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Abstract 
 

Endophytic fungi are microorganisms that colonize the inner tissues of healthy plants 
without causing any apparent disease symptoms. In recent years, the focus of bioactive 
natural products research has shifted from plants to endophytic fungi, as the latter of them 
have the capacity to produce the same bioactive agents originally found in their host plants. 
Several fungal secondary metabolites are already used as drugs or lead compounds, such as 
plinabulin, cyclosporin A, simvastatin or cephalosporin C, indicating that endophytes are a 
rich source of bioactive natural products with a huge pharmaceutical potential. 

The projects involved in this dissertation mainly focus on the isolation of bioactive 
secondary metabolites from axenic cultures of endophytic or soil-derived fungi, as well as 
from fungal-bacterial co-cultivation experiments, with the aim of activating silent gene 
clusters that are not expressed under standard laboratory culture conditions. The structures of 
the isolated secondary metabolites were elucidated by 1D (1H and 13C), 2D (HSQC, HMBC, 
COSY, ROESY) NMR spectroscopy, and HRESIMS spectrometry, as well as by electronic 
circular dicrosim (ECD) spectroscopy. The pure substances were investigated for their 
cytotoxicity toward the murine lymphoma cell line L5178Y, and against human lymphoma 
Ramos and Jurkat J16 cell lines, as well as for their antibiotic activity against Staphylococcus 
aureus, Escherichia coli, Pseudomonas aeruginosa, Enterococcus faecalis, and 
Mycobacterium tuberculosis. 

In summary, 26 secondary metabolites were obtained from two endophytic fungi 
Stemphylium globuliferum and Annulohypoxylon sp., as well as from the hypersaline lake 
derived fungus Cladosporium cladosporioides. Nine of the isolated metabolites were 
identified as new natural products. This dissertation consists of the following three parts, 
which have led to four publications. 
 
 
 
 
 



Metabolites from the endophytic fungus Stemphylium globuliferum 
 

Stemphylium globuliferum was isolated from the plant Juncus actus, which was collected 
from the shore of the hypersaline lake El Hamra located in Wadi el Natrun in Egypt. Thirteen 
secondary metabolites were isolated from the crude extract, including six new natural 
products, stemphylanthranol A, stemphylanthranol B, dihydroaltersolanol B, 
dihydroaltersolanol C, and the atropisomers acetylalterporriol D and acetylalterporriol E. 
Notably, stemphylanthranols A and B were identified as the first naturally occurring trimeric 
anthraquinone derivatives. Altersolanols A–C, dihydroaltersolanol C, acetylalterporriol E, 
alterporriol E, and 6-O-methylalaternin showed strong cytotoxicity against the murine 
lymphoma (L5178Y) cell line with IC50 values ranging from 1.25 to 10.4 μM. Furthermore, 
dihydroaltersolanol C exhibited moderate antibacterial activity against S. aureus with a 
minimum inhibitory concentration (MIC) of 49.7 μM. 
 
Metabolites from the hypersaline lake derived fungus Cladosporium cladosporioides 
 

The fungus Cladosporium cladosporioides was isolated from the sediment of the 
hypersaline lake El Hamra located in Wadi el Natrun in Egypt. Four secondary metabolites 
were isolated from the crude extract of C. cladosporioides, one of which was identified as a 
new viriditoxin derivative, designated cladosporinone. All isolated compounds were 
investigated for their cytotoxicity against the murine lymphoma cell line L5187Y and for 
their antibiotic activity against several pathogenic bacteria. Viriditoxin was by far the most 
active compound, exhibiting selective activity against Staphylococcus aureus ATCC 29213 
with an MIC value of 0.015 μg/mL (0.023 μM). Moreover, viriditoxin and its new congener 
cladosporinone showed strong cytotoxicity with IC50 values of 0.15 and 0.88 μM, 
respectively. The structure activity relationships of the isolated compounds were discussed 
based on their activities in the respective cell lines.  
 
 
 



Metabolites from the mangrove-derived endophytic fungus Annulohypoxylon sp.  
 

The endophytic fungus Annulohypoxylon sp. was isolated from the Mangrove plant 
Rhizophora racemosa collected in Cameroon. Nine secondary metabolites were obtained 
from the crude extract, including two new benzo[j]fluoranthene-based metabolites daldinone 
E and daldinone G, as well as an artefact, daldinone F, which originated from daldinone E 
during the isolation procedure. Co-cultivation of Annulohypoxylon sp. with Streptomyces 
lividans or with Streptomyces coelicolor resulted in an up to 38-fold increase of 
1-hydroxy-8-methoxynaphthalene, while no significant induction was detected when the 
fungus was co-cultivated with either Bacillus subtilis or with Bacillus cereus. Daldinone F 
exhibited strong to moderate cytotoxicity against Ramos and Jurkat J16 cell lines with IC 50 
values of 8.5 and 13.9 μM, respectively. Mechanistic studies suggested that daldinone F 
caused apoptosis by activating caspase-3 via the intrinsic pathway. Moreover, daldinone F 
potently blocks autophagy, a potential pro-survival pathway for cancer cells. The biogenetic 
pathway of the isolated benzo[j]fluoranthene derivatives is suggested to start with the 
oxidative coupling between 1,3,8-trihydroxynaphthalene (3HN) and 
1,8-dihydroxynaphthalene (DHN). Feeding experiments with DHN which was added to the 
growing fungal culture increased the accumulation of daldinone B, which is in accordance 
with the proposed biogenetic pathway of benzo[j]fluoranthene derivatives. 



Zusammenfassung 
 

Endophytische Pilze sind Mikroorganismen, die in gesunden Pflanzen leben und ihrem 
Wirt keinen Schaden zufügen. In den letzten Jahren entdeckte man, dass endophytische Pilze 
die Fähigkeit besitzen, die gleichen Verbindungen wie ihre  Wirte zu produzieren, was den 
Fokus von bioaktiven Naturprodukten von Pflanzen auf endophytische Pilze verschob. Viele 
Sekundärmetabolite aus Pilzen z.B. Plinabulin, Cyclosporin A, Simvastatin oder 
Cephalosporin C werden bereits als Arzneimittel oder Prodrugs verwendet. Die erfolgreiche 
Anwendung dieser Verbindungen verstärkte die Forschung in Richtung bioaktiver 
Sekundärmetabolite aus endophytischen Pilzen.  
 

Die einzelnen Untersuchungen, die diese Dissertation beinhaltet, konzentrieren sich 
hauptsächlich auf bioaktive Sekundärmetabolite aus endophytischen Pilzen, sowie Ko-
Kultivierung, um unter Laborbedingungen nicht-exprimierte Gen-Cluster zu aktivieren. Es 
konnten mehrere zytotoxische und antibakterielle Verbindungen aus den bearbeiteten 
Endophyten isoliert werden, welche für weitere Studien interessant sind. Die Strukturen der 
Sekundärmetabolite wurden per 1D (1H und 13C), 2D (HSQC, HMBC, COSY, ROESY) NMR-
Spektroskopie, sowie HR-ESI-MS-Spektrometrie, als auch  mittels Circulardichroismus 
Spektroskopie (ECD) bestimmt. Darüber hinaus wurden die Reinsubstanzen hinsichtlich ihrer 
Zytotoxizität gegenüber der murinen Lymphomzelllinie L5178Y und der menschlichen 
Lymphomzelllinien Ramos und Jurkat J16, sowie hinsichtlich ihrer antibiotischen Aktivität 
gegenüber Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Enterococcus 
faecalis und Mycobacterium tuberculosis getestet. 
 

Insgesamt konnten 26 Sekundärmetabolite aus zwei endophytischen Pilzen, Stemphylium 
globuliferum und Annulohypoxylon sp., sowie einem hypersalinen Bodenpilz Cladosporium 
cladosporioides isoliert werden. Neun dieser Verbindungen wurden als neue Naturprodukte 
identifiziert und eine als neu beschriebenes Artefakt. Alle Substanzen wurden hinsichtlich ihrer 
antibiotischen und zytotoxischen Aktivität evaluiert. Diese Dissertation besteht aus den 
folgenden vier Teilen, die bereits in wissenschaftlichen Journalen publiziert oder zum 



Publizieren eingereicht wurden: 
 
Endophytischer Pilz Stemphylium globuliferum 
 

Der Pilz Stemphylium globuliferum wurde aus der Pflanze Juncus actus isoliert, welche 
am Ufer des hypersalinen Sees El Hamra im Wadi El Natrun, Ägypten, gesammelt wurde. Es 
konnten dreizehn Sekundärmetabolite aus dem Rohextrakt isoliert werden. Sechs davon 
wurden als neue Naturprodukte identifiziert, namens Stemphylanthranol A, Stemphylanthranol 
B, Dihydroaltersolanol B, Dihydroaltersolanol C und die Atropisomere Acetylalterporriol D 
und Acetylalterporriol E. Hierbei wurden Stemphylanthranol A und B als erste natürlich 
vorkommende trimere Anthrachinonderivate identifiziert. Dihydroaltersolanol B und C sind 
Derivate von Altersolanol B und C, bei denen die Doppelbindung des aliphatischen Rings 
hydriert wurde. Der Unterschied der neuen Atropisomere Acetylalterporriol D und E zu den 
Alterporriolen D und E war die Acetylierung der Hydroxygruppe (3-OH). Altersolanol A-C, 
Dihydroaltersolanol C, Acetylalterporriol E, Alterporriol E und 6-O-methylalaternin zeigten 
starke zytotoxische Aktivität gegenüber der murinen Lymphomzelle L5178Y mit IC50-Werten 
zwischen 1,25 und 10,4 μM. Zudem zeigte Dihydroaltersolanol C auch moderate 
antibakterielle Aktivität gegen S. aureus mit einer minimalen Hemmkonzentration (MIC) von 
49.7 μM. 
 
Boden-Pilz Cladosporium cladosporioides 
 

Der Pilz Cladosporium cladosporioides wurde aus dem Sediment des hypersalinen Sees 
El Hamra in Wadi El Natrun, Ägypten isoliert. Vier Sekundärmetabolite wurden aus dem 
Rohextrakt von C. cladosporioides isoliert, von denen einer der neue Sekundärmetabolit 
Cladosporinon war. Alle isolierten Verbindungen wurden hinsichtlich ihrer zytotoxischen 
Aktivität gegenüber der murinen Lymphomzellline L5178Y und ihrer antibiotischen Aktivität 
gegen mehrere pathogene Bakterien untersucht. Viriditoxin, der Hauptsekundärmetabolit des 
Rohextraktes, fiel besonders auf Grund seiner selektiven Aktivität gegenüber Staphylococcus 
aureus ATCC 29213 mit einem MIC-Wert von 0.015 μg/mL (0.023 μM) auf. Der neue 



Sekundärmetabolit Cladosporinon ist ein Viriditoxin-Derivat, welches nur zytotoxische 
Aktivität zeigte. Die Struktur-Wirkungs-Beziehung der Verbindungen wurde anhand ihrer 
zytotoxischen und antibiotischen Aktivität erörtert. Der vorgeschlagene Polyketid-
Biosyntheseweg des Viriditoxins und seiner Derivate wird diskutiert. 
 
Mangroven-Endophyt Annulohypoxylon sp. 
 

Der endophytische Pilz Annulohypoxylon sp. wurde aus der Mangrovenpflanze 
Rhizophora racemosa, die in Kamerun gesammelt wurde, isoliert. Aus dem Rohextrakt 
konnten neun Sekundärmetabolite  isoliert werden. Es handelte sich hierbei um zwei neue 
Benzo[j]fluoranthen-basierende Metabolite (Daldinon E und Daldinon G), sowie ein neues 
Artefakt (Daldinon F), das während des Isolierungsprozesses aus Daldinon E entstand. 
Kultivierungsexperimente von Annulohypoxylon sp. mit dem Aktinomyzeten Streptomyces 
lividans resultierten in einer 38-fachen Zunahme von 1-Hydroxy-8-methoxynaphthalen. Im 
Gegensatz dazu konnte während der Ko-kultivierung des Pilzes mit Bacillus subtilis oder mit 
Bacillus cereus keine signifikante Induktion detektiert werden. Daldinon F zeigte starke bis 
moderate Zytotoxizität gegenüber den Ramos- und Jurkat J16-Zelllinien mit IC50 Werten von 
8,5, bzw. 13,89 μM. Weitere Untersuchungen zeigten, dass Daldinon F über den intrinsischen 
Weg eine Caspase-3-Aktivierung bewirkt und somit die Apoptose induziert. Desweiteren 
blockiert Daldinon F wirksam die Autophagie, welche einen potentiellen Signalweg für das 
Überleben der Krebszellen darstellt. Ein Biosyntheseweg für die Benzo[j]fluoranthen-Derivate 
beinhaltet die oxidative Kopplung zwischen 1,3,8-Trihydroxynaphthalen (3HN) und 1,8-
Dihydroxynaphthalen (DHN). Ein Fütterungsexperiment mit DHN erhöhte die Akkumulation 
von Daldinon B im Pilzextrakt, was dem vorgeschlagenen Biosyntheseweg der 
Benzo[j]fluoranthen Derivative entspricht. 
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1 General Introduction 
 

1.1 Natural products and drug discovery 
Nature is a vital source of compounds that have found many applications in the fields of 

medicine, pharmacy, and biology (Butler, 2004). Natural products have been used to treat 
diseases since ancient times with the first record dating back to 2600 BC from Mesopotamia 
(Newman et al., 2000). A lot of drugs were derived from natural products, such as the 
antibiotics cephalosporin C (Aoki and Okuhara, 1980), chloramphenicol, and erythromycin 
(Butler, 2004), the antilipidemic drugs lovastatin and mevastatin (Alberts, 1988), the 
antimalarial drug artemisin (Klayman, 1985), and the antifungal drug caspofungin (Stone et al., 
2002). Around 56% of the worldwide drugs, particularly anticancer and anti-infective drugs, 
were derived or inspired by natural products (Cragg and Newman, 2013; Chin et al., 2006). 
Remarkably, above 60% of these drugs were only developed during the period 1989-1995 
(Grabley and Thiericke, 1999). Natural products, acting as leads in the development of new 
drugs, have their own special advantages. The unique value of natural products in drug 
discovery can be concluded in three criteria: (1) natural products have been the largest source 
of front-line drugs (Newman and Cragg, 2012; Cragg et al., 1997), (2) natural products have 
found to possess a wide variety of biological activities (Ortholand and Ganesan, 2004; Lam, 
2007), (3) natural products feature privileged structures that have evolved over millions of 
years (Ganesan, 2008; Ariëns, 1984).  
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1.2 Endophytes: a rich source of bioactive metabolites 

Endophytes are microorganisms that spend the whole or part of their life cycle colonizing 
inter and/or intra-cellular healthy tissues of host plants without causing any apparent symptoms 
of disease (Tan and Zou, 2001; Faeth, 2002). These microorganisms have attracted 
considerable attention in the last 20 years due to their medicinal and agricultural potential 
(Jalgaonwala et al., 2011). Secondary metabolites produced by endophytes are viewed as 
outstanding sources of bioactive natural products. Microbial secondary metabolites as a source 
of lead structures in drug discovery were not explored until the discovery of penicillin. In 1928, 
Alexander Fleming discovered that Staphylococcus aureus, seeded in a petri dish, was 
susceptible to mold. The mold, later was identified as Penicillium notatum, and was found to 
produce an active agent that was named penicillin (Demain and Sanchez, 2009). Since then, a 
large number of terrestrial and marine microorganisms have been investigated for the 
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production of new bioactive secondary metabolites, as potential agents in drug discovery. This 
is especially true if we consider that approximately 40 % of the biologically active natural 
products are derived from microbes (Demain, 2014). In addition, bioactive secondary 
metabolites from microorganisms have found a wide application in drug discovery, such as the 
antibacterial agent cephalosopin (Sweet and Dahl, 1970), the antidiabetic agent acarbose 
(Wehmeier and Piepersberg, 2004), the anticancer agent plinabulin (Ji et al., 2015), the 
antifungal agent griseofulvin (Gull and Trinci, 1973) or the immunosuppressant agent 
ciclosporin (Laupacis et al., 1982).  
 

 
 
 

Endophytic fungi, which asymptomatically colonize plant tissues, have been investigated 
from numerous plant species, especially from medicinal plants (Nisa et al., 2015). Fungi and 
their secondary metabolites used in drug discovery have several benefits: (1) fungi already 
existed over a billion years, and have evolved special biosynthetic mechanisms for the 
production of a variety of secondary metabolites (Kharwar et al., 2011); (2) fungi are an 
inexhaustible and renewable source of bioactive secondary metabolites with less than 16% of 
the described fungal species being investigated so far (Pimentel et al., 2011; Kharwar et al., 
2011); (3) Based on modern biotechnology methods (e.g. genetic engineering, metabolic 
technology, and microbial fermentation process), the fungal cultures can be manipulated to 
abundantly produce the metabolites of interest (Zhao, 2011).  
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Only 7% of the estimated 1.5 million fungal species are known (Hawksworth, 2004), and 
only a limited amount of those known fungi can be cultured and screened to investigate the 
secondary metabolites (Suryanarayanan et al., 2009). Thus, fungi are an important group of 
eukaryotic microorganisms in drug discovery and an increasing number of fungal secondary 
metabolites with novel structures and biological targets are being reported (Suryanarayanan et 
al., 2009). 

 
1.2.1 Fungi derived from terrestrial plants 

The multi-billion dollar anti-cancer compound paclitaxel was isolated from the bark of 
the yew tree Taxus brevifolia, but later, it was also reported as a constituent of many endophytic 
fungi, such as Pestalotiopsis microspora, Seimatoantlerium tepuiense, and Seimatoantlerium 
nepalense (Nisa et al., 2015). Endophytic fungi are suggested to have a mutualistic relationship 
with their hosts. Host plants provide nutrients to endophytic fungi, which in return, protect the 
host plants against pathogens and feeding damage caused by herbivores (Aly et al., 2011). This 
complex interspecies crosstalk between endophytic fungi and host plants leads to a huge variety 
of fungal metabolites with medicinal, agricultural, or industrial applications (Aly et al., 2011). 
Thus, the fact that fungal endophytes are considered to be the real contributors of bioactive 
plant metabolites has shifted the focus of many natural product researchers from plants to 
fungal endophytes (Cragg and Newman, 2013; Strobel and Daisy, 2003). 
 
1.2.2 Fungi derived from the marine environment 

Oceans cover approximately 70% of the Earth surface and contain an exceptional 
biological diversity (Subramani and Aalbersberg, 2012). A total of 530 species of marine-
derived fungi were reported so far which belong to 321 genera, 424 species of which are 
Ascomycota (in 251 genera), 94 species are anamorphic fungi (in 61 genera), and 12 species 
are Basidiomycota (in 9 genera) (Rateb and Ebel, 2011; Overy et al., 2014). In the last decades, 
around 1300 bioactive compounds with antitumor, antibacterial, anticoagulant, anti-
inflammatory, antifungal, and antiviral activities have been isolated and reported from marine-
derived fungi (Lee et al., 2013; Bhatnagar and Kim, 2012). The ecological habitats of marine-
derived fungi mainly include submerged wood, mangroves, sands, sediment, algae, estuary 
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plants, invertebrates, and plankton (Overy et al., 2014; Rateb and Ebel, 2011). Moreover, 
marine-derived fungi may have a strong symbiotic relationship with their invertebrate hosts. It 
is assumed that numerous bioactive secondary metabolites isolated from sponges, sea squirts, 
corals and other invertebrates are actually produced by symbiotic microorganisms, including 
fungi (Oliveira et al., 2012).  

 
 

1.3 Anti-cancer drugs derived from fungal secondary metabolites 
Cancer is defined as the uncontrolled growth of cells, commonly followed by metastasis 

increasing the possibility of spreading to other tissues or organs. (Chandra, 2012). Each cancer 
starts with changes in one cell or a small group of cells. Cancer cells lose a number of vital 
control systems, due to the fact that genes in the cell have been damaged or lost, followed by 
unregulated growth (Hanahan and Weinberg, 2000). There are several kinds of cancer, for 
example common carcinomas in tissues or organs, such as lung, breast, colon, bladder and 
prostate carcinomas or common sarcomas, such as fat, bone, and muscle sarcomas (Bosch et 
al., 1995; Parker et al., 1996; Sikora et al., 1999). Cancer causes a high mortality rate all over 
the world and each year more than six million new cases are reported. Natural products as 
potential anticancer agents can be dated back to early reports from 1550 BC (Chandra, 2012). 
However, serious scientific research of anticancer drugs only began in the 1950s since the 
discovery and development of the vinca alkaloids (Chandra, 2012). These drugs control the 
growth of cancer by targeting the more rapidly dividing cancer cells by blocking the spindle 
apparatus (Kharwar er al., 2011), and therefore they are less toxic towards normal tissue cells 
(Helleday et al., 2008).  

 
1.3.1 Fungal anticancer drugs with anti-angiogenesis activity 

Cancer cells obtain nutrients and oxygen by developing their own blood supply process 
known as angiogenesis, which is a tightly regulated process to generate new blood vessels from 
the pre-existing ones (Wang et al., 2015; Ma and Waxman, 2008). Angiogenesis plays an 
important role for tumor development and metastasis in tumors (Bertolini, 2011). Therefore, 
inhibition of tumor angiogenesis is considered as a valuable target for anti-cancer therapy 
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(Kerbel, 2000; Vasudev and Reynolds，2014). Several anti-angiogenesis inhibitors have been 
developed, such as sunitinib and bevacizumab, which have been approved by FDA (Yamazaki 
et al., 2012; Mita et al., 2010).  
 
1.3.1.1 Plinabulin 

Plinabulin is a synthetic derivative based on the natural product phenylahistin (also known 
as halimide). Phenylahistin was isolated from the fungus Aspergillus ustus in 1997. It showed 
potent anti-microtubule activity in HT-29 cells with IC50 value of 300 nM (Yakushiji et al., 
2011). Plinabulin was already shown to be a novel vascular-disrupting agent that can inhibit 
tumor blood supply through disruption of tumor vascular generation from endothelial cells. 
Furthermore, plinabulin showed inhibitory activity on tubulin polymerization (Wang et al., 
2016; Singh et al., 2011). Interestingly, the structure of plinabulin even though it is different 
from that of colchicine, shows antitubulin activity by binding to the colchicine site of β-tubulin 
(Ji et al., 2015; Millward et al., 2012). Plinabulin is currently under phase II clinical trials (Ji 
et al., 2015). 
 

 
 
 

1.3.2 Fungal anticancer drugs with antitubulin activity 
Microtubules are noncovalent polymers of α- and β-tubulin heterodimers that form key 

components of the cytoskeleton in all eukaryotic cells. Microtubules play an important role in 
cellular functions (Yamazaki et al., 2011), such as cell shape maintenance, intracellular 
transport, and mitosis (Yamazaki et al., 2012). Most anti-microtubule agents are divided into 
three main groups. The first group includes micro-tubule stabilizing agents, which bind to the 
taxane domain of tubulin. The second group includes micro-depolymerizing vinca agents, 
which bind to the vinca alkaloid domain of tubulin. Finally, the third group also includes micro-
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tubule depolymerizing agents, however, via binding to the colchicine domain (Lu et al., 2012). 
The latter group exhibits selective vascular collapse resulting in the prevention of blood supply 
to tumor tissues, thus suppressing the tumor (Yamazaki et al., 2012). 

 
1.3.2.1 Paclitaxel  

Paclitaxel was isolated from the stem bark of the Pacific yew tree Taxus brevifolia 
(Taxaceae) in 1969, and its structure elucidation was reported in 1971 (Wani et al., 1971; Cragg, 
1998).. Later, in 1993, paclitaxel was reported as a secondary metabolite of the endophytic 
fungus Taxomyces andreanae, which was isolated from Taxus brevifolia (Stierle et al., 1993; 
Jalgaonwala et al., 2011,; Xiong et al., 2013). Paclitaxel was also obtained from other 
endophytic fungi, such as Paraconiothyrium variabile and Epicoccum nigrum, both isolated 
from the English yew Taxus baccata (Somjaipeng et al., 2015). Until now, paclitaxel was 
reported to be synthesized by at least 18 different fungal genera, primarily endophytes that live 
asymptomatically within Taxus or other plant genera (Soliman et al., 2013). Paclitaxel 
promotes microtubule polymerization by inhibiting their disassembly, thus disrupting 
important cellular processes and inducing apoptosis. As an anti-microtubule drug, paclitaxel 
(Taxol®) is used for the treatment of a broad range of human tumors, including ovarian, breast, 
lung, bladder, head, and neck cancers (Sreekanth et al., 2011; Bhanot et al., 2011). It took 21 
years from the original landmark paper on the isolation and structural determination of taxol to 
its approval in 1992 by the FDA for the treatment of ovarian cancer (Wani and Horwitz, 2014). 
Other microtubule-targeting agents are docetaxel (paclitaxel analogue) and ixabepilone 
(epothilone analogue) (Harzstark et al., 2011; Pusztai, 2007). 
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1.3.2.2 Vinca alkaloids  

Vinca alkaloids, including vinblastine and vincristine, were isolated from the Madagascar 
periwinkle Catharanthus roseus in the late 1950s and early 1960s by two independent groups 
(Cragg and Newman, 2003; Cragg et al., 2009). Interestingly, vinblastine was also reported 
from the endophytic fungus Alternaria sp. isolated from Catharanthus roseus in 1998 (Guo et 
al., 1998; Kumar et al., 2013; Kumar et al., 2013). Vinblastine and vincristine inhibit tubulin 
assembly via binding to β-tubulin at a different site from that of taxane drugs. Both compounds 
inhibit mitosis by destroying the microtubules of the mitotic apparatus at the metaphase stage 
followed by disruption of many biological functions, which depend upon the class of 
subcellular organelles (Wilson et al., 1975). Vinca alkaloids have been used in clinical 
oncology for almost 50 years. Vincristine is used in combination chemotherapy for the 
treatment of acute lymphoblastic leukemias and lymphomas, whereas vinblastine is used in 
combination chemotherapy for the treatment of bladder and breast cancers (Kingston, 2009). 
In addition, several vinca alkaloid analogues, such as vindesine, vinorelbine, vinflunine, and 
anhydrovinblastine, have been developed as anticancer agents.  
 

 
 

 
1.3.3 Fungal anticancer drugs with DNA topoisomerase inhibition  

DNA topoisomerases are specific nuclear enzymes that modulate the topological state of 
DNA during transcription, replication and recombination (Deweese and Osheroff, 2009). 
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Particularly, DNA topoisomerase I regulates a single-strand of the DNA helix, whereas DNA 
topoisomerase Ⅱ  regulates both strands of the DNA helix, removing both negative and 
positive superhelical turns from DNA (Zuma et al., 2011; Kato and Kikuchi, 1998). Thus, DNA 
topoisomerases are considered as potential targets for anticancer therapy (Cortés et al., 2003). 
 
1.3.3.1 Camptothecin 

Camptothecin, a quinoline alkaloid, was first isolated from the stem bark of Camptotheca 
acuminata (Nysaceae) in 1966 (Goodman and Mcgahren, 1966). Camptothecin was also found 
in several different species of unrelated families of plants, such as Merrilliodendron 
megacarpum (Icacinaceae), Ophiorrhiza pumila (Rubiaceae), Ervatamia heyneana 
(Apocynaceae) and Mostuea brunonis (Gelsemiaceae) (Lorence and Nessler, 2004; 
Sirikantaramas et al., 2009). Interestingly, camptothecin was reported from the endophytic 
fungus Entrophospora infrequens, which was isolated from the plant Nothapodytes foetida. 
Moreover, the endophytic fungus Neuropsora sp., isolated from the seeds of the same plant (N. 
foetida) was also reported to produce camptothecin (Wall and Wani, 1996; Rehman et al., 2008; 
Chandra, 2012). Subsequently, a series of camptothecin-producing endophytic fungi like 
Fomitopsis sp., Alternaria alternata, Phomposis sp. (Shweta et al., 2013), and Fusarium solani 
were reported (Kusari et al., 2009). 

Camptothecin showed strong inhibitory activity against DNA topoisomerase I (Wall and 
Wani, 1996; Kitajima et al., 2002; Efferth et al., 2007). In addition, a number of reports indicate 
the therapeutic potential of camptothecin against colon, uterine, cervical, and ovarian cancer 
(Kusari et al., 2009). The first-generation of camptothecin analogues irinotecan and topotecan 
as water-soluble derivatives were approved by the US Food and Drug Administration (FDA) 
in 1996 (Lorence and Nessler, 2004; Sirikantaramas et al., 2009). Later, a new family of 
camptothecin derivatives, homocamptothecins, with an expanded seven-membered lactone 
ring were developed. Homocamptothecins enhance plasma stability and induce inhibition of 
topoisomerase I compared to the conventional six-membered ring camptothecin derivatives 
(Lorence and Nessler, 2004; Bailly, 2003; Lavergne et al., 1998). 
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1.4 Strategies to maximize the diversity of fungal secondary metabolites 

Fungi are found worldwide, including extreme environments with high temperature, high 
salt concentration, and high or low pH conditions. It is considered that the pattern of fungal 
secondary metabolites is heavily influenced by different environmental conditions, in which 
fungi are adapted to live. Likewise, the production of secondary metabolites from fungi is 
strongly influenced by culture conditions, such as medium source, phosphate, trace elements, 
and incubation time. Therefore, adjusting the cultural conditions is considered as a powerful 
method to maximize the diversity of fungal secondary metabolites (Mathan et al., 2013). There 
are several different ways to regulate the cultural conditions. The most common methods are 
OSMAC approach, mostly depending on different cultural media, or co-culture of different 
microbes (also called co-cultivation) that imitates the natural competitive conditions (Marmann 
et al., 2014).  
 
1.4.1 Medium optimization 

Medium optimization mainly depends on the OSMAC (One Strain, MAny Compounds) 
approach (Bode et al., 2002; Scherlach and Hertweck, 2009). Microbial genome sequence 
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analysis suggested that most gene biosynthesis clusters remain silent under standard laboratory 
culture conditions (Schroeckha et al., 2009), resulting in limited chemical diversity of fungal 
secondary metabolites. It is also widely recognized that the biosynthesis of fungal secondary 
metabolites can be influenced by different cultural conditions, such as media composition, pH 
value, temperature, oxygen, light, even cultural vessel. There are many ways to optimize the 
medium of a fungal culture, including component replacing, biological mimicry, artificial 
neural networks, continuous fermentation, and stoichiometric analysis (Kennedy et al., 1999). 
Therefore, setting the cultural parameters that influence the biosynthesis of fungal secondary 
metabolites is a useful technique to enhance the chemical diversity of microorganisms. 
 
1.4.2 Co-cultivation as a useful tool to activate silent gene clusters  

Bacteria and fungi co-exist in natural habitats, such as soil, water and plants as endophytes 
(Netzker et al., 2015). It is suggested that endophytes compete for living space and nutrients 
by producing a wide array of bioactive secondary metabolites to inhibit other antagonistic 
microorganisms. Therefore, co-cultivation by forcing direct interactions between different 
microbes, may trigger the expression of silent biosynthetic pathways for the production of new 
secondary metabolites or enhance the accumulation of constitutively present metabolites in 
prokaryotes and eukaryotes alike (Ola et al., 2013; Nützmann et al., 2011; Schroeckh et al., 
2009). For example, glionitrin A was only detected when the marine-derived fungus 
Aspergillus fumigatus was co-cultured with a marine-derived bacterium of the genus 
Sphingomonas. Glionitrin A showed strong antibacterial activity against MRSA with an MIC 
value of 0.78 μg/mL (Marmann et al., 2014). Moreover, the known antibacterial compounds 
enniatin B, enniatin B1, and enniatin A1 were enhanced up to 78-fold during co-cultivation of 
the fungus Fusarium tricinctum and the bacterium Bacillus subtilis (Ola et al., 2013).  

 
1.5 Aim of the study 

It has been estimated that there are as many as 1.5 million fungal species on Earth, of 
which only 74,000 species have been described (Hawksworth, 1991). Thus, endophytic fungi 
are considered as a prolific source of bioactive secondary metabolites with high medicinal and 
agricultural potential (Jalgaonwala et al., 2011). The aim of this study was mainly focused on 
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the isolation and identification of bioactive secondary metabolites from co-culture and/or 
axenic cultures of endophytic fungi with different bacteria. 

Based on the activities of fungal crude extracts in different bioassays and based on HPLC 
analysis, three fungal strains were investigated: (1) Stemphylium globuliferum, isolated from 
the plant Juncus actus, which was collected from the shore of Lake Wadi el Natrun in Egypt; 
(2) Cladosporium cladosporioides, which was isolated from the sediment of hypersaline lake 
Wadi el Natrun; (3) Annulohypoxylon sp., isolated from the mangrove Rhizophora racemose, 
which was collected in Cameroon. The secondary metabolites of these fungi were purified by 
chromatography on silica gel, reversed phase silica gel, Sephadex LH-20, Diol-functionalized 
silica gel, and by semi-preparative HPLC. The structures were elucidated on the basis of 1D 
and 2D (1H, 13C, COSY, HSQC, HMBC, ROSY) NMR spectroscopy, HRESIMS spectrometry, 
UV and circular dicrosim (CD) spectroscopy. Subsequently, the pure substances were evaluated 
for their antibacterial activity and cytotoxicity against the murine lymphoma (L5178Y), human 
ovarian tumor (A2780 sens and A2780 cis), Jukart J16, and Ramos cell lines. 
 
Chapter 2 and chapter 3 (Publication 1 and 2) describe the first two naturally occurring trimeric 
anthracene derivatives stemphylanthranols A and B, two new anthracene dimers and two new 
anthracene monomers that were isolated from the endophytic fungus S. globuliferum. The 
structures of the new derivatives were unambiguously elucidated by 1D and 2D NMR, by 
HRESIMS, as well as by ECD spectroscopy. Furthermore, the proposed biogenetic pathways 
were discussed. 
 
Chapter 4 (publication 3) describes the isolation of one new cytotoxic viriditoxin derivative 
cladosporinone, together with viriditoxin and two viriditoxin derivatives that were isolated 
from the hypersaline sediment fungus Cladosporium cladosporioides. In this part, the structure 
elucidation, the biogenetic pathway, as well as the antibiotic and cytotoxic activities of the 
isolated compounds were evaluated.  
 
Chapter 5 (manuscript 4) describes two new benzo[j]fluoranthene-based metabolites, 
daldinones E and G, together with one new artefact daldinone F that were isolated from the 
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endophytic fungus Annulohypoxylon sp. The proposed biogenetic pathway was discussed 
according to the literature. Daldinone F exhibited strong cytotoxicity against Ramos and Jurkat 
J16 cells, by inducing the intrinsic apoptotic pathway. 
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Figure S2 13C NMR spectrum of 1 (DMSO, 150 MHz) 
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Figure S3 COSY spectrum of 1 
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Figure S4 HSQC spectrum of 1 
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Figure S5 HMBC spectrum of 1 
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Figure S6 HRESIMS spectrum of 1 
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Abstract: Two new benzo[j]fluoranthene metabolites, daldinones E, G (1 and 3), and the 
likewise undescribed artefact, daldinone F (2), along with six known compounds (4-9) were 
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isolated from the endophytic fungus Annulohypoxylon sp. that was obtained from the 
Mangrove plant Rhizophora racemosa collected in Cameroon. The structures of the new 
compounds were elucidated by 1D and 2D NMR as well as by HRESIMS and ECD spectra 
analysis. Co-cultivation of this fungus with the actinomycetes Streptomyces lividans or with 
Streptomyces coelicolor resulted in an up to 38-fold increase of 1-hydroxy-8-
methoxynaphthalene (9), while no significant induction was detected when the fungus was 
co-cultivated either with Bacillus subtilis or with Bacillus cereus. Compound 2 exhibited 
strong to moderate cytotoxicity against Ramos and Jurkat J16 cells with IC 50 values of 8.5 
and 13.9 μM, respectively. Mechanistic studies indicated that 2 induces apoptotic cell death 
caused by induction of intrinsic apoptosis. Moreover, 2 potently blocks autophagy, a potential 
pro-survival pathway for cancer cells. A proposed biogenetic pathway for the analyzed 
compounds involves oxidative coupling of 1,3,8-trihydroxynaphthalene (3HN) and/or 1,8-
dihydroxynaphthalene (DHN). Feeding experiments with DHN led to an enhanced 
accumulation of daldinone B (6), which supported this hypothesis. 

 

Introduction 
Endophytes are microorganisms that colonize asymptomatically the intercellular and/or 

intracellular parts of healthy plants1,2 and play an important role in drug discovery.3 In recent 
years, the increased re-isolation of known substances from fungi has turned the interest of 
natural product chemists to hitherto less investigated ecological niches such as Mangrove 
swamps for bioprospecting of fungi.4-6 Mangroves, also called halophytes, inhabit 
(sub)tropical coastal regions and are exposed to various stress factors, such as intense light 
and high salinity followed by tidal range alterations.7,8 In these harsh conditions, endophytic 
fungi have developed unique metabolic mechanisms and are described to have a positive 
influence on their hosts by providing nutrients and/or chemical defense.9 Mangrove-derived 



 5 Publication 4  

96 
 

endophytic fungi have been shown to produce a plethora of new compounds with some of 
them showing pronounced biological activities as exemplified by the tetrahydroxanthone 
derivative phomoxanthone A that was recently isolated by our group from a Mangrove 
endophyte and showed strong anticancer activity against cisplatin resistant cancer cells in 
addition to immunostimulant activity.6,10  

During our ongoing search for new bioactive secondary metabolites from endophytic 
fungi,11-13 an endophytic fungus was isolated from the Mangrove plant Rhizophora racemosa, 
collected in Cameroon. Several approaches, such as ITS sequencing and enlarged 18S-28S 
rDNA sequencing, were used to narrow the identity of the fungus. BlastN search in NCBI-
databases revealed 76.4% highest homology to the fungus Annulohypoxylon artroroseum 
(acc.-no U32411), and massBLASTer analysis by unite (Unified system for the DNA based 
fungal species linked to the classification Ver. 7.0)14 revealed 97.75% homology of the 
sequence region of fungus from nt 2415 – nt 3906 to Annulohypoxylon spp. (acc-no 
JQ747656). Therefore, we assume that the fungus investigated in this study belongs to the 
genus Annulohypoxylon and it was nominated accordingly. Annulohypoxylon, which has been 
named Hypoxylon sect. Annulata before, is considered a new genus separated from 
Hypoxylon recently based on a report of Hsieh.15-18 Annulohypoxylon is believed to show the 
same evolutionary lineage as the genera Hypoxylon and Daldinia.19 Previous chemical 
investigations of taxa of Annulohypoxylon sp. yielded several metabolites including cohaerins 
A-K,17-19 daldinone A,16 truncatone,18 and truncaquinones A and B.16 Subsequent 
fractionation of Annulohypoxylon sp. investigated in this study afforded two new 
benzo[j]fluoranthene-based metabolites, daldinones E and G (1 and 3, respectively), and a 
hitherto undescribed artefact, daldinone F (2) that originated by rapid conversion of 1 during 
chromatographic isolation, along with six known compounds daldinone C (4), hypoxylonol C 
(5), daldinone B (6), 3,4-dihydro-3,4,6,8-trihydroxy-l(2H)-naphthalenone (7), (R)-scytalone 
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(8), and 1-hydroxy-8-methoxynaphthalene (9). Co-cultivation of this fungus with the 
actinomycetes Streptomymces lividans or Streptomyces coelicolor resulted in an up to 38-fold 
increase of 9. However, when co-culturing the fungus with either Bacillus subtilis or with 
Bacillus cereus, no significant induction in the accumulation of constitutively present 
metabolites was observed. Compound 2 showed pronounced cytotoxicity against Ramos and 
Jurkat J16 cell lines with IC 50 values of 8.5 and 13.9 μM, respectively due to induction of 
intrinsic apoptosis. Moreover, 2 potently blocks autophagy, a potential pro-survival pathway 
for cancer cells. A proposed biogenetic pathway for the compounds isolated in this study was 
corroborated by feeding 1,8-dihydroxynaphthalene to the fungal culture which caused a 
pronounced increase of daldinones E and B. 

 

Results and Discussion 

The EtOAc extract of the fungus following cultivation on solid rice medium was 
partitioned between n-hexane and 90% aqueous MeOH. The resulting MeOH phase afforded 
two new benzo[j]fluoranthene secondary metabolites (1 and 3), and the likewise hitherto 
undescribed artefact (2) that rapidly originated from 1 during chromatographic isolation. In 
addition six known compounds including daldinone C, hypoxylonol C, daldinone B, 3,4-
dihydro-3,4,6,8-trihydroxy-l(2H)-naphthalenone, (R)-scytalone, and 1-hydroxy-8-
methoxynaphthalene (4 ─ 9) were likewise obtained. 
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Compound 1 was isolated as a red, amorphous powder. Its molecular formula was 
established as C20H14O6 based on the prominent pseudomolecular ion peak observed at m/z 
351.0865 [M+H]+ in the HRESIMS spectrum, corresponding to 14 degrees of unsaturation. 
The 1H and COSY spectra revealed aromatic signals representative for a 1,2,3-trisubstituted 
benzene ring at δH 6.98 (H-10), 7.64 (H-11), and 7.51 (H-12), two ortho-coupled protons at 
δH 6.77 (H-5, J = 8.1 Hz) and 7.64 (H-6, J = 8.1 Hz), two sets of methylene groups at δH 
3.39/2.74 (H2-7), and 3.14/2.94 (H2-2), as well as an oxymethine proton at δH 5.16 (H-1). In 
the HMBC spectrum of 1, the correlations from H-5 to C-3a, C-6a, and C-4, from H-6 to C-4 
and C-12d, from H-2 to C-1, C-3, C-12c, and C-3a, and from H-1 to C-3, C-12c, C-12d, 
suggested the presence of a vermelone20,21 moiety in the molecule (Figure 1). The HMBC 
spectrum verified the presence of a second vermelone subunit as deduced by the correlations 
observed from H-10 to C-8a, C-9, and C-12, from H-11 to C-9 and C-12a, from H-12 to C-8a, 
C-10, and C-12b, as well as from H-7 to C-6b, C-8, C-12b, and C-8. The connection of the 
two substructures at C-6a and C-6b was established on the basis of the HMBC correlation 
from H-6 to C-6b (Figure 1). These functionalities accounted for 13 of the 14 degrees of 
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unsaturation, thus leaving only C-12b to C-12c for connection between the two units, 
rationalizing the remaining degree of unsaturation. Hence, 1 was identified as a new natural 
product and was named daldinone E. 

 
Figure 1. Selected HMBC correlations of 1-3 
 

The relative configuration of the two chirality centers of 1 could not be determined due 
to the lack of characteristic NOE correlations. For the stereochemical studies, ECD 
measurement and calculations were carried out, which first required the HPLC separation of 
1 from its dehydration product 2, since 1 was isolated as a 1:1 mixture with 2. Compounds 1 
and 2 could be base-line separated using Chiralpack IA column and the HPLC-ECD spectrum 
of 1 was recorded, which was used for comparison in the ECD calculations. A pure sample of 
2 was available and TDDFT-ECD calculation determined its absolute configuration as (6bR), 
which suggested (6bR) absolute configuration for its precursor 1 as well (vide infra).  

In order to determine the absolute configuration of 1, the TDDFT-ECD protocol22,23 was 
applied on the (1R,6bR) and (1S,6bR) diastereomers of 1. The Merk Molecular Force Field 
(MMFF) conformational search produced 5 low-energy conformers for both diastereomers in 
a 21 kJ/mol energy window which were reoptimized at four different DFT levels [B3LYP/6-
31G(d) in vacuo, B97D/TZVP24,25 PCM/MeCN, B3LYP/TZVP PCM/MeCN and CAM-
B3LYP/TZVP PCM/MeCN]. The 1H NMR spectrum of 1 showed a small value of the 3J1-H,2-

H (4.9 and 1.9 Hz), which suggested the preferred equatorial orientation of 1-H in solution. 
The computed B3LYP/6-31G(d) in vacuo conformers of (1R,6bR)-1 had preference for the 
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axial orientation of 1-H (see Fig. S10, Table S1 in the Supporting Information), while those 
of (1S,6bR)-1 had larger population for the conformers with equatorial 1-H (see Fig. S12, 
Table S2 in the Supporting Information). This result would have afforded the assignment of 
the relative configuration and hence the absolute configuration as (1S,6bR). However, the 
three solvent model DFT optimizations (B97D/TZVP PCM/MeCN (Figure 2 and 4), 
B3LYP/TZVP PCM/MeCN and CAM-B3LYP/TZVP PCM/MeCN) showed that 1-H 
preferably adopts equatorial orientation in both the (1R,6bR) and the (1S,6bR) diastereomer 
and thus the correlation of the coupling constant (3J1-H,2-H) with the geometry of the computed 
conformers could not result in an unambiguous assignment of the relative configuration.  

ECD spectra were computed for the low-energy (≥2%) B3LYP/6-31G(d) in vacuo 
(Figure S2 ) and B97D/TZVP PCM/MeCN conformers of (1R,6bR)-1 and (1S,6bR)-1 with 
various functionals (B3LYP, BH&HLYP and PBE0) and TZVP basis set, and they 
reproduced well the main features of the experimental spectrum but there was no sufficient 
difference among the computed ECD spectra of the diastereomers to distinguish them. The 
agreement of the computed ECDs confirmed the configurational assignment of C-6b as (R). 

 
Figure 2. Structure and population of the low-energy B97D/TZVP PCM/MeCN conformers (>2%) of 
(1R,6bR)-1 diastereomer. Populations of the same conformers at B3LYP/TZVP PCM/MeCN level are 
65.5%, 20.5%, 7.0%, 3.2% and 3.8% (order of last two conformers changed) while at CAM-B3LYP/TZVP 
PCM/MeCN level are 63.4%, 21.0%, 7.3%, 4.3% and 4.0%. 
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Figure 3. Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra 
computed for the B97D/TZVP PCM/MeCN low-energy conformers of (1R,6bR)-1 at various levels.  
 

 
Figure 4. Structure and population of the low-energy B97D/TZVP PCM/MeCN conformers (>2%) of 
(1S,6bR)-1 diastereomer. Populations of the same conformers at B3LYP/TZVP PCM/MeCN level are 
33.0%, 47.2% and 18.4% (order of first two conformers changed) while at CAM-B3LYP/TZVP 
PCM/MeCN level are 25.9%, 53.2% and 19.0%. 
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Figure 5. Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra 
computed for the B97D/TZVP PCM/MeCN low-energy conformers of (1S,6bR)-1 at various levels.  
 

ECD spectra computed for the B3LYP/6-31G(d) in vacuo and B97D/TZVP PCM/MeCN 
conformers performed better over 300 nm for the (1S,6bR) diastereomer, while the two 
negative Cotton effects (CEs) below 280 nm were reproduced better for the (1R,6bR) 
diastereomer. ECD spectra were also calculated for B3LYP/TZVP PCM/MeCN and CAM-
B3LYP/TZVP26,27 PCM/MeCN conformers but these results were found similar to that of the 
B97D/TZVP PCM/MeCN method and the absolute configuration of C-1 could not be 
determined unambiguously. 

Compound 2 was isolated as a red, amorphous powder. Its molecular formula was 
established as C20H12O5 based on the prominent pseudomolecular ion peak observed at m/z 
333.0756 [M+H]+ in the HRESIMS spectrum. The 1H and 13C NMR data of 1 were similar to 
those of 2, except for the deshielded signals resonating at δH 6.75 (δc 133.3, CH-1) and 8.23 
(δc 134.7, CH-2), indicating that 2 is the dehydration product of 1 bearing an additional C1/2 
double bond. In the HMBC spectrum of 2, the correlations from H-2 to C-12b, C-12c, and C-
3, as well as from H-1 to C-12c and C-3a corroborated this assumption. Notably, 1 was 
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observed to rapidly transform into 2 during the isolation procedure. Since 2 was not detected 
in the crude fungal extract, it is suggested to be an artefact arising from 1 during the isolation 
procedure. For compound 2 the name daldinone F is suggested. 

The initial MMFF conformational search of the arbitrarily selected (R)-2 resulted in a 
single conformer in a 21 kJ/mol energy window (Figure 6), which was reoptimized at 
B3LYP/6-31G(d) in vacuo level followed by ECD calculations at different levels. The 
calculated ECD spectra gave excellent agreement with the experimental one indicating (R) 
absolute configuration. Due to the nice agreement and limited conformational freedom, there 
was no need to use solvent model calculations in this case. 

 
Figure 6. Structure of the computed conformer of (R)-2 at B3LYP/6-31G(d) in vacuo level. 

 
Figure 7. Experimental ECD spectrum of 2 in MeCN compared with the PBE0/TZVP PCM/MeCN ECD 
spectrum of the single conformer of (R)-2 computed for the B3LYP/6-31G(d) optimized conformer. Bars 
represent the rotational strength of conformer A. 
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Compound 3 was isolated as a red, amorphous powder and displayed a very similar UV 
spectrum as 1. Moreover, the HRESIMS exhibited a prominent ion peak at m/z 351.0862 
[M+H]+, indicating that both compounds shared the same molecular formula (C20H14O6). 
Comparison of the 1H and 13C NMR data of 3 to those of 1 revealed close similarity between 
both compounds, apart from the absence of the methylene group at δH 3.39/2.74 (δc 50.4, 
CH2-7 in 1) and the presence of two vicinal methine signals at δH 4.13 (δC 58.7, CH-6b) and 
3.99 (δC 77.7, CH-7) in 3 instead, as supported by the COSY spectrum. The above 
spectroscopic differences suggested that 3 is a positional isomer of 1 with the hydroxy group 
(6b-OH in 1) located at C-7. This assumption was further corroborated by the HMBC 
correlations from H-6b to C-12a, C-12C, C-7, and C-8, as well as from H-7 to C-8 and C-6a. 
In addition, the large coupling constant between H-6b and H-7 (3J6b,7=12.1 Hz) suggested 
their trans relationship. Hence, 3 was identified as a new natural product and was named 
daldinone G. 

Similarly to 1, the relative configuration of C-1 could not be determined in the lack of 
characteristic NOE correlations, but a triplet signal for 1-H with 3.7 Hz coupling constant, 
suggested that 1-H preferably adopts equatorial orientation. The initial MMFF 
conformational searches were performed for the diastereomeric (1R,6bS,7R)- and 
(1S,6bS,7R)-3 yielding 5 conformers for each in a 21 kJ/mol energy window. Similarly to the 
conformational analysis of 1, the reoptimization of the MMFF conformers was carried at four 
levels of theory [B3LYP/6-31G(d) in vacuo, B97D/TZVP PCM/MeCN (Figure 8 and 10), 
B3LYP/TZVP PCM/MeCN and CAM-B3LYP/TZVP PCM/MeCN). The B3LYP/6-31G(d) 
in vacuo conformers of (1R,6bS,7R)-3 showed that 1-H adopts preferably axial orientation, 
while those of (1S,6bS,7R)-3 had larger population for conformers with equatorial 1-H. This 
difference diminished in the solvent model calculations, in which the conformers with 
equatorial 1-H were identified as the major ones for both diastereomers. 
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ECD spectra computed for B3LYP/6-31G(d) in vacuo and B97D/TZVP PCM/MeCN 
reoptimized conformers at various levels were nearly mirror-image to the experimental one 
for both diastreomers indicating (6bR,7S) absolute configuration. The C-1 chirality center has 
minor contribution to the ECD data and thus C-1 diastereomers could not distinguished by 
ECD calculations. The large negative specific rotation value of 3 prompted us to run OR 
calculations for the diastereomers. Similarly to the ECD calculations, the OR calculations of 
the diastereomers confirmed the (6bR,7S) absolute configuration but they were not suitable to 
determine the absolute configuration of C-1. Although both 1 and 3 had (6bR) absolute 
configuration, the geometry of their annulations is different as reflected by the opposite signs 
of the corresponding CEs. The (6bR) absolute configuration of 3 compares well with the 
reported absolute configuration of hypoxylonol C (5),28 which may also suggest (1S) absolute 
configuration for 3.  

 

 
Figure 8. Structure and population of the low-energy B97D/TZVP PCM/MeCN conformers (>2%) of 
(1R,6bS,7R)-3 diastereomer. Populations of the same conformers at B3LYP/TZVP PCM/MeCN level are 
63.2%, 22.5%, 7.7%, 2.4% and 4.1% (order of last two conformers changed) while at CAM-B3LYP/TZVP 
PCM/MeCN level are 61.8%, 22.6%, 8.0%, 3.2% and 4.3%. 
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Figure 9. Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra 
computed for the B97D/TZVP PCM/MeCN low-energy conformers of (1R,6bS,7R)-3 at various levels. 
 
 

 
Figure 10. Structure and population of the low-energy B97D/TZVP PCM/MeCN conformers (>2%) of 
(1S,6bS,7R)-3 diastereomer. Populations of the same conformers at B3LYP/TZVP PCM/MeCN level are 
37.0%, 45.7% and 16.6% (order of first two conformers changed) while at CAM-B3LYP/TZVP 
PCM/MeCN level are 30.3%, 51.3% and 17.6%. 
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Figure 11. Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra 
computed for the B97D/TZVP PCM/MeCN low-energy conformers of (1S,6bS,7R)-3 at various levels. 
 
Table 1. NMR spectroscopic data of 1-3 
 
position 

1a  2b  3a 
δC, typec         δH (J in Hz) δC, type       δH (J in Hz)  δC, typec         δH (J in Hz) 

1 63.5, CH 5.16, dd (4.9, 1.9)  133.3, CH 6.75 d (9.8)  63.6, CH 5.77, t (3.7) 
2 47.8, CH2 3.14, dd (17.2, 4.9) 

2.94, dd (17.2, 1.9) 
 134.7, CH 8.23 d (9.8)  47.2, CH2 3.20, dd (17.1, 3.7) 

2.96, dd (17.1, 3.7) 
3 201.7, C   188.3, C   200.9, C  
3a 114.1, C   113.4, C   112.0, C  
4 160.6, C   159.0, C   158.5, C  
5 115.2, CH 6.77, d (8.1)  114.5, CH 6.93 d (8.1)  114.8, CH 6.78, d (8.3) 
6 131.0, CH 7.64, d (8.1)  128.7, CH 7.75 d (8.1)  133.8, CH 7.82, d (8.3) 
6a 138.2, C   136.5, C   134.4, C  
6b 84.7, C   84.4, C   58.7, CH 4.13, d (12.1) 
7 50.4, CH2 3.39, d (16.3) 

2.74, d (16.3) 
 49.3, CH2 3.45 d (16.3) 

2.97 d (16.3) 
 77.7, CH 3.99, d (12.1) 

8 205.2, C   204.4, C   204.7, C  
8a 115.6, C   114.9, C   113.8, C  
9 163.3, C   162.1, C   162.6, C  
10 119.1, CH 6.98, d (8.0)  120.2, CH 7.15, dd (7.5, 0.5)  118.4, CH 6.95 dd, (7.0, 1.0) 
11 137.7, CH 7.64, t (8.0)  137.6, CH 7.76, d (7.5)  138.3, CH 7.61 t, (7.0) 
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12 120.3, CH 7.51, d (8.0)  120.7, CH 7.64, dd (7.5, 0.5)  119.0, CH 7.53 dd, (7.0, 1.0) 
12a 137.9, C   134.6, C   137.2, C  
12b 144.5, C   152.2, C   139.0, C  
12c 134.0, C   127.0, C   136.8, C  
12d 147.0, C   144.5, C   148.1, C  
4-OH     10.65, s    
6b-OH     6.23, s     
9-OH     12.34, s    
aMeasured in CH3OH-d4 at 600 (1H) and 150 (13C) MHz. bMeasured in DMSO-d6 at 600 (1H) and 150 (13C) MHz. cData extracted from 
HMBC and HSQC spectra.  
 The known compounds were identified as daldinone C (4),29 hypoxylonol C (5),28 
daldinone B (6),30 3,4-dihydro-3,4,6,8-trihydroxy-l(2H)-naphthalenone (7),31,32 (R)-scytalone 
(8),20 and 1-hydroxy-8-methoxynaphthalene (9)33 based on their NMR and MS spectroscopic 
data and by comparison with the literature. 

Co-cultivation of fungi and bacteria has repeatedly been shown to activate silent fungal 
biogenetic gene clusters, thus triggering the expression of compounds which are not detected 
in axenic fungal cultures or to enhance the accumulation of constitutively present metabolites 
cultures.34 Several attempts were undertaken in this study to influence the pattern of fungal 
metabolites through co-cultivation of the fungus with bacteria, such as Bacillus subtilis 168 
trpC2, Bacillus cereus T, Streptomyces lividans TK24 or Streptomyces coelicolor A2(3).35,36 
Co-cultivation of the fungus with either S. lividans or S. coelicolor resulted in an up to 38-
fold increase in the accumulation of the known compound 1-hydroxy-8-methoxynaphthalene 
(9) as shown by HPLC analysis. On the other hand, when the fungus was co-cultured with B. 
subtilis or with B. cereus, no effect on natural product accumulation was observed, hinting at 
a specificity of the fungal response towards different bacteria (see supporting information Fig. 
S20).  
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The isolated compounds (2-5, 7-9) - apart from 1 and 6, due to their chemical instability 
- were investigated for their antibacterial activity toward Staphylococcus aureus ATCC 
25923, Acinetobacter baumannii ATCC BAA747, and Mycobacterium tuberculosis, however, 
none of them showed detectable activity when assayed at a dose of 10 μM. Initial screenings 
for cytotoxicity of the respective compounds in different cancer cell lines revealed that only 
compound 2 inhibited growth of the human lymphoma cell lines Jurkat J16 and Ramos in a 
dose-dependent manner. After 48 h of treatment, the determined IC50 values of compound 2 
against Jurkat J16 and Ramos cells were 13.9 and 8.5 μM, respectively (Figure 12). 
Apparently, Burkitt’s lymphoma (Ramos) cells are particularly sensitive toward its mode of 
action.  

 

 
Figure 12. Cytotoxic effect of compound 2 on human lymphoma cell lines measured by MTT assay. 
(A) Jurkat J16 cells (T-cell lymphoma cells) and (B) Ramos cells (Burkitt‘s lymphoma B lymphocytes) 
were seeded at a density of 0.5×106 cells/mL and incubated with increasing concentrations of compound 2. 
Cells treated with DMSO (0.1% v/v) for 48 h were used as negative control. After incubation period of 48 
h cell viability was monitored using the MTT Assay as described in methods. Relative viability in DMSO 
treated control cells was set to 100%. Data points shown are the mean of triplicates, error bars=SD. 
Viability and IC50 values (IC50=half maximal inhibitory concentration) were calculated using Prism 6 
(GraphPad Software). 
 

To evaluate the potential contribution of proapoptotic mechanisms of compound 2 with 
regard to the observed cytotoxicity, we analyzed activation of caspase-3 through two 
different methods - on the one hand by immunoblotting of the caspase-3 substrate PARP and 
on the other hand by measuring the fluorescence of the profluorescent caspase-3 substrate 
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Ac-DEVD-AMC. Apoptosis is a programmed form of cell death, which is generally 
characterized by distinct activation of cysteine-dependent aspartate-directed proteases 
(caspases), leading to DNA fragmentation and finally to cell death. First we detected 
cleavage of PARP after treatment with compound 2 for 24 h via immunoblotting. In both 
Jurkat J16 and Ramos cells the treatment with 10 µM of 2 for 24 h lead to an explicit 
cleavage of PARP, indicating activation of caspases and therefore induction of apoptosis 
(Figure 13). To ensure caspase dependency of the observed cleavage of PARP, the cells were 
co-incubated with the pan-caspase inhibitor N-(2-Quinolyl)-L-valyl-L-aspartyl-(2,6-
difluorophenoxy) methylketone (QVD). This co-incubation entirely abrogates compound 2-
induced cleavage of PARP. In the next step, activation of caspase-3 was detected 
fluoroscopically, to confirm compound 2-related induction of apoptosis. Treatment with 2 at 
concentrations up to 10 µM leads to cleavage of the profluorescent caspase-3 substrate Ac-
DEVD-AMC within a few hours (Figure 14), indicating once again activation of caspases and 
induction of apoptosis by compound 2. In Ramos cells, the kinetic of 2-induced activation of 
caspase-3 appears to be as fast as the kinetic of activation by the extremely potent apoptosis 
inducer staurosporine. 

 

   
Figure 13. Compound 2 induces apoptosis. 
(A) Jurkat J16 cells (T-cell lymphoma cells) and (B) Ramos cells (Burkitt’s lymphoma B lymphocytes) 
were treated with the indicated concentrations of 2 in the absence or presence of the caspase inhibitor Q-
VD-OPh (10 μM) for 24 h. After incubation period cleavage of Poly (ADP-ribose) polymerase-1 (PARP) 
was determined by Western blot analysis. Solid arrowheads indicate the uncleaved form of PARP, open 
arrowheads indicate the cleaved form. The expression of β-actin was determined as protein loading control. 
Shown is the result of a representative blot. 
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Figure 14. Compound 2 activates caspase-3 with rapid kinetics.  
The kinetics of Caspase-3 activation in (A) Jurkat cells (T-cell lymphoma cells) and (B) Ramos cells 
(Burkitt’s lymphoma B lymphocytes) after treatment with indicated concentrations of 2 were compared to 
those of staurosporine (STS, 2.5 µM), a well-established inducer of apoptosis. Caspase-3 activity was 
measured by the rate of cleavage of the profluorescent Caspase-3 substrate Ac-DEVD-AMC. Relative 
caspase-3 activity in DMSO (0.1% v/v) treated control cells was set to 1. Data shown are the mean ± SD 
from a representative experiment performed in triplicate. 
 

In order to characterize the proapoptotic effect of 2 more precisely, we performed flow 
cytometry based analyses with caspase-9 deficient and caspase-9 reconstituted Jurkat cells. 
The signaling network of induction and execution of apoptosis is highly complex and consists 
of many regulatory pathways, but the extrinsic (death receptor) pathway and the intrinsic 
(mitochondrial) pathway are canonically considered as the two core pathways to induce 
apoptosis. While caspase-8 is the key player of the extrinsic pathway, caspase-9 is the 
corresponding key player of the intrinsic pathway.37 Therefore, experiments with cells 
lacking these key players can shed light on the pathway triggered by 2 in more detail. To 
determine caspase-related degradation of DNA by 2, we measured the amount of hypodiploid 
nuclei after treatment with 2 for 24 h. Comparative experiments in Jurkat cells lacking 
caspase-9 and in Jurkat cells, reconstituted with caspase-9 revealed that caspase-9 is 
indispensable for execution of 2-induced apoptosis (Figure 15). Thus, 2 apparently induces 
intrinsic, but not extrinsic apoptosis. 
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Figure 15. Compound 2-induced apoptosis in caspase-9 dependent. 
Induction of apoptosis by 2 in (A) caspase-9 deficient and in (B) caspase-9 reconstituted Jurkat JMR cells 
(T-cell lymphoma cells) was assessed by flow cytometry to detect apoptotic DNA fragmentation, resulting 
in hypodiploid nuclei. After incubation period of 24 h cells were processed and measured as described in 
methods. Cells treated with staurosporine (STS, 2.5 µM), a well-established inducer of apoptosis, served as 
positive control. Data shown are the mean ± SD from a representative experiment performed in triplicate. 

 

Autophagy is a major intracellular catabolic mechanism responsible for the degradation 
of cytosolic components through lysosomes and plays an important role in cellular 
homeostasis.38 The ability to recycle unnecessary or dysfunctional components makes the 
process of autophagy essential for survival under conditions of starvation. Due to its crucial 
role regarding pro-survival signaling of fast proliferating cancer cells, suffering from 
starvation stress, autophagy is considered as a promising target in anticancer therapy.39,40 In 
order to determine potential effects of 2 regarding regulation of autophagy, we used MEF 
cells stably expressing mCitrine-hLC3B and analyzed lysosomal degradation of mCitrine-
hLC3B upon starvation and treatment with either 2 or with the known autophagy inhibitor 
bafilomycin A1 via flow cytometry. LC3 is a major component of the double membraned 
structure called autophagosome, which delivers cytoplasmic components to the lysosomes 
and gets degraded by the lysosomal degradation system in the course of autophagy. Thereby, 
degradation of LC3 can be used as an indicator of autophagy. Incubation with 2 almost 
entirely blocked starvation-induced degradation of LC3, strongly indicating inhibition of 
autophagy by 2 (Figure 16). 
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Figure 16. Compound 2 blocks amino acid starvation-induced autophagy. 
Wild-type murine embryonic fibroblasts (MEFs) stably expressing mCitrine-hLC3B were cultivated in full 
medium or starvation medium (EBSS) with or without 10 nM bafilomycin A1 (Baf A1) for 6 h. Total 
cellular mCitrine-hLC3B signals were analyzed by flow cytometry. (A) Representative FACS data from 3 
independent experiments are shown. (B) The median of fluorescence intensity was plotted in a bar diagram. 
Values are normalized to DMSO (0.1 % v/v) treated cells cultivated in full medium (100 %) and represent 
mean ± SD. ***P < 0.001 (Student’s t-test, two-sample assuming unequal variances). 
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Figure 17. Proposed biogenetic pathway of isolated benzo[j]fluoranthene derivatives 
 

A possible biogenetic pathway for the isolated compounds 1 and 3-6 includes a 
combination of one starter unit acetyl-CoA and four extender units malonyl-CoA to afford a 
polyketide, which undergoes condensation reactions to form 1,3,6,8-tetrahydroxynaphthalene 
(4HN). Moreover, it is known that 1,3,8-trihydroxynaphthalene (3HN) and 1,8-
dihydroxynaphthalene (DHN) can be easily formed from 4HN under the tandem catalyses by 
4HN and 3HN reductases.21,41 Oxidative coupling of two 3HN precursors could result in the 
formation of the binaphthalene derivative A, which is further oxidized to the 
dinaphthoquinone intermediate B. Spontaneous cyclization of the latter, resembling a 
Michael-addition reaction, would result in the formation of the benzo[j]fluoranthene-ring 
skeleton, and subsequent aromatization and hydrogenation would generate 1. A second 
biogenetic route could include oxidative coupling of two DHN monomers to [1,1ˊ-
binaphthalene]-4,4ˊ,5,5ˊ-tetrol (BNT), which can be transformed by oxidation and cyclization 
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reactions to generate intermediates C and D. The latter (D) would then undergo 
hydrogenation and water addition to form 4. Complete aromatization of D, and subsequent 
oxidation and hydrogenation reactions would finally result in the formation of 6. In a similar 
manner, the putative biosynthesis of 3 and 5 is suggested to start with an oxidative coupling 
of 3HN and DHN. The resulting binaphthalene F could be oxidized to G, which would then 
undergo cyclization, aromatization, oxidation, and hydrogenation reactions (Figure 17).  

 For an experimental support of the proposed biosynthetic route of the analyzed fungal 
constituents commercially available 1,8-dihydroxynaphthalene (DHN) was added to fungal 
cultures growing on solid rice medium at concentrations of 80mg, of 120mg or of 160mg per 
flask. Analysis of the resulting crude fungal extracts by HPLC revealed a pronounced 
increase of the accumulation of compounds 1 and 6 in a dose-dependent manner. The 
strongest increase of both compounds was observed in the presence of 120 mg DHN per flask. 
This induction of 6, which is the main compound produced by the fungus, is in accordance 
with the proposed biosynthetic pathway, starting from oxidative coupling of two DHN units. 
Interestingly, the production of 1, which is assumed to be biosynthesized from two 3HN units 
and was likewise enhanced, suggests a biochemical equilibrium between DHN and 3HN 
under catalysis of 3HN-reducases present in the metabolism of the fungus as described in 
Figure 18. 
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Figure 18. Feeding experiments of Annulohypoxylon sp. with 1,8-dihydroxynaphthalene (DHN) in three 
different concentrations 80 mg, 120 mg, and 160 mg. The yield per flask of 1 and 6 is indicated by the 
corresponding area of UV absorption. Data are means of three independent experiments (n=3) 

 

Conclusion 

The distinct cytotoxicity of 2 against human lymphoma cell lines was determined to be 
caused by induction of intrinsic apoptosis. Moreover it could be shown, that 2 potently blocks 
autophagy, a potential pro-survival pathway for cancer cells. Summing up, due to this dual 
activity regarding induction of apoptosis and inhibition of autophagy, compound 2 appears to 
be an interesting lead compound for further in vivo studies illuminating its usability in 
anticancer therapy. These subsequent studies could also shed more light on the mechanisms 
of compound 2-related effects on apoptosis and autophagy. 

 

Experimental Section 

General Experimental Procedures: Optical rotations were determined on a Perkin-Elmer-
241 MC polarimeter. 1H, 13C, and 2D NMR spectra were recorded at 25 ℃ in DMSO-d6 and 
MeOD-d4 on Bruker AVANCE DMX 600 NMR spectrometers. Chemical shifts were 
referenced to the solvent residual peaks, δH 2.50 (DMSO-d6) and 3.31 (CH3OH-d4) ppm for 
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1H, and δc 39.51 (DMSO-d6) and 49.15 (CH3OH-d4) ppm for 13C. Mass spectra (ESI) were 
recorded with a Finnigan LCQ Deca mass spectrometer, and HRMS (ESI) spectra were 
obtained with a FTHRMS-Orbitrap (Thermo-Finnigan) mass spectrometer. Solvents were 
distilled prior to use and spectral grade solvents were used for spectroscopic measurements. 
HPLC analysis was performed with a Dionex UltiMate3400 SD with a LPG-3400SD Pump 
coupled to a photodiode array detector (DAD3000RS); routine detection was at 235 nm, 254 
nm, 280 nm, and 340 nm. The separation column (125×4 mm) was prefilled with Eurosphere-
10 C18 (Knauer, Germany), and the following gradient was used (MeOH, 0.1% HCOOH in 
H2O): 0 min (10% MeOH); 5 min (10% MeOH); 35 min (100% MeOH); 45 min (100% 
MeOH). Semipreparative HPLC was performed using a Merck Hitachi HPLC System (UV 
detector L-7400; Pump L-7100; Eurosphere-100 C18, 300×8 mm, Knauer, Germany). 
Column chromatography included LH-20 Sephadex and Merck MN Silica gel 60 M (0.04-
0.063 mm). TLC plates with silica gel F254 (Merck, Darmstadt, Germany) were used to 
monitor fractions; detection was under UV at 254 nm and 366 nm or by spraying the plates 
with anisaldehyde reagent followed by heating. Bacterial growth was monitored by 
measuring the OD600 in a Tecan microtiter plate reader (InfiniteM200, Tecan). ECD spectra 
were recorded on a J-810 spectropolarimeter. HPLC separations of 1 and 2 were performed 
with a Jasco HPLC system using Chiralpak IA column with 250 mm x 4.6 mm i.d., 5 m 
(Daicel, Chemical Industries, Ltd.) and n-hexane/propan-2-ol eluent at a flow rate of 1.0 
mL/min). HPLC-UV chromatograms were recorded with Jasco MD-910 multiwavelength 
detector. The on-line ECD and UV spectra of 1 were measured simultaneously by stopping 
the flow at the UV absorption maximum of each peak. The values of the ECD ellipticity () 
were not corrected for the concentration.  

Microbial Material: The endophytic fungus was isolated from fresh fruits of the mangrove 
Rhizophora racemosa collected in Cameroon in September 2013. The isolation was 
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performed as described before,42 and the fungus was identified by using a molecular 
biological protocol by DNA amplification and sequencing of the 18S-28S rDNA region.43 
The identification of the fungus was done by sequencing 3,952 bp of the 18S-28S rDNA 
region, followed by BlastN search in the NCBI-database. A phylogenetic tree that covers the 
highest number of homologous sequences in the database was generated. The 18S-28S rDNA 
sequence from nt 28 – nt 3357 exhibited 64.5% homology to a sequence of respective length 
of Xylariaceae sp. YX28 (e.g. accession number DQ022414), suggesting that the fungus 
belongs to the class of Xylariales (see Fig. S1 in the Supporting Information). The BlastN 
analysis of the 18S rDNA sequence from nt 54 – nt 1400 that comprised a region more 
commonly sequenced and thus more often found in the database in full length, showed 76.4% 
homology to Annulohypoxylon artroroseum (e.g. accession number U32411) of the order 
Xylariales, and from nt 2415 – nt 3906 a 97.75% homology to Annulohypoxylon sp. (acc-no 
JQ747656). Based on these data we nominate this fungus as Annulohypoxylon sp. (see Fig. 
S2 in the Supporting Information). A voucher strain was kept at one of the authors’ 
laboratory (P.P.). The bacterial strains used for co-cultivation were standard laboratory strains: 
Bacillus subtilis 168 trpC2, Bacillus cereus T, Streptomyces lividans TK24, and Streptomyces 
coelicolor A2(3).  

Fermentation: The fungus was cultivated on solid rice medium in twelve Erlenmeyer flasks. 
Solid rice medium was prepared by adding demineralized water (110 mL) to rice (100 g) in 
an Erlenmeyer flask, followed by autoclaving (121 ℃, 20 min). The fungus, which nearly 
covered the whole surface of a petri dish, was inoculated onto this sterile rice medium under 
the clean bench and was allowed to grow (20 ℃) for 25 days.  

Co-cultivation experiments of RH with B. subtilis 168 trpC2 and B. cereus T  
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The fungal and bacterial strains were cultivated on solid rice media involving 15 
Erlenmeyer flasks (3 flasks for Annulohypoxylon sp. control, 3 flasks for B. subtilis control, 3 
flasks for B. cereus control, 3 flasks for co-cultivation of Annulohypoxylon sp. with B. subtilis, 
3 flasks for co-cultivation of Annulohypoxylon sp. with B. cereus). Each flask (1 L) 
containing 110 mL of distilled water and 100 g of commercially available milk rice (Milch-
Reis, ORYZA) was autoclaved before inoculating the fungus and the bacteria. 

B. subtilis and B. cereus were grown in lysogeny broth (LB) medium. Overnight cultures 
of B. subtilis and B. cereus were used to inoculate prewarmed LB medium (1:20), which was 
then incubated at 37 ℃ with shaking at 200 rpm to mid exponential growth phase (optical 
density at 600 nm (OD600) of 0.2−0.4). An amount of 10 ml B. subtilis (6 flasks) and B. 
cereus (6 flasks) respectively was inoculated to rice medium and the inoculated flasks were 
kept in an incubator (37 ℃) for 4 days. After this preincubation, to each flask containing B. 
subtilis or B. cereus 5 pieces (1 × 1 cm2) of Annulohypoxylon sp. growing on malt agar were 
added to the rice medium.  

Co-cultivation and axenic cultures of the fungus and bacterial control were kept at room 
temperature (20 ℃) until they reached their stationary phase of growth (3 weeks for controls 
of the fungus and 4 weeks for co-cultivation). Then 500 mL of EtOAc was added to the 
cultures to stop the growth of cells followed by shaking of the flasks at 150 rpm for 8 h. The 
cultures were then left overnight and filtered on the following day using a Büchner funnel. 
EtOAc was removed by a rotary evaporation. Each extract was then dissolved in 50 mL of 
MeOH, and 10 μL of this was injected into the analytical HPLC. 

Co-cultivation experiments of the fungus with S. coelicolor A2(3) and S. lividans TK24  
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Fifteen Erlenmeyer flasks (3 flasks for Annulohypoxylon sp. control, 3 for co-cultivation 
of Annulohypoxylon sp. and S. coelicolor, 3 for co-cultivition of Annulohypoxylon sp. and S. 
lividans, 3 for S. coelicolor control, 3 for S. lividans control) containing 110 mL of Yeast 
Malt (YM) medium and 100 g of commercially available milk rice (Milch-Reis, ORYZA) 
were autoclaved before inoculating the fungus and bacteria. An overnight culture of S. 
coelicolor or of S. lividans was used to inoculate prewarmed YM medium (1:20), which was 
then incubated at 30 ℃ with shaking at 200 rpm to mid exponential growth phase. This 
preculture was then incubated in fresh YM medium overnight to reach mid exponential 
growth phase. A volume of 10 ml S. coelicolor (6 flasks) and S. lividans (6 flasks) 
respectively was inoculated to rice medium and incubated (30 ℃) for 4 days. Then the same 
process was carried out as described for the experiment of co-cultivation of the fungus with B. 
subtilis or with B. cereus. 

Feeding experiments of 1,8-dihydroxynaphthalene  

Twelve Erlenmeyer flasks containing 90 mL demineralized water and 100 g of 
commercially available milk rice (Milch-Reis, ORYZA) were autoclaved. Afterwards, three 
different amounts (80mg, 120mg, 160mg) of 1,8-dihydroxynaphthalene (DHN) were 
dissolved in 20 ml autoclaved water and each added to the autoclaved rice medium by sterile 
filtration (n = 3). Controls were only treated with autoclaved water. Next, the fungus was 
inoculated onto the medium. Flasks treated with DHN or controls lacking DHN were allowed 
to grow in the incubator (30 ℃) for two weeks.  

Cell lines and reagents 

T-cells (Jurkat J16, no. ACC-282) and Burkitt’s lymphoma B cells (Ramos, no. ACC-
603) were obtained from the German Collection of Microorganisms and Cell Cultures 
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(DSMZ, Germany). Wild-type murine embryonic fibroblasts (MEFs, kindly provided by 
Xiaodong Wang)44 expressing mCitrine-hLC3B were generated by retroviral gene transfer 
using pMSCVpuro/mCitrine-hLC3B. To generate pMSCVpuro/mCitrine-hLC3B, full-length 
human MAP1LC3B cDNA was cloned into pMSCVpuro/mCitrine vector (kindly provided by 
Michael Engelke, University of Göttingen, Germany). Caspase-9-deficient Jurkat JMR cells 
stably transfected with vector control or caspase-9 were previously described.45 All cell lines 
were grown at 37 ℃ under humidified air supplemented with 5% CO2 in RPMI 1640 (Jurkat 
J16, Jurkat JMR, Jurkat JMR reconstituted with caspase-9, Ramos) or DMEM (mCitrine-
hLC3B-MEF) containing 10% fetal calf serum, 1% HEPES, 120 IU/mL penicillin, and 120 
μg/mL streptomycin. The broad-range caspase inhibitor N-(2-Quinolyl)-L-valyl-L-aspartyl-
(2,6-difluorophenoxy) methylketone [(QVD), #SML0063], the autophagy inhibitor 
bafilomycin A1 [(Baf A1), #B1793] and the kinase inhibitor Staurosporine [(STS), #S5921], 
used as positive control for induction of apoptosis, were obtained from Sigma-Aldrich. The 
profluorescent caspase-3 substrate Ac-DEVD-AMC was purchased from Biomol (# ABD-
13402). 

Determination of cell viability 

Jurkat J16 cells and Ramos cells were seeded at a density of 2.5×105 cells/mL and 
incubated with different concentrations of compound 2 for 48 h. Cells treated with DMSO 
(0.1% v/v) for 48 h were used as negative control. After incubation for 48 h MTT (3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium Bromide; Calbiochem #475989) was 
added to the cells to a final concentration of 1 mg/mL, the cells were incubated further for 60 
min and then centrifuged at 600 rcf for 5 min. The medium was aspirated and 100 µL DMSO 
were added to each well to extract the formazan product from the cells. After 25 min of 
incubation on a shaker at room temperature, the absorbance at 650 nm (reference wavelength) 
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and 570 nm (test wavelength) was measured using a multiplate reader (Synergy Mx, BioTek). 
Viability and IC50 values (IC50 = half maximal inhibitory concentration) were calculated 
using Prism 6 (GraphPad Software). Relative viability of DMSO (0.1 % v/v) treated control 
cells was set to 100%. 

Western blot analysis 

Ramos and Jurkat J16 cells were treated with the indicated concentrations of compound 
2. Coincubation with the caspase inhibitor Q-VD-OPh at a concentration of 10 μM was used 
as proof of caspase-dependency of the observed effects. After incubation time of 24 h, cells 
were pelletized at 600 rcf at 4 ℃ for 5 min, washed with PBS and frozen in liquid nitrogen. 
The cells were lysed in ice-cold lysis buffer [(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 
mM EDTA, 1% Triton X-100, 10 mM NaF, 2.5 mM Na4P2O7, 10 μM Na2MoO4, 1 mM 
Na3VO4, protease inhibitors (Sigma #P2714)]. The lysates were cleared from cell debris by 
centrifugation at 11,000 rcf at 4°C for 15 min and the total protein concentration was 
measured by Bradford assay and adjusted to equal concentrations. After loading with 
Laemmli buffer and heating to 95 ℃ for 5 min, 25 µg of the protein extract was separated by 
SDS-PAGE [8 % tris-glycine polyacrylamide gel (v/v)] and transferred to a PVDF membrane 
by Western blotting according to a standard protocol. Analysis of proteins of interest was 
performed using primary mouse antibodies to Poly (ADP-ribose) polymerase-1 (Enzo Life 
Sciences #BML- SA250) or β-actin (Sigma-Aldrich #A5316) and IRDye800-conjugated 
secondary antibodies (LI-COR Biosciences #926-32210/11). Signals were detected with an 
infrared imaging system. 

Caspase-3 activity assay 

Jurkat J16 cells and Ramos cells were seeded at a density of 1×106 cells/mL in 96-well 
microtiter plates and incubated with different concentrations of compound 2 for the indicated 
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times. Cells treated with DMSO (0.1% v/v) were used as negative control. After incubation 
period, cells were harvested by centrifugation at 600 rcf at 4℃ and lysed by incubation with 
ice-cold lysis buffer (20 mM HEPES, 84 mM KCl, 10 mM MgCl2, 200 µM EDTA, 200 µM 
EGTA, 0.5% NP-40, 1 µg/mL Leupeptin, 1 µg/mL Pepstatin, 5µg/mL Aprotinin) ) for 10 
minutes. After addition of 150 µl reaction buffer (50 mM HEPES, 100 mM NaCl, 10% 
Sucrose, 0.1% CHAPS, 2 mM CaCl2, 13.35 mM DTT, 70 µM DEVD-AMC) per well, 
fluorescence (Ex 360nm, Em450 nm) was measured at 37 ℃ over a time course of 150 min 
using a multiplate reader (Synergy Mx, BioTek). Caspase activity was determined as the 
slope of the resulting linear regressions. Data points shown are the mean of triplicates, error 
bars=SD. Values are normalized to DMSO (0.1 v/v) treated cells (fold change = 1.00). 

FACS-based analysis of apoptotic cell death 

Caspase-9-deficient Jurkat cells stably transfected with vector control or caspase-9 
cDNA were treated with the indicated concentrations of compound 2 for 24 h. Cells treated 
with DMSO (0.1 % v/v) served as negative control and cells treated with the kinase inhibitor 
staurosporine (2.5 mM) as positive control. After incubation period nuclei were prepared by 
lysing cells in hypotonic lysis buffer (1% sodium citrate, 0.1% Triton X-100, 50 μg/ mL 
propidium iodide) at 4℃  overnight. Subsequently, DNA content was analyzed by flow 
cytometry. Nuclei with a DNA content below that of nuclei of healthy G0/G1 cells were 
considered as apoptotic.46 Data points shown are the mean of triplicates, error bars=SD. 

FACS-based analysis of autophagy 

MEF cells stably expressing mCitrine-hLC3B were cultured in the indicated medium for 
6 h with or without bafilomycin A1 or compound 2, harvested with 0.05% trypsin-EDTA, 
and washed once with phosphate-buffered saline. Subsequently, the intensity of mCitrine 
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fluorescence was analyzed by flow cytometry using FACSDiva software. Reduction of 
mCitrine-hLC3B compared to medium control indicates autophagy induction. 

Extraction and Isolation: The crude extract of fungal cultures was subjected to liquid-liquid 
separation between n-hexane and 90% aqueous MeOH. The resulting MeOH fraction (8.2 g) 
was separated by vacuum liquid chromatography on silica gel, using solvents in a gradient of 
increasing polarity – n-hexane-ethyl acetate-dichloromethane-methanol – to generate 6 
fractions. Each fraction was submitted to Sephadex LH-20 and eluted with DCM-MeOH (1:1) 
to remove black pigments. Final purification was carried out by semipreparative HPLC to 
yield 1 (1:1 mixture with 2, 4.2 mg), 2 (14.7 mg), 3 (1.1 mg), 4 (3.2 mg), 5 (4.6 mg), 6 (4.4 
mg), 7 (11.2 mg), 8 (20.6 mg), 9 (5.5 mg).  

Daldinone E (1): red powder; UV [MeOH, photodiode array (PDA)]: λmax = 200, 242, 292, 
397 nm. 1H (600 MHz) and 13C (150 MHz) NMR, see Table 1; ESI-MS m/z 351.2 [M+H]+, 
349.1 [M-H]–; HRESIMS m/z 351.0865 [M+H]+ (calcd for C20H15O6, 351.0863). (6bR)-1: tR 
= 7.07 min on a Chiralpak IA column (hexane/2-propanol 80:20); HPLC-ECD hexane/2-
propanol 80:20,  [nm] (). 

Daldinone F (2): red powder; []20 
D  = 154 (c 0.35, MeOH);; UV [MeOH, photodiode array 

(PDA)]: λmax = 201, 235, 335, 462 nm; ECD acetonitrile,  [nm] (); 1H (600 MHz) and 
13C (150 MHz) NMR, see Table 1; ESI-MS m/z 333.1 [M+H]+,331.0 [M-H]–; HRESIMS m/z 
333.0756 [M+H]+ (calcd for C20H12O5, 333.0757). 

Daldinone G (3): red powder; []20 
D  = 180 (c 0.25, MeOH) (c 0.25, MeOH); UV [MeOH, 

photodiode array (PDA)]: λmax = 201, 242, 292, 398 nm; ECD acetonitrile,  [nm] (); 
1H (600 MHz) and 13C (150 MHz) NMR, see Table 1; ESI-MS m/z 351.3 [M+H]+, 349.1 [M-
H]–; HRESIMS m/z 351.0862 [M+H]+ (calcd for C20H15O6, 351.0863). 
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Computational section 

Mixed torsional/low-frequency mode conformational searches were carried out by 
means of the Macromodel 9.9.223 software using the Merck Molecular Force Field (MMFF) 
with an implicit solvent model for CHCl3.47 Geometry reoptimizations were carried out at the 
B3LYP/6-31G(d) level in vacuo, B3LYP/TZVP, B97D/TZVP24,25 and CAM-
B3LYP/TZVP26,27 levels with the PCM solvent model for MeCN or MeOH. TDDFT ECD 
and OR calculations were run with various functionals (B3LYP, BH&HLYP, CAM-B3LYP, 
PBE0) and the TZVP basis set as implemented in the Gaussian 09 package with the same or 
no solvent model as in the preceding DFT optimization step.48 ECD spectra were generated 
as sums of Gaussians with 2100-3000 cm-1 widths at half-height (corresponding to ca. 15-22 
nm at 270 nm), using dipole-velocity-computed rotational strength values.49 Boltzmann 
distributions were estimated from the ZPVE-corrected B3LYP/6-31G(d) energies in the gas-
phase calculations and from the B3LYP/TZVP, B97D/TZVP and CAM-B3LYP/TZVP 
energies in the solvated ones. The MOLEKEL software package was used for visualization of 
the results.50 
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Fig. S1 Phylogenetic tree based on part of the18S-28S rDNA (28-3357 bp) 
3,952 bp ribosomal rRNA Gene Sequence (18S – 28S): 
TTGTCTCAAAGATTAAGCCATGCATGTCTAaGTATAAGCaATTTATACTGCGAAACTGCGAATGGCTCATTAAATC
AGTTATCGTTTATTTGATAGTACCTTACTACTTGGATAACCGTGGTAATTCTAGAGCTAATACATGCTAAAAATCCC
GACTTACGGAGGGATGTATTTATTAGATTAAAAACCAATGCCCTTCGGGGCTCTCTGGTGATTCATAATAACTTCT
CGAATCGCATGGCCTTGCGCCGGCGATGGTTCATTCAAATTTCTGCCCTATCAACTTTCGATGGCAGGGTCTTGG
CCTGCCATGGTTACAACGGGTAACGGAGGGTTAGGGCTCGACCCCGGAGAAGGAGCCTGAGAAACGGCTACTA
CATCCAAGGAAGgCAgCAGgCGCGCaAATTACCCAATTCCGATACGGAGAGGTAGTGACGATAAATACTGATACA
GGGCTCTTTTGGGTCTTGTAATTGGAATGAGTACAATTTAAATCCCTTAACGAGGAACAATTGGAGGGCAAGTCT
GGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGA
ACCTTGGGCCTGGCTGGCCGGTCCGCCTCACCGCGTGTACTGGTTCGGCCGGGCCTTTCCCTCTGGGGAACCTC
ATGCCCTTCACTGGGTGTGCTGGGGAACCAGGACTTTTACTGTGAAAAAATTAGAGTGTTCAAAGCAGGCCTAT
GCTCGAATACATCAGCATGGAATAATAGAATAGGACGTGCGGTTCTATTTTGTTGGTTTCTAGGACCGCCGTAAT
GATTAATAGGGACAGTCGGGGGCATCAGTATTCAATTGTCAGAGGTGAAATTCTTGGATTTATTGAAGACTAACT
ACTGCGAAAGCATTTGTCAAGGATGTTTTCATTAATCAGGAACGAAAGTTAGGGGATCGAAGACGATTAATCTG
GTCGTCCACAGTTAGGCGAGAGCCTAGCTAGTCCGCTGTAACGGCGTTACAGCGGGCGACACCGTCAAATTGC
GGGTACCTCCTTAGAGCCCTCACCACACCCTACCGCTAGAAATAGCGGCAGGTCGTAACAGTGTGGGGGATTGG
ACCATCCGCAGCCAAGCCCGCAAAACCTACCCGGTAGGTTAGGGTGCAGTTCACAGACTAAACGTCGGTGGGA
ACTTAGTTCTTAAGATATAGTCGACCCGCGCCTGAAAAGGTGACGACAAGCGCTGAGGGTAGCGCTGTAAATCG
CAGATACCGTCGTAGTCTTAACCATAAACTATGCCGACTAGGGATCGGACGATGTTATTTTTTGACTCGTTCGGC
ACCTTACGAGAAATCAAAGTTTTTGGGTTCTGGGGGGAGTATGGTCGCAAGGCTGAAACTTAAAGAAATTGAC
GGAAGGGCACCACCAGGGGTGGAGCCTGCGGCTTAATTTGACTCAACACGGGGAAACTCACCAGGTCCAGAC
ACAATGAGGATTGACAGATTGAGAGCTCTTTCTTGATTTTGTGGGTGGTGGTGCATGgCCGTTCTTAGTTGGTGG
AGTGATTTGTCTGCTTAATTGCGATAACGAACGAGACCTTAACCTGCTAAATAGCCCGTATTGCTTTGGCAGTAC
GCTGGCTTCTTAGAGGGACTATCCGCTCAAGCGGATGGAAGTTTGAGGCAATAACAGGTTGAATTCACAGGCCT
GTAAAAGTAAGCCTCGTTAAAGAAGTTACTAGTCCAGTACCTTTATCTCTTTTGGGGAAGCCCCCTTCTATCGGG
AAGAGACGCAGCGCTGAAAAGCACTGCTTGGTACGGGCGACACTACCTGGTACAGGGAACGCTTCAGGCGCTA
CAGCGCCTAAGCCGATCCTGTGGCGAGTCCGTTTAGCGCCGGACCGTCGCAACGCGCGGAAAGGAGTGGGTTA
GGCCTACAAGGCCTAGCTTAAGGTACGTGCTAATCCCTCGAGAAATCGAGCCCCTATAATTAAGCCCGATAGGCT
GAAGTATAGGGGGGCCTGAGATCTTCAGGCTGGTGTTTTTACTGCTGTGATGCCCTTAGATGTTCTGGGCCGCAC
GCGCGTTACACTGACAGAGCCAGCGAGTACTTCCTTGGTAGAAATACCCGGGTAATCTTGTTAAACTCTGTCGT
GCTGGGGATAGAGCATTGCAATTATTGCTCTTCAACGAGGAATCCCTAGTAAGCGCAAGTCATCAACTTGCGTTG
ATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAATGGCTCAGTGAGGCTATCGGACTGG
CCTAGAGGAGTCGGCAACGACACCTCGGGGCCGGAAAGTTATCCAAACTCGGTCATTTAGAGGAAGTAAAAGT
CGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACTGAGTTATCAAAACTCCAACCCTATGTGaAC
CTTACCTCTGTTTCCTCGGCCAACTGCAAAGGCTTACCCTATAGGGGGTTACCCTGTAGGGAGGTGCCCGATGAC
GCTATCCAACCCCTGCCTCGGGGGAGGTTAGCTGAGGGCCCCTCCAAGCCGGCCGCAGCGCCGATCGAAAAAA
ACCTTTTCGAAAACACTTTGTCCAACTCTACCCTATAGAGCTAATCGTTCGAAAAAATCTCTTATCTCGAGGCTT
TTCTTTGCCTTGGGGCTGAGGCTTTTCCTTGCCTTGCCTTTCTAATCAGTTCGAATATGTTTCCCGGTTGGAATTT
TTGCTCGAAGTTTACGATGTTACGACCTTACGAATGCCTTCGCGTGAAATGTTACCCTGTACCAACAGATCCCTT
TCGCTCGAATGTATTTCCCGGTTGGAATTTTTTGCTCGAGTTTTAATTCTTTTCTGTACTAATACTGTTTTTGTTTC
TGTTCGAAAGTCTTTCCCGGTTGGAATTTTTCGCTCGAGGTTCTATTTTAATAGAGTCTGAATTGCATCAAAACA
AATTTTGTGAAAACAACTTGTTATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCA
GCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCATTA
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GTATTCTAGTGGGCATGCCTATTCGAGCGTCATTACAACCCTTAAGCCCTGTTGCTTAGCGTTGGGAATCTACGG
CTTAGGCGTAGTTCCTTAAAATTAGTGGCGGAGTTATAGCACTCTCAGCGTAGTAATTTGCCTCGCTTCTGAGTA
GCTATAGCTGCCTGCCGTAAAACCCCTATACTTCTAGTGGTtGACCTCGGATTAGGTAGGAATACCCGCTGAACTT
AAGCATATCAATAAGCGGAGGAAAAGAAACCAACAGGGATTGCCCTAGTAACGGCGAGTGAAGCGGCAACAG
CTCAAATTTGAAATCTGGCCCTAGCGGTCCGAGTTGTAATTTGCAGAGGATGCTTTTGGTGCGGTGCCTTCCGAG
TTCCCTGGAACGGGACGCCAGAGAGGGTGAGAGCCCCGTACGGTTGGACACCTACCCTATATATAGCTCCTTCG
ACGAGTCGAGTAGTTTGGGAATGCTGCTCTAAATGGGAGGTAAATTTCTTCTAAAGCTAAATACCGGCCAGAGA
CCGATAGCGCACAAGTAGAGTGATCGAAAGATGAAAAGCACTTTGAAAAGAGGGTTAAATAGCACGTGAAATT
GTTGAAAGGGAAGCGTTTGCGACCAGACCTTTTCCAGGCGGATCATCCGGTGTTCTCACCGGTGCACTTCGCCT
GGTTTAGGCCAGCATCGGTTTTCTTAGGGGGATAAAGGCTTGGGGAACGTAGCTCTTTAGGGAGTGTTATAGCC
CCTTGCGTAATACCCCTCGGGGGACCGAGGACCGCGCTCTGCAAGGATGCTGGCGTAATGGTCGTCAACGACCC
GTCTTGA 
 
Of these 3,952 nucleotides which were used for BlastN search in the NCBI-database, region of nt 28- nt 
3357 showed the highest number of homologous sequences and was thus used for the generation of a 
phylogenetic tree with the highest homologue sequences of the databases that cover the same sequence 
region (Species Abbr. and Acc. numbers are indicated). The 18S-28S rDNA from nt 28- nt 3357 region of 
the titled fungus exhibited 64.5% homology to the respective length of Xylariaceae sp. YX28 (e.g. accession 
number DQ022414), suggesting that the fungus belongs to the order of Xylariales  

 
  

Fungus 18S-28S rDNA (28-3357 bp)

Acc-No Spezies Ordnung Klasse
AB162147 Claviceps  purpureaAB160991 Claviceps  purpureaFJ439575 Hypocreales sp. GMG C1 HypocrealesFJ235932 Myrothecium roridum AJ302002 Myrothecium atroviride HQ191287 Sordariomycetes sp.
CP003008 Myceliophthora thermophila - Sordariales Sordariomycetes
Fungus 2DQ022415 Xylariaceae sp. YX 28 Xylariales
AM270052 Aspergillus - Eurotiales Eurotiomycetes

Nucleotide Substitutions (x100)
0

11.6
246810

fj235932
aj302002
fj439575

ab162147
ab160991

hq191287
cp003008

Fungus 2
dq022415   .

AM 270052
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Fig. S2 Phylogenetic tree based on part of the18S rDNA (54-1400 bp) 
 
Of these 3330 nucleotides, the BlastN analysis of the 18S rDNA sequence from the region of nt 54-nt 1750 
showed the highest number of homologous sequences and was thus used for the generation of a phylogenetic 
tree with the highest homologue sequences of the databases (Species abbr. and Acc. numbers are indicated). 
The 18S rDNA sequence from nt 54 – nt 1400 showed 76.4% homology to Annulohypoxylon artroroseum 
(e.g. accession number U32411) of the order Xylariales, and from nt 2415-3906 a 97.75% homology to 
Annulohypoxylon spp. (acc-no JQ747656). Based on this data we assumed that the fungus belongs to and 
nominate this fungus as Annulohypoxylon sp. 
 
 

 
  

N ucleotide Substitutions (x100)
0

5.4
24

ay190271
u32402
Fungus 2

u32411
af346544

dq022415
cp003008   .

ab278174
ab162147ab160991

fj439575
fj235932

aj302002
hq191287

AM270052

Fungus 18S (54 -1400 bp)

Acc-No Spezies Ordnung KlasseAY190271 Sordariomycete sp. G7-R280U32402 Daldinia concentricaFungus 2 !?Annulohypoxylon spp.U32411 Annulohypoxylon artroroseum      XylarialesAF346544 Hypoxylon submonticulosum  DQ022415 Xylariaceae sp. YX 28
CP003008 Myceliophthora thermophila - SordarialesAB278174 Togninia minima - Calosphaeriales Sordariomycetes
AB162147 Claviceps  purpureaAB160991 Claviceps  purpureaFJ439575 Hypocreales sp. GMG C1 HypocrealesFJ235932 Myrothecium roridum AJ302002 Myrothecium atroviride HQ191287 Sordariomycetes sp.AM270052 Aspergillus - Eurotiales Eurotiomycetes
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Fig. S3 1H NMR (600 MHz, CH3OH-d4,) spectrum of the new compound 1 
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Fig. S4 Expanded 1H NMR (600 MHz, CH3OH-d4,) spectrum of the new compound 1 
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Fig. S5 COSY spectrum of the new compound 1 
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Fig. S6 HSQC spectrum of the new compound 1 
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Fig. S7 HMBC spectrum of the new compound 1  
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Fig. S8 Expanded HMBC spectrum of the new compound 1 
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Fig. S9 HRESIMS spectrum of the new compound 1  
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Fig. S10 Structure and population of the low-energy B3LYP/6-31G(d) in vacuo conformers (>2%) of 
(1R,6bR)-1 diastereomer 
 

 
 
 
 
 
 
 

Fig. S11 Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/6-31G(d) in vacuo low-energy conformers of (1R,6bR)-1 at various levels 
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Fig. S12 Structure and population of the low-energy B3LYP/6-31G(d) in vacuo conformers (>2%) of 
(1S,6bR)-1 diastereomer 
 

 
 
 
 
 
 
 

Fig. S13 Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/6-31G(d) in vacuo low-energy conformers of (1S,6bR)-1 at various levels 
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Fig. S14 Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/TZVP PCM/MeCN low-energy conformers of (1R,6bR)-1 at various levels 
 

 
 
 
 
 
 
Fig. S15 Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/TZVP PCM/MeCN low-energy conformers of (1S,6bR)-1 at various levels 
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Fig. S16 Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra computed 
for the CAM-B3LYP/TZVP PCM/MeCN low-energy conformers of (1R,6bR)-1 at various levels 
 

 
 
 
 
 
 
Fig. S17 Experimental ECD spectrum of 1 compared with the Boltzmann-weighted ECD spectra computed 
for the CAM-B3LYP/TZVP PCM/MeCN low-energy conformers of (1S,6bR)-1 at various levels 
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Table S1 Populations of conformers with equatorial and axial 1-H for (1R,6bR)-1 at various levels of theory 
 

 
B3LYP/6-31G(d) 

Boltzmann 
population / ax. or 

eq. 

B3LYP/TZVP 
PCM/MeCN 
Boltzmann 

population / ax. or 
eq. 

B97D/TZVP 
PCM/MeCN 
Boltzmann 

population / ax. or 
eq. 

CAM-B3LYP/TZVP 
PCM/MeCN 
Boltzmann 

population / ax. or 
eq. 

Conf. 
A 46.1% / ax. 65.5% / eq. 68.9% / eq. 63.4% / eq. 

Conf. 
B 26.6% / eq. 20.5% / eq. 15.1% / eq. 21.0% / eq. 

Conf. 
C 20.3% / ax. 7.0% / ax. 8.0% / ax. 7.3% / ax. 

Conf. 
D 4.4% / ax. 3.8% / ax. 5.8% / ax. 4.3% / ax. 

Conf. E 2.6% / eq. 3.2% / ax. 2.2% / ax. 4.0% / ax. 
ax./eq. 71/29 14 / 86 16/84 16 / 84 

 
 
 
Table S2 Populations of conformers with equatorial and axial 1-H for (1S,6bR)-1 at various levels of theory 
 

 B3LYP/6-31G(d) 
Boltzmann 

population / ax. or 
eq. 

B3LYP/TZVP 
PCM/MeCN 
Boltzmann 

population / ax. or 
eq. 

B97D/TZVP 
PCM/MeCN 
Boltzmann 

population / ax. or 
eq. 

CAM-B3LYP/TZVP 
PCM/MeCN 
Boltzmann 

population / ax. or 
eq. 

Conf. 
A 

57.8% / eq. 47.2% / eq. 47.4% / eq. 53.2% / eq. 

Conf. 
B 

22.6% / eq. 33.0% / eq. 30.6% / eq. 25.9% / eq. 

Conf. 
C 

13.1% / eq. 18.4% / eq. 21.2% / eq. 19.0% / eq. 

Conf. 
D 

5.4% / ax. 0.8% / ax. 0.6% / eq. 1.1% / eq. 

Conf. E 1.1% / ax. 0.7% / ax. 0.1% / eq. 0.8% / eq. 
ax./eq. 6/94 1 / 99 1/99 2 / 98 
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Fig. S18 1H NMR (600 MHz, DMSO-d6) spectrum of the new compound 2 
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Fig. S19 Expanded 1H NMR (600 MHz, DMSO-d6) spectrum of the new compound 2 
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Fig. S20 COSY spectrum of the new compound 2 
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Fig. S21 13C NMR (150 MHz, DMSO-d6) spectrum of the new compound 2 
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Fig. S22 Expanded 13C NMR (150 MHz, DMSO-d6) spectrum of the new compound 2 
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Fig. S23 HSQC spectrum of the new compound 2 
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Fig. S24 HMBC spectrum of the new compound 2 
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Fig. S25 Expanded HMBC spectrum of the new compound 2 
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Fig. S26 HRESIMS spectrum of the new compound 2 
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Fig. S27 1H NMR (600 MHz, CH3OH-d4) spectrum of the new compound 3  
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Fig. S28 Expanded 1H NMR (600 MHz, CH3OH-d4) spectrum of the new compound 3 
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Fig. S29 COSY spectrum of the new compound 3 
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Fig. S30 HSQC spectrum of the new compound 3 
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Fig. S31 HMBC spectrum of the new compound 3 
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Fig. S32 HRESIMS spectrum of the new compound 3 
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Fig. S33 Structure and population of the low-energy B3LYP/6-31G(d) in vacuo conformers (>2%) of 
(1R,6bS,7R)-3 diastereomer 
 
 

  
 
 
 
 
 
 
Fig. S34 Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/6-31G(d) in vacuo low-energy conformers of (1R,6bS,7R)-3 at various levels 
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Fig. S35 Structure and population of the low-energy B3LYP/6-31G(d) conformers (>2%) of (1S,6bS,7R)-3 
diastereomer 
 
 

 
 
 
 
 
 
 
 
Fig. S36 Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/6-31G(d) in vacuo low-energy conformers of (1S,6bS,7R)-3 at various levels 
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Fig. S37 Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/TZVP PCM/MeCN low-energy conformers of (1R,6bS,7R)-3 at various levels. 
 

 
 
 
 
 
 

Fig. S38 Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra computed 
for the B3LYP/TZVP PCM/MeCN low-energy conformers of (1S,6bS,7R)-3 at various levels 
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Fig. S39 Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra computed 
for the CAM-B3LYP/TZVP PCM/MeCN low-energy conformers of (1R,6bS,7R)-3 at various levels 
 

 
 
 
Fig. S40 Experimental ECD spectrum of 3 compared with the Boltzmann-weighted ECD spectra computed 
for the CAM-B3LYP/TZVP PCM/MeCN low-energy conformers of (1S,6bS,7R)-3 at various levels. 
 

 
Fig. S41 HPLC chromatograms of EtOAc extracts from co-culture experiments (detection at UV 235 nm) 
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A: (A1) Annulohypoxylon sp. control, (A2) co-cultivation of Annulohypoxylon sp. with viable S. 
coelicolor, (A3) co-cultivation of Annulohypoxylon sp. with viable S. lividans, (A4) S. coelicolor control, 
(A5) S. lividans control; 
B: (B1) Annulohypoxylon sp. control, (B2) co-cultivation of Annulohypoxylon sp. with viable B. cereus, 
(B3) co-cultivation of Annulohypoxylon sp. with viable B. subtilis, (B4) B. cereus control, (B5) B. subtilis 
control 
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6 General Discussion 
 
6.1 Endophytic fungi produce secondary metabolites through the polyketide biogenetic 
pathway 

Endophytic fungi produce a wide range of biologically active secondary metabolites for 
pharmaceutical and agricultural applications (Kumar et al., 2014). Fungal metabolites continue 
to attract the attention of natural product researchers for chemical synthesis, mode of action, 
biosynthesis, and drug discovery studies (Zhang et al., 2015). Polyketides, one of the largest 
groups of secondary metabolites, are widely produced by plants, bacteria, and fungi, and 
exhibit interesting biological and/or pharmaceutical properties (Zhang et al., 2004; Hertweck, 
2009). 

Polyketides are biosynthetically derived from condensation of acetyl-CoA and malonyl-
CoA units under catalysis of polyketide synthases (PKSs). PKSs have a single polypeptide 
chain with multiple catalytic domains that catalyze the polyketide biosynthesis in vivo. 
Polyketide biosynthesis can be detected by adding 13C- or 14C-labeled acetate in the medium 
followed by NMR/MS analysis of the labeled patterns (Simpson, 1987; Chooi and Tang, 2012). 

The anthraquinone-based secondary metabolites isolated from the endophytic fungus 
Stemphylium globuliferum biogenetically arise from the polyketide biosynthetic pathway. 
Accordingly, the biosynthesis is suggested to start with the condensation of one starter unit 
acetyl-CoA and seven extender malonyl-CoA units to form the polyketide chain, which then 
undergoes condensation, decarboxylation, hydrogenation, and methylation reactions to yield 
intermediate A. The latter undergoes hydrogenation and oxidation reactions to generate 
macrosporin, as well as altersolanols A, B, and C. Altersolanols B and C could then be 
hydrogenated to form dihydroaltersolanol B and dihydroaltersolanol C, respectively. 
Subsequent oxidative coupling of two altersolanol A units would result in the formation of the 
atropisomers alterporriols D and E, possessing an aS or aR configuration, respectively. 
Likewise, oxidative coupling of one macrosporin and two altersolanol A units would afford the 
trimers stemphylanthranols A and B, as shown in Fig. 1. 
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Fig. 1 Proposed biosynthetic pathway of isolated anthraquinone derivatives 

 
In a similar manner, the naphthopyranone derivatives, isolated from the hypersaline soil 

fungus C. cladosporioides, are considered to biogenetically arise from condensation of one 
starter unit acetyl-CoA and seven extender malonyl-CoA units. The resulting octaketide chain 
would then undergo specific aromatization, reduction, and cyclization reactions to generate the 
intermediate B. Dehydration and lactonization of the latter followed by methoxylation would 
afford the monomeric precursors C and D, respectively. Oxidative coupling of the different 
monomers would then result in the formation of viriditoxin and its derivatives (Fig. 2). An 
alternative biosynthetic route would include oxidative decarboxylation of precursor B to form 
the 1,2-naphthoquinone monomer followed by oxidative coupling with monomer D to afford 
cladosporinone, as shown in Fig. 2. 
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Fig. 2 Proposed biosynthetic pathway of naphthopyranones 

 
Another example of polyketide-derived metabolites are the benzo[j]fluoranthene 

derivatives, isolated from an endophytic fungus of the genus Annulohypoxylon. Their 
biosynthesis is suggested to start with condensation of one starter acetyl-CoA unit and four 
extender malonyl-CoA units to afford the precursors 1,3,8-trihydroxynaphthalene (3HN) and 
1,8-dihydroxynaphthalene (DHN). Oxidative coupling of 3HN and/or DHN units would then 
afford the respective binaphthalene derivatives, which are further oxidized to 
dinaphthoquinone intermediates. Spontaneous cyclization of the latter, resembling a Michael-
addition reaction, would result in the formation of the benzo[j]fluoranthene-ring skeleton. 
Finally, a series of oxidation, reduction, and water addition reactions would generate the 
obtained benzo[j]fluoranthene derivatives, as described in Fig. 3. 
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Fig. 3 Proposed biosynthetic pathway of benzo[j]fluoranthene derivatives 
 
6.2 Co-cultivation: an ecological perspective to stimulate the secondary metabolites 
accumulation of the endophytic fungus Annulohypoxylon sp. 

Endophytes are described as microorganisms that thrive in the internal tissues of plants 
without causing any apparent disease symptoms (Faeth, 2002; Wilson, 1995). So far, more than 
42,000 natural compounds have been identified from microbes, including endophytes (Ismed 
et al., 2016; Kumar et al., 2014; Rateb et al., 2013; Shukla et al., 2014). However, microbial 
genome sequence analyses suggest that most gene clusters, responsible for the production of 
secondary metabolites, remain silent under standard laboratory conditions (Chiang et al., 2008; 
Schroeckha et al., 2009; Tanaka et al., 2013; Netzker et al., 2015). 

Several approaches can be employed to activate silent gene clusters, such as molecular-
based techniques, OSMAC (One Strain MAny Compounds), chromatin modification or co-
cultivation. The diversity of fungal secondary metabolites is largely influenced by different 
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cultural conditions, such as pH value, nutrition, salinity or oxygenation (Maezato and Blum, 
2012), as well as by interaction between two or more microorganisms. In nature, numerous 
endophytes inhabit plants, and therefore they have developed unique biosynthetic pathways for 
the production of bioactive secondary metabolites, as a defense mechanism to fight for limited 
nutrients and space (Bertrand et al., 2014). In these complex microbial communities, the 
assembly of metabolites is enhanced by secretion of chemical signals and/or by physical 
interaction between different microorganisms. Thus, co-cultivation is considered as a powerful 
tool to maximize the diversity of secondary metabolites under standard laboratory conditions, 
as inter-species crosstalk activates silent biosynthetic pathways in an ecological perspective 
(Marmann et al., 2014).  

In this study, three fungi were selected for co-cultivation experiments, including 
Stemphylium globuliferum, Cladosporium cladosporioides, and Annulohypoxylon sp. These 
fungi were co-cultivated with the bacteria Bacillus subtilis 168 trpC2, Bacillus cereus T, 
Streptomyces lividans TK24, and Streptomyces coelicolor A2(3). Among the investigated fungi, 
only Annulohypoxylon sp. showed interesting results in the co-cultivation experiments by 
comparing the chromatograms with those of the axenic fungal cultures as detected by HPLC 
analysis (Fig. 4). Particularly, co-cultivation of Annulohypoxylon sp. with Streptomyces 
lividans TK24 or Streptomyces coelicolor A2(3) resulted in a 38-fold increase of 1-hydroxy-8-
methoxynaphthalene (9). However, no significant induction was observed when 
Annulohypoxylon sp. was co-cultivated with Bacillus species. 

 
Fig. 4 HPLC chromatograms of the EtOAc extracts from different co-culture experiments 
(detection under UV 235 nm). The retention time of 1-hydroxy-8-methoxynaphthalene (9) is 
27.78 min. 
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The high yield of 1-hydroxy-8-methoxynaphthalene (9) produced by Annulohypoxylon sp. 
under co-cultivation conditions suggested that 9 serves an ecological role under natural 
competitive conditions (Slattery et al., 2001). Nevertheless, compound 9 showed no 
antibacterial activity against Staphylococcus aureus ATCC 25923, Enterococcus faecalis 
ATCC 29212 or Mycobacterium tuberculosis. In conclusion, mimicking the natural microbial 
environment through co-cultivation experiments resulted in the accumulation of constitutively 
present secondary metabolites, suggesting that for some fungi co-cultivation is a powerful tool 
for enhancing the chemical diversity of microorganisms (Rateb et al., 2013). 

 
6.3 Structure and activity relationships of the isolated compounds 

Endophytic fungi produce a wide range of bioactive secondary metabolites that can be used 
as drugs or drug lead compounds, such as paclitaxel, podophyllotoxin or camptothecin. These 
bioactive agents not only play an ecological role, but are also important from a biochemical 
and molecular standpoint (Kusari et al., 2012). The structure-activity relationships of the 
isolated compounds are discussed herein. 

 
6.3.1 Anthraquinone derivatives isolated from Stemphylium globuliferum 

Stemphylium species are filamentous ascomycetes mainly isolated from plant hosts, but 
they are also known as plant pathogens or saprobes (Inderbitzin et al., 2009). They produce a 
variety of anthraquinone derivatives, which are the largest group of natural pigments, 
displaying yellow, orange or brown color (Arnone and Nasini, 1986; Barash et al., 1983; 
Manulis et al., 1984; Debbab et al., 2012; Debbab et al., 2009; Aly et al., 2010). Up to now, 
around 700 substances of this group have been isolated from plants and their associated 
microorganisms (Gessler et al., 2013). Anthraquinones are well investigated natural products 
with a broad bioactivity spectrum, including anticancer (Huang et al., 2007), antibacterial 
(Yang et al., 2012), antifungal (Anke et al., 1980), antimalarial, antituberculosis 
(Kanokmedhakul et al., 2005), anti-osteoporotic (Wu et al., 2009), and immunoinhibitory 
activities (Šterzl et al., 1981). 

The anthraquinone derivatives isolated from the endophytic fungus S. globuliferum, 
including altersolanols A-C, dihydroaltersolanol C, 6-O-methylalaternin, alterporriol E and 
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acetylalterporriol E, showed significant cytotoxicity against the murine lymphoma (L5178Y) 
cell line. A tentative suggestion on the structure-activity relationships of these derivatives is 
proposed. The reduced activity of altersolanol A acetonide compared to the cytotoxic 
compounds altersolanols A-C suggested that the hydroxy groups located at the aliphatic ring 
are not necessary for cytotoxicity. Moreover, in dihydroaltersolanols B and C, the hydroxy 
group located at C-4 was one of the key functional groups for mediating cytotoxicity. Likewise, 
6-O-methylalaternin displayed strong cytotoxicity, whereas its analogue macrosporin was 
inactive, suggesting that the hydroxy group at C-1 is one of the functional groups for 
cytotoxicity. Interestingly, alterporriols E and acetylalterporriol E, consisting of two 
altersolanol A units that are connected through a 5, 5ˊ-biaryl linkage with (aR) axial chirality, 
showed strong cytotoxicity, whereas their (aS)-congeners were inactive. 
 

 
6.3.2 Naphthopyranone derivatives isolated from Cladosporium cladosporioides 

The genus Cladosporium consists of more than 772 species (Dugan et al., 2008). Fungi of 
this genus are widespread and are commonly found as endophytes, human pathogens, 
phytopathogens or saprobes (Crous et al., 2007; Dugan et al., 2008). Particularly, 
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Cladosporium cladosporioides is a cosmopolitan saprobic species, which is often isolated from 
air, soil or necrotic parts of different plants (Bensch et al., 2010). The well known antifungal 
and antibiotic secondary metabolite cladosporin, as well as the diastereoisomers cladosporin 
and isocladosporin, which showed growth inhibition of etiolated wheat coleoptiles, have been 
described from Cladosporium cladosporioides (Wang et al., 2013; Anke and Zähner, 1978; 
Jacyno, 1993). 

The naphthopyranone derivatives that are involved in this study were obtained from the 
fungus C. cladosporioides, isolated from the sediment of a hypersaline lake in Egypt. The 
known antibiotic viriditoxin showed potent inhibitory activity against Staphylococcus aureus 
with an MIC value of 0.023 μM. However, the new derivative, cladosporinone, exhibited only 
weak antibacterial activity (MIC = 97.86 μM) against the same cell line, suggesting that 
hydrolysis of one of the two lactone rings, followed by oxidative decarboxylation attenuates 
the antibacterial activity. Likewise, loss of the methylated carboxyl groups at the side chain 
weakens the antibacterial activity of the two viriditoxin derivatives (MIC values of 3.09 and 
25.32 µM) when compared to viriditoxin. Interestingly, the latter displayed potent cytotoxicity 
against the murine lymphoma (L5178Y), A2780sens and A2780CisR cell lines with IC50 values 
of 0.15 μM, 0.12 µM, and 0.43µM, respectively, whereas cladosporinone exhibited selective 
activity against the murine lymphoma (L5178Y) cell line with an IC50 value of 0.88 μM.
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6.3.3 Benzo[j]fluoranthene derivatives isolated from Annulohypoxylon sp. 
The benzo[j]fluoranthene-based secondary metabolites isolated from Annulohypoxylon sp. 

exhibited no significant cytotoxic or antibacterial activity. However, the artefact daldinone F, 
which is the dehydrated product of daldinone E, exhibited strong cytotoxicity against Ramos 
and Jurkat J16 cell lines with IC 50 values of 6.7 and 14 μM, respectively. Notably, mechanistic 
studies indicated that daldinone F induces apoptotic cell death through induction of intrinsic 
apoptosis. Moreover, daldinone F blocks autophagy, which is a potential pro-survival pathway 
for cancer cells, highlighting its usability in anticancer therapy. 
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8 Abbreviations 
 
A2780 CisR  Cisplatin resistance, human ovarian cancer cell line 
A2780 Sens Cisplatin sensitive, humane ovarian cancer cell line 
br broad signal 
CD  Circular Dichroism 
CDCl3         deuterated chloroform 
CH2Cl2       dichloromethane 
CHCl3 chloroform 
cm centimeter 
COSY correlation spectroscopy 
CoA coenzyme A 
d doublet 
DCM dichloromethane 
dd doublet of doublet 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
ED effective dose 
EI electron impact ionization 
ESI electrospray ionization 
et al. et altera (and others) 
EtOAc ethyl acetate 
eV electronvolt 
g gram 
HMBC heteronuclear multiple bond connectivity 
HMQC heteronuclear multiple quantum coherence 
H2O water 
HPLC high performance liquid chromatography 
H3PO4 phosphoric acid 
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HR-MS high resolution mass spectrometry 
Hz Herz 
L liter 
LC liquid chromatography 
LC/MS liquid chromatography-mass spectrometery 
m multiplet 
M molar 
MeOD deuterated methanol 
MeOH methanol 
mg milligram 
MHz mega Herz 
min minute 
mL milliliter 
 
MS mass spectrometry 
MTT microculture tetrazolium assay 
m/z mass per charge 
NaCl sodium chloride 
NADPH nicotinamide adenine dinucleotide phosphate 
NMR nuclear magnetic resonance 
NOE nuclear Overhauser effect 
NOESY nuclear Overhauser and exchange spectroscopy 
PCR polymerase chain reaction 
ppm parts per million 
q quartet 
ROESY rotating frame overhauser enhancement spectroscopy 
RP 18 reversed phase C 18 
s singlet 
sp.                species ( singular) 
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t triplet 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TLC thin layer chromatography 
UV ultra-violet 
VLC vacuum liquid chromatography 
μg microgram 
μL microliter 
μM micromol 
[α]20D specific rotation at the sodium D-line 
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