylogenetic analysis (Ziemert et al., 2012)
Webserver: http://
napdos.ucsd.edu

MultiGeneBlast
Used as a base for the 
KnownClusterBlast 
module in fungiSMASH

Comparative genomics (Medema et al., 2013)
Open source: http://
multigeneblast.sourcef
orge.net

BiG-SCAPE

none

Creates sequence 
similarity networks and 
defines BGC families

Comparative genomics
(Navarro-Muñoz 

et al., 2019)

Open source: https://
git.wur.nl/medemagroup
/BiG-SCAPE

Creates sequence 
similarity networks and 
defines BGC families

Comparative 

genomics
(Theobald et al., 2018)

Open source: https://github
.com/RoerdamAndersen
Lab/gene_cluster_networks
_and_genetic_dereplication
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Once a core gene is found, 20 genes upstream and downstream are scanned 

for the presence of tailoring SM domains and are either tagged as “SM domain 

positive” or “SM domain negative”. The algorithm keeps scanning genes until 

(a) the 20-gene window is over; (b) a maximum intergenic distance to the 

next gene is found; or (c) a maximum number of “SM domain negative” genes 

are found. While this strategy is flexible to account for the different BGC 

configurations, its parameters are based on a very limited dataset A. fumigatus 

BGCs. Although SMURF is available online, it is not actively developed anymore.

	 Just after the release of SMURF, the first version of antiSMASH was 

published (Medema et al., 2011), which follows the same principle of detecting 

core genes using profile hmms. antiSMASH was originally developed for mining 

bacterial BGCs, but it is nevertheless capable of finding all the usual fungal 

BGC types due to the fact that core enzymes are conserved in both kingdoms. 

Then, a region defined by a simple extension of the up- and downstream 

sequences from the core gene(s) position(s) is reported as containing a BGC. 

Currently, version 5 of antiSMASH brought a complete revision of the code 

base, a new conceptual organization for the locus with biosynthetic genes 

(core, neighborhood, candidate gene cluster and region), and detection of 

fungal RiPP BGCs that resemble the ustiloxin BGC (Blin et al., 2019). antiSMASH 

is actively maintained and can be used through the online web version, 

installed locally or used through Docker. It is worth noting that the fungal 

version of antiSMASH, named fungiSMASH, does not accept unannotated 

genomes, meaning that accurate gene prediction in the genome of interest has 

to be performed beforehand.

	 While detecting core genes is relatively straightforward, finding the 

borders of a given BGC is the major challenge in BGC prediction. Both 

SMURF and antiSMASH show low accuracy in predicting BGC borders. The 

key difference between fungiSMASH and the regular antiSMASH was the 

incorporation of the CASSIS algorithm to predict BGC borders (Wolf et al., 

2016; Blin et al., 2017). In a given predicted BGC region, CASSIS reports genes 

that share a motif in their promoter region as this motif would indicate their 

potential co-regulation. A set of 38 characterized BGCs from Aspergillus spp. 

was used to determine CASSIS parameters.

	 Both SMURF and antiSMASH suffer from several limitations because 

they can only detect the major known core enzymes and they cannot 

report complete BGCs when they are dispersed at more than a single locus 

(e.g., cephalosporin (Singh et al., 2019), melanin (Langfelder et al., 2003), 

dothistromin (Schwelm and Bradshaw, 2010)) (Medema and Fischbach, 2015). 

In addition, the prediction of BGC borders is in most cases inaccurate and 

manual curation of the results is highly recommended, including validation 

of functional annotations. Many tools to predict substrate specificities and 

produced compounds are available either as standalone or integrated 

into antiSMASH. However, most of them are based on bacterial data and 

are most often inaccurate when applied to fungal sequences. Functional 

characterization of many more fungal BGCs is needed in order to develop 

accurate prediction tools.

Motif-independent detection

Considering the limitations of motif-dependent detection tools, other 

strategies have been employed to comprehensively identify BGCs in fungal 

genomes, including non-classical pathways (Umemura et al., 2015). A first 

strategy is based on the observation that genes from the same biosynthetic 

pathway are co-regulated, even when they do not contain a classical conserved 

core gene. Such a strategy was developed in the MIDDAS-M algorithm which 
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averages gene expression over a genewindow and normalizes expression 

ratios to yield significantly larger values for BGCs (Umemura et al., 2013). 

This algorithm applied to several fungal species not only accurately reported 

characterized BGCs, but also identified a new BGC for the RiPP ustiloxin 

B in Aspergillus flavus, which was functionally validated through targeted 

gene deletion (Umemura et al., 2013). Limitations of this approach are its 

dependency to experimental data and its ability to detect only the few BGCs 

that are expressed under laboratory conditions.

	 Comparative genomic analyzes revealed that fungal BGCs tend to 

be located in non-syntenic blocks (NSBs) (Machida et al., 2005; Amselem et 

al., 2011; Collemare et al., 2014; Lind et al., 2017). This observation led to the 

development of MIPS-CG, which attempted to detect novel BGC candidates 

by searching for conserved clustered genes between genomes in NSBs (Takeda 

et al., 2014). This approach is independent of any prior knowledge on fungal 

BGCs, allowing the successful prediction of nonclassical biosynthetic pathways 

as exemplified with the detection of the kojic acid BGC in Aspergillus oryzae 

(Takeda et al., 2014).

	 Both MIDDAS-M and MIPS-CG tools are actually not available anymore, 

but the logic behind these tools can be easily implemented in tailor-made 

methods to study genomes of interest. The combination of motif-dependent 

and motif-independent strategies was also tested in A. nidulans by linking 

SMURF predictions to microarray expression data from diverse conditions 

(Andersen et al., 2013). In this study, the expression data was used to calculate 

a Cluster Score as a measure for gene coexpression, which accurately 

predicted that two distant BGCs are responsible for the production of the 

hybrid peptide-terpene compound nidulanin A. FunGeneClusterS, a graphical 

online tool with an improved algorithm, was released in a follow up work (Vesth 

et al., 2016).

Strategies for Prioritizing the Study of Biosynthetic 

Gene Clusters

Considering the large amount of predicted BGCs in fungal genomes, prioritization of 

BGCs for functional characterization is needed. Several strategies can be employed 

to select candidate BGCs that are likely to produce novel compounds or variations 

of known compounds (Bertrand and Sorensen, 2018; Kjærbølling et al., 2019).

Phylogeny-informed prediction

	 General phylogenetic studies of core enzymes have been used to elucidate 

their evolutionary histories (nrPKS (Koczyk et al., 2015)) and to define broad 

evolutionary clades that relate to enzymatic activities, often by focusing on a single 

domain (sesterterpenes (Narita et al., 2017), nrPKS (Liu et al., 2015; Throckmorton 

et al., 2015), NRPS (Bushley and Turgeon, 2010)). Phylogenetic analyzes of core 

enzymes indicated that closely related core enzymes show functional homology as 

exemplified with nrPKSs involved in the production of emodin-like anthraquinones 

(Collemare et al., 2014; Griffiths et al., 2016) or siderophore synthetases (Bushley 

and Turgeon, 2010). This principle can be used to link BGCs with known metabolites 

(e.g., (Gibson et al., 2014)) and to directly target novel BGCs whose core enzymes are 

divergent from characterized ones (Harvey et al., 2018). NaPDos is a bioinformatic 

tool that was developed to perform functional predictions based on the phylogeny 

of key domains from characterized PKS (KS domain) and NRPS (C domain) enzymes 

(Ziemert et al., 2012). While this phylogenetic approach is very useful, predictions 

of the final chemical structures is not possible because tailoring enzymes modify 

the backbone produced by the core enzymes. It is therefore crucial to employ also 

strategies that consider whole BGCs. 
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Strategies for Comparative genomics and gene cluster 

families

Comparative genomics is based on pairwise comparisons between a query 

and a set of BGCs (“one-to-many”). One of the classical tools for pairwise 

BGC comparison is MultiGeneBlast (Medema et al., 2013), which has 

been incorporated into antiSMASH in two analysis modules. A first module 

(ClusterBlast) compares each query BGC against predicted BGCs from 

antiSMASH DB (Blin et al., 2018) (currently holding bacterial BGCs only), while 

the other module (KnownClusterBlast) compares the query against the set of 

characterized clusters from MIBiG (Medema et al., 2015; Kautsar et al., 2019). 

These tools remain of limited interest for fungal BGCs until a significant higher 

number of BGCs will become functionally characterized.

	 A more integrative approach makes use of sequence similarity networks 

(SSN) to provide a “many-to-many” overview, automatically defining gene 

cluster families (GCFs). GCFs corresponds to groups of BGCs that share a 

common origin and have diverged, resulting in the production of diverse, yet 

related, SMs. For example, BiG-SCAPE processes antiSMASH results, annotating 

protein domains in all regions containing a predicted BGC to define a distance 

matrix based on three components (domain content similarity, synteny and 

sequence identity) (Navarro-Muñoz et al., 2019). Clustering into GCFs is 

performed using an affinity propagation algorithm on the resulting distance 

matrix. BiG-SCAPE accuracy was validated by comparing the GCF calling to 

metabolomics data for a bacterial case. In principle, BiG-SCAPE could also be 

used with fungal BGCs.

	 A similar approach was employed using BGC prediction with a modified 

version of SMURF in 32 Aspergillus spp. (Theobald et al., 2018). The developed 

method aggregated percentages of identity of best bidirectional hits for each 

protein in the predicted BGCs, resulting in similarity scores that are translated 

into a BGC network. A random-walk algorithm is then applied to the network to 

define GCFs. In combination with expert knowledge of the malformin chemical 

structure, this method allowed to link malformin to a GCF in Aspergillus 

species, of which one BGC in Aspergillus brasiliensis was experimentally 

confirmed.

Function-guided prioritization

A different approach for BGC prioritization is not based on sequence 

comparisons but on researcher’s interest in specific enzymatic functions. 

For example, new chlorinated polyketides from Bipolaris sorokiniana were 

discovered by selecting predicted BGCs which contain genes encoding 

halogenases (Han et al., 2019).

	 The same strategy was successfully applied to search for BGCs that 

would produce SMs with specific biological activities. Several characterized 

BGCs contain a gene that encodes the enzymatic target of the SM, acting as 

a decoy and thus providing resistance to the toxic compound (Almabruk et 

al., 2018). For example, the cyclosporine A BGC contains a gene encoding 

cyclophilin, the target of cyclosporine (Yang et al., 2018). Such a strategy 

successfully identified the BGCs involved in the production of mycophenolic 

acid (MPA) in Penicillium brevicompactum (Regueira et al., 2011) and aspterric 

acid in Aspergillus terreus (Yan et al., 2018). The MPA BGC was identified in 

a cosmid library searching for a meroterpenoid BGC that would contain a 

copy of IMP dehydrogenase, the known target of MPA in B and T lymphocytes 

(Regueira et al., 2011). The aspterric acid BGC was identified in the search for 

herbicides that target the enzyme dihydroxyacid dehydratase (DHAD) involved 
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in the plantessential branched chain amino acid pathway. Mining of fungal 

genomes for BGCs that contain a DHAD copy retrieved the aspterric acid BGC, 

which was functionally validated (Yan et al., 2018).

	 Resistance gene-directed discovery has been implemented in ARTS 

(Alanjary et al., 2017), a web tool for discovery of bacterial BGCs with different 

resistance mechanisms. Very recently, a similar pipeline called FRIGG has been 

designed for fungi (Kjærbølling et al., 2019). This tool combines precomputed 

homolog protein families from different genomes with predicted BGCs. In 

this case, BGCs that contain genes homologous to genes present outside of 

the cluster may indicate they encode the target of the corresponding SM. 

Experimental validation of the FRIGG pipeline is still awaiting.

Linking Compounds to Biosynthetic Genes

Screenings for biological activities have resulted in the identification of 

many compounds from diverse fungi. In most cases, the BGCs behind these 

compounds is not known. When the genome of a given fungus becomes 

available, it is possible to implement the strategies mentioned above to select 

candidate BGCs to study. For this purpose, expert knowledge of the compound 

chemical structure is necessary to target specific biosynthetic classes using 

a “retro-biosynthetic” approach. The chemical structure will provide hints 

about the major chemical classes (polyketide, peptide, etc.) and the needed 

tailoring reactions (methylation, halogenation, dimerization, etc.). For example, 

the BGC involved in the production of aspirochlorine was identified thanks 

to the presence of an halogenase gene that correlate with the chlorinated 

residue found in this SMs (Chankhamjon et al., 2014). Such a method can 

also apply to nonclassical biosynthetic pathways. The genomes of psilocybin-

producers Psilocybe cubensis and Psilocybe cyanescens were interrogated 

for the presence of clustered genes that would encode a methyltransferase, 

a hydroxylase, and a kinase, which are expected for psilocybin biosynthesis. 

This search retrieved a conserved locus between both species harboring all 

the expected genes and the predicted BGC was subsequently proven to be 

responsible for psilocybin production (Fricke et al., 2017). 

	 If the target compound is a chemical analog of a SM with a 

characterized BGC, it may be inferred that both compounds share the same 

biosynthetic origin. In this case, the characterized BGC may be used to guide 

a comparative genomics analysis. This approach have been applied in the 

Aspergillus genus and candidate BGCs could be identified for the production 

of novo-funigatonin, ent-cycloechinulin and epiaszonalenin A and C in A. 

fumigatus and ochrindol in Aspergillus steynii (Kjærbølling et al., 2018).

Genomics of Fungal Secondary Metabolism

Bioinformatics has revealed a large number of predicted BGCs in fungal 

genomes and has made it possible to explore effectively the diversity of 

naturally encoded pathways in silico. At the same time, only a very small fraction 

of these predicted BGCs are associated with characterized SMs and most 

pathways remain cryptic because they are not expressed under standard 

laboratory conditions. In the last 15 years, much effort has focused on methods 

to induce the expression of these silent BGCs and get access to the wealth of 

SMs they could produce. Several successful strategies have been developed, 

from the modification of culture conditions to genetic modifications, taking 

advantage of the accumulated knowledge about BGC regulation.
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Modification of Culture Conditions

The tight regulation of fungal BGCs make them produce SMs under very 

specific conditions during their lifecycle. The laboratory conditions are 

usually adjusted for optimal growth and thus lack the specific signals for BGC 

activation. Considering that environmental signals are known to affect SM 

production (Takahashi et al., 2013), one approach is to grow the fungus of 

interest under a variety of conditions (light, temperature, oxygenation, etc.) 

and substrates (different carbon, nitrogen sources, etc.), so that one of the 

conditions actually contains a signal required for the activation of a BGC. 

This approach is known as OSMAC (One Strain, Many Compounds) and has 

been successfully applied to many fungi. For example, cultivating A. nidulans 

under more than 40 different conditions resulted in the discovery of the 

compounds aspoquinolone (Scherlach and Hertweck, 2006) and aspernidine 

A and B (Scherlach et al., 2010). Since the initial OSMAC study that discovered 

15 SMs produced by Aspergillus ochraceus (Bode et al., 2002), this approach 

has resulted in the discovery of many SMs as recently reviewed in (Romano 

et al., 2018). Despite its success, the OSMAC approach can be quite tedious 

because there is no common signal that could always be used to activate the 

production of several SMs in many fungi. The multiplication of the conditions 

to test makes this approach difficult to employ on a large number of fungal 

species at once.

	 Nowadays, OSMAC approaches also include the use of chemicals to 

test their effect on SM production. In particular, chromatin remodeling agents 

are commonly employed because they provide a more consistent and broader 

effect on BGC activation due to their epigenetic regulation. Growing fungi in 

the presence of histone deacetylase inhibitors like suberoylanilide hydroxamic 

acid (SAHA) and of DNA methyltransferase inhibitors like 5-azacytidine resulted 

in successful activation of SM production in many studies (Henrikson et al., 

2009; Wang et al., 2010; Vervoort et al., 2011; Zutz et al., 2013).

Co-Cultivation of Microorganisms

In contrast to competition-deprived laboratory conditions, fungi reside in 

natural habitats that are normally occupied by many other organisms, including 

bacterial and fungal competitors. The production of SMs is important to 

interact or fight with these other organisms. Co-cultivation of organisms (for 

example, bacteria with fungi or fungi with fungi) is used to mimic competition 

in natural habitats and induce SM biosynthesis. For example, co-culture of 

two extremophile Penicillium species from the Berkeley Pit Lake yielded 

eight new macrolide lactones (Stierle et al., 2017). Similarly, co-culture of A. 

nidulans with the soil-dwelling actinomycete Streptomyces rapamycinicus 

demonstrated elevated synthesis of several polyketides, such as orsellinic 

acid, its derivative lecanoric acid, and two cathepsin K inhibitors, F-9775A and 

F-9775B (Schroeckh et al., 2009). Co-cultivation of the human pathogen A. 

fumigatus with soil dwelling actinobacteria also induced the synthesis of the 

meroterpenoid fumicycline (König et al., 2013). Physical contact with living 

bacteria seems necessary to trigger SM production because in both cases 

induction was not accomplished by supplementing fungal axenic culture with 

bacterial media, sterilized bacteria cultivation supernatant or co-cultivation 

with physical separation of organisms with dialysis tube.

	 The induction of SM production in co-cultures appears very specific 

because a single species out of 58 different Streptomyces bacteria induced 

SM production in A. nidulans (Schroeckh et al., 2009). Such a specificity 

makes the outcome of the co-culture approach difficult to predict. The 
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underlying molecular mechanism(s) has not been deeply investigated yet, but 

the co-culture of A. nidulans with S. rapamycinicus was showed to trigger 

modifications of fungal histone acetylation (Nützmann et al., 2011). Higher 

acetylation at the locus of the transcription factor gene basR induced its 

expression, which in turn activated the expression of BGCs (Fischer et al., 

2018). Recently, it was shown that the bacterium Pseudomonas piscium 

suppressed SM production in Fusarium graminearum by secreting the histone 

acetyltransferase inhibitor phenazine-1-carboxamide (Chen et al., 2018). 

Overall, it appears that the specific effect of co-cultures relies on the active 

secretion of SMs that trigger a general response in the fungus, either activation 

or suppression of SM production.

Genetic Modifications

Pathway-specific activation

Biosynthetic pathways can be regulated by BGC-specific transcription factors 

that are encoded within the corresponding BGC (Fig. 04). A strategy to 

activate a silent BGC which contains a transcription factor gene is thus to 

overexpress this regulatory gene. Such an overexpression can be achieved 

by introducing an extra copy of the transcription factor gene that is under 

the control of a constitutive or inducible promoter at another locus in the 

genome. This strategy successfully activated a silent PKS-NRPS BGC in A. 

nidulans, leading to the discovery of aspyridone (Bergmann et al., 2007). 

Instead of adding an extra copy of the transcription factor gene, an alternative 

strategy is to replace the native promoter of the regulatory gene. For 

example, replacement by the inducible alcA promoter of the promoter of the 

transcription factor gene found in a silent gene cluster with two PKS genes 

in A. nidulans, successfully induced the targeted BGC and yielded the new 

polyketide asperfuranone (Chiang et al., 2009). However, in some cases, over-

expression of the transcription factor gene does not result in BGC activation 

as shown for the fellutamide B BGC in A. nidulans (Yeh et al., 2016). Activation 

of this silent BGC and discovery of fellutamide B was accomplished by serial 

promoter swap for each gene of this BGC.

Genetic manipulation of the global regulation

The study of BGC global regulation, involving both global regulators and 

epigenetic modifications (Fig. 04), through targeted gene deletion and 

over-expression resulted in the activation or repression of many BGCs at 

once. Thus, these functional studies were further developed as a strategy 

to activate silent BGCs. One of the most studied global regulators is the 

complex formed by Velvet proteins and LaeA. In A. nidulans, deletion of 

LaeA impairs the production of penicillin, sterigmatocystin and lovastatin, 

while over-expression increases penicillin and lovastatin production (Bok and 

Keller, 2004). Similarly, manipulation of other Velvet complex components 

leads to diverse effects on different BGCs. For example, deletion of FfVel1 

in F. fujikuroi resulted in the stimulation and downregulation of bikaverin 

and fumonisin, respectively, while it did not influence fusarin C production 

(Wiemann et al., 2010). Application of LaeA over-expression in the non-

model fungus Aspergillus fumisynnematus successfully activated the 

production of a new compound in this fungus, which was identified as the 

known SM cyclopiazonic acid (Hong et al.,2015).

	 Preferred targets for genetic modifications are genes involved 
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in post-translational modifications of histones. Acetylation of histone 

proteins is commonly associated with active gene transcription, while their 

methylation is commonly associated with repression of gene expression 

(Strauss and Reyes-Dominguez, 2011). Consistently, the deletion of histone 

deacetylases (HDACs) and histone methyltransferases activates silent BGCs 

(Shwab et al., 2007; Bok et al., 2009). Similarly, over-expression of histone 

acetyltransferases activates SM production as shown in A. nidulans (Soukup 

et al., 2012). In contrast, deletion of histone acetyltransferases and histone 

demethylases mostly results in reducing SM production (Gacek-Matthews 

et al., 2015; Rösler et al., 2016). Because the deletion of HDACs results in 

hyperacetylated chromatin and thus active gene transcription (Eberharter 

and Becker, 2002), these enzymes have been the preferred target to activate 

silent BGCs and SM production in a number of fungi (Lee et al., 2009; Studt 

et al., 2013; Maeda et al., 2017; Pidroni et al., 2018). A detailed overview of 

fungal chromatin-modifying enzymes that can be used as targets for deletion 

or overexpression has recently been published (Pfannenstiel and Keller, 

2019).

	 Despite the success of this strategy to induce the expression of silent 

BGCs, their effect is more complex and cannot be predicted. For example, 

while deletion of the Gcn5 histone acetyltransferase in F. fujikuroi decreased 

the expression of most BGCs, the production of bikaverin was unexpectedly 

increased (Rösler et al., 2016). In all examples mentioned above, both 

activation and repression of BGCs were actually found. In other fungi, 

manipulation of these global regulators only alters the production of already 

active BGCs and do not activate the production of any new SM (Griffiths et 

al., 2015).

Heterologous Expression of Biosynthetic Gene Clusters

A major limitation to the genetic modifications mentioned above is that they 

can be efficiently implemented only in tractable fungal species. Thus, their 

use remains limited to mostly model fungi and does not allow exploiting the 

full SM production potential of fungi. An alternative that has been increasingly 

employed is to express BGCs in heterologous hosts (Skellam, 2019).

	 The cloning of large PKS and NRPS genes, as well as complete BGCs, is 

a challenge that was overcome, thanks to cloning technologies like Gateway 

(Reece-Hoyes and Walhout, 2018) and Golden Gate (Engler and Marillonnet, 

2014), as well as the use of transformation-associated recombination (TAR), 

a method that relies on homologous recombination to assemble several 

overlapping DNA fragments in Saccharomyces cerevisiae (Kouprina and 

Larionov, 2016) and in Escherichia coli (Jacobus and Gross, 2015). Several 

cloning systems have been developed for heterologous expression of multiple 

genes in a fungal host, giving the possibility to express complete BGCs 

(Ishiuchi et al., 2012; Pahirulzaman et al., 2012; Nielsen et al., 2013; Unkles 

et al., 2014; Bok et al., 2015; Gressler et al., 2015; Geib and Brock, 2017). 

Both yeast and filamentous fungi have been used as suitable heterologous 

hosts. S. cerevisiae benefits from decades of biotechnological development 

for protein and metabolite production. Engineering S. cerevisiae for successful 

SM production is required, especially for the production of polyketides and 

non-ribosomal peptides, which core enzymes need to be activated by a 

4-phosphopantetheinyl transferase (Ishiuchi et al., 2012; Billingsley et al., 2016; 

Harvey et al., 2018). In addition, incorrect splicing of foreign genes in yeast is 

commonly encountered, meaning that intron-less genes should be amplified 

for successful expression (Billingsley et al., 2016; Harvey et al., 2018).

	 Many different species of filamentous fungi have been used for 
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heterologous expression, mostly from the Aspergillus genus (A. nidulans, A. 

niger, A. oryzae) (Pahirulzaman et al., 2012; Chiang et al., 2013; Richter et al., 

2014). Penicillium and Fusarium species have also been reported as suitable 

host for heterologous expression of fungal BGCs (Kindinger et al., 2019; Nielsen 

et al., 2019). So far, the most used host has been A. oryzae as it benefits from 

a long biotechnological development for fermentation processes, which makes 

this fungus suitable for safe production of enzymes and metabolites. Currently, 

the A. oryzae NSAR1 strain is becoming the main host for the expression 

of fungal BGCs, because its four auxotrophic markers make it suitable to 

transform with several plasmids harboring different selection markers and safe 

to use as it cannot survive if unintentionally released to the environment (Jin et 

al., 2004; Skellam, 2019). Intron splicing in filamentous fungal hosts is less of an 

issue than in yeast, but the foreign genes are not always accurately processed 

as exemplified by the attempts to express the ACE1 gene from P. oryzae in A. 

oryzae (Song et al., 2015).

	 Heterologous expression has mainly been applied to single targeted 

BGCs. A scaled-up heterologous expression system was designed, making use 

of fungal artificial chromosomes and metabolomic scoring (FAC-MS) (Clevenger 

et al., 2017). A library of 156 FACs from Aspergillus wentii, Aspergillus aculeatus 

and A. nidulans was transformed into A. nidulans. Analysis of SMs produced by 

the transformants yielded 15 new SMs and their corresponding BGCs. Although 

successful, this method requires conserved signaling pathways and thus can 

only be applied in closely related fungal species.

	 Nowadays, we are entering a new era in which DNA synthesis is allowing 

large-scale targeted heterologous expression of silent BGCs. In a recent 

study, 41 fungal BGCs selected to cover a wide phylogenetic diversity were 

synthesized and expressed in yeast (Harvey et al., 2018). The production of 

a SM was detected for 22 of these BGCs, of which 10 were new compounds 

(Harvey et al., 2018). Incorrect gene structure prediction was suggested to be a 

major reason for failed SM production in this study. Indeed, manual inspection 

of intron prediction in the terpene cyclase TC5 identified a wrongly predicted 

intron and the corrected gene structure expressed in yeast successfully 

yielded new sesquiterpenoids (Harvey et al., 2018). It is likely that DNA 

synthesis combined with heterologous expression will become the strategy of 

choice thanks to the development of new technologies that will lower its cost. 

The generation of high-quality genomic data and accurate gene prediction will 

be crucial for the success of large-scale heterologous expression.

Engineering Biosynthetic Pathways: Chimeric Enzymes, Pathway 

Refactoring, Combinatorial Biosynthesis, Artificial Pathways

The development of heterologous expression methods has been instrumental 

in elucidating biosynthetic pathways and activating silent BGCs. However, 

these methods are also opening new biotechnological opportunities towards 

the production of non-natural SMs.

	 Studies to understand the biosynthetic mechanisms of core enzymes, 

especially PKSs and NRPSs, made use of chimeric enzymes that combined 

conserved domains from different enzymes. For example, a chimeric PKS 

made of the SAT-KS-AT-PT domains from Colletotrichum lagenarium Pks1 

and of the ACP-CLC domains from A. nidulans wA yielded the production 

of a novel hexaketide different from the precursor produced by Pks1 and 

wA (Watanabe and Ebizuka, 2002). Rational domain swapping between 

core enzymes often result in the production of new SMs which provide 

information about how these enzymes function, especially about chain length 

control in PKSs (Fisch et al., 2011; Liu et al., 2014).
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	 Nearly a decade ago, the concept of plug-and-play synthetic 

biology was suggested as a method to engineer or optimize biosynthetic 

pathways (Medema et al., 2011). In this concept, all core and tailoring genes 

are considered as pieces that can be rearranged and optimized in order to 

increase the production of a given SM or produce new SMs. Such a strategy 

was recently applied to the austinoid pathway. Austinol is a meroterpenoid 

compound with insecticide activity produced by A. nidulans under favorable 

fermentation conditions (Mattern et al., 2017). Aspergillus calidoustus produces 

another derivative with higher insecticide activity, calidodehydroaustin, 

but only under conditions that are not favorable for industrial fermentation 

(Mattern et al., 2017; Valiante et al., 2017). The comparison of the austinoid 

BGCs in A. nidulans, A. calidoustus and Penicillium brasilianum identified 

four candidate genes for the conversion of austinol into calidodehydroaustin 

(Mattern et al., 2017). Expression of the candidate A. calidoustus genes in 

A. nidulans under control of an inducible promoter resulted in successfully 

rewiring the austinol biosynthetic pathway in A. nidulans to produce 

calidodehydroaustin (Mattern et al., 2017).

	 The plug-and-play concept allows envisaging combinatorial to produce 

new compounds. This possibility was exemplified with the study of BGCs 

involved in the production of macrolide lactones and which encode both 

an nrPKS and an rPKS. Different combinations of nrPKS and rPKS pairs from 

related BGCs in different fungal species resulted in the biosynthesis of diverse 

SMs, including unnatural lactone variants with altered biological activity (Xu et 

al., 2014).

	 Theoretically, it is conceivable to create completely artificial pathways 

using genes from unrelated BGCs. While such an example with fungal 

sequences has not yet been published, an artificial biosynthetic pathway to 

produce carminic acid, a red food colorant of insect origin, in A. nidulans was 

recently reported. In this case, a type III PKS gene of plant origin was expressed 

in A. nidulans together with cyclase and aromatase genes of bacterial origin, 

resulting in the production of the expected carminic acid backbone (Frandsen 

et al., 2018). This backbone was modified by endogenous monooxygenases, 

yielding the needed next precursor. The final step of carminic biosynthesis 

was completed with the expression of a C-glucosyltransferase from the insect 

Dactylopius coccus.

Fungal Secondary Metabolite Production: Future Perspectives

Our fundamental knowledge of fungal SM production has impressively 

improved in the first two decades of the 21st century, notably thanks to the 

development of genomics and biotechnological tools. Despite this progress, 

the study and exploitation of fungal SMs remains behind compared to bacterial 

SMs as clearly shown by the restricted number of characterized fungal 

BGCs. Further development of biotechnological tools to fully exploit the 

SM production capacity of fungi is still hampered from lack of fundamental 

knowledge. 	

	 Active development of bioinformatics tools dedicated to fungal 

genomes is needed to address several key challenges such as accurate 

BGC definition, integration of expression data, detection of BGCs split over 

different loci and evolution of biosynthetic pathways in GCFs. With the 

increasing availability of both fungal genomes and characterized data, including 

transcriptomics and metabolomics data, there is now a timely opportunity to 

develop new fungal-specific approaches.

	 Although a better understanding of BGC regulation could provide 

new tools to activate silent BGCs in the future, biotechnological strategies 
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relying on heterologous expression appear to be the most promising for the 

efficient production of new fungal SMs. Such strategies will allow obtaining 

bioactive compounds in industrial-scale quantities, developing semi-synthetic 

approaches to produce chemical structures that are otherwise difficult 

to obtain with synthetic chemistry (Asai et al., 2015; Alberti et al., 2017), 

and building artificial BGCs. These developments require the functional 

characterization of many more fungal core and tailoring enzymes, especially 

regarding substrate specificities and interactions between tailoring enzymes. 

The combination of functional characterizations, bioinformatics and 

biotechnological tools is promising to lead to the efficient and less labor-

intensive production of diverse bioactive SMs of fungal origin.
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Relevant Websites

•	 antiSMASH fungal version. 

https://fungismash.secondarymetabolites.org 

•	 BiG-SCAPE. 

https://git.wur.nl/medema-group/BiG-SCAPE 

•	 Conserved Domain Search Service (CD Search). 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi 

•	 Fungal Gene Clustering. 

https://fungiminions.shinyapps.io/FunGeneClusterS/ 

•	 HMMER. 

http://hmmer.org 

•	 InterPro 

EMBL-EBI. 

http://www.ebi.ac.uk/interpro/ 

•	 MIBiG: Minimum Information about a Biosynthetic Gene cluster. 

https://mibig.secondarymetabolites.org/ 

•	 MultiGeneBlast: Combined Blast search for multigene modules. 

http://multigeneblast.sourceforge.net/ 

 

•	 Mycotoxin Survey. 

https://www.biomin.net/solutions/mycotoxin-survey/ 

•	 NaPDoS. 

http://napdos.ucsd.edu 

•	 Natural Products Atlas. 

https://www.npatlas.org 

•	 Pfam. 

https://pfam.xfam.org/ 

•	 RoerdamAndersenLab. 

https://github.com/RoerdamAndersenLab/gene_cluster_networks_and_genetic_dereplication 

•	 Secondary Metabolite Unique Regions Finder (SMURF). 

https://smurf.jcvi.org/index.php 

•	 The Secondary Metabolite Bioinformatics Portal. 

https://secondarymetabolites.org/ 

•	 TIGRFAMS | J. Craig Venter Institute. 

https://www.jcvi.org/tigrfams 

https://fungismash.secondarymetabolites.org
https://git.wur.nl/medema-group/BiG-SCAPE

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi

https://fungiminions.shinyapps.io/FunGeneClusterS/

http://hmmer.org

http://www.ebi.ac.uk/interpro/

https://mibig.secondarymetabolites.org/

http://multigeneblast.sourceforge.net/

https://www.biomin.net/solutions/mycotoxin-survey/

http://napdos.ucsd.edu

https://www.npatlas.org

https://pfam.xfam.org/

https://github.com/RoerdamAndersenLab/gene_cluster_networks_and_genetic_dereplication

https://smurf.jcvi.org/index.php

https://secondarymetabolites.org/

https://www.jcvi.org/tigrfams
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fungal genomes have been exploited to predict the production potential of 

bioactive compounds or to find genes that control the production of known 

molecules of interest. But accessing and characterizing the full fungal chemical 

diversity require rational and, thus, efficient strategies. Our approach is to 

first determine the evolutionary relationships of fungal biosynthetic pathways 

in order to identify those that are already characterized and those that show 

a different evolutionary origin. This knowledge allows prioritizing the choice 

of the pathway to functionally characterize in a second stage using synthetic 

biology tools like heterologous expression. A particular strength of this strategy 

is that it is always successful: it generates knowledge about the evolution 

of bioactive molecule biosynthesis in fungi, it either yields novel molecules 

or links the studied pathway to already known molecules, and it reveals the 

chemical diversity within a given pathway, all at once. The strategy is very 

powerful to avoid studying the same pathway again and can be used with any 

fungal genome. Functional characterization using heterologous expression 

is particularly suitable for fungi that are difficult to grow or not genetically 

tractable. Thanks to the decreasing cost of gene synthesis, ultimately, only the 

genome sequence is needed to identify novel pathways and characterize the 

molecules that they produce. Such an evolution-informed strategy allows the 

efficient exploitation of the chemical diversity hidden in fungal genomes and is 

very promising for molecule discovery.

Keywords

biosynthetic gene clusters, comparative genomics, phylogeny, heterologous 

expression, Aspergillus parvulus, Aspergillus oryzae, lichen, polyketide, 

nonreducing polyketide synthase, acetyl tetrahydroxynaphthalene

Abstract

Fungi produce a wide diversity of secondary metabolites with interesting 

biological activities for the health, industrial, and agricultural sectors. While 

fungal genomes have revealed an unexpectedly high number of biosynthetic 

pathways that far exceeds the number of known molecules, accessing and 

characterizing this hidden diversity remain highly challenging. Here, we applied 

a combined phylogenetic dereplication and comparative genomics strategy 

to explore eight lichenizing fungi. The determination of the evolutionary 

relationships of aromatic polyketide pathways resulted in the identification of 

an uncharacterized biosynthetic pathway that is conserved in distant fungal 

lineages. The heterologous expression of the homologue from Aspergillus 

parvulus linked this pathway to naphthalenone compounds, which were 

detected in cultures when the pathway was expressed. Our unbiased and 

rational strategy generated evolutionary knowledge that ultimately linked 

biosynthetic genes to naphthalenone polyketides. Applied to many more 

genomes, this approach can unlock the full exploitation of the fungal kingdom 

for molecule discovery.

Importance

Fungi have provided us with life-changing small bioactive molecules, with the 

best-known examples being the first broad-spectrum antibiotic penicillin, 

immunosuppressive cyclosporine, and cholesterol-lowering statins. Since 

the 1980s, exploration of chemical diversity in nature has been highly 

reduced. However, the genomic era has revealed that fungal genomes are 

concealing an unexpected and largely unexplored chemical diversity. So far, 
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Fungi are an illustrious source of small bioactive compounds, called natural 

products or secondary metabolites (SMs), which are not strictly required 

for growth and reproduction. Instead, they serve as chemical mediators 

of interactions with the physical environment and with other organisms. At 

present, fungal SMs are experiencing a renewed interest in drug discovery 

after the high-throughput screening of libraries of synthetic compounds 

showed its limitation in yielding new bioactive molecules (01). Fungi have 

provided us with key antimicrobial compounds, like the first broad-spectrum 

antibiotic, penicillin, and the first antifungal compound of the caspofungin 

class, demonstrating their life-changing potential (02, 03). The genomic era 

has revealed that the fungal kingdom has been underexploited because fungal 

genomes encode an outstanding number of biosynthetic pathways that is far 

higher than the number of known fungal molecules (04).

	 The ever-increasing number of fungal genomes provides an exciting 

opportunity to identify novel bioactive molecules, but at the same time, 

such a vast amount of data represents a significant challenge to successful 

exploitation. So far, analyses of fungal genomes have mostly been restricted 

to searching the genes involved in the production of already known molecules 
(05–08) or to surveying the global biosynthetic potential of a given fungus or 

fungal lineage (09–11). While providing interesting frameworks for functional 

analyses, such approaches do not allow the rational exploitation of fungal 

genomes for molecule discovery.

	 Phylogenetic studies have revealed that closely related SM biosynthetic 

enzymes tend to share similar catalytic activities and produce similar chemical 

backbones (12, 13). Prioritizing functional studies using so-called phylogenetic 

dereplication to discover novel backbones have been rudimentarily employed 

only. Using this approach, Harvey and coworkers selected 41 biosynthetic 

pathways from diverse fungal species for functional studies, leading to the 

detection of 22 compounds, including a few novel ones (14). This previous 

report showed the potential of this approach to prioritize functional analyses 

for molecule discovery, but it did not make full use of the evolutionary 

information underlying phylogenetic relationships, and it did not make use of 

comparative genomics. Comparing evolutionarily related biosynthetic pathways 

is necessary to resolve complex metabolic patterns in distinct fungi. Thus, 

evolutioninformed analysis of fungal biosynthetic pathways is still an unexplored 

ground for molecule discovery and the full exploitation of fungal genomes (15).

	 Fungal SMs are highly structurally diverse and exhibit various biological 

activities, yet SM biosynthesis relies on a few classes of core enzymes, 

including polyketide synthases (PKSs), nonribosomal peptide synthetases 

(NRPSs), and terpene cyclases (TCs) (16). In addition to the core enzyme, the 

biosynthesis of a given SM typically involves other socalled tailoring enzymes, 

which are encoded by genes that are usually organized into biosynthetic 

gene clusters (BGCs), meaning that they colocalize in the genome and are 

coregulated (16). Within the fungal kingdom, the Ascomycota show the 

greatest potential, with 12 to 68 BGCs on average per fungal genome (17). 

Within the Ascomycota, the Lecanoromycetes class is particularly interesting 

because it comprises species with the highest number of PKSs per genome. 

Most known polyketides from the Lecanoromycetes are structurally related 

and comprise an orsellinic acid-like backbone, as in depsides (atranorin, 

lecanoric acid, and sekikaic acid), depsidones (lobaric acid), and depsones 

(picrolichenic acid) (18). Other known Lecanoromycetes polyketides exhibit 

chemical structures like anthra- and naphthoquinones (parietin, rhodocladonic 

acid, and cristazarin), dibenzofurans (usnic acid and pannaric acid), or 

chromones (lepraric acid) (19). Despite many known compounds, to date, only 

atranorin and lecanoric acid have been functionally linked to their respective 

BGCs (20, 21). A few compounds have been putatively assigned to BGCs based 
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on genomic and transcriptomic information (06, 21–23), but they remain to 

be functionally validated, and thus, the vast majority of lichen compounds 

remain unassigned to BGCs. In addition, genetic and chemoinformatic analyses 

of BGCs in Ascomycota fungi suggest that the Lecanoromycetes comprise a 

reservoir of fairly dissimilar biosynthetic pathways compared to other classes 

of the Ascomycota, and therefore, their genetic and chemical potential has 

remained far from characterized (09).

	 In this study, we present how an evolution-informed strategy that 

combines phylogenetic dereplication and comparative genomics can be 

used to prioritize BGC functional characterization, link BGCs to molecules, 

and, ultimately, fully exploit fungal chemical diversity. The phylogenetic 

dereplication of nonreducing polyketide synthases (nrPKSs) encoded in eight 

Lecanoromycetes genomes revealed a novel biosynthetic pathway in Lobaria 

pulmonaria and Umbilicaria pustulata lichen mycobionts. A comparative 

genomics approach identified a homologous pathway in Aspergillus parvulus, 

and its nrPKS was functionally characterized using heterologous expression 

in Aspergillus oryzae. Thanks to the determination of the evolutionary 

relationships between polyketide BGCs, we were able to predict chemical 

diversity in distinct fungal lineages, and we suggest that L. pulmonaria and U. 

pustulata may produce SMs unreported for these species, which might play a 

role during their interaction with their respective photobionts.

Results

Mining and phylogenetic dereplication of biosynthetic 

pathways encoded in Lecanoromycetes genomes identify an 

uncharacterized aromatic polyketide pathway.

Although Lecanoromycetes fungi have been extensively screened for

bioactive molecules, most of these compounds belong to very few

polyketide chemical classes, and the few published genome analyses

indicated an unexpectedly high potential to produce diverse polyketides
(9). While this potential has been explored to link BGCs to known

molecules, it has not been used to identify novel biosynthetic pathways.

For this purpose, a maximum likelihood phylogenetic tree of 79 predicted

nrPKSs retrieved from eight Lecanoromycetes genomes (Cladonia grayi,

Xanthoria parietina, Usnea florida, Lobaria pulmonaria, Acarospora strigata,

Dibaeis baeomyces, Graphis scripta, and Umbilicaria pustulata) was built

together with 87 characterized nrPKSs from the Minimum Information

about a Biosynthetic Gene Cluster (MIBiG) database (24) and from the

literature (Fig. 01; see also Data Sets S1 to S3 in the supplemental material).

	 The tree is divided into 13 strongly supported clades, 8 of which 

correspond to previously defined nrPKS groups based on phylogeny and 

cyclization patterns (12, 21, 25). However, our analyses indicate that groups I, 

II, and IV should each be split into two subgroups that are consistent with the 

precursors released from the nrPKSs (Fig. 01). All nrPKS groups (IIa, IIb, III, IVa, 

IVb, and V) that produce polyketides with two or more aromatic rings share an 

origin, while other nrPKS groups that produce polyketides with a single aromatic 

ring seem to form three different clades (groups Ia and Ib; group VIII; and groups 

VI, VII, and IX). The most common Lecanoromycetes compounds, depsides, 

depsidones, depsones, and dibenzofurans, are thus likely produced by such 

single-ring-polyketideproducing nrPKSs. Consistently, the nrPKS involved in the 

production of atranorin belongs to group IX (21). Anthraquinones and xanthones 

like parietin and lichexanthone are likely produced by nrPKSs from group V 

because this clade comprises characterized nrPKSs involved in the biosynthesis 

of emodin-derived anthraquinones (Fig. 01).
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In addition to these nine previously reported groups, two additional 

phylogenetic clades are strongly supported and are referred to as new 

phylogenetic groups X and XI (Fig. 01). Group X appears basal to groups Ia and 

Ib and thus likely comprises enzymes that produce polyketides with a single 

aromatic ring. The nrPKS involved in the production of the depside lecanoric 

acid in Pseudevernia furfuracea belongs to this clade (20), confirming that 

nrPKSs in this group produce orsellinic acid derivatives. In contrast, group XI 

does not comprise any characterized nrPKS. The basal position to group V 

suggests that the polyketides released by nrPKSs from group XI contain several 

aromatic rings. This group contains only four nrPKSs from L. pulmonaria, C. 

grayi, and U. pustulata, but manual curation of gene models revealed that 

Clagr3_1822 is actually a pseudogene because it contains a disruptive mutation 
(Data Set S04). A single nrPKS from D. baeomyces is not related to any group 

and forms an outgroup to groups II to V and XI. Based on this phylogenetic 

dereplication, the vast majority of nrPKSs in the Lecanoromycetes fall into 

groups for which the chemical backbone can be predicted, which will be useful 

to assign known molecules to BGCs. We then embarked on characterizing the 

new group XI of fungal nrPKSs as it may be involved in the production of new 

polyketides in lichenizing and other fungi.

Group XI nrPKSs belong to a novel conserved biosynthetic 

gene cluster.

Because the phylogenetic dereplication was performed with functionally 

characterized nrPKSs only, it was not known whether group XI nrPKSs are 

restricted to the Lecanoromycetes or are present in other distant fungal 

species. To answer this question, we sought close homologues of the four 

Fi
g.

 0
2.

  
A 

no
ve

l b
io

sy
nt

he
tic

 g
en

e 
cl

us
te

r (
BG

C
) f

ro
m

 L
ob

ar
ia

 p
ul

m
on

ar
ia

 a
nd

 U
m

bi
lic

ar
ia

 p
us

tu
la

ta
 is

 c
on

se
rv

ed
 in

 d
is

ta
nt

 fu
ng

al
 s

pe
ci

es
. (

A)
 A

 

m
ax

im
um

 li
ke

lih
oo

d 
ph

yl
og

en
et

ic
 tr

ee
 w

as
 b

ui
lt 

w
ith

 h
om

ol
og

ue
s 

of
 g

ro
up

 X
I n

on
re

du
ci

ng
 p

ol
yk

et
id

e 
sy

nt
ha

se
s 

(n
rP

KS
s)

, a
nd

 th
e 

m
el

an
in

 

nr
PK

S 
fr

om
 C

ol
le

to
tr

ic
hu

m
 la

ge
na

ri
um

 w
as

 u
se

d 
as

 a
n 

ou
tg

ro
up

. U
ltr

af
as

t b
oo

ts
tr

ap
 v

al
ue

s 
of

 .9
5 

ar
e 

sh
ow

n.
 (B

) L
oc

i o
f n

rP
KS

 g
en

es
 a

s 

pr
ed

ic
te

d 
by

 fu
ng

iS
M

AS
H

 (
42

)  
w

er
e 

co
m

pa
re

d 
us

in
g 

C
lin

ke
r (

51
) .

 C
ol

or
ed

 a
rr

ow
s 

an
d 

co
nn

ec
tio

ns
 s

ho
w

 c
on

se
rv

ed
 g

en
es

 th
at

 a
re

 p
re

di
ct

ed
 

to
 b

e 
pa

rt
 o

f t
he

 B
G

C
. O

ra
ng

e 
nr

PK
S 

ar
ro

w
s 

co
rr

es
po

nd
 to

 g
en

es
 w

ith
 d

isr
up

tiv
e 

m
ut

at
io

ns
 (s

ee
 Ta

bl
e 

S1
 in

 th
e 

su
pp

le
m

en
ta

l m
at

er
ia

l).
 

H
om

ol
og

ou
s 

ge
ne

s 
th

at
 w

er
e 

fo
un

d 
at

 a
no

th
er

 g
en

om
ic

 lo
ca

tio
n 

ar
e 

de
pi

ct
ed

 w
ith

 d
ou

bl
e 

sl
as

he
s.

 T
HN

, t
et

ra
hy

dr
ox

yn
ap

ht
ha

le
ne

.

Zn
-C

ys
 tr

an
sc

rip
tio

n 
fa

ct
or

N
A

D
P

H
 a

ld
o/

ke
to

 re
du

ct
as

e
FA

D
 o

xi
do

re
du

ct
as

e

S
cy

ta
lo

ne
 d

eh
yd

ra
ta

se
TH

N
 re

du
ct

as
e

N
m

rA
-li

ke

O
-a

ce
ty

ltr
an

sf
er

as
e

nr
P

K
S

O
-m

et
hy

ltr
an

sf
er

as
e

G
ro

E
s-

lik
e 

en
oy

l r
ed

uc
ta

se

//

B

Ta
xo

no
m

ic
 g

ro
up

Le
ca

no
ro

m
yc

et
es

Le
ot

io
m

yc
et

es
D

ot
hi

de
om

yc
et

es
E

ur
ot

io
m

yc
et

es

A

N
eo

fu
si

co
cc

um
 p

ar
vu

m
 1

01
80

M
el

an
op

s 
tu

la
sn

ei
 5

96
98

4
A

sp
er

gi
llu

s 
ps

eu
do

ta
m

ar
ii 

29
27

23
A

sp
er

gi
llu

s 
ca

el
at

us
 1

66
43

7
A

sp
er

gi
llu

s 
bo

m
by

ci
s 

57
23

A
sp

er
gi

llu
s 

al
lia

ce
us

 3
22

79
7

A
sp

er
gi

llu
s 

al
be

rte
ns

is
 1

82
79

2
A

sp
er

gi
llu

s 
av

en
ac

eu
s 

12
77

19
A

sp
er

gi
llu

s 
tra

ns
ca

rp
at

hi
cu

s 
12

09
41

A
sp

er
gi

llu
s 

nu
ta

ns
 2

39
10

7
A

sp
er

gi
llu

s 
pa

rv
ul

us
 8

12
12

Lo
ba

ria
 p

ul
m

on
ar

ia
 1

26
71

56
C

la
do

ni
a 

gr
ay

i 1
82

2
D

id
ym

oc
re

a 
sa

da
si

va
ni

i 4
93

66
5

B
im

ur
ia

 n
ov

ae
-z

el
an

di
ae

 5
02

01
7

P
ar

ac
on

io
th

yr
iu

m
 s

po
ru

lo
su

m
 1

16
75

83
K

ar
st

en
ul

a 
rh

od
os

to
m

a 
43

35
50

S
et

os
ph

ae
ria

 tu
rc

ic
a 

54
17

77
D

ot
hi

do
tth

ia
 s

ym
ph

or
ic

ar
pi

 3
55

05
9

S
po

ro
rm

ia
 fi

m
et

ar
ia

 4
12

45
1

Lo
ba

ria
 p

ul
m

on
ar

ia
 5

65
18

0
A

tro
pe

lis
 p

in
ip

hi
la

 6
05

42
0

U
m

bi
lic

ar
ia

 p
us

tu
la

ta
 1

02
40

7
O

id
io

de
nd

ro
n 

m
ai

us
 1

49
27

5
C

ol
le

to
tri

ch
um

 la
ge

na
ria

 B
A

A
18

95
6.

1

10
0

10
0

95

10
0

10
0

10
0

10
0

10
0

10
0

96

10
0

10
0

10
0

99

10
0

99

10
0

96

Tr
ee

 s
ca

le
: 0

.1

//

2.
5k

b
//

//

//
//

//

//
//

//
//



3

100 101

Chapter 3
Evolution-informed discovery of the naphthalenone 

biosynthetic pathway in fungi

group XI nrPKSs in available Ascomycota predicted proteomes. In total, 

we identified 20 other closely related nrPKSs, which expanded group XI 

to distant fungal lineages, including Leotiomycetes, Dothideomycetes, 

and Eurotiomycetes (Fig. 02A and Data Sets S01 to S03). The phylogeny of 

these homologues indicates that Lobpul1_1267156, Lobpul1_565180, and 

Umbpus1_102407 are actually paralogues (Fig. 02A). The Lobpul1_1267156 clade 

is further divided into two well-supported branches, both of which comprise 

Dothideomycetes sequences, also suggesting paralogy or horizontal transfer 

from Eurotiomycetes to Dothideomycetes (Fig. 02A).

 	 We then compared the genomic loci of all Lobpul1_1267156 homologues 

in order to predict the borders of a putative conserved BGC. Genes that 

encode putative tailoring enzymes were identified, based on their functional 

conserved domains, at all loci but one (Fig. 02B and Table S01). Although the 

Lobpul1_565180 paralogue is predicted to be functional, this locus does not 

comprise any putative tailoring gene. A flavin adenine dinucleotide (FAD)-

binding oxidoreductase tailoring gene is located upstream of the nrPKS gene 

in all species, and both genes appear to share a bidirectional promoter, 

except in Oidiodendron maius, in which an O-methyltransferase gene is 

inserted in between (Fig. 02B). A set of six other tailoring genes (encoding an 

O-acyltransferase, an O-methyltransferase, a tetrahydroxynaphthalene [T4HN] 

reductase, a scytalone dehydratase, an aldo-keto reductase, and a second 

FAD-binding oxidoreductase) and one putative regulatory gene encoding an 

NmrA-like protein are conserved in most of the fungal species and form a 

predicted BGC (Fig. 02B and Table S01). In addition, a gene encoding a GroES-

like alcohol dehydrogenase enzyme is present at the locus in eight distant 

species, and a close homologue was found at a different locus in Didymocrea 

sadasivanii and Neofusicoccum parvum (Fig. 02B and Table S01). Similarly, close 

homologues of the aldo-keto reductase and NmrA-like protein-encoding 

genes were found at another locus in O. maius. Close homologues of the 

O-methyltransferase and O-acyltransferase genes are also found at a different 

locus in Atropellis piniphila and N. parvum, respectively. In Aspergillus species 

exclusively, a gene encoding a putative transcription factor is also found at 

the locus. Disruptive mutations were detected in the nrPKS gene not only in 

C. grayi but also in Setosphaeria turcica, suggesting a nonfunctional pathway 

in both species (Fig. 02B, Table S01, and Data Set S04). Similarly, disruptive 

mutations were found in a few tailoring genes, including the T4HN reductase 

and scytalone dehydratase genes in L. pulmonaria, and the insertion of a long 

sequence in an intron of the keto reductase gene in S. turcica likely makes it 

nonfunctional (Table S01 and Data Set S04). Although the phylogeny suggests 

a complex evolutionary history with several paralogues, the comparative 

genomics analysis indicates that nrPKS group XI belongs to a conserved BGC 

with little diversification between fungal species.

Ancestral duplication of T4HN reductase and scytalone 

dehydratase genes.

Two tailoring genes from the predicted group XI BGC encode a T4HN 

reductase and a scytalone dehydratase. These two enzymes are well 

characterized and act together to dehydroxylate intermediates in the 

conserved dihydroxynaphthalene (DHN) melanin (26) and anthraquinone 

cladofulvin (27) biosynthetic pathways. Especially, both genes in group XI 

appear to share a bidirectional promoter (Fig. 02B), a gene organization 

also found in the Aspergillus fumigatus DHN (ARP1 and ARP2) (28, 29) and 

Cladosporium fulvum cladofulvin (27) BGCs, suggesting a common origin. A 

previous report indicated that ARP1 and ARP2 are distant paralogues of claB 
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and claC that have been recruited in different biosynthetic pathways (30). 

Phylogenetic analyses of these enzymes, including the group XI sequences, are 

consistent with these previous findings (Fig. 03 and Data Sets S01 to S03) and 

reveal that group XI T4HN reductase and scytalone dehydratase are distinct 

paralogues with a similar evolutionary history. While claB and claC are most 

closely related to SCD1 and 3HNR, respectively, from the DHN melanin pathway 

found in Dothideomycetes and Sordariomycetes, the group XI gene pair could 

originate from an ancestral duplication of the ARP1-ARP2 gene pair (Fig. 03).
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Fig. 03.  
Coevolution between hydroxynaphthalene reductases (Hnr) and scytalone dehydratases. Maximum 

likelihood phylogenetic trees of homologues of scytalone dehydratases (A) and tetra- and tri-Hnr 

proteins (B) are shown (52). Paralogues that share a bidirectional promoter in the group XI, DHN 

melanin, and cladofulvin biosynthetic gene clusters (BGCs) are highlighted. Ultrafast bootstrap 

values of >95 are shown.

Fig. 04.  
Heterologous expression of the group XI nonreducing polyketide synthase from Aspergillus parvulus. 

Organic extracts of 4-day-old Aspergillus oryzae NSAR1 transformants carrying an empty vector or 

expressing Aspparv1_81212 (three independent transformants) were analyzed using UV-HPLC. Major 

product 1 was identified as acetyl-tetrahydroxynaphthalene (AT4HN). Minor product 2 was identified 

as 6,8-dihydroxy-3-methylisocoumarin.
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Aspparv1_81212 is a hexaketide synthase that produces 

AT4HN.

Although many biosynthetic pathways from other fungi have been successfully 

characterized in Aspergillus oryzae (31, 32), no PKS from the Lecanoromycetes 

has so far been successfully expressed in this heterologous host for unknown 

reasons (33). Because the Lobpul1_1267156 BGC is well conserved (Fig. 02), 

we chose to functionally characterize in A. oryzae the homologous nrPKS from 

A. parvulus, Aspparv1_81212, as it belongs to a complete predicted BGC (Fig. 

02B). A. oryzae transformants expressing Aspparv1_81212 produced two novel 

compounds compared to transformants carrying an empty vector (Fig. 04 and 

Fig. S01). Product 1 (retention time [RT] = 9.35 min; maximum UV absorption 

[UV max] = 197, 230, 278, 322, and 405 nm; m/z = 233 [M —H]—) exhibits a 

yellow colour and has an exact mass of 235.0577 [M+H]+ as determined by 

high-resolution mass spectrometry (HRMS) (Fig. S02). Product 1 was identified 

as 2-acetyl-1,3,6,8-tetrahydroxynaphthalene (AT4HN) (Fig. 04) using nuclear 

magnetic resonance (NMR) (Data Set S05) and by comparing mass and UV 

spectra to previously published data (34). Product 2 (RT = 8.65 min; UV max 

= 197, 241, 276, and 325 nm; m/z = 191 [M—H]—) was identified as the pyrone 

6,8-dihydroxy-3-methylisocoumarin based on NMR analyses (Data Set S05) and 

published data (35). Such pyrones are known shunt metabolites from nrPKSs 

when the final thioesterase (TE) domain is inactivated (34). However, such 

shunt pyrones harbour the same length as that of the polyketide released 

by the fully functional nrPKS (34). While product 1 is a hexaketide released 

through TE catalyzed Claisen cyclization, product 2 is a pentaketide that 

seems to be released after the incorporation of four malonyl-CoAs through 

spontaneous O-C cyclization (34). Analysis of the transcripts in A. oryzae 

transformants showed that a single mature nrPKS is expressed (Fig. S01), 

Table 01.  
Functions of proteins encoded in the predicted group XI biosynthetic gene cluster and flanking 

genes in Aspergillus parvulus

Protein ID Gene name Pfam domain, E valueProtein function

171943

171942

171941

201406

201405

171936

201403

201402

213579

193045

171934

81217

81212

APR9

APR8

APR7

APR5

APR6

APR3

APR4

APR2

APR1

Protein kinase

Unknown No hit

PF00153.29, 2.9e—07

PF06172.13, 2.0e—51

PF00172, 7.37e—09

Mitochondrial carrier protein

Cupin superfamily protein

Zn/Cys transcription factor
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signal intensities in both cultures. In comparison to H2B signals, a condition 

non-conducive to naphthalenone production shows the very limited 

expression of most genes apart from the genes encoding an NmrA-like protein 

(Aspparv1_193045) and a GroES-like alcohol dehydrogenase (Aspparv1_81192), 

meaning that this nrPKS can release two polyketides of different lengths. The 

three transformants yielded AT4HN as the major product (83, 56, and 350 

mg/L) compared to the pyrone (7, 13, and 219 mg/mL). The yield difference 

between the transformants most likely reflects differences in gene expression 

due to the integration of the plasmid at different genomic loci. These results 

demonstrate that the Aspparv1_81212 homologue encodes a PKS that releases 

the hexaketide AT4HN as the first stable intermediate. Thus, group XI PKSs 

produce the same backbone as those of certain PKSs in group II (Fig. 01).

The group XI biosynthetic gene cluster is linked to the 

production of 6-O-methylasparvenone and ethylparvulenone 

in Aspergillus parvulus.

A. parvulus is known to produce several polyketides that could structurally 

derive from compound 1, namely, the naphthalenone asparvenone compound 

3, parvulenone compound 5, and methylated or ethylated derivatives 4, 6, 

and 7 (36) (Fig. 05A). Analysis of organic extracts from A. parvulus grown 

under conditions conducive to naphthalenone production (37) detected 

the presence of compound 4 (RT = 15.25 min; m/z = 237 [M +H]+; UV max 

= 219 and 288 nm) and compound 7 (RT = 12.6 min; m/z = 249 [M—H]—; UV 

max = 216, 262, and 308 nm) (Fig. 05B). Product 4 was confirmed to be 

6-O-methylasparvenone by NMR (Data Set S05).

	 We then assessed if the predicted Aspparv1_81212 BGC is expressed 

when compounds 4 and 7 are produced. With the exception of the predicted 

and not conserved thioreductase Aspparv1_171930 gene, all genes predicted 

to be part of the BGC were found to be significantly expressed compared 

to the housekeeping gene H2B (Fig. 05C). The H2B transcript exhibit similar 
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Fig. 05.  
Correlation between the expression of the group XI biosynthetic gene cluster and the production 

of naphthalenone compounds in Aspergillus parvulus. (A) Chemical structures of naphthalenone 

compounds reported for A. parvulus. (B) UV-HPLC traces of organic extracts obtained from a 

6-day-old A. parvulus culture in malt extract (conducive) or Czapek-Dox (nonconducive) liquid 

medium. Analysis of UV spectra and extraction of mass ions (electrospray ionization-mass 

spectrometry [ESI-MS]) of naphthalenone compounds shown in panel A identified products 4 and 

7, provided as representative of results from three replicates. (C) Expression of predicted genes 

at the Aspparv1_81212 locus in A. parvulus grown under conducive and nonconducive conditions as 

determined by RT-PCR. The H2B housekeeping gene was used as an expression control.
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which exhibit similar or slightly lower expression levels. These results make it 

uncertain whether these two genes belong to the BGC or not. The flanking 

genes Aspparv1_171941 and Aspparv1_201406 seem to be expressed at slightly 

higher levels under conducive conditions, but they encode a mitochondrial 

carrier protein and a cupin protein, respectively (Table 01), which are 

unlikely to be involved in naphthalenone biosynthesis. The other flanking and 

housekeeping genes do not show coregulation (Fig. 05C). These results show 

that most of the genes from the predicted BGC in A. parvulus are coregulated 

and that their expression correlates with the production of naphthalenones. 

Thus, the predicted BGC comprises nine genes likely involved in the production 

of asparvenone and derivatives, and the corresponding genes were named 

APR1 to APR9 (Table 1).

Discussion

Evolutionary relationships of biosynthetic gene clusters 

inform fungal chemical diversity.

The phylogenetic dereplication of nrPKSs encoded in the genomes of eight 

lichenizing fungi has revealed two new phylogenetic groups, of which group 

XI was not functionally characterized. Comparative genomics allowed the 

prediction of a BGC that was found to be expressed in A. parvulus when 

naphthalenone compounds were produced. These findings demonstrate 

that the combination of phylogenetic dereplication and comparative 

genomics is a powerful strategy that not only provides new insights into the 

evolution of fungal BGCs but also allows relevant prioritization of functional 

characterization without a priori knowledge about chemical structures.

	 Although chemical backbone 1 produced by Apr1 is already known 
(38), this result was unexpected because group XI is a sister clade of the 

anthraquinone-producing group V nrPKSs and is not related to group IIa, which 

comprises nrPKSs that are known to produce compound 1 (Fig. 01). Similar to 

orsellinic acid that is produced by nrPKSs from distantly related clades (Fig. 

01), compound 1 appears to be a common chemical backbone produced by 

enzymes that have diverged long ago.

	 Compound 1 is a precursor of DHN melanin in certain species like 

Exophiala dermatitidis, in which it is further converted to T4HN via the 

removal of the acetyl group by the polyketide-shortening enzyme WdYg1p 

(38). A similar reaction is catalyzed by the homologue Ayg1 to convert YWA1 

into T4HN in A. fumigatus (39). No homologue of WdYg1p could be identified in 

the A. parvulus genome, indicating that compound 1 could not be converted 

to T4HN in this fungus. Similarly, several homologues of T4HN reductase and 
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as product 1. Traces of product 2 were detected in organic extracts of A. 

parvulus (Fig. S03), which indicates that the release of product 2 is likely not 

a misfunction of the nrPKS in A. oryzae. However, the release of product 2 in 

scytalone dehydratase were found encoded in the A. parvulus genome, but 

none of them correspond to paralogues involved in the DHN melanin pathway 
(Fig. 03). Similarly, other Aspergillus species included in this study lack these 

paralogues (Fig. 03), suggesting that the DHN melanin pathway has been 

lost in all of them. In contrast, Dothideomycetes and Leotiomycetes species 

carry both DHN melanin and naphthalenone BGCs, and a few appear to also 

contain a BGC related to the cladofulvin one. Noteworthy, in O. maius, the 

closest homologues of both the hydroxynaphthalene reductase and scytalone 

dehydratase genes form an outgroup to the group XI clades (Fig. 03; see 

also Table S1 in the supplemental material) and are located at another locus 

next to genes encoding an nrPKS (Oidma1_51005) and a cytochrome P450 

monooxygenase (Oidma1_157855). Consistent with the phylogenetic position, 

these paralogues correspond to a different biosynthetic pathway in this 

species. Altogether, the phylogenetic analyses and genomic organizations 

suggest that the group XI BGC has an ancestral origin, possibly with the 

recruitment of paralogues from the DHN or cladofulvin pathways after gene 

duplication and of other tailoring genes that have resulted in the BGC for 

naphthalenone production in fungi.

Gene content diversification of the group XI biosynthetic 

gene cluster correlates with the chemical diversity of 

naphthalenone compounds.

Our results suggest that product 1 is the initial chemical backbone to produce 

products 4 and 7, which is consistent with the previous proposition that a 

hexaketide precursor is the starting molecule of product 4 (36). We also 

found that the pentaketide pyrone product 2 is released at the same time 
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Fig. 06.  
Prediction of enzymatic requirements for the production of diverse naphthalenones in fungi. 

Aspergillus parvulus produces compounds 4 and 7, while Neofusicoccum parvum produces 

compound 8, consistent with the gene component of the group XI biosynthetic gene cluster (BGC). 

Based on the BGC content, Apr2 and Apr7 are likely responsible for the hydroxylation at C-5. Apr5 

and Apr6 are expected to jointly remove the hydroxyl groups at C-3 and C-6. Apr8 is predicted 

to reduce and Apr3 is predicted to acetylate the keto group, respectively. The combination of 

Apr3 and Apr8 is expected to be responsible for yielding compound 7. Apr4 is predicted to be 

responsible for the methylation of the oxygen at C-3. Dashed arrows indicate that several steps 

are most likely required between hypothetical intermediates, either spontaneously or through 

the action of enzymes that remain to be identified. The predicted BGC in Lobaria pulmonaria 

suggests that this species produces the hypothetical compound 9, while Umbilicaria pustulata 

and Oidiodendron maius are predicted to produce derivatives of the hypothetical compound 10. 

Genes with identified disruptive mutations are labeled with a star. O-MeT, O-methyltransferase; red, 

reductase; OAcT, O-acetyltransferase; SCD, scytalone dehydratase.
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A. parvulus needs to be confirmed to validate this hypothesis. In addition, the 

predicted catalytic activities of tailoring enzymes encoded at the APR1 locus 

are consistent with necessary modifications to convert product 1 into product 

4 or 7. DHN biosynthesis in fungi involves the removal of two hydroxyl groups 

through the sequential action of a hydroxynaphthalene reductase (4Hnr/

Arp2 and 3Hnr) and a scytalone dehydratase (Scd1/Arp1) (26). Similarly, ClaB 

and ClaC in C. fulvum are paralogues of 3Hnr and Scd1, which catalyze the 

removal of a hydroxyl group from emodin to yield chrysophanol hydroquinone 

in the cladofulvin pathway (27). In A. parvulus, the removal of the C-3 and 

C-6 hydroxyl groups, as found in products 4 and 7 compared to product 1, 

likely involves Apr5 and Apr6, the paralogues of Arp1 and Arp2, respectively 
(Fig. 03 and 06). The presence of the predicted Omethyltransferase (Apr4) 

and O-acyltransferase (Apr3) encoded in the BGC is consistent with the 

methylation and ethylation observed in products 4 and 7, respectively (Fig. 

06). A particular feature of product 4 is the reduction of the ketone, which 

could involve Apr8, a predicted aldo-keto reductase (Fig. 06), and possibly 

another enzyme to remove the resulting hydroxyl group. In a similar reaction to 

produce product 4, the acetyl group added by Apr3 is likely reduced by Apr8, 

followed by the removal of the hydroxyl group to yield the ethyl group. The 

oxidoreductases Apr2 and Apr7 could be involved in the complete reduction of 

the aromatic ring and/or the selective oxidation of C-5 (Fig. 06). Because the 

BGC is fully conserved in all Aspergillus species in which an APR1 orthologue 

was found as well as in Atropellis piniphila, Sporormia fimetaria, Dothidotthia 

symphoricarpi, Karstenula rhodostoma, Paraconiothyrium sporulosum, Bimuria 

novae-zelandiae, and D. sadasivanii (Fig. 02B and Table S01), we expect all 

these species to produce naphthalenone molecules related to products 4 

and 7. The absence of APR3 in D. symphoricarpi indicates that derivatives of 

product 4 may be produced only (Fig. 02B and Table S01).

	 The fungus N. parvum is known to produce diverse naphthalenones, 

including botryosphaerone D compound 8 (40), which differs from compound 

4 only by the presence of the C-6 hydroxyl group (Fig. 06). The group XI BGC 

in N. parvum comprises five genes only (Fig. 02), including APR8 and APR4, 

which encode the predicted aldo-keto reductase and O-methyltransferase, 

consistent with the chemical structure of compound 8. The presence of the 

O-acyltransferase Apr3, although encoded at a different locus in the genome 
(Fig. 02B), suggests that N. parvum could also produce a molecule related to 

compound 7. Orthologues of APR5 and APR6 could not be identified in the 

genome of N. parvum, which likely explains why both the C-3 and C-8 hydroxyl 

groups remain in compound 8 (Fig. 03 and Table S01). Because the N. parvum 

genome also lacks the oxidoreductase gene APR7 (Table S01), this suggests 

that both Apr2 and Apr7 may be functionally redundant. Further functional 

validation of these tailoring enzymes is being performed to address such 

biosynthetic hypotheses.

	 The BGC composition in L. pulmonaria and Melanops tulasnei is limited 

to APR1 and APR2 only, as in L. pulmonaria, both the APR5 and APR6 genes 

contain disruptive mutations that make the proteins likely not functional 
(Table S01 and Data Sets S01 to S03). Thus, these two species could produce 

compounds related to compound 9 (Fig. 06). In addition to APR1 and APR2, U. 

pustulata and O. maius also comprise the aldo-keto reductase APR8 gene (Fig. 

02B and Table S01), suggesting that they might produce compounds related to 

compound 10 (Fig. 06). The presence of the O-methyltransferase APR4 gene 

in O. maius suggests that a methylated derivative of compound 10 is produced 
(Fig. 06). Assigning functions of tailoring genes to biosynthetic steps of the 

naphthalenone pathway in A. parvulus will allow the reconstruction of pathways 

encoded in the genomes of other fungi, including the lichen mycobionts, and 

validate these hypotheses.
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Conclusions.

Combining phylogenetic dereplication and comparative genomics is a powerful 

strategy to prioritize the functional characterization of BGCs without any a 

priori knowledge other than evolutionary novelty. While most fungal genomes 

are used to either list their production potential or find BGCs for known 

molecules of interest, our approach generates knowledge on the evolution 

of fungal BGCs, potentially finds novel molecules, and otherwise links genes 

to already known molecules, as found here. This strategy is very promising to 

unlock the full rational exploitation of fungal genomes for BGC characterization 

and molecule discovery.

Materials and methods

•	 Fungal genomes and sequences. Genome assemblies and gene predictions of Cladonia 

grayi Cgr/ DA2myc/ss v2.0, Xanthoria parietina 46-1-SA22 v1.1, Usnea florida ATCC 18376 

v1.0, Lobaria pulmonaria Scotland reference genome v1.0, Acarospora strigata CBS 132363, 

Dibaeis baeomyces, Graphis scripta CBS 132367, and Umbilicaria pustulata were retrieved 

from the Joint Genome Institute (JGI) MycoCosm repository (41). BGCs were predicted 

using fungiSMASH 4 with default parameters (42). Predicted nrPKSs were selected based on 

the presence of the signature SAT starter unit:ACP transacylase (PF16073) and PT product 

template (TIGR04532) conserved domains. Gene models for homologues of APR1, APR5, 

APR6, and APR8 were curated manually (see Data Set S4 in the supplemental material). 

Characterized nrPKSs were retrieved from the Minimum Information about a Biosynthetic 

Gene Cluster (MIBiG) database (24) and from the literature (Data Sets S01 to S03). Close 

homologues of A. parvulus Apr1 were retrieved from the MycoCosm repository using 

BLASTp. Another BLASTp search with each A. parvulus protein predicted in the pathway was 

performed on filtered proteins of each species containing the group XI BGC, allowing the 

identification of genes located at a different locus (Table S01).

•	 Phylogenetic trees. Protein alignments were performed using Clustal Omega v1.2.4 (43), 

with the KS keto-synthase domain PF00195.19 as a guide (parameters –hmm –in) in the 

case of nrPKS sequences. Poorly aligned regions were removed using trimaL 1.4.rev15 (build 

2013-12-17; parameter -automated1) (44). Maximum likelihood trees were built with IQ-TREE 

v1.6.11-he860b03_0 bioconda (45) with model finder (30) and ultrafast bootstrapping as 

well as an approximate Bayes test (46) and a Shimodaira-Hasegawa approximate likelihood-

ratio test (47) (parameters –bb 1000 -nt AUTO -mset LG -alrt 1000 -abayes -m MFP). The 

resulting trees were visualized using iTOL (48). All curated alignments and phylogenetic tree 

files are provided in Data Sets S1 to S3.

•	 Fungal strains and growth conditions. A. parvulus CBS 136.61 from the CBS collection 

(Westerdijk Fungal Biodiversity Institute, The Netherlands) was grown for 6 days in malt 
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(Promega, Madison, WI). To confirm APR1 expression in A. oryzae transformants, primers 

specific for the A. parvulus APR1 and A. oryzae H2B genes (Table S02) were used with GoTaq 

DNA polymerase (Promega, Madison, WI).

•	 Gene amplification and plasmid digestion. The five exons of APR1 (JGI protein identifier 

81212) were amplified from genomic DNA of A. parvulus using primers that harbor 15-bp 

sequences homologous to the previous and next exons (Table S02), with the exception of 

the forward and reverse primers used to amplify the first and last exons, respectively, which 

harbor 30-bp sequences homologous to the pEYA2 plasmid (49) (Table S02). The last exon 

was amplified to include a 100-bp downstream terminator sequence. All PCR fragments 

were amplified using Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific, 

Waltham, MA) according to the manufacturer’s protocol. One microgram of the pEYA2 

plasmid was digested overnight with 10 U NotI at 37°C (Promega, Madison, WI). Fragments 

of the expected size and the linearized plasmid were purified from a 0.8% agarose gel or 

directly from the PCR mix using a Geneclean II kit (MP Biomedicals, Santa Ana, CA).

•	 Transformation-associated recombination in Saccharomyces cerevisiae. A strain 

of Saccharomyces cerevisiae BMA 64 with a ura32 auxotrophic marker was used for 

transformationassociated recombination according to a protocol adapted from the one 

described previously (50). S. cerevisiae was grown overnight at 30°C in 3 mL yeast extract-

peptone-dextrose (YPD) medium (20 g/L D-glucose [Sigma-Aldrich, St. Louis, MO], 20 

g/L Difco peptone, 10 g/L Difco yeast extract). Two milliliters containing 108 cells was 

transferred into 50 mL YPD medium and incubated at 30°C under agitation at 200 rpm 

for about 5 h until reaching an optical density at 600 nm (OD600) of 1 to 1.5. Yeast cells 

were centrifuged for 5 min at 2,500 rpm at 4°C. The cells were resuspended in 20 mL of 

a filter-sterilized lithium acetate (LiAc)-dithiothreitol (DTT) solution (100 mM LiAc, 10 mM 

DTT, 0.6 M sorbitol, 10 mM Tris-HCl [pH 7.5]) and incubated at room temperature for 30 

min under agitation at 100 rpm. The cells were centrifuged for 5 min at 2,500 rpm at 4°C, 

and the supernatant was discarded. Cells were washed in 7 mL of ice-cold 1 M sorbitol 

and centrifuged at 2,500 rpm three times. Finally, the cells were resuspended in 400 mL 

extract broth (MB) (filtered malt extract at 400 mL/L [pH 7.0]) liquid medium at 25°C under 

constant agitation at 200 rpm or on malt extract agar (MEA) (50 g/L [pH 5.4]; Oxoid) plates. 

For total RNA isolation and secondary-metabolite extraction, A. parvulus was grown for 6 

days in 50 mL Difco Czapek-Dox (CZD) broth (BD, Franklin Lakes, NJ) or MB (pH 3.5) liquid 

medium at 25°C under constant agitation at 200 rpm. A. oryzae NSAR1 was grown on MEA 

plates for 5 days at 30°C. A. oryzae transformants were grown on selective CZD medium 

without arginine (35 g/L Difco CZD broth [BD, Franklin Lakes, NJ], 1 g/L ammonium sulfate 

[Sigma-Aldrich, St. Louis, MO], 0.5 g/L adenine [Sigma-Aldrich, St. Louis, MO], 1.5 g/L 

methionine [Sigma-Aldrich, St. Louis, MO]). For the induction of the PamyB promoter and 

polyketide production (49), transformants were grown at 30°C for 5 days in Yeast Malt Agar 

(YMA) (3 g/L Difco yeast extract, 3 g/L Difco malt extract, 5 g/L Difco Bacto peptone, 10 

g/L glucose [Merck, Kenilworth, NJ]) liquid or agar (Ferwo 700 agar) medium. 

The mycelium from transformants grown in liquid YMA cultures was used to extract total RNA.

•	 Nucleic acid extraction and RT-PCR. The mycelium of A. parvulus or A. oryzae from liquid 

cultures was filtered through a paper filter, frozen in liquid nitrogen, and ground using a 

mortar and pestle. Genomic DNA was isolated using the DNeasy plant minikit (Qiagen, Hilden, 

Germany) according to the manufacturer’s recommendations. For total RNA extraction, 100 

mg of the ground mycelium was mixed with 1 mL of Invitrogen TRIzol reagent (Thermo Fisher 

Scientific, Waltham, MA) in a 1.5-mL microcentrifuge tube and incubated for 5 min at 25°C. 

The resulting lysate was mixed with 0.2 mL chloroform, gently mixed by hand, and incubated 

for 5 min. Samples were centrifuged at 12,000 g for 15 min at room temperature. The 

aqueous phase was transferred into a new microcentrifuge tube, mixed with 0.5 volumes of 

100% ethanol, and loaded into a column from the NucleoSpin RNA extraction kit (Macherey-

Nagel, Allentown, PA). Downstream steps were performed according to the manufacturer’s 

protocol. Five hundred nanograms of total RNA was used to synthesize cDNA using oligo(dT) 

primers and GoScript reverse transcription (RT) mix (Promega, Madison, WI) according to 

the manufacturer’s protocol. PCR was performed for each A. parvulus gene at the APR1 

locus and the housekeeping control gene H2B (Table S02) using GoTaq DNA polymerase 
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•	 Transformation A. oryzae NSAR1. Spores from A. oryzae NSAR1 were harvested from MEA 

plates in 5 mL of sterile water, and 1 mL of this spore suspension was inoculated into 50 mL 

of MB liquid medium and grown overnight at 28°C with shaking at 200 rpm. Germinating 

spores were collected by centrifugation at room temperature for 10 min at 3,500 rpm 

and resuspended in 25 mL of 0.8 M NaCl. After centrifugation for 10 min at 3,500 rpm 

at room temperature, germinated spores were resuspended in 10 mL of a freshly made 

filter-sterilized protoplasting solution (200 mg Trichoderma lysing enzyme [Thermo Fisher 

Scientific, Waltham, MA] and 50 mg Driselase [Thermo Fisher Scientific, Waltham, MA] 

in 0.8 M NaCl) and incubated at 30°C for 2 to 2.5 h with shaking at 100 rpm. Protoplasts 

were filtered through sterile Miracloth and then centrifuged for 5 min at 3,000 rpm at 

4°C. Protoplasts were resuspended in 200 mL of solution 1 (0.8 M NaCl, 10 mM CaCl2, 

and 50 mM Tris-HCl [pH 7.5]) and aliquoted to 100 mL in 2 mL microcentrifuge tubes. Ten 

micrograms of the pTYGSarg::APR1 expression plasmid or the empty vector pTYGSarg was 

added to protoplasts, and the mixture was incubated on ice for 2 min. One milliliter of 

solution 2 (60% [wt/vol] polyethylene glycol 3350 [PEG 3350], 0.8 M NaCl, 10 mM CaCl2, 

and 50 mM Tris-HCl [pH 7.5]) was added, and the tubes were gently inverted before 

incubation at room temperature for 20 min. Protoplasts were then mixed with 25 mL of 

cooled selective CZD top 1.5% agar without arginine supplemented with 1 M sorbitol and 

immediately plated onto selective CZD bottom 0.8% agar without arginine supplemented 

with 1 M sorbitol. Transformation plates were incubated at 30°C for 3 to 10 days.

•	 Secondary-metabolite extraction and HPLC-MS analyses. Secondary metabolites from 

6-day-old A. parvulus or 5-day-old A. oryzae transformant liquid culture filtrates were 

isolated with a 1:1 volume of ethyl acetate (VWR Chemicals, Radnor, PA). After shaking on 

an orbital shaker for at least 1 h, the organic phase was transferred to a 50 mL tube and 

evaporated under nitrogen flow. The resulting solid was dissolved in acetonitrile. Organic 

extracts were analyzed with a Shimadzu LC-2030 3D-Prominence-i PDA system coupled to 

a Shimadzu LCMS-2020 mass spectrometer and equipped with a Shimadzu Shim-pack GIST 

C18-HP reversed-phase column (3 mm, 4.6 by 100 mm). The following method was used: 

of ice-cold 1 M sorbitol. Eight microliters of the cell suspension was mixed with 6 mL of 

the NotIlinearized pEYA2 plasmid and 2 mL of each APR1 exon fragment in a prechilled 

electroporation cuvette. After a 5-min incubation on ice, cells were electroporated (1,500 V 

and 200 Ω) and mixed immediately with 1 mL of ice-cold 1 M sorbitol. Cells were incubated 

for 1.5 h at 30°C without agitation and then centrifuged, and 200 mL was plated onto 

synthetic dropout agar medium (SDM) (20 g/L agar, 20 g/L D-glucose [Sigma-Aldrich, St. 

Louis, MO], 1.92 g/L yeast dropout supplements without uracil [Sigma-Aldrich, St. Louis, 

MO], 6.7 g/L yeast nitrogen base without amino acids [Sigma-Aldrich, St. Louis, MO]). Plates 

were incubated for 3 to 7 days at 30°C. Yeast transformants were transferred to a new 

selective plate and grown overnight. Single colonies were transferred into a microcentrifuge 

tube in 30 mL of 25 mM NaOH and boiled for 10 min at 100°C. Next, 1 mL was used for PCR 

screening with GoTaq DNA polymerase (Promega, Madison, WI) and primers APR1_F and 

APR1_R (Table S02). Positive transformants were grown overnight in liquid SDM to isolate 

the pEYA2::APR1 plasmid using the Zymoprep yeast plasmid miniprep kit (Zymo Research, 

Irvine, CA), and the obtained plasmid was subsequently introduced into electrocompetent 

Escherichia coli DH5a cells (Thermo Fisher Scientific, Waltham, MA) using an electroporation 

method according to the manufacturer’s protocol. PCR screening was performed by 

transferring individual colonies into the PCR mixture with GoTaq DNA polymerase (Promega, 

Madison, WI). The pEYA2:: APR1 plasmid was isolated from confirmed positive clones using 

the Zyppy plasmid miniprep kit (Zymo Research, Irvine, CA), and the plasmid was validated 

by sequencing (Macrogen, Seoul, South Korea).

•	 Construction of the expression vector. Seventy nanograms of the pEYA2::APR1 entry vector 

and 100 ng of the pTYGSarg destination vector (49) were mixed with 1 mL of the Gateway LR 

Clonase II enzyme (Thermo Fisher Scientific, Waltham, MA) in a 5 mL final volume, and the 

reaction mixture was incubated at 25°C for 2 h. The total reaction mixture was introduced 

into chemically competent E. coli DH5a cells (Thermo Fisher Scientific, Waltham, MA) using 

a heat shock protocol. The pTYGSarg::APR1 expression vector was isolated from positive 

colonies using the Zyppy plasmid miniprep kit (Zymo Research, Irvine, CA).
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a linear gradient of buffer B (0 to 95%) for 20 min, 5 min of 95% buffer B, and then 100% 

buffer A for 5 min. Water with 0.1% trifluoroacetic acid (TFA) for high-performance liquid 

chromatography (HPLC) or 0.05% formic acid for mass spectrometry (MS)-coupled analyses 

was used as buffer A, and acetonitrile (LCMS grade) with 0.1% TFA for HPLC or 0.05% formic 

acid for MS-coupled analyses was used as buffer B. The flow rate was 1 mL/min or 0.5 mL/

min for HPLC or MS-coupled analyses, respectively. The equipment was controlled and 

results were analyzed using Shimadzu LabSolutions LCMS software.

•	 Compound purification. Crude organic extracts were fractionated using a Shimadzu 

preparative HPLC system consisting of a CBM-20A controller, an LC-20AP pump, an SPD-

20A detector, and an FRC-10A fraction collector, equipped with a C18 reversed-phase 

Reprosil column (10 mm, 120 Å, 250 by 22 mm). The system was controlled with Shimadzu 

LabSolutions software. A 12.5-mL flow was used with a linear gradient of buffer B (0 to 

95%), 5 min of 95% buffer B, and then 100% buffer A for 5 min.

•	 HRMS and NMR. HRMS was performed using an LCT instrument (Micromass Ltd., 

Manchester, UK). Calibration was done with sodium formate, and measurements were 

acquired for samples mixed with sodium formate. 1H (600 MHz) and 13C (151 MHz) NMR 

analyses were performed for samples reconstituted in dimethyl sulfoxide (DMSO) on a 

Bruker 600 spectrometer and analyzed using MNOVA software. Chemical shifts for protons 

are reported in parts per million downfield from tetramethylsilane and are referenced to 

residual protium in the solvent (1H NMR, DMSO-d6 at 2.50 ppm). Chemical shifts for carbons 

are reported in parts per million downfield from tetramethylsilane and are referenced to 

the carbon resonances of the residual solvent peak (13C NMR, DMSO-d6 at 39.52 6 0.06 

ppm). NMR data are represented as follows: chemical shift, multiplicity (s, singlet; bs, broad 

singlet; d, doublet; dd, doublet of doublet; t, triplet; q, quartet; ddd, doublet of doublet of 

doublets; dtd, doublet of triplet of doublets; m, multiplet), coupling constants (hertz), and 

integration.
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Supplementary materials

•	 Supplementary Data Set S01. Protein sequences of nonreducing polyketide synthases, 

hydroxynaphthalene reductases, and scytalone dehydratases.

•	 Supplementary Data Set S02. Protein alignments of nonreducing polyketide synthases, 

hydroxynaphthalene reductases, and scytalone dehydratases.

•	 Supplementary Data Set S03. Phylogenetic trees of nonreducing polyketide synthases, 

hydroxynaphthalene reductases, and scytalone dehydratases.

•	 Supplementary Data Set S04. Curated gene models.
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Chapter 3
Evolution-informed discovery of the naphthalenone 

biosynthetic pathway in fungi
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Figure S1. Analysis of expression of Aspparv1_81212 in Aspergillus oryzae 
transformants. (A) Expression of Aspparv1_81212 and H2B genes in Aspergillus oryzae 
transformants. M indicates BenchTop 1 kb ladder (Promega), negative control contains 
water, and positive control for Aspparv1_81212 contains plasmid 
pTYGSarg::Aspparv1_81212. (B) Analysis of Aspparv1_81212 expression by A. oryzae 
transformants. F1-F7 designate fragments of Aspparv1_81212  gene; M designates 
Benchtop 1kb ladder (Promega). All fragments have expected size (F1 = 1007bp, F2 = 
1059bp, F3 = 1044bp, F4 = 1030bp, F5 = 1035bp, F6 = 1029bp, F7 = 628bp). 
 
 
 
 
  

Supplementary Figure S01.
Expression of Aspparv1_81212 in Aspergillus oryzae transformants.  
(A) Expression of Aspparv1_81212 and H2B genes in Aspergillus oryzae transformants. M indicates 

the BenchTop 1-kb ladder Promega), the negative control contains water, and the positive control 

for Aspparv1_81212 contains plasmid pTYGSarg::Aspparv1_81212.  

(B) Analysis of Aspparv1_81212 expression by A. oryzae transformants. F1 to F7 designate fragments 

of the Aspparv1_81212 gene; M designates the BenchTop 1-kb ladder (Promega). All fragments have 

the expected sizes (F1, 1,007 bp; F2, 1,059 bp; F3, 1,044 bp; F4, 1,030 bp; F5, 1,035 bp; F6, 1,029 

bp; F7, 628 bp).

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. High Resolution Mass Spectrometry (HRMS) data for metabolite 1 
produced by Aspergillus oryzae NSAR1 transformants expressing Aspparv1_81212. 
Compound with molecular formula C12H11O5 and mass 235.0577 (highlighted in green) is 

consistent with acetyl tetrahydroxynaphthalene. 

  

Supplementary Figure S02.
High Resolution Mass Spectrometry (HRMS) data for metabolite 1 produced by Aspergillus oryzae 

NSAR1 transformants expressing Aspparv1_81212. Compound with molecular formula C12H11O5 and 

mass 235.0577 (highlighted in green) is consistent with acetyl tetrahydroxynaphthalene.
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1H NMR (600 MHz, DMSO) δ 11.24 (s, OH x2), 10.10 (s, OH x2), 6.27 (d, J = 4.0 Hz,

2H), 6.13 (dd, J = 4.2, 2.1 Hz, 1H), 2.68 (s, J = 3.9 Hz, 3H, COCH3).

Product 1: ATHN 
 

 
 

1H NMR (600 MHz, DMSO) 

 
1H NMR (600 MHz, DMSO) δ 11.24 (s, OH x2), 10.10 (s, OH x2), 6.27 (d, J = 4.0 Hz, 
2H), 6.13 (dd, J = 4.2, 2.1 Hz, 1H), 2.68 (s, J = 3.9 Hz, 3H, COCH3). 
 

 

 

 

 

 

 

  

Supplementary Data Set S05.
1H and 13C NMR spectra of products

Product 01: ATHN
Product 1: ATHN 
 

 
 

1H NMR (600 MHz, DMSO) 

 
1H NMR (600 MHz, DMSO) δ 11.24 (s, OH x2), 10.10 (s, OH x2), 6.27 (d, J = 4.0 Hz, 
2H), 6.13 (dd, J = 4.2, 2.1 Hz, 1H), 2.68 (s, J = 3.9 Hz, 3H, COCH3). 
 

 

 

 

 

 

 

  

13C NMR (151 MHz, DMSO) 

 
13C NMR (151 MHz, DMSO) δ 203.85 (CO-CH3), 167.43 (C-OH), 161.68 (C-OH), 
159.44 (C-OH), 156.67 (C-OH), 141.76, 105.45, 103.73, 100.44, 99.50, 99.17, 32.51 
(COCH3). 
 

 

 

  

13C NMR (151 MHz, DMSO) δ 203.85 (CO-CH3), 167.43 (C-OH), 161.68 (C-OH),

159.44 (C-OH), 156.67 (C-OH), 141.76, 105.45, 103.73, 100.44, 99.50, 99.17, 32.51

(COCH3).
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Supplementary Data Set S05.
1H and 13C NMR spectra of products

Product 02: 6,8-dihydroxy-3-methylisocoumarin

Product 2: 6,8-dihydroxy-3-methylisocoumarin 

 

1H NMR (600 MHz, DMSO) 

 
1H NMR (600 MHz, DMSO) δ 10.96 (s, 1H, OH), 10.84 (s, 1H, OH), 6.48 (d, J = 1.2 
Hz, 1H), 6.34 (d, J = 2.2 Hz, 1H), 6.31 (d, J = 2.2 Hz, 1H), 2.21 (d, J = 1.0 Hz, 3H, 
CH3). 

 
 

 

 

 

 

  

1H NMR (600 MHz, DMSO) δ 10.96 (s, 1H, OH), 10.84 (s, 1H, OH), 6.48 (d, J = 1.2 Hz, 1H), 6.34 (d, J = 

2.2 Hz, 1H), 6.31 (d, J = 2.2 Hz, 1H), 2.21 (d, J = 1.0 Hz, 3H, CH3).

Product 1: ATHN 
 

 
 

1H NMR (600 MHz, DMSO) 

 
1H NMR (600 MHz, DMSO) δ 11.24 (s, OH x2), 10.10 (s, OH x2), 6.27 (d, J = 4.0 Hz, 
2H), 6.13 (dd, J = 4.2, 2.1 Hz, 1H), 2.68 (s, J = 3.9 Hz, 3H, COCH3). 
 

 

 

 

 

 

 

  

Product 2: 6,8-dihydroxy-3-methylisocoumarin 

 

1H NMR (600 MHz, DMSO) 

 
1H NMR (600 MHz, DMSO) δ 10.96 (s, 1H, OH), 10.84 (s, 1H, OH), 6.48 (d, J = 1.2 
Hz, 1H), 6.34 (d, J = 2.2 Hz, 1H), 6.31 (d, J = 2.2 Hz, 1H), 2.21 (d, J = 1.0 Hz, 3H, 
CH3). 

 
 

 

 

 

 

  

13C NMR (151 MHz, DMSO) δ 166.11 (CO, carbonyl), 165.94 (C-OH, aromatic), 163.16 (C-OH, aromatic), 

154.59 (C-CH3), 140.18, 104.67, 102.86, 101.79(CH, aromatic), 98.36 (CH, aromatic), 19.31 (CH3).

13C NMR (151 MHz, DMSO) 

 
13C NMR (151 MHz, DMSO) δ 166.11 (CO, carbonyl), 165.94 (C-OH, aromatic), 
163.16 (C-OH, aromatic), 154.59 (C-CH3), 140.18, 104.67, 102.86, 101.79(CH, 
aromatic), 98.36 (CH, aromatic), 19.31 (CH3). 

HSQC (600 MHz, DMSO) 

  

13C NMR (151 MHz, DMSO) 

 
13C NMR (151 MHz, DMSO) δ 166.11 (CO, carbonyl), 165.94 (C-OH, aromatic), 
163.16 (C-OH, aromatic), 154.59 (C-CH3), 140.18, 104.67, 102.86, 101.79(CH, 
aromatic), 98.36 (CH, aromatic), 19.31 (CH3). 

HSQC (600 MHz, DMSO) 

  

13C NMR (151 MHz, DMSO) 

 
13C NMR (151 MHz, DMSO) δ 166.11 (CO, carbonyl), 165.94 (C-OH, aromatic), 
163.16 (C-OH, aromatic), 154.59 (C-CH3), 140.18, 104.67, 102.86, 101.79(CH, 
aromatic), 98.36 (CH, aromatic), 19.31 (CH3). 

HSQC (600 MHz, DMSO) 
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Supplementary Data Set S05.
1H and 13C NMR spectra of products

Product 04: 6-O-methylasparvenone
Product 4: 6-O-methylasparvenone 

 
1H NMR (600 MHz, DMSO) 

 

1H NMR (600 MHz, DMSO) δ 12.96 (s, 1H), 6.78 (d, J = 0.9 Hz, 1H), 4.71 (ddd, J = 
9.3, 4.1, 1.0 Hz, 1H), 3.90 (s, 3H, OCH3), 2.76 – 2.62 (m, 2H), 2.55 (t, J = 7.4 Hz, 2H), 
2.17 (dtd, J = 12.6, 5.2, 4.1 Hz, 1H), 1.93 (dtd, J = 12.6, 9.6, 5.4 Hz, 1H), 1.01 (t, J = 
7.4 Hz, 3H, CH2-CH3). 
 

 

 

 

  

Product 4: 6-O-methylasparvenone 

 
1H NMR (600 MHz, DMSO) 

 

1H NMR (600 MHz, DMSO) δ 12.96 (s, 1H), 6.78 (d, J = 0.9 Hz, 1H), 4.71 (ddd, J = 
9.3, 4.1, 1.0 Hz, 1H), 3.90 (s, 3H, OCH3), 2.76 – 2.62 (m, 2H), 2.55 (t, J = 7.4 Hz, 2H), 
2.17 (dtd, J = 12.6, 5.2, 4.1 Hz, 1H), 1.93 (dtd, J = 12.6, 9.6, 5.4 Hz, 1H), 1.01 (t, J = 
7.4 Hz, 3H, CH2-CH3). 
 

 

 

 

  

Product 4: 6-O-methylasparvenone 

 
1H NMR (600 MHz, DMSO) 

 

1H NMR (600 MHz, DMSO) δ 12.96 (s, 1H), 6.78 (d, J = 0.9 Hz, 1H), 4.71 (ddd, J = 
9.3, 4.1, 1.0 Hz, 1H), 3.90 (s, 3H, OCH3), 2.76 – 2.62 (m, 2H), 2.55 (t, J = 7.4 Hz, 2H), 
2.17 (dtd, J = 12.6, 5.2, 4.1 Hz, 1H), 1.93 (dtd, J = 12.6, 9.6, 5.4 Hz, 1H), 1.01 (t, J = 
7.4 Hz, 3H, CH2-CH3). 
 

 

 

 

  

1H NMR (600 MHz, DMSO) δ 12.96 (s, 1H), 6.78 (d, J = 0.9 Hz, 1H), 4.71 (ddd, J = 9.3, 4.1, 1.0 Hz, 1H), 
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•	 Flanks homologous to pEYA2 entry vector are highlighted in red.

•	 Primers 1-10 were used to produce DNA fragments for transformation-associated 

recombination in yeast.

•	 Primers 11-52 were used for gene expression evaluation.

•	 All primers were used with an annealing temperature of 60°C.

Supplementary Table S02.  
Oligonucleotides used in this study.

Number Name Sequence (5' to 3')Fragment size (bp)

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

PKS_exon
1_F

TAATGCCAACTTTGTACAAAAAAGCAGGCTATGACTGTAT
TAATCTTTCCAGATC

326
PKS_exon
1_R

TGGCTCTCAATTAACTGGATAAACGTAGCCAGTTGATACA
CACAATG

319

PKS_exon
2_F

TGGCTACGTTTATCCAGTTAATTGAGAGCCACCCAGATCG
ATTCC

3444

PKS_exon
2_R

TGATTTGGGAATATCCAGTTCGGATTGGATGCTGTCTAAG

2406

PKS_exon
3_F

ATCCAATCCGAACTGGATATTCCCAAATCAGGCAAAGTAT
AC

157

PKS_exon
3_R

TATCGGCGTAGAGGGAAGAAGGACAAAGCCCAATGTCG
TTGACC

gDNA 853
cDNA 853

PKS_exon
4_F

TTGGGCTTTGTCCTTCTTCCCTCTACGCCGATATGGCCAT
GAC

gDNA 209
cDNA 209

PKS_exon
4_R

AGGCGGCCATTTCGTGTAACTTTTCCCCATCCTTCATCATG
GTG

gDNA 771
cDNA 771

PKS_exon
5_F

TGAAGGATGGGGAAAAGTTACACGAAATGGCCGCCTATT
TG

gDNA 550
cDNA 474

PKS_native_
terminator_R

TAATGCCAACTTTGTACAAGAAAGCTGGGTAGTGAATTCT
AACAATCTAGTTAAC

171943_F CTCCTACCACCCCGAAAACC

171943_R AAATCTCGATGAGCCAGGCC

171942_F TCTCGACAACTGAACTCCCG

171942_R CCAAGCTATCCTGTCCCAGTG

171941_F CTCCCCAACTCTCCCTGAGA

171941_R AACTGCCAAGGAATACCGCA

201406_F GAACCCGCACCAATCCAAAC

201406_R TTCAGCCCGCATGAAGTCAT

Number Name Sequence (5' to 3')Fragment size (bp)

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

APR9_F CCGTTTTAGGATCGTCGCCA
gDNA 929
cDNA 929

APR9_R GGCACTGACCTTGGCTAGTT

gDNA 1023
cDNA 902

APR8_F TCCACGCATCGTCTTTGGAA

gDNA 1179
cDNA 1053

APR8_R ACCCGTCATCTAGTGGACCA

gDNA 645
cDNA 477

APR7_F GGAGCGCGAGTAGTCTTCTC

gDNA 751
cDNA 751

APR7_R AGTCGGCCTGGTTCTCATTG

gDNA 906
cDNA 773

APR5_F ACCTCAGAAGCCCACCTTTG

gDNA 1076
cDNA 1011

APR5_R CCCGCACTTCCCAAAAAGAC

gDNA 1224
cDNA 1169

APR6_F CACACCTATCCGTACAGCCC

gDNA 1029
cDNA 1029

APR6_R AAGCCATCCAGCATCCTCAC

193045_F TGACCAAGCAGACCATCGTC

193045_R AGCCATGATGCCCTTGAACA

APR3_F CATACGCTGTCTCCGCAGAT

APR3_R CGTCCAGATCAACCACACCA

APR2_F CGCGACTCTCAAGGATTCCA

APR2_R CCCGAGAGAATATCCGTGCC

APR1_F GCCGAGGTTTGAAGAGGACA

APR1_R AGCAAATGCACGAACACCAC
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Supplementary Figure S03.
Search for product 2 in organic extracts from Aspergillus parvulus. Extracted mass of product 2 

(191 in negative mode) in extracts from conducive and non-conducive conditions, with UV spectra. 

Purified product 2 produced by Aspergillus oryzae transformant is showed as reference.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3. Search for product 2 in organic extracts from Aspergillus parvulus. Extracted 

mass of product 2 (191 in negative mode) in extracts from conducive and non-conducive 

conditions, with UV spectra. Purified product 2 produced by Aspergillus oryzae transformant 

is showed as reference. 

 

A. parvulus conducive medium (MB pH 3.5) 

A. parvulus non-conducive medium (CZD pH 3.5) 

Product 2 isolated from A. oryzae transformant 1 

Number Name Sequence (5' to 3')Fragment size (bp)

41

42

43

44

45

46

47

48

49

50

51

52

81192_F CAGGCTGCGTGGATTAAGGA
gDNA 1020
cDNA 970

81192_R GATCAAGCGCATGTTGGACC

gDNA 1082
cDNA 953

171927_F GGTCGCAGCCGGTGATTATA

gDNA 1130
cDNA 1130

171927_R CTGGCGATGTCAAAGACCCT

gDNA 994
cDNA 926

81165_F TTGCTCGCATCCCTGAATGT

gDNA 529
cDNA 423

81165_R AGTTTGCCCTGGAGCTTCTC

gDNA 532
cDNA 381

81156_F CGTTTCGGCTTCAGTTTGCA

81156_R CCGATAAGGTCCAGCTCGTC

A.parvulus
H2B_F

ATGCCTCCCAAAGCCGCTGAG

A.parvulus
H2B_R

CTATTTGGCAGAGGAGGAGTAC

A.oryzae
H2B_F

GCTGCTGCCTCTGGTGAC

A.oryzae
H2B_R

GTGCCTTCCGACACAGCATGC

37

38

39

40

gDNA 418
cDNA 310

gDNA 1001
cDNA 859

171930_F ATGGTACTAAAAAATATTACCGA

171930_R GGTTCTGTTCAATAGCTGC

APR4_F ACCAACAACAGCTCCCACAA

ARR4_R ATGGGCTGGACGTTGTTCAT

Supplementary Table S02.  
Oligonucleotides used in this study (continued).
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Expression of genes of the identified BGC was correlated with the presence 

of naphthalenones 6-methylasparvenone and 1- ethylparvulenone in a liquid 

culture of A. parvulus. The core non-reducing polyketide synthase (nrPKS) gene 

APR1 was heterologously expressed in Aspergillus oryzae and the transformants 

produced acetyltetrahydroxynaphthalene (AT4HN), a polyketide that is known 

to be related to biosynthesis of dihydroxynaphthalene (DHN) melanin in some 

fungi (07). Thus, AT4HN serves as a backbone for naphthalenones produced 

by A. parvulus. Predictions were made about the APR1 biosynthetic pathway 

and putative tailoring genes, but detailed elucidation of this naphthalenone 

pathway was not conducted.

	 Mosunova with coworkers (06) demonstrated that the putative 

naphthalenone BGC in A. parvulus is comprised of 8 tailoring genes, of which 

two (APR5 and APR6) are homologs of genes that are present in pathways 

for DHN melanin and anthraquinones, namely scytalone reductase and T4HN 

reductase genes (08, 09). It was previously reported that scytalone reductase 

and tetrahydroxynaphthalene reductase catalyze the removal of two or one 

hydroxyl groups from T4HN or emodin hydroquinone, respectively (10). It is 

sensible to suggest that Apr6 and Apr5 could catalyze the conversion of AT4HN 

to acetylscytalone and acetylvermelone, making these reactions early steps in 

the naphthalenone pathway in A. parvulus (Fig. 01). However, to the date there 

is no direct evidence that THNr and SCD1 enzymes or their homologs could act 

on AT4HN moiety directly.

	 Orthologs of APR1 of A. parvulus were identified in a number of 

ascomycetous fungi (06). This indicates that these fungi possess the capability 

to produce compounds belonging to the naphthalenones class, and suggests 

the existence of a Gene Cluster Family (GCF) for naphthalenones. Among these 

fungi Neofusicoccum parvum is reported to be producing naphthalenones 

known as botryosphaerones A-D (11). The structure of botryosphaerones 

Abstract

Fungi are able to produce a diverse array of polyketides, including 

naphthalenones. In this chapter we continue the investigation of the 

naphthalenone pathway identified in Aspergillus parvulus. We functionally verify 

proposed steps of the pathway by heterolgous expression in Aspergillus oryzae. 

Our findings confirm previously suggested function of a FAD-oxidoreductase 

Apr2 and unravel stereoselectivity of this enzyme. Additionally, we identify a 

novel previously undocumented naphthalenone derivative, and discuss possible 

mechanisms leading to its occurrence. Based on the obtained data on chemical 

intermediates obtained by coexpression of several combination of tailoring genes 

and elucidation of chemical structures of respective chemicals, we propose 

a more comprehensive biosynthetic pathway for synthesizing asparvenone, 

parvulenone, botryosphaerone, and their derivatives.

Introduction

Naphthalenones are a group of polyketides that derive their chemical 

structure from naphthalene, an organic molecule comprised of two fused 

benzene rings, and a ketone functional group. Naphthalenones are known 

to be produced by plants (01, 02) and fungi (03), they often have biological 

properties that can be of interest for pharmaceutical (4-hydroxyvermelone, 
(04)), agricultural chemistry (05) or other fields of biotechnology (03). 

Approximately 159 naphthalenones have been identified and reported in 

the literature for fungi (03), and in a recent study Mosunova with colleagues 
(06) have identified a biosynthetic gene cluster (BGC) in Aspergillus 

parvulus which was linked to the production of naphthalenone compounds. 



4

154 155

Chapter 4
Functional elucidation of the naphthalenone 

biosynthetic pathway of Aspergillus parvulus

botryosphaerones pathway by expressing certain set of genes from the 6- 

methylasparvenone pathway in A. oryzae.

	 The O-acetyltransferase Apr3 and O-methyltransferase Apr4 

are likely to target oxygen atoms of a hydroxyl group (06). Structure of 

6-methylasparvenone suggests that Apr4 acts on metahydroxyl of a right 

B ring and introduces methyl group in that position (Fig.01). It is not clear 

from an enzymatic standpoint how the keto group of AT4HN is derivatized 

as in 6-methylasparvenone and 1-ethylparvulenone structures, but it seems 

that action of aldo-ketoreductase Apr8 and Apr3 is required to obtain the 

1-ethylparvulenone structure.

	 The objective of this study was to functionally characterize 

specific steps in the naphthalenone pathway of A. parvulus. Different gene 

combinations were expressed heterologously in A. oryzae NSAR1, followed by 

verification of their expression and analysis of the resulting molecules using 

LC-MS and NMR techniques. This approach provided valuable insights into the 

pathway. Importantly, this methodology offers the potential to reconstruct 

pathways of other fungi in a heterologous host like A. oryzae using their 

available orthologs. This strategy can be used not only for elucidation of a 

single pathway, but for entire families of pathways, or Gene Cluster Families 

(GCFs).

Results

Expression of the entire set of genes of A.parvulus 

pathway yields 6-methylasparvenone-like molecule

In order to achieve expression of the entire set of genes of A. parvulus 

bears similarity to that of 6- methylasparvenone (Fig. 01). Specifically, 

the structure of botryosphaerones suggests the preservation of meta-

hydroxyl groups of the AT4HN backbone, consistent with the absence of 

Apr5 and Apr6 orthologues in N. parvum (06). Both botryosphaerones and 

asparvenone-parvulenone-like compounds undergo introduction of para-

hydroxygroup to the A ring, which at that point becomes non-aromatic. Among 

the common enzymes between A. parvulus and N. parvum pathways, the 

most likely candidate responsible for this structural modification is the FAD-

oxidoreductase APR2 and its homolog in N. parvum. Notably, the pathway of 

A. parvulus contains a second FAD-binding oxidoreductase (06), and it remains 

unclear whether these two enzymes are redundant or fulfil distinct roles 

within the pathway. Given that the entire set of tailoring genes of N. parvum 

pathway has homologs in A. parvulus pathway, it is possible to reconstruct the 
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Figure 01.
Structures of naphthalenones produced by Aspergillus parvulus and Neofusicoccum parvum.
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naphthalenone pathway, we generated an A. oryzae NSAR1 strain expressing 

APR1 and producing AT4HN, which we downstream refer to as a parental strain. 

The parental strain was generated using integration of the pTYGSmet plasmid 

carrying APR1 into an undefined genomic locus of A. oryzae. The parental strain 

expressing APR1 when cultivated with starch accumulates compound 1  

identified as AT4HN (Fig. 02A) based on previously obtained data (06) 
(Supplementary Figure 01). 	

	 Next, we performed integration of FAD-binding oxidoreductase APR2, 

O-acyltransferase APR3, O-methyltransferase APR4 and GroES-like alcohol 

dehydrogenase 81192 cloned into pTYGSarg plasmid (Supplementary Figure 

02), and scytalone dehydratase APR5, T4HN reductase APR6, FAD-binding 

oxidoreductase APR7, aldo-keto reductase APR8 cloned into pTYGSade 

backbone, into undefined loci in A. oryzae NSAR1 host strain and parental 

strain genomes. GroES-like alcohol dehydrogenase 81192 was not found to be 

co-regulated with the rest of the gene in the cluster, but it is conserved in 

pathways in the GCF (06), and was therefore included in a panel of genes for 

expression of the entire pathway. Obtained fungal colonies were screened 

for the production of compounds different from AT4HN backbone, and four 

putative transformants were identified. Three of the four transformants (i, iii, 

and iv) had similar chemical profiles, producing compound 3 (RT = 5.95 min; UV 

max = 219 and 287 nm; major detected ionization peaks are 235 and 253 [TIC+] 

and 227, 251, 296 and 365 [TIC-]; exhibits a pale-yellow colour) and compound 

4 (RT = 7.73 min; UV max = 196, 222, 286 nm; major detected ionization peaks 

are 235, 253 and 298 [TIC+]). Additionally, transformants (i) and (iii) produced 

seemingly lower amounts of compound 5 (RT = 3.23 min; UV max = 215 and 

270 nm; no ionization observed when using ESIMS). Transformant (ii) produced 

seemingly more of the compound 5 and was also the only one producing 

compounds 1 and 2. 	

 
 
 
 
 
 

Transformant id/
Gene 

expression

i ii iii iv

Apr1 Expressed Expressed Expressed Expressed

Apr2 Expressed Not expressed Expressed Expressed

Apr3 Expressed Expressed Expressed Expressed

Apr4 Expressed Expressed Expressed Expressed

Apr5 Expressed Expressed Expressed Expressed

Apr6 Expressed Expressed Expressed Expressed

Apr7 Not expressed Not expressed Not expressed Not expressed

Apr8 Expressed Not expressed Expressed Expressed

81192 Expressed Expressed Not expressed Expressed

Compounds 
produced

3, 4, 5 (trace) 1, 2, 5 3, 4, 5 (trace) 3, 4

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 min
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Figure 02.
HPLC and LC/MS profiles of extracts from cultural liquid of A. oryzae expressing entire 

naphthalenone pathway. UV profiles for individual peaks are shown. B - summary of the gene 

expression of the four transformants of A. oryzae carrying the full naphthalenone BGC.
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		  From the gene expression profile (Fig. 02B) we deducted that 

transformants (i) and (iv) share the same expression profile, namely APR1, APR2, 

APR3, APR4, APR5, APR6, APR8, 81192, and both are producing compounds 3 

and 4. Transformant (iii) did not express APR7, and 81192, but did express APR1, 

APR2, APR3, APR4, APR5, APR6 and APR8. Transformant (ii), which produced 

1, 2, and 5, it seemed to not express APR2 and APR8. Supposedly the proteins 

that resulted in the production of 3 and 4 could be attributed to either Apr2 

or Apr8.

	 We attempted the chemical structure elucidation of compound 3 

produced by transformant (i). The NMR data for compound 3 is represented 

on Fig. 3. Based on the NMR data, the identified compound is a chimera of 

6-methylasparvenone and ethylparvulenone, therefore it was coined 1-ethyl,6-

O-methylasparvulenone with a calculated mass of 280.320 (Fig. 03). The 

compounds expected to be produced by expressing APR1, APR2, APR3, APR4, 

APR5, APR6, APR7, APR8, 81192 in A. oryzae were asparvenone, parvulenone 

and/or their derivatives. We did not identify asparvenone or parvulenone 

in the extrolites of A. oryzae, and compound 3 is a new derivative showing 

structural features of both asparvenone and parvulenone. For the compound 3 

we observe the addition of a hydroxyl group on C4 (presumably by Apr2), and 

the hydroxyl group on C9 became OCH3 (predicted to be performed by Apr4), 

as expected. We previously hypothesized that 81192 performs removal of the 

hydroxygroup on C11, but in fact is seems like it does not bear this function, 

as both transformants i and iii produce identical compounds while 81192 is not 

expressed in transformant iii. The structure of the compound 3 confirms that 

the studies pathway was previously correctly assigned to the production of 

naphthalenones (06).
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Figure 03.
A - Putative structure of molecule 3 based on NMR signatures.  

B - NMR peaks.
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APR8 is unlikely to act on AT4HN backbone directly

Earlier, it was suggested that Apr8 plays a role in altering the acetyl group

of the AT4HN backbone (06). Expression of the APR8 aldo/ketoreductase

with APR1 by a single identified transformant did not result in production

of new molecules (Supplementary Fig. 03, Table S01). We did however observe a 

slight elevation of the peak located right to 1, but did not

pursue with further investigation, because this compound can be found in

lower amounts in chromatograms of extract from A. oryzae expressing

APR1 alone. It is plausible that Apr8 does not recognize AT4HN directly,

but instead acts on already modified molecule. This hypothesis is

supported by the fact that when APR1, APR2, APR3, APR4, APR8, 81192 are

co-expressed in A. oryzae, HPLC chromatogram peaks that are observed

for Apr1+APR8 expression are not present, suggesting they were fully

converted to unique peaks 20 and 21 (Supplementary Fig. 04). Careful investigation 

of these molecules and more transformants presenting same

profile of metabolites would provide information on possible activity of the Apr8.

Expression of APR1, APR5, APR6 yields a range of ATHN-

related molecules

Scytalone dehydratase and T4HN reductase (Apr5 and Apr6 homologs, 

respectively) are involved in the first steps of the DHN melanin pathway, 

namely they convert T4HN into T3HN by removing the m-hydroxy group. We 

hypothesized that Apr5 and Apr6 perform a similar modification and act directly 

on the AT4HN backbone. We integrated APR5 and APR6 in pTYGSade backbone 

into a random locus in A.oryzae genome, and screened chemical profiles of the 

obtained colonies. One transformant carried out expression of APR1 and APR5, 

APR6, and we make speculations based on the information that we obtained 

from it. Compared to transformant expressing APR1 only, this transformant 

produces 6 novel compounds, some of which UV spectrum indicates a 

relation to AT4HN (Fig. 04). Compounds 6 (RT = 3.07 min; ionised at 316 
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Figure 04.
A - HPLC chromatogram of extracts from A. oryzae NSAR1 expressing APR1, APR5 and APR6.  

B - UV profiles of identified peaks.
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[TIC+]) and 7 (RT = 3.75 min; major detected ionization peaks are 227, 268 and 

300 [TIC+]) only have a single UV absorption peak at about 200 nm.

	 Compounds 8 (RT = 4.38 min; ionised at 302 [TIC+]) and 9 (RT = 4.55 

min; major detected ionization peaks are 252 and 357 [TIC+]) have an additional 

peak at 280 nm, generally following the UV profile of 3, where there is a distinct 

gap between the two peaks. Compound 10 (RT = 6.20 min; ionised at 253 [TIC+] 

and strongly at 251 [TIC-]) has three peaks where the maximum peak is at 254 

nm. Compound 11 (RT = 6.62 min; ionised at 248 and 311 [TIC+] and 246 [TIC-]) 

has one major peak at 308 nm and two smaller ones at 197 and 233 nm. The UV 

profile of 12 (RT = 8.34 min; major detected ionization peaks are 248 [TIC+] and 

246 [TIC-]) has four sharper peaks (195, 221, 286, 331 nm) and a small peak at 

466 nm.

	 Because expression of APR1 together with APR5 and APR6 produced 

a range of molecules that were absent for the control strain that expressed 

APR5 and APR6 only, we suggest that Apr5 and Apr6 are able to act on 

AT4HN backbone directly. This evidence is supported by the fact that peak 

corresponding to 1 is almost entirely converted to other products, while 2 

remains at a comparable level. Additionally, we speculate that other molecules 

produced by A. oryzae are likely not related to the conversions of AT4HN. In 

a course of the current study we did not obtain conclusive data to be able to 

resolve structures of compounds 6-12.

Expression of APR1, APR2, APR5, APR6 produced trans- 

and cis-(3R, 4R)-7-acetyl-3,4,6,8-tetrahydroxy-1,2,3,4-

tetrahydronaphthalen-1-one

Previously we suggested that oxidoreductase Apr2 is involved in the 
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A - HPLC profiles of transformants expressing APR1, APR2, APR5, and APR1, APR2, APR5, APR6.  

SCL-small liquid culture, BLC- big liquid culture.  

B - UV profiles of identified peaks.
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incorporation of the hydroxygroup in para position of the A ring (06). The 

transformant expressing APR1, APR5 and APR6 was used as a host strain for 

expressing APR2 using the same methodology as above. We identified two 

transformants expressing APR1, APR2, APR5, and one transformant expressing 

all four genes (Fig. 05). In comparison to the strain expressing APR1, APR5, 

APR6, peaks 1, 6, 7, 8, 9, 12 were not present, and 5 new peaks were identified. 

We speculate that because compound 1 was not present in the HPLC trace, it 

was likely derivatized into the new peaks (Fig. 05A). Compound 10 seemed to 

be present in both APR1, APR5, APR6 strain and three newly obtained strains 

expressing APR1, APR5, APR6 and APR2. New compounds were registered: 13 

(RT = 5.64 min; UV max = 198, 250 and 328 nm; ionised at 221 [TIC-]), 14 (RT = 

6.36 min; UV max = 198, 254 and 339 nm; ionised at 253 [TIC+] and 251 [TIC-

]), 15 (RT = 6.69 min; UV max = 202, 279 and 358 nm; ionised at 237 [TIC-]), 

16 (RT = 9.45 min; UV max = 197, 239, 303, 371 and 462 nm; ionised at 247 and 

464 [TIC-]), and 17 (RT = 12.68 min; UV max = 197, 239, 305, 378 and 463 nm; 

ionised at 493 [TIC-]). Compounds 10 and 14 are identical in UV spectrum and 

mass but not in retention time, suggesting their high structural similarity.

	 Transformant (ii) expressing APR1, APR2, APR5, APR6 was selected for 

further examination. We found that a volume of cultivation flask impacts HPLC 

profile of this transformant. We observed that in liquid culture with greater 

volume (BLC: 300 mL medium, 1.5 L Erlenmeyer flask) peaks 15 and 17 were 

not present anymore, and following new peaks were formed (Fig. 06B): 18 (RT 

= 6.57 min; UV max = 197, 243, 273 and 367 nm; no ionization), and 19 (RT = 

7.15 min; UV max = 196, 217, 263, 309 and 420 nm; ionised at 249 [TIC-]). The 

UV absorption peak pattern of 15, 18, and 19 are similar to that of AT4HN. UV 

profiles of 16 and 17 look similar and may be more related to 2, due to the UV 

maxima following the 197, 239 nm pattern.

	 According to the UV-HPLC profile, compounds 10 and 14 seem to be 

δH 600 MHz DMSO-d6 δC 151 MHz DMSO-d6

6.64 (d, J = 1.2 Hz, 1H) 203.58

4.72 (dd, J = 2.8, 1.2 Hz, 1H) 202.16

4.18 (dt, J = 4.6, 2.9 Hz, 1H) 167.73

2.99 (dd, J = 17.4, 3.0 Hz, 1H) 165.41

2.69 (dd, J = 17.4, 4.6 Hz, 1H) 153.45

69.14

2.63 (s, 3H) 109.81

43.90

108.21

32.78

107.21

69.46

δH 600 MHz DMSO-d6 δC 151 MHz DMSO-d6

6.63 (s, 1H) 167.32

4.42 - 4.38 (m, 1H) 110.49

3.89 (ddd, J = 8.3, 7.1, 4.1 Hz, 1H) 108.40

2.93 - 2.87 (m, 1H) 107.87

2.69 - 2.63 (m, 1H) 71.39

2.61 (s, 3H) 69.22

43.16

32.77

Table S02.  
NMR data for compound 10 

(3R,4R)-7-acetyl-3,4,6,8-tetrahydroxy-1,2,3,4-tetrahydronaphthalen-1-one.

Table S02.  
NMR data for compound 14 

(3R,4S)-7-acetyl-3,4,6,8-tetrahydroxy-1,2,3,4-tetrahydronaphthalen-1-one.
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which indicates that the enzymes Apr2 and Apr6 can act on AT4HN directly. 

The fact that the A rings of 10 and 14 are saturated, should have been sufficient 

for Apr5 to perform the dehydration (13). This, however, did not happen for 

compounds 10 and 14, but might have occurred and resulted in compounds 13, 

18 and 19.

produced in equal amounts. When isolated, both 10 and 14 presented a red-

brown colour. NMR data for compound 10 and 14 produced by transformant (ii) 

expressing APR1, APR2, APR5, APR6, presented in Tables 1 and 2, respectively. 

Both compounds showed similarities with the backbone of AT4HN (Fig. 06). 

13C-NMR revealed that a hydroxyl group was introduced in the para-position 

of the A ring. The orientation of this group is what distinguishes compound 

10 from 14, where for compound the C4- hydroxygroup 10 is in the trans 

position, while for 14 it is in the cis formation. Diastereoisomers 10 and 14 were 

identified as trans- and cis- (3R,4R(S))-7-acetyl-3,4,6,8-tetrahydroxy-1,2,3,4-

tetrahydronaphthalen-1- one, respectively.

	 As 10 can also be found in the APR1, APR5, APR6 expressing strain in 

trace amounts, which does not carry APR2, we speculate that the addition 

of the hydroxyl group occurred spontaneously. Apr6 is predicted to reduce 

ATHN into acetylscytalone, and Apr5 is thought to remove mhydroxygroup, 

both reactions are analogous to those of the melanin pathway (12). For 14, the 

addition of the hydroxyl group at C4 is likely to be enzymatically done by Apr2 

after modification done by Apr6, but before Apr5, as m-hydroxygroup remains 

in the structure of 14. The acetyl group of the backbone remained unmodified, 
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Figure 06.
Molecular structures of compound 10 (A) and 14 (B), with the corresponding positions of the 

carbons and hydrogens based on the NMR data. The orientation of the hydroxyl group at C4 results 

in the two different compounds.
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Figure 07.
A - proposed pathway to asparvenone, parvulenone and their derivatives.

B - hypothetical pathway to botryosphaerones. C - hypothetical pathway to cristazarin (adapted 

from (15)). Molecules identified in the current study highlighted in green, reactions that are inferred 

form the melanin pathway highlighted in orange.

Discussion

Proposed pathway to naphthalenones

The assembly process of asparvulenone initiates with the production of AT4HN 

catalyzed by Apr1 (06). Subsequently, a hydroxyl group is incorporated into the 

AT4HN structure, either spontaneously or facilitated by an enzyme. Spontaneous 

hydroxylation may occur when AT4HN hydroquinone hypothetically undergoes 

spontaneous oxidation, forming compound 10 (Fig. 08A). This is supported by 

the fact that compound 10 is observed in extrolites of strains that do not express 

oxidase Apr2 that is responsible for enzymatic hydroxygroup incorporation. 	

Asparvulenone pathway encodes for homologs of THNr and SCD1, enzymes that 

are found in melanin pathway and cladofulvin pathway. In melanin pathway, T4HN 

is converted into scytalone by THNr, and then to T3HN by SCD1 (12). During this 

conversion, hydroxygroup of the A ring is removed. Structures of 14 suggest 

that Apr6 may have been able to act on AT4HN backbone directly, what was not 

reported for THNr before. We speculate that Apr6 and Apr5 are able to convert 

AT4HN to ADHN likewise THNr and SCD1 convert T4HN to DHN (8).

	 Secondly, AT4HN could be converted to 14 by Apr2 and Apr6 (Fig. 08A) 

similarly to the mode of reduction of hydroquinone and lawsone described by 

Saha with colleagues (14), where hydroquinone can tautomerize to 1,4 - diketo 

compound, which in turn can be reduced to cisketodiol by T4HNR. This reaction 

mechanism translates well to the possible asparvulenone pathway, where Apr2 

first introduces hydroxygroup to C4 of the AT4HN, and resulting compound is 

serving as a substrtate for the Apr6 (Fig. 07A). The opposite order of enzymatic 

actions is also possible, when Apr6 first performs reduction of A ring of AT4HN, 

and Apr2 introduces the hydroxy group to C4. The possibility of either option 

should be carefully investigated.
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	 Molecule formed after saturation of A ring and hydroxylation could 

hypothetically serve as a substrate for Apr5, since its structure is not conflicting 

with required elements for the catalytic cycle of the SCD1 (13). SCD1 requires 

ketogroup in order to perform dehydroxylation (13), and we speculate that its 

homolog Apr5 can hypothetically act on both 10, 14 or acetylscytalone. It is 

plausible that acetylscytalone could potentially be recognized by Apr2, eventually 

resulting into compound 14, or modified by Apr5 into AT3HN and further, 

resembling conversion steps of DHN melanin pathway (Fig. 07A). Structural 

elucidation of compounds 6, 7, 8, 9, 11, 12, was not performed here, but is 

valuable for establishing primary conversion steps of AT4HN in the asparvulenone 

pathway.

	 Previously we have identified a core nrPKS gene of a putative pathway 

for botryosphaerones (06), naphthalenone compounds that are produced 

by N. parvum (11), and discussed similarities to the asparvulenone pathway. 

We initially hypothesized that introduction of the p-hydroxygroup is likely to 

occur due to the spontaneous oxidation, or with help of Apr2 homolog 10179. 

Orthologs of Apr5 and Apr6 are absent in the genome of N. parvum (06), 

which suggests that Apr2 homolog 10179 does not require orthologs Apr6 

and Apr5 for introduction of the hydroxygroup into the p-position. Structure 

of botryosphaerones features dearomatized A ring, suggesting that activity 

of Apr2 homolog 10179 alone could be sufficient to introduce -OH group and 

perform ring saturation simultaneously. Interestingly, orientation of the hydroxy 

group of compound 10 is the same as for botryosphaerones A and D (11), 

whereas compound 14 demonstrates thesame orientation of the hydroxy 

group as (+)-O-methylasparvenone (16). The orientation of the -OH group is 

therefore the structural branchpoint to asparvulenone and botryopshaerones. 

To summarize, we hypothesize that stereochemistry of the hydroxygroup 

introduction may depend on action of two enzymes, Apr6 and Apr2, and 

presence of both may be required to obtain 14.

	 Based on asparvulenone assembly steps elucidated in the present 

study, we thereby suggest a pathway to botryosphaerones A and D (Fig. 07B). 

Most probable first intermediate of botryosphaerones pathway after AT4HN 

is compound 10. Next, a homolog of Apr8, aldo-ketoreductase 10177 is likely 

reducing ketogtoup to hydroxygroup, and with the help Omethyltransferase 

10176 botryosphaerone A is obtained. Alternatively, if 10177 is capable of a 

complete removal of a ketogroup, Omethyltransferase 10176 is acting on a 

resulting molecule yielding botryosphaerone D.

	 Naphthalenones have been isolated from a number of fungal species, 

including lichens. Recent study discussed a relation between the asparvulenone 

pathway and the cristazarin pathway of Cladonia metacorallifera (15), which was 

not functionally verified yet. Cristazarin is structurally similar to asparvenone and 

exhibits antibacterial, antitumor, and anticancer activities, and is produced by C. 

metacorallifera mycobiont after 3 weeks of incubation using Lilly and Barnett!s 

(LB) medium supplemented with fructose as a carbon source, at 15°C and 

fluorescent light (6500 k, 18 wattages). Cristazarin belongs to naphthaquinones 

as its structure bears two carbonyl groups and has both of its rings aromatic, 

while asparvulenone is a naphtalenone with one saturated ring A. Paguirigan 

with colleagues (15) identified the nrPKS crz7, which is a paralog of APR1, and 

suggested plausible pathway to cristazarin based on domain architecture 

of coregulated tailoring genes around crz7 and pathway similarity to the 

asparvulenone pathway (Fig. 07 panels A and C). The authors suggested that 

crz7 produces AT4HN backbone, that is later modified directly by oxidase crz8, 

and made parallel with reaction that is catalyzed by Apr2/Apr7 in asparvulenone 

pathway (15). Although assembly of asparvulenone and cristazarin is similar, 

reciprocal BLAST analysis of crz genes versus APR genes performed by Paguirigan 

with colleagues (15), revealed that none of the APR tailoring genes are best 
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	 Genes of this pathway were expressed in Aspergillus oryzae under the 

control of strong constitutive promoters: PgpdA, Peno, and Padh (17, 18, 19). 

The purpose of this strong expression was to ensure an adequate level of protein 

for the conversion of one substrate to another in the host cell. However, this 

high expression strength may not resemble the expression strength ratios that 

may be seen for native promoters. This imbalance could steer the pathway 

towards the complete conversion of intermediates into a new derivative end 

product and hinder the accumulation of intermediary products. 

hits for crz genes, and the opposite is likewise. Oxidase Apr2 is a FAD-binding 

oxidorecutase (PF01565), and crz8 is a FAD-dependent oxidoreductase with 

PF01494 domain. Based on the data we obtained on the activity of Apr2, we 

could hypothesize that oxidases Apr2 or crz8 perform introduction of the 

para-hydroxygroup into the backbone of AT4HN utilizing distinct enzymatic 

mechanisms. It is of great interest to functionally verify activity of crz8 and 

compare its action to Apr2.

Expression of the entire pathway of A. parvulus in  

A. oryzae produces a new derivative

Expression of the entire set of genes of A. parvulus naphthalenone pathway 

was expected to result in molecules and their derivatives that are reported for 

the A. parvulus strain, namely asparvenone, parvulenone, and their derivatives 

6-methylasparvenone and 1-ethylparvulenone. Surprisingly, simple expression 

of all genes of the cluster does not produce two distinct compounds as in 

A. parvulus, but a derivative with structural features characteristic for both 

asparvenone and parvulenone. This discrepancy suggests that in the natural 

setup of the parental strain, there might be a specific timing for gene expression 

enabling the production of these distinct molecules. Mosunova with colleagues 
(06) utilized end-point PCR at a single time point to assess gene expression, 

which lacked substantial evidence to confirm differential expression. Expression 

of the incomplete set of genes does not address why individual compounds 

that are normally produced by A. parvulus were not identified. It must be noted 

that since not all compounds were purified and structurally characterized, 

it is not possible to draw strong conclusions and outrule the absence of 

6-methylasparvenone and 1-ethylparvulenone in the extrolites of transformants.
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Materials and methods

•	 Strains and culture conditions. A. parvulus CBS 136.61 and A. oryzae NSAR1 strains were 

routinely cultured on malt extract agar plates (50 g/L, pH 5.4; Oxoid). A. oryzae NSAR1 

transformants were sustained on selective Difco Czapek-Dox agar supplemented with specific 

nutrients based on the genetic construct: arginine (1 g/ L), adenine hemisulfate salt (0.5 g/L), 

methionine (1.5 g/L), and ammonium sulfate (1 g/L).  

•	 Nucleic acid extraction and RT-PCR. Fungal mycelium from liquid cultures was filtered 

from cultural liquid, washed with nuclease-free water, frozen in liquid nitrogen, and ground 

using a mortar and pestle. Genomic DNA was isolated using the DNeasy plant minikit (Qiagen, 

Hilden, Germany) in line with the manufacturer’s protocol. To extract total RNA, 100 mg of 

finely ground mycelium was combined with 1 mL of Invitrogen TRIzol reagent (Thermo Fisher 

Scientific, Waltham, MA) in a 1.5-mL microcentrifuge tube and incubated at 25°C for 5 minutes. 

Following this, the lysate was mixed with 0.2 mL of chloroform, gently hand-mixed, and 

incubated for an additional 5 minutes. After centrifugation at 12,000 g for 15 minutes at room 

temperature, the resulting aqueous phase was carefully transferred to a new microcentrifuge 

tube and mixed with 0.5 volumes of 100% ethanol. This mixture was then loaded into a column 

from the NucleoSpin RNA extraction kit (Macherey- Nagel, Allentown, PA), and subsequent 

steps were carried out according to the manufacturer’s instructions. Finally, 500 nanograms 

of total RNA was utilized to synthesize cDNA using oligo(dT) primers and GoScript reverse 

transcription (RT) mix (Promega, Madison, WI) following the manufacturer’s protocol.

•	 Gene amplification and plasmid digestion. Genes Apr2-Apr8 and 81192 were amplified from 

cDNA of A.parvulus grown on liquid malt broth medium (filtered malt extract at 400 mL/L [pH 

7.0]) at 25°C with constant agitation at 200 rpm. PCR amplification was as performed using 

Phusion® high-fidelity polymerase (Thermo Fisher Scientific, Waltham, MA) in accordance with 

manufacturer’s protocol,extention time and primer sequences are specified in Supplementary 

Table S2.

•	 Gene expression verification. Gene expression of Apr2-Apr8 and in A. oryzae transformants 

was assessed using gene-specific primers for A. parvulus genes and A. oryzae H2B gene as 

control (Table S02). Primers were used with GoTaq DNA polymerase (Promega, Madison, WI) in 

accordance with manufacturer’s protocol, and DNA isolated from transformants was used as 

template DNA.

•	 Transformation-associated recombination in Saccharomyces cerevisiae. TAR in S. 

cerevisiae was used to assemble APR2, APR3, APR4 into pTYGSade destination vector, and 

APR5, APR6, APR7 into pTYGSade destination vector. A modified protocol from (20) was used. 

In brief, S. cerevisiae BMA 64 with ura3- auxotrophic marker was grown in 5 mL of YPD (Yeast 

extract - Difco 212759 at 8 g/L, Bacto peptone - Difco 211677 at 16 g/L, D(+)-Glucose - Merck 

1.08337 at 16 g/L) overnight at 30°C 200 rpm. Then, two milliliters, containing approximately 

1*108 cells, were transferred to a 50 mL YPD solution in a 250 mL Erlenmeyer flask and 

incubated at 30°C with agitation at 200 rpm for about 5 hours. The yeast biomass was 

pelleted for 5 minutes at 2000 rpm at room temperature, washed with 10 mL of sterile water, 

pelleted once more, and reconstituted in 300 μL of sterile water. From this, 50 microliters of 

the resulting cell suspension were combined with 250 μL of 100mM DTT (dithiothreitol) and 

incubated for 10 minutes at room temperature. The yeasts were pelleted for 15 seconds at 

12,000 g, and the supernatant was discarded. The pellet was reconstituted with 500 μL of 

PLTE solution (comprising 800 μL of 50% PEG 4000, 0.1 mL of 1 M LiAc, 20 μL of 50 mM EDTA, 

10 μL of 1M TrisHCL at pH 7.5, and 70 μL of H2O), 8-10 μL of DNA (plasmid and gene fragments 

in equal proportions), and 50 μL of recently boiled salmon sperm DNA (2 mg/mL). This mixture 

was incubated for 1 hour at 30°C without shaking. The samples were exposed to heat for 15 

minutes at 45°C, spun for 15 seconds at 12,000 g, and then resuspended in 1 mL of YPD. After 

a 30-minute incubation at 30°C without shaking, the cells were pelleted for 15 seconds at 

12,000 g, reconstituted in 200 μL of sterile water, and plated onto synthetic dropout media 

SDM (comprising 20 g/L agar, 20 g/ L D-glucose - Sigma-Aldrich, St. Louis, MO, 1.92 g/L yeast 

dropout supplements without uracil - Sigma-Aldrich, St. Louis, MO, and 6.7 g/L yeast nitrogen 

base without amino acids - Sigma-Aldrich, St. Louis, MO).

•	 Seamless ligation cloning Extract (SLiCE) cloning in E.coli JM109. SLiCE was used to 
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assemble APR8 and 81192 into pEYA2 entry vector. SLiCE was performed in accordance with 

published protocol (21). Briefly, cell extract of E. coli JM109 was prepared. First, 5 mL of E. coli 

JM109 was precultured at 37°C, 200 rpm overnight. Then, 1 mL of the overnight culture was 

transferred to 50 mL LB media in a 250 mL Erlenmeyer flask and grown at 37°C, 200 rpm until 

the OD600 reached approximately 2.0-3.0, taking around 6 hours. Following this, the culture 

was centrifuged at 5,000 g for 10 minutes at 4°C. The resulting pellet was washed with 50 ml 

of ice-cold sterile MiliQ water, then centrifuged again at 5,000 g for 10 minutes at 4°C. After 

discarding the supernatant, the pellet was resuspended in 1.2 ml of diluted and buffered Cell 

Lytic B cell lysis reagent and incubated for 10 minutes at room temperature. The mixture was 

centrifuged at 20,000 g for 2 minutes at 4°C. From this point, the downstream steps were 

carried out on ice. The supernatant was transferred to a 1.5 ml tube and mixed in a 1:1 ratio 

with 87% glycerol. Then, aliquots were prepared in 1.5 ml tubes. These tubes were snap-

frozen in liquid nitrogen and stored at -80°C. 

	 In a clean Eppendorf tube, 1 μL of SLICE 10x buffer (500 mM Tris-HCl pH 7.5, 100 mM 

MgCl2, 10 mM ATP, 10 mM dithiothreitol (DTT)), was mixed with 1 μL of E. coli cell extract and 

DNA comprising 10-100 ng of linear vector (CIAP-treated) and 20-200 ng of fragments, and 

adjusted to reach a final volume of 10 μL with nuclease free water. The mixture was incubated 

at 37°C for 30 minutes and transformed in heat shock competent E. coli DH5a (Invitrogen) 

according to manufacturer’s protocol.

•	 Gateway cloning. Gateway® cloning (Thermo Fisher Scientific, Waltham, MA) was used to 

obtain expression vectors. Seventy nanograms of entry vector pEYA2_APR1, pEYA2_APR8 

or pEYA2_81192 were mixed with 100 ng of destination vector pTYGSmet, pTYGAade_Apr2_

Apr3_Apr4 or pEYA2_Apr5_Apr6_Apr7, respectively. Vector mixture was combined with 1 μL 

of the Gateway LR Clonase II enzyme in 10 μL final volume Reaction mixture was incubate at 

25oC overnight, followed by the inactivation procedure as per the manufacturer!s protocol, 

and the entire reaction was transformed into heat-shock competent E. coli DH5a.

•	 Transformation of A. oryzae NSAR1. The transformation of A. oryzae NSAR1 was carried out 

following a previously documented procedure (06). In this process, approximately 10 μg of 

vector was employed to transform around 1*107 protoplasts per mL. Each transformation 

reaction was distributed across four square plates (Greiner) and then incubated at 28°C for 

a period of 5-8 days until the transformants germinated.

•	 Secondary metabolite extraction and HPLC-MS analyses. The collected cultural liquid 

was introduced into a flask separator, and an equivalent volume of ethyl acetate was 

introduced. The flask underwent repeated shaking and was subsequently placed on a stand 

to facilitate the separation of solvents for at least 1 hour. The resulting upper organic phase 

was then transferred to an evaporation flask. Ethyl acetate was evaporated using BUCHI 

Rotavapor R-100 connected to the BUCHI Heating Bath B-100 and VWR RC-10 Digital 

Chiller. The resulting pellet was reconstituted in 1-4 mL of acetonitrile, divided into aliquots 

in Eppendorf tubes, and stored at -80°C. 

	 The resultant solid was dissolved in acetonitrile. Organic extracts underwent analysis 

using a Shimadzu LC-2030 3D-Prominence-i PDA system connected to a Shimadzu LCMS-

2020 mass spectrometer, which was equipped with a Shimadzu Shim-pack GIST C18-HP 

reversed-phase column (3 mm, 4.6 by 100 mm). The employed method included a linear 

gradient of buffer B, ranging from 0 to 95% over 20 minutes, followed by 5 minutes at 95% 

buffer B, and concluding with 5 minutes at 100% buffer A. 

	 Buffer A was composed of water with 0.1% trifluoroacetic acid (TFA) for high 

performance liquid chromatography (HPLC) or 0.05% formic acid for mass spectrometry 

(MS)-coupled analyses. Buffer B consisted of acetonitrile (LCMS grade) with 0.1% TFA for 

HPLC or 0.05% formic acid for MS-coupled analyses. The flow rate maintained was 1 mL/

min for HPLC or 0.5 mL/min for MS-coupled analyses. Control and analysis of results were 

executed using the Shimadzu LabSolutions LCMS software, overseeing the equipment's 

operation.

•	 Compound purification. Crude organic extracts underwent fractionation employing a 

Shimadzu preparative HPLC system. The setup included a CBM-20A controller, an LC-

20AP pump, an SPD-20A detector, and an FRC-10A fraction collector, all integrated with a 

C18 reversed-phase Reprosil column (10 mm, 120 Å, 250 by 22 mm). The operation of the 
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system was managed through Shimadzu LabSolutions software. 

	 A 12.5-milliliter flow rate was utilized, featuring a linear gradient progression of buffer 

B from 0 to 95%. This was followed by 5 minutes at 95% buffer B and then a subsequent 

5-minute phase with 100% buffer A.

•	 NMR. Samples reconstituted in dimethyl sulfoxide (dDMSO) were subjected to 1H NMR 

analysis at 600 MHz and 13C NMR analysis at 151 MHz using a Bruker 600 spectrometer. The 

obtained data were analyzed utilizing MNOVA software. 

	 For proton NMR, chemical shifts are reported in parts per million (ppm) downfield from 

tetramethylsilane and referenced to the residual protium in the solvent (1H NMR, DMSO-d6 

at 2.50 ppm). Meanwhile, carbon NMR chemical shifts are reported in parts per million 

downfield from tetramethylsilane and referenced to the carbon resonances of the residual 

solvent peak (13C NMR, DMSO-d6 at 39.52 ± 0.06 ppm).
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Supplementary materials

Supplementary Figure 01.
A - HPLC trace of an extract from 5-day old A. oryzae NSAR1 transformant expressing APR1 

(pTYGSmet backbone).  

B - Graph adapted from (6) depicting extracts of A. oryzae NSAR1 expressing APR1 (pTYGSarg

backbone).

 
 
 
 

 
 

 
 
 
 

 
 

Supplementary Figure 02.
A - Plasmid map for pTYGSarg with APR2, APR3, APR4 and 81192. 

B - Plasmid map for pTYGSade with APR5, APR6, APR7, APR8.  

C - Plasmid map for pTYGSsC with APR1.
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Supplementary Figure 03.
HPLC chromatogram of extracts from A. oryzae NSAR1 expressing Apr1 and Apr8.

Supplementary Figure 04.
A - HPLC of extracts of APR1, APR2, APR3, APR4, APR8, 81192 transformants. This gene combination 

represents pathway of N. parvum to botryosphaerones. Compared to APR1 expressed alone, two 

new peaks were identified, 20 and 21.  

B - UV spectra of both compounds.

Chapter 4

Supplementary Data Set S01.
1H and 13C NMR spectra of products 3, 10, 14.
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Supplementary Data Set S01.
1H and 13C NMR spectra of products 3, 10, 14 (continued).
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Primers used for amplification of genes from cDNA for downstream cloning

Name Sequence (5' to 3')

Apr4 F CGACTGACCAATTCCGCAGCTCGTCAAAGGATGGCTGCCTTGACTGATCTTGCGGCTAT

Apr4 R ATCCATATACTGTCAGTTTCCTCAACCCTCTTAGATATCCCAAACTACTTCAATAATCChnf

Apr5 F TCTTTCAACACAAGATCCCAAAGTCAAAGGATGGCATCACCTCAGAAGCCCACCTTTGAA

Apr5 R TTCATTCTATGCGTTATGAACATGTTCCCTGGCTACTCTTCATCATCAAATTTGCCCGCA

Apr6 F CAGCTACCCCGCTTGAGCAGACATCACCGGATGTCCACACCTATCCGTACAGCCCGTCTC

Apr6 R ACGACAATGTCCATATCATCAATCATGACCGGTTATGCAGACGCTCCACCAGAGATG

Apr7 F CGACTGACCAATTCCGCAGCTCGTCAAAGGATGTTGTTCATTTCTCTGACCACGGCTCTT

Apr7 R TTGGCTGGTAGACGTCATATAATCATACGGTTAAGTTGCAGGGTTGATTGAGAATGGGTT

Apr8 F CCAACTTTGTACAAAAAAGCAGGCTCCGCATGTCTCCTCCAGAGCATCCACGCATCGTC

Apr8 R AAGCTGGGTCGGCGCGCCTGTTTAAACTGCTCAGAGATGGTACGGATCAGCATCGTCTTT

81192 F GCCAACTTTGTACAAAAAAGCAGGCTCCGCATGACCAACCAGGCTGCGTGGATTAAGGAG

81192 R AAGCTGGGTCGGCGCGCCTGTTTAAACTGCCTATTCAACCCATGGGTTCAGGACTAGCTT

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

Apr2 F AGATCCCAAAGTCAAATGATGCCTGTAAGGGATGACCATTCCCACCGATCCGTCCG

Apr2 R TGTCGAAAGATCCACTAGAGTAAATCTGGGCTACCGGTGCAAAGCATACGATTTGTC

Apr3 F TGAGCAGACATCACCGTAAGAGGTATATGGATGGCAATCCCCCTGTCTGAAGTC

Apr3 R ACACCTACAAACACACACATATATACATAATCACACGGAATAATTCTGTGTAACGTAGCG

Supplementary Table S02. 
Primers used in this study.

(Primers used for screening of gene expression - see Chapter 3.)
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typically formed through the esterification of orsellinic acid with another 

aromatic compound, often a phenolic acid (e.g. lecanoric acid) or another 

orsellinic acid (e.g. atranorin) molecule (02). Depsides are commonly found 

to be produced by Lecanoromycetes, although they are not restricted to 

lichenizing fungi and are also found to be produced by other fungal species 
(03). Depsides are precursors for the biosynthesis of depsidones through 

oxidative cyclization (04, 05, 06). Depsidones typically feature two aromatic 

rings joined together by ester and ether linkages, exemplified by compounds 

like physodic acid, norstictic acid and evernic acid (05). Orsellinates derived 

from lichens often demonstrate antimicrobial properties, and their structural 

diversity contributes to variations in biological activity. Dibenzofuran usnic 

acid exhibits antimicrobial, antiprotozoal and antiviral properties, among 

others (07). Depsidone alpha-alectoronic acid demonstrates activity against 

B16 mouse melanoma cells (08). Depsidone lobaric acid is active against 

methicillin-resistant clinical isolates of Staphylococcus aureus (MIC90=64 µg/

mL) (09). Depside lecanoric acid arrests cell cycle in colon cancer cells (10) 

and demonstrates antifungal activity (11). 

	 Despite potential interest for usage of OA derivatives as medicinal 

compounds, limited growth of lichenizing fungi in nature and in culture 

hampers investigation of orsellinates and their biosynthetic patwhays using 

methods involving gene manipulation. Several biosynthetic pathways to 

orsellinates have been functionally characterized in other fungal species. 

Notable examples include lecanoric acid pathway that was expressed in 

Saccharomyces cerevisiae (12), as well as characterization of OA pathway of 

Aspergillus nidulans (13) and Aspergillus niger (14), PKS7 in Claviceps purpurea 
(15), PKS14 of Fusarium graminearum (16). 

	 Isolation of metabolites from lichens allows identifying major 

compounds deposited in cortex or medulla of a lichen body, but extraction 

Abstract

In this chapter we continued exploring the chemical space of non-reduced 

polyketides in a different subset of genomes of Lecanoromycetes. We 

utilized phylogenetic dereplication in order to identify standalone nrPKSs and 

identified three phylogenetically distant nrPKSs. Following this, we conducted 

heterologous expression experiments on a pathway from Aspergillus melleus 

containing a closely related nrPKS to those identified in lichen-forming fungi. 

Our investigations linked the nrPKS AmoA to the synthesis of orcinol and 

orsellinic acid. Through heterologous expression of the entire pathway, we 

obtained previously unreported compound exhibiting intriguing antibiotic 

activity agains range of gram-negative bacteria and demelanizing properties 

when assayed using zebrafish embryos. Finally, based on obtained findings we 

proposed a potential biosynthetic pathway.

Introduction

Lichenizing fungi are known to produce diverse compounds with orsellinic 

acid (OA) as a core structure. The presence of specific orsellinates, along with 

other secondary metabolites, is often used for chemotaxonomic purposes 
(01). OA itself is a precursor of other industrially valuable  monoaromatic 

orsellinates such as orcinol, resorcinol and 3,5-dimethylorcinol, which 

exhibits rose petal smell. Compounds like lecanoric acid, usnic acid, evernic 

acid, atranorin can be found in cortex/medulla of lichen body, and belong to 

the polyaromatic orsellinates. They  encompass depsides and depsidones, 

and typically consist of two or more monoaromatic units linked by an ester 

group (depsides) or ester and ether bonds (depsidones). Depsides are 
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and identification of possible intermediates that lead to the production of 

final products is not facilitated by direct metabolite extraction. With the rising 

availability of fungal genomes, including those of lichen mycobionts (17, 18, 19, 

20, 21, 22, 23, 24, 25), analyses of BGCs with core polyketide synthase genes 

from Lecanoromycetes have been conducted (26, 27, 28). 

	 Several studies perform functional characterization of unassigned 

pathways from Lecanoromycete strains. Kim with colleagues (29) aim at 

identification of the atranorin biosynthetic pathway. They functionally 

characterized the atranorin pathway encoded in Stereocaulon alpinum, 

with its PKS falling into Group IX.  They performed a phylogenetic analysis of 

nrPKSs derived from 30 genomes of lichen forming fungi (LFF) with respect 

to characterized nrPKSs, and reported 9 phylogenetic clades, or groups. At 

the same time, Kealey with colleagues (30) reports functional assignment of 

Pseudevernia furfuracea PKS PFUR17_02294 to lecanoric acid, and the nrPKS 

protein phylogenetically belongs to Group X as we later found (31). Last, 

Mosunova with colleagues (31) identified another standing out phylogenetic 

clade, group XI using an evolution-guided approach. Newly identified group XI 

comprised three PKSs derived from genomes of LFF, and their ortholog from 

Aspergillus parvulus was functionally characterized by heterologous expression 

in Aspergillus oryzae. Lichen PKSs of group XI were then assigned to the 

production of naphthalenones.

	 In this study we explore the diversity of nrPKSs in 11 lichen genomes, 

identify new standalone phylogenetic clade and assign it to the new 

phylogenetic Group XII. We identify Gene Cluster Family (GCF) consisting of 

BGCs conserved in fungal species across Ascomycota, and heterologously 

express a pathway from Aspergillus melleus that contains  nrPKS paralogue 

to lichen nrPKSs of Group XII. We characterize selected OA derivatives with 

antibiotic and demelanizing activity.

Results 

Genome mining in lichens reveals unexplored GCF 

In the present study, full protein sequences of nrPKSs from 9 LFF genomes  

along with 87 reference nrPKSs from the MiBIG database (32) were used 

to evaluate their evolutionary relationships. The maximum likelihood tree 
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Figure 01.
Phylogenetic dereplication of nrPKSs from 9 genomes of LFF. Maximum likelihood phylogenetic tree 

was constructed with curated full protein sequences of nrPKS from LFF and 87 reference protein 

sequences from MiBIG database (32), and from publicly available sources (Supplementary Data Set 

01). The tree is midpoint rooted, and bootstrap values calculated with Ultrafast bootstrap exceeding 

95 are shown.



5

196 197

Chapter 5
Evolution-informed discovery of a novel 

antibiotic compound from Aspergillus melleus

obtained in this study agrees well with previous research (31): all of the 

11 reported groups are strongly supported (Figure 01). Group X does not 

appear monophyletic and overlaps with Group I. Group I, however, is split 

into two distinct clades, labeled as a and b. While Group X appears narrow, 

the nrPKSs outside of Groups I and X exhibit notable differences, suggesting 

they likely belong to other phylogenetic groups. However, due to limitations in 

tree resolution, clear assignment is challenging. Three nrPKSs from genomes 

of Lecanoromycetes form a new, strongly supported standalone clade, 

designated as Group XII. Group XII is positioned basally to nrPKSs from Groups 

II, III, IV, V, and XI, which typically assemble polyketide backbones featuring 

multiple aromatic rings and hydroxymellein-like structures (Fig. 01, highlighted 

in red). This positioning makes it hard to predict the possible backbone 

produced by Cladonia uncialis g1310, Ramalina intermedia g1960 or Ramalina 

peruviana g2056, or to suggest their involvement to any particular pathway 

conserved for these species. 

 

Comparative genomics reveals conserved GCF with a PKS 

from group XII

Previously described phylogenetic analysis resolves evolutionary relationships 

within restricted set of proteins, while orthologs of these proteins may be 

conserved in other fungal lineages. We have identified 23 close homologs of 

group XII proteins in available Ascomycota proteomes. We then sought for 

gene conservation in putative BGCs containing these orthologues. The resulting 

Gene Cluster Family (GCF) consists of two main branches (Fig. 02). Phylogeny 

of nrPKSs suggests that the tree mostly contains orthologues of PKSs from LFF, 

or their close homologues in the lower part of the tree. Position of sequences 
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of Talaromyces proteolyticus, Oidiodendron maius, Pseudocercospora 

fijiensis, Talaromyces aculeatus and two Exophiala xenobiotica and Exophiala 

oligosperma sequences suggest either paralogy or horizontal gene transfer 
(Fig. 02A). Each of the GCF branches contains specific but partially overlapping 

subset of tailoring genes (Fig. 02B). Based on analysis of conserved domains in 

encoded tailoring genes, clusters from upper branch can be characterized by 

presence of FAD-binding protein and questin oxidase-like protein, while lower 

branch clusters contain two additional genes: enoyl reductase and methyl 

transferase.

	 Because paralogues of the lower branch contain the full set of 

conserved genes, we have chosen to characterize a pathway from Aspergillus 

melleus CBS112787, which consists of nrPKS, FAD-binding protein, methyl 

transferase, questin oxidase, and enoyl reductase. Absence of the enoyl 

reductase in pathways of the upper branch will likely yield different 

molecules, although the backbone product of the PKS is expected to be 

the same. Genes of A. melleus pathway were designated as follows: nrPKS 

AmoA (jgi.p_Aspneoa1_171366), FAD-binding domain containing protein AmoB 

(jgi.p_Aspneoa1_140189), O-methyltransferase AmoC (jgi.p_Aspneoa1_ 1140190), 

questin oxidase-like AmoD (jgi.p_Aspneoa1_128829), enoyl reductase AmoE 

(jgi.p_Aspneoa1_171370).

Heterologous expression of the AmoA nrPKS of A. melleus 

pathway yields tetraketides

Expression of nrPKS AmoA alone resulted in the production of two molecules  

by Aspergillus oryzae NSAR1, coined 1 and 2 (Figure 03). Compound 1 has a 

retention time (RT) = 9.59 min, UV max of 199 and 275 nm (Supplementary 
Fig. 01), and does not ionize when using ESI MS. Although the exact mass 

Figure 03.
HPLC chromatogram of extracts from A. oryzae NSAR1 expressing combinations of genes of the 

studied pathway.
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of 1 has not been determined by high-resolution mass spectrometry either 

(HRMS), its UV and NMR data corresponds to published data for orcinol 
(Supplementary Table S01, S2), (34). Compound 2 (RT = 10.8 min, UV max of 

213, 260 and 297 nm, m/z = 167 [M—H]—) was identified as orsellinic acid, with 

its UV, m/z and NMR signatures consistent with available data (Musharraf et 

al., 2015) (Supplementary Table S03, S04). Overexpression of PKS14 of Fusarium 

graminearum that was preformed by S. Jørgensen with colleagues has 

resulted in the production of orcinol and orsellinic acid (33), however, in their 

experimental setup a lot more of orcinol was obtained compared to OA. It is 

not entirely clear whether endogenous enzymes of A. oryzae are performing 

decarboxylation of OA to orcinol, or it is an intrinsic activity of the expressed 

nrPKS AmoA. Given functional characterization of AmoA, we link nrPKS of the 

studied GCF to the production of orsellinates. Production of OA is commonly 

reported for the phylogenetic groups Ia, VIII and IX, and derivatives of OA (3-

MOA, 5-MOA and DMOA) by groups VI, VII (31).

Expression of combinations of pathway genes results in 

seven more molecules

Co-expression of nrPKS AmoA with enoyl reductase AmoE, and nrPKS AmoA 

with FAD-binding domain containing AmoB, questin oxidase-like AmoD, enoyl 

reductase AmoE (Supplementary Table 05) results in compounds 1 and 2 only 
(Figure 03, panels C and D), indicating that these tailoring genes might not be 

able to act on the orcinol and OA polyketide backbones directly, but do so 

after modifications done by AmoC.

	 Co-expression of AmoA with AmoB, O-methyltransferase AmoC and 

AmoD provided two new compounds, coined 3 and 4 (Figure 03E). Since 

compound 1 is not observed in this sample, it is likely that 3 and 4 derive 

from 1, while orsellinic acid 2 remains unmodified by the expressed enzymes. 

Compound 4 demonstrated absence of ionization and the same RT (9.59 

min) as 1, but UV max of 202 and 287 nm, and was elucidated using NMR as 

1,4-dihydroxy-2-methoxy-6-methylbenzene (Figure 04, Data Set S02). The 

NMR data for 4 (Supplementary Data Set S02) shows two meta-coupled aromatic 

protons, a methyl-group, a methoxy-group, two non-carbon bound protons 

(likely to be OH-groups), and 4 quaternary bound carbons.

	 Compound 3 (RT = 8.16 min; UVmax = 201, 274 nm; ionized at 293 

[M-H]— and 295 [M+H]+) has the same UV spectrum as 1 but different RT. The 

exact mass of compound 3 is 294 as determined by HRMS (Supplementary Figure 

02). The elemental composition report (ECR) suggests the chemical formula 

C14H14O7, indicative of a molecule with two benzene rings. The exact structure 

of 3 was not elucidated. The NMR data there are two benzene rings of which 

one corresponds to compound 4, the modified orcinol. 

	 Transformant expressing AmoA (nrPKS), AmoB (Fad-binding 

oxidoreductase), AmoC (methyl transferase), AmoE (enoyl reductase) 

OO HH OH OH

OH

O

1 2 4

OO

O

H

H

6

7
2

1

3

4

5

Figure 04.
Compounds identified in this study. 1 - orcinol, 2 - orsellinic acid, 4 - 1,4- dihydroxy-2-methoxy-6-

methylbenzene.
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produced 2 and 4, and unique molecules 5, 6, 7, 8, 9 (Figure 03F). 2 remains 

unmodified by tailoring genes, which is consistent with data obtained for 

AmoA, AmoB, AmoC, AmoD gene combination described above (Figure 03E). 

Molecule 4 originates from orcinol that undergoes O-methylation by AmoC, 

and hydroxylation to C7 by AmoB. Compound 3 was not found in this sample, 

indicating that 3 is a product of co-expression with AmoD. Compound 5 

bears unique UV spectrum (Uvmax = 193, 266, 373) and ionizes in both modes 

(TIC+: 194, TIC-: 275), likely being a mixture of two compounds based on the 

ionization pattern. Compound 6 bears UV profile similar, but not identical, to 3 

(UVmax = 204, 265) and ionizes in negative mode (TIC-: 319). Compounds 7 and 

8 have the same UV profile with minor differences (UVmax=204, 269, 357 for 

7 and UVmax = 217, 266 for 8). Both 7 and 8 ionize the same way ([M+H]+=319, 

[M-H]—=317, m/z = 318), taken together indicating that these molecules have 

minimal structural differences. Compound 9 (UVmax = 205, 273, 350) ionized 

in both modes, and based on ionization patterns, may actually be a mixture 

of two molecules (TIC+: 304, 425, TIC- : 423), m/z of one of them being 424 
(Supplementary Figure 01).

1,4-dihydroxy-2-methoxy-6-methylbenzene is responsible 

for antimicrobial activity against range of gram-

negative bacteria, and inhibits melanization of zebrafish 

embryos

Disc diffusion assay performed with crude extracts of A. oryzae NSAR1 

transformants demonstrated that extract from culture releasing compounds 

assembled by AmoA+AmoB+AmoC+AmoD inhibited growth of Gram-negative 

and Gram-positive bacteria, namely Escherichia coli DH5a and Bacillus subtilis, 

respectively (Figure 05). Interestingly, crude extracts of strains expressing 

AmoA alone, or AmoA+AmoE did not demonstrate antibiotic activity. None of 

the tested extracts demonstrated antifungal activity when assayed against 

Candida albicans CBS562 (Supplementary Figure 03) and Penicillium rubens 
(Supplementary Figure 04). 

	 The bioactive crude extract was subjected to preparative HPLC, 

and individual compounds were tested for biological activity. It was found 

that 4 corresponds to the antibiotic activity. Bioactive fraction containing 4 

was tested on a panel of clinically relevant strains of bacteria (Figure 06A). 

Compound 4 completely inhibited growth of Stenotrophomonas maltophilia, 

Staphylococcus epidermidis, both Staphylococcus aureus strains MSSA476 and 

+ MeCN+

A B

C

A

C

B

D DD

E —

D DD
MeCNE —

Figure 05.
Disc diffusion assay of crude extracts of A. oryzae NSAR1 assayed against E. coli DH5a cells on the 

left plate and versus B. subtilis on the right plate. Crude extracts correspond to gene combinations 

expressed by A. oryzae are as follows: A - AmoA+ AmoE; B - AmoA + AmoB + AmoC + AmoD; C - AmoA; 

D - AmoE; E - AmoB+AmoC+AmoD; ‘+’ corresponds to 50 ug/mL ampicillin; ‘—‘ corresponds to an 

extract from cultivation media with no fungus inoculated; ‘MeCN’ corresponds to acetonitrile control.
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USA300, A. calcoaceticus. It delayed growth of Enterococcus faecium 15A623, 

E. faecium 16D030, Acinetobacter baumanii, E. coli, and did not affect growth 

of Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterobacter cloacae.

	 We additionally assessed toxicity of 3 and 4 on a zebrafish (Danio 

rerio) embryo model (Figure 06B). Embryos were exposed to compounds 

3 or 4 from 8 hours post fertilization (hpf) to 48 hpf. Both compounds lead 

to demelanized phenotype of the fish embryo, alhough for compound 3 the 

effect is not visible in higher dilutions (Supplementary Figure 05). Compound 4 

leads to pigmentation defect in both dilutions and to protrusion at the tail at 

1:4000 dilution. Additionally, all embryos exposed to compounds 3 and 4 have 

enlarged cardial sac (round formation at the ventral side of the embryo).

Discussion

Proposed pathway from orcinol to 1,4-dihydroxy-2-

methoxy-6-methylbenzene

Expression of AmoA alone results in production of individual molecules 1 and 

2, with no detected dimers (Figure 07). Orcinol 1 has previously been reported 

 

 

 

 

Control Compound 4 1:8000

Compound 4 1:4000Compound 3 1:500

A

B

Figure 06.
A - Growth profile of bacteria with compound 4 overnight, compound 4 is tested in duplicate (F1 and 

F2), 2% DMSO without compound serves as a negative control. B - zebrafish (D. rerio) embryos 48 

hpf exposed to compounds 3 and 4, from top to bottom: control (solvent), 3 1:500 dilution, 4 1:8000 

dilution, 4 1:4000 dilution. Representatives from 10 fertilized embryos are shown.

OO HOH

O

O

H

HOH OO

OH

O OH H
12 4

AmoC AmoB

Figure 07.
Proposed biosynthetic pathway. Positions in molecules that could be possible targets for AmoE are 

highlighted in red.
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to be found when orsellinic acid is produced in the study of Jørgensen with 

colleagues (33). PKS14 of Fusarium graminearum was shown to be expressed 

during plant infection, and promoter swap to a constitutive PgpdA achieved 

production of orsellinic acid and orcinol (33). It was hypothesized, however, 

that decarboxylase FGSG_03965 that is co-regulated with PKS14 is likely to 

catalyze the decarboxylation of orsellinic acid to orcinol. Orsellinic acid BGC 

of A. nidulans contains PKSs AN7907.4 and AN7909.4, decarboxylase AN7911.4 

and tyrosinase AN7912.4, it was demonstrated that sole AN7907.4  activity is 

sufficient to generate OA, although no monoaromatic orcinol was detected 
(35). It was also hypothesized that orcinol is produced by decarboxylation of 

OA in LFF Umbilicaria papulosa and Gliocladium roseum (36). When G. roseum 

was incubated with OA supplemented in the medium, orcinol was found 

to be secreted (36). Moreover, it was demonstrated that during incubation 

of medium containing OA over period of 5 days at 27°C, 20% of OA was 

spontaneously converted to orcinol (36). 

	 Our findings on expression of AmoA alone suggest spontaneous 

decarboxylation of orsellinic acid. We cannot rule out possible activity 

of an endogenous decarboxylase during heterologous expression in A. 

oryzae. Feeding experiments of OA to A. oryzae cultures would be helpful 

to provide more insight on involvement of the endogenous decarboxylase, 

and consequently the mechanism of assembly of OA and orcinol by AmoA. 

Alternatively, bifunctional TE domain of the AmoA may explain  simultaneous 

production of orsellinic acid and orcinol by the nrPKS.

	 Based on structures of molecules identified in this study, mainly 

orcinol becomes a substrate for tailoring genes of the pathway, which 

yields 3, 4, although we cannot state that 5, 6, 7, 8 and 9 derive from 

orcinol exclusively. Due to the fact that gene combinations AmoA+AmoE and 

AmoA+AmoB+AmoD+AmoE result in no modifications to either 1 or 2, these 

results suggest that backbone modifications start after a methyl group is 

attached to oxygen bound to C6 of 1 by O-methyltransferase AmoC. Next, 

FAD-binding domain containing protein AmoB is able to introduce hydroxyl into 

C7 position of O-methylorcinol, resulting in 4 (Fig. 07).

	 It is not clear which molecules are modified by the questin oxidase 

AmoD. Previous studies for enzymes annotated as questin oxidase 

characterized them to be involved in ring-cleaving of anthraquinone-like 

chemical moieties (37). Although structure of 3 was not elucidated completely, 

it indicates possible dimerization of two molecules, one of them being 4.  We 

speculate that AmoD may be involved in formation of 3, but due to the 

absence of conclusive data on structure of 3 no further speculations can be 

suggested. 

	 Co-expression of AmoA, AmoB, AmoC with enoyl reductase AmoE 

is resulting in production of 5, 6, 7, 8 and 9. Interestingly, m/z value of 

compounds 7 and 8 (Supplementary Fig. 01) corresponds to the mass of 

the depside lecanoric acid, and their UV profile is close to the UV profile of 

lecanoric acid standard (30). Because no structural elucidation was performed 

for 7 and 8, no speculations are possible. Further structural studies on 

molecules 3, 5, 6, 7, 8 and 9 are important for establishing roles of individual 

enzymes in the pathway.

1,4-dihydroxy-2-methoxy-6-methylbenzene is a putative 

tyrosinase inhibitor with antimicrobial activity

Lichen orsellinates belonging to the group of depsides and depsidones 

demonstrate a spectrum of biological activities, from photoprotective and 

antioxidant to antimicrobial, antiviral and anticancerous (04). Monoaromatic 
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compounds from lichens also possess various biological activities, including 

cytotoxic (38), antiprotozoal (39), antifungal (39) and antibacterial (40). A 

number of such compounds demonstrated antibiotic activity against antibiotic-

resistant, pathogenic bacteria E. faecium, S. aureus and A. baumannii (41). 

Methyl orsellinate and orcinol are reported to have antibiotic activity against 

S. aureus and E. coli (42) and methicillin resistant S. aureus and Enterococcus 

faecalis, respectively (43). Interestingly, orcinol was not found to be active 

against A. baumannii. We speculate that structural rearrangements of 4 may be 

responsible for making this molecule more potent towards A. baumannii.

	 It has been demonstrated that orcinol decreased intracellular 

tyrosinase activity, melanin content, and the expression of melanogenesis-

related genes, including tyrosinase, in B16F10 murine melanoma cells (44). 

Tyrosinase inhibiting  activity was also reported for a fungal metabolite kojic 

acid (45) and hydroquinone (46). Orcinol cytotoxicity on B16F10 cells was 

not pronounced up to 1.0 mM, when it decreased melanin content and 

tyrosinase activity (44), making this compound promising for skin lightening 

formulations. The mechanism of demelanizing activity of orcinol is mediated 

by downregulation of expression of MITF, a transcription factor that regulates 

melanogenesis, mediated by activation of the extracellular signal-regulated 

kinase (ERK) pathway in cells. 

	 We did not evaluate mechanisms of demelanization of D. rerio embryos 

mediated by 4 in this study. Because structure of 4 is derived from orcinol, we 

speculate that similar mode of action can be underlying demelanizing activity 

of 4. Detailed evaluation of potency for demelanizing activity and cytotoxicity 

of 4 can divert its potential application to comsetics and dermal care for skin 

pigmentation disorders, or as anticancerous agent for treating melanoma.

Materials and methods

•	 Fungal genomes and gene curation. Genome assemblies of Lecanoromycetes were retrieved 

from NCBI database, namely: Cladonia macilenta KoLRI003786 (GCA_000444155.1), Cladonia 

metacorallifera KoLRI002260 (GCA_000482085.2), Cladonia uncialis strain Normore 

8774 (GCA_002927785.1), Evernia prunastri strain FR SP7-11 epruFC11 (GCA_003184365.1), 

Gyalolechia flavorubescens KoLRI002931 (GCA_000442125.1), Pseudevernia furfuracea 

strain AKPM 0122M pfurFC1 (GCA_003184345.1), Ramalina intermedia strain YAF0013 

(GCA_003073195.1), Ramalina peruviana strain YAF0012 (GCA_001956345.1), Umbilicaria 

muehlenbergii strain KoLRI No. LF000956 (GCA_000611775.1), Umbillicaria (Lasallia) pustulata 

(GCA_900169345.1), Umbilicaria pustulata isolate Sardinia_28052013 (GCA_000938525.1). 

Gene prediction for these assemblies was made using Augustus (47) with default parameters, 

gff3  output file type and Aspergillus fumigatus as a training set. BGCs were predicted using 

antiSMASH 4 (https://pubmed.ncbi.nlm.nih.gov/28460038/) with following parameters: 

antismash *.fasta -- gff3 *.gff3 --minimal --verbose --taxon fungi. Predicted nrPKSs with 

conserved domains signature containing starter SAT (PF16073) and protein template PT 

(TIGR04532) were subtracted from the dataset and used for further analysis. nrPKS genes 

were manually curated (Supplementary Data Set 01). 

•	 Alignment and phylogenetic analysis. KS-domain (PF00195.19) guided protein alignment 

was done using Clustal Omega v1.2.4 (48), poorly aligned regions were trimmed using TrimAl 

1.4.rev15 (49). Maximum-likelihood tree was constructed using iq-tree (https://academic.

oup.com/mbe/article/32/1/268/2925592) with following parameters: -bb 1000 -nt AUTO 

-mset LG -alrt 1000 -abayes -m MFP. Ultrafast bootstrapping, approximate Bayes test (50) 

and a Shimodaira-Hasegawa approximate likelihood-ratio test (51) were employed for 

evaluation of tree topology. Resulting trees were visualised using iTOL (52). Alignment and tree 

files are provided in Supplementary Data Set 1. Gene models of C. uncialis g1310, R. intermedia 

g1960 or R. peruviana g2056 were curated to contain correct exon-intron boundaries and are 

likely to be functional.

https://pubmed.ncbi.nlm.nih.gov/28460038/
https://academic.oup.com/mbe/article/32/1/268/2925592
https://academic.oup.com/mbe/article/32/1/268/2925592
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Cloning Extract (SLiCE). Prior to that, one microgram of the pEYA2 entry vector was digested 

overnight with 10 U NotI at 37°C, or pTYGS  destination vector was digested overnight with 

1U SgsI and inactivated for 20 minutes at 65 °C (Thermo Fisher Scientific, Waltham, MA). 

Fragments of the expected size and the linearized plasmid were purified from a 0.8% agarose 

gel or directly from the PCR or digestion mix using a Geneclean II kit (MP Biomedicals, Santa 

Ana, CA). For TAR, S. cerevisiae BMA 64 with a ura3 auxotrophic marker was used. The 

protocol was adapted from (54) with following modifications. Five mL of yeast culture was 

grown at 30°C in YPD (Yeast extract (Difco 212759) - 8 g/L, Bacto peptone (Difco 211677) - 16 

g/L, D(+)-Glucose (Merck 1.08337) - 16 g/L) overnight. Two mL containing approximately 1*108 

cells were transferred to 50 mL YPD in 250 mL Erlenmeyer flask and incubated at 30°C and 

agitation 200 rpm for about 5 hours. Yeast biomass was pelleted for 5 min at 2,000 rpm at 

room temperature, washed with 10 mL sterile water, pelleted again and reconstituted in 300 

μL sterile water. Fifty microliters of resulting cell suspension were combined with 250 μL of 

100 mM DTT (dithiothreitol) and incubated for 10 minutes at room temperature. Yeasts were 

pelleted for 15 sec at 12,000 g and the supernatant was discarded. Pellet was reconstituted 

with 500 μL PLTE solution (for 1 mL: 800 μL 50% PEG 4000, 0.1 mL 1 M LiAc, 20 μL 50 mM 

EDTA, 10 μL 1M TrisHCL pH 7.5 , 70 μL H2O), 8-10 μL of DNA (plasmid and gene fragments in 

equal proportions) and 50 μL of recently boiled salmon sperm DNA (2 mg/mL) and incubated 

for 1 hour at 30°C without shaking. Samples were exposed to heat for 15 min at 45°C, spun for 

15 sec at 12,000 g and resuspended in 1 mL of YPD. After 30 min incubation at 30°C without 

shaking, cells were pelleted for 15 sec at 12,000 g, reconstituted in 200 μL of sterile water and 

plated to synthetic dropout media SDM (20 g/L agar, 20 g/L D-glucose (Sigma-Aldrich, St. 

Louis, MO), 1.92 g/L yeast dropout supplements without uracil (Sigma-Aldrich, St. Louis, MO), 

6.7 g/L yeast nitrogen base without amino acids (Sigma-Aldrich, St. Louis, MO)). 

	 SLiCE was performed in accordance with published protocol (53). Initially, E. coli JM109 

cell extract was prepared by overnight preculturing at 37°C, 200 rpm with subsequent transfer 

of 1 mL to 50 mL LB media for further growth until reaching an OD600 of approximately 

2.0-3.0, taking approximately 6 hours. The cell culture was then centrifuged at 5,000 g for 10 

•	 Strains and culture conditions. Aspergillus melleus CBS112787 and A. oryzae NSAR1 were 

routinely maintained on malt extract agar plates (50 g/L [pH 5.4]; Oxoid). A. oryzae NSAR1 

transformants were maintained on selective Difco Czapek-Dox agar supplied with nutrients 

in accordance with genetic construct: arginine (1 g/L), adenine hemisulfate salt (0.5 g/L), 

methionine (1.5 g/L) and ammonium sulphate (1 g/L ). For the induction of genes under 

PamyB control, transformants were grown at 30°C for 5 days in liquid yeast malt extract 

(YM) medium (3 g/L Difco yeast extract, 3 g/L Difco malt extract, 5 g/L Difco Bacto 

peptone, 10 g/L glucose [Merck, Kenilworth, NJ]), or solid (YMA) with agar (Ferwo 700 agar).

•	 Gene fragments amplification. nrPKS AmoA of A. melleus CBS112787 (JGI accession: jgi.p_

Aspneoa1_17136, 6,270 bp) was constructed synthetically (Twist Bioscience, CA, USA) without 

introns and provided in two parts. Larger 5’ end (4,604 bp) was pre-cloned into Gateway® 

compatible pTWIST vector, and remaining 1,666 bp were supplied as overlapping fragments. 

Complete gene was assembled into pTWIST vector using SLiCE (53).  

	 Tailoring genes AmoB (jgi.p_Aspneoa1_140189, 1,473 bp), AmoC (jgi.p_Aspneoa1_1140190, 

1,335 bp), AmoD (jgi.p_Aspneoa1_128829, 1,482 bp) were synthesised without introns into 

pTWIST vectors (Twist Bioscience, CA, USA), which served as PCR template for genes 

amplification. ER gene (jgi.p_Aspneoa1_171370, 855 bp) contains no introns and therefore 

was amplified from gDNA of A. melleus.  

	 Genes were amplified using polymerase chain reactions (PCR) using PhusionTM 

High-Fidelity DNA polymerase (Thermofisher Scientific, Wilmington DE), according to 

the manufacturer’s protocol and with annealing of the primers at 60°C for 1 minute 

(Supplementary Table S06). The PCR products from the amplified genes were purified 

using either the Geneclean® II Kit (MPbio, Solon, OH, USA) for those intended for yeast 

transformation, or the NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel) for 

those designated for SLiCE or BP Gateway®-cloning (Invitrogen), following the respective 

manufacturer’s protocols.

•	 Vector construction. Genes were cloned into vectors were cloned into plasmids using 

either  transformation-associated recombination (TAR) in S. cerevisiae, or Seamless Ligation 
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nanograms of total RNA underwent cDNA synthesis with oligo(dT) primers and GoScript 

reverse transcription (RT) mix (Promega, Madison, WI) following the manufacturer’s 

instructions. To validate gene expression in A. oryzae transformants, primers specific for the 

A. melleus genes and A. oryzae H2B gene (Supplementary Table S06) were used with GoTaq 

DNA polymerase (Promega, Madison, WI) according to the manufacturer’s protocol.

•	 Extraction of metabolites and HPLC-MS analysis. Liquid culture after 5 days of cultivation 

(300 mL YM medium supplemented with starch in 1L Erlenmeyer flask, 28°C, 200 rpm) 

were separated to supernatant and mycelium by filtration. Supernatant was mixed with 

ethyl acetate in 1:1 proportion. To facilitate the migration of compounds, the medium was 

acidified by the addition of 0.1 mL of 37% HCl per 100 mL. After at least 1 hour of extraction 

with ethyl acetate and shaking, samples were centrifuged at 6,000 rpm for 10 minutes to 

separate the organic and aqueous phases. The organic phase was carefully transferred to a 

sterile 50 mL tube. Following the removal of the organic phase, the extraction process was 

repeated twice, first with ethyl acetate and then with 2-butanone. The organic phase from 

each extraction round was evaporated under nitrogen flow. The dried compounds were 

pooled together and reconstituted in 500 μL of acetonitrile. These crude extracts were 

then stored at -80°C until further use.

•	 Compounds purification. Preparative HPLC (prepHPLC) was conducted utilizing a Shimadzu 

CBM-20A controller, a Shimadzu LC-20AP pump, and a Shimadzu FRC-10A fraction collector, 

all equipped with a C18 reversed-phase Reprosil column (10 μm, 120 Å, 250 × 22 mm). Buffer 

A consisted of MQ with 0.1% TFA, while buffer B comprised HPLC-grade acetonitrile with 

0.1% TFA. Organic extracts from fungal cultures were subjected to prepHPLC following this 

program: 5% buffer B for 5 min, a linear gradient from 0% to 95% B over 25 min, 95% B for 

5 min, and finally 100% buffer A for 5 min, wuth a flow rate of 12.5 mL/min. Analysis of results 

was performed using LabSolutionsTM software (Shimadzu Corporation).

•	 Structural elucidation. 

HRMS. High-resolution mass spectrometry (HRMS) was conducted using an LCT 

instrument (Micromass Ltd, Manchester, UK) to ascertain the precise mass of the extracted 

minutes at 4°C, and the resulting pellet was washed and resuspended in diluted and buffered 

Cell Lytic B cell lysis reagent. After centrifugation at 20,000 g for 2 minutes at 4°C, further 

steps were conducted on ice. The supernatant was mixed with glycerol, aliquoted, snap-

frozen in liquid nitrogen, and stored at -80°C. For SLiCE reaction, 1 μL of SLiCE 10x buffer was 

mixed with 1 μL of E. coli cell extract and DNA containing 10-100 ng of linear vector (CIAP-

treated) and 20-200 ng of DNA fragments. The mixture was adjusted to a final volume of 10 

μL with nuclease-free water, incubated at 37°C for 30 minutes, and then transformed into 

heat-shock competent E. coli DH5a (Invitrogen) according to the manufacturer’s protocol. 

	 SLiCE was used to clone AmoE gene (ER, jgi.p_Aspneoa1_171370, 855 bp) into 

pEYA2 entry vector, which was propagated in E.coli DH5a. Homologous recombination 

in yeast was used for genes AmoB, AmoC, and AmoD to create destination vector 

pTYGSarg::AmoB::AmoC::AmoD. One Shot ccdB Survival 2T1 E. coli cells were used to 

propagate pTYGS vector, unless indicated otherwise. Expression vectors were constructed 

using LR Gateway®  cloning (Invitrogen), using pEYA2::AmoA or pEYA2::AmoE as entry vectors 

and pTYGSarg::AmoB::AmoC::AmoD or pTYGSade as destination vectors, respectively.

•	 Construction of expression vectors. Expression vectors were obtained via Gateway® 

cloning (Thermo Fisher Scientific, Waltham, MA). Seventy nanograms of the pEYA2::AmoA 

entry vector and 100 ng of the pTYGSarg::AmoB::AmoC::AmoD destination vector were 

mixed with 1 μL of the Gateway LR Clonase II enzyme in 10 μL final volume, and the reaction 

mixture was incubated at 25°C overnight. After inactivation according to manufacturer’s 

protocol, entire reaction was transformed into heat-shock competent E.coli DH5a.

•	 Transformation of A.oryzae NSAR1. A.oryzae NSAR1 was transformed according to 

previously described procedure  (31). 10 μg of vector was used to transform approximately 

1*107 * mL-1 protoplasts. Each transformation reaction was spread to four square plates 

(Greiner) and incubated at 28°C for 5-8 days until germination of transformants.

•	 Nucleic acid isolation, RT-PCR. RNA was isolated using Trizol (Thermo Fisher Scientific, 

Waltham, MA) following previously described procedure (31), and cleanup was performed 

according to NucleoSpin RNA extraction kit (Macherey- Nagel, Allentown, PA). Five hundred 
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37°C incubator overnight. For anti-fungal activity assay, 500 μL of P. rubens spores in sterile 

H2O were plated onto MEA plates (Malt extract agar, Oxoid cm59), or 550 μL of C. albicans 

CBS562 cells were plated onto Sabouraud dextrose agar (Difco 210950). Following this, 

the plates were air-dried, and crude extract disks were placed onto the surface of agar. P. 

rubens plates were incubated at room temperature for 3 days, while C. albicans plates were 

incubated at 35°C for 1 day.

compounds. Calibration was achieved using sodium formate (NaFor), and samples were 

measured in conjunction with NaFor. 

NMR. 1H NMR (600 MHz) and 13C NMR spectroscopy (151 MHz) were conducted on a Bruker 

600 spectrometer. Proton chemical shifts are reported in parts per million relative to 

tetramethylsilane and referenced to residual protium in the solvent (1H NMR: DMSO-d6 

at 2.50 ppm). Carbon chemical shifts are reported in parts per million relative to 

tetramethylsilane and referenced to the carbon resonances of the residual solvent peak 

(13C NMR: DMSO-d6 at 39.52±0.06 ppm). NMR spectra were analyzed using Mnova software 

14.2.3 (MestreLab).

•	 Bioassays: bacteria, zebrafish embryos. Bacterial strains of Enterococcus faecium 

16D030 (vancomycin resistant), Enterococcus faecium 15A623 (vancomycin succeptible), 

Enterobacter cloacae, Escherichia coli, Pseudomonas aeruginosa, Klebsiella 

pneumoniae, Acinetobacter baumanii, Acinetobacter calcoaceticus, Staphylococcus 

aureus MSSA476 (methicillin resistant), Staphylococcus aureus USA300 (methicillin 

succeptible), Staphylococcus epidermis, Stenotrophomonas maltophilia were used. E. 

coli, Staphylococcus sp., Pseudomonas sp. and Klebsiella sp. were grown in MHB (Oxoid, 

CM0405B), the other strains were grown in TSB (Oxoid, BO0351R). 

	 50 µL of fraction containing compound 4 was mixed with 150 µL DMSO, and 10 µL of 

this mixture was loaded to the well of 96-well plate (Corning) containing 90 µL of media 

and 100 µL of culture grown till OD 0.4-0.6 and diluted 100 times. Growth of bacteria was 

performed in a Multiskan FC plate reader (ThermoFisher) and monitored in a course of 16h 

using OD600 as a readout. Plane media with DMSO was used as control.

•	 Disc diffusion assay. To evaluate the antibacterial activity of the crude organic extracts, 

disc diffusion assays were conducted. Overnight cultures (500 µL) of E. coli DH5a or B. 

subtilis were spread into Luria Agar (LA) plates (per 1L: 10g tryptone (Oxoid LP0042), 5 g 

yeast extract (Difco 212750), 5 g sodium chloride (NaCl) (Baker 0278), 0.02 g thymine (Sigma 

T-0376), 15 g agar bacteriological (Oxoid L11)), and air-dried. Sterile Whatman discs soaked 

with 75 uL of extract were applied to the surface of the plate. Cultures were placed to 
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Supplementary materials

δH 600 MHz DMSO-d6

Literature dataa

δh 400 MHz DMSO-d6

2.10, s, 3H 2.10, s, 3H

5.99, t (2.2 Hz), 1H 5.97, t, 1H

6.01, d (2.1 Hz), 1H 6.05, d, 1H

9.01, s, 2H 9.03, s, 2H

Supplementary Table S01.  
1H NMR data for compound 1, orcinol.

a(34)

1H NMR (600 MHz, DMSO) δ 2.10 (s, 3H), 5.99 (t, J = 2.2 Hz, 1H), 6.01 (d, J = 2.1 Hz, 1H), 9.01 (s, 1H).

Position

A

B

C

—OH

δc 150 MHz DMSO-d6

Literature dataa

δc 100 MHz DMSO-d6

21.22 21.22

99.70 99.75

107.03 107.09

139.11

158.21

139.19

158.22

Supplementary Table S02.  
13C NMR data for compound 1, orcinol.

a(34)

13C NMR (151 MHz, DMSO) δ 21.22, 99.70, 107.03, 139.11, 158.21.

Position

1

2

3-4

5

6-7

Supplementary Data Set 01. Curated protein sequences of reference and newly identified nrPKSs 

from genomes of LFF, alignment and tree files. Available on request.

1H NMR (600 MHz, DMSO-d6) δ 2.39 (s, 3H), 6.12 (d, J = 2.4 Hz,, 1H), 6.18 (d, J = 2.5, 0.8 Hz, 1H), 

10.05 (s, 1H), 12.00 (s, 1H), 13.33 (s, 1H)
b Musharraf et al., 2015 (55)

δH 600 MHz DMSO-d6

Literature datab

300 MHz DMSO

2.39, s, 3H 2.39, s, 3H

6.12, d (2.4 Hz), 1H 6.10, d, 1H

6.18, dd (2.5 Hz), 1H 6.16, d, 1H

Supplementary Table S03.  
1H NMR data for compound 2, orsellinic acid.

Position

A

B

C

δc 151 MHz DMSO-d6

Literature datab

75 MHz DMSO

23.37 23.4

100.39 100.3

110.7

161.5

104.71 104.9

142.6

164.2

142.80

164.35

110.90

161.88

172.9173.17

Supplementary Table S04.  
13C NMR data for compound 2, orsellinic acid.

13C NMR (151 MHz, DMSO-d6, δ 23.37, 100.39, 104.71, 110.90, 142.80, 161.88, 164.35, 173.17
b Musharraf et al., 2015 (55)

Position

1

2

3

4

5

6

7

8



5

226 227

Chapter 5
Evolution-informed discovery of a novel 

antibiotic compound from Aspergillus melleus

ID
Ge
no
ty
pe

Ge
no
ty
pe
 (
Ba
se
d 
on
 E
xp
re
ss
io
n)

Co
mp
ou
nd
s 
id
en
ti
fie
d

B
 

 C
 

 D
 

 E  F

Am
oA

Am
oA

1, 
2

Am
oA

, A
m

oE
Am

oA
, A

m
oE

1, 
2

Am
oA

, A
m

oB
, A

m
oC

, A
m

oD
, A

m
oE

Am
oA

, A
m

oB
,  

   
   

  ,
Am

oD
, A

m
oE

1, 
2

Am
oA

, A
m

oB
, A

m
oC

, A
m

oD
Am

oA
, A

m
oB

, A
m

oC
, A

m
oD

3,
 4

, 2

Am
oA

, A
m

oB
, A

m
oC

, A
m

oD
, A

m
oE

Am
oA

, A
m

oB
, A

m
oC

,  
   

   
  ,

Am
oE

2,
 4

, 5
, 6

, 7
, 8

, 9

Su
pp

le
me

nt
ar

y 
Ta

bl
e 

S0
5.

  
G

en
et

ic
 b

ac
kg

ro
un

d 
of

 tr
an

sf
or

m
an

ts
 a

nd
 c

om
po

un
ds

 id
en

tifi
ed

 in
 th

ei
r c

ul
tu

ra
l l

iq
ui

d.

Number

Number

Primers used for amplification of genes from Twist plasmids for cloning

Primers used for screening of gene expression

Name

Name

Sequence

Sequence

AmoD-F

E-AmoC-F

A. oryzae H2B F

TCGACTGACCAATTCCGCAGCTCGTCAAAGGATGGCGCTCGAATTAGCCTCCACCTCTGAA

CCGAAGACATCCTCTACCGC

GCTGCTGCCTCTGGTGAC

AmoD-R

E-AmoC-R

A. oryzae H2B R

AGGTTGGCTGGTAGACGTCATATAATCATACGGCTACAACTTATTCACCAACCCCCCAGTTCGC

GCCGCCAACATGAAGTGATC

GTGCCTTCCGACACAGCATGC

AmoE-F

E-AmoD-F

ACTTTGTACAAAAAAGCAGGCTCCGCGGCCACCTCCTTCCAACACCGATCCAGAATTG

AmoE-R TGGGTCGGCGCGCCTGTTTAAACTGCGGCCCTACAGCTTCATGCCCGCATTCGTCTCCGC

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18
 
19

20

AmoB-F

E-AmoA-F

TCTTTCAACACAAGATCCCAAAGTCAAAGGATGCCCCTCTCTATCGCGATCGTCGGC

CGCACTCGATGAAAAGCTCG

CCACCACATCTTCACCACGA

AmoB-R

E-AmoA-R

E-AmoD-R

CATTCTATGCGTTATGAACATGTTCCCTGGTCACGCCGTAGTCTCCTGTCCATAAGCCG

TCTGCCTTCGGAATCAACCC

GAGGGAGGGTTCAGCTAGAG

AmoC-F

E-AmoB-F

E-AmoE-F

AACAGCTACCCCGCTTGAGCAGACATCACCGGATGTCGCTCGAGTCTCTAGCATCCACCATC

AGCTCGATGCGGAAGAG

CTTCCAACACCGATCCAGAATTG

AmoC-R

E-AmoB-R

E-AmoE-R

ACGACAATGTCCATATCATCAATCATGACCGGTCACTGAAATTGGAACTCTAACAACGACTG

CCACCCTGACGCTAGACATC

CTTTGTGCAGCTCAGAGGTT

Supplementary Table S06. 
Primers used in this study.
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Supplementary Figure 01.
Structures, UV maxima and MS data for compounds identified in this study.

Supplementary Figure 02.
A: HRMS of compound 3. Observed masses: 295 [M+H], 317 [M+Na], 589 [2xM+H], 611 [2xM+Na]. 

B: Elemental composition report.
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Supplementary Figure 03.
Disc diffusion assay of crude extracts from A. oryzae transformants against Candida 
albicans, incubation for 1 day at 35°C. Disk diffusion assays against C. albicans were performed 

using extracts on disks derived from A) the initial metabolite extraction and B) the subsequent 

metabolite extraction. C) An overview of the extracted compounds on disks is provided. 5.1 

correspond to AmoA+AmoB+AmoC+AmoD co-expression, 4.1 and 4.2: AmoA+AmoE, 6.1: AmoA, 

8.3, 8.8 nd 8.8 to AmoE expressed alone, 10.1 to AmoB+AmoC+AmoD; + denotes the positive 

control (amphotericin B), YMA (extract from uninoculated YMA medium), and - indicates the 

negative control (acetonitrile).

Supplementary Figure 04.
Biological assays of crude extracts from A. oryzae transformants against Penicillium rubens 
for 2 days at room temperature. Disk diffusion assays were performed against P. rubens using 

extracts from A) the first metabolite extraction and B) the second metabolite extraction. Extracts 

were applied onto disks, layout of disc distribution is represented in blue. 5.1 correspond to 

AmoA+AmoB+AmoC+AmoD co-expression, 4.1 and 4.2: AmoA+AmoE, 6.1: AmoA, 8.3, 8.8 nd 8.8 to 

AmoE expressed alone, 10.1 to AmoB+AmoC+AmoD. The controls: Amp (50 mg/mL ampicillin in LB), 

FZ (fungizone, positive control), YMA (extract from uninoculated YMA medium), and - (acetonitrile).
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Supplementary Figure 05.
Zebrafish (D. rerio) embryos 48 hpf exposed to dilutions of compounds 3 and 4, or control 

(solvent). Compound 3 does not demonstrate demelanizing activity at 1:1000 dilution (left). 

Compound 4 does not demonstrate protrusion of the tail at 1:8000 dilution, but still exhibits 

demelanizing activity (right).
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NMR data for compounds 1, 2, 4.
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Product	2:	orsellinic	acid
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NMR data for compounds 1, 2, 4 (continued).



237

6. General 
discussion  
and summary

237



6

238 239

Chapter 6 General discussion and summary

that fungi tend to harbour more biosynthetic pathways than the reported 

molecules for any given species. This trend extends to entire fungal taxa, 

revealing an unexplored and untapped biosynthetic potential. Chapter 2 

illustrates that this potential particularly applies to Lecanoromycetes. This 

fungal class not only possess highest amount of BGCs predicted per genome 
(8), but also analyses of the fungal chemical space show that ions registered by 

LCMS/MS in lichen extracts (04) further confirm that the molecules produced 

by lichens differ from those of other fungal groups (Fig. 01).

Evolution-guided prioritization of pathways for 

functional studies

Given the abundance of predicted BGCs in fungal genomes, including 

The present thesis aimed at the discovery of novel chemistries derived from 

genomes of lichenizing fungi. Our findings highlight the vast biosynthetic 

potential of lichen-forming fungi and underscore the importance of genomics 

in unraveling the diversity and functionality of their secondary metabolites 

(Chapters 2-5). Through phylogenetic analyses and comparative genomics, we 

revealed evolutionary relationships and  established functional annotations for 

two of these gene clusters (Chapters 3, 5). Our suggestions on possible roles 

of studied enzymes from biosynthetic pathways would hopefully contribute 

to a comprehensive database of reactions and associated proteins from 

these fungal biosynthetic pathways. This catalogue could be instrumental in 

biochemical engineering and the rational design of valuable molecules.

Fungi as a source of fine chemicals 

Fungi exhibit a remarkable chemical diversity, and their secondary metabolites 

often possess unique and complex structures that are challenging to synthesize 

using conventional chemical methods (01). Biological synthesis of a complete 

or even partial path of chemical rearrangements necessary to obtain a target 

molecule offers sustainability benefit over traditional, large-scale chemical 

processes. The microbial production of drugs such as some antibiotics, statins, 

insulin, and enzymes has proven to be economically favourable (02). From the 

1940’s of past century until now large scale production of penicillin is achieved 

by fermentation of strains of Penicillium sp., which is still advantageous 

compared to the chemical synthesis (03). An increasing number of fungal 

genomes are being sequenced annually, including the efforts within the frame 

of the 1000 fungal genomes project (https://1000.fungalgenomes.org/). 

Genomic studies on biosynthetic pathways of fungi (05, 06, 07) revealed 

Figure 01.
(adapted from (04)). 24,595 known compounds of fungal and bacterial origin organized in PCA,

coloured regions sized in proportion to the number of compounds. Natural product scaffolds are 

distinct for bacteria and fungi, but also they are distinct between fungal taxonomic groups.

https://1000.fungalgenomes.org/
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insight into the encoded potential of lichenizing fungi, enabling the putative 

assignment of several nrPKSs belonging to the same gene cluster family (GCF) 

to their respective backbones.

	 Evolutionary perspective on SM pathways allows dereplicating pathways 

efficiently, and also provides perspective on evolutionary relationship 

between pathways. As described in Chapter 3, we found that LFF nrPKSs 

of Group XI are positioned as a sister clade to the group V that is producing 

antraquinones. Group XI nrPKSS are distant to group IIa that are known to 

assemble ATHN and are involved in the production of melanin (Chapter 3, Fig. 

01). Relation to melanin pathway is also evident from the fact that Group XI 

BGCs, including asparvulenone pathway contain paralogs of SCD1 and THNr 

tailoring genes that also occur in DHN melanin pathway (16) and cladofulvin 

pathway (17). In Chapter 4, we further speculated about possible relationship 

between the group XI asparvulenone pathway and the botryosphaerones 

pathway identified in Neofusicoccum parvum (18, 19). Additionally, Kim with 

co-authors (20) discussed similarities between the asparvulenone pathway 

and the naphthoquinone cristazarin pathway of Cladonia metacorallifera. 

nrPKS of cristazarin pathway crz7 is distinct but close to group IIa nrPKSs, 

unlike APR1. The genetic context around crz7 is similar to APR1 and includes an 

NMR-like transcriptional regulator crz3, O-methyltransferases crz1 and crz2, 

an enoyl reductase crz5, an oxidase crz8 and a short-chain dehydrogenase 

crz9 (https://doi.org/10.1371/journal.pone.0287559). However, BLAST 

analysis demonstrated that none of the crz genes emerged as the top hits 

for the APR genes within the naphthalenone BGC, and vice versa (20). We 

cautiously propose that similarity of gene context around APR1 and crz7 could 

be a result of a convergent evolution, or an ancestral duplication followed by 

diversification and recruitment of similar kinds of tailoring genes.  

	 We speculate that nrPKSs of melanin, asparvulenone and cladofulvin 

genomes of Lecanoromycetes, there is a necessity for strategic prioritization 

in selecting BGCs for functional characterization. Phylogenetic studies are 

often used to link a pathway to a compound in LFF (09), as limited growth of 

mycobionts in culture hampers genetic manipulations, which in turn prevents 

using conventional methods like gene deletion or overexpression for gene-to-

function assignment. In this thesis, we utilized phylogeny-informed predictions 

to deduce the function of a non-reducing polyketide synthase (nrPKS) for 

dereplication of nrPKS pathways. The selected pathway was considered part 

of a broader set of related pathways, a gene cluster family (GCF). Our strategy 

extended beyond predicting what a pathway could assemble based solely on 

phylogeny, as it also involved functional characterization of pathway genes 

using heterologous expression. 

	 We used A. oryzae NSAR1 as a heterolgous host. This strain has a 

proven track record of successful cases of usage as a heterologous host for 

functional characterization of SM pathways in fungi (10, 11, 12). Additionally, 

a convenient toolkit for heterolgous expression has been developed for 

this species (13, 14).  Furthermore, A. oryzae NSAR1 has a silent metabolite 

background, which significantly simplifies identification of a newly produced 

compound and downstream purification. Heterologous expression as a 

methodology to investigate lichen pathways has proven difficult (15), and no 

successful expression of a pathway from LFF was achieved using A. oryzae 

as a host. To avoid possible challenges with heterolgous expression in A. 

oryzae NSAR1, we sought for orthologs of the identified lichen nrPKS within 

Ascomycota, retrieved entire BGCs that contain those orthologs, and chose 

a pathway that originates from a non-lichen genomes for heterologous 

expression. This resulted in the discovery of phylogenetically distinct nrPKSs 

that were successfully characterized and assigned to the naphthalenone 

pathway (Chapters 3 and 4) and orsellinates pathway (Chapter 5). It provided 

https://doi.org/10.1371/journal.pone.0287559
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identified AT4HN to be a major product. We speculate that the deacetylating 

activity of the TE domain of Apr1 coupled with spontaneous C-O cyclization 

is a possible mechanism underlying the formation of 6,8-dihydroxy-

3-methylisocoumarin. Chain length variation occurs for fungal nrPKSs. 

During heterologous expression of TerA of Aspergillus terreus in Aspergillus 

niger FGSC A1144, the nrPKS under control of PamyB promoter simultaneously 

produced three polyketides with varying chain length: orsellinic acid, 

6,7-dihydroxymellein, and 4-hydroxy-6-methylpyranone (21). A study 

by Watanabe and Ebizuka (22) demonstrated that Pks1 of Colletotrichum 

lagenarium is producing the tetraketide orsellinic acid, two pentaketides  

a-acetylorsellinic acid and THN, and a hexaketide ATHN when heterologously 

expressed in Aspergillus oryzae. It was hypothesized that during the 

condensation reaction, TE domain is performing interception of the polyketide 

chain from the acyl carrier protein (ACP) domain, resulting in polyketides with 

varying chain length (22). Domain swapping studies on the Pks1 gene of C. 

lagenarium have demonstrated that Pks1 is a hexaketide ATHN synthase with a 

bifunctional TE domain. Deacetylation coupled with cyclization by this domain 

releases a pentaketide THN, but not a pyrone. At the same time, samples with 

truncated Pks1 enzyme with no TE domain did accumulate a pyrone exhibiting 

C-O cyclization (23). Pyrones have been reported to be produced in smaller 

proportions to the main backbone by PKSs with inactivated thioesterase (TE) 

domains, however their polyketide chain length matches that of the main 

backbone (24), unlike the chain length of 6,8-dihydroxy-3-methylisocoumarin 

in regards to AT4HN. 

	 Alternatively, it can be speculated that the nrPKS Apr1 may have  

produced 6,8-dihydroxy-3-methylisocoumarin due to the expression 

strength that is disproportional to the available pool of malonyl-CoA. This 

disproportionality resulted in the incorrect incorporation of acetyl-CoA and the 

pathways are the outcomes of ancestral duplication which was followed by 

pathway specialization. However, the manner of recruitment of tailoring genes 

in different pathways remains unclear. We suggest that APR5 and APR6 genes 

are likely the result of ancestral duplications of ARP1-ARP2 gene pair of the A. 

fumigatus DHN pathway (Chapter 3, Fig. 03).

	 While our goal was to discover novel chemical backbones through 

phylogeny-informed dereplication we did find already reported backbones 

AT4HN (Chapter 3), orcinol and orsellinic acid (Chapter 5). This suggests 

that the chemical space of non-reduced polyketides in LFF may have been 

exhausted. However, our investigation of the A. melleus pathway in Chapter 

5 yielded a novel molecule with antimicrobial properties. Consequently, we 

propose a shift in focus towards exploring the functions of tailoring genes 

encoded within polyketide pathways. Libraries of tailoring genes acting on 

diverse backbones produced by fungi could be used as an alternative to 

combinatorial chemistry, a combinatorial biocatalysis. Apart from delivering 

new potentially bioactive molecules, this approach will generate knowledge 

on functions of diverse groups of tailoring genes, their substrate specificity, as 

sturcture-to-activity data for modified chemical scaffolds. This knowledge can 

be used to engineer synthetic pathways to valuable molecules in commercially 

established strains for microbial production of drugs. 

Two products released by the same nrPKS

	 In Chapter 3, the pathway identified in A. parvulus genome was 

assigned to the production of naphthalenones asparvenone and parvulenone. 

nrPKS Apr1 produced the hexaketide AT4HN and a pentaketide 6,8-dihydroxy-

3-methylisocoumarin simultaneously when expressed in A. oryzae, and we 
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fungi can be successfully cultivated and manipulated in laboratory conditions. 

Heterologous expression allows accessing to pathways from culturally non-

amenable strains of fungi, and pathway refactoring enables high expression 

of genes in a validated heterologous host. A spectrum of hosts have been 

engineered for heterologous expression, such as Saccharomyces cerevisiae 
(30), Pichia pastoris (31), Aspergillus niger (32, 33), Aspergillus oryzae (34, 

35) including A. oryzae NSAR1 (36), Aspergillus nidulans (37). Moreover, 

engineering of a completely novel pathway from genetic parts of organisms 

from different kingdoms is a viable approach to generate molecules of 

interest (38). Catalogues of tailoring genes activities could be beneficial when 

designing biosynthetic pathways for molecules that, for example, require to be 

derivatised in a non-natural way. 

production of the pyrone. Increased acetyl-CoA precursor supply in S. cerevisiae 

resulted in a 60% increase in the production of 6-MSA (25). To explore this 

hypothesis, Apr1 could be expressed under a promoter with reduced strength 

compared to PamyB, or intracellular malonyl-CoA pool availability could be 

optimized.

	 In Chapter 5, we consider the potential decarboxylating function of the 

TE domain in the A. melleus nrPKS AmoA. AmoA releases orcinol and orsellinic 

acid polyketides, which was earlier reported for nrPKS of F. graminearum, 

PKS14 (26). However, it is hypothesized that a decarboxylase encoded in the 

F. graminearum pathway is required for decarboxylation of the orsellinic acid 

into orcinol. In case of AmoA expression, possible activity of an endogenous 

decarboxylase in A. oryzae during heterologous expression cannot be ruled out. 

At the same time, it was reported that orsellinic acid can be converted into 

orcinol spontaneously, or by supplementing cultures of Gliocladium roseum with 

orsellinic acid (27). As with nrPKS Apr1, a possible dual function of the TE domain 

may explain  simultaneous production of two backbones by a single nrPKS. 

Heterologous expression as an efficient strategy that 

gives access to the encoded potential of fungi

Power and limitations of the approach.

	 Identifying the desired bioactive compounds not only can pose 

challenges, but obtaining an ample amount of biological material for the 

isolation and characterization of bioactive natural products may present 

additional difficulties (28). Producers of compounds can lose their producing 

potential over time (29), or their biosynthetic machinery may not support 

production of high amounts of the product of interest. Additionally, not all 

Figure 02.
Purple coloured molecule produced during heterologous expression of A. melleus pathway  

in A. oryzae. 
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Chapter 5 could be attributable to the activity of an endogenous decarboxylase 

of A. oryzae NSAR1. 

	 Molecules produced through pathway dissection, such as by employing 

heterologous expression, may not necessarily represent the intended products 

of a given pathway. However, these molecules can still hold value as they might 

exhibit valuable biological activity, or pigmentation. During purification of 

molecules generated during heterologous expression of the A. melleus pathway 

in Chapter 5, we have identified a fraction containing a bright purple metabolite 
(Fig. 02). Unfortunately, despite bright coloration when dissolved in a solvent, 

the quantity of the actual molecule was minute and obtained NMR signal was not 

robust enough to propose any structural features for this pigmented molecule.

Would BGC mining provide us new chemistries? 

Studies on SMs of fungi often report new molecules and characterize their 

biological activities against a few common targets. Although these studies 

undoubtedly have a scientific value, it is often not possible to get physical 

access to or reuse those molecules for assays against uncommon targets 

elsewhere, or physically incorporate into high-throughput screening programs. 

This represents a significant missed opportunity. This valuable data can be 

curated and compiled into a database, which can then be leveraged by artificial 

intelligence (AI) algorithms to analyze correlations between bioactivity and 

chemical structure. By identifying molecules registered as natural products and 

previously tested for activity, AI could suggest potential bioactive compounds 

for further investigation. Liu with co-authors trained a neural network on ~7500 

molecules that demonstrated growth inhibiting activity towards Acinetobacter 

baumannii, a pathogenic bacteria that often presents with multi-resistance 

	 Polyketides and terpenes require acetyl-CoA and malonyl-CoA as their 

building blocks. The cellular pool of malonyl-CoA could be rate-limiting for 

production of the metabolites (39). It is plausible that under circumstances 

such as unnaturally high expression, PKSs may derail the assembly process 

by incorporating one acetyl-CoA instead of one malonyl-CoA, leading to the 

generation of pyrones upon completion of cyclization. When dealing with 

expression of NRPSs, availability of non-proteinogenic amino acids could 

impact efficiency of production of a target molecule. 

	 Cloning of selected pathways into vectors may appear seemingly 

simple and straightforward, but could easily become complicated and delay 

functional studies. This challenge could be addressed by reducing the cost of 

gene synthesis, making it more financially feasible. Ideally, vendors could supply 

constructs assembled into vectors that are ready for cloning and then for 

transformation in reasonable time.

Artifacts during heterologous expression.

	 In Chapter 4, when we achieved heterologous expression of the entire 

gene set from this pathway in A. oryzae NSAR1, we discovered a novel derivative, 

asparvulenone, among other metabolites that were not further characterized. 

This could potentially be an artifact resulting from the disproportionally strong 

expression of the genes due to the refactoring of the pathway for expression 

in a heterologous host. While a comprehensive investigation of all metabolites 

produced by A. parvulus in a time course was not conducted, we cannot rule 

out the possibility that a the identified intermediate molecule, 6-methyl-1-

ethylasparvulenone, may be produced in smaller quantities by A. parvulus. 

Notably, this compound has not been reported in databases like Natural 

Products Atlas (40), the Dictionary of Natural Products (41), and other databases 

that were sought. Likewise, observed production of orcinol from orsellinic acid in 
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(42). This has led to the discovery of abaucin, a molecule with narrow-spectrum 

activity against A. baumannii, which structure was proposed by the neural 

network. Deep learning approach utilised by Wong with co-authors (43) 

screened curated database of 39312 molecules with reported antibiotic activity 

and cell toxicity, and predicted antibiotic activity and human cell toxicity for 

12076365 molecules. After 283 of those molecules were physically tested, a 

new structural class of antibiotics was proposed based on common structural 

features of assayed molecules (43). Current developments and challenges in 

AI-assisted natural product drug discovery are reviewed in (44).

	 Although we used evolution-guided approach to dereplicate 

biosynthetic pathways, we seem to discover pathways leading to already 

reported backbone. This suggests that the chemical diversity within non-

reduced polyketides sourced from the genomes of lichenizing fungi is nearly 

exhausted. However, even known backbones can yield new molecules with 

potential antibiotic properties by altering their structural arrangement. Finding 

and utilizing a structurally less novel molecule may delay the onset of antibiotic 

resistance if the new derivative affects different, or even new, cellular target.

	 The information on pathways, activity and chemical structures of 

fungal natural products could be used as a training dataset for AI applications 

in order to identify and develop potential NP-derived bioactive structures. It 

could be advantageous to integrate proposals for new antibiotic structures with 

pathways for their production by biocatalysis. This requires a comprehensive 

catalog of tailoring genes with defined functions, thereby directing attention 

from exploring natural product backbones and mature molecules towards the 

chemical space of derivatives enabled by tailoring reactions. This approach 

essentially represents AI-assisted combinatorial chemistry in vivo, which has 

potential to deliver novel bioactive molecules sustainably, and is leveraging input 

curated by evolutionary pressures.
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Summary

Secondary metabolites (SMs) are biosynthesized by plants and microbes 

and often possess biological activities that can be applied in medicine and 

biotechnology. Increasing amount of sequenced fungal genomes and genomic 

studies highlighted that biosynthetic potential of fungi is not fully exploited. In 

Chapters 1 and 2, we reviewed the encoded potential of Lecanoromycetes to 

produce secondary metabolites (SMs), with particular expansion of encoded 

pathways for polyketides in their genomes. 

	 In the current thesis, we explored the chemical space of non-reduced 

polyketides produced by BGCs encoded in the genomes of Lecanoromycetes. 

We used heterologous expression as a strategy to access the encoded potential 

of lichenizing fungi to produce potentially bioactive molecules. Because high 

number of encoded pathways per genome, we had to prioritize pathways for 

functional characterization using heterolgous expression. We utilized evolution-

guided pathway dereplication, when we analysed phylogenetic positioning of 

studies nrPKSs in relation to already characterized enzymes. 

	 Using this approach, we have identified two phylogenetic clades 

that are distant from the clades that contained already characterized 

nrPKS(s). Functional investigation of the ortholog of nrPKSs from lichenizing 

fungi in Chapter 3 provided assignment of the core nrPKS Apr1 to the 

production of AT4HN, and the whole pathway was assigned to the production 

of naphthalenones. In Chapter 4 we elucidated individual steps of the 

naphthalenone pathway, and found a previously unreported new derivative. 

We confirmed that FAD-binding oxidoreductase Apr2 is responsible for 

the introduction of p-hydroxygroup to the A ring of the molecule, and 

hypothesized that this reaction could also occur spontaneously. We observed 

stereoselectivity of the Apr2, which leads to the formation of a diastereomer 
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that differs to one that is hypothetically occurring due to spontaneous 

oxidation. We made more detailed predictions about the assembly of 

naphthalenones based on the obtained data. 

	 In Chapter 5 we applied phylogenetic dereplication to another subset 

of genomes of lichenizing fungi, and identified a set of three phylogenetically 

distant nrPKSs. We performed heterologous expression of pathway that 

contains close homologue nrPKS to the identified nrPKSs from lichen forming 

fungi. We linked nrPKS AmoA to the production of orcinol and orsellinic acid. 

By performing heterologous expression of the entire pathway, we obtained a 

molecule with antibiotic and demelanizing activity, and proposed a putative 

pathway. 

	 In Chapter 6, we reviewed findings from the experimental chapters in a 

broader context and discussed future horizons for the fungal natural product 

research aiming at finding novel bioactive chemical moieties. We propose a 

focus shift towards creating a catalogue of functionally characterized tailoring 

genes, and suggest using tailoring genes for derivatization of backbones to 

generate novel potentially bioactive molecules. 

	 In this work we have demonstrated the power of the evolution-guided 

investigation of pathways in order to find new chemistries, or evolutionary 

distinct pathways. This not only leads to the discovery of new molecules or 

linking pathways to already known chemistries, but also generates valuable 

knowledge for future development. Using this approach, we functionally 

assigned two pathways that belong to two distinct GCFs to their respective 

chemical backbone, and proposed a shift towards focusing on entire GCFs 

rather than individual pathways for further research. This approach streamlines 

the process of massive delimiting core genes to their respective backbones, 

saving time by avoiding exhaustive investigations of each biosynthetic pathway 

individually.
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