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Summary 

Secondary metabolites are organic compounds that are formed by living organisms. Due to their 

wide range of pharmacological activities, secondary metabolites have been used in the treatment of 

diseases for centuries. The primary producers of secondary metabolites are fungi, bacteria and 

plants. In the case of filamentous fungi, the enzymes for secondary metabolite biosynthesis are 

typically encoded in biosynthetic gene clusters within their genomes. In recent decades, substantial 

advances in sequencing technologies and bioinformatic tools have facilitated the mining of microbial 

genomes for biosynthetic gene clusters and the linkage to corresponding products. However, studies 

have shown that most gene clusters are cryptic or silent under laboratory conditions. The activation 

of these silent clusters may result in the discovery of new bioactive secondary metabolites with 

potential therapeutic applications. In this thesis, a Penicillium crustosum host strain was constructed 

to provide a new platform for the heterologous expression of fungal genes. In previous studies, the 

biosynthesis of a number of secondary metabolites in P. crustosum was investigated, including 

terrestric acid, clavatol, hydroxyclavatol, and their adducts peniphenones and penilactones. In 

addition, the P. crustosum pcr4401 pigment locus was demonstrated to be a suitable integration site 

for heterologous genes.  

In the first project, a novel split marker-based marker recycling strategy was developed for the 

genetic manipulation of P. crustosum PRB-2. This approach involved the use of the bidirectional 

pyrG selection marker for gene deletion and subsequent marker recycling in the resulting 

transformants. Furthermore, the biosynthesis of terrestric acid, one of the main metabolites in PRB-2, 

was completely elucidated by proving the function of the cytochrome P450 enzyme TraB. In the 

course of this project, the split marker strategy was used for the deletion of the DNA repair gene 

ku70 in a P. crustosum ȹpyrG mutant to generate a strain with improved gene targeting efficiencies. 

Subsequently, the pyrG marker was removed and reused for the deletion of traB in the obtained 

ȹku70 mutant. In parallel, traB was heterologously expressed in the frequently used Aspergillus 

nidulans host strain LO8030. Both experiments confirmed the key role of TraB in the conversion of 

viridicatic acid to crustosic acid via hydroxylation and spontaneous ring formation.  

The second project mainly focused on the construction of a new expression platform for fungal genes 

in P. crustosum. To optimize P. crustosum as a heterologous host, the aforementioned split marker-

based marker recycling strategy was used for multiple genetic manipulation steps in a single strain. 

First, the DNA repair gene ligD was deleted to provide a second P. crustosum strain with an 

enhanced gene targeting background. Furthermore, the two highly expressed biosynthetic pathways 

for terrestric acid (tra) and clavatol (cla) were inactivated by gene deletion to generate a minimized 

secondary metabolite profile. Subsequently, the P. crustosum pcr4401 pigment gene was replaced 

by the A. nidulans wA locus, which comprises the naphthopyrone synthase gene wA including its 

flanking regions. This enables the use of constructs originally designed for the commonly used 

A. nidulans LO8030 host strain also in our P. crustosum expression platform. Moreover, 
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transformants can be easily detected by an albino phenotype. Finally, the pcribo gene, which is 

involved in the biosynthesis of riboflavin, was disrupted to provide an additional selection marker for 

convenient genetic manipulation in P. crustosum. The successful expression of a single polyketide 

synthase (PKS) gene and an entire gene cluster in our P. crustosum host strain JZ52 confirmed its 

suitability as a valuable alternative to the existing heterologous expression systems. 

In the third project in cooperation with Dr. Wen Li and Yu Dai, genome mining led to the identification 

of an uncharacterized polyketide synthase-nonribosomal peptide synthetase (PKS-NRPS) hybrid 

gene cluster (pem) in P. crustosum. Gene overexpression, deletion, and feeding experiments proved 

its involvement in the biosynthesis of the new tetramates penilactams AïC. Moreover, the distinct 

cla cluster was demonstrated to provide the reactive ortho-quinone methide intermediate, which 

couples with the tetramic acids derived from the pem cluster to form penilactams AïC. In this project, 

the doctoral candidate was mainly involved in conducting gene deletion experiments in P. crustosum. 

This study provides another example of complex natural product formation by the crosstalk of two 

independent biosynthetic pathways in fungi. 

The fourth project in cooperation with David Breyer and Leyao Chen focused on the heterologous 

expression of a PKS gene derived from the plant pathogen Colletotrichum higginsianum in two 

distinct host systems. Heterologous expression in the P. crustosum host strain JZ52 led to the 

production of the anticipated melanin precursor 1,3,6,8-tetrahydroxynaphthalene. However, the 

expression of the same PKS gene in A. nidulans LO8030 resulted in the formation of the new 

compounds higginidulans A and B. Furthermore, the distinct cichorine gene cluster in host strain 

LO8030 was demonstrated to be involved in the biosynthesis of higginidulans A and B. In this project, 

the doctoral candidate was primarily responsible for the construction of the P. crustosum strains. The 

findings of this study provide an example of the involvement of two separate gene clusters from 

different fungal species in product formation. Moreover, they highlight the importance of employing 

alternative host systems for heterologous expression. 
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Zusammenfassung 

Sekundªrmetaboliten sind organische Verbindungen, welche von lebenden Organismen gebildet 

werden. Aufgrund ihres breiten Spektrums an pharmakologischen Aktivitªten werden sie seit 

Jahrhunderten zur Behandlung diverser Erkrankungen eingesetzt. Zu den wichtigsten Produzenten 

von Sekundªrmetaboliten zªhlen Pilze, Bakterien und Pflanzen. Bei filamentºsen Pilzen sind die 

Enzyme f¿r die Biosynthese von Sekundªrmetaboliten in der Regel in sogenannten 

biosynthetischen Genclustern innerhalb des Genoms kodiert. In den vergangenen Jahrzehnten 

erleichterten signifikante Fortschritte in den Sequenzierungstechnologien und der Bioinformatik die 

Untersuchung mikrobieller Genome auf biosynthetische Gencluster sowie die Verkn¿pfung mit den 

entsprechenden Produkten. Studien belegen jedoch, dass die Mehrheit der Gencluster unter 

Laborbedingungen kryptisch oder still sind. Die Aktivierung dieser stillen Cluster kann zur 

Entdeckung neuer bioaktiver Sekundªrmetaboliten mit potenziellen therapeutischen Anwendungen 

f¿hren. In dieser Arbeit wurde ein Penicillium crustosum-Wirtsstamm konstruiert, um eine neue 

Plattform f¿r die heterologe Expression von pilzlichen Genen zu schaffen. In fr¿heren Studien wurde 

die Biosynthese einer Reihe von Sekundªrmetaboliten in P. crustosum untersucht, darunter 

Terrestric acid, Clavatol, Hydroxyclavatol und ihre Addukte Peniphenone und Penilactone. Zudem 

konnte die Eignung des Pigment-Lokus pcr4401 in P. crustosum f¿r die Integration heterologer Gene 

nachgewiesen werden.  

Im ersten Projekt wurde eine neuartige, auf Split-Markern basierende Marker-Recycling-Strategie 

f¿r die genetische Manipulation von P. crustosum PRB-2 entwickelt. Diese umfasst die Verwendung 

des bidirektionalen Selektionsmarkers pyrG f¿r die Gendeletion und das anschlieÇende Marker-

Recycling in den Transformanten. Dar¿ber hinaus konnte die Biosynthese von Terrestric acid, einem 

der Hauptmetaboliten in PRB-2, durch den Nachweis der Funktion des Cytochrom-P450-Enzyms 

TraB vollstªndig aufgeklªrt werden. In diesem Projekt wurde die Split-Marker-Strategie f¿r die 

Deletion des DNA-Reparaturgens ku70 in einer ȹpyrG-Mutante von P. crustosum verwendet, um 

einen Stamm mit verbesserter Gentargeting-Effizienz zu erzeugen. Im Anschluss wurde der pyrG-

Marker entfernt und f¿r die Deletion von traB in der ȹku70-Mutante erneut verwendet. Parallel dazu 

wurde traB in dem hªufig verwendeten Aspergillus nidulans-Wirtsstamm LO8030 heterolog 

exprimiert. Beide Experimente bestªtigten die Schl¿sselrolle von TraB bei der Umwandlung von 

Viridicatic acid in Crustosic acid durch Hydroxylierung und spontane Ringbildung.  

Das zweite Projekt umfasste die Konstruktion einer neuen Expressionsplattform f¿r pilzliche Gene 

in P. crustosum. Um P. crustosum als heterologen Wirt zu optimieren, wurde die oben erwªhnte 

Split-Marker-basierte Marker-Recycling-Strategie f¿r mehrere Genmanipulationen in einem einzigen 

Stamm angewendet. Zunªchst wurde das DNA-Reparaturgen ligD deletiert, um einen weiteren 

P. crustosum-Stamm mit verbessertem Gentargeting zu erhalten. Dar¿ber hinaus wurden die beiden 

stark exprimierten Terrestric acid (tra) und Clavatol (cla)-Biosynthesewege durch Gendeletion 
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inaktiviert, um das Sekundªrmetabolitenprofil zu minimieren. AnschlieÇend wurde das P. crustosum 

pcr4401-Pigmentgen durch den A. nidulans wA-Lokus ersetzt, welcher das Naphthopyron-

Synthase-Gen wA einschlieÇlich seiner flankierenden Regionen umfasst. Dies erlaubt die 

Verwendung von Konstrukten, die urspr¿nglich f¿r den oft verwendeten A. nidulans-Wirt LO8030 

hergestellt wurden, in unserer P. crustosum-Plattform. Des Weiteren sind Transformanten durch 

einen Albino-Phªnotyp leicht zu erkennen. SchlieÇlich wurde das pcribo-Gen f¿r die Biosynthese 

von Riboflavin deletiert, um einen zusªtzlichen Selektionsmarker f¿r genetische Manipulationen in 

P. crustosum zu erhalten. Die erfolgreiche Expression eines Polyketidsynthase (PKS)-Gens sowie 

eines gesamten Genclusters in unserem P. crustosum-Wirtsstamm JZ52 belegt dessen Eignung als 

vielversprechende Alternative zu den bestehenden Expressionssystemen. 

Im dritten Projekt in Zusammenarbeit mit Dr. Wen Li und Yu Dai f¿hrte das Genom-Mining zur 

Identifizierung eines hybriden PKS-NRPS Genclusters (pem) in P. crustosum. Die Ergebnisse aus 

Gen-¦berexpression, Deletion und F¿tterungsexperimenten konnten dessen Beteiligung an der 

Biosynthese der neuen Tetramate Penilactame AïC belegen. Des Weiteren konnte gezeigt werden, 

dass das cla-Cluster f¿r die Bildung des reaktiven ortho-Quinone methides verantwortlich ist, 

welches mit den vom pem-Cluster abgeleiteten Tetramic acids zu den Penilactamen AïC reagiert. 

Die Doktorandin war hierbei an der Durchf¿hrung von Gendeletionen in P. crustosum beteiligt. Diese 

Studie stellt ein weiteres Beispiel f¿r die Bildung komplexer Naturstoffe durch das Zusammenspiel 

von zwei unabhªngigen Biosynthesewegen in Pilzen dar. 

Im vierten Projekt erfolgte in Zusammenarbeit mit David Breyer und Leyao Chen die heterologe 

Expression eines PKS-Gens aus dem Pflanzenpathogen Colletotrichum higginsianum in zwei 

Wirtssystemen. Wªhrend die Expression im P. crustosum-Wirtsstamm JZ52 zur Produktion des 

erwarteten Melanin-Vorlªufers 1,3,6,8-Tetrahydroxynaphthalin f¿hrte, wurden in A. nidulans LO8030 

die neuen Verbindungen Higginidulan A und B gebildet. Dar¿ber hinaus wurde nachgewiesen, dass 

das Cichorin-Gencluster im Wirtsstamm LO8030 an der Biosynthese von Higginidulan A und B 

beteiligt ist. In diesem Projekt oblag der Doktorandin in erster Linie die Konstruktion der 

P. crustosum-Stªmme. Die Ergebnisse der Studie zeigen die Beteiligung zweier separater 

Gencluster aus verschiedenen Pilzarten an der Produktbildung. Zudem veranschaulichen sie die 

Relevanz der Anwendung alternativer Wirtsysteme f¿r die heterologe Expression. 
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1 Introduction 

1.1 Secondary metabolites and natural products 

Secondary metabolites (SMs) are natural products (NPs) with a low molecular weight, which are 

mainly found in bacteria, fungi, and plants. Usually, SMs are produced in the later stages of growth 

and are not essential for developmental or reproduction processes.1 Instead, SMs play a pivotal role 

in the survival of the producer and are synthesized in response to environmental stress factors, such 

as ultraviolet (UV) light or the invasion of pathogens.2  

Throughout evolution, plants and microbes have developed strategies not only to produce but also 

to modify NPs to offer them a competitive advantage in a given environment.3ï5 Among other things, 

these selective advantages are achieved by interactions with other microbes and multicellular 

organisms, which explains why many NPs exhibit biological activities.4,6 Due to their diverse 

pharmacological effects and therapeutic applications, e.g. as anti-bacterial, anti-fungal, anti-diabetic, 

or anti-inflammatory drugs (Figure 1), NPs have become a subject of great interest in the 

pharmaceutical industry.7,8 To date, numerous studies are devoted to the discovery of novel 

biologically active compounds derived from plants, fungi, and bacteria.9  

 
 

Figure 1. Natural product resources and pharmacological effects10 

 

 

NPs are usually produced through the catalytic activity of various enzymes encoded by SM gene 

clusters.11 These enzymes cooperate towards the biosynthesis of highly functionalized NPs by 

catalyzing chemical transformations in a regio- and stereospecific manner. In many cases, the 

complexity of such reactions exceeds the scope of synthetic chemical approaches.11,12 For this 

reason, NP-based drug design, along with chemoenzymatic strategies to access the great structural 

diversity, have emerged as indispensable tools in the field of drug development. In addition, by 

employing plant or microbial producers as biocatalysts, the extensive use of hazardous chemicals 

and solvents, as well as energy consumption, can be reduced compared to total synthesis.13,14  
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Due to their vast array of complex structural features, NPs can serve as lead compounds for 

functional modifications to give semisynthetic derivatives with improved pharmaceutical properties, 

such as longer efficacies, less side effects, or higher activities.15ï17 The antibiotic clarithromycin, for 

instance, is a methylated derivative of erythromycin produced by Saccharopolyspora erythraea 

(formerly Streptomyces erythraeus). Clarithromycin has been demonstrated to exhibit enhanced 

stability against gastric acid and a higher degree of bioavailability than the naturally occurring 

compound (Figure 2).18 Another example is the sphingosine-1-phosphate receptor modulator 

fingolimod. Fingolimod is derived from myriocin produced by the fungus Isaria sinclairii. Although 

myriocin has immunosuppressive effects, animal experiments have shown that it induced strong 

toxicity in vivo.19 Its analog fingolimod, however, acts as a highly potent and low-toxic 

immunosuppressant (Figure 2). It reduces the recirculation of lymphocytes to the central nervous 

system and is therefore used as a neuroprotective agent for the treatment of multiple sclerosis.20  

 

 

Figure 2. Examples for NPs and derivatives thereof with improved pharmaceutical properties 

 

1.2 Ascomycota as producers of natural products 

The fungal kingdom has demonstrated to be a prolific source of bioactive NPs.21 Fungi are found in 

almost all ecological niches and are considered as the second largest kingdom after bacteria.22 The 

estimated total number of fungal species is two million, with only approximately 5% having been 

isolated and characterized to date.23 This suggests that a significant portion of the fungal kingdom 

remains unidentified. Within the fungal kingdom, the class of Ascomycetes represents the largest 

and most diverse group. The term Ascomycete is derived from the Greek ñascosò, meaning sac, 

which refers to the sac-like asci where the sexual spores (ascospores) are produced. Some species 

of Ascomycota also form asexual spores, the so-called conidia.24 The phylum Ascomycota can be 

further subdivided into three groups: Saccharomycotina, Taphrinomycotina, and Pezizomycotina.25 

While the first two groups mainly consist of yeasts and dimorphic species, the third and largest group 

includes filamentous fungi and accounts for over 90% of all Ascomycetes.26 Pezizomycotina have 

colonized a wide variety of habitats over the past millions of years and have adapted to the different 

environmental conditions by producing a range of SMs for survival, protection, and communication.  
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The subphylum Pezizomycotina can be further divided into different classes, orders, and families. 

The Aspergillaceae, a taxonomic family within the order Eurotiales, are commonly referred to as the 

blue and green molds and constitute the most prevalent fungal class responsible for food spoilage.27 

Typical members are the genera Penicillium, Aspergillus, and Talaromyces. In a current review, over 

400 species for both Aspergillus and Penicillium were reported, which indicates a great diversity 

within these genera.27,28 

1.2.1 The genus Penicillium 

The genus Penicillium is among the most diverse in terms of number of species and colonized 

habitats.29,30 Penicillium species are ubiquitous, but predominantly found in soil, decaying organic 

substances, plant residues, and a wide variety of foods.31 Therefore, they are regarded as common 

causes of food spoilage. In particular, cereals, rice, wheat, and barley, but also meat products, nuts, 

dried fruit, and dairy products, are susceptible to contamination by Penicillium species.31 Due to the 

enormous number of species within the genus, the taxonomy remains difficult.32 In order to facilitate 

the differentiation of various Penicillium species, a multifactorial approach was developed, wherein 

both micro- and macromorphological characteristics, as well as SM profiles, are taken into account.33 

As a result of significant advances in sequencing technologies, the number of Penicillium genome 

sequences deposited in public databases, such as the National Center for Biotechnology Information 

(NCBI) database, is increasing at a continuous rate. Well-known representatives within the genus 

are Penicillium rubens, best known for the production of the antibiotic penicillin G, or P. roqueforti 

and P. camemberti used for cheese ripening processes.34ï36 

Penicillium crustosum strain PRB-2, which was mainly used in this thesis, was first isolated from 

Antarctic deep-sea sediments.37 P. crustosum strains are ubiquitously occurring and a very common 

cause for spoilage of food and feed, e.g. of cereals, nuts, fruits, meat, and eggs.38 In addition, 

P. crustosum is known to produce enormous amounts of dull greenish-grey spores. A recent study 

compared the sporulation behavior between different Penicillium and Aspergillus strains and proved 

that P. crustosum was consistently the first to start sporulation. Moreover, P. crustosum was found 

to produce the highest number of spores per colony across a broad range of temperatures.39  

 

Figure 3. Schematic illustration of conidial heads from Penicillium and Aspergillus40 
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1.2.2 The genus Aspergillus 

Another well-known representative of the Aspergillaceae family is the genus Aspergillus. A common 

morphological feature of Aspergillus species are conidiophores that terminate in vesicles, which are 

covered with phialides. The phialides are either directly attached to the vesicle or via a supporting 

cell layer called metula. In contrast to Penicillium and other related genera, the phialides of 

Aspergillus species are formed simultaneously, leading to conidial heads that resemble watering 

cans (Figure 3).41 Although the genus Aspergillus contains as many members as Penicillium, it is 

not as widespread since Aspergillus species grow mainly on foods with low water activity, such as 

cakes, bread, and cereals.42 However, Aspergillus species have been found to tolerate higher 

temperatures than Penicillium. Therefore, they are predominantly responsible for spoilage in tropical 

zones.31,43 Typical representatives of the Aspergillus family include A. oryzae and A. niger, which 

are utilized in industrial soy sauce fermentation and the production of citric acid, respectively.44 The 

fact that both Aspergillus and Penicillium are known producers of a wide range of structurally diverse 

SMs highlights the importance to further investigate the biosynthetic mechanisms of these genera. 

1.3 Fungi as cause for diseases 

To mankind, fungi have been a curse and a blessing at the same time, as they can both trigger and 

cure diseases. One of the most prevalent fungal infections is candidiasis.45 This condition is typically 

caused by an excessive growth of Candida albicans and other Candida species, leading to infections 

in the skin and mucous membranes of the body.46 Infections caused by Ascomycetes include 

Pneumocystis jirovecii-associated pneumonia, which is rare in healthy individuals but has been 

associated with a high mortality rate among those with weakened immune systems, such as patients 

infected with human immunodeficiency virus (HIV).47 An additional example is aspergillosis, caused 

by the inhalation of mold spores from different Aspergillus species, including A. fumigatus and 

A. flavus.48 In immunodeficient patients, inhalation of Aspergillus spores can result in pulmonary 

inflammation and necrosis, as well as potential damage to the nervous system, which may manifest 

as seizures or stroke.49 Not only fungal cells or spores, but also fungal SMs are capable of causing 

diseases. These so-called mycotoxins are toxic SMs that are produced by certain species of molds, 

especially by those that grow on crops and food for human consumption.50 Oftentimes, these 

mycotoxins are very stable and even survive food processing. Notable examples of mycotoxins 

derived from Aspergillus species include aflatoxins, which are produced by A. flavus and 

A. parasiticus, and are regarded as one of the most potent natural carcinogens. Another example is 

the nephrotoxic ochratoxin A, produced by A. ochraceus (Figure 4).51  

 

Figure 4. Mycotoxins produced by Aspergillus species 
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1.4 Fungi as producers of bioactive compounds 

Although fungi are typically regarded as pathogens and causes of food spoilage, several fungal 

strains have also contributed to the treatment of medical conditions and thereby demonstrated 

beneficial effects on human health. The discovery of penicillin G from Penicillium rubens by 

Alexander Fleming in 1928 marked the beginning of a continuous increase in the importance of fungi 

as a source of bioactive natural substances.52,53 Throughout the years, a growing number of 

research groups have dedicated their efforts to the identification of new fungal strains and 

metabolites, which are then screened for their bioactivity.54  

 

Figure 5. Examples for fungal secondary metabolites or derivatives thereof with antibiotic (A), 

antifungal (B), or cardiovascular effects (C) 

In addition to penicillin G, other fungal-derived antimicrobial agents include cephalosporin C, an 

antibiotic isolated from Acremonium chrysogenum (formerly Cephalosporium),55 griseofulvin, an 

antifungal agent derived from Penicillium griseofulvum,56 and the antifungal echinocandin B, which 

was initially isolated from Aspergillus nidulans (Figure 5).57 However, the scope of biological activities 

exhibited by fungal SMs far exceeds the mere antimicrobial effect. The discovery of lovastatin in the 

late 1970s in the fermented broth of Aspergillus terreus constituted a further milestone in 

pharmaceutical research. The mechanism of action of lovastatin involves the competitive inhibition 

of the 3-hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase, which plays a pivotal role in 
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cholesterol biosynthesis.58 The cholesterol-lowering drug rapidly became a blockbuster when it 

entered the market in 1987. In later years, derivatives of lovastatin, including simvastatin, pravastatin, 

and atorvastatin (Figure 5), were developed, thereby constituting a significant advancement in the 

pharmacological treatment of hypercholesterolemia.59,60 

 

Figure 6. Examples of ergot alkaloids and derivatives thereof 

Another major group of fungal NPs that serve as therapeutic agents are the ergot alkaloids produced 

by Claviceps species. In the Middle Ages, ingestion of grains infected with Claviceps purpurea led 

to a disease called ñSaint Anthonyôs fireò, in which ergot alkaloids caused blood vessels to constrict, 

resulting in hallucinations and feelings of intense heat due to severely restricted blood flow and 

necrosis in hands and feet.61 Their mode of action is based on the tetracyclic ergoline ring system 

(Figure 6), which is structurally related to endogenous neurotransmitters, such as noradrenaline, 

serotonin, or dopamine.62 Consequently, ergot alkaloids exhibit affinity to various receptors of these 

neurotransmitters, resulting in a broad spectrum of pharmacological effects.63 In a lower dose, ergot 

alkaloids and ergot-derived drugs can therefore be applied for a wide range of indications. For 

example, ergotamine and dihydroergotamine have been used to treat severe migraine attacks. Other 

ergot-derived drugs include bromocriptine and cabergoline, which are applied to control symptoms 

of progressive brain disorders, including Parkinsonôs disease, or ergometrine, which prevents 

excessive bleeding after childbirth.63 

 

1.5 Biosynthetic genes, gene clusters, and enzymes 

Bioactive compounds produced by fungi can be divided into different compound classes, including 

polyketides, nonribosomal peptides, alkaloids, terpenoids, and steroids, depending on their core 

structure. The structural diversity is due to different backbone enzymes, which catalyze the formation 

of a chemical scaffold. Subsequent modifications are then introduced by various tailoring enzymes. 

The enzymes of a given biosynthetic pathway are encoded by genes that are typically organized in 

close proximity and forming so-called biosynthetic gene clusters (BGCs).64  
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1.5.1 Polyketide synthases 

Polyketides are generally formed by polyketide synthases (PKSs), which can be classified into three 

types. While type I PKSs are large multidomain enzyme complexes, type II PKSs consist of small, 

individual enzymes that each serve a specific function in the polyketide biosynthesis.65 On the other 

hand, type III PKSs are simple homodimeric proteins, which contain only a single domain.65,66 To 

date, type I PKSs remain the most prevalent among filamentous fungi. Conversely, no fungal type II 

and only a small number of fungal type III PKSs have been identified.66 In bacteria, all three types 

have been described. Type I PKSs can be further subdivided into iterative and modular type I PKSs. 

Modular PKSs contain multiple, linearly arranged modules, which act as part of an unidirectional 

assembly line. In modular PKSs, which are mainly found in bacteria, each module comprises 

different catalytic domains that are only used once in the polyketide biosynthesis.67 In contrast, 

iterative PKSs consist of only one module, in which a single set of domains is used repeatedly in a 

cyclic fashion.68 Iterative PKSs are mainly found in fungi and are involved in the biosynthesis of 

diverse bioactive NPs, e.g. of lovastatin or the mycotoxin aurovertin E.69,70 Iterative type I PKSs can 

be further classified into nonreducing, partially reducing, and highly reducing PKSs according to the 

domain architecture, in particular the presence of reductive domains.71 The core domain structure 

of a nonreducing PKS comprises an acyltransferase (AT) domain for the selection of coenzyme A 

(CoA)-associated building blocks, an acyl carrier protein (ACP) domain for binding of the growing 

polyketide intermediate, and a ketosynthase (KS) domain, which catalyzes the chain-elongation 

reaction.72,73 Partially reducing and highly reducing PKSs may harbor additional reductive domains, 

including ketoreductase (KR), dehydratase (DH), and/or enoyl reductase (ER) domains.74 A defining 

characteristic of nonreducing PKSs is the presence of a starter unit acyltransferase (SAT) domain, 

which is responsible for the selection of the initial building blocks. In general, acetyl-CoA is the 

preferred starter unit; however, there are also numerous reports on malonyl-CoA, propionyl-CoA, or 

hexanoyl-CoA as starter units.75ï77 The polyketide biosynthesis is initiated by loading of the starter 

unit to the PKS. During each elongation cycle, the AT domain selectively loads an extender unit, e.g. 

malonyl-CoA or methylmalonyl-CoA, to the ACP domain.78 The extender unit is then condensed with 

the growing polyketide chain via decarboxylative Claisen condensation catalyzed by the KS domain. 

Subsequently, the polyketide chain can be further modified by additional domains, such as KR, DH, 

or ER domains, and is finally released by the thioesterase (TE) domain.70,79,80 Various tailoring 

enzymes, including methyltransferases and oxygenases, can modify the mature polyketide chain 

upon release, thereby increasing the structural diversity of polyketide NPs.81,82  

1.5.2 Nonribosomal peptide synthetases 

In fungi, nonribosomal peptides are mainly formed by nonribosomal peptide synthetases (NRPSs), 

which can incorporate different substrates into a growing peptide chain, including amino acids, fatty 

acids, Ŭ-hydroxy acids, and Ŭ-keto acids. The minimal NRPS module consists of an adenylation (A), 

condensation (C), peptide carrier protein (PCP), or thiolation (T) domain.83 First, the substrate is 
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selected and activated by the A domain using adenosine triphosphate (ATP). Then, the activated 

substrate is loaded onto the PCP/T domain and transported to the next module, where the C domain 

catalyzes an amide or ester bond formation between the substrate and the growing peptide chain. 

Lastly, the final peptide chain is released by a terminal reductase, Dieckmann cyclase, or 

thioesterase domain.84 Further modifications during or after the formation of the peptide chain can 

be catalyzed by additional domains, such as epimerization, N-methylation, or oxidation domains.85 

1.5.3 Polyketide synthase-nonribosomal peptide hybrid enzymes 

In addition to BGCs with only one type of backbone enzyme, there are also biosynthetic pathways 

in which PKSs and NRPSs work in a collaborative manner to generate polyketide-amino acid hybrid 

molecules with striking structural features. Many bioactive compounds are products of BGCs 

containing PKS-NRPS or NRPS-PKS hybrid enzymes, e.g. peniphenones, cytochalasins, or 

equisetin.86ï88 These bimodular hybrid systems usually comprise two gene sections, each coding for 

either a PKS or an NRPS module, respectively, separated by a linker sequence.89,90 

 

Figure 7. Schematic illustration of amide bond formation catalyzed by a PKS-NRPS hybrid 

enzyme.67 Depicted are the minimal domain architectures of a PKS and NRPS module, respectively. 

To date, a considerable number of PKS-NRPS hybrid pathways have been identified in filamentous 

fungi.67 In these hybrid assembly lines, the upstream iterative PKS module is connected to the 

downstream NRPS module by an inter-modular linker.90 As mentioned in section 1.5.1, the 

biosynthesis of the polyketide backbone in the PKS module is initiated by loading of a starter unit, 

which is condensed with malonyl-CoA extenders via Claisen condensation and subsequently 

modified, e.g. by reductive domains. A characteristic feature of fungal PKS-NRPS hybrid enzymes 

is the absence of a functional ER domain within the highly reducing PKS module. Consequently, the 

majority of fungal PKS-NRPS hybrid pathways depend on a trans-acting ER, which is often encoded 

within the same BGC.90 In the NRPS module, the A domain activates a selected amino acid or a 

derivative thereof, which is then loaded onto the PCP domain.86 The successful assembly of the 

polyketide and amino acid intermediates mainly relies on protein-protein interactions between the 

PKS and NRPS modules.67 In particular, the selectivity of the C domain of the downstream NRPS 

module was demonstrated to be a critical factor for product formation, as it catalyzes the transfer 

and condensation of the mature polyketide chain to the activated amino acid (Figure 7).85,91 The 

resulting amide is released via reduction or Dieckmann cyclization. Finally, the polyketide-amino acid 

(derivative) hybrid molecule can be further modified by structural rearrangements or tailoring 

enzymes, including flavin-dependent monooxygenases or cytochrome P450 oxidoreductases.86 
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1.5.4 Cytochrome P450 enzymes 

Cytochrome P450 oxidoreductases (P450s) represent one of the largest enzyme superfamilies and 

are distributed in all kingdoms of life, including humans, animals, plants, fungi, and bacteria.92 Since 

the first published P450 sequences in 1982,93 a total of 650,000 sequences have been deposited in 

public databases such as UniProt.94 P450s play an essential role in numerous biosynthetic pathways. 

They are involved in the functionalization of unactivated carbon skeletons by oxidation reactions, 

which give rise to diverse oxygenation patterns. These reactions include aliphatic and aromatic bond 

hydroxylation, epoxidation, heterocyclization, ring-coupling, and C-C bond cleavage, and are often 

performed with a remarkable regio- and stereoselectivity.95,96 P450s are named after their typical 

Soret maximum at approximately 450 nm, which is exhibited in the carbon monoxide (CO)-bound 

complex of the reduced enzyme.97  

In general, microbial P450 systems require additional redox partner enzymes, which deliver two 

electrons derived from NAD(P)H to the reactive center of the P450 protein.98 The majority of bacterial 

oxidoreductase complexes manifest as soluble, three-component systems, comprising the P450 

enzyme, ferredoxin, and a FAD-containing ferredoxin reductase. Fungi, on the other hand, usually 

possess membrane-bound two-component systems, consisting of the P450 and a single FAD/FMN-

containing flavoprotein, also called cytochrome P450 reductase (CPR), which transfers two 

electrons to the heme-iron center of the P450.92,99 

 

 

Figure 8. Fungal cytochrome P450 catalytic cycle during substrate (R-H) hydroxylation.100 
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The active site of P450s consists of a heme-iron which is planarly coordinated by four nitrogen atoms 

of a porphyrin ligand and a cysteine residue as axial ligand (Figure 8).92,100 In the resting state, a 

water molecule is axially bound to the heme-iron and forms a hexacoordinated low-spin complex. 

The initiation of the P450 catalytic cycle starts with the binding of a substrate (R-H) to the active site, 

leading to detachment of the water ligand and formation of a high-spin state of the ferric iron (FeIII) 

complex.101,102 This reactive complex is then reduced to ferrous iron (FeII) by transfer of one electron 

from the CPR. Binding of dioxygen then leads to the FeIII-OOȚ intermediate, which, as a good 

electron acceptor, takes up another electron from the CPR and is reduced to the peroxo-ferric   

(FeIII-OO-) complex.103 Subsequently, protonation generates a hydroperoxo-ferric (FeIII-OOH) 

intermediate, termed Compound 0 (Cpd 0), which undergoes another protonation reaction followed 

by dehydration to yield the key intermediate Compound I (Cpd I).104ï106 This highly reactive oxo-

ferryl (FeIV=O+Ț) cationic intermediate abstracts one hydrogen atom from the substrate and forms a 

hydroxo-ferryl (FeIV-OH) complex, termed compound II (Cpd II), and a substrate radical (RȚ). In a 

typical hydroxylation reaction, the substrate radical couples with the hydroxyl moiety of Cpd II to form 

the hydroxylation product (R-OH).107 Finally, the product is released and replaced by a water 

molecule, restoring the P450 in its resting state.92,98,108 

 

1.6 Elucidation of biosynthetic pathways 

As previously stated, bioactive fungal NPs have contributed significantly to the research and 

development of novel drugs. Despite these advancements, a number of diseases remain incurable, 

including Alzheimerôs disease, multiple sclerosis, and certain types of cancer.109,110 In addition, the 

emergence of multidrug-resistant pathogens represents another major challenge for healthcare 

professionals.111 Consequently, there is an ongoing need for the identification of new treatment 

options. Given the crucial role that NPs have played in the development of novel drugs, it is evident 

that the identification of new bioactive compounds from natural sources remains a fundamental 

aspect of drug discovery. Recent advances in genome sequencing and bioinformatics have revealed 

that the majority of BGCs for the production of SMs are transcriptionally silent under laboratory 

conditions.112 This indicates that there is still a large untapped reservoir of NPs that can be accessed 

through the activation of these biosynthetic pathways.113,114 

1.6.1 One strain many compounds approach 

A common strategy for the activation of silent BGCs is the one strain many compounds (OSMAC) 

approach by systematic variation of the culture conditions.115 Numerous studies have proven the 

great impact of altering microbial growth conditions, such as media composition, oxygen supply, light 

exposure, pH-value, or temperature for the production of SMs.116ï118 These results demonstrate the 

high flexibility of microorganisms to react to external stimuli. By mimicking natural environmental 

changes, a microbial strain can be triggered to respond by increasing transcription and expression 
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of diverse biosynthetic genes.119 Ultimately, this strategy can lead to the activation of formerly silent 

biosynthetic pathways and to the discovery of new SMs.120,121 In addition to the aforementioned 

alterations in the growth conditions, the co-cultivation with other microorganisms is also considered 

as an extension of the OSMAC approach.122 For this purpose, fungal-fungal, fungal-bacterial, or 

bacterial-bacterial co-cultures can be applied to mimic natural microbial communities in a laboratory 

scale.123 The aim of generating competition between different microbial organisms is to increase 

survival pressure and thereby trigger the biosynthesis of bioactive metabolites. A recent review 

demonstrated that by the end of 2022, a total of 109 new SMs had been discovered from fungal-

fungal co-cultures alone.124 Although the OSMAC strategy has proven to be effective for the 

identification of cryptic SMs, certain limitations must be acknowledged. For example, changes in the 

culture conditions have been shown to induce the simultaneous upregulation of multiple genes and 

therefore results in global alterations in the SM profile. This presents a challenge in establishing a 

clear link between NPs and their biosynthetic origin.115 For this reason, the OSMAC approach is 

frequently combined with genome mining strategies.125,126 

1.6.2 Genome mining 

In the past, the discovery of bioactive NPs was mostly achieved by cultivation of microorganisms in 

the laboratory, followed by bioactivity-guided fractionation of the culture extracts.113,127 However, this 

method was very time-consuming and often led to the isolation of compounds that are already 

known.128 Since the beginning of the genomics era, the strategies for the discovery of new NPs have 

drastically changed.129 Recent advances in genome sequencing technologies significantly increased 

the number of available genomes from a wide range of species and allowed genome mining 

approaches. By combining technologies from microbiology, chemical analysis, and bioinformatics, 

genome mining has become a key strategy for the exploitation of genomic information to discover 

new NPs and to elucidate their biosynthetic pathways (Figure 9).130ï132 

In a first step, the sequenced genome is scanned for specific signatures and gene arrangements by 

prediction tools such as antiSMASH,133 which determine core biosynthetic functions required to form 

a BGC and allows the identification of SM biosynthetic genes in fungi and bacteria.134ï136 For 

Pezizomycotina, bioinformatic analyses revealed the presence of an average of 40 BGCs in their 

genomic sequences, underlining the extensive biosynthetic potential within their genomes.137 Once 

a promising BGC is identified, the gene functions can be further predicted by employing sequence 

similarity search tools such as the Basic Local Alignment Search Tool (BLAST),138 provided by the 

National Center for Biotechnology Information (NCBI), or 2ndFind (https://biosyn.nih.go.jp/2ndfind/).  

It should be noted, however, that these in silico tools are only suitable for predictive purposes and 

therefore require experimental verification. To confirm the predicted gene and BGC functions, a 

range of molecular biology techniques can be employed, including promoter exchange, 

modifications of transcription factors and global regulators, gene deletion, or heterologous 

expression. These strategies will be further discussed in sections 1.6.3ï1.6.5. 
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Figure 9. Genome mining-based NP discovery in fungi. First, genomic deoxyribonucleic acid (gDNA) 

is isolated from the target fungus (A) and subjected to genome sequencing and assembly (B). 

Subsequently, computational sequence analysis strategies, including cluster prediction (C) and 

sequence similarity search (D), are applied to discover and identify putative BGCs. Once a promising 

gene or gene cluster is discovered, genetic modifications of the native producer or expression in a 

heterologous host (E) are used for the (in)activation or overexpression of the given biosynthetic 

pathway. The cultivation of the mutants (F) under different culture conditions can result in the 

detection of new secondary metabolites (G). Using large-scale fermentation and extraction, the 

secondary metabolites of interest can be isolated (H) and subjected to structure elucidation via liquid 

chromatography-mass spectrometry (LC-MS) and nuclear magnetic resonance (NMR) analyses (I). 

 

1.6.3 Gene deletion 

A promising approach for elucidating biosynthetic pathways of fungal SMs represents gene deletion 

in the native producer. By knocking out single genes and BGCs in vivo, changes in the SM profile 

and accumulation of pathway intermediates can help to prove gene functions and verify the reaction 

order in a given biosynthetic pathway.139 However, successful gene knockout experiments require 

the targeted BGC to be expressed in the native producer, or gene deletion will not lead to any 

changes in the SM production. In addition, establishing feasible genetic manipulation tools for a 

native, genetically intractable strain can be challenging and is oftentimes very time-consuming.140  
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1.6.4 Promoter exchange, modifications of transcription factors and global regulators 

Strategies for the activation of silent BGCs in the native producer include promoter exchange or 

modifications of transcription factors and global regulators (Figure 10).141 Studies have shown that 

the expression of eukaryotic genes is regulated by a complex interplay between promoters, 

ribonucleic acid (RNA) polymerases, and transcription factors.142 Promoters are defined as the 

deoxyribonucleic acid (DNA) sequences located next to the transcription start site. They mainly 

function as mediators for the binding of transcription factors and initiate the transcription and 

expression of genes.143,144 In certain instances, native promoters alone are inadequate for the 

activation of silent genes, as the presence of particular, yet oftentimes unknown stimuli are 

required.145 However, placing genes under strong heterologous promoters instead of native 

promoters can induce the expression of formerly silent genes and activate their respective 

biosynthetic pathways.146,147 Among many others, the constitutive promoter of the A. nidulans 

glyceraldehyde-3-phosphate dehydrogenase gene (gpdA) is one of the most frequently used 

promoters for high-level gene expression in filamentous fungi (Table 1).148ï151  

 

Table 1. Examples for fungal promoters 

promoter origin reference 

gpdA A. nidulans glyceraldehyde-3-phosphate dehydrogenase 148 

alcA A. nidulans alcohol dehydrogenase I 152 

oliC A. nidulans mitochondrial ATP synthase subunit 153 

glaA A. niger glucoamylase 154 

adhA A. niger aldehyde dehydrogenase 155 

pacA A. niger phosphate-repressible acid phosphatase 156 

amyB A. oryzae TAKA-amylase A 157 

tef1 A. oryzae translationïelongation factor la 158 

exlA A. awamori 1,4-ɓ-endoxylanase A 159 

 

Other approaches to drive gene expression include the modification of pathway-specific transcription 

factors. Transcription factors are proteins which modulate gene expression by binding to specific 

DNA sequences, including promoters.160,161 Hence, manipulation of genes coding for these 

transcription factors can modulate gene expression and result in the activation of fungal secondary 

metabolic genes and gene clusters.162 From a broader perspective, the SM production is regulated 

by global regulators, including LaeA and its orthologs.163 Although detailed mechanisms are still 

unclear, it is speculated that the regulation of SM production and other biological processes is based 

on histone methylation, leading to modifications on the chromatin level and thus affecting large 

genomic regions.164ï166 Consequently, deletion or overexpression of laeA and its orthologs resulted 

in major changes not only in secondary metabolism, but also in development, reproduction, and 

morphological features, as reported in numerous studies.167ï170 Nevertheless, all three approaches 

require the native producer to be susceptible for genetic manipulation. However, establishing gene 

editing techniques for these strains can be laborious as mentioned in 1.6.3. 
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1.6.5 Heterologous expression  

To overcome the limitations of genetic manipulation in the native producer, a common approach is 

the expression of single genes or entire BGCs in a genetically well-studied heterologous host (Figure 

10). For this purpose, many microbial strains, including bacteria, yeast, and filamentous fungi, have 

been genetically engineered for the biosynthesis of heterologous gene products.171ï173 In general, 

these hosts provide well-established molecular techniques, including a set of powerful constitutive 

and inducible promoters available for the expression of heterologous genes.174,175 In addition, 

heterologous hosts are usually suited for large-scale cultivation and are optimized to increase 

production yields.175 

 

Figure 10. Strategies for the activation of silent biosynthetic gene clusters. 

Within the prokaryotic kingdom, engineered Escherichia coli (E. coli) strains represent one of the 

most popular heterologous expression systems. Its rapid growth kinetics, cheap cultivation 

conditions, and wide range of genetic manipulation tools have made E. coli nearly unrivaled when 

compared to other heterologous hosts.176,177 In addition, E. coli is considered as one of the most 

thoroughly characterized bacterial species to date.178 However, there are limitations to the use of 

E. coli as a host, particularly in the expression of large eukaryotic genes, which is mainly due to 

discrepancies in the codon usage and post-translational modifications.179,180 Furthermore, the 

production of complex NPs, such as polyketides and nonribosomal peptides, remain challenging as 

metabolic precursors need to be provided.178 Common alternatives to prokaryotic systems are 

yeasts, such as Saccharomyces cerevisiae (S. cerevisiae) or Pichia pastoris, which are easy to 

cultivate and well-suited for large scale fermentation. In addition, yeasts are capable of providing 

high expression titers and support protein folding and post-translational processing similar to 

filamentous fungi.181,182 Nevertheless, there are also challenges, such as the inability to splice most 

fungal introns and the low availability of common precursors required for the biosynthesis of complex 

SMs.183 To circumvent the challenges posed by bacterial and yeast expression systems, 
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heterologous expression in filamentous fungi, such as A. nidulans or A. oryzae, is becoming 

increasingly important for the expression of genes from other filamentous fungi.184 Since closely 

related species share similar codon usage, laborious processes, such as intron excision and codon 

optimization, are usually not required for successful gene expression.185ï187 Nevertheless, some 

challenges remain, such as a high SM background, modifications by host enzymes and endogenous 

compounds, or low gene targeting efficiencies in the host organism. 

1.6.6 Gene targeting 

Low gene targeting efficiencies represent a common challenge for genetic manipulation and 

molecular biology studies in filamentous fungi. Generally, there are two main pathways for the repair 

of DNA double-strand breaks (DSBs) in eukaryotic organisms. The homologous recombination (HR) 

system requires homologous regions on both ends of the DSB for repair, whereas the non-

homologous end joining (NHEJ) pathway fuses broken DNA ends with no regard for homology.188 

With some exceptions such as S. cerevisiae, most fungi tend to prefer NHEJ routes over HR, which 

impedes genetic manipulation strategies based on homology-driven DNA integration.189,190 

Therefore, most strategies to improve gene targeting are aimed at reducing such NHEJ repair events.  

In eukaryotes, NHEJ pathways are mainly mediated by an interplay of the DNA ligase IV/XRCC4 

complex and the DNA-dependent protein kinase, comprising a catalytic subunit (DNA-PKcs) and the 

Ku70 and Ku80 subunits, which form a stable heterodimer.191 In a first step, the Ku70-Ku80 complex 

binds to the DSB. The Ku dimer then recruits the DNA-PKcs, thereby forming a stable complex which 

keeps the broken DNA ends in close proximity.192,193 Subsequently, DNA polymerases and the DNA 

ligase IV/XRCC4 complex are recruited to the site of the DSB. The DNA ligase IV is an ATP-

dependent DNA ligase and, stimulated by interaction with XRCC4, fuses the broken DNA ends by 

ligation, thus completing the NHEJ pathway.192,194,195 By deleting genes coding for homologs of Ku70, 

Ku80 or the DNA ligase IV, NHEJ pathways are diminished and the overall DSB repair mechanisms 

are shifted towards HR. In terms of genetic manipulation, inactivation of NHEJ improves gene 

targeting frequencies and reduces undesired ectopic DNA integration events.191,196ï198 

1.6.7 CRISPR-Cas9 mediated gene editing 

Other strategies for precise genetic manipulations include the clustered regularly interspaced short 

palindromic repeats (CRISPR)-associated RNA-guided DNA endonuclease (Cas9) technology.199 

This technique uses a guide RNA (gRNA) to site-specifically direct the Cas9 endonuclease to a 

defined DNA target. The gRNA comprises CRISPR-RNA (crRNA) and trans-activating CRISPR-RNA 

(tracrRNA). The crRNA contains a 20-nucleotide protospacer sequence complementary to the DNA 

target, which is flanked by a short protospacer adjacent motif (PAM) (Figure 11).200 The most 

commonly utilized PAM sequences for CRISPR-Cas9 mediated gene editing are those consisting of 

NGG motifs, wherein ñNò represents any nucleobase followed by two guanines. The PAM sequence 

is recognized by the Cas9 endonuclease, which will only bind and cleave the target DNA sequence 

if the PAM is present.201,202 The tracrRNA on the other hand is required for the recognition and 
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binding of Cas9 to the crRNA.203 Upon recognition of the target DNA based on the 20-nucleotide 

spacer sequence, the gRNA-Cas9 complex proceeds to introduce site-specific cuts in the target 

DNA, thereby facilitating subsequent gene editing events, such as gene deletion or insertion.204,205  

 

 

Figure 11. Schematic illustration of the CRISPR-Cas9 system206 

 

Although there are numerous established protocols for CRISPR-Cas9 mediated genetic 

manipulation, the implementation of this technology in non-model fungi presents a considerable 

challenge. The successful application of the CRISPR-Cas9 strategy depends on the expression of 

both the Cas9 gene and the gRNA, which in turn is dependent upon the types of used promoters. 

For the expression of the Cas9 endonuclease, strong constitutive promoters, such as the A. nidulans 

trpC promoter, are well-established and frequently used.207 In contrast, the successful in vivo 

expression of the gRNA represents a significant challenge and requires the evaluation of various 

promoters, particularly when the CRISPR-Cas9 technique is first established in a new fungal 

strain.208,209 Of the various promoters that can be employed to drive in vivo gRNA expression in fungi, 

those most commonly used are the U6, tRNA, and 5S rRNA promoters.208,210,211 

1.6.8 Selection markers, split marker, and marker recycling strategies  

With the exception of novel marker-free CRISPR-Cas9 gene editing techniques, genetic 

manipulation in fungi usually requires the use of selection markers.212 Therefore, especially with 

regard to auxotrophic markers, the initial step in the development of heterologous hosts is the 

generation of auxotrophs. In general, this approach involves the mutation or deletion of genes that 

are responsible for the synthesis of essential compounds. As selection markers consist of a wild-

type copy of the defective gene, they can be used to introduce deletion or expression cassettes into 

the genome of the auxotrophic host strains.213,214  

One of the most commonly used fungal selection markers is the A. fumigatus pyrG (afpyrG) gene, 

coding for the orotidine-5'-monophosphate decarboxylase in the de novo biosynthesis of uracil and 

uridine (Figure 12).215,216 A key benefit of utilizing the pyrG marker for genetic manipulation is its 
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capacity to facilitate convenient marker recycling through counterselection. While pyrG-deficient 

strains are auxotrophic for uracil and uridine, the addition of 5-fluoroorotic acid (5-FOA) will lead to 

the formation of toxic 5-fluorouridine 5ô-monophosphate and 5-fluorouracil in strains with an intact 

pyrG gene (Figure 12).196,217 Other commonly used fungal selection markers are the A. fumigatus 

riboB (afriboB) gene, coding for the GTP cyclohydrolase II in the biosynthesis of riboflavin, or the 

A. fumigatus pyroA (afpyroA) gene involved in the formation of pyridoxine.215 

 

Figure 12. Schematic illustration of reactions catalyzed by the orotidine-5'-monophosphate 

decarboxylase: biosynthesis of pyrimidine nucleotides (A) and conversion of 5-fluoroorotic acid (B) 

 

In comparison to conventional strategies that utilize the entire selection marker, the development of 

the split marker approach in 1996 represented a significant advance in the field of genetic 

manipulation.218 This strategy, initially developed for S. cerevisiae, was rapidly adapted for gene 

expression and deletion studies in filamentous fungi. The split marker system is composed of two 

DNA fragments, each containing roughly two-thirds of a selective marker, e.g. pyrG or the 

hygromycin phosphotransferase gene (hph), and the flanking regions of the target gene.219,220 In the 

course of fungal transformation, three crossover events are required for the HR-based replacement 

of the target gene. These crossover events occur not only between the flanking regions, but also 

within the overlapping fragments of the selective marker, thereby restoring the functional marker 

gene (Figure 13).220 The resulting transformants can then be selected by growth on media lacking 

uracil and uridine, or by the addition of hygromycin, depending on the used selection marker. The 

necessity of three crossover events for successful transformation results in increased gene targeting 

efficiencies. Only if both split marker constructs are integrated at the target locus, the full marker 

sequence is restored and allows the growth of the transformants in the selective media. In contrast, 
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genetic manipulation strategies using only one construct tend to yield a greater number of ectopic 

integration events.220,221 In this case, the selection marker is already functional in the construct used 

for transformation. As a result, transformants are able to grow on the selective media even with 

ectopic integration of the expression or deletion cassettes. 

 

Figure 13. Split marker strategy for gene deletion using pyrG as selection marker. The crosses 

represent HR events at the upstream (5F) and downstream (3F) flanking regions as well as the 

overlapping pyrG marker sequence. 
 

1.6.9 Secondary metabolite background 

Another aspect to be taken into consideration when selecting a host for heterologous expression is 

the SM background. Given that the ultimate objective of heterologous expression of genes or BGCs 

is to discover new NPs or their pathway intermediates, it is essential to minimize the SM background 

to facilitate the detection of new compounds.222 A significant factor is the competition for substrates, 

such as acetyl-CoA and malonyl-CoA, that arises when endogenous BGCs are highly expressed in 

the host organism.223,224 As a result of the high substrate consumption by dominant pathways within 

the host, the availability of these resources for the biosynthesis of heterologous products is limited. 

In this case, subsequent cultivation of the heterologous expression strains will yield only minor 

products for the new compound, if any, which complicates downstream procedures, such as isolation 

and structure elucidation. In addition, the detection and identification of heterologous products, 

particularly those that only appear in trace quantities, can be challenging in the presence of high 

levels of endogenous host compounds.225,226  

Another fact to consider is the potential co-occurrence of reactive intermediates in a host organism. 

The presence of reactive host compounds can result in coupling reactions, thereby complicating the 

identification of the genuine product of the introduced SM pathway. For instance, it has been 

demonstrated that the reactive ortho-quinone methide produced by P. crustosum can act as a 

coupling reagent for a wide range of natural products, including flavonoids, cyclic dipeptides, 

xanthones, and coumarins.227ï230 Its presence would therefore hinder the successful identification of 

new NPs and complicates the distinction between native and heterologous compounds. In addition 

to reactive intermediates, heterologous compounds can also be further converted by unspecific 

tailoring enzymes derived from the host. The occurrence of host-dependent product formation can 

potentially lead to misinterpretations regarding the functions of genes within a given biosynthetic 
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pathway.231ï233 To overcome these challenges, expression hosts were constructed using genetic 

dereplication strategies, in which highly expressed biosynthetic pathways are inactivated by gene 

deletion. A well-known example is A. nidulans strain LO8030.234 The deletion of eight BGCs resulted 

in a low background of endogenous SMs in LO8030, thus rendering it a widely used expression host.  

1.6.10 Pigment biosynthesis 

In addition to the previously discussed criteria for developing a suitable heterologous host system, 

it is also essential to consider the method of transformant detection. In general, fungal transformants 

resulting from heterologous gene expression are subjected to genotyping and verification via PCR 

analysis.235 However, the process of genomic DNA isolation and PCR verification is laborious, 

particularly when gene targeting efficiencies are low and a large number of mutants have to be 

screened. For this reason, pigment-based integration sites were established for the purpose of 

heterologous gene expression.236 In the case of the aforementioned expression host A. nidulans 

LO8030, the wA pigment locus was demonstrated to be a suitable integration site for heterologous 

gene expression.237 The wA gene codes for a PKS that is involved in the biosynthesis of conidial 

spore pigments.238 Consequently, the substitution of the wA pigment gene with heterologous genes 

or BGCs results in the abolishment of spore pigment formation. As a result, transformants can be 

easily detected by their albino phenotype.238,239  

In fungi, there are two main pathways for the biosynthesis of melanin pigments. Most Ascomycetes 

are known to produce melanin through the dihydroxynaphthalene (DHN) pathway.240 In this pathway, 

a PKS catalyzes the formation of 1,3,6,8-tetrahydroxynaphthalene (THN) using acetyl-CoA and 

malonyl-CoA as precursors. 1,3,6,8-THN then undergoes a series of reduction and dehydration 

reactions to yield the intermediates scytalone, 1,3,8-trihydroxynaphthalene, vermelone, and finally 

1,8-DHN. Ultimately, the polymerization of 1,8-DHN leads to the formation of DHN-melanin.241,242 In 

certain fungal species, such as A. fumigatus or A. nidulans, the PKS initially synthesizes the 

naphthopyrone YWA1, which is subsequently converted into 1,3,6,8-THN (Figure 14).238,241  

 

Figure 14. DHN-melanin biosynthetic pathway in Aspergillus fumigatus241 

 

The second pathway for fungal melanin biosynthesis is the L-3,4-dihydroxyphenylalanine (L-DOPA) 

pathway. This pathway includes either tyrosine or L-DOPA as precursors to form the highly reactive 

dopaquinone. A series of intramolecular additions, oxidations, hydroxylations, and polymerizations 

results in DOPA-melanin.243,244 
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2 Aims of this thesis 

The overall aim of this thesis was the optimization of Penicillium crustosum as a versatile expression 

platform for the biosynthesis of fungal SMs. The expression of heterologous genes and gene clusters 

in a host organism is regarded as a promising approach for the activation of biosynthetic pathways, 

particularly those that are silent in the native producer. For this purpose, a series of genetically well-

studied fungal host systems have been developed over the past decades.222,234 Nevertheless, recent 

studies have indicated that gene expression in an established host does not necessarily result in the 

successful production of the target compounds, e.g. due to modifications catalyzed by unspecific 

tailoring enzymes.232 Therefore, the primary aim of this study was the construction of a new 

expression platform in P. crustosum to provide a valuable alternative to the existing systems. 

P. crustosum PRB-2 is a fast-growing and robust filamentous fungus. Its genome has recently been 

sequenced, thereby providing essential genetic information for a fundamental understanding of its 

biological processes and metabolic pathways. Moreover, P. crustosum has been demonstrated to 

retain growth and SM production over a wide range of cultivation conditions.245 Therefore, PRB-2 

was selected for the development of a new fungal expression system. The first objective was to 

increase the gene targeting efficiencies in P. crustosum to facilitate subsequent genetic manipulation 

steps. The focus was laid on the inactivation of the Ku70 and LigD homologs, given that the deletion 

of the corresponding genes in other fungi was previously demonstrated to increase gene targeting 

frequencies.197,246 Moreover, we aimed to develop a CRISPR-Cas9 mediated gene editing protocol 

for P. crustosum to further promote targeted genetic manipulation. The resulting strain with enhanced 

gene targeting was then to be employed for further genetic manipulations. It was therefore essential 

to regenerate the selection marker so that it could be used for subsequent transformations. For this 

purpose, we aimed to develop an efficient gene deletion strategy that would facilitate convenient 

marker recycling in the resulting transformants.  

By employing this technique, we aimed to further optimize P. crustosum as a heterologous 

expression host by genetic dereplication. This strategy involves the inactivation of highly expressed 

biosynthetic pathways in a given organism. With this approach, the objective is to provide a host 

with a minimized SM background to facilitate the detection and isolation of heterologous products. 

This strategy is exemplified by the frequently used host strain A. nidulans LO8030, in which the 

deletion of eight BGCs resulted in a substantial reduction of the biosynthesis of endogenous SMs.234 

Accordingly, we aimed to eliminate the predominant metabolic pathways in P. crustosum. Previous 

studies have demonstrated that P. crustosum PRB-2 mainly produces terrestric acid, clavatol, and 

hydroxyclavatol, as well as their adducts penilactones and peniphenones.37,229 Moreover, the 

biosynthetic origin of these SMs has been elucidated.229,247 To generate a strain with a reduced SM 

background, we therefore aimed to inactivate the biosynthetic pathways of terrestric acid and 

(hydroxy-)clavatol by deletion of the backbone genes of the corresponding BGCs. The resulting 
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P. crustosum expression platform is then to be used for the expression of heterologous genes to 

demonstrate the suitability of our new host organism. The ideal outcome would be an enhanced 

efficiency relative to conventional expression systems, e.g. due to a reduction in modifications by 

tailoring enzymes or by reactive compounds derived from the host. 

In addition to providing a host with a reduced SM background, we further postulated that new 

endogenous SMs would arise in P. crustosum. It was anticipated that the elimination of the dominant 

SM pathways in P. crustosum would result in a higher availability of precursors, which may lead to 

an increased production of compounds derived from BGCs with lower expression. This may, in turn, 

result in the identification of previously unknown SMs. In this case, the objective would be to 

elucidate the biosynthetic origin of these SMs by identifying the corresponding BGCs, and by 

conducting overexpression or deletion of the relevant genes in P. crustosum. 
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3 Results and discussion 

3.1 Conversion of viridicatic acid to crustosic acid by cytochrome P450 enzyme-

catalyzed hydroxylation and spontaneous cyclization in P. crustosum 

Tetronates represent a family of NPs with a broad range of biological activities, including antibiotic, 

antiviral, antiepileptic, anticoagulant, and anticancer effects. Therefore, they have evoked great 

interest in pharmaceutical industries and research.248 Over 100 naturally occurring tetronates have 

been identified to date, which all share the typical tetronic acid moiety.249 Structurally, tetronic acids 

consist of a five-membered heterocyclic 4-hydroxyfuran-2(5H)-one core. This core can be further 

modified, e.g. by cross-coupling reactions with a wide range of NPs, including alkaloids, macrolides, 

and terpenes.248 As outlined in section 1.5.4, cytochrome P450 enzymes are capable of catalyzing 

such tailoring reactions. P450s are considered as natureôs most versatile biocatalysts. In NP 

biosynthesis, they were reported to catalyze more than 20 types of oxidation reactions.250,251 These 

reactions include the functionalization of non-activated C-H bonds in a regio- and stereospecific 

manner, a reaction which is practically inaccessible by synthetic approaches. In this work, TraB as 

part of the terrestric acid biosynthetic pathway was shown to catalyze this type of reaction. 

 

Figure 15. Examples of tetronic acid derivatives produced by P. crustosum PRB-2  

 

In a previous study, the fungal tetronates viridicatic acid (1), crustosic acid (2), and terrestric acid (3), 

as well as their derivatives peniphenones and penilactones (Figure 15) have been identified in 

Penicillium crustosum PRB-2.37,229 Furthermore, the terrestric acid (tra) biosynthetic gene cluster 

(Table 2), consisting of the genes traAïtraH, was proven to be responsible for the biosynthesis of 3, 

one of the predominant metabolites in PRB-2. In the first step, the PKS-NRPS hybrid gene TraA 

catalyzes the formation of an acylated tetronate intermediate, which is reduced by the enoyl 

reductase TraG to form 1. Subsequently, 1 is converted to 2, which then undergoes oxidative 

decarboxylation catalyzed by the FeII-2OG-dependent oxygenase TraH and stereospecific reduction 

by the flavin-containing oxidoreductase TraD to form the final product 3.247 However, the enzyme 

responsible for the conversion of 1 to 2 has not been identified in previous studies. Although it was 
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proposed that the P450 TraB as part of the terrestric acid cluster was responsible for the 

hydroxylation of 1 and subsequent ring formation to yield 2, gene deletion experiments were not able 

to support this hypothesis.247 To confirm whether TraB is responsible for the hydroxylation of 1 in the 

terrestric acid biosynthesis, we decided to repeat the deletion of traB in P. crustosum. In addition, 

traB was heterologously expressed in the commonly used host strain A. nidulans LO8030. 

 

Table 2. Terrestric acid gene cluster and putative functions of the corresponding enzymes247 

 

Protein Gene  Function 

TraA pcr11009 PKS-NRPS hybrid enzyme 

TraB pcr11010 cytochrome P450 oxidoreductase 

TraC pcr11011 hypothetical protein 

TraD pcr11012 flavin-containing oxidoreductase 

TraE pcr11013 hypothetical protein 

TraF pcr11014 transporter 

TraG pcr11015 enoyl reductase 

TraH pcr11016 FeII-2OG-dependent oxygenase 

 

The initial objective was to enhance the gene targeting efficiencies in P. crustosum in order to 

facilitate all subsequent genetic manipulation steps. As discussed in section 1.6.6, a common 

strategy to enhance gene targeting frequencies is to disrupt the genes coding for the Ku70 and/or 

Ku80 subunits. As part of the NHEJ repair mechanism of double-strand breaks, the presence of 

Ku70 and Ku80 has been observed to increase the probability of ectopic DNA integration events. 

This, in turn, can impede the successful deletion or expression of genes based on HR. Previous 

studies have demonstrated that the deletion of ku70 enables precise genetic manipulation in a range 

of fungal species, including Penicillium chrysogenum and Penicillium digitatum.197,198 To identify a 

Ku70 homolog in P. crustosum, putative Ku70 sequences from related Penicillium strains, including 

P. camemberti, were used to find a Ku70 candidate in the genome of PRB-2 via BLAST analysis. 

Sequence comparison led to the identification of Pcr4870, which is termed Ku70 hereafter. 

To ensure that the P. crustosum ȹku70 strain can be used for further gene deletion experiments, e.g. 

for the deletion of traB, we developed a gene deletion strategy that allows convenient marker 

recycling in the resulting transformants. As mentioned in section 1.6.8, the pyrG gene is well-suited 

for such purposes as it allows for bidirectional selection. Initially, the ku70 deletion constructs were 

designed according to a previous protocol by cloning both up- and downstream flanking regions of 

the target gene, the pyrG selection marker and two short homologous sequences flanking the marker 

into one plasmid.196 The incorporation of the homologous regions surrounding the pyrG gene 

enables subsequent marker recycling in the deletion mutants via HR of these sequences. However, 

plasmid construction in Saccharomyces cerevisiae repeatedly failed due to recombination of the 

short homologous regions during the cloning procedure. Therefore, we have revised the deletion 
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strategy by combining the marker recycling technique with the split marker approach to circumvent 

the presence of the short homologous sequences within a single plasmid. For this purpose, the 

1.5 kbp ku70 upstream flanking region, approximately 300 bp of the downstream flanking sequence, 

and two-thirds of the Aspergillus fumigatus pyrG (afpyrG) marker gene from the 5ô end were cloned 

into the PCR-linearized pESC-URA vector to give the first split marker plasmid pJZ04. The second 

split marker construct consisted of two-thirds of the afpyrG gene from the 3ô end and the 1.5 kbp 

ku70 downstream flanking region, both inserted into the pESC-URA vector (Figure 16).  

 

Figure 16. Schematic illustration of split marker-based gene deletion strategy used for the deletion 

of ku70 in P. crustosum followed by 5-FOA mediated pyrG marker recycling. Crosses represent HR 

events at the up- (5F) and downstream (3F) flanking regions and the overlapping marker sequence. 

 

Transformation of the P. crustosum ȹpyrG strain FK15236 with the linearized deletion constructs 

resulted in ȹku70::afpyrG strain JZ02p by HR of both flanking sequences and the overlapping region 

in the marker gene as shown in Figure 16. The substitution of ku70 by the afpyrG marker sequence 

in the resulting transformants was achieved by selection based on uracil and uridine auxotrophy, 

and confirmed by genotypic verification via PCR. Subsequently, the afpyrG marker gene was deleted 

by 5-FOA-mediated selection. As mentioned before, the presence of pyrG results in the conversion 

of 5-FOA to the toxic metabolite 5-fluorouracil. Consequently, only those transformants are selected 

that undergo pyrG marker recycling by recombination of the short homologous regions flanking the 

afpyrG marker gene (Figure 16). The absence of afpyrG in the obtained P. crustosum ȹku70ȹpyrG 

strain JZ02 was confirmed via PCR, thereby demonstrating the functionality of our adapted split 

marker-based marker recycling strategy.  

Given its optimized gene targeting background, JZ02 was used for further genetic manipulation 

experiments. Moreover, subsequent gene deletions were also conducted by using the split marker 

approach. As previously discussed in section 1.6.8, the split marker strategy has the potential to 

enhance gene targeting efficiencies. This can be attributed to the necessity of an additional 

homologous crossover event within the overlapping marker sequence during fungal transformation. 

Additionally, the implementation of this gene deletion strategy allows for the pyrG marker to be 

recycled and used repeatedly for multiple genetic manipulation experiments within a single strain. 
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To investigate the function of the cytochrome P450 oxidoreductase TraB, the corresponding genomic 

sequence of traB was chosen for deletion in P. crustosum JZ02. The deletion plasmids were 

constructed as mentioned above using the split marker strategy and the flanking sequences of traB. 

Transformation of JZ02 with the split marker deletion constructs resulted in the ȹtraB::afpyrG strain 

JZ07. Verified transformants of JZ07 were grown as potato dextrose broth (PDB) surface cultures 

under static conditions. After 14 days, SMs were extracted using ethyl acetate and subjected to LC-

MS analysis. In comparison to JZ02, the deletion of traB in JZ07 led to the abolished formation of 2 

and 3 and the accumulation of 1 (Figure 17). Structure elucidation via MS and 1H-NMR analyses 

confirmed 1 to be (5S)-viridicatic acid. These results clearly demonstrate the indispensable function 

of TraB in the formation of 2 and the downstream products of the tra pathway. Moreover, the 

accumulation of 1 in the cultures of ȹtraB mutant JZ07 substantiates its role as substrate for TraB.  

 

Figure 17. Proposed function of the P450 enzyme TraB in the terrestric acid biosynthetic pathway 

(A) LC-MS results of 14-day PDB surface cultures of P. crustosum ȹku70 strain JZ02 (B) and 

ȹku70ȹtraB strain JZ07 (C). Absorptions at UV 254 nm and extracted ion chromatograms (EICs) of 

1ï3 are illustrated in this order. Masses of EICs are given with a range of ± 0.005. 

 

Figure 18. LC-MS results of 7-day PDB surface cultures of A. nidulans traB expression strain JZ01 

(A) and empty vector control BK06 (B) after feeding of 1. Absorptions at UV 254 nm and EICs of 

compounds 1 and 2 are illustrated in this order. Masses of EICs are given with a range of ± 0.005. 
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To further confirm whether TraB is responsible for the hydroxylation of 1, its genomic sequence was 

amplified from P. crustosum PRB-2 and cloned into the pJN017 expression vector. The linearized 

construct was then used for transformation of host strain A. nidulans LO8030, resulting in traB 

expression strain A. nidulans JZ01. After genotyping and verification via PCR, JZ01 and control 

strain BK06 were cultivated in PDB medium and fed with 1 to a final concentration of 0.2 mM. After 

7 days of static cultivation at 25 ÁC, SMs were extracted and analyzed via LC-MS. The data provided 

clear evidence that 1 was converted to 2 in traB expression strain JZ02, whereas no conversion was 

detected in the empty vector control BK06 (Figure 18). MS and 1H-NMR analyses proved 2 to be 

(5S, 5ËS)-crustosic acid. These data proved the function of TraB in the hydroxylation at C-9 of the 

aliphatic side chain of 1. The hydroxylation of 1 then induces spontaneous ring formation to yield 2, 

as demonstrated in a previous work by conducting incubation experiments in deuterated water.247 

 

 

Figure 19. Terrestric acid biosynthetic pathway in P. crustosum PRB-2 

 

Taken together, this study has contributed to the elucidation of the terrestric acid biosynthetic 

pathway. The remaining step, which is the hydroxylation of 1 and its conversion to 2 catalyzed by 

the P450 enzyme TraB, was proven by gene deletion, heterologous expression, and feeding 

experiments. With these data, we are now able to propose the complete biosynthetic pathway of the 

predominant metabolite terrestric acid in P. crustosum PRB-2 (Figure 19) and, correspondingly, of 

its derivatives penilactones and peniphenones. Furthermore, this study presents a novel gene 

deletion technique that offers the advantage of improved gene targeting through the use of split 

markers, in addition to the convenient one-step pyrG marker recycling described in previous 

protocols. This strategy, in combination with the highly efficient ȹku70 strain generated in this work, 

has great potential to benefit downstream applications in future studies. 

 

Please refer to the publication under section 4.1 for further details on this study. 
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3.2 Construction of Penicillium crustosum as an expression platform for fungal 

secondary metabolite biosynthesis 

As mentioned in section 1.1, NPs are pivotal resources for drug discovery as they exhibit various 

biological effects. However, studies show that over 90% of fungal gene clusters for the biosynthesis 

of NPs are not expressed under standard conditions.252 Among other strategies, heterologous 

expression is considered as one of the most promising approaches to activate these silent gene 

clusters and to fully unlock the vast biosynthetic potential of filamentous fungi. However, the success 

of heterologous expression is highly dependent on the choice of a suitable expression host. Ideally, 

as discussed in sections 1.6.5ï1.6.9, a heterologous host should provide a high gene targeting 

background, a wide choice of selectable markers and a clean SM profile to allow for the detection of 

novel metabolites. 

This study aims to expand the choice of fungal heterologous hosts by establishing P. crustosum 

PRB-2 as such an expression system. As mentioned in section 1.2.1, P. crustosum is particularly 

well-suited for these purposes because it produces a large number of spores, which is very useful 

for many laboratory applications.39 In addition, studies have shown that P. crustosum is capable of 

maintaining growth and SM production across a broad spectrum of media compositions.245 A variety 

of approaches, particularly those involving the activation of silent genes or BGCs, combine 

heterologous expression and the OSMAC approach (see section 1.6.1) to induce the biosynthesis 

of novel SMs.115 Hence, the capacity of P. crustosum to adapt to different culture conditions further 

emphasizes its suitability as a host organism. For the genetic characterization of P. crustosum PRB-2, 

its genome was sequenced in 2019 and assembled with an estimated size of 32.4 Mbp.236 As 

mentioned in section 3.1, a split marker-based approach has been established previously for gene 

deletions in P. crustosum. In the course of this study, we have applied this strategy for further genetic 

manipulations in order to optimize P. crustosum as a heterologous host organism. 

The initial objective was to delete the LigD homolog in P. crustosum PRB-2, with the aim of 

enhancing gene targeting efficiencies as previously discussed in section 1.6.6. Although a 

P. crustosum ȹku70 mutant with a high gene targeting background was previously constructed (see 

section 3.1), the objective of the present study was to provide an additional strain by inactivation of 

the DNA ligase IV (LigD) in P. crustosum. This is largely due to the observation of morphological and 

genotypic abnormalities in closely related fungal ȹku70 mutants, which could be attributed to the 

instability of telomeres.246 Given that these defects have not been described for ȹligD strains, the 

inactivation of LigD was found to be more suitable for downstream applications of P. crustosum as 

a heterologous host with a high gene targeting background. The identification of the ligD gene was 

achieved through comparative sequence analysis, whereby known genomic sequences of LigD 

homologs from related strains were used as a query. The deletion of ligD was conducted using the 

split marker-based marker recycling strategy described in section 3.1 to provide the pyrG-deficient 

ȹligD strain P. crustosum JZ04 for downstream applications.  
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To further improve gene targeting, the CRISPR-Cas9 technique (see section 1.6.7) was adapted for 

the genetic manipulation of P. crustosum. Given that the success of CRISPR-Cas9-mediated gene 

editing is highly dependent on the level of in vivo gRNA expression, a suitable promoter had to be 

identified. Previous findings have indicated that the use of endogenous 5S rRNA promoters may be 

an effective strategy for promoting in vivo gRNA expression.210 Sequence comparison with known 

5S rRNA promoter sequences from related Penicillium strains led to the identification of the 

P. crustosum 5S rRNA promoter, which was amplified and cloned into the pCas9-tRp-gRNA 

vector.253 The gRNA spacer sequences were predicted and designed using the CHOPCHOP and 

EuPaGDT tools, and cloned into the 5S rRNA-containing Cas9 expression plasmid.254,255 In this 

study, CRISPR-Cas9-assisted gene editing was conducted by using the respective Cas9 expression 

plasmids, combined with PCR-linearized split marker constructs as previously described.  

In addition to optimizing gene targeting, a further objective was to reduce the SM background in 

P. crustosum as discussed in section 1.6.9. Previous studies have shown that PRB-2 predominantly 

produces terrestric acid (3), clavatol (4), hydroxyclavatol (5), as well as their adducts penilactones 

and peniphenones (Figure 15 and Figure 20).37,229,247 Furthermore, the biosynthetic pathways of 3ï

5 have been elucidated through the identification of their corresponding BGCs. In view of these 

findings, the present study focused on the inactivation of the BGCs responsible for the formation of 

3ï5 in order to reduce the SM background in P. crustosum. For this purpose, the aforementioned 

split marker strategy was employed for the deletion of the backbone genes traA and claF of the 

terrestric acid and clavatol gene clusters, respectively. Gene deletions were carried out in the 

P. crustosum ȹligD strain JZ04 to achieve higher gene targeting frequencies.  

 

Figure 20. Predominant secondary metabolites of P. crustosum PRB-2 (A) and HPLC results of 14-

day PDB surface cultures of P. crustosum wild-type strain PRB-2 (B), ȹtraA strain JZ05 (C) and 

ȹtraA ȹclaF strain JZ32 (D). Absorptions at UV 254 nm are illustrated. 
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The initial step involved the deletion of the gene coding for the PKS-NRPS hybrid enzyme TraA (see 

section 3.1). As expected, the PDB culture extracts of the resulting ȹligDȹtraA mutant JZ05 revealed 

the abolished formation of 3 when compared to the wild-type strain PRB-2 (Figure 20). Subsequent 

marker recycling enabled the repeated use of pyrG for the deletion of claF in the ȹligDȹtraA mutant. 

The deletion of claF, which codes for a nonreducing PKS as part of the clavatol BGC, resulted in 

ȹligDȹtraAȹclaF strain JZ32. Cultivation in PDB medium, followed by LC-MS analysis of JZ32 

proved the absence of 4 and 5 as expected (Figure 20). With regard to the subsequent use of 

P. crustosum as an expression platform, a reduction in the endogenous SM production can facilitate 

the detection and isolation of heterologous compounds. Furthermore, the production of the reactive 

ortho-quinone methide (6) was eliminated due to the abolished formation of its precursor 5. Previous 

studies have shown that 6 is capable to undergo coupling reactions with a diverse array of NP 

classes, including indoles, coumarins and flavonoids, to form clavatol-containing adducts.227 While 

the reactive intermediate 6 represents a valuable reactant for synthetic chemistry and allows for NP 

diversification,227 its occurrence in a host organism is rather undesired as it complicates the 

identification of heterologous pathway products. 

Finally, the objective was to generate a strain that can serve as a valuable alternative to the 

commonly used A. nidulans host strain LO8030 (see 1.6.9).234 Therefore, the A. nidulans wA 

expression site was chosen for integration at the P. crustosum pcr4401 locus. Previous studies have 

shown that both pcr4401 and wA code for PKSs that are involved in spore pigment formation.236 It 

was therefore anticipated that the resulting P. crustosum wA expression strain would be capable of 

maintaining the production of pigmented spores. In order to integrate the wA gene and its flanking 

regions, the split marker strategy, in combination with CRISPR-Cas9, was used for the 

transformation of P. crustosum JZ35. The resulting wA expression strain JZ38 exhibited a green 

phenotype, thereby indicating that wA is able to complement the function of pcr4401 (Figure 21).  

 

Figure 21. Phenotypes of P. crustosum strains grown on GMM with or without uracil and uridine for 

7 days. The wild-type strain PRB-2 produces dull green spores (A). Replacement of the native 

pigment gene pcr4401 with the A. nidulans wA gene results in pale green spores in JZ38 (B). 

Heterologous gene expression at the wA locus led to the albino phenotype as detected in JZ40 (C). 

 

Both pcr4401 and wA were demonstrated to be suitable integration sites for heterologous 

genes.236,238 During fungal transformation, the replacement of the pigment gene with a heterologous 

gene or BGC results in the abolishment of spore pigment production, thereby causing a white 

phenotype in the positive transformants (Figure 21). In contrast, colonies that have not undergone 
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pcr4401 pigment gene
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transformation, as well as those in which the heterologous genes have been integrated ectopically, 

display green spore pigmentation. Therefore, targeting the pigment sites for gene expression allows 

for a preliminary selection of transformants based on their phenotype, thus circumventing the 

laborious process of screening all mutants through the isolation of genomic DNA and PCR 

verification. The replacement of the pcr4401 pigment gene by the wA site ensures that the 

convenience of phenotype-based transformant screening is maintained in our P. crustosum host. 

The primary objective behind the replacement of the pcr4401 gene with the A. nidulans wA 

expression site was to enable the use of constructs originally designed for A. nidulans also in 

P. crustosum. Despite the availability of established A. nidulans host strains, including LO8030 and 

its successor LO11098, the use of alternative expression systems may offer potential advantages in 

certain cases.234,256 For instance, previous studies have demonstrated that heterologous 

compounds can be further modified by unspecific tailoring enzymes or reactive intermediates 

derived from A. nidulans LO8030. Recent examples of product modifications by A. nidulans include 

the formation of isocoumarins and xylariolide G.232,257 Another example is the expression of the 

restricticin BGC in A. nidulans, which resulted in the formation of hybrid molecules through coupling 

with an endogenous host metabolite.258 These conversions present significant challenges to the 

elucidation of gene functions and the determination of the final cluster products. In addition to product 

modifications, the use of a host from a different genus may prove advantageous when homologous 

genes are present within A. nidulans, thereby impeding successful gene expression. Furthermore, 

a Penicillium host system can facilitate the expression of other Penicillium genes or BGCs, as closely 

related strains typically exhibit similar mechanisms of transcription and translation.259 Given that 

numerous A. nidulans expression constructs rely on afriboB as riboflavin-based selection marker,237 

we proceeded to delete the homologous gene in P. crustosum. In addition to pyrG and the hph gene, 

a total of three selection markers are now available in the resulting strain JZ52 (Table 3).  
   

Table 3. Penicillium crustosum strains used and generated in this study 

Strain Genotype Source 

PRB-2 Wild type 37 

FK15 ȹpyrG in PRB-2 236 

JZ03 ȹligD (pcr2372)::pyrG in FK15 This study 

JZ04 ȹpyrG in JZ03 This study 

JZ05 ȹtraA (pcr11009)::pyrG in JZ04 This study 

JZ06 ȹpyrG in JZ05 This study 

JZ32 ȹclaF (pcr3094)::pyrG in JZ06 This study 

JZ35 ȹpyrG in JZ32 This study 

JZ37 ȹpcr4401::wA:pyrG in JZ35 This study 

JZ38 ȹpyrG in JZ37 This study 

JZ39 ȹwA::gpdA(p):pyrG in JZ38 This study 

JZ40 ȹwA::gpdA(p):orsA:pyrG in JZ38 This study 

JZ51 ȹpcribo (pcr11223)::pyrG in JZ38 This study 

JZ52 ȹpyrG in JZ51 This study 

JZ54 ȹwA::gpdA(p):anuAïanuK:afriboB in JZ52 This study 

JZ56 ȹwA::gpdA(p):afriboB in JZ52 This study 
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Finally, the functionality of the P. crustosum wA site was demonstrated by using constructs originally 

employed for heterologous expression in A. nidulans. Therefore, the pyrG-based plasmid pPX26,260 

harboring the PKS gene orsA, was selected for heterologous expression in JZ38. As expected, the 

replacement of wA resulted in an albino phenotype in the orsA expression strain JZ40 (Figure 21). 

Cultivation of JZ40 in rice medium led to the detection of an additional peak (7) with a [M + H]+ ion 

at m/z 319.0894 compared to empty vector control strain JZ39 (Figure 22). The MS data of 7 

correspond well to those previously reported for diorcinolic acid, which was identified following the 

expression of orsA in A. nidulans PX26.260 In addition, the afriboB-based plasmid pBK21,233 

containing the genes anuAïanuK from the known annullatin cluster, was chosen for heterologous 

expression in P. crustosum JZ52. The objective was to prove that the afriboB selection marker is 

capable of complementing the function of pcribo. Furthermore, we aimed to demonstrate the 

functionality of JZ52 for the expression of whole gene clusters. As expected, cultivation of the anuAï

anuK expression mutant JZ54 resulted in the detection of an additional peak (8) with a [M + H]+ ion 

at m/z 315.1565. These data correspond well to the anu cluster product annullatin F (Figure 22).233 

 

Figure 22. Structures of 7ï9 (A) LC-MS results of 14-day rice cultures of control strain P. crustosum 

JZ39 (B) and orsA expression strains P. crustosum JZ40 (C) and A. nidulans PX26 (D) with 

absorptions at 254 nm and EIC of 7. LC-MS results of 10-day PDB surface cultures of control strain 

P. crustosum JZ56 (E) and anuAïanuK expression strains P. crustosum JZ54 (F) and A. nidulans 

BK08 (G) with absorptions at 314 nm and EICs of 8 and 9. Masses of EICs are given with a range 

of ±0.005. 

(E) P. crustosum JZ56 (empty vector control)

(F) P. crustosum JZ54 (anu cluster expression)
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In addition to 8, its acetylated derivative annullatin G (9) was identified in the culture extracts. In a 

previous study, the formation of 9 was proposed to be catalyzed by unspecific host enzymes. With 

similar product yields of 8, the conversion to 9 was observed to be three-fold higher in the A. nidulans 

anuAïanuK expression strain BK08 than in the corresponding P. crustosum strain JZ54. These 

results clearly demonstrate the functionality of our P. crustosum JZ52 host system for the integration 

of expression constructs originally designed for A. nidulans. In the case of the annullatin cluster, the 

extent of product modification by host enzymes was observed to be less pronounced in P. crustosum 

than in the corresponding A. nidulans strain. 

In conclusion, we have constructed P. crustosum strain JZ52 as a new expression platform for fungal 

genes (Figure 23). The inactivation of LigD, in combination with the CRISPR-Cas9 gene editing 

technique, clearly improved gene targeting efficiencies in P. crustosum. The genetic dereplication 

strategy, which involves the deletion of the backbone genes from two highly expressed BGCs, was 

applied in order to reduce the SM background of P. crustosum. To provide an alternative to the well-

established A. nidulans host strain LO8030, the A. nidulans wA pigment gene including its flanking 

regions was integrated at the P. crustosum pcr4401 locus. This strategy enables the use of 

A. nidulans constructs also in our P. crustosum expression system and allows for the convenient 

selection of transformants based on their albino phenotype. Last but not least, a third selection 

marker was generated by deletion of the riboflavin synthase gene pcribo. 

 

 

Figure 23. Schematic representation of the genetic manipulation steps for the construction of the 

Penicillium crustosum host strain 

 

Please refer to the publication under section 4.2 for further details on this study.  
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3.3 Investigations on the ortho-quinone-mediated biosynthesis of penilactams 

by crosstalk of two distinct gene clusters in Penicillium crustosum 

As mentioned in section 1.5, the enzymes for fungal SM biosynthesis are generally encoded by 

genes located within the same BGC. Nevertheless, a number of studies have provided evidence of 

crosstalk between multiple pathways in the biosynthesis of fungal NPs.261 For example, the formation 

of penilactones and peniphenones was found to involve two independent BGCs in P. crustosum. As 

mentioned in section 3.1, the tra cluster was shown to catalyze the formation of crustosic acid (2) 

and terrestric acid (3).247 In a subsequent reaction, 2 and 3 are converted to ɔ-butyrolactone 

derivatives. In parallel, the nonreducing PKS ClaF as part of the cla cluster is responsible for the 

formation of clavatol (4). The nonheme FeII/2-oxoglutarate-dependent oxygenase ClaD catalyzes 

the oxidation of 4 to hydroxyclavatol (5), which undergoes spontaneous dehydration to form the key 

intermediate ortho-quinone methide (6).229,247 As previously discussed in section 3.2, 6 is known as 

a reactive coupling agent and has been demonstrated to undergo addition reactions with numerous 

NP classes. In the biosynthesis of peniphenones and penilactones, 6 was shown to couple with the 

ɔ-butyrolactones derived from the tra cluster via a nonenzymatic 1,4-Michael addition.229 In the 

present study, a PKS-NRPS hybrid BGC, termed the pem cluster, was identified by genome mining 

of P. crustosum. Gene deletion, overexpression, and feeding experiments demonstrated its function 

in the formation of the new tetramate derivatives penilactams AïC. Moreover, the biosynthesis of 

penilactams AïC was shown to result from a collaborative crosstalk between the pem and cla BGCs. 

The doctoral candidate was mainly involved in conducting gene deletion experiments. 

Genome mining of P. crustosum PRB-2 led to the identification of an uncharacterized BGC 

comprising genes coding for the PKS-NRPS hybrid enzyme PemA, the enoyl reductase PemB, and 

the transcriptional regulator PemC. To prove the function of PemA, the corresponding gene was 

deleted in PRB-2. Cultivation in MBM medium, followed by LC-MS analysis of the ȹpemA mutant 

revealed the abolished formation of three minor compounds (10ï12) with [M + H]+ ions at m/z 

306.1340, 456.1645, and 634.2281, respectively. The deletion of pemB in PRB-2 yielded 

comparable results, thereby indicating that both the PKS-NRPS hybrid enzyme PemA and the enoyl 

reductase PemB are essential for product formation. As the low product yield of 10ï12 in wild-type 

strain PRB-2 was not sufficient for structural elucidation, the objective was to increase the production 

of 10ï12 by overexpressing the transcriptional regulator pemC under the control of the gpdA 

promoter. For this purpose, the P. crustosum ȹligDȹtraAȹpyrG strain JZ06 obtained from a previous 

study (see section 3.2) was used for genetic manipulation. Given its low SM background resulting 

from inactivation of the highly expressed tra BGC, it was anticipated that the detection of 10ï12 in 

the culture extracts, as well as subsequent purification, would be facilitated. Moreover, the deletion 

of ligD was demonstrated to increase gene targeting efficiencies in P. crustosum. Transformation of 

JZ06 with pWL115 resulted in P. crustosum WL110 with the gpdA promoter inserted upstream of the 

transcriptional regulator pemC. LC-MS analysis of the MBM culture extracts revealed that the 

production of 10ï12 in WL110 was up to 35-fold higher than in the host strain JZ06 (Figure 24).  
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Figure 24. LC-MS results of 24-day MBM cultures of control strain P. crustosum JZ06 (A) and pemC 

overexpression strain P. crustosum WL110 (B) with absorptions at 296 nm and EICs of 10ï12. 

Masses of EICs are given with a range of ±0.005. 

 

 

Figure 25. Structures of the cla cluster products and the clavatol-containing tetramate derivatives 

penilactams AïC. The clavatol moieties within the structures are illustrated in red. 

 

Subsequently, P. crustosum WL110 was subjected to large-scale fermentation in MBM medium for 

the isolation and structural elucidation of compounds 10ï12. Interpretation of the 1H and 13C-NMR 

spectra, as well as the HMBC correlations of the purified compounds 10ï12 confirmed their 

structures as clavatol-containing tetramate derivatives. Compound 10 was obtained as an 

enantiomeric pair (10a and 10b) with a molecular formula of C16H19NO5, deduced from its [M + H]+ 

ion at m/z 306.1340. Analysis of the NMR data revealed the structure to contain a clavatol unit 

attached to an ethyl-substituted ɔ-lactam core (Figure 25). 10a and 10b were termed (+)-

penilactam A and (ī)-penilactam A, respectively. Interpretation of the NMR data of 11 and 12 

revealed the substitution of the ethyl group by an additional clavatol unit in the structure of 

penilactam B (11), and the attachment of a third clavatol unit at N-1 position in penilactam C (12). 

Although 11 and 12 were only detected as single peaks, even after separation on a chiral column, it 

is reasonable to conclude that they also constitute enantiomeric pairs.  
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Figure 26. LC-MS results of 14-day MBM cultures of the P. crustosum ȹpemA (A), ȹclaF (B) and 

ȹtraA (C) mutants and wild-type strain PRB-2 (D) with or without feeding with 0.1 mM of 5. 

Absorptions at 296 nm and EICs of 10ï12 are illustrated. A tolerance range of ±0.005 was used for 

ion detection. 

 

The presence of the clavatol units within the structures of penilactams AïC suggested that the 

clavatol moieties might be derived from the reactive o-quinone methide (6) produced by P. crustosum. 

To confirm this hypothesis, feeding experiments of its precursor 5 to a series of P. crustosum strains 

were conducted, in which the genes coding for PemA, ClaF, and TraA were disrupted, as well as to 

the wild-type strain PRB-2. As expected, cultivation of the ȹpemA mutant without feeding did not 

result in the formation of 10ï12 (Figure 26A). Moreover, feeding of 5 could not restore the 

biosynthesis of 10ï12 in the ȹpemA mutant, which provides evidence for the pivotal function of the 

PKS-NRPS hybrid enzyme PemA in their formation. Similarly, the culture extracts of the ȹclaF 

mutant showed no production of 10ï12 without feeding, demonstrating the involvement of 5 and 6 

in the biosynthesis of penilactams AïC. Adding 0.1 mM of 5 to the cultures of the ȹclaF mutant 

compensated for the inactivation of ClaF and restored the formation of 10ï12 (Figure 26B). Feeding 

of 5 to the ȹtraA mutant and the wild-type strain PRB-2 led to a slight increase in product formation. 

It was noteworthy that the overall product yields of 10ï12 were higher in the ȹtraA mutant than in 

PRB-2 (Figure 26C, Figure 26D). This can be attributed to the fact that the deletion of traA abolished 
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the formation of ɔ-butyrolactones, which are coupled with 6 in the biosynthesis of penilactones and 

peniphenones. Therefore, the disruption of the tra biosynthetic pathway resulted in an increase in 

the availability of 5 and 6 for the biosynthesis of penilactams AïC. 

In this study, genome mining has led to the identification of the pem BGC in P. crustosum. Deletion 

of the backbone gene pemA and the ER gene pemB, as well as overexpression of the regulator 

gene pemC demonstrated the involvement of the pem BGC in the formation of the new compounds 

penilactams AïC. In addition, penilactams AïC were found to be coupling products from tetramic 

acid and 3-ethyltetramic acid, formed by the PKS-NRPS hybrid enzyme PemA together with PemB, 

and the reactive o-quinone methide derived from the distinct cla BGC. Feeding experiments with 

hydroxyclavatol, the precursor of o-quinone methide, confirmed its role as a coupling agent for the 

formation of penilactams AïC. Taken together, this study provides an excellent example for product 

formation involving multiple biosynthetic pathways in a single strain.  

 

Please refer to the publication under section 4.3 for further details on this study. 
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3.4 Investigations on the formation of higginidulans A and B by crosstalk of two 

distinct biosynthetic pathways in Colletotrichum higginsianum and Aspergillus 

nidulans 

Colletotrichum higginsianum is regarded as a significant plant pathogen. It is known to cause 

detrimental diseases in a wide range of cruciferous plants, including members of the Brassica and 

Raphanus species.262 Consequently, C. higginsianum is considered as a substantial economic 

threat.263 Among other factors, the fungal pigment melanin was shown to impact the penetration 

ability of Colletotrichum species. A disruption in the melanin biosynthetic pathway was demonstrated 

to result in the formation of nonmelanized appressoria, which exhibited impaired penetration of plant 

epidermal cells.264,265 As previously discussed in section 1.6.10, the biosynthesis of DHN-melanin 

involves a PKS pathway for the formation of 1,3,6,8-tetrahydroxynaphthalene (1,3,6,8-THN). While 

Colletotrichum strains are known to directly produce 1,3,6,8-THN, several PKSs from Penicillium 

and Aspergillus species were observed to form the heptaketide YWA1, which is subsequently 

truncated to generate 1,3,6,8-THN (Figure 27).241,266,267 1,3,6,8-THN then undergoes a series of 

reduction and dehydration reactions, resulting in the formation of 1,8-DHN. Ultimately, the 

polymerization of 1,8-DHN leads to the assembly of DHN-melanin (Figure 27).268 In the last decades, 

a number of PKSs responsible for the formation of 1,3,6,8-THN were identified in Colletotrichum 

strains, including PKS1 from C. lagenarium, CgPks1 from C. gloeosporioides, and Cf-Pks1 from 

C. fructicola.267ï269 

 

 

Figure 27. DHN-melanin pathway in Colleotrichum, Penicillium, and Aspergillus species241,266,267,270 

In this study, the initial objective was to establish the heterologous expression of genes derived from 

C. higginsianum MAFF 305635 in a commonly used host system, such as Aspergillus nidulans 

LO8030. For this purpose, the 1,3,6,8-THN synthase gene from C. higginsianum was chosen for 

expression. As part of the melanin biosynthetic pathway, successful gene expression and production 

of 1,3,6,8-THN (13) can be easily observed by a change in the phenotype of the A. nidulans 

transformants. To identify a homolog in C. higginsianum, the aforementioned PKS1 from 

C. lagenarium was used as a query. Sequence comparison using online BLAST approaches led to 

the identification of TIC92505 with 91 % identity on the amino acid level. TIC92505 was designated 

as ChPKS thereafter. 
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For heterologous expression in A. nidulans LO8030, ChPKS was amplified from genomic DNA of 

C. higginsianum MAFF 305635 in two parts and inserted downstream of the gpdA promoter of 

expression vector pSSt05.257 Transformation of A. nidulans LO8030 resulted in A. nidulans DB04, 

in which the native YWA1 synthase gene wA is replaced by ChPKS. As previously stated, the 

naphthopyrone YWA1 is converted to 1,3,6,8-THN (13) as part of the melanin biosynthetic pathway. 

Therefore, the expression of ChPKS should compensate for the inactivation of wA with regard to 

DHN-melanin biosynthesis. However, phenotypic investigations revealed that DB04 was unable to 

restore the formation of spore pigments, including the brownish-black pigmentation indicative of the 

presence of DHN-melanin (Figure 28).271  

 

Figure 28. Phenotypes of Aspergillus strains. Disruption of the wA gene resulted in an albino 

phenotype in SSt01 when compared to wild-type strain LO8030 (A and B). Expression of ChPKS 

and deletion of pkbA could not restore spore pigmentation in DB04 (C) and DB09 (D), respectively.  

 

Figure 29. HPLC results of 21-day rice cultures of control strain A. nidulans SSt01 (A), ChPKS 

expression strain A. nidulans DB04 (B), and ȹpkbA strain A. nidulans DB09 (C) with absorptions at 

283 nm. The structures of 14 and 15 are depicted with the cichorine units (16) marked in red (D). 

Nevertheless, A. nidulans DB04 was cultivated on rice medium for analysis of its SM profile. The 

LC-MS data of 21-day culture extracts of DB04 revealed the clear presence of two new products (14 

and 15), as well as several minor compounds in comparison to the empty vector control strain SSt01 

(Figure 29AïB). However, 1,3,6,8-THN (13) was not detected in the cultures of DB04. To 

characterize the new compounds by structural elucidation, A. nidulans DB04 was subjected to large 

scale fermentation. After extraction and isolation, 14 and 15 were obtained in sufficient amounts for 

comprehensive NMR analysis. Interpretation of the 1H, 13C, as well as the two-dimensional NMR 

A. nidulans LO8030 A. nidulans SSt01 A. nidulans DB04 A. nidulans DB09

(A) (B) (C) (D)

(A) A. nidulans SSt01 (control)

(B) A. nidulans DB04

(C) A. nidulans DB09

higginidulan A (14)

higginidulan B (15)

14
15

(D)

16
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spectra of the purified products confirmed their structures as 1,3,6,8-THN-containing compounds. 

The NMR data indicated that compound 14 consists of a 1,3,6,8-THN core linked to an aromatic 

residue with unknown origin, thereby forming a dihydrooxepin ring structure (Figure 29D). Detailed 

analysis of the NMR data of 15 revealed the presence of an additional aromatic residue when 

compared to 14 (Figure 29D). Compounds 14 and 15 were termed higginidulans A and B, 

respectively. Based on the structural data, the objective was to identify the origin of the aromatic 

coupling agent (16). Due to the high homology of ChPKS to known 1,3,6,8-THN synthases, it was 

postulated that the aromatic component is provided by the host A. nidulans. Further investigation led 

to the conclusion that 16 could be derived from the cichorine gene cluster. A recent study reported 

the formation of a hybrid molecule in A. nidulans, resulting from a coupling reaction between 

restricticin with a precursor of cichorine.258 Restricticin is a known antifungal agent previously 

isolated from Penicillium restrictum.272 However, expression of the homologous restricticin BGC from 

Aspergillus sclerotiorum in A. nidulans led to the formation of the aforementioned hybrid product 

instead of the restricticin monomer.258 Based on the structural similarity of 16 to the reported 

cichorine precursor, it was concluded that the cichorine BGC may also be involved in the formation 

of higginidulans A (14) and B (15). To verify this hypothesis, the backbone gene pkbA of the cichorine 

BGC was deleted in DB04, yielding A. nidulans DB09. LC-MS analysis of the 21-day rice culture 

extracts of DB09 revealed the abolished formation of 14 and 15 (Figure 29C). However, the 

uncoupled 1,3,6,8-THN (13) monomer was not detected in the cultures of DB09. Furthermore, spore 

pigmentation could not be restored in DB09 (Figure 28). 

To identify the function of ChPKS, a revised strategy was implemented, whereby the alternative 

P. crustosum host JZ52 was used for heterologous expression of ChPKS. As discussed in section 

3.2, JZ52 was optimized as a fungal expression system by improving gene targeting and reduction 

of the SM background. Moreover, the integration of the A. nidulans wA site in JZ52 allows for the 

use of the expression plasmids originally designed for A. nidulans host strains. As a result, the 

previously constructed pDB04 could be directly used for the expression of ChPKS in JZ52 by the 

doctoral candidate. The resulting transformant P. crustosum JZ58 exhibited a distinct green 

phenotype compared to control strain JZ57. Moreover, the surrounding medium of JZ58 displayed a 

pronounced red coloration (Figure 30). These findings indicate that ChPKS may compensate for the 

function of wA with regard to spore pigment biosynthesis via the formation of 1,3,6,8-THN (13). 

 

Figure 30. Phenotypes of Penicillium strains. Disruption of the wA gene resulted in an albino 

phenotype in JZ57 when compared to wild-type strain JZ52 (A and B). Expression of ChPKS 

restored the spore pigment formation in JZ58 and colored the surrounding medium (C). 

P. crustosum JZ52 P. crustosum JZ57 P. crustosum JZ58

(B)(A) (C)
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Cultivation of the ChPKS expression strain P. crustosum JZ58 on rice medium, followed by LC-MS 

analysis of the culture extracts, yielded clear evidence for the presence of 13, which was absent in 

the control strain JZ57 (Figure 31AïB). Given that 13 is susceptible to oxidation, the crude extract 

of a large-scale fermentation of JZ58 was subjected to acetylation prior to isolation (Figure 31CïD). 

The purified tetra-acetylated product of 13 was analyzed via 1H-NMR, thereby confirming the 

deduced structure of 13 as 1,3,6,8-THN. In light of these results, it can be concluded that ChPKS 

functions as a 1,3,6,8-THN synthase. Moreover, the findings demonstrate the efficacy of 

P. crustosum as a heterologous host for the expression of genes derived from Colletotrichum species. 

In comparison to the commonly used host strain A. nidulans LO8030, the heterologous expression 

of ChPKS in P. crustosum JZ52 did not result in coupling reactions with endogenous intermediates. 

 

Figure 31. HPLC results of 21-day rice cultures of control strain P. crustosum JZ57 (A), ChPKS 

expression strain P. crustosum JZ58 (B), and the purified tetra-acetylated product of 13 (C) with 

absorptions at 283 nm. Schmetic illustration of the acetylation reaction of 13 (D). 

In conclusion, the expression of the PKS gene ChPKS from C. higginsianum in host strain 

A. nidulans LO8030 led to the identification of two new compounds, termed higginidulans A (14) and 

B (15). Detailed structural elucidation revealed that 14 and 15 were formed by a coupling reaction 

of 1,3,6,8-THN with one or two units of an aromatic intermediate. The deletion of the cichorine 

backbone gene pkbA in A. nidulans led to the abolishment of 14 and 15, thereby demonstrating the 

origin of the aromatic component within the cichorine biosynthetic pathway. In parallel, heterologous 

expression of ChPKS in the alternative P. crustosum host system resulted in the formation of the 

1,3,6,8-THN monomer. These data demonstrate that gene expression in different host organisms 

can yield varying outcomes, thereby underscoring the importance of employing alternative host 

systems for heterologous expression. 

 

Please refer to the publication under section 4.4 for further details on this study.  

(A) P. crustosum JZ57 (control)

(B) P. crustosum JZ58

(C) 1,3,6,8-THN (13) after acetylation and purification

tetra-acetylated 13

13

tetra-acetylated 13

(D)

13
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4 Publications 

4.1 Conversion of viridicatic acid to crustosic acid by cytochrome P450 

enzymeȤcatalysed hydroxylation and spontaneous cyclisation 
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