
 

 

 
 

 

 

 

 

Bioactive Secondary Metabolites from Endophytic and 

Marine Fungi 

 

 

 

 

 

 

 

Inaugural dissertation 

 
 

 

for the attainment of the title of doctor 

in the Faculty of Mathematics and Natural Sciences 

at the Heinrich Heine University Düsseldorf 

 

presented by 

 

Marian Frank 

from Neuss, Germany 

 

Düsseldorf, 01. 2019 

  



 

 

From the Institute for Pharmaceutical Biology and Biotechnology at the Heinrich Heine 

University Düsseldorf 

 

 

 

 

 

 

 

Published by permission of the 

Faculty of Mathematics and Natural Sciences at 

Heinrich Heine University Düsseldorf 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisor:   Prof. Dr. Dres. h.c. Peter Proksch 

Co-supervisor:  Prof. Dr. Matthias U. Kassack 

 

Date of the oral examination: 18.03.2019 

 



 

 

 

 

 

 

 

Devoted to my grandfather 

 

 

 

 

 

Karl Frank †2018 

 

 

 

 

 

and  

my wife 

 

 

 

 

 

Annika Frank 

 

  



Table of Contents 

 

 
4 

 

Table of Contents 
Abstract ............................................................................................................................................ 6 

Zusammenfassung ............................................................................................................................ 9 

Chapter 1 - General Introduction .................................................................................................. 12 

1.1.1 Microbial fermentation in history and modern times ........................................................ 12 

1.1.2 Drugs from fungi ............................................................................................................... 13 

1.2.1 Antibacterial agents of fungal origin ................................................................................. 14 

1.2.2 Antifungal agents of fungal origin .................................................................................... 17 

1.2.3 Anticancer agents of fungal origin .................................................................................... 18 

1.2.4 Antilipemic agents of fungal origin .................................................................................. 19 

1.2.5 Immunosuppressant agents of fungal origin ..................................................................... 21 

1.3.1 Modern natural product discovery .................................................................................... 23 

1.3.2 Natural product discovery from marine fungi ................................................................... 24 

1.3.3 Sponge-derived fungi ........................................................................................................ 25 

1.3.4 Mangrove endophytes ....................................................................................................... 26 

1.3.5 Activation of silent gene clusters ...................................................................................... 27 

1.4 Aims and significance of the study ...................................................................................... 30 

Chapter 2 - Phomoxanthone A - From Mangrove Forests to Anticancer Therapy....................... 31 

2.1 Publication Manuscript ........................................................................................................ 32 

2.2 Supporting Information ........................................................................................................ 42 

Chapter 3 - The Mycotoxin Phomoxanthone A Disturbs the Form and Function of the Inner 

Mitochondrial Membrane ............................................................................................................... 55 

3.1 Publication Manuscript ........................................................................................................ 56 

3.2 Supporting Information ........................................................................................................ 73 

Chapter 4 - Brominated Azaphilones from the Sponge-Associated Fungus Penicillium canescens

 ........................................................................................................................................................ 80 

4.1 Publication Manuscript ........................................................................................................ 81 

4.2 Supporting Information ........................................................................................................ 97 

Chapter 5 - Cryptic Secondary Metabolites from the Sponge-Associated Fungus Aspergillus 

ochraceus ..................................................................................................................................... 128 

5.1 Publication Manuscript ...................................................................................................... 129 

5.2 Supporting Information ...................................................................................................... 142 

Chapter 6 - General Discussion .................................................................................................. 163 

6.1 Activation of silent biogenetic gene clusters through OSMAC experiments .................... 163 

6.2 Activation of silent biogenetic gene clusters through co-cultivation ................................. 166 



Table of Contents 

 

 
5 

 

6.3 Induction of mixed fungal-bacterial metabolites................................................................ 168 

6.4 Manipulation of the griseofulvin biosynthesis through NaBr ............................................ 170 

6.5 Investigation of phomoxanthone A .................................................................................... 173 

Conclusion and Prospect .............................................................................................................. 178 

References (for Chapter 1 and 6) ................................................................................................. 179 

List of Abbreviations .................................................................................................................... 197 

Research contributions ................................................................................................................. 199 

Declaration of Academic Honesty ............................................................................................... 201 

Acknowledgement ........................................................................................................................ 202 

 

 



Abstract 

 

 
6 

 

Abstract 
 

The emergence of therapy-resistant cancer and infectious diseases fuels the demand for novel 

therapeutic agents. Bioactive compounds from nature have always met that demand or inspired 

optimized synthetic analogs in the past. Marine derived fungi and other microorganisms are still 

relatively underexplored concerning their secondary metabolites, when compared to terrestrial 

microorganisms. The inherit potential of marine derived fungi can further be expanded by 

unlocking silent biogenetic gene clusters using OSMAC (One Strain Many Compounds) and co-

cultivation experiments or by producing semisynthetic analogs. This makes them an invaluable 

resource for bioprospecting and a worthy target for investigation. This doctoral thesis includes 

three major projects desribed in manuscript form. The first project deals with the stability, mode 

of action and structure-activity-relation (SAR) of the mycotoxin phomoxanthone A (PXA), which 

was isolated from Phomopsis longicolla, an endophyte of the Chinese mangroveplant Sonneratia 

caseolaris. The second and third project deal with the investigation of the fungal strains Penicillium 

canescens and Aspergillus ochraceus respectively, which were both derived from the inner tissue 

of the Mediterranean sponges Agelas oroides. For those projects, the main work revolved around 

fermentation with modification of culture parameters (OSMAC, co-culture and feeding 

experiments) to increase the discovery rate of novel fungal metabolites. The structures of all 

isolated secondary metabolites were unequivocally elucidated by 1D and 2D NMR (nuclear 

magnetic resonance) experiments and high resolution electronspray ionisation mass spectrometry 

(HRESIMS), whereas their stereochemical configurations were elucidated by optical rotation 

measurements, Marfeys’s method or electronic circular dichroism (ECD) calculations. 

First Project: Investigation of the mycotoxin phomoxanthone A: 

The results of the first project are published and included in chapters 2 (Phomoxanthone A - From 

Mangrove Forests to Anticancer Therapy) and to a minor degree in chapter 3 (The Mycotoxin 

Phomoxanthone A Disturbs the Form and Function of the Inner Mitochondrial Membrane). The 

work of Rönsberg et al. (Rönsberg et al. 2013) was continued to investigate the mode of action of 

PXA. PXA was produced at multigram scale through solid rice fermentation and ethyl acetate 

extraction of P. longicolla to meet the demand for indepth target finding studies during our 

cooperation with the working group of Sebastian Wesselborg (Böhler et al. 2018). The stability of 
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PXA in several solvent systems was investigated to explain the activity decline in frozen stock 

solutions and a rearrangement of PXA to dicerandrol C was discovered (discussed in chapter 6.5). 

A protocol for proper handling of PXA was established and made further mechanistic studies 

possible. The SAR were investigated by preparation of six semisynthetic derivatives that were 

tested for their cytotoxic activity against Ramos B- and Jurkat T-lymphocytes. All synthesized 

compounds were considerably less active than PXA, but the magnitude of activity loss allowed for 

general SAR predictions. Further SARs were established by extensive bioactivity-data literature 

comparison of PXA and structurally related compounds.  

Second Project: Investigation of the sponge derived fungus Penicillium canescens 

The results of the second project are ready to be submitted for publication and are included in 

chapter 4 (Brominated Azaphilones from the Sponge-Associated Fungus Penicillium canescens). 

The fungus P. canescens was isolated from the inner tissue of the Mediterranean sponge Agelas 

oroides. Initial solid rice fermentation showed promising cytotoxic and antitubercular activity of 

the ethyl acetate (EtOAc) crude extract. Chromatographic investigation of the extract yielded one 

new chlorinated diphenylether (penicanether) and thirteen known compounds. The majority of 

isolated compounds were intermediates or byproducts of griseofulvin biosynthesis. Adding 5% 

sodium bromide (NaBr) to rice medium changed the secondary metabolite pattern and strongly 

increased the amount of unchlorinated benzophenone intermediates and xanthones, including the 

previously absent 1,3,5,6 tetrahydroxy-8-methylxanthone. While the amount of griseofulvin 

sharply decreased and no bromo analogs were detected, two novel brominated azaphilones, 

bromophilones A and B, were isolated. All new compounds were unequivocally elucidated by 1D 

and 2D NMR experiments and HRESIMS data. The relative configuration of bromophilones A and 

B was assigned by nuclear Overhauser effect (NOE) experiments and detailed 13C-chemical shift 

analysis and literature comparison and they were identified as epimers. Bromophilone B exhibited 

cytotoxicity against the mouse lymphoma cell line L5178Y (IC50 8.9 µM), as well as against the 

human ovarian cancer cell line A2780 (IC50 2.7 µM), whereas the epimer bromophilone A was 

considerably less active. 
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Third Project: Investigation of the sponge derived fungus Aspergillus ochraceus 

The results of the third project were submitted to Marine Drugs in 12/2018 and are included in 

chapter 5 (Cryptic Secondary Metabolites from the Sponge-Associated Fungus Aspergillus 

ochraceus). The fungus A. ochraceus was isolated from the inner tissue of the Mediterranean 

sponge Agelas oroides. The initial solid rice fermentation EtOAc extract showed promising 

cytotoxic and antitubercular activity and an interesting chromatographic profile. The investigation 

of the large-scale extract yielded sixteen known compounds, which were mainly comprised of 

ochratoxin A (OTA), penicillic acid (PA) derivatives, tryptophan-derived alkaloids (circumdatins) 

and polyketide pigments (e.g. viomellein). The accumulation of these metabolites was influenced 

by addition of several inorganic halide and nitrogen salts. Fermentation on solid beans medium 

yielded the new diketopiperazine alkaloid waspergillamide B, which features a highly unusual p-

nitrobenzoic acid subunit. Co-cultivation with Bacillus subtilis yielded two new PA-derivatives, 

ochraspergillic acids A and B, which seem to be of mixed fungal-bacterial biosynthesis. 

Ochraspergillic acid A was also produced in axenic fungal culture following feeding of tryptophan 

or anthranilic acid. The structures of new compounds were elucidated based on 1D and 2D NMR 

experiments as well as from their HRESIMS data. The absolute configuration of waspergillamide 

B was established by hydrolysis and conversion of the amino acids using Marfey’s reagent. The 

compounds viomellein and ochratoxin B exhibited strong cytotoxicity against the human ovarian 

carcinoma cell line A2780 with IC50 values of 5.0 and 3.0 μM, respectively. 
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Zusammenfassung 
 

Das Aufkommen therapieresistenter Krebs- und Infektionskrankheiten heizt den Bedarf an 

neuartigen Arzneistoffen an. Bioaktive Naturstoffe haben in der Vergangenheit diesen Bedarf stets 

gedeckt oder zur Entwicklung verbesserter, halbsynthetischer Analoga geführt. Marine Pilze und 

andere Mikroorganismen stellen eine, bezüglich ihrer Sekundärmetaboliten, immer noch relativ 

unerforschte Gruppe dar, im Vergleich zu an Land lebenden Mikroorganismen. Das den marinen 

Pilzen innewohnende Potential kann noch erweitert werden, indem schlafende Biosynthese-

Gencluster durch den Einsatz von OSMAC- oder Co-Kultivierungsexperimenten induziert werden. 

Dies macht sie zu einer unverzichtbaren Quelle auf der Suche nach bioaktiven Naturstoffen. Diese 

Dissertation gliedert sich in drei Hauptprojekte, die in Manuskriptform präsentiert werden. Das 

erste Projekt befasst sich mit Untersuchungen zur Stabilität, dem Wirkmechanismus und den 

Struktur-Wirkungs-Beziehungen (SWB) des Mykotoxins Phomoxanthon A (PXA), das aus 

Phomopsis longicolla, einem Endophyten der chinesischen Mangrovenpflanze Sonneratia 

caseolaris, isoliert wurde. Das zweite und dritte Projekt befassen sich jeweils mit einem der beiden 

Pilze Penicillium canescens und Aspergillus ochraceus, welche aus dem inneren Gewebe des 

Mittelmeerschwammes Agelas oroides isoliert wurden. Der Schwerpunkt in diesen Projekten liegt 

darauf Variationen der Fermentationbedingungen zu finden (OSMAC, Co-Kultivierung, 

Fütterungsversuche). Das Ziel hierbei ist es, die Akkumulation neuer Sekundärmetabolite zu 

induzieren. Die Strukturen aller isolierten Sekundärmetaboliten wurden durch den Einsatz von ein- 

und zweidimensionaler Kernspinresonanzspektroskopie (NMR) und Massenspektrometrie (MS) 

aufgeklärt. Die absolute Konfiguration einiger Substanzen wurde mithilfe von Messungen der 

optischen Aktivität, Marfey Analyse und elektronischer Circular Dichroismus Berechnungen 

(ECD) bestimmt. 

Erstes Projekt: Untersuchungen zum Mykotoxin Phomoxanthon A 

Die Ergebnisse zum ersten Projekt wurden bereits veröffentlicht und umfassen Kapitel 2 

(Phomoxanthon A - Aus dem Mangrovenwald zur Krebstherapie) und in einem geringeren Umfang 

Kapitel 3 (Das Mykotoxin Phomoxanthon A stört die Form und Funktion der inneren 

Mitochondrienmembran). Die Arbeit von Rönsberg et al. (Rönsberg et al. 2013) wurde fortgeführt 

um den Wirkmechanismus von PXA zu untersuchen.  
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Um die Mengenanforderungen an PXA für vertiefende Targetfindungsstudien der kooperierenden 

Arbeitsgruppe von Sebastian Wesselborg zu decken (Böhler et al. 2018), wurde die Substanz durch 

Ethylacetat (EtOAc) Extraktion der Reismedium-Fermentation des Pilzes Phomopsis longicolla im 

Multigramm-Maßstab produziert. Da die gefrorenen PXA-Stammlösungen über die Zeit einen 

Aktivitätsverlust zeigten, wurde die Stabilität von PXA in verschiedenen Lösungsmitteln 

untersucht und eine Umlagerungsreaktion zu Dicerandrol C beobachtet (beschrieben in Kapitel 

6.5). Es wurde ein Protokoll zur korrekten PXA-Handhabung entwickelt, welches weitere 

mechanistische Untersuchungen ermöglichte. Die SWB wurden durch die Synthese von sechs 

halbsynthetischen Derivaten untersucht, indem ihre Zytotoxizität gegenüber Ramos B- und Jurkat 

T-Lymphozyten ermittelt wurde. Alle hergestellten Substanzen waren weniger aktiv als PXA, 

allerdings konnten anhand des Umfangs des Aktivitätsverlustes allgemein gültige SWB Aussagen 

getroffen werden. Weitere SWB wurden ermittelt indem die Bioaktivitäten von PXA und 

strukturell ähnlichen Substanzen anhand von zahlreichen Literaturquellen miteinander verglichen 

wurden. 

Zweites Projekt: Untersuchung zum schwamm-assoziierten Pilz Penicillium canescens 

Die Ergebnisse des zweiten Projekts liegen als veröffentlichungsfertiges Manuskript vor und 

umfassen Kapitel 4 (Bromierte Azaphilone aus dem schwamm-assoziierten Pilz Penicillium 

canescens). Der Pilz P. canescens wurde aus dem inneren Gewebe des Mittelmeerschwammes 

Agelas oroides isoliert. Der EtOAc Extrakt der initialen Fermentation auf festem Reismedium 

zeigte vielversprechende zytotoxische und anti-Tuberkulose Aktivität. Chromatographische 

Untersuchungen des Extraktes führten zur Isolierung eines neuen, chlorierten Diphenylether 

(Penicanether) und von dreizehn bekannten Verbindungen. Die meisten isolierten Verbindungen 

waren als Zwischenprodukte der Griseofulvin Biosynthese einzuordnen. Das Hinzufügen von 5% 

NaBr zum Reismedium veränderte das Sekundärmetabolitmuster und führte zu einer starken 

Akkumulation von nicht-chlorierten Benzophenonen und Xanthonen, einschließlich des zuvor 

nicht nachgewiesenen 1,3,5,6-Tetrahydroxy-8-methylxanthons. Obwohl die Griseofulvinmenge 

stark reduziert war und keine Bromo-Analoga des Griseofulvins nachgewiesen wurden, konnten 

zwei neuartige bromierte Azaphilone (Bromophilone A und B) isoliert werden. Die Strukturen aller 

neuen Verbindungen wurden durch den Einsatz von 1D und 2D NMR Experimenten und 

Hochauflösungsmassenspektrometrie (HRMS) eindeutig aufgeklärt und die relativen 
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Konfigurationen von Bromophilon A und B wurden durch Kern-Overhauser-Effekt (NOE) 

Experimente und den detailierten Vergleich der 13C chemischen Verschiebungen mit Literatur 

bestimmt. Hierbei stellte sich heraus, dass es sich bei Bromophilon A und B um Epimere handelt. 

Bromophilon B zeigte Zytotoxizität gegenüber der Maus Lymphom Zelllinie L5178Y (IC50 

8.9 µM) und der menschlichen Ovarialkarzinom Zelllinie A2780 (IC50 2.7 µM), während das 

Epimer Bromophilon A deutlich weniger aktiv war. 

Drittes Projekt: Untersuchungen zum schwamm-assoziierten Pilz Aspergillus ochraceus 

Die Ergebnisse des dritten Projektes wurden 12/2018 bei Marine Drugs eingereicht und umfassen 

Kapitel 5 (Kryptische Sekundärmetaboliten des schwamm-assoziierten Pilzes Aspergillus 

ochraceus). Der Pilz A. ochraceus wurde aus dem inneren Gewebe des Mittelmeerschwammes 

Agelas oroides isoliert. Der EtOAc Extrakt der initialen Reismediumsfermentation zeigte 

vielversprechende zytotoxische und anti-Tuberkulose Aktivität und ein interessantes 

chromatographisches Profil. Die Untersuchungen des Hauptextraktes führte zur Isolation von 

sechzehn bekannten Verbindungen, welche sich hauptsächlich aus Ochratoxin A, Penicillinsäure 

(PS) Derivaten, Tryptophan-basierten Alkaloiden (Circumdatine) und Polyketid Pigmenten (z.B. 

Viomellein) zusammensetzen. Die Akkumulation dieser Metaboliten ließ sich durch die Zugabe 

von diversen anorganischen Halogenid- und Stickstoff-Salzen beeinflussen. Eine Fermentation auf 

Bohnen statt auf Reis führte zur Entdeckung des neuen Diketopiperazin-Alkaloids 

Waspergillamid B, welches sich durch seinen ungewöhnlichen p-Nitrobenzoesäurebaustein 

auszeichnet. Co-Kultivierung mit Bacillus subtilis ergab die zwei neuen PS-Derivate 

Ochraspergillsäuren A und B, welche augenscheinlich Produkte einer bakteriell-pilzlich 

gemischten Biosynthese sind. Ochraspergillsäure A wurde ebenfalls in axenischer Pilzkultur 

produziert, nachdem Tryptophan oder Anthranilsäure zugefüttert wurden. Die Strukturen der neuen 

Verbindungen wurden durch 1D und 2D NMR Experimente und HRMS aufgeklärt. Die absolute 

Konfiguration von Waspergillamid B wurde durch Hydrolyse und anschließende Umsetzung der 

resultierenden Aminosäuren mit Marfey Reagenz ermittelt. Die Verbindungen Viomellein und 

Ochratoxin B zeigten starke Zytotoxizität gegenüber der menschlichen Ovarialkarzinom Zelllinie 

A2780 mit IC50 Werten von jeweils 5.0 und 3.0 μM. 
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Chapter 1 - General Introduction 

 

„Die höchste Form der Hoffnung ist die überwundene Verzweiflung.“ 

-Albert Camus 

 

1.1.1 Microbial fermentation in history and modern times 
 

The word fermentation is most commonly understood as the process of microbes growing on 

nutrient rich media to produce desired small molecules from sugars, such as ethanol in beer and 

wine production or acetic acid in vinegar or just CO2 during the baking process. This process 

includes anaerobic and the more common aerobic processes and is applied to the production of 

secondary metabolites such as antibiotics (Junker 2000). Long before the discovery of microbes in 

1675 by Antonie van Leeuwenhoek (Ralston, Alma Payne, 1900- 1970), humans have utilized 

microbial fermentation for food and medicinal purposes. The fermentation of sugars by the yeast 

Saccharomyces cerevisiae into ethanol has been utilized for millenia in the production of beer and 

can be traced back to 3,500–3,100 BC in ancient Iran (Wilkins and Hill 2006) and to 7000 BC 

ancient China (McGovern et al. 2004). Fermentation products were also used for medicinal 

purposes since ancient times. Red rice is a fermentation product of solid rice and the fungus 

Monascus purpureus, which was found to contain the cholesterol-lowering agent Lovastatin in 

relevant amounts. It was widely used in East Asia throughout history and was noted for its health 

benefits in Traditional Chinese Medicine 2,000 years ago (Erdoğrul and Azirak 2004). The use of 

moulds and their antibacterial properties to treat infections was discovered independently by 

several cultures throughout history and is well documented. The English herbalist John Parkington 

recommended mouldy bread for the treatment of wounds in 1640, but the oldest written records of 

its therapeutic effects are from 1,500 BC ancient Egypt (Wainwright 1989). 

Today fermentation is still used for foodproduction processes in the same way; additionally defined 

compounds such as vitamins (Vandamme 1992) are produced through fermentation for 

supplementation purposes. A new significant role in drug production must be added. A major part 

of industrial scale fermentation is used for the production of antibacterial, antiviral, antifungal, 

anticancer, immunosuppressant, cholesterol lowering and antiparasitic low molecular drugs (Jozala 

et al. 2016; Rahman 2013), while the production of recombinant peptides such as human insulin is 
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also achieved through microbial fermentation today (Johnson 1983). While most fungal antibiotics 

are semisynthetic in nature, the fermentation of fungi is extensively used for the production of 

stereochemicaly complex precursors. Fungal products such as penicillin G and cephalosporin C are 

the starting materials for modern semisynthetic derivatives and are mass produced using industrial 

scale fermentations. The antifungal drug griseofulvin is also produced by fungal fermentation 

(Najafpour 2007). The production of most other antibiotic classes, such as macrolides, 

aminoglycosides, glycopeptides, bacitracin, polymyxins and the antifungal amphotericin is 

achieved through bacterial fermentation, mostly of Streptomyces sp. (Najafpour 2007), while the 

production of low molecular weight anticancer drugs through fermentation is not common today. 

Efforts have been made to produce drugs such as camptothecin (Amna et al. 2006) or paclitaxel 

(Gangadevi and Muthumary 2007) through fermentation of endophytes or paclitaxel through 

fermentation of recombinant production strains (Biggs et al. 2016). As the field of biotechnology 

advances fast for the production of recombinant proteins (Kunert and Casanova 2013), it is feasible 

to assume, that stereochemically challenging low molecular weight natural products with identified 

gene clusters can be produced through the fermentation of recombinant production strains in an 

industrial scale in the future (Huttanus et al. 2016). 

 

1.1.2 Drugs from fungi 
 

The modern age of medicine arguably started with the discovery of antimicrobial drugs such as 

penicillin in 1928 (Fleming 1929) and griseofulvin in 1939 (Oxford et al. 1939). Their discovery 

opened, for the first time in history, the ability to treat infectious diseases effectively (Aminov 

2010). The occurrence of these first antiinfective compounds sparked an increased interest in 

microbial secondary metabolites. All around the world scientist began to analyze culture broths of 

fungi and bacteria for new antimicrobial natural products. Since then a steady stream of bacterial 

and fungal secondary metabolites has regularly entered the drug market and has put forward 

effective lead structures for semisynthetic or synthetic drugs. While new synthetic compounds 

started entering the drug market, natural products, being shaped by millions of years of 

evolutionary arms races, still provide excellent templates for the development of future drugs. 

While natural product discovery from bacteria (especially Streptomyces species) has led to the 

discovery of a plethora of new classes of antibiotics, such as the aminoglycosides (streptomycin) 
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in 1940 (Schatz et al. 1944), tetracyclin in 1945 (Nelson and Levy 2011), chloramphenicol in 1948 

(Aminov 2017), macrolides (erythromycin) in 1949 (Jelić and Antolović 2016), glycopeptides 

(vancomycin) in 1952 (Anderson et al. 1961), rifampicin in 1958 (Sensi et al. 1959), carbapenems 

(thienamycin) in 1976 (Kahan et al. 1979) and monobactams in 1985 (Sykes and Bonner 1985), 

fungal metabolites have produced only two major classes of commonly used antibiotics, the 

penicillins in 1928 and the cephalosporins in 1948.  

 

Fungal metabolites have also branched out into various other areas of therapy. The ergot alkaloids 

isolated from Claviceps purpurea were discovered in 1918 and their derivatives bromocriptin and 

pergolide are still relevant in the the treatment of Parkinson’s disease today (Montastruc et al. 

1993). The developement of vitamin K antagonists of the coumarine type was started from the 

discovery of dicumarol from Aspergillus fumigatus (Bye and King 1970), which was initially used 

as ratpoison, but is used today in the form of the derivatives phenprocoumon and warfarin as a 

standard therapy for the prevention of cardiavascular bloodclots (Husted et al. 2006). 

 

 

Figure 1: Emergence of new compound classes from fungi (modified after Beekman and Barrow 

2014). 

 

The remaining fungal drug classes are antibacterial, antifungal, anticancer, immunosuppressant and 

antilipemic compounds and are discussed in detail in the following chapters 1.2.1- 1.2.5. 

 

1.2.1 Antibacterial agents of fungal origin 
 

Today the majority of antibacterial drugs is derived from natural products. The original compound 

penicillin G was discovered by Alexander Fleming in 1928 from a strain of Penicillium notatum 
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and was made available for the treatment of bacterial infections by 1941, where it provided a major 

relief to allied soldiers and battleground infections during World War II. Further development on 

the field of penicillins made them more suitable through chemical modification of their core 6-

aminopenicillanic acid core structure. While the first generation penicillins (the natural products 

penicillin G and V) were active against gram-positive bacteria, the occurence of betalactamase 

producing Staphilococci called for chemically stabilized derivatives. Second generation penicillins 

such as oxacillin and methicillin were developed improving the betalactamase stability through 

steric shielding of the pharmacophor, but they possessed no activity against gram-negative bacteria. 

The third generation of penicillins (aminoacylpenicillins) improved oral bioavailability and 

broadened the effectiveness against some gram-negative bacteria (amoxicillin and ampicillin), but 

lost betalactamase stability. This can be remedied by combination with betalactamase inhibitors 

such as clavulanic acid (e.g. Augmentin® = amoxicillin + clavulanic acid). The fourth generation 

of penicillins (ureidopenicillins and carboxypenicillins) continue from the aminoacylbasestructure 

and further broadens the spectrum by incorporating it into an ureidogroup or replacing it by a 

carboxygroup. Piperacillin is the penicillin with the broadest activity, which includes Pseudomonas 

sp. and Enterobacter sp. (Lobanovska and Pilla 2017). The general mode of action stayed largely 

the same for all penicillin derivatives: By structurally mimicking the D-ala-D-ala-terminus of the 

peptidoglycan, betalactam antibiotics (penicillins, cephalosporins, monobactams and 

carbapenems) bind to the transpeptidase (PBS = penicillin-binding protein) and irreversible acylate 

a serine residue in the catalytic binding site. This way the crosslinking of bacterial cell walls is 

inhibited, resulting in a bactericidal effect on growing bacteria (Yocum et al. 1979). Even though 

numerous resistances have arisen, the penicillins are still one of the most prescribed and essential 

anbiotic classes today. From 2013 - 2015 penicillins accounted for 50% of the antibiotic 

prescription in primary care in England (Dolk et al. 2018). 

 

The second class of natural product derived betalactams are the cephalosporines, which are derived 

from cephalosporine C, which was first discovered from the marine fungus Acremonium 

chrysogenum by Giuseppe Brotzu in 1948 (Brotzu 1948). While very similar to the penicillines, 

cephalosporins are almost exclusively semisynthetic derivatives of the naturally occuring 

cephalosporine C. Modification of the sidechain leads to a classification systems which currently 

includes five generations of cephalosporines. First generation cephalosporines are available in oral 
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or parenteral form, are active primarily against gram-positive bacteria and do not have additional 

betalactamase stability (e.g. cefalexin). Second generation cephalosporins possess increased 

betalactamase stability and have some activity against gram-negative bacteria (e.g. cefaclor). Third 

generation cephalosporines are broadspectrum cephalosporines with a zwitterionic structure to help 

cross gram-negative cell membranes and a high betalacamase stability (e.g. cefixim). Fourth 

generation cephalosporines have additional acitivity against Pseudomonas aeruginosa (e.g. 

cefepim) and fifth generation cephalosporines are broad spectrum antibiotics which are specifically 

designed with increased activity against multiresistant gram-negative bacteria (e.g. ceftaroline 

(Duplessis and Crum-Cianflone 2011)).  

 

 

Figure 2: Different generations of betalactam antibiotics. 



Chapter 1 

 

 
17 

 

1.2.2 Antifungal agents of fungal origin 
 

The systematic therapy of fungal infections during history was difficult due to the nonavailability 

of effective oral drugs and was limited to the topical treatment with weak acids or phenols until the 

1940s (Smith 1990). The discovery of griseofulvine from the fungus Penicillium griseofulvum in 

1939 by Oxford et al. (Oxford et al. 1939) led to the first orally available antifungal drug against 

dermatophytes and marked a major breakthrough in antifungal therapy when it was approved in 

1959. While the development of antifungal drugs was dominated by the synthetic azole-

antimycotics from the 1960s to the 1980s (Maertens 2004), the development has recently shifted 

towards fungal natural products again, with the discovery of echinocandine antimycotics in 1974 

by Benz et al. (Nyfeler and Keller-Schierlein 1974). The first echinocandine entering the drug 

market was caspofungin (Cancidas®) in 2001, which is a derivative of the natural fungal lipopeptide 

pneumocandin B0, first isolated from Glarea lozoyensis in 1985 (Balkovec et al. 2014). 

Echinocandins block the synthesis of β(1,3)-D-glucan, by inhibiting the enzyme β(1,3)-D-glucan 

synthase noncompetetively and thus disrupt the formation of the fungal cell wall (Letscher-Bru 

2003). Even though echinocandines are new to antifungal therapy regime, they have proven 

themselves to be cost effective and equivalent or superiour to established standard therapeutics 

amphotericin B and fluconazol for invasive mycosis (Patil and Majumdar 2017). 

 

Figure 3: Antifungal drugs of fungal origin. 
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1.2.3 Anticancer agents of fungal origin 
 

The importance of natural products for the development of anticancer drugs cannot be understated. 

From 1930 to 2014 worldwide there were 207 approved small molecule anticancer drugs, of which 

160 (77%) were natural products, natural product derived or natural product inspired (Newman and 

Cragg 2016). While most of these therapeutics are derived from plants or bacteria (especially 

Streptomyces sp.) (Kornienko et al. 2015), fungal anticancer metabolites are underrepresented, 

even though a large number of cytotoxic fungal metabolites has been investigated and are expected 

to enter clinical trials in the future (Evidente et al. 2014; Gomes et al. 2015). The first fungal 

metabolite to become an approved anticancer drug is likely going to be plinabulin. It is currently 

in clinical trial stage III (ClinicalTrials.gov Identifier: NCT02504489) as a combination therapy 

with docetaxel for the treatment of non-small cell lung cancer and in clinical stage II 

(ClinicalTrials.gov Identifier: NCT02846792) in combination with the immune checkpoint 

inhibitor nivolumab for recurrent or metastatic non-small cell lung cancer. Plinabulin (Singh et al. 

2011) is a structurally optimized synthetic analog of the fungal metabolite (-)-phenylahistin 

(Yamazaki et al. 2012), which was isolated from the marine fungus Aspergillus ustus by Kanoh et 

al in 1997 (Kanoh et al. 1997). Plinabulin acts as a tubuline inhibitor during cell division by binding 

to the colchicine-binding site (Kanoh et al. 1997) and additionally inhibits tumor vascularization 

(Singh et al. 2011), while simultaneously decreasing the severity of docetaxel-related neutropeny 

through activation of dendritic cell maturation (Blayney et al. 2016). Other relevant examples of 

fungal anticancer drugs include paclitaxel (Taxol®) and vinblastine (Velbe®), which while they 

were originally isolated from the plants Taxus brevifolia and Catharanthus roseus, were also 

discovered as secondary metabolites of their respective endophytic fungi Taxomyces andreanae 

(Stierle et al. 1993) and Alternaria sp. (Guo et al. 1998). Paclitaxel stabilizes microtubuli by 

binding to a unique bindig site, which inhibits their depolymerization and leads to G2/M phase cell 

cycle arrest (Horwitz 1994). Vinblastine also binds to a binding site on tubuline, but instead leads 

to its depolymerization and cell cycle arrest (Cormier et al. 2010; Wilson et al. 1975). These 

examples clarify the importance of research in the area of fungal anticancer drugs. 
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Figure 4. Anticancer drugs of fungal origin and *suspected fungal origin. 

 

1.2.4 Antilipemic agents of fungal origin 
 

When the lipidhypothesis was formed in 1976 (Ahrens 1976), high blood levels of low-density 

lipopreotein cholesterol (LDL) were linked to an increased risk of fatal cardiovascular diseases. 

During this time, the therapeutic measures were limited to low compliance drugs such as bile 

sequestrants, which only showed minor improvements to the LDL levels. Ischaemic heart disease 

and stroke were the global top two causes of human death in 2016 (WHO statistic). One of the five 

major risk factors for these diseases is LDL-cholesterol, which can be significantly reduced using 

statins (Law et al. 2003). The first discovered statin was mevastatin, which is a fungal natural 

product, initially isolated from a culturing broth of Penicillium citrinum and recognized for its 

cholesterol-lowering potential by Akira Endo in 1976 (Endo et al. 1976). The first statin entering 

the market in 1987 was lovastatin (Mevacor®), which was isolated from Aspergillus terreus in 1978 

by Alberts et al. (Alberts et al. 1980). Statins competitively inhibit the key-enzyme 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase in nanomolar concentrations (Stancu and Sima 

2001), blocking the mammalian cholesterol de-novo synthesis at an early stage and leaving the 
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degradable HMG-CoA as a non-accumulating, non-toxic waste product (Tobert 2003). The relative 

deficite of cholesterol in the hepatocytes leads to the activation of a protease, which slices sterol 

regulatory element binding proteins (SREBPs) from the endoplasmatic reticulum. The SREBPs 

then translocate into the nucleus and increase the transcription rate of their respective responsive 

elements, including the upregulation of LDL-receptors. Hepatic LDL receptors reduce the level of 

circulating blood LDL-cholesterol and risk of ischaemic heart disease and stroke in the process 

(Castilla-Guerra et al. 2016; Law et al. 2003; Stancu and Sima 2001). After the initial success of 

lovastatin, the two more potent drugs simvastatin (semisynthetic) and pravastatin 

(biotransformation) were derived from lovastatin and mevastatin respectively and are still in wide 

use today. When it was discovered, that the chiral lactone ring was merely a prodrug and would be 

hydrolyzed into its active acid form in vivo and the bicyclic core was not crucial to the target 

binding, new ways to design statins with more desirable traits were opened up. Since then 

fluvastatin (1994), atorvastatin (1997) and rosuvastatin (2003) were developed as synthetic analogs 

of the naturally occurring statins. Cerivastatin, which was developed in 1998, was withdrawn from 

the market after a high number of fatal adverse side effects were reported, which occurred when 

the drug was administered in combination with gemfibrozil (Tobert 2003). The synthetic statins 

have similar efficacy as the natural products but improved pharmacokinetic effects. Examples 

include cytochrome P450 3A4 (CYP3A4) independent metabolism in the case of fluvastatin and 

pravastatin, resulting in a more predictable pattern of adverse side effects or a much longer half life 

time in the case of atorvastatin, resulting in a smoother time-plasma concentration and a more cost 

effective dose regime (Chong et al. 2001). 
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Figure 5: Naturally occuring, semisynthetic and synthetic statins currently on the drug market. 

 

1.2.5 Immunosuppressant agents of fungal origin 
 

Today there are several drugs on the market for the treatment of autoimmune diseases or the 

prevention of organ transplant rejection. This is a major area for fungal secondary metabolites. 

Mycophenolic acid was discovered from .the fungus Penicillium brevicompactum (originally P. 

glaucum) in 1893 by Bartolomeo Gosio (Gosio 1893) during his investigation of the disease 

pellagra. It was first recognized for its ability to fight anthrax, but was also recognized for its 

antifungal, antiviral and immunosuppresant properties, and was used in the 1970s to treat severe 

cases of psoriasis (Silverman Kitchin et al. 1997). In 1998, the semisynthetic prodrug 

mycophenolate mofetil (Cellcept®) was approved by the US Food and Drug Administration (FDA) 

for the treatment of organ-transplant patients to prevent organ rejection. Mycophenolate inhibits 
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the inosine monophosphate dehydrogenase and thereby blocks the de novo synthesis of guanosine 

nucleotides, leading to a decline of activated T-cells and reduced rate and a reduction in lymphocyte 

recrutement alongside the graft area of organ transplants (Allison and Eugui 2000). Ciclosporin A 

(CsA) is an immunosuppresant cyclic undecapeptide, which was first isolated from the Norwegian 

soil fungus Tolypocladium inflatum (misidentified as Trichoderma polysporum) in 1976 by 

Dreyfuss et al. (Dreyfuss et al. 1976). CsA is a highly selective inhibitor of T-cell activation that 

forms a complex with cyclophilin and thus inhibits the phosphatatse calcineurin as well as the 

dephosphorylation of NF-AT (nuclear factor of activated T-cells). The transcription factor is thus 

unable to translocate into the nucleus in its phosphorylated form and thus cannot activate the 

expression of related responsive elements such as nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB). This leads to a decrease in interleukine 2 etc., which keeps the T-cells 

inactive (Matsuda and Koyasu 2000). CsA (Sandimmune®) was approved by the FDA in 1983 for 

the prevention of organ-transplant rejection. Another important immunosuppressant drug is 

fingolimod (Gilenya®), which was synthesized based on the fungal natural product myriocin 

(Adachi and Chiba 2007), first isolated from the entomopathogenic fungus Isaria sinclairii by 

Fujita et. al. (Fujita et al. 1994), which by itself was reported to be 10-100 times more 

immunosuppressant than CsA. Fingolimod was approved by the FDA in 2010 for the treatment of 

adult humans with relapsing multiple sclerosis (MS) and in May 2018 for the treatment of children 

(>10 years of age) with the same indication. Fingolimod decreases the increased activity of the 

immune system by interfering with the sphingosine-1-phosphat (S1P) pathway. Orally taken 

fingolimod is phophorylated to fingolimodphosphat and binds with high affinity to several S1P 

receptors, which are expressed on the cell membrane of numerous immune cells. After initial 

activation of S1P1-receptor, the receptor is downregulated, which leads to a reduced autoaggresive 

lymphocyte infiltration (Chun and Hartung 2010). 
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Figure 6. Immunosuppressant drugs of fungal origin. 

 

1.3.1 Modern natural product discovery 
 

As discussed in Chapter 1.2, the most prolific age of natural product discovery and drug 

approvement was in the middle of the 20th century (1950-1970) (Patridge et al. 2016). Since 

bioactive natural compounds can be extremely complex with regard to their stereochemistry, they 

are sometimes undesirable for chemical synthesis and thus must be obtained by other means, such 

as fermentation or aquaculture of aquatic (marine) organisms. Sometimes the pharmacophore can 

be reduced to a smaller but better manageable unit and be chemically synthesized, as shown for 

erybulin (Halaven®), an anticancer drug derived from the structurally complex sponge compound 

halichondrin B (Dabydeen et al. 2006). As such, natural products are important for finding lead 

compounds and should not be underestimated or brushed aside. Taking semisynthetic compounds 

that have been derived from natural products and natural products into consideration, 63% of all 

compounds approved by the FDA between 1981 and 2006 have a natural product origin (Barreiro 

et al. 2012; Newman and Cragg 2007). Today one of the most important aspects of natural product 
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discovery is the formation of compound libraries for bioactivity screening processes either in vitro 

(Bugni et al. 2008) or in silico (Gu et al. 2013) to discover new lead compounds. Organisms spend 

resources and energy to produce secondary metabolites, as they are not waste products, but usually 

provide an ecological benefit, e.g. for chemical defense, to the producer. Due to their higher 

structural diversity, natural product libraries have inherently higher hit rates in high throughput 

screenings compared to purely combinatorial chemistry libraries (Lahlou 2013) and should not be 

underestimated. Many pharmaceutical companies have reduced their efforts in natural product 

discovery during the late 20th century, which has resulted in a decline of FDA approved natural 

products in the last two decades (Patridge et al. 2016). Despite of this, natural product discovery 

has reached a resurgence in recent years with the Nobel price awarded in medicine in 2015 for the 

discovery of the antihelmintic avermectins and the antimalaria drug artemisinin (Shen 2015). Even 

though natural product research has been pushed into the backround by large-scale combinatorial 

chemistry screening, the number of drugs of natural origin entering the market between 1981 and 

2014 is still staggeringly high in certain subgroups. For example, the small molecule anticancer 

drugs or antibacterial drugs that are natural products, natural product derived or inspired by natural 

products still make up 83 %  and 73% respectively of total FDA approved drugs (Newman and 

Cragg 2016). Considering all this, there seems to be a discrepancy between the perceived 

usefulness of natural product research in the industry and the actual success rate during drug 

discovery. 

 

1.3.2 Natural product discovery from marine fungi 
 

Marine organisms have proven themselves as prominent producers of novel bioactive compounds 

in the history of drug discovery. Marine sponges, tunicates, slugs, snails, fish, sea hares, algae, soft 

coral, bryozoans, ascidians, fungi and bacteria have already led to the development of drugs that 

have entered the market or clinical trials (Martins et al. 2014). In the last few years, marine fungi 

have proven themselves a fruitful source of new natural products leading to the development of the 

first strictly fungal anticancer drug plinabulin (covered in chapter 1.2.3). Marine fungi are not 

defined by their taxonomy, but rather from their isolation source, because their metabolism can 

vary greatly in dependance of their original habitat. Until 2011, most fungal strains were isolated 

as symbionts of mangroves (16%), algae (21%) or sponges (19%) as these host organisms seem to 
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yield the most complex microbial communities (Rateb and Ebel 2011). Regarding the total number 

of reported new marine natural products, marine fungi provide 328 of 1,277 new compounds in 

2016 and 369 of 1,340 new compounds published in 2015. Mangrove associated fungi provided 

142 of 1,277 new compounds in 2016 and 126 of 1340 new compounds in 2015 (Blunt et al. 2018). 

These findings indicate that marine fungi are important organisms for natural product 

bioprospecting. 

 

1.3.3 Sponge-derived fungi 
 

Marine sponges are filter feeding sessile animals that consist of soft tissue encasing a spicule-based 

sceleton. While all macroogranisms live in symbiosis with microorganisms, sponges are a special 

case, because up to 40% of their body mass is made up by associated microorgansims. Sponges 

have proven themselves as prolific producers of bioactive metabolites that have entered the drug 

market over the last few decades. Examples are the anticancer drugs cytarabin (Cytosar-U®), an 

analog of spongothymidin, isolated in 1950 from the Carribean sea sponge Crypotothetia crypta 

(Bergmann and Feeney 1950) and eribulin (Halaven®), an analog of halichondrin B, isolated in 

1986 from Halichondria okadai (Hirata and Uemura 1986). While the discovery of bioactive 

compounds with unprecendeted core structures from sponges is continuing until today (Ancheeva 

et al. 2017), the production of sponge metabolites proves to be problematic, because laboratory 

cultivation of sponges usually proves to be difficult and the optimal conditions for secondary 

metabolite production are difficult to imitate in aquaculture (Osinga et al. 1999). Luckily, a great 

number of symbiotic microbes can be isolated from sponge tissue, which when cultivated under 

laboratory conditions can produce metabolites with potent bioactivites (Proksch et al. 2008). 

Examples for bioactive secondary metabolites from sponge associated fungi from recent years 

include the cytotoxic compound isopropylchaetominine (Özkaya et al. 2018) from Aspergillus 

carneus, the cytotoxic metabolite cyclohexapeptide similanamide from Aspergillus similanensis 

(Prompanya et al. 2015) and the antioxidant compound angupyrone A from Truncatella angustata 

(Zhao et al. 2017). Sponge associated fungi seem to be a promising resource, which is relatively 

easy to handle (compared to macroorganisms) with regard to the discovery of bioactive secondary 

metabolites. 
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Figure 7: Recently discovered bioactive secondary metabolites from sponge associated fungi. 

 

1.3.4 Mangrove endophytes 
 

Endophytes are microorganisms that live inside the tissue of hostplants without causing any 

apparent harm to the healthy plant, but the relationship can vary from mutualism to parasitism 

(Hardoim et al. 2015). Almost every plant that has been investigated so far hosts endophytes (Stone 

et al. 2000) and the close intertwinement of plant and endophyte is mirrored in their secondary 

metabolism. Many endophytic fungi have been found to produce plant growth promoting 

phytohormons such as indol-3-acetic acid (Zhang et al. 2006) or antimicrobial agents (Ratnaweera 

et al. 2015) under laboratory conditions, suggesting an evolutionary symbiotic relationship in 

which the plant supplies water, nutrients and shelter and the fungi increases the plants overall 

growth speed and resistance to pathogens. These claims are supported be studies showing that 

mangrove endophytes can be transferred to different plant species to increase seedling growth 

under laboratory conditions (Deivanai et al. 2014). Mangroves are extremophilic plants, which 

grow in tropical and subtropical environments in brackish water with a high salinity, high UV-light 

exposure, tidal draught and floods and low oxygen environments. These challenges are partially 

overcome by the development of special plant organs such as saltexcreting glands and long, aerial 

oxygenabsorbing roots (Tomlinson 2016). It is also believed that some metabolic challenges are 

overcome by the symbiotic relationship of mangroves with special endophytes that are also adapted 

to the extreme environment (Chávez et al. 2015). Endophytic fungi from mangroves are also 

subjected to these harsh enviromental conditions and can be seen as extremophiles as well. They 

have been shown to produce diverse bioactive secondary metabolites and are still underexplored 

because of the limited access that laboratories around the world have to them and because fungal 
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endophyte communities are complex, plant- and tissue specific (Li et al. 2016). Relevant examples 

for bioactive secondary metabolites from mangrove endophytes include the immune stimulating, 

antineoplastic phomoxanthone A from Phomopsis longicolla (Rönsberg et al. 2013), the α-

glucosidase inhibtor aspergifuranone from Aspergillus sp. 16-5B (Liu et al. 2015) and the 

antineoplastic autophagy inhibitor daldinone I from Annulohypoxylon sp. (Liu et al. 2017b). 

Mangrove endophytes have proven themselves as a rich resource for bioactive secondary 

metabolites and are still heavily underexplored and worthy of further investigation. 

 

 

Figure 8: Recently discovered bioactive secondary metabolites from fungal mangrove endophytes 

 

1.3.5 Activation of silent gene clusters 
 

The classical approach of natural product discovery in fungi is severely limited by the silencing of 

biogenetic genes under standard laboratory conditions. Full genome and transcriptome analysis 

have discovered many inactive gene clusters which house the potential for a multitude of additional 

fungal natural products, should these gene clusters be unlocked (Wang et al. 2015). As an example 

of highly regulated genes, the polyketide synthase (PKS) genes has been investigated extensively 

(Bergmann et al. 2010; Schroeckh et al. 2009; Zabala et al. 2012). Several strategies have been 

developed in the last few years, to trigger a metabolic response in fungi, in order to increase the 

yield of or induce new secondary metabolites. These methods include OSMAC (One strain many 

compounds), co-cultivation and the use of epigenetic modifiers. All three strategies have their 

merits and will be discussed briefly. 
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Figure 9: Approaches of unlocking silent gene clusters (modified after Romano et al. 2018). 

 

OSMAC 

The OSMAC approach employs axenic cultivation of fungal strains under varying nutritional or 

physical culturing conditions to invoke a metabolic response. The OSMAC approach is empirical 

in nature and as such a vast amount of experiments have been performed that yielded metabolic 

responses. Examples for nutritional factors include the type of carbon and nitrogen sources. 

Changing from solid rice medium to Czapek medium (Wang et al. 2013), or solid beans medium 

(El-Neketi et al. 2013) can have profound effects on the secondary metabolite pattern. Furthermore, 

the addition of trace elements, inorganic salts (Wang et al. 2018; Wijesekera et al. 2017) and sugars 

(Zain et al. 2011) and feeding experiments with precursor molecules such as amino acids (Wang 

et al. 2011a) have all proven to be effective in enhancing the secondary metabolite patterns of 

fungal cultures. Physical parameters influence the metabolite patterns as well. Parameters such as 

high salt stress (Wang et al. 2011b), different cultivation temperature (Hussain et al. 2017), light 

conditions (Fanelli et al. 2017), shape of the culturing vessel and aeration (Bode et al. 2002) all 

have been shown to influence the secondary metabolite patterns. The OSMAC approach is effective 

in stimulating the synthesis of new metabolites, but it is inherently empirical and as such can be 

impractical due to its unpredictability when figuring out obscure culturing strategies (Zhang et al. 

2017). 
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Co-cultivation 

The interactions of fungi and bacteria in a mixed biofilm are numerous and range between growth 

support, metabolite exchange, antibiosis, influence of chemotaxis and genetic exchange (Frey-Klett 

et al. 2011). The co-cultivation of two or more different microorganisms aims to mimic a natural 

environment for microbes in which they compete for space and resources and ideally enhance the 

production of cryptic bioactive compounds through interspecies crosstalk (Netzker et al. 2015). 

Though the mechanisms of induction are until today not fully understood, studies with Aspergillus 

nidulans have shown that the contact between fungal cells and the bacterial cell wall is a 

determining factor in order to induce the transcription of PKS gene clusters, such as orsA and 

increase the accumulation of secondary metabolites (Schroeckh et al. 2009). These silent fungal 

genes are locked through the process of chromatin modelling under the recruitment of histone-

deacetylases (HDACs) (Bok et al. 2009) and can be unlocked by the recruitment of histone-

acetyltransferases (HATs), such as Saga/Ada. Experiments with A. nidulans and Streptomyces sp. 

demonstrated that the bacteria were able to activate the fungal chromatine modelling systems 

through direct contact and significantly increased the transcription of orsA and polyketide 

metabolites (Nützmann et al. 2011). These effects can be observed even with dead bacteria, as long 

as the direct contact of fungal and bacterial cells is established (Ancheeva et al. 2018; Oh et al. 

2005). Another byproduct of co-cultivation is the potential for fungal-bacterial biotransformation 

products. Bacillus subtilis has been reported to produce anthranilic acid (Cooper et al. 1995), which 

can be incorporated into the fungal metabolism during co-cultivation to yield hybrid metabolites 

such as N-(carboxymethyl)anthranilic acid (Ola et al. 2013), expanding the possibilites for natural 

product discovery even more. Co-cultivation is a powerful tool, which can be used to increase the 

discovery rate of new natural products or increase the accumulation of constitute natural products 

(Marmann et al. 2014) 

 

Chromatin Remodeling by Epigenetic Modifiers 

As previously stated, fungi use chromatin modification as a method for silencing unused genes. 

The principle method which fungal cells use for gene silencing are the histone deacetylation 

(HDAC) (Nützmann et al. 2011) and DNA methylation (DNA-methyltransferase = DNMT) (Jeon 

et al. 2015). Enzyme inhibitors such as the HDAC inhibitor suberoylanilide hydroxamic acid 

(SAHA, Vorinostat®) and the DNMT-inhibitor 5-azacytidin (5AC, Vidaza®) can directly influence 
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both pathways and have both resulted in the isolation of cryptic metabolites from fungi (Okada and 

Seyedsayamdost 2017). Epigenetic modifiers provide a straightforward approach by directly 

targeting two major gene-silencing mechanisms and as such are always a good first approach when 

empirically investigating fungi for cryptic metabolites. 

 

1.4 Aims and significance of the study 
 

As clarified in chapter 1.2, fungal metabolites have historically led to the development of 

numerous drugs for the treatment of various diseases. The emerging resistances of pathogenic 

microbes and tumors against conventional chemotherapy drastically increased the demand for new 

lead structures. Fungi have been underutilized for the discovery of anticancer drugs, even though 

large amounts of compounds have shown promising in vitro activity (Evidente et al. 2014; Gomes 

et al. 2015; Kharwar et al. 2011). The primary aim of this study was to explore fungal metabolites 

in order to find new lead structures for antibacterial or antineoplastic therapy. To achieve this aim, 

several endophytic or sponge derived fungal strains were isolated, purified and cultivated on solid 

rice medium. After initial characterization of the EtOAc extracts, pure secondary metabolites were 

isolated and identified. To expand the secondary metabolites beyond the standard laboratory 

patterns, OSMAC and co-cultivation experiments were performed to activate silent biosynthetic 

gene clusters. Semisynthetic derivatives were produced as well. The molecular structures of new 

compounds were unequivocally determined by 1D and 2D NMR spectroscopy, mass-spectrometry, 

optical rotation measurements, Marfey’s analysis and ECD calculations. The biological activity of 

all isolated or synthesized compounds was tested against mouse lymphoma cell line L5178Y and 

against human ovarian cancer cell line A2780. Significant results include the structures of new 

natural products and semisynthetic compounds and their cytotoxic activities, regulatory effects on 

secondary metabolite patterns during OSMAC and co-cultivation experiments, as well as 

biosynthetic relationships. Structure-activity-relation- and stability-investigations of PXA were 

performed to enable detailed mode of action studies. The most noticeable results were either 

published or submitted as manuscripts as shown in chapters 2-5. 
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Table 1: 1H-NMR Data of new PXA Derivatives 

 
 

Position 1H-NMR chemical shifts at 600MHz in CDCl3 

PXA 1-acetyl 

PXA 

1,1‘-diacetyl 

PXA 

1,1‘,8-triacetyl 

PXA 

1,1‘,8,8‘-tetraacetyl 

PXA 

12,12‘-didesacetyl 

PXA 

2/2‘ 6.58 (d) 6.76 (d) 
6.60 (d) 

6.77 (d) 6.76 (d)  
6.74 (d)  

6.73 (d) 6.54 (d) 

3/3‘ 7.38 (d) 7.42 (d) 

7.47 (d) 

7.48 (d) 7.46 (d) 7.41 (d) 7.09 (d) 

5/5‘ 5.40 (s) 5.39 (s) 5.34 (s) 5.32 (s) 

5.28 (s) 

5.28 (s) 5.45 (s) 

6/6‘ 2.37 (m) 2.33 (m) 2.33 (m) 2.27 (m) 2.27 (m) 2.23 (m) 

7/7‘ 2.46 (m),  

2.33 (m) 

2.43 (m) 

2.31 (m) 

2.41 (m) 

2,30 (m) 

2.25 (m) 2.41 (m) 

2.30 (m) 

2.36 (m) 

11/11‘ 1.01 (d, 
5.8) 

0.99 (d) 
0.97 (d) 

0.94 (d) 0.93 (m) 0.91 (d) 0.98 (d) 

12/12‘ 4.28(d) 

4.17 (d) 

4.27 (d) 

4.14 (d) 

4.24 (d) 
4.20 (d) 

4.20 (d) 

4.17 (d) 

4.28 (br m) 4.29 (d) 

4.27 (d) 

3.83 (d) 

3.39 (d) 

5/5‘-OC(O)CH3 2.07 (s) 2.07 (s) 

2,06 (s) 

2.04 (s) 1.99 (s) 

1.98 (s)  

2.04 (s) 2.10 (s) 

12/12‘-
OC(O)CH3 

1.89 (s) 1.87 (s) 
1,84 (s) 

1.82 (s) 1.90 (s) 
1.88 (s) 

1.92 (s) - 

12/12‘-OH - - - - - 3.45 (s) 

1/1‘-OC(O)CH3 - 2,35 (s) 2.34 (s) 2.34 (s) 2.34 (s) - 

1/1‘-OH 11.52 (s) 11,53 (s) - - - 11.39 (s) 

8/8‘-OH 14.09 (s) 14,08 (s) 

15,86 (s) 

15.83 (s) 15.80 (s) - 13.96 (s) 
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S1 UV-spectrum of 1-acetyl-PXA 

 

 
 

S2 HRESIMS signals for 1-acetyl-PXA 

 

793.2339 (M+H), calc. for C40H41O17 (793.2338) 

 

S3 Specific Optical Rotation of 1-acetyl-PXA 

[α]D
25 -88.3 (c 1.0, MeOH) 

 

S4 1H-NMR spectrum of 1-acetyl-PXA 

 
  

Peak #2 100% at 31.91 min
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No spectra library hits found!
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S5 13C-NMR spectrum of 1-acetyl-PXA 

 

 

 

S6 1H-13C-HMBC spectrum of 1-acetyl-PXA 
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S7 1H-1H-COSY spectrum of 1-acetyl-PXA 
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S8 UV-spectrum of 1,1’-diacetyl-PXA 

 
 

S9 HRESIMS signals for 1,1’-diacetyl-PXA 

835.2447 (M+H), calc. for C42H43O18 (835.245) 

 

S10 Specific Optical Rotation of 1,1’-diacetyl-PXA 

[α]D
25 -106.1 (c 1.0, MeOH) 

 

S11 CD spectrum of 1,1'-diacetyl PXA (c: 0.215 mM) 

 
  

Peak #4 100% at 30.22 min
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No spectra library hits found!
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S12 Comparison of CD spectra of 1,1'-diacetyl PXA and PXA 

Blue: PXA (0.11 mM) Green: 1,1’-diacetyl-PXA (0.215 mM) 

 
S13 1H-NMR spectrum of 1,1’-diacetyl-PXA 
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S14 1H-1H-COSY spectrum of 1,1’-diacetyl-PXA 
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S15 UV-spectrum of 1,1’,8 –triacetyl-PXA 

 
 

S16 HRESIMS signals for 1,1’,8, -triacetyl-PXA  

877.2549 (M+H), calc. for C44H45O19 (877.256) 

 

S17 Specific Optical Rotation of 1,1’,8, -triacetyl-PXA 

[α]D
25 -55.2 (c 1.0, MeOH) 

 

S18 1H-NMR spectrum of 1,1‘,8-triaacetyl-PXA 

 

Peak #2 100% at 29.02 min
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No spectra library hits found!
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S19 UV-spectrum of 1,1’,8,8’-tetraacetyl-PXA 

 
 

S20 HRESIMS signals for 1,1’,8,8’-tetraacetyl-PXA 

919.2650 (M+H), calc. for C46H47O20 (919.266) 

 

S21 Specific Optical Rotation of 1,1’,8,8’-tetraacetyl-PXA 

[α]D
25 -13.7 (c 1.0, MeOH) 

 

S22 1H-NMR spectrum of 1,1‘,8,8‘-tetraacetyl-PXA 

 
  

Peak #2 100% at 27.91 min
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No spectra library hits found!
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S23 1H-1H-COSY spectrum of 1,1‘,8,8‘-tetraacetyl-PXA 
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S24 UV-spectrum of 12, 12’-didesacetyl-PXA 

 
 

S25 HRESIMS signals for 12, 12’-didesacetyl-PXA 

667.2023(M+H), calc. for C34H35O14 (667.203) 

 

S26 Specific Optical Rotation of 12,12’-didesacetyl-PXA 

[α]D
25 +190.3 (c 1.0, MeOH) 

 

S27 1H-NMR spectrum of 12, 12’-didesacetyl-PXA 

 

  

Peak #1 100% at 32.32 min

-10,0

70,0

200 250 300 350 400 450 500 550 595

%

nm

338.7

217.8

250.1

No spectra library hits found!
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S1 HPLC Chromatogram of PXA Stocksolution (DMSO) 

 

 
PXA: 33.353 min 

Dicerandrol C: 34.377 min 

 

S2 UV-spectrum of isolated Dicerandrol C 
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S2 MS of isolated Dicerandrol C 
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S3 1H-NMR spectrum of dicerandrol C 

 

 
S4 1H-1H-ROESY spectrum of dicerandrol C 
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S5 Chemical Shifts and Key ROESY Correlation of PXA rearrangement reaction 

 

 
  



Chapter 3 – Supporting Information 

 

 
79 

 

S6 PXA degradation in DMSO 

 

 
1. Freshly dissolved in MeOH 

2. 48h EtOAc at ambient conditions 

3. 48h CHCl3 at ambient conditions 

4. 48h DMSO at ambient conditions 

S7 Freeze dryed PXA aliquot with new handling protocol 
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S1. 1H NMR spectrum of compound (1) in CDCl3 at 600 MHz 
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S2. 13C NMR spectrum of compound (1) in CDCl3 at 150 MHz 
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S3. 1H-13C HSQC spectrum of compound (1) in CDCl3 at 600 MHz/150 MHz 
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S4. 1H-13C HMBC spectrum of compound (1) in CDCl3 at 600 MHz/150 MHz 
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S5. 1H-1H COSY spectrum of compound (1) in CDCl3 at 600 MHz 
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S6. 1H-1H ROESY spectrum of compound (1) in CDCl3 at 600 MHz 
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S8. UV-absorption spectrum of compound (1) in MeOH 

 

S9. LCMS (ESI+/ESI-) spectrum of compound (1) 
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S10. HRMS (ESI+) spectrum of compound (1) 
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S11. 1H NMR spectrum of compound (13) in acetone-d6 at 750 MHz 
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S12. 13C NMR spectrum of compound (13) in acetone-d6 at 200 MHz 
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S13. 1H-13C HSQC spectrum of compound (13) in acetone-d6 at 750 MHz/200 MHz 
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S14. 1H-13C HMBC spectrum of compound (13) in acetone-d6 at 750 MHz/200 MHz 
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S15. 1H-13C HMBC spectrum of compound (13) in acetone-d6 at 750 MHz/200 MHz 
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S16. 1H-1H TOCSY spectrum of compound (13) in acetone-d6 at 750 MHz 
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S17. 1H-1H COSY spectrum of compound (13) in acetone-d6 at 750 MHz 
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S18. 1H-1H ROESY spectrum of compound (13) in acetone-d6 at 750 MHz 
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S19. UV-absorption spectrum of compound (13) in MeOH 

 

S20. ESI+/ESI- spectrum of compound (13) 
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S21. HRMS (FTICR) (ESI+) spectrum of compound (13) 

  

Measured m/z Calculated m/z Delta (ppm) Molecular Formular 

719.13312 719.13338 0.08 C33 H36 O13 Br 

721.13117 721.13133 0.27 C33 H36 O13 [81]Br 

741.11546 741.11532 0.64 C33 H35 O13 Br Na 

743.11302 743.11328 0.16 C33 H35 O13 [81]Br Na 
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S22. 1H NMR spectrum of compound (14) in acetone-d6 at 700 MHz 
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S23. 13C NMR spectrum of compound (14) in acetone-d6 at 200 MHz 
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S24. 1H-13C HSQC spectrum of compound (14) in acetone-d6 at 700 MHz/175 MHz 
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S25. 1H-13C HMBC spectrum of compound (14) in acetone-d6 at 700 MHz/175 MHz (3Hz, 

20°C) 
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S26. 1H-13C HMBC spectrum of compound (14) in acetone-d6 at 700 MHz/175 MHz (7Hz, 

20°C) 

 

  



Chapter 4 – Supporting Information 

 

 
122 

 

S27. 1H-1H TOCSY spectrum of compound (14) in acetone-d6 at 700 MHz 
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S28. 1H-1H COSY spectrum of compound (14) in acetone-d6 at 300 MHz 
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S29. 1H-1H ROESY spectrum of compound (14) in acetone-d6 at 700 MHz 
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S30. UV-absorption spectrum of compound (14) in MeOH 

 

 

S31. ESI+/ESI spectrum of compound (14) 
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S32. HRMS (FTICR) (ESI+) spectrum of compound (14) 
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Measured m/z Calculated m/z Delta (ppm) Molecular Formular 
719.13398 719.13338 0.83 C33 H36 O13 Br 
721.13170 721.13133 0.51 C33 H36 O13 [81]Br 
741.11569 741.11532 0.49 C33 H35 O13 Br Na 
743.11349 743.11328 0.29 C33 H35 O13 [81]Br Na 
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S1. UV spectrum of compound 1. 

 

 

 

S2. HRESIMS of compound 1. 
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S3. 1H-NMR (600 MHz, DMSO-d6) spectrum of compound 1. 
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S4. 13C-NMR (125 MHz, DMSO-d6) spectrum of compound 1. 
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S5. 1H-1H-COSY (600MHz, DMSO-d6) spectrum of compound 1. 
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S6. 1H-13C-HSQC (600MHz/150 MHz, DMSO-d6) spectrum of compound 1. 
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S7. 1H-13C-HMBC (600MHz/150 MHz, DMSO-d6) spectrum of compound 1. 
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S8. 1H-1H-ROESY (600MHz, DMSO-d6) spectrum of compound 1. 
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S9. UV spectrum of compound 2. 

 

 

S10. HRESIMS of compound 2. 
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S11. 1H-NMR (600 MHz, MeOH-d4) spectrum of compound 2. 
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S12. 1H-1H –COSY (600 MHz, MeOH-d4) spectrum of compound 2. 
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S13. 1H-13C-HSQC (600MHz/150 MHz, MeOH-d4) spectrum of compound 2. 
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S14. 1H-13C-HMBC (600MHz/150 MHz, MeOH-d4) spectrum of compound 2. 
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S15. UV spectrum of compound 3. 

 

 

S16. HRESIMS of compound 3. 
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S17. 1H-NMR (600 MHz, MeOH-d4) spectrum of compound 3. 
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S18. 1H-1H –COSY (600 MHz, MeOH-d4) spectrum of compound 3. 
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S19. 1H-13C-HSQC (600MHz/150 MHz, MeOH-d4) spectrum of compound 3. 
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S20. 1H-13C-HMBC (600MHz/150 MHz, MeOH-d4) spectrum of compound 3. 
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S21 Chromatogram of C4-Marfey’s method of compound 1 L-FDAA adduct (short program). 
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S22 Chromatogram of C4-Marfey’s method of compound 1 D-FDAA adduct (short program). 
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Chapter 6 - General Discussion 

6.1 Activation of silent biogenetic gene clusters through OSMAC experiments 

 

OSMAC cultivation experiments have proven themselves as an adequate method to increase 

the diversity of fungal secondary metabolites (Daletos et al. 2017). During this study, 

Aspergillus ochraceus and Penicillium canescens were subjected to numerous OSMAC 

experiments to explore their unused biosynthetic potential. P. canescens produced mainly 

griseofulvin and its intermediates during a solid rice fermentation. A 5% NaBr OSMAC 

experiment was performed to investigate whether bromo-analogs of the naturally occuring 

chlorinated compounds could be produced. The 5% NaBr OSMAC experiment performed on 

P. canescens yielded two new brominated azaphilones, bromophilones A and B. When 

compared to similar experiments only one reported case of bromination in azaphilones occurred 

during a cultivation of Penicillium multicolor with 3% KBr spiked medium yielding 5-

bromoochrephilone (Matsuzaki et al. 1998). Halogenation in azaphilones is highly specific to 

position C-5 and is performed after the assembly of the polyketide core (PKS) through a 

combination of four redox enzymes, one of them being a flavine dependent halogenase with 

high regio-selectivity (Sato et al. 2016). It has been shown, that flavine dependent halogenases 

from marine organisms not only accept bromide salt as a substrate, but also may even prefer it 

in the abundance of competing chloride ions (Neubauer et al. 2018). Because the control 

fermentation of P. canescens yielded no azaphilones at all and the color of the medium changed 

to red on 5% NaBr spiked rice medium it is safe to assume that the gene cluster for the 

production of bromophilone A and B is silent in the absence of bromide. The experiment did 

not yield any bromo analogs of griseofulvin and its precursors, the bromination step of 

bromophilone A and B seems to be performed by a different flavine dependent halogenase, 

which is presumably stored in a silent gene cluster together with azaphilone specific polyketide 

synthases (Zabala et al. 2012). Effects on the amounts of xanthones and benzophenone pattern 

of P. canescens are better explained when brought into context with the biosynthetic pathway 

to griseofulvin, which is discussed separately in chapter 6.4.  
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Figure 10: Brominated azaphilones from OSMAC experiments. 

 

A. ochraceus produced mainly ochratoxin A (OTA), penicillic acid and several circumdatins 

during the solid rice control fermentation. OSMAC experiments with A. ochraceus with sodium 

halides and several inorganic nitrogen salts had an influence on the amount of several 

metabolites, but did not induce any new compounds. However, it is interesting to note, that 

3.5% NaBr decreased the amount of OTA, while increasing the amount of the dechlorinated 

ochratoxin B (OTB). It has been suggested, that OTA synthesis is an adaptation of fungi to 

thrive on high salt stress medium and that fungi actively transport chloride and bromide ions 

into their cells and efficiently incorporate it into OTA (Schmidt-Heydt et al. 2012). 

Nevertheless, the halogenation process did not seem to work with bromide ions in this study. 

While bromoochratoxin A has been reported in a KBr fermentation of A. ochraceus, the authors 

state, that the fungus was far less versatile with the production of bromo-analogs compared to 

other fungi (Stander et al. 2000), which is in agreement with the findings from this study. 

Cultivation on 1% NH4Cl spiked rice medium decreased the amount of OTA by 90% and OTB 

to non-detectable levels, suggesting, that chloride concentration is not the only factor during 

OTA production. OTA might be influenced by catabolite stress; its concentration was decreased 

during co-cultivation and through the presence of ammonium ions. Biosynthetically OTA is 

built from the polyketide mellein and a phenylalanine unit. 

 

Figure 11: Ochratoxin A derivatives. 
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When changing the medium to protein rich (~21%) white beans medium, A. ochraceus 

produced almost no polyketides, but accumulated a similar amount of alkaloids as compared to 

the rice control culture. Additionally, one new diketopiperazine alkaloid, waspergillamide B 

was produced. Diketopiperazine alkaloids are among the most common inducible non-

polyketide compounds during OSMAC experiments. Other examples include the phytotoxic 

tryptostatins from Aspergillus fumigatus (Zhang et al. 2013) or the penicibrocazines from 

Penicillium brocae (Meng et al. 2017). Fungal natural products with nitro-moieties, while very 

rare, do occur such as in the examples of pyriculamide (Parry et al. 2011) or waspergillamide 

A (Quezada et al. 2017). 

 

 

Figure 12: Fungal diketopiperazines from OSMAC experiments and fungal nitro-compounds. 

 

In summary, the OSMAC experiments with A. ochraceus and P. canescens were able to 

produce new metabolites from different biogenetic pathways. Bromophilone A and B are 

derived from polyketide synthases and flavine dependent halogenases, while waspergillamide 

B is assumed to be formed by non-ribosomal peptide synthases. All results fit into the context 

of similar research papers and agree with the findings of other research groups. The new 

compounds are structurally novel and unusual. 
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6.2 Activation of silent biogenetic gene clusters through co-cultivation 

 

The mixed fermentation approach has been shown to be an adequat method to increase not only 

the yield, but also the diversity of fungal secondary metabolites numerous times (Daletos et al. 

2017; Marmann et al. 2014). The use of solid rice medium is advantageous for the co-

cultivation of fungi with bacteria, because the hyphens of filamentous fungi can be co-opted by 

the bacteria to reach new nutritional resources (Prosser and Tough 1991) and result in a close 

spatial relationship of the microorganism for microbial crosstalk to take place (Frey-Klett et al. 

2011). The microbial interactions of two different microorganisms have been proven to invoke 

the induction of fungal silent gene clusters through intimate physical contact (König et al. 2013; 

Schroeckh et al. 2009). During the last few years, several types of silent gene clusters were 

reported to be activated by co-cultivation. Common examples include polyketide synthases 

(PKS), non-ribosomal peptide synthetases (NRPS), terpenoids and biogenetic hybrid 

compounds (Reen et al. 2015). 

 

During the course of this doctoral thesis, the co-cultivation of A. ochraceus and Bacillus subtilis 

on solid rice medium afforded the non-ribosomal cyclic tetrapeptide violaceomide A. The 

compound was recently published from a potato dextrose agar (PDA) fermentation study of the 

marine sponge derived fungus Aspergillus violaceofuscus (Liu et al. 2018). During the OSMAC 

experiments of this study the peptide was also isolated from a 1% NH4Cl solid rice fermentation 

of A. ochraceus. It could be interpreted as a response to catabolite stress (ter Schure et al. 2000), 

which is either caused by competition for resources during co-cultivation or by an access of the 

catabolite waste product ammonia during the OSMAC. Additionally, two new penicillic acid 

derivatives ochraspergillic acids A and B were isolated from the co-cultivation of A. ochraceus 

and B. subtilis, which are assumed products of a mixed fungal/bacterial biosynthesis (see 

chapter 6.3). During the co-cultivation of A. ochraceus and Streptomyces lividans, the 

production of penicillic acid and dihydropenicillic acid was strongly increased. These examples 

further demonstrate an increase of orsA gene related PKS activity during co-cultivation, 

because penicillic acid is derived from orselinic acid (Netzker et al. 2015; Sekiguchi et al. 

1987). When comparing the isolated compounds to the result of other recent co-cultivation 

attempts, the occurrence of new penicillic acid derivatives was described during the fungal-

fungal mixed fermentation of Fusarium solani and Talaromyces sp.. It yielded the compound 

coculnol (Nonaka et al. 2015), which shows that even though PA has been investigated since 

the first half of the twentieth century, co-cultivation can still produce new derivatives. While 
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fungal cyclic tetrapeptides are quite rare, two such peptides were discovered in a mixed 

fermentation of the mangrove endophytic fungi Phomopsis sp. and Alternaria sp. (Huang et al. 

2014). 

 

 

Figure 13: Fungal penicillic acid derivatives (PKS) and cyclic tetrapeptides (NRPS) 

discovered during co-cultivation experiments 

 

While the compounds did not show observable antibacterial or cytotoxic effects against the 

tested strains and cell lines, biological activity should not be outright excluded, because non 

toxic effects of compounds during co-cultivation are well documented, such as non toxic 

quorum sensing inhibitors like penicillic acid (Sharma and Jangid 2015). Since most of the 

produced compounds from the co-cultivation of A. ochraceus and B. subtilis lacked antibiotic 

activity, the effect on bacterial biofilms of Staphylococcus aureus was investigated. However, 

no compound showed relevant biofilm inhibiting effects. The main quorum sensing (QS) 

mechanisms by which S. aureus organizes its biofilm formation consists of two auto inducer 

peptides (Kong et al. 2006). However, other QS systems such as the N-acyl homoserine lactones 

(AHL) exist, which are known to be inhibited by penicillic acid (Rasmussen and Givskov 2006), 

but those are more specific to gram-negative bacteria such as Pseudomonas aeruginosa (Swift 

et al. 1994). In the future, the presumably inactive metabolites from A. ochraceus should be 

investigated for the inhibition of gram-negative biofilms. The disruption of biofilm formation 

without lethality to the gram-negative bacteria could prove useful to decrease the likelihood of 

emerging resistances through natural selection (Hentzer and Givskov 2003). An example of a 

natural non-toxic, non-bactericidal compound which disrupt bacterial biofilms is the 
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semisynthetic sponge compound dibromohemibastadin (DBHB), which was able to inhibit the 

formation of bacterial biofilms in an attempt to decrease microfouling on sea water submerged 

surfaces (Le Norcy et al. 2017), but could in the future be extended to medical applications 

(Percival et al. 2015). This is especially interesting for A. ochraceus as several of its secondary 

metabolites, e.g. circumdatin F, have been reported for antifouling activity (Zhang et al. 2014), 

but were non-toxic in cytotoxity and antibacterial assays during this study. 

 

 

Figure 14: Non-toxic antifouling compounds. 

 

6.3 Induction of mixed fungal-bacterial metabolites 

 

When employing the technique of co-cultivation, the question of the origin of metabolites is 

always difficult to answer. Such is the case with derivatives of anthranilic acid. While 

anthranilic acid derivatives have been described from axenic fungal cultivation experiments, as 

in the case of penipacids A–E (Li et al. 2013), circumdatins A-F (Rahbæk et al. 1999; Rahbæk 

and Breinholt 1999) or several other anthranilic acid conjugates (Teponno et al. 2017), there 

are a number of anthranilic acid metabolites that are only occurring during fungal bacterial co-

cultivation and not in their axenic controls, such as N-carboxymethylanthranilic acid (Chen et 

al. 2015) and N-acylanthranilic acid derivatives (Liu et al. 2017a).  

 

 

Figure 15: Fungal anthranilic acid derivatives. 
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The biosynthetic approach of these alkaloids has been linked to non-ribosomal peptide 

synthases (Ames and Walsh 2010) and although the crucial anthranilic acid building block is a 

typical bacterial metabolite, the synthesis does occur in fungi (Hütter and DeMoss 1967) as a 

salvage pathway of tryptophan (Badawy 2017). The experiments described in chapter 5 

exemplify an attempt to prove a fungal origin of the metabolites ochraspergillic acids A and B, 

through precursor feeding experiments. Both compounds were isolated from the mixed 

fermentation of A. ochraceus and B. subtilis and show distinct features of fungal and bacterial 

metabolism. The biosynthesis of (dihydro)penicillic acid, which is derived from the polyketide 

orsellinic acid (Sekiguchi et al. 1987), is fungal in nature, while anthranilic acid and para-

aminobenzoic acid can be either fungal or bacterial in nature (Slock et al. 1990; Tang et al. 

1994). Both compounds are formed by a Michael-addition of aminobenzoic acid to the 

penicillic acid keto-form. The resulting enol then changes to the keto-form and the lactolring is 

formed again. This tautomerism was described for penicillic acid (Munday 1949) and is also 

visible from the duplication of NMR signals in the spectra of ochraspergillic acids A and B.  

 

 

Figure 16: Proposed formation of ochraspergillic acid A. 

 

To clarify the origin of the aminobenzoic acid subunit, feeding experiments with axenic A. 

ochraceus and 1% and 2% supplements of L-tryptophan and anthranilic acid were performed, 
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in which ochraspergillic acid A was formed at comparable concentrations (as compared to co-

cultivation with B. subtilis) in a dose-dependent manner. This can be seen as proof, that A. 

ochraceus not only accepts external anthranilic acid, which could be bacterial in nature, but 

also synthesizes anthranilic acid through the tryptophan salvaging kynurenine pathway at 

sufficient levels of tryptophan. As such, ochraspergillic acid A can be seen as a true fungal 

metabolite, which is likely dependent on the abundance of bacterial building blocks, but can 

also be formed by fungal biosynthesis alone. Ochraspergillic acid B could not be quantified 

from the crude extract of the feeding experiment, but cannot be excluded because it shares 

molecular weight and HPLC retentiontime with the constitutively produced fungal alkaloid 

circumdatin G. The absence of other pABA derived alkaloids from the axenic cultivation 

experiments in contrast to the anthranilic acid derived alkaloids suggest a bacterial origin of the 

pABA subunit, making ochraspergillic acid B a mixed fungal and bacterial metabolite. While 

both compounds fail to show significant cytotoxic or antibacterial effects when tested against 

several clinically relevant strains, the bioactive properties of N-substituted anthranilic acid 

derivatives have been demonstrated before (Li et al. 2013; Thorarensen et al. 2007) and these 

metabolites could still play a role as a fungal defense mechanism during co-cultivation. 

 

6.4 Manipulation of the griseofulvin biosynthesis through NaBr 

 

Under standard solid rice fermentation, conditions the fungus Penicillium canescens produced 

an array of polyketide compounds. The main compound was griseofulvin, which is in 

concordance with earlier reports (Nicoletti et al. 2007). Most other compounds were reported 

intermediates or products of an alternatively branching pathway, such as the xanthones 

(Roullier et al. 2016). When investigating the EtOAc extract of P. canescens, grown on solid 

rice medium, the compounds norlichexanthone, griseoxanthone C, griseophenones B, C and G, 

dechlorogriseofulvin and griseofulvin were isolated and identified. Griseofulvin was by far the 

most abundant compound, crystallizing from the crude extract, totaling at ~6 g out of the 12 g 

of crude extract. When looking at the biosynthesis of griseofulvin (Roullier et al. 2016), the 

array of isolated intermediates matches the literature. The absence of griseophenone D is 

explained by the formation of griseoxanthone C by a spontaneous intramolecular dehydration 

reaction of griseophenone D (Le Pogam and Boustie 2016), while the methylated 

griseophenone C and all its subsequent derivatives are protected from such reactions. The 

absence of chlorinated xanthones such as 4-chloronorlichexanthone (Qin et al. 2015a) supports 
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this statement, as a demethylating step would have to occur after the formation of 

griseophenone B. The formation of griseophenone G is assumed to be from griseophenone B 

by the flavine dependent halogenase Gsfl, as the rotation of the benzophenone axis results in 

an open position preferabily targeted for a second chlorination. The new chlorinated 

diphenylether penicanether and its co-isolated desmethylderivative are assumed to be derived 

from griseophenone B. They are formed from the intermediate desmethyldehydrogriseofulvin, 

in an analogous mechanism to the biosynthesis of pesthetic acid from sulochrin through a 

similar spiran intermediate (Xu et al. 2014). The resulting diphenylether is then esterificated to 

the co-isolated desmethylderivative and O-methylated to penicanether.The employed OSMAC 

approach used 5% NaBr to target the bromination step from griseophenone C to 

griseophenone B and tried to force bromination through the flavine dependent halogenase Gsfl. 

However, the observed effect showed a clear inhibition of the chlorinationstep instead of a 

bromination. The accumulation of griseophenone C by 1300% and the decrease of griseofulvin 

by 92% clearly marks the exact step at which the synthesis was disrupted. The Gsfl-catalysed 

chlorination step was inhibited. The amount of dechlorogriseofulvin did not notably change, 

implying that the formation of the spiro-system is not completely dependent on the chlorination 

step. The xanthones norlichexanthone, griseoxanthone C and 1,3,5,6 tetrahydroxy-8-

methylxanthone also strongly accumulated implying that the formed intermediates take a 

different pathway if the griseofulvin synthesis becomes blocked. The biosynthesis of 1,3,5,6 

tetrahydroxy-8-methylxanthone is not yet known, as it is the only known lichexanthone with a 

hydroxyl moiety in position 5 (Masters and Bräse 2012), but it is assumed to be derived from 

norlichexanthone through cytochrome dependent aryl-epoxidation similar to the mechanism 

involved in the biosynthesis of ravenelin, secalonic acid and geodin (Henry and Townsend 

2005). Although the production of bromogriseofulvin by Penicillium species has been decribed 

during KBr feeding experiments on Czapek medium (MacMillan 1954), no bromo analogs were 

detected during this experiment. This implies that factors other than the halide concentration 

have to be considered when drawing conclusions about the halide-promiscuity of the 

responsible halogenase. While the OSMAC experiment ultimately succeeded in producing new 

brominated compounds, the bromophilones described in chapter 6.1 are obviously derived 

from a different polyketide synthase gene cluster and are as such no suitable targets for the 

highly specialized Gsfl halogenase. These results are still useful for connecting the majority of 

isolated compounds to a single network of related natural products, where the central 

intermediate griseophenone C can be converted into different bioactive secondary metabolites 
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such as the antifungal (and cytotoxic) griseofulvin (Zhong et al. 2010) or the antibacterial 

biofilm inhibitor norlichexanthone (Baldry et al. 2016). The blocking of the main metabolic 

pathway led to an accumulation of intermediates and a push into different biosynthetic 

directions. Strictly speaking, this is not an induction of cryptic secondary metabolites on the 

transcription level, but it led to the isolation of previously overlooked metabolites such as 

1,3,5,6 tetrahydroxy-8-methylxanthone nonetheless. For future OSMAC experiments, the 

alternative pathways that intermediate secondary metabolites can take, should be taken into 

consideration when planning cultivation parameters to ensure that lesser produced compounds 

are not missed during extract investigation. 

 

 

Figure 16: Griseofulvin biosynthesis and branching pathways to other related compounds. 

Newly proposed paths are shown in red (modified after Roullier et al. 2016).  
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6.5 Investigation of phomoxanthone A 

 

The fungal mycotoxin phomoxanthone A (PXA) has been investigated extensively, because it 

shows promising cytotoxicity, paired with immuno modulating effects and a remarkable 

selectivity against cancer cells (Pavão et al. 2016; Rönsberg et al. 2013). When cooperating 

with the working group of Sebastian Wesselborg, Matthias Kassack and Stefanie Scheu (Böhler 

et al. 2018; Frank et al. 2015; Rönsberg et al. 2013), several problems had to be overcome to 

meet the demand for pure PXA. The fungal strains Phomopsis longicolla (Rönsberg et al. 2013) 

and Phomopsis sp. (Elsässer et al. 2005) (supplied by Barbara Schulz, TU Braunschweig) were 

cultivated on a large scale on solid rice (5 kg) medium. Both strains showed comparable 

productive capacities, so the EtOAc extracts were combined and the crude PXA was purified 

by silica gel vacuum liquid chromatography, followed by recrystallization from a mixture of 

EtOAc and n-hexane. This way pure PXA was produced on a multigramm scale and a steady 

supply was made possible to meet the demand for mode of action studies by the cooperation 

partners. During repeated freeze-thaw-cycles of PXA-stock solutions (in DMSO), the cytotoxic 

activity against Jurkat T- and Ramos B-lymphocytes decreased over time. This disturbing 

observation was investigated chromatographically and a second compound with identical 

molecular weight was discovered via LCMS. Both compounds were isolated via 

semipreparative HPLC from combined DMSO stocks and identified by NMR-spectroscopy as 

PXA (main compound) and dicerandrol C (impurity). This explained the decreasing 

cytotoxicity, as dicerandrol C is far less active than PXA (Rönsberg et al. 2013). When 

investigating this rearrangement reaction, PXA was dissolved in several organic solvents at a 

concentration of 1 mg/mL and left in the lab at ambient conditions of 24 h and 48 h. Conversion 

to dicerandrol C was observed in DMSO, MeOH and EtOH, but not in EtOAc and DCM. For 

all further experiments, a protocol was developed to divide PXA volumetrically into 200 nmol 

aliquotes by dissolving dry PXA in EtOAc and immediately drying the aliquots under a nitrogen 

stream, followed by removing moisture by freeze-drying. This allowed for one-time use 

samples, which showed very stable cytotoxic activity and were thus suitable for all further 

mechanistic investigations (Böhler et al. 2018). This way the instability of PXA during 

biological tests was overcome and it was brought one-step closer to becoming a promising 

future drug candidate. The method was readily shared with other cooperation partners of the 

GRK2158 to investigate the bioactive properties of PXA even further. When proposing a 

plausible reaction mechanism for the rearrangement of PXA to dicerandrol C, the work of Quin 

et al. with secalonic acid described a very similar rearrangement problem. The proposed 
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retro-oxa Michael reaction led to a linkage shift of secalonic acid A from 4. 4’ to 2, 4’ and 2, 2’ 

in polar solvents (DMSO) at a thermodynamic equilibrium of 3.2:2:1 (Qin et al. 2015b). The 

proposed mechanism was thus adapted for the rearrangement of PXA (4, 4’) to dicerandrol C 

(2, 2’). Preliminary investigations of the ratio of PXA to dicerandrol C in DMSO containing 

buffer solutions revealed a similar time dependent equilibrium trend, however the 2, 4’ linked 

derivative (phomoxanthone B) was never detected and is suspected to be unstable under these 

conditions, however it has been reported as a natural product before co-isolated with PXA 

(Isaka et al. 2001). The proposed mechanism fits with the observation, because unlike a 

hydrolytic ring opening, it is independent of the presence of water molecules. This explains 

why the rearrangement is also observed in dry methanol. It also explains, why acid hydrolysis 

of the esters leaves the dimeric xanthone core intact (Isaka et al. 2001), while basic hydrolysis 

leads to a catalytic opening of the core and several described rearrangement products (Rönsberg 

et al. 2013). During the preparation of PXA-acetyl derivatives, the rearranging effects were also 

observed after 24 h of pyridine exposure. 
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Figure 17: Putative rearrangement of PXA to dicerandrol C by retro-oxa-Michael 

reaction. 

 

When investigating the structure activity relationship of PXA and its derivatives first steps were 

taken, after it was discovered, that acid hydrolysis leads to a fully deacetylated dimeric xanthone 

core with no cytotoxic activity (Isaka et al. 2001; Rönsberg et al. 2013). Through the process 

of incomplete acidic hydrolysis, 12- and 12, 12’-deacetyl PXA were produced. Both 

compounds were considerably less active against Ramos B- and Jurkat T-lymphocytes than 

PXA, but still retained some cytotoxic activity, while the 5,5’,12,12’ deacetyl PXA showed no 
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activity, implying that the 5- and 5’-acetyl moeity must be essential for the cytotoxic mode of 

action. To investigate the importance of the four hydroxyl moieties, acetylderivatives were 

prepared and tested. To generate different derivatives, an acetylation method using acetic 

anhydride and dry pyridine was used at room temperature (Bonner and McNamara 1968). The 

reaction was investigated after 1 h, 2 h, 6 h and 24 h via LCMS, showing mono- and di-

acetylated products after 1 h and tri- and tetra-acetylated products after 2 h. Longer reaction 

times accumulate additional chromatographic peaks with identical molecular ion peaks, 

suggesting that rearrangement reactions take over. This was also observed without acetic 

anhydride by just subjecting PXA to pyridine for 24 hours. 1-Acetyl-, 1,1’-acetyl-, 1,1’,8-

acetyl- and 1,1,8,8’-acetyl-PXA were isolated and their cytotoxicity was determined. 

Interestingly, while no compound was more active than PXA, the cytotoxic activity only 

dropped by a factor of 3-4 for the various acetylated derivatives, regardless of the position of 

acetylation.This suggests that the free hydroxyl moieties only play a subordinate role, if any in 

PXA’s mode of action. The possibility of in vitro ester hydrolysis was considered, however, 

standard methylation protocols with CH3I and K2CO3 (Swaroop et al. 2012) failed due to 

compound decomposition and were thus abandoned. The dimeric structure is essential for the 

bioactivity (Cao et al. 2012) and rearangement of PXA (4, 4’) to dicerandrol C (2, 2’) decreases 

the activity considerably (Rönsberg et al. 2013). In conclusion, the 5/5’-acetyl moiety and the 

4, 4’ linkage are the most important structural parameters regarding the cytotoxicity of PXA, 

while hydroxyl moieties at positions 1,1’,8 or 8’ are chemically modifiable. The 12/12’ acetyl 

moieties decrease cytotoxicity considerably, but may be modifiable. These findings may help 

in the future during target finding and drug optimization, because tracer or tag molecules may 

be linked to the less important hydroxyl moieties (Lomenick et al. 2011), or they may be 

substituted to improve overall stability of the xanthone core and to protect the biaryl linkage 

from rearrangement. 
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Figure 18: SAR of PXA-derivatives (modified after Frank et al. 2015). 

 

Although the mode of action of the cytotoxic activity of PXA was studied extensively by our 

cooperation partners, the exact molecular targets remain elusive. However, due to its novel 

mode of action as a mitochondrial toxin (described in chapter 3), it could be used as a molecular 

tool in the study of mitochondrial ion homeostasis and membrane dynamics in the future 

(Böhler et al. 2018). By improving the instability and rearrangement issues and discovering a 

proper way to understand and deal with these issues, such problems can be avoided in the future 

and experiments and applications for this interesting natural compound can be planned 

accordingly. The selectivity for cancer cells will ensure that further investigations will be 

conducted and the SAR studies may inspire semisynthetic or synthetic analogs with better 

stability and traceability. With its toxicological and immunological properties, PXA represents 

an interesting candidate for the discovery of a new fungal anticancer drug. 
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Conclusion and Prospect 
 

The results of this dissertation research show that it is still worthwhile to investigate marine 

fungi, even if a large collection of related research papers has already been published. The 

modification of culturing conditions (OSMAC and co-cultivation) diversified the metabolic 

profile, leading to the induction and the discovery of new bioactive secondary metabolites. The 

effects of simple changes in culturing conditions have yielded very specific results and thus 

future research on the same or similar fungal strains should not be discouraged, but should 

rather be encouraged to discover cryptic metabolites. The demand for new antibiotics and 

anticancer drugs is high and natural products have met that demand in the past. The 

investigation of cytotoxic fungal compounds, regarding mode of action, SAR and stability 

represents important work on the way to develop new anticancer drugs. Since fungal anticancer 

drugs are still underrepresented in the current drug market, they show great potential in the 

search for new lead compounds.  
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