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Summary 

Basidiomycota, the second largest division of the fungal kingdom, exhibit remarkable chemical 

and biological diversity. They play crucial ecological roles as decomposers, mycorrhizal 

symbionts, and plant pathogens, highlighting their significance in ecosystems. Additionally, 

Basidiomycota are well-known to produce a wide array of secondary metabolites, including 

polyketides, terpenoids, alkaloids, and peptides, contributing to their diverse ecological roles. 

These compounds possess various biological activities such as antimicrobial, antitumor and 

antiviral, making Basidiomycota a valuable resource for drug discovery and biotechnological 

applications.  

This thesis comprises the investigations on the secondary metabolism of four different 

Basidiomycota, including Armillaria ostoyae, Guyanagaster necrorhiza, Heimiomyces sp. and 

Perenniporia centrali-africana. For this purpose, these fungi were cultivated under different 

growth conditions, mainly liquid and solid fermentation. Extracts that were obtained from 

these cultivations were separated by preparative high performance liquid chromatography 

(HPLC) after evaluation of the corresponding analytical HPLC-DAD/MS profiles. The planar 

structures of the purified compounds were elucidated by 1D and 2D NMR spectroscopy in 

addition to HR-ESI-MS data. Relative configurations were assigned by analysis of ROESY 

spectra, while absolute configurations were derived by the synthesis of MTPA esters or from 

crystal structures and ECD spectra comparison of related known derivatives. This led to the 

identification of a total of 34 new secondary metabolites and 37 known derivatives from the 

organisms under investigation. A. ostoyae was given a special role in this, because its 

secondary metabolism was systematically explored by MS-based untargeted metabolomics, 

providing insights into the diversity of the compound class of the sesquiterpene aryl esters. 

All isolated compounds were analyzed for their i) antibacterial activities in a serial dilution 

assay against fungal strains, Gram-positive and Gram-negative bacteria and ii) for their 

cytotoxicity against different cancer cell lines. These data were utilized not only for assessing 

bioactivities but also for identifying potential structure-activity relationships (SARs) through 

comparative analysis, which was especially supported by cheminformatic methods in the case 

of A. ostoyae. In summary, all findings demonstrated the importance of Basidiomycota as a 

prolific resource for the discovery and production of new bioactive natural products. 
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1. Introduction 

Natural products encompass primary and secondary metabolites synthesized by living 

organisms, typically plants, microbes, or marine organisms. While primary metabolites are 

essential for fundamental cellular functions like growth, energy production, and metabolism, 

secondary metabolites are not directly involved in these processes and rather have specialized 

functions such as defense, communication, or competition. The important role of natural 

products across diverse domains like pharmaceuticals, agriculture, cosmetics, nutrition, 

biotechnology and bioprocessing, underscores their essential value in advancing scientific 

innovation and addressing multifaceted challenges. However, this study primarily focuses on 

the isolation and characterization of fungal secondary metabolites to evaluate their 

antimicrobial and cytotoxic potentials, since historically natural products have been a prolific 

source of drugs, with many important medications originating from natural sources (Newman 

and Cragg 2020). These compounds often possess unique chemical scaffolds and biological 

activities that make them valuable starting points for drug discovery and development. 

Consequently, natural products have played a crucial in addressing challenging therapeutic 

targets, such as infectious diseases, cancer, cardiovascular diseases neurological disorders, 

metabolic disorders, inflammatory disorders and more (Koehn and Carter 2005; Newman and 

Cragg 2020).  

1.1. Historical importance of natural products in drug discovery 

Before the advent of modern pharmaceuticals, natural products served as the foundation of 

traditional medicine systems around the world. Indigenous cultures and ancient civilizations 

relied on plants, fungi, and other natural sources to treat various diseases and maintain health. 

From this point onwards to modern pharmaceutical research, natural products have remained 

a rich source of therapeutic agents, significantly contributing to the advancement of medicine. 

One notable example is the use of willow bark, containing salicylic acid, as a pain reliever, 

which later inspired the development of aspirin in 1897 (Desborough and Keeling 2017). 

Another important milestone was the discovery of penicillin G (Figure 1) from Penicillium 

rubens in 1928 (Fleming 1929; Houbraken et al. 2011), which revolutionized medicine by 

providing the first effective treatment for bacterial infections. This breakthrough marked the 

onset of the “golden era of antibiotics”, during which scientists isolated and characterized 

numerous antibiotic compounds from diverse natural sources. Streptomycin, tetracycline, and 
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erythromycin are among the many antibiotics derived from natural products introduced 

during this period. These discoveries had a profound impact on public health, drastically 

reducing the morbidity and mortality associated with infectious diseases (Davies 2006). 

However, the golden era of antibiotics eventually gave way to a gap in new findings and the 

emergence of antibiotic resistance. Despite the initial success of antibiotic discovery, the pace 

of new antibiotic development slowed in subsequent decades due to various factors, such as 

decreased investment from pharmaceutical companies, technical challenges in isolating and 

developing new compounds, regulatory hurdles, limited financial motivation, and emergence 

of antibiotic-resistant bacteria (Ventola 2015). The latter was especially increased by the 

overuse and misuse of antibiotics, including inappropriate prescribing practices in primary 

care, self-medication, and non-prescription use of antibiotics. Additionally, the role of 

antibiotic use in agriculture, particularly for disease prevention in livestock farming, has been 

a significant contributing factor (Llor and Bjerrum 2014). Recent reports underscore the 

persistence of these challenges in the 21st century, with the alarming global increase in 

antimicrobial resistance contributing to millions of deaths annually (World Health 

Organization 2014; Antimicrobial Resistance Collaborators 2022). 

1.2. Role and history of fungal secondary metabolites in drug research 

Fungi exhibit immense biodiversity, comprising millions of species with only a fraction formally 

described, thriving in various ecological niches. Their complex biochemical pathways yield an 

astonishing array of secondary metabolites, including alkaloids, polyketides, terpenoids, 

peptides, and phenolic compounds with diverse biological activities (Bills and Gloer 2016). 

The story of fungal antibiotics traces back to the late 19th century, preceding the discovery of 

the first β-lactam antibiotic, penicillin G (Figure 1), in 1928. In 1893, Bartolomeo Gosio isolated 

mycophenolic acid (Figure 1) as a purified crystalline compound from Penicillium 

brevicompactum, which exhibited inhibitory effects against the anthrax pathogen Bacillus 

anthracis, and is therefore considered the first antibiotic (Florey et al. 1946; Bentley 2000). 

However, it was ultimately discarded as a potential antibiotic due to concerns over its toxicity 

(Bills and Gloer 2016). Following the success of penicillin, researchers turned their attention 

to other fungal species in pursuit of novel therapeutic agents.  
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In the 1930s, griseofulvin (Figure 1) was isolated from Penicillium griseofulvum and emerged 

as a potent antifungal drug for the treatment of skin, hair, and nail infections caused by 

dermatophyte fungi (Oxford et al. 1939). Recently, there has been growing interest in this 

compound for other applications, as it has demonstrated the ability to disrupt mitosis and cell 

division in human cancer cells, as well as to inhibit the replication of the hepatitis C virus (Aris 

et al. 2022). Another class of β-lactam antibiotics was introduced in 1945 with the discovery 

of cephalosporin C (Figure 1) from cultures of the fungus Sarocladium strictum, formerly 

known as Cephalosporium acremonium (Summerbell et al. 2011), by Italian scientist Giuseppe 

Brotzu. The chemical structure was identified shortly after its initial discovery (Newton and 

Abraham 1955; Abraham and Newton 1961). While cephalosporin C displayed antibacterial 

properties, it was not initially pursued for therapeutic use due to its limited potency. However, 

it paved the way for the development of several generations of derivatives with broad 

antibacterial activity against both Gram-positive and Gram-negative bacteria (Lin and Kück 

2022). In 1971, the breakthrough discovery of the cyclic peptide cyclosporine A (Figure 1), an 

immunosuppressant derived from the fungus Tolypocladium inflatum, revolutionized organ 

transplantation by effectively preventing organ rejection and improving patient outcomes 

(Borel et al. 1976). The advent of a new class of antifungal drugs, targeting the synthesis of β-

glucan in fungal cell walls (Lima et al. 2019), began in 1974 with the discovery of the cyclic 

lipopeptide echinocandin B (Figure 1) isolated from Aspergillus nidulans var. echinulatus, now 

referred to as A. spinulosprous (Benz et al. 1974). Currently available echinocandins include 

the three semi-synthetic derivatives caspofungin, micafungin, and anidulafungin. A significant 

milestone in treating cardiovascular disorders was achieved in 1978 when researchers at 

Merck identified a potent inhibitor of HMG-CoA reductase from Aspergillus terreus (Alberts et 

al. 1980). Initially referred to as mevinolin, it was later officially recognized as lovastatin 

(Figure 1) by the United States Adopted Name (USAN) authority, leading to the development 

of statin drugs for lowering cholesterol levels and preventing cardiovascular diseases (Tobert 

2003; Toth and Banach 2019). 
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Figure 1. Fungal compounds representing important milestones in natural product and drug research. 

Considering that all the previously mentioned compounds were originally isolated from 

Ascomycota, Basidiomycota seem to have received less attention in research regarding 

biologically active compounds. However, with their distinctive enzymatic machinery and life 

cycles, Basidiomycota play a significant role in synthesizing numerous novel and chemically 

diverse secondary metabolites, presenting potential for the discovery of bioactive substances 

(Sandargo et al. 2019). Some of these compounds have laid the foundation for developing 

clinical candidates and, in certain instances, have led to marketed drugs and agrochemicals. 

The pleuromutilins stand out as some of the most significant members among these 

compounds. Pleuromutilin (Figure 2), initially isolated from Clitopilus passeckerianus, has been 

recognized for its potent antibiotic activity against Gram-positive and some Gram-negative 

pathogens since its discovery in 1947 (Kavanagh 1947; Kavanagh et al. 1951; Paukner and Riedl 
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2017). However, due to limited concern about antibiotic resistance and challenges in human 

application, its use was restricted (Novak 2011). Nevertheless, semisynthetic derivatives like 

tiamulin and valnemulin (Figure 2) found use in veterinary medicine (Poulsen et al. 2001). The 

highly specific mode of action exhibited by pleuromutilins, which inhibits bacterial protein 

synthesis and makes resistance development uncommon, has reignited interest in this 

compound class and spurred the development of retapamulin (Figure 2), the first 

Basidiomycota-derived antibiotic for human use (Paukner and Riedl 2017). 

Another important class of compounds originating from different Basidiomycota species 

(Favolaschia, Mycena, Oudemansiella, Strobilurus, Xerula) are the strobilurins (Figure 2), 

which have led to the development of agricultural β-methoxyacrylate fungicides owing to their 

ability to inhibit fungal growth and spore germination by targeting mitochondrial cytochromes 

(Sauter et al. 1999; Stadler and Hoffmeister 2015). While new derivatives continue to be 

discovered, resistance to strobilurins developed rapidly after their introduction to the market, 

attributed to their single-target nature, necessitating combination treatments. This approach 

persists in the case of azoxystrobin (Figure 2) and kresoxim-methyl, which are combined with 

other antifungal agents (Sandargo et al. 2019). 

In the 1950s, a class of illudane-type sesquiterpenes, characterized by a unique cyclopropane 

ring, was introduced with the discovery of illudins M and S (Figure 2) (Anchel et al. 1950). 

Produced by species of Omphalotus and Lampteromyces genera, they were initially explored 

for their antitumor activities, but their potential as anticancer drugs was hampered by their 

high toxicity (Sandargo et al. 2019). Consequently, there was a need for analogs with improved 

therapeutic profiles and enhanced tumor specificity. Semisynthetic approaches led to the 

development of the illudin S analogue irofulven (Figure 2), also referred to as 

hydroxymethylacylfulvene (HMAF), currently undergoing cancer drug development (Tanasova 

and Sturla 2012). While research on new illudane type sesquiterpenes as potential drug 

candidates is still ongoing (Sandargo et al. 2019), species of the genus Omphalotus were also 

found to produce nematicidal cyclopeptides of the omphalotin type, such as omphalotin A 

(Figure 2) from Omphalotus olearius (Sterner et al. 1997). 
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Figure 2. Important compounds from Basidiomycota, which are used as pharmaceuticals and agrochemicals or 
are drug candidates currently in the developmental stage. 

While the previously mentioned compounds are either already on the market as drugs or 

currently in development as drug candidates, Basidiomycota have yielded numerous other 

chemically diverse and bioactive substance classes, highlighting their significance as a valuable 

source for drug and natural product research (Sandargo et al. 2019). 
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1.3. The largest organism on earth and three other Basidiomycota as prolific producers of 

chemical diverse natural products   

As history has shown, fungi are rich sources of bioactive natural products. Consequently, the 

main project of this thesis comprises investigations on the secondary metabolism of Armillaria 

ostoyae (DSM 115711), which has been recognized as a prolific producer of secondary 

metabolites in previous studies. Armillaria (Physalacriaceae), commonly referred to as honey 

mushrooms, is a significant genus of the Basidiomycota distributed worldwide. It is well-

known for its broad host range, acting as a plant pathogen by infecting various woody species 

such as hardwoods, conifers, fruit trees, and grapes and causing butt and root diseases that 

can lead to extensive forest diebacks (Baumgartner et al. 2011; Coetzee et al. 2018). The so-

called Armillaria root disease threatens both agronomic and timber plantations, persisting 

saprotrophically in residual roots after tree clearance and causing recurring infections in 

subsequent crops. Unfortunately, effective methods to prevent or cure these infections are 

lacking, resulting in significant yield losses over multiple planting cycles (Baumgartner et al. 

2011). This can be attributed by the facultative necrotrophic characteristics of most Armillaria 

species, which exhibit both parasitic and saprophytic phases. Initially, they colonize the 

cambium of living roots in the parasitic phase and subsequently induce necrotic lesions to feed 

on the dead tissue in the saprophytic phase (Baumgartner et al. 2011). Additionally, the 

production of thickened mycelial strands known as rhizomorphs is of particular significance 

for their pathogenicity, enabling them to efficiently explore extensive areas for nutrients. 

Thus, Armillaria bulbosa and A. ostoyae have become some of the largest and oldest 

organisms on the planet. This was confirmed by genetic studies and extrapolation of their 

growth speed, which revealed that the mycelium may be several millennia old while covering 

thousands of square kilometers in certain vast forests of Northeastern North America (Smith 

et al. 1992; Ferguson et al. 2003). 

Another important feature of Armillaria is the ability to produce sesquiterpene aryl esters, a 

class of meroterpenoids known for their chemical diversity and diverse bioactivities. They are 

considered as meroterpenoids due to the combination of their protoilludene backbone, a 

sesquiterpenoid, with an orsellinic acid moiety synthesized via a polyketide pathway (Misiek 

and Hoffmeister 2012). In the literature, these meroterpenoids are often summarized under 

the term “melleolides”, introduced by Midland et al. in 1982 for a single compound (Midland 

et al. 1982). The nomenclature has evolved over the years with the discovery of more 



 1. Introduction 

11 
 

derivatives. Mainly, the presence or absence of a double bond and its position within the 

protoilludene backbone determine this. Compounds with a Δ2,3 double bond in their 

backbones are denoted as “melleolides”, while the ones featuring a Δ2,4 scaffold are termed 

“armillyl orsellinates”, and those missing a double bond are known as “armillanes” (Figure 3) 

(Engels et al. 2021). The second important structural feature to distinguish members of this 

compound class is the allylic alcohol or aldehyde at position C-1.  

 

Figure 3. Examples for the classification of sesquiterpene aryl esters according to the presence and position of 
the double within the protoilludene backbone.  

Prior to the investigations shown in this thesis, more than 70 different sesquiterpene aryl 

esters were described in the literature (Dörfer et al. 2019a). This immense structural diversity 

is based on a variety of potential modifications that can occur during the biosynthesis of these 

compounds. Besides the aforementioned double bond and C-1 modification, there are other 

common possibilities to modify the corresponding core structures, including hydroxylations at 

C-3, C-4, C-10 and C-13, methyl ether formation at C-5', and chlorination at C-6' (Wick et al. 

2016). For this reason, they constitute the largest subclass of protoilludanes, which appear to 

be solely synthesized by Armillaria and related genera (Cadelis et al. 2020). In contrast, the 

production of orsellinic acid is not limited to Basidiomycota; however, the orsellinic acid 

polyketide synthases (oaPKS) responsible for its biosynthesis are not evolutionarily related to 

those found in ascomycetes or bacteria (Gressler et al. 2021). The biosynthesis of the 

sesquiterpene aryl esters (Figure 4) has been extensively studied and begins with the 

cyclization of the universal sesquiterpene precursor farnesyl diphosphate (FPP) to the Δ6-

protoilludene core structure by the sesquiterpene cyclase Mld5 (formerly Pro1) (Engels et al. 

2021; Fukaya et al. 2023). Subsequently, various enzymatic modifications occur, 

encompassing hydroxylation (P450 monooxygenases Mld3 and Mld6), stereochemical 

inversion at position C-5 (Mld4 and Mld13), transesterification of the polyketide residue, and 

isomerization of the olefin bond position (Mld7) (Fukaya et al. 2023). Prior to the attachment 
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of the orsellinic acid moiety, its formation is catalyzed by the non-reducing polyketide 

synthase (nrPKS) Mld15 (formerly ArmB) (Engels et al. 2021; Fukaya et al. 2023). 

 

Figure 4. Biosynthetic pathway for the formation of 1α-hydroxymelleolide as proposed by Fukaya et al. 2023. 
With the terpene pathway marked blue and the nrPKS pathway red. 

The chemical diversity of these compounds is accompanied by numerous bioactivities. These 

include antibacterial properties, mainly against Gram-positive strains, with the C-4/C-13 

hydroxylations and double bond position in the sesquiterpenoid backbone being reported as 

the main drivers for these effects (Dörfer et al. 2019a). Additionally, sesquiterpene aryl esters 

show antifungal activities, where the Δ2,4-double bond of the aldehydes is anticipated to be 

essential for their antifungal efficacy (Dörfer et al. 2019b). Furthermore, these compounds are 

known for their cytotoxicity, but there are contradictory reports on the mode of action, 

whether they induce apoptosis in human cancer cells or cell death is caused by a yet unknown 

rapid mechanism (Misiek et al. 2009; Bohnert et al. 2014b; Li et al. 2016). In any case, however, 

it is clear that the cytotoxicity is mainly driven by the presence of an aldehyde at C-1 (Dörfer 

et al. 2019a). 

Up to this point, Armillaria was considered to be the only genus producing this type of natural 

products, but in 2010 Guyanagaster necrorhiza was identified as a closely related gasteroid 

fungus, which was later reclassified under the Armillarioid clade (Henkel et al. 2010; Koch et 

al. 2017; Kedves et al. 2021). Phylogenetic analysis suggests Guyanagaster species diverged 

from early Armillarioid clade members around 51 million years ago when this lineage emerged 

in Eurasia (Koch et al. 2017). These findings indicated that Guyanagaster species are able to 

produce melleolide-type meroterpenoids and for this reason the strain G. necrorhiza (CBS 

138623) was chosen for further investigations.  
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Tropical rainforests are known to be rich and diverse ecosystems, yet the majority of their 

biodiversity and natural products remain untapped. A member of such an ecosystem is the 

strain Heimiomyces sp. (MUCL 56078), originating from the Mount Elgon National Reserve in 

Kenya, whose genus has not been extensively studied for its secondary metabolism until now. 

A preliminary study revealed the novel heimiomycins A−C and heimiocalamenes C−E (Figure 

5), while LC-MS data of the extracts from the liquid cultures indicated the presence of further 

unknown metabolites, making this strain an interesting candidate for further investigations 

(Cheng et al. 2020). 

 

Figure 5. Previously described compounds from liquid cultures of Heimiomyces sp. The revised structure of 
heimiocalamene E is shown. 

A third side project involved the exploration of the secondary metabolism of Perenniporia 

centrali-africana (MUCL 56028), but species from this genus have been more extensively 

studied compared to those of Guyanagaster and Heimiomyces. For instance, drimane-type 

sesquiterpenoids such as pereniporin A and B (Figure 6) were isolated from cultures of P. 

medullaepanis, with similar compounds found in P. maackiae (Kida et al. 1986; Kwon et al. 

2018). Some of them demonstrated antibacterial, cytotoxic, and even phytotoxic effects. 

Interestingly, lanostane-type triterpenoids, referred to as perenniporiols (Figure 6), were 
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obtained from cultures of P. ochroleuca and P. maackiae (Hirotani et al. 1984; Ino et al. 1984; 

Guo et al. 2013). Moreover, antioxidant meroterpenoids from P. medulla-panis and 

naphthalenone derivatives (Figure 6), including the antifungal perenniporide A, from a 

Perenniporia sp. were described (Feng et al. 2012; Kim et al. 2019). These results show the 

capability of Perenniporia spp. to produce chemically diverse and potentially bioactive 

secondary metabolites, reinforcing the endeavor to exploit P. centrali-africana for new natural 

products. 

 

Figure 6. Examples for secondary metabolites isolated from cultures of Perenniporia spp. 

1.4. Current challenges and requirements on natural product and drug discovery 

The occurrence of new infectious diseases, such as those caused by emerging or re-emerging 

pathogens with increased virulence or drug resistance, presents ongoing challenges for public 

health (Morens et al. 2004; 2022). Consequently, there is an urgent need for the discovery of 

novel antibiotics with unique mechanisms of action and efficacy to combat drug-resistant 

pathogens. While natural products have historically been a rich source of antimicrobial 

compounds, the pace of antibiotic discovery has slowed in recent decades, with few new 

classes of antibiotics introduced to the market (von Nussbaum et al. 2006). Fungi are known 

to produce such bioactive compounds with antibacterial, antifungal, and antiviral activities, 

thus possessing great potential in addressing emerging infectious diseases. Through 

systematic screening of fungal secondary metabolites for antibacterial and antifungal 
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activities, coupled with elucidation of their modes of action, the development of new 

therapeutics and preventive strategies can be advanced. 

As global concerns about environmental sustainability and biodiversity conservation continue 

to grow, there is an increasing interest in identifying sources of bioactive compounds that 

address these problems. Fungi offer a promising avenue for sustainable natural product 

discovery, as they can be cultured in controlled environments and engineered to produce 

specific metabolites. However, there are challenges associated with optimizing fungal 

cultivation conditions, scaling up production, and ensuring the sustainable use of fungal 

resources. Therefore, research aimed at addressing these challenges and developing 

innovative strategies for exploring fungal biodiversity in a sustainable and environmentally 

responsible manner is necessary. 

Despite advances in genomic and bioinformatic tools, our understanding of fungal secondary 

metabolism remains incomplete (Keller et al. 2005). Many fungal secondary metabolite 

biosynthetic gene clusters remain uncharacterized or poorly understood, limiting our ability 

to predict and access the full diversity of fungal natural products. Consequently, there is a 

pressing need for integrated approaches that combine genomic, transcriptomic, 

metabolomic, and biochemical analyses to elucidate the biosynthetic pathways of fungal 

secondary metabolites and uncover novel bioactive compounds (Brakhage and Schroeckh 

2011). 

1.5. Aims and outline of the thesis 

With regard to the limited availability of new antibiotics, the emergence of new diseases, the 

endeavor for sustainable sources of bioactive compounds, and the need to better understand 

the fungal secondary metabolism, natural product and drug discovery face numerous 

upcoming challenges. For this reason, this thesis focuses on the secondary metabolite 

production of specific fungal strains, namely A. ostoyae, G. necrorhiza, Heimiomyces sp., and 

P. centrali-africana, aiming to underscore fungi as prolific producers of novel, chemically 

diverse and bioactive natural products. The fermentation of these Basidiomycota under 

different cultivation conditions, alongside analytical and preparative chromatographic 

methods for analyzing and purifying the obtained extracts, as well as the structure elucidation 

(mainly by HR-ESI-MS and NMR spectroscopy), are described. All isolated compounds, 
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including new derivatives described in papers I−V and those known from the literature, are 

presented to discuss their chemical diversity and the influence of the cultivation conditions on 

secondary metabolite profiles. Particularly, metabolomics investigations on A. ostoyae 

provide further insights into fungal secondary metabolism. Finally, the thesis addresses the 

antimicrobial and cytotoxic bioactivities of all isolated substances, not only to identify 

compounds with potential as drug leads but also to detect structure-activity relationships 

(SARs) to understand their mode of action.  

2. Materials and Methods 

2.1. Fungal material 

The thesis builds upon the investigation of the secondary metabolism of four different 

Basidiomycota strains (Table 1), all classified within the Agaricomycetes. All strains were 

maintained on YM 6.3 agar plates.  

Table 1. Fungal strains (Basidiomycota) that were investigated for their secondary 
metabolism. 

Genus Species 
Deposition 

number  
Collector  Origin 

Armillaria ostoyae  
DSM 
115711 

M. Stadler  
Forsthaus Heldenstein, 
Edenkoben, Rhineland-
Palatinate, Germany 

Guyanagaster  necrorhiza 
CBS 
138623 

    

Heimiomyces  sp. 
MUCL 
56078 

C. Decock, 
J.C. 
Matasyoh 

Mount Elgon National 
Reserve, Kenya 

Perenniporia  centrali-africana 
MUCL 
56028 

C. Decock, 
J.C. 
Matasyoh 

Mount Elgon National 
Reserve, Kenya 

 

2.2. Seed cultures 

Seed cultures of all strains under investigation were inoculated by placing three mycelium 

plugs, each with dimensions of 50 mm2, from well-grown YM 6.3 agar plates into a 500 ml 

Erlenmeyer flask containing 200 ml of YM 6.3 medium (consisting of 10 g/L malt extract, 4 g/L 

D-glucose, 4 g/L yeast extract, pH 6.3). Incubation took place at 23 °C and 140 min−1 on a rotary 

shaker. Subsequently, the culture broth underwent homogenization using an Ultra-Turrax® 
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(T25 easy clean digital, IKA, Staufen im Breisgau, Germany), equipped with an S 25 N – 25 F 

dispersing tool, operating at 8000 min−1 for 10–20 seconds. 

2.3. Scale-up fermentations 

2.3.1. Fermentation of A. ostoyae (DSM 115711) in solid and liquid media 

To inoculate the first cultivation on rice medium, 6 mL of the homogenized seed culture was 

transferred into two 500 mL Erlenmeyer-shaped culture flasks, each containing solid rice 

medium (consisting of 1 g/L yeast extract, 0.5 g/L sodium tartrate, 0.5 g/L K2HPO4, with 100 mL 

of the solution added to 28 g of brown rice). Following inoculation, the medium was gently 

loosened with a sterilized spatula to enhance oxygen accessibility and ensure homogenous 

distribution of the inoculum. The cultures were then maintained at 23 °C for incubation and 

harvested after 72 days. A second fermentation involving three rice cultures was conducted 

under identical conditions but with a different cultivation time (50 days in total). 

For the first liquid cultivation, a homogenized seed culture (3 mL per flask) was used to 

inoculate 21 Erlenmeyer-shaped culture flasks, each with a capacity of 500 mL. These flasks 

contained 200 mL of YMWB medium, composed of 10 g/L malt extract, 5 g/L wheat bran, 4 g/L 

D-glucose, 4 g/L yeast extract, adjusted to pH 6.3. Subsequent incubation took place on a 

rotary shaker at 23 °C and 140 min−1. Glucose consumption was monitored using Medi-Test 

Glucose strips (Macherey-Nagel, Düren, Germany). After 10 days, when the glucose was 

depleted as indicated by negative test results, the fermentation process was terminated. A 

second liquid fermentation was conducted under identical conditions but with a cultivation 

time of 11 days. 

2.3.2. Fermentation of G. necrorhiza (CBS 138623) in liquid media 

Forty 500 mL Erlenmeyer-shaped culture flasks were each filled with 200 mL of YM 6.3 

medium and inoculated with three mycelium pieces, each measuring 50 mm2, from well-

grown YM 6.3 agar plates. These flasks were then placed on a rotary shaker and incubated at 

23°C and 140 min−1. Glucose consumption was monitored using Medi-Test Glucose test strips 

(Macherey-Nagel). After 24 days of incubation, glucose was no longer detectable in the culture 

broth, prompting harvesting of the cultures two days later, totaling 26 days of incubation. 
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2.3.3. Fermentation Heimiomyces sp. (MUCL 56078) in liquid and solid media 

To inoculate the liquid cultures, 3 mL of the homogenized culture broth was transferred into 

each of the 15 500 mL Erlenmeyer-shaped culture flasks containing 200 mL of YM 6.3 medium. 

Subsequently, incubation was conducted at 23°C and 140 min−1 on a rotary shaker. Glucose 

consumption was monitored using Medi-Test Glucose test strips (Macherey-Nagel), and the 

fermentation process was terminated two days after the culture broth tested negative for 

glucose. 

A second series of liquid cultivations was conducted by transferring 3 mL of homogenized seed 

culture per flask into 21 500 mL Erlenmeyer-shaped culture flasks filled with 200 ml of YM 6.3 

medium. Additionally, five more 500 mL Erlenmeyer-shaped culture flasks containing 200 ml 

of MOF medium (75 g/L mannitol, 16.2 g/L MES, 15 g/L oat flour, 5 g/L yeast extract, 4 g/L L-

glutamic acid, pH 6.0) were prepared. Incubation was carried out at 23 °C and 140 min-1 on a 

rotary shaker, with glucose consumption monitored using Medi-Test Glucose strips 

(Macherey-Nagel). The fermentation continued until two days after glucose depletion from 

the culture broth (33 days for YM 6.3 cultures and 27 days for MOF cultures). 

For the solid cultures, 8 mL of the inoculum was introduced into four 500 mL Erlenmeyer-

shaped culture flasks filled with solid rice medium. Subsequently, the medium was gently 

loosened with a spatula to enhance oxygen accessibility and ensure even dispersion of the 

inoculum. Incubation took place at 23 °C in an incubator, and after 72 days, the fermentation 

process was terminated. Following this, a second fermentation was conducted with six solid 

rice cultures under the same conditions. 

2.3.4. Fermentation of P. centrali-africana (MUCL 56028) in liquid media 

The homogenized seed culture was used to inoculate 25 500 mL Erlenmeyer-shaped culture 

flasks, each containing 200 mL of BAF medium. Each flask received 3 mL of the homogenized 

seed culture. The incubation was conducted on a rotary shaker at 23 °C and 140 min−1. Glucose 

consumption was monitored at regular intervals (every five days) using Medi-Test strips 

(Macherey Nagel). After a 20-day incubation period, the liquid BAF cultures were harvested. 

A second BAF cultivation was carried out using identical conditions as described previously. 
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For the cultivation on rice medium, three 500 mL Erlenmeyer-shaped culture flasks were each 

filled with solid rice medium. Subsequently, the homogenized seed culture (6 mL per flask) 

was transferred into these flasks for inoculation. After inoculation, the medium was loosened 

using a sterilized spatula to promote oxygen accessibility and ensure homogenous distribution 

of the inoculum. Following these steps, the cultures were maintained at 23 °C for incubation. 

The rice standing cultures were harvested after 28 days of incubation.  

2.4. Harvest of fungal cultures 

2.4.1. Liquid cultivations 

The separation of mycelium and supernatant was achieved through vacuum filtration or 

centrifugation at 5100 min−1 for 15 min using a laboratory centrifuge (model 4-16KS, Sigma 

Laborzentrifugen GmbH, Osterode am Harz, Germany). The mycelium was then treated with 

acetone and subjected to extraction in an ultrasonic bath for 30 min, repeated twice. Filtration 

was used to separate the mycelium from the liquid phase, followed by the evaporation of the 

organic solvent (40 °C) using a rotary evaporator. The remaining aqueous phase was diluted 

with H2O and subjected to extraction with EtOAc, followed by the evaporation (40 °C) of the 

resulting organic phase. The supernatant was extracted with EtOAc (1:1) in a separatory 

funnel, repeated twice. After removing the aqueous phase, the organic phase was retained 

and evaporated to dryness (40 °C). Information about the yields can be found in Table 2. 

Finally, extracts underwent preliminary cleaning using the SPME StrataTM-X 33 µm Polymeric 

RP cartridge (Phenomenex) to remove debris and strong nonpolar or hydrophobic compounds 

such as fatty acids. 

2.4.2. Solid rice cultures 

At first, both the medium and mycelium underwent treatment with acetone and were 

loosened with a spatula to facilitate mixing with the organic solvent. Ultrasonication for 

30 min supported the subsequent extraction process. Separation of the solid and liquid phases 

was achieved through filtration, followed by another extraction of the solid phase. The organic 

solvent was then evaporated at 40 °C using a rotary evaporator. The remaining aqueous phase 

underwent extraction with EtOAc (1:1) in a separatory funnel, twice, and the resulting organic 

phase was evaporated to dryness (40 °C). For pre-separation, the extract was dissolved in 5 mL 

of MeOH, followed by the addition of 50 mL of a 1:1 mixture of heptane and MeOH/H2O (1:1). 
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After extraction in a separatory funnel, the heptane and aqueous phases were collected 

separately and evaporated to dryness at 40 °C. Information about the yields can be found in 

Table 2. 

Table 2. Amounts of extracts isolated from liquid and solid cultures of the fungal strains 
investigated for their secondary metabolism. 

strain medium origin amount [mg] 

A. ostoyae 

1. solid 
rice 

aq. phase 1090 

hept. phase 321 

2. solid 
rice 

aq. phase 1514 

hept. phase 225 

1. liquid 
YMWB 

mycelium 944 

supernatant 664 

2. liquid 
YMWB 

mycelium 343 

supernatant 120 

G. necrorhiza 1. liquid 
YM 6.3 

mycelium 126 

supernatant 360 

Heimiomyces sp. 

1. liquid 
YM 6.3 

mycelium 607 

supernatant 251 

2. liquid 
YM 6.3 

mycelium 567 

supernatant 651 

3. liquid 
MOF 

mycelium 211 

supernatant 339 

1. solid 
rice 

aq. phase 476 

hept. phase 206 

2. solid 
rice 

aq. phase 1071 

hept. phase - 

P. centrali- 
africana 

1. liquid 
BAF 

mycelium 600 

supernatant 720 

2. liquid 
BAF 

mycelium 207 

supernatant 252 

1. solid 
rice 

aq. phase 140 

hept. phase 176 

 

2.5. Preparative isolation of pure compounds by reversed phase liquid chromatography 

After evaluating the data obtained from analytical LC-MS, the extracts underwent separation 

via RP HPLC utilizing a PLC 2250 purification system (Gilson, Middleton, WI, USA). Three types 

of columns were employed as the stationary phase: a Gemini LC column (250 × 50 mm, 110 Å, 

10 µm, Phenomenex, Aschaffenburg, Germany), a SynergiTM Polar RP column (250 × 50 mm, 
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80 Å, 10 µm; Phenomenex) or a Nucleodur C18 column (150 × 40 mm, 10 µm, Macherey-

Nagel). Flow rates ranged from 40 to 60 mL/min according to the type of the column. Based 

on the loading capacity of the columns, the extracts were divided into multiple fractions. The 

mobile phase for all separations consisted of solvent A: Milli-Q H2O + 0.1% formic acid and 

solvent B: MeCN + 0.1% formic acid. Further details regarding UV detection, gradient 

specifications, and additional purification steps for the fractions can be found in papers I−V. 

2.6. Analytical HPLC-DAD/MS analysis of pure compounds and extracts  

To obtain ESI-MS spectra, the extracts were dissolved in acetone to a concentration of 

10 mg/mL, while pure compounds were dissolved to achieve a concentration of 1 mg/mL. 

Ultrasonication at 40 °C for 10 min aided in the solvation of the extracts. Sample analysis was 

conducted using an analytical HPLC system (Dionex UltiMate 3000 series) coupled to an ion 

trap mass spectrometer (amazon speed by Bruker). Each sample, comprising 2 µL, was 

injected and separated using an ACQUITY-UPLC BEH C18 column (50 × 2.1 mm; particle size: 

1.7 μm) by Waters (Milford, MA, USA). HPLC-grade H2O and MeCN were utilized as the mobile 

phase, with a flow rate of 600 µL/min. The gradient started with 5% MeCN, followed by a 

linear increase to 100% MeCN over 20 min, maintaining 100% MeCN for 5 min. 

Chromatographic data analysis was performed using the Bruker analysis software (Data 

Analysis 4.4). 

2.7. Structure elucidation and chemical characterization of pure compounds 

2.7.1. General analytical and spectroscopic methods 

NMR spectroscopy, combined with high-resolution electrospray ionization mass spectrometry 

(HR-ESI-MS), was employed to elucidate the structures of pure compounds.  

All samples were dissolved in MeOH or acetone to yield a concentration of 1 mg/mL. HR-ESI-

MS mass spectra were obtained using the Agilent 1200 series HPLC-UV system (Santa Clara, 

CA, USA) coupled with an ESI-TOF-MS (Bruker maXis). Measurements were conducted using a 

2.1 × 50 mm, 1.7 µm, C18 Acquity UPLC BEH column (Waters). MilliQ H2O with 0.1% formic 

acid was used as solvent A, while MeCN with 0.1% formic acid served as solvent B. The gradient 

method involved starting at 5% B for 0.5 min, increasing to 100% B over 19.5 min, and 

maintaining 100% B for 5 min, with a flow rate of 0.6 mL/min and DAD detection at 200–600 

nm. 
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Depending on their solubility and stability, compounds were dissolved in deuterated acetone, 

MeOH, or DMSO before being transferred to NMR tubes. Subsequently, one-dimensional 1H 

and 13C, as well as two-dimensional correlation (COSY, ROESY, HSQC and HMBC) NMR spectra, 

were measured. This was conducted using either a Bruker Avance III 500 MHz spectrometer 

equipped with a BBFO (plus) SmartProbe (1H 500 MHz, 13C 125 MHz) or a Bruker Avance III 

700 MHz spectrometer equipped with a 5 mm TCI cryoprobe (1H 700 MHz, 13C 175 MHz) 

(Bremen, Germany). Chemical shifts in the NMR data were referenced to selected chemical 

shifts of acetone-d6 (1H: 2.05 ppm, 13C: 29.9 ppm). 

Chemical characterization and elucidation of absolute configurations were supported by 

various methods. Optical rotation measurements were conducted using the PerkinElmer 241 

polarimeter, while UV spectra were recorded using a Shimadzu UV-Vis spectrophotometer 

UV-2450 (Duisburg, Germany). Additionally, ECD spectra were obtained using a J-815 

spectropolarimeter (Jasco, Pfungstadt, Germany). 

Further details regarding the structure elucidation of the published compounds, supported by 

Dr. Frank Surup, can be found in papers I−V. 

2.7.2. Hydrolysis and GC analysis of the fatty acid substituted sesquiterpene aryl esters 

To determine the locations of the double bonds within the fatty acid side chain, compounds 

carrying a fatty acid side chain underwent degradation to produce their corresponding fatty 

acid methyl esters (FAMEs). Hydrolysis of 0.2 mg of each compound was initiated by 

incubation with a mixture of MeOH:NaOH (15%) in a 1:1 ratio for 1 h at 100°C, resulting in the 

formation of the corresponding fatty acid (FA). Subsequently, the fatty acids were derivatized 

by incubation in MeOH:HCl (37% w/v) in a 5:1 ratio for 10 min at 80°C, leading to the formation 

of the FAMEs. Extraction of the samples followed the method described by Abraham and 

Hesse (2003). An Agilent 6890N gas chromatograph with flame ionization detector (FID), 

equipped with a Macherey Nagel Optima 5 column (composed of 5% phenyl and 95% 

dimethylpolysiloxane; 50 m length, 0.32 mm inner diameter, and 0.25 µm film thickness), was 

used for the separation of the FAMEs along with internal standards. The identification of 

double bond positions relied on comparing retention times with those of reference 

compounds, employing a retention time locking approach. 
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2.7.3. Acetylation of 41 

Acetylation was conducted following the method outlined by Duncan et al. (2001). At first, 16 

mg of 41 was dissolved in 4.8 mL pyridine, followed by the addition of 2.4 mL of acetic 

anhydride (resulting in a 2:1 mixture). The reaction solution was kept at room temperature 

for 3–4 h. Subsequently, the reagents were removed by evaporation (40 °C) using a rotary 

evaporator. The resulting product was dissolved in acetone and subjected to analysis by LC-

MS. To address side product formation, purification was carried out via RP HPLC employing a 

PLC 2050 Purification System (Gilson). The sample was purified using the XBridge Prep C18 

column (19 × 250 mm, 5 µm; Waters) with solvent A: MilliQ H2O + 0.1% formic acid and solvent 

B: MeCN + 0.1% formic acid, at a flow rate of 20 mL/min. The gradient commenced with 70% 

B for 5 min, increasing to 90% B over 35 min, then to 100% B in 5 min, maintaining 100% B for 

an additional 5 min. The fraction collected between 20.5 and 21.5 min yielded 3.3 mg of 

compound 41b. 

2.7.4. Mosher’s method: Preparation of the (R)- and (S)-MTPA ester derivatives of 49, 51 

and 53 

Each compound (0.5 mg) was dissolved in 300 µL of deuterated pyridine. Subsequently, 2 µL 

of (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride was added to the solution, and 

the mixture was kept at room temperature for 15 min. The progress of the reaction was 

monitored using analytical HPLC-DAD/MS. If the compounds were not completely converted 

into the corresponding Mosher ester, an additional 2 µL of R-MTPA was added. After Mosher 

esterification, the samples were transferred into 3.0 mm NMR tubes. Subsequently, 1H NMR, 

1H,1H-COSY NMR, 1H,13C-HSQC NMR, and 1H,13C-HMBC NMR spectra were measured. The 

identical procedure was replicated with an additional 0.5 mg of each compound using (S)-(+)- 

α-methoxy- α-(trifluoromethyl)phenylacetyl chloride. Evaluation of the resulting ΔδSR values 

followed the method outlined by Hoye et al. (2007). 

2.8. Untargeted Metabolomics analyses 

A. ostoyae (DSM 115711) was cultured in two distinct liquid media (YM 6.3 and Q6 ½) and 

solid rice medium. Liquid cultures were harvested three days after glucose depletion, while 

solid cultures were harvested 15 days post-inoculation, following established protocols for 

cultivating Basidiomycota (Pfütze et al. 2023a; Pfütze et al. 2023c). Subsequently, both the 
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supernatant and mycelia underwent extraction using EtOAc, and the resulting extracts were 

analyzed at a concentration of 450 µg/mL using an ultrahigh performance liquid 

chromatography system (Dionex Ultimate3000RS, Thermo Scientific, Dreieich, Germany) 

equipped with a C18 column (Kinetex 1.7 μm, 2.1 × 150 mm, 100 Å; Phenomenex). The 

injection volume of the samples was set at 2 μL. The mobile phase, consisting of A (Milli-Q H2O 

+ 0.1% formic acid) and B (MeCN + 0.1% formic acid), operated at a constant flow rate of 

0.3 mL/min. The gradient started with 1% B for 0.5 min, followed by a linear increase to 5% B 

in 1 min, then to 100% B over 19 min, and was maintained at this level for 5 min. Throughout 

the analysis, the column temperature was kept at 40 °C, and UV-Vis data were collected using 

a DAD within the range of 190–600 nm. 

MS spectra were acquired using a trapped ion mobility quadrupole time-of-flight mass 

spectrometer (timsTOF Pro, Bruker Daltonics, Bremen, Germany) following the instrumental 

settings and conditions described by Cedeño-Sanchez et al. (2023). For untargeted profiling of 

the extracts, ESI mass spectra were obtained in positive ion mode. Raw data underwent pre-

processing using MetaboScape® 2022 (Bruker Daltonics) within the retention time range of 

1.0 to 25 min. Features detected in the blank were excluded. The remaining features were 

dereplicated based on their accurate molecular weight and MS/MS spectra against 

compounds reported from the genus Armillaria in the Natural Product Atlas (NP Atlas) 

database (van Santen et al. 2019). MetaboScape® facilitated automatic in silico MS/MS 

matching using the MetFrag algorithm, relying on the InChI encoded structures, to accomplish 

this goal in the absence of MS/MS reference data (Ruttkies et al. 2016). 

Molecular networks were established using the Feature-Based Molecular Networking (FBMN) 

workflow (Nothias et al. 2020) on the GNPS platform (Wang et al. 2016), based on the pre-

processed feature table from MetaboScape®, following the methodology outlined by Charria-

Girón et al. (2023b). Visualization of these molecular networks was conducted using the 

Cytoscape software (Shannon et al. 2003). 

2.9. Assessment of biological activities 

2.9.1. Evaluation of antimicrobial activity 

In 96-well microtiter plates, serial dilution assays were conducted to determine minimum 

inhibitory concentrations (MICs) against various yeasts, filamentous fungi, and bacteria, 
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following the protocol outlined by Harms et al. (2021). Selected compounds were tested 

against a spectrum of microorganisms including Schizosaccharomyces pombe (DSM 70572), 

Candida albicans (DSM 1665), Wickerhamomyces anomalus (DSM 6766), Mucor hiemalis 

(DSM 2656), Rhodotorula glutinis (DSM 10134), Escherichia coli (DSM 1116), Pseudomonas 

aeruginosa (DSM PA14), Chromobacterium violaceum (DSM 30191), Bacillus subtilis (DSM 10), 

Staphylococcus aureus (DSM 346), and Mycobacterium smegmatis (ATCC 700084). 

Acetone was used to prepare stock solutions of all compounds at a concentration of 1 mg/mL, 

which were then employed in the serial dilution assay. Positive controls for bacteria included 

the antimicrobials [O] Oxytetracycline, [G] Gentamycin, and [K] Kanamycin, while [N] Nystatin 

was used for filamentous fungi and yeast. Acetone (20 µL) was employed as a negative control 

to demonstrate the absence of inhibitory effects. 

2.9.2. Evaluation of cytotoxicity 

In vitro cytotoxicity assays were conducted in 96-well plates following the procedure outlined 

by Harms et al. (2021). Compounds were evaluated against the mouse fibroblast cell line L929 

and the cervix carcinoma cell line KB3.1. The most active derivatives were subsequently 

assessed against additional cancer cell lines, including the breast cancer cell line MCF-7, the 

lung cancer cell line A549, the ovary cancer cell line SKOV-3, the prostate cancer cell line PC-

3, and the epidermal cancer cell line A431. 

Stock solutions of all compounds were prepared in acetone at a concentration of 1 mg/mL and 

were utilized for the cytotoxicity assay. Epothilone B served as the positive control. Acetone 

(20 µL) was used as the negative control, showing no inhibitory effects. 

3. Results and Discussion 

3.1. Secondary metabolites from two closely related members of the Physalacriaceae 

(Agaricales) 

The primary objective of this work was to investigate the secondary metabolism of fungi 

belonging to the genus Armillaria, which are particularly known for their production of 

sesquiterpene aryl esters, a class of chemically diverse and biologically active meroterpenoids. 

Through prior screenings of different Armillaria species, A. ostoyae (DSM 115711) emerged as 
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the most productive and promising strain. Consequently, our research focused predominantly 

on this strain to elucidate the secondary metabolism within this genus. 

Furthermore, as part of a secondary investigation, we explored the secondary metabolism of 

G. necrorhiza (CBS 138623), resulting in a surprising discovery. We observed, for the first time, 

the production of melleolide-type meroterpenoids outside the genus Armillaria. 

3.1.1. Chemical diversity of sesquiterpene aryl esters isolated from A. ostoyae (DSM 115711) 

and G. necrorhiza (CBS 138623) 

After cultivating A. ostoyae in both liquid (YMWB) and solid rice media, a thorough analysis 

using HR-ESI-MS revealed the presence of numerous melleolides, characterized by their 

distinctive UV/Vis absorption peaks at λmax 220, 260, and 300 nm. Surprisingly, among the 

identified compounds were congeners with higher molecular weights (>800 Da) yet exhibiting 

similar UV/Vis spectra to the typical melleolide-type compounds (382–490 Da). Consequently, 

the extracts underwent fractionation via preparative HPLC, leading to the isolation of 

seventeen new derivatives (1–17; Figures 7–9), along with previously documented melleolides 

18–38 (Figures 10 and 11). 

The absolute configuration of all melleolide-type metabolites adheres to the one established 

through X-ray analysis of melleolide, armillarin, 4-O-methylmelleolide, melledonal C, 

melleolide L, and armillarivin (Midland et al. 1982; Yang et al. 1984; Donnelly et al. 1985; 

Arnone et al. 1988; Momose et al. 2000; Schwartz et al. 2013). This was further supported by 

electronic circular dichroism (ECD) comparison, as detailed in paper V, with structurally 

related derivatives for the newly described compounds in this study. 

 

Figure 7. Sesquiterpene aryl ester dimers isolated from cultures of A. ostoyae. 1: bismelleolide BH; 2: 
bismelleolide EH; 3: bismelleolide CH. 
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While the secondary metabolism of Armillaria spp. has been extensively studied, melleolide 

dimers had not been previously documented (Dörfer et al. 2019). 

 

Figure 8. Fatty acid substituted sesquiterpene aryl esters isolated from cultures of A. ostoyae. 4: melleolide 
linoleate; 5: armillarine linoleate; 6: melleolide H linoleate. 

Among compounds of this class, it is quite rare to find a linoleic acid side chain esterified to 

the protoilludene core structure of sesquiterpene aryl esters (Dörfer et al. 2019). Armillatin is 

currently the only other known congener that exhibits this unique feature (Yang et al. 1991). 



 3. Results and Discussion 

28 
 

 

Figure 9. New sesquiterpene aryl esters isolated from cultures of A. ostoyae. 7: 5'-O-desmethylarmillaribin; 8: 4-
dehydroxyarmillaridin; 9: 4-methoxymelleolide H; 10: 1-hydroarmillaricin; 11: 10-hydroxy-5'-O-methylarmillane; 
12: 4-dehydroxymelleolide F; 13: 10-ketomelleolide E; 14: 4,10-dehydroxymelleolide I; 15: 4-
dehydroxymelleolide I; 16: 10-ketomelleolide I; 17: 4-acetylarmillaridin. 

The sesquiterpene aryl esters have been extensively studied, with over 70 congeners 

previously described (Dörfer et al. 2019). Despite this wealth of prior knowledge, 

investigations into the secondary metabolism of A. ostoyae (DSM 115711) have revealed a 

remarkable number of new derivatives within this class. Compounds 1-17 represent new 

structural variations that further enrich the spectrum of derivatives within this intriguing 

chemical family, highlighting the complexity and diversity inherent in the chemistry of this 

compound class. 
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Figure 10. Known aldehydes (C-1) of sesquiterpene aryl esters isolated from A. ostoyae (DSM 115711).  18:  
melleolide; 19-20: melleolides H and J; 21-22: melledonals A and C; 23: 5'-O-methylmelledonal; 24: armillaridin, 
25: armillarin; 26: arnamial; 27: dehydroarmillylorsellinate. 

Furthermore, the isolation of 21 known sesquiterpene aryl esters (Figure 10 and 11), alongside 

the new derivatives, represents only a fraction of the vast array of substances this organism is 

capable of producing. This has sparked interest in studying its entire metabolome.  
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Figure 11. Known alcohols (C-1) of sesquiterpene aryl esters isolated from A. ostoyae (DSM 115711). 28-32: 
melleolides B-E and I; 33: melledonol; 34: 10-dehydroxy-melleolide B; 35: 10-oxo-melleolide B; 36: A52a; 37: 5'-
methoxy-6'-chloroarmillane; 38: 10-hydroxy-5'-methoxy-6'-chloroarmillane. 

The cultivation of G. necrorhiza (CBS 138623) in liquid YM 6.3 medium, followed by the 

extraction of its mycelium and culture broth and preparative HPLC purification, resulted in the 

isolation and characterization of a new armillane-type meroterpenoid called 5′-O-methyl-14-

hydroxyarmillane (39), along with three known congeners (28, 34 and 40; Figure 11 and 12). 
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Figure 12. Sesquiterpene aryl esters of the protoilludene type extracted from liquid YM 6.3 cultures of G. 
necrorhiza cultures: 39: 5′-O-methyl- 14-hydroxyarmillane; 40: melleolide G.  

The isolation and identification of these secondary metabolites from cultures of G. necrorhiza 

represented the first time that members of this compound class were detected in a genus 

outside Armillaria. These findings underscore a strong association between Armillaria and 

Guyanagaster, implying the possibility of discovering more congeners, including new 

derivatives, through further investigations into the secondary metabolism of Guyanagaster 

species. 

3.1.2. Assessment of melleolide production in A. ostoyae under different cultivation 

conditions using metabolomics techniques 

The compounds 1–38 isolated from liquid and solid cultures of A. ostoyae represent over 40% 

of the entire class of sesquiterpene aryl esters documented to date. To further explore the 

extensive range of chemical variations within the secondary metabolism of this species, we 

employed untargeted metabolomics based on mass spectrometry. Consequently, we analyzed 

the extracts obtained from liquid and solid cultivation using ultrahigh performance liquid 

chromatography coupled with diode array detection and ion mobility tandem mass 

spectrometry (UHPLC-DAD-IM-MS/MS). 

To comprehensively understand the metabolomes present in each extract, we conducted a 

principal component analysis (PCA), enabling visualization of sample similarities in a two-

dimensional scores plot (Figure 13). The PCA revealed three distinct clusters: the first 

comprised extracts from the solid rice cultures, while the second cluster encompassed both 

extracts derived from the supernatant and mycelia of the YM 6.3 liquid cultures. Similarly, the 

third cluster consisted of the supernatant and mycelial extracts of the Q6 ½ liquid cultures. It 

became evident that the varied cultivation and extraction procedures resulted in distinct 

metabolomes (Figure 13). Subsequently, the production of melleolide-type metabolites was 

analyzed through Feature Based Molecular Networking (FBMN). 
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Figure 13. A) PCA scores plot illustrating the secondary metabolomes of A. ostoyae derived from analyses of 
extracts that were obtained from cultivations in different media (YM 6.3, Q6 ½, and solid rice medium (BRFT), 
n=3, with a 95 % confidence interval of normalized m/z intensities derived from the features detected at the MS1 
level, positive ionization mode). B) HPLC-UV/Vis chromatograms of the extracts recorded at 210 nm (Pfütze et 
al. 2024). 

The MS/MS data analysis of the isolated melleolide-type meroterpenoids revealed a 

distinctive fragmentation pattern (Figure 14), primarily characterized by the loss of the 

substituted orsellinic acid moiety, which displayed a distinctive set of neutral losses typical for 

this compound class. Thus, differences in compounds, such as chloride substitution, O-

methylation, fatty acid side chains or dimerization, can be identified through mass differences 

in fragment ions. However, while MS/MS experiments enable the deduction of the presence 

of the substitution patterns commonly observed in melleolide-type meroterpenoids, they do 

not specify the modification position. 

 

Figure 14. MS/MS spectra of melleolide BH, arnamial, 6'-dechloroarnamial, and melleolide linoleate for 
reference (Pfütze et al. 2024). 
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FBMN analyses of the data obtained from the various extracts using the MetaboScape® 

software resulted in a feature table, which underwent dereplication, leading to the detection 

of 2227 features at the MS2 level. These were then categorized into 156 molecular families 

(MFs), each comprising at least two clustered nodes, alongside 1339 singletons (Figure 15A). 

Among these, 22 MFs comprising 277 features were assigned to the compound class of the 

melleolide-type meroterpenoids. The two predominant MFs consisted of melleolide B, 5'-

methoxyarmillarizin, 4'-methoxymelleolide H, 4-dehydroxymelleolide I, 10-hydroxy-5'-O-

methylarmillane, and bismelleolide EH, respectively. Surprisingly, the bismelleolide EH cluster 

emerged as the second largest MF, while the structurally closely related bismelleolides BH and 

CH were grouped in another smaller MF. Such structurally similar metabolites that display 

differing MS/MS spectra due to minor chemical alterations often represent major challenges 

for metabolomics analyses, and therefore thorough investigations and access to pure 

standards are crucial for a complete understanding of this phenomenon (Charria-Girón et al. 

2023a). Conversely, the MF corresponding to melleolide linoleate indicated a lower quantity 

of compounds with a substituted fatty acid chain compared to dimeric sesquiterpene aryl 

esters. Through hierarchical clustering and heatmap analysis of compounds 1–5, 6–9, 11–16 

(Figure 15B), distinct metabolic profiles were observed among the extracts. Certain 

compounds showed elevated levels in specific extracts, revealing differences in metabolite 

abundance between mycelial and supernatant extracts, as well as between different 

cultivation conditions. Overall, the findings highlight the complex metabolic responses of A. 

ostoyae to varying environmental conditions. 
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Figure 15. A) Feature-based molecular network (FBMN), wherein melleolide molecular families were annotated 
by comparing their MS/MS spectra with the metabolites isolated during this study. In the network 
representation, hexagons in red denote melleolide derivatives, while gray hexagons represent unknown 
features; the size of each node corresponds to the abundance of the compound. B) Heatmap illustrating 
hierarchical clustering of compounds 1–5, 6–9, 11–16, and 6'-dechloroarnamial annotated in the FBMN. It 
portrays the abundance of compounds and crude extracts derived from different media, with each extract 
represented by three columns for three biological replicates. Abundance levels are color-coded from red (high 
abundance) to dark blue (low abundance), indicating scaled abundance. The heatmap together with the 
dendrograms was generated utilizing the R package pheatmap (Pfütze et al. 2024). 

3.1.3. Bioactivities and insights into the structure-activity relationships of melleolide-type 

meroterpenoids 

Over the years, many melleolide-type meroterpenoids reported in the literature have 

undergone assessment for their antimicrobial and cytotoxic properties. However, numerous 

nonsystematic assays conducted on different strains and cell lines have resulted in a multitude 

of assumptions and hypotheses regarding potential structure-activity relationships. 

Therefore, an initial attempt was made to examine a wide range of these chemically diverse 

secondary metabolites under controlled laboratory conditions, aiming to identify the 

structural elements responsible for the observed effects. 

Previous assessments of antibacterial activity testing suggested that hydroxylations at 

positions C-4, C-10, and C-13 enhance the inhibition of bacterial growth, particularly against 

Gram-positive bacteria (Dörfer et al. 2019). Based on these assumptions, compounds 1, 4−9 

and 11−38 (Figure 16) were tested for their antibacterial potential against E. coli, P. 

aeruginosa, C. violaceum, B. subtilis, S. aureus, and M. smegmatis. The complete data set of 

MIC values can be found in paper V.  



 3. Results and Discussion 

35 
 

 

Figure 16. Overview of all sesquiterpene aryl esters examined for their biological effects, highlighting key 
structural modifications (blue: hydroxylation; red: ketone; green: chlorination; orange: methoxy). 1: 
bismelleolide BH; 4: melleolide linoleate; 5: armillarine linoleate; 6: melleolide H linoleate; 7: 5'-O-
desmethylarmillaribin; 8: 4-dehydroxyarmillaridin; 9: 4-methoxymelleolide H; 11: 10-hydroxy-5'-O-
methylarmillane; 12: 4-dehydroxymelleolide F; 13: 10-ketomelleolide E; 14: 4,10-dehydroxymelleolide I; 15: 4-
dehydroxymelleolide I; 16: 10-ketomelleolide I; 17: 4-acetylarmillaridin; 18:  melleolide; 19-20: melleolides H-J; 
21-22: melledonals A and C; 23: 5'-O-methylmelledonal; 24: armillaridin, 25: armillarin; 26: arnamial; 27: 
dehydroarmillylorsellinate; 28-32: melleolides B-E and I; 33: melledonol; 34: 10-dehydroxy-melleolide B; 35: 10-
oxo-melleolide B; 36: A52a; 37: 5'-methoxy-6'-choloroarmillane; 38: 10-hydroxy-5'-methoxy-6'-chloroarmillane 
(Pfütze et al. 2024). 

However, our findings yielded a contrasting outcome, with 5'-O-desmethylarmillaribin (7), 4-

dehydroxymelleolide F (12), arnamial (26), and A52a (36) demonstrating the highest 

antibacterial activity (4.2 μg/mL against B. subtilis and S. aureus), despite only compound 36 
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featuring a hydroxylation at C-4 (Figure 16). The absence of inhibition against Gram-negative 

bacteria confirms the prevailing understanding that this compound class predominantly 

affects Gram-positive bacteria. Furthermore, despite comparing bioactivity and chemical data, 

we were unable to identify specific structural features responsible for the antibacterial effects. 

Previous studies have emphasized the crucial role of the Δ2,4 double bond in the protoilludene 

moiety for antifungal activities against specific fungal strains, while Δ2,3-melleolides were 

reported to be inactive (Bohnert et al. 2014). Consistent with this theory, compounds 1, 4−9 

and 11−38 (Figure 16) were assessed against S. pombe, W. anomalus, M. hiemalis, and R. 

glutinis. The complete data set of MIC values can be found in paper V. In order to identify 

specific trends in the observed antifungal effects, the compounds underwent clustering based 

on their MIC values (minimal inhibitory concentration values, μg/mL) using a hierarchical 

clustering method. Through this approach, three primary clusters emerged, each 

demonstrating distinct characteristics: non, selective, and broad-spectrum antifungal 

compounds (Figure 17). 
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Figure 17. Examination of the antifungal potential of melleolide-type meroterpenoids against S. pombe, W. 
anomalus, M. hiemalis, and R. glutinis: Dendrogram, obtained from hierarchical clustering of the antifungal 
activities of the tested melleolide-type meroterpenoids. Three major clusters are highlighted with colored boxes, 
and numbers of compounds featuring a Δ2,4 double bond in the protoilludene moiety are underscored (Pfütze et 
al. 2024). 

Among the 35 compounds assessed, 11 displayed notable antifungal properties. Interestingly, 

only 7, 26, and 27 feature a Δ2,4 double bond in the protoilludene framework. Moreover, 19 

and 34 contain a Δ2,3 double bond in the protoilludene backbone, while 37 lacks a terpene 

double bond. Remarkably, all these compounds demonstrated noteworthy antifungal activity, 

indicating that the presence of a Δ2,4 double bond is not essential for inhibiting fungal growth 

(Figure 18). 
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Figure 18. A) Minimum inhibitory concentration (MIC) values (μg/mL) against the selected fungal strains. 
Compounds lacking activity are excluded here, but the full dataset can be found in paper V. B) Chemical 
structures of melleolide-type meroterpenoids with notable antifungal activity are presented. Compounds 
featuring a Δ2,3 double bond or no terpene double bond in the protoilludene moiety are depicted on the left, 
while those with a Δ2,4 double bond in the terpene backbone are depicted on the right (Pfütze et al. 2024). 

Regarding the cytotoxicity of sesquiterpene aryl esters, it has been suggested that the position 

of the double bond in the protoilludene backbone does not significantly affect their activity. 

Instead, the presence of an aldehyde at C-1 has been identified as a crucial characteristic 

contributing to increased cytotoxicity (Bohnert et al. 2011; Bohnert et al. 2014). Based on 

these hypotheses, we evaluated the cytotoxic effects of compounds 1, 4−9 and 11−38 (Figure 

16) against L929 (mouse fibroblast) and KB3.1 (cervix carcinoma) cell lines. Furthermore, 

compounds showing the most potent cytotoxic properties against the L929 and KB3.1 cell lines 

were subjected to further evaluation against five additional mammalian cell lines. The 

complete data set of IC50 values can be found in paper V.  

Hierarchical clustering based on the IC50 values (μM) revealed two major clusters (Figure 19): 

non cytotoxic and cytotoxic compounds. Among the cytotoxic compounds, a total of 12 

exhibited notable cytotoxicity and clustered together. Within this clade, all compounds, 

except for 12, feature an aldehyde at position C-1, confirming its crucial role for the 

cytotoxicity (Figure 20C). 
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Figure 19. Examination of the cytotoxic characteristics against L929 mouse fibroblast and KB3.1 cervix carcinoma 
cell lines displayed by melleolide-type meroterpenoids: Dendrogram, a product of hierarchical clustering, 
showcases the cytotoxic effects of the assessed melleolide-type meroterpenoids. Major groups are indicated by 
colored boxes (Pfütze et al. 2024). 

Additionally, we conducted a comparative analysis of this specific clade with the dendrogram 

generated from hierarchical clustering of the corresponding chemical structures (Figure 20A 

and B), revealing the effects of certain chemical modifications on the cytotoxicity of the tested 

compounds. Another significant correlation between chemical structure and cytotoxicity 

emerged from the complete loss of activity observed in sesquiterpene aryl esters featuring a 

hydroxylation at position C-13. Notably, compounds like 19 and 20 were among the most 

cytotoxic in this study, whereas their counterparts with a hydroxylation at C-13, such as 23 

and 22, exhibit no cytotoxic effects. Similarly, compounds like 21, 30, and 33, sharing the same 

hydroxylation pattern at positions C-10 and C-13, also demonstrated no cytotoxic activity. 
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Figure 20. Examination of the cytotoxic characteristics against L929 mouse fibroblast and KB3.1 cervix carcinoma 
cell lines displayed by melleolide-type meroterpenoids: A) Comparison between dendrograms resulting from 
hierarchical clustering of chemical structures of compounds demonstrating significant cytotoxicity using circular 
fingerprints and Tanimoto similarity and B) corresponding cytotoxic activities; with common clades highlighted 
in dark orange. C) Melleolide-type meroterpenoids showing the highest cytotoxic effects against cell lines L929 
and KB3.1, with aldehyde group in the protoilludene moiety highlighted in red (Pfütze et al. 2024). 

Except for 28 and 34, which were already been tested as part of the studies on the secondary 

metabolism of A. ostoyae, the potential bioactivities of 39 and 40 were evaluated in the 

investigations concerning G. necrorhiza. The complete data set of IC50 values can be found in 

paper IV. The weak or absent cytotoxic effects observed for both compounds could be 

attributed to the hydroxylation at C-1, as derivatives featuring an aldehyde group at this 

position are known to possess higher cytotoxic potential (Dörfer et al. 2019). Since both 

compounds are only hydroxylated at position C-4, while lacking hydroxylations at C-10 and C-

13, this may explain the lack of activity against Gram-positive bacteria. Furthermore, no 

activity against Gram-negative bacteria and fungi was observed. 
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3.2. Heimiomyces sp. (MUCL 56078) as a prolific producer of novel terpenoids 

Previous research on Heimiomyces sp. (MUCL 56078) resulted in the isolation and description 

of several new compounds (56-61) (Cheng et al. 2020). However, analysis of LC-MS data from 

the extracts revealed numerous unidentified compounds, indicating the complexity of the 

fungal metabolome and the potential for further exploration to elucidate novel bioactive 

molecules. In a follow-up study, cultivations in both liquid and solid media led to the 

observation of even more unidentified compound peaks in the LC-MS data. These compounds 

exhibited unknown masses, UV spectra, and retention times, prompting the purification of 

the extracts to characterize pure compounds. 

3.2.1. Metabolic shift and chemical diversity of secondary metabolites produced by 

Heimiomyces sp. 

After cultivating Heimiomyces sp. on solid rice medium and purifying the obtained extracts, 

we isolated new meroterpenoids (Figure 21), including bis-heimiomycins A−D (41−44) and 

heimiomycins D and E (45 and 46).  
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Figure 21. New meroterpenoids isolated from solid rice cultures of Heimiomyces sp. 41−44: bis-heimiomycins 
A−D; 45−46: heimiomycins D and E. 

The structural elucidation of 41−46 was accompanied by a number of challenges. In the case 

of 41, only the C-2'/C-5' dihydroxy-quinone moiety was evident in the 13C spectrum, while 

signals for carbons C-1'/C-3'/C-4'/C-6' were absent. Suspecting rapid tautomerism causing the 

missing resonances, we subjected 41 to acetylation with acetic anhydride in pyridine, 

derivatizing positions C-15/C-15'', 2'-OH/5'-OH, 9-OH/9''-OH, and 10-OH/10''-OH. Analysis of 

the resulting product 41b (Figure 22) via 1D and 2D NMR confirmed peracetylation and ring 

closure at C-15/C-15'' of 41. Details on the evaluation of the NMR spectra can be found in 

paper II.  
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Figure 22. Product of acetylation of compound 41. 

Additionally, minor isomers were detected in the LC-MS and NMR data of compounds 41 and 

42. After purification via preparative HPLC, analytical HPLC results for compound 41 revealed 

two peaks with identical molecular masses (Figure 23), occurring in a ratio of 9:1. This ratio 

spontaneously adjusted, likely due to interconversion between two forms of the compound. 

Similarly, the LC-MS data for compound 42 showed two peaks exhibiting identical molecular 

masses (Figure 24). This phenomenon was also evident in the 1H and 13C spectra of both 41 

and 42, where weak signals of the minor isomers were present. Two potential explanations 

for the presence of these minor isomers are considered: firstly, the quinone substructure of 

41−46 might adopt a para- or ortho-orientation, both exhibiting similar characteristics; 

secondly, atropisomerism within the molecules could result in different stereoisomers. 



 3. Results and Discussion 

44 
 

 

Figure 23. HPLC-UV/vis chromatogram at 190-600 nm, DAD, and ESI-MS (+/-) traces of compound 41. 

 

Figure 24. HPLC-UV/vis chromatogram at 190-600 nm, DAD, and ESI-MS (+/-) traces of compound 42. 

Compounds 41−46 were identified as having a para-quinone substructure by comparing their 

UV spectra and 13C data with structurally similar para- and ortho-quinones previously reported 

in the literature (Berger and Rieker 1974). Notably, they exhibited absorption maxima at lower 

wavelengths (strongest intensity at λmax = 240−300 nm and medium intensity at λmax = 

285−440 nm), characteristic of para-quinones, while lacking the absorption maximum at 

500−580 nm associated with ortho-quinones. However, UV spectra of 41b and 44 showed 

slight deviations from the other compounds. In aiding the structural identification of the para-
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quinone, the IR spectra of compounds 41b and 44 (Figures 25 and 26) were measured and 

compared with those of similar quinones described in the literature, as ortho-quinones 

typically lack a distinctive and well-separated carbonyl band around 1680−1700 cm−1 (Berger 

and Rieker 1974).  

 

Figure 25. IR spectrum (ATR) of compound 41b from 4000 to 650 cm-1. 

  

Figure 26. IR spectrum (ATR) of compound 44 from 4000 to 650 cm-1. 

Compounds 41−46 may experience hindered rotation around the C-3'/C-7 and C-6'/C-7'' 

bonds. While bis-heimiomycin A (41) and heimiomycins D and E (45 and 46) are prone to 

tautomerism within the p-benzoquinone substructure, preventing atropisomerism, 

compounds 42−44 did not exhibit any ECD data effects indicative of atropisomers. The rapid 

conversion of potential atropisomers could be attributed to the low rotational barriers of the 

C-7/C-3' and C-6'/C-7'' bonds. Bott et al. (1980) determined an effective radius of only 1.53 pm 

and a rotational barrier of 27.1 kJ/mol for the hydroxy group, suggesting that the keto and 

hydroxy substituents are small enough to permit rotation of the C-7/C-3' and C-6'/C-7'' bonds. 

The chemical diversity of the heimiomycins may arise from the combination of calamene-type 

sesquiterpenoid precursors with various oxidized constituents. For compounds 41−44, the 

resultant intermediate potentially undergoes another coupling reaction with a second 
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calamene-type sesquiterpenoid precursor. These processes could follow either a radical 

mechanism, reminiscent of the biosynthesis of the bibenzoquinone oosporein (Feng et al. 

2015), or an electrophilic aromatic substitution mechanism. Both pathways are predicted to 

preserve the configurations of carbon centers C-2 and C-5 without alteration. However, the 

linkage of two sesquiterpenoids via a p-benzoquinone is an unusual characteristic in natural 

products (Zhao et al. 2020). To date, only a handful of similar compounds, such as 

popolohuanones F−H and nakijiquinone E (Takahashi et al. 2009; Utkina et al. 2010; Li et al. 

2018), have been documented in literature. 

Surprisingly a metabolic shift was observed after changing the cultivation conditions from 

solid to liquid media, resulting in the isolation of the new heimiocalamene A (47) from MOF 

cultures and heimiocalamene B (48) together with novel heimionones A−E (49−53) from YM 

6.3 cultures (Figure 27). 

 

Figure 27. Chemical structures of compounds isolated from liquid MOF and YM 6.3 cultures of Heimiomyces sp. 
47−48: heimiocalamene A and B; 49−53: heimionones A–E.  

To determine the absolute configuration of compounds 49−53, Mosher's method was applied 

to 49, 51 and 53 by derivatization to the corresponding S- and R-MTPA esters at position C-10. 

Analyses of the ΔδSR chemical shift pattern, as depicted in Figure 28, revealed an R-

configuration at C-10, enabling the identification of the absolute configuration of the other 

stereo centers by evaluation of the ROESY NMR spectra. Due to structural similarity and a 

common biological origin, the results were applied to compounds 50 and 52 as well. 
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Figure 28. The ΔδSR values derived from the (S)/(R)- MTPA esters obtained from heimionone A (49), heimionone 
C (51) and heimionone E (53) to determine the absolute configurations (Pfütze et al. 2023b) 

While the bicyclo [5.3.0] decane scaffold found in 49 and 50 is present in various 

sesquiterpenoid types, such as daucane, isodaucane, aromadendrane, lactarane, africane, 

gualane, nor-guaiane, and pseudoguaiane, the methyl pattern in 49 and 50, featuring germinal 

demethylation of C-10, sets them apart (Foley and Maguire 2010). Consequently, the carbon 

backbone of 49 and 50 introduces a novel scaffold. However, similar structures like 

nardoguaianone E-I have been previously documented, isolated from Nardostachys chinensis  

(Takaya et al. 2000).In contrast, compounds 51–53 were classified as asteriscanes due to their 

distinctive four methyl groups on the five-eight-membered ring system (Qin et al. 2019). 

Notably, asteriscane-type sesquiterpenoids have also been discovered in the soft coral 

Sinularia capillosa (Chen et al. 2013). 

In the end, only three known compounds, hispidin (54), hypholomin B (55), and heimiomycin 

B (57), were found in both liquid and solid media (Figure 29) (Edwards et al. 1961; Fiasson et 

al. 1977; Cheng et al. 2020). Additionally, the previously described heimiomycin A (56) was 

observed only from liquid cultures of Heimiomyces sp. (Figure 29) (Cheng et al. 2020). 
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Figure 29. Known compounds isolated from Heimiomyces sp. after liquid and solid cultivation. 54: hispidin; 55: 
hypholomin B; 56−57: heimiomycins A−B. 

The altered secondary metabolite profile of Heimiomyces sp., resulting from the shift from 

solid to liquid media, highlights its adaptability. Alongside the compounds previously 

described by Cheng et al. (2020) from liquid cultures of the same species (Figure 5), this strain 

has already demonstrated considerable chemical diversity. Moreover, the presence of 

additional, yet unidentified minor peaks detected in the UV/Vis and MS spectra of its extracts 

suggests the possibility of discovering further novel secondary metabolites. By inducing larger-

scale production through further adjustments in cultivation conditions, similar to those that 

prompted the initial changes, the potential for uncovering even more intriguing compounds 

is heightened. 

3.2.2. Biological evaluation of secondary metabolites produced by Heimiomyces sp. 

The antimicrobial activities of all isolated compounds were assessed using a serial dilution 

assay against both Gram-positive and Gram-negative bacteria, as well as fungal strains; 

however, most exhibited little to no activity. Additionally, their cytotoxicity was evaluated 

against KB3.1 and L929 cell lines, with similar results. Heimiomycin D (45) demonstrated the 

strongest cytotoxic effects, with an IC50 of 6.3 μM, against KB3.1. Subsequent testing against 

other cell lines, including MCF-7, SKOV-3, and A431, revealed significant effects. The complete 

data sets of MIC and IC50 values can be found in paper II and III. Considering the reported 

diverse biological activities of quinone derivatives, attributed to their reactivity towards 

nucleophilic attacks and electron reductions, compounds 41-46 emerge as promising 
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candidates for further testing across various targets, including antiviral or antioxidant studies 

(El-Najjar et al. 2011; Zhang et al. 2021). 

3.3. Drimane-type sesquiterpenoids from Perenniporia centrali-africana (MUCL 56028) 

3.3.1. Structures of known and new drimane-type sesquiterpenoids isolated from P. 

centrali-africana 

The extracts obtained from liquid cultures of P. centrali-africana (MUCL 56028) underwent 

chromatographic purification and resulted in the discovery of three new compounds, which 

share similarities with the pereniporin core structure previously documented by Kwon et al. 

(2018). Alongside the new drimane-type sesquiterpenoids 58−60 (Figure 30), known 

derivatives 61−66 (Figure 31) were isolated and identified (Kida et al. 1986; Clarkson  Eliya V; 

Hansen, Steen Honoré; Smith, Peter J; Jaroszewski, Jerzy W 2007; Madikane et al. 2007; He et 

al. 2015; Kwon et al. 2018). 

 

Figure 30. New drimane-type sesquiterpenoids isolated from cultures of P. centrali-africana. 58: 3β-hydroxy-9-
dehydroxy-pereniporin A; 59: 6,7-dihydroxy-12-deoxy-dysidealactam; 60: 6,7-dehydro-isodrimenediol. 

Furthermore, previously reported cryptoporic acids B, H, and I (67−69, Figure 31) were 

exclusively isolated from extracts of the rice standing cultures (Hashimoto et al. 1987; Hirotani 

et al. 1991). 
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Figure 31. Known drimane-type sesquiterpenoids isolated from cultures of P. centrali-africana. 61: pereniporin 
A; 62: 6α,9α,11α-trihydroxycinnamolide; 63: sulphureuine H; 64: 6-O-acetylpereniporin A; 65: 3β-hydroxy-6-O-
acetylpereniporin A; 66: 11α-hydroxycinnamosmolide; 67−69: cryptoporic acids B, H and I. 

3.3.2. Biological evaluation of secondary metabolites produced by P. centrali-africana 

Compounds 58, 61, 62, 64 and 65 underwent antimicrobial activity assessment through serial 

dilution assays against various yeasts, filamentous fungi, and bacteria; however, no 

antimicrobial effects were observed. Additionally, their cytotoxicity was evaluated, revealing 

that only compound 64 demonstrated activity against all tested cell lines. Compound 61 

yielded negative results in this assay, suggesting that the 6-O-acetylation induces cytotoxicity. 

Interestingly, this effect was not observed for compound 65, which features hydroxylation at 

C-3, indicating a potentially opposing impact on cytotoxicity. The complete data sets of MIC 

and IC50 values can be found in paper I. 
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4. Conclusion and Outlook 

The emergence of new infectious diseases and the decline in antibiotic discovery underscore 

the urgent need for novel therapeutics. Fungi offer a promising avenue for the development 

of bioactive compounds, but challenges in fungal cultivation and understanding of fungal 

secondary metabolism persist. Consequently, integrated approaches are required to unlock 

their full potential and address global health and environmental concerns. In particular, 

Basidiomycota, with their biodiversity and diverse secondary metabolite profiles, offer a rich 

resource for the discovery of novel bioactive compounds that hold promise in addressing 

these challenges (Sandargo et al. 2019). 

With over 70 previously documented melleolide-type monomers, Armillaria has emerged as 

a prolific genus within the Basidiomycota (Dörfer et al. 2019). Investigations into the 

secondary metabolism of A. ostoyae (DSM 115711) further expanded its chemical diversity 

after the isolation of the novel dimeric (1–3) and fatty acid side chain-carrying (4–6) 

sesquiterpene aryl esters. Prior to this study, the dimerization of two melleolide-type 

meroterpenoids or the esterification of a linoleic acid side chain had not been documented 

(Dörfer et al. 2019). Combined with the discovery of the 11 new (7–17) and 21 previously 

known (18–38) derivatives, these compounds collectively constitute nearly half of all known 

melleolide-type meroterpenoids identified to date. Metabolomics analyses unveiled an even 

greater diversity within this compound class, identifying a total of 22 molecular families with 

277 features, significantly exceeding the range of known sesquiterpene aryl ester derivatives. 

This includes the presence of a large number of yet unidentified melleolide-type dimers as 

suggested by the MS/MS analysis. Consequently, these results indicate that the potential of 

this substance class has not yet been exhausted and more derivatives are waiting to be 

discovered. For instance, this can be achieved by adapting the cultivation conditions, 

supported by approaches like the heatmap and principal component analysis, which enhance 

the understanding of the media-dependent production of different melleolide-type 

meroterpenoids. 

Since the discovery of the first melleolide by Midland et al. (1982), numerous research groups 

studied their biological activities over the years (Dörfer et al. 2019). A common challenge 

associated with these investigations is the lack of a comprehensive examination, as 

experiments were conducted using different test organisms and laboratory conditions. This 
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complicates the comparison of data and hinders the derivation of potential SARs. To address 

this, thirty-five melleolide-type meroterpenoids were simultaneously assessed for their 

biological properties in antimicrobial and cytotoxicity assays under controlled laboratory 

conditions, aiming to explore their SARs by the employment of cheminformatic 

methodologies. As a result, some previous statements were disproved, while others were 

confirmed. For instance, it was suggested that hydroxylations at positions C-4, C-10, and C-13 

enhance the inhibition of bacterial growth, particularly against Gram-positive bacteria (Dörfer 

et al. 2019). However, testing compounds against various bacterial strains revealed 

unexpected outcomes, with certain compounds exhibiting high antibacterial activity despite 

lacking specific hydroxylation patterns traditionally associated with efficacy. Notably, the 

observed lack of inhibition against Gram-negative bacteria reaffirms the predominance of this 

compound class's activity against Gram-positive strains, while further analyses failed to 

identify specific structural features responsible for antibacterial effects. Furthermore, 

previous research highlighted the importance of the Δ2,4 double bond in the protoilludene 

moiety for antifungal activity (Bohnert et al. 2014). In contrast to this, our data obtained from 

evaluations of antifungal activities against S. pombe, W. anomalus, M. hiemalis, and R. glutinis 

showed no significant difference in activity regardless of the presence or absence of this 

double bond, suggesting that it is not universally essential for inhibiting fungal growth. 

Regarding cytotoxicity, the presence of an aldehyde at C-1 has been identified as crucial for 

heightened cytotoxicity (Bohnert et al. 2011; Bohnert et al. 2014). We confirmed this 

assumption by hierarchical clustering based on the obtained IC50 values from tests against 

several cell lines, as compounds showing significant cytotoxicity predominantly feature an 

aldehyde at C-1. However, our cheminformatics data also showed that a number of other 

chemical modifications can interact and influence cytotoxicity, leaving some questions 

unanswered. One example of this is the hydroxylation at C-10 in combination with chlorine 

substitution in the orsellinic acid moiety, whose presence or absence can influence the 

bioactivity of these compounds. Nevertheless, one of the clearest associations between 

chemical structure and cytotoxicity arises from the absence of activity observed in melleolide-

type meroterpenoids with hydroxylations at position C-13 and C-10. As the cytotoxicity of 

many antimicrobial sesquiterpene aryl esters limits their potential to become a drugs, this 

finding could help to address this limitation.  
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Our comprehensive study on this unique class of fungal meroterpenoids is the first of its kind, 

offering insights into their structural diversity and providing a methodology to integrate and 

analyze extensive chemical and biological data. Future research should expand this 

methodology to assess additional species within the genus to gain a broader understanding of 

metabolite production and facilitate targeted searches for bioactive melleolide-type 

meroterpenoids. Additionally, the isolation and testing of further derivatives supported by 

cheminformatics approaches could help unravel the SARs of these metabolites, aiding 

medicinal chemistry endeavors. Furthermore, untargeted metabolomics may shed light on the 

ecological role of sesquiterpene aryl esters in nature and contribute to chemotaxonomic 

studies of the genus Armillaria. 

Interestingly, we isolated four protoilludene-type sesquiterpene aryl esters from submerged 

cultures of G. necrorhiza (CBS 138623), including a new derivative (39), along with three 

known congeners (28, 34 and 40). Our discovery marks the first instance of isolating members 

of this compound class from a genus other than Armillaria, not only reinforcing the close 

relationship between Armillaria and Guyanagaster, but also suggesting the potential for 

uncovering more novel derivatives. Further investigations on their secondary metabolism 

could involve a change of the cultivation conditions or the exploration of different specimens. 

As stated by Sandargo et al. (2019), the secondary metabolism of many genera and species of 

the Basidiomycota remains unexplored, particularly in species endemic in tropical regions, 

likely due to limitations in mycology capacities. For this reason, we also focused our work on 

the largely untapped genus Heimiomyces. Fermentation of Heimiomyces sp. (MUCL 56078), 

collected from Mount Elgon National Reserve in Kenya, resulted in the discovery of novel 

meroterpenoids (41−46) from solid rice cultures and new calamene-type sesquiterpenoids, 

along with the uncommon bicyclo [5.3.0] decanes and [6.3.0] undecanes (47−53) from liquid 

cultures. The metabolic switch not only demonstrates the generally diverse secondary 

metabolism of this strain but also underscores the significant role of cultivation conditions in 

exploring its potential. Particularly noteworthy is the large number of unidentified minor 

peaks detected in the UV/Vis and MS spectra of extracts derived from Heimiomyces sp., 

indicating the need for further investigations into its secondary metabolism, especially 

through cultivation in various media types. In contrast to our investigations on the melleolide-

type meroterpenoids, the compounds obtained from Heimiomyces sp. proved to be largely 
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inactive in our bioactivity screening and therefore do not show potential as drug candidates 

at this time. However, due to their chemical properties, compounds with quinone 

substructures have been shown to exhibit diverse biological activities, such as antioxidant, 

antiviral and anti-Alzheimer effects (El-Najjar et al. 2011; Zhang et al. 2021). For this reason, 

41−46 that were tested negative in the antimicrobial and cytotoxicity assays should be 

reconsidered for other targets in further investigations. 

Another tropical Basidiomycete from the Mount Elgon National Reserve that became the 

focus of our research is P. centrali-africana (MUCL 56028). Investigations into its secondary 

metabolism led to the discovery of three new drimane-type sesquiterpenoids (58−60), further 

enriching the large number of known derivatives from this compound class (Huang and 

Valiante 2022). Although various reports document the antimicrobial and cytotoxic activities 

of drimane-type sesquiterpenoids (Jansen and de Groot 2004; Du et al. 2022), we did not 

observe these effects for the substances isolated in this study. Nonetheless, certain members 

of this compound class have exhibited phytotoxic, antiviral, anti-inflammatory, or insecticidal 

activities (Jansen and de Groot 2004; Du et al. 2022). Therefore, compounds 58−69 should 

also be considered for further testing against different targets. 

In summary, this thesis undertook a comprehensive exploration of fungal secondary 

metabolites from four Basidiomycota strains. Through systematic fermentation, extraction, 

purification, and structural elucidation processes, numerous novel compounds were isolated 

and characterized, shedding light on the vast chemical diversity of fungal secondary 

metabolism. By assessing the antimicrobial and cytotoxic activities of these compounds, this 

research not only contributes to the pool of potential drug leads but also unveils valuable 

insights into structure-activity relationships, crucial for understanding their modes of action. 

This knowledge represents a significant step towards the development of new therapeutics to 

combat drug-resistant pathogens and address the challenges posed by emerging infectious 

diseases. Furthermore, the emphasis on metabolomics investigations provides deeper insights 

into fungal secondary metabolism, paving the way for uncovering novel bioactive compounds 

and unlocking the full potential of fungal natural products. Moreover, this contributes to 

ensuring that fungi will continue to be used as a sustainable source for the production of 

bioactive secondary metabolites. In conclusion, this work highlights the important role of fungi 

as prolific producers of novel, chemically diverse, and bioactive natural products. Additionally, 
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the methods described herein can be transferred to other organisms and contribute to the 

advancement of natural product and drug discovery.  
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Abstract: Five new drimane-type sesquiterpenoids were isolated from cultures of the tropical ba-
sidiomycetes, Perenniporia centrali-africana (originating from Kenya) and Cerrena sp. nov. (origi-
nating from Thailand). A new pereniporin A derivative (1), a new drimane-type sesquiterpene
lactam (2), and the new 6,7-Dehydro-isodrimenediol (3) were isolated from P. centrali-africana. In
parallel, the two new drimane-type sesquiterpene lactams 5 and 6 were isolated together with known
isodrimenediol (4) from Cerrena sp. This is the first report of drimane-type sesquiterpene lactams
from basidiomycetes. The structures were elucidated based on 1D and 2D nuclear magnetic resonance
(NMR) spectroscopic data, in combination with high-resolution electrospray mass spectrometric
(HR-ESIMS) data. The compounds were devoid of significant antimicrobial and cytotoxic activities.

Keywords: Perenniporia centrali-africana; Cerrena sp. nov.; drimane-type sesquiterpenoids

1. Introduction

Mushroom-forming fungi (mostly belonging to the division Basidiomycota) have been
investigated regarding their abilities as prolific producers of structurally diverse bioactive
compounds, leading to the discovery of numerous unique highly functionalized secondary
metabolites [1,2]. Although the species of temperate climate zones have already been
studied rather intensively, the endemic Basidiomycota of tropical countries such as Thailand
have recently been found to be a good source for unprecedented metabolites [3,4]. New
bioactive molecules have also been reported from Kenyan Basidiomycota that represent
undescribed species [5,6].

The current study deals with the production, isolation, and characterization of fur-
ther new sesquiterpenoid derivatives from two fungal species originating from Kenya
and Thailand, respectively, which were examined in our ongoing projects aiming at the
discovery of novel antibiotics and other beneficial molecules from Basidiomycota. These
strains were selected for intensified evaluation because preliminary studies had revealed
weak to moderate antimicrobial effects in the crude extracts, along with the presence of
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potentially undescribed molecules, as deduced from HPLC–DAD/MS (high performance
liquid chromatography coupled with diode array detection and mass spectrometry) data.
Since the molecules turned out to be structurally similar, we decided to report their iso-
lation and structure elucidation in one paper and include data on the taxonomy of the
producer strain.

2. Results and Discussion
2.1. Fungal Identification and Crude Extracts

Perenniporia strain MUCL 56,028 was identified by comparison of morphological char-
acteristics and sequencing of the 5.8S/ITS nrDNA, as described in the Experimental Section
(the sequence as shown in Table S1 in the Supporting Information). P. centrali-africana is a
common white rot, wood decay basidiomycete belonging to the family, Polyporaceae. This
fungus has a dimitic or trimitic hyphal structure with clamp connections on generative
hyphae. It produces ellipsoid to distinctly truncate soft and thick-walled basidiospores [7].
A BLAST search in GenBank confirmed the generic affinities of the strain to the genus
Perenniporia in the family Polyporaceae by a closest hit (GenBank acc. no KX584430.1)
(Perenniporia centrali-africana) with 99.85% identity (cf. Figure S1 in the Supporting Informa-
tion). The crude extracts of the strain MUCL 56,028 exhibited antimicrobial activity against
Bacillus subtilis, with a minimum inhibitory concentration (MIC) of 75 µg/mL (compared
to the positive control ciprofloxacin at an MIC of 3.1 µg/mL).

Strain BCC 84,628 was identified using a comparison of morphological characteristics
and sequencing of the 5.8S/ITS nrDNA region (the sequence is shown in Table S1 in
the Supporting Information). The genus Cerrena is characterized by having a dimitic or
trimitic hyphal system, nonamyloid, hyaline basidiospores, and its species are classified
as white rot fungi [8]. This genus is known as an enzyme production machinery due
to its decomposing capacity in biological niches [9–12]. A BLAST search in GenBank
confirmed that the strain belongs to the genus Cerrena in the Cerrenaceae. Based on the
basidiocarps and culture morphology, two of the authors (T.B. and R.C.) classified this
fungus as Cerrena cf. caperata. The ITS nRDNA sequence was deposited as GenBank acc.
no MW512503. Further taxonomic studies including comparisons with type specimens of
related species are ongoing to characterize this strain to the species level, but it constitutes
an undescribed taxon according to the data presently available. The extracts of the strain
BCC 84,628 exhibited activity against Bacillus subtilis with an MIC of 37.5 µg/mL (compared
to the positive control ciprofloxacin at an MIC of 3.1 µg/mL).

2.2. Isolation and Structure Elucidation of Metabolites from Perenniporia centrali-africana

Extensive chromatography of the extracts obtained from Perenniporia centrali-africana
(MUCL 56028) led to the isolation of three previously undescribed compounds, simi-
lar to the pereniporin core structure as previously described [13]. Alongside the new
3β-Hydroxy-9-dehydroxy-pereniporin A (1), 6,7-Dihydroxy-12-deoxy-dysidealactam (2),
and 6,7-Dehydro-isodrimenediol (3), the known pereniporin A and other derivatives includ-
ing 6-O-acetylpereniporin A, 3β-hydroxy-6-O-acetylpereniporin A, 11α-Hydroxycinnamos-
molide, 6α,9α,11α-trihydroxycinnamolide, and sulphureuine H were obtained from
P. centrali-africana and were identified by comparing their NMR data (Table 1) with those
reported in the literature [13–17]. The structures of 1–3 are shown in Figure 1. Furthermore,
the extracts of rice standing cultures led to the isolation of the three previously described
cryptoporic acids B, H, and I [18,19]. The structures of the known compounds are shown in
the Supporting Information (Figure S2).
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Table 1. NMR spectroscopic data (13C (δC), 175 MHz and 1H (δH), 700 MHz, methanol-d4) for
3β-hydroxy-9-dehydroxy-pereniporin A (1), 6,7-dihydroxy-12-deoxy-dysidealactam (2), and 6,7-
dehydro-isodrimenediol (3).

Pos
1 2 3

δC, Type δH (J in HZ) δC, Type δH (J in HZ) δC, Type δH (J in HZ)

1 37.2, CH2
α: 1.44, m 37.7, CH2

α: 1.06, m 37.1, CH2
α: 1.40, m

β: 1.70, m β: 2.67, m β: 1.85, dt (13.0, 3.4)

2 26.5, CH2 1.67, m 19.6, CH2
α: 1.46, m 28.3, CH2 1.70, m
β: 1.80, m

3 78.2, CH α: 3.22, dd (11.4, 4.5) 44.3, CH2
α: 1.44, m

79.4, CH α: 3.26, m
β: 1.25, m

4 39.0, C - 34.2, C - 39.8, C -
5 57.0, CH α: 1.31, d (8.9) 50.8, CH α: 1.48, d (1.3) 56.2, CH α: 1.98, br s
6 67.4, CH β: 4.34, br d (8.9) 72.7, CH α: 4.35, br s 133.3, CH 6.20, dd (10.1, 3.1)
7 120.3, CH 5.53, m 70.9, CH α: 4.10, br s 129.3, CH 5.74, br d (10.1)
8 139.1, C - 149.1, C - 146.6, C -
9 60.6, CH α: 2.25, m 143.0, C - 56.9, CH α: 2.09, br d (4.7)
10 38.1, C - 36.7, C - 38.8, C -

11 98.7, CH β: 5.17, d (4.5) 173.4, C - 60.6, CH2
α: 3.72, dd (10.8, 7.3)
β: 3.924, dd (10.8, 7.3)

12 67.7, CH2
α: 4.46, m 46.7, CH2

α: 3.73, dd (18.7, 2.6) 112.6, CH2
4.96, s

β: 4.18, m β: 4.00, m 5.15, s
13 15.1, CH3 0.99, s 24.1, CH3 1.26, s 16.6, CH3 0.81, s
14 29.5, CH3 1.23, s 34.1, CH3 1.00, s 28.5, CH3 1.06, s
15 14.3, CH3 0.85, s 21.3, CH3 1.52, s 15.2, CH3 0.74, s

Molecules 2022, 27, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 1. Chemical structures of compounds 1–3 from Perenniporia centrali-africana and compound 
4–6 from Cerrena sp. 

2.4. Biological Assays 
Compounds 1, 4, 5, and 6 were evaluated for antimicrobial and cytotoxic activities 

according to established procedures [31]. Compound 4 weakly exhibited antimicrobial ac-
tivities against Mucor hiemalis and Rhodoturula glutinis (MIC 67μg/mL), and exhibited cy-
totoxicity of L929 (IC50 33 μg/mL) and A549 (IC50 16 μg/mL). A detailed report on their 
activity is given in the Supporting Information in Tables S4 and S5. According to previous 
reports, the functional group at C-6 is an important factor for enabling its cytotoxicity. For 
the cytotoxic pereniporins, the absolute configuration at C-6 was reported to be S [13]. 
None of the sesquiterpene lactams, including compound 5 and 6, showed antimicrobial 
activities and cytotoxicity. 

  

Figure 1. Chemical structures of compounds 1–3 from Perenniporia centrali-africana and compound 4–6
from Cerrena sp.

3β-Hydroxy-9-dehydroxy-pereniporin A (1) was isolated as white solid from the
supernatant extract, after liquid cultivation of Perenniporia sp. in BAF medium. Its molecular
formula was deduced from HRESIMS data, according to the molecular ion cluster at
m/z 291.1565 [M + Na]+ (calcd. for C15H24NaO4 291.1567), indicating four degrees of
unsaturation. 1H NMR and HSQC data (Table 1, Figure S7) led to the identification of three
methyls at δH 0.85 (s, H3-15), 0.99 (s, H3-14), and 1.23 (s, H3-13), three methylenes at δH 1.44
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(m, H-1α), 1.70 (m, H-1β), 1.67 (m, H2-2), 4.18 (br dd, J = 12.05, 1.08 Hz, H-12β), and 4.46 (m,
H-12α), two methines at δH 1.31 (d, J = 8.90 Hz, H-5) and 2.25 (m, H-9), three oxymethines
at δH 3.22 (dd, J = 11.4, 4.5 Hz, H-3), 4.34 (br d, J = 8.90 Hz, H-12), and 5.17 (d, J = 4.5 Hz,
H-11), and one olefinic methine at δH 5.53 (m, H-7). The 13C and HMBC NMR data (Table 1,
Figure S8) revealed the presence of 15 carbon resonances, including two sp2-hybridized
carbons, comprising one nonprotonated carbon (δC 139.1, C-8) and one methine (δC 120.3,
C-7); three oxymethines (δC 98.7, C-11; 78.2, C-3; 67.4, C-6); two methines (δC 60.6, C-9;
57.0, C-5); three methylene carbons (δC 37.2, C-1; 26.5, C-2; 67.7, C-12); and three methyl
carbons (δC 29.5, C-14; 15.1, C-13; 14.3, C-15). One degree of unsaturation is given by
the two sp2-hybridized carbons, suggesting three rings in the scaffold of 3β-Hydroxy-9-
dehydroxy-pereniporin A (1). Analysis of the 1H-1H COSY data gave the first spin system
due to correlations between H2-1, H2-2, and H-3. Correlations between H-5, H-6, and H-7,
as well as between H-9 and H-11, led to the identification of the second and third spin
system. HMBC correlations from H3-13/H3-14 to C-3/C-4/C-5, H3-15 to C-1/C-5/C-9/
C-10, and H-5 to C-3/C-4/C-5/C-6/C-7/C-8/C-9/C-10/C-15 revealed the presence of two
six-membered rings that were fused across C-5 and C-10, carrying a hydroxyl function at
C-3 and C-6, as well as one methyl group at C-10 and two methyl groups at C-4. Further
HMBC correlations from H-11 to C-8/C-9/C-12 and from H2-12 to C-7/C-8/C-9/C-11 led
to the identification of a tetrahydrofuran-11-ol substructure that was fused to the molecule
across C-8 and C-9. Relative configuration could be obtained by evaluation of ROE data.
Due to key correlations among H-1α/H-3α/H-5α/H-9α/H-12α/H3-14, these protons
were arbitrarily assigned to the α face of the molecule. Correlations between H-1β/H-6β/
H-11β/H-12β/H3-13/H3-15 indicated a β orientation of these protons. Finally, the absolute
configuration of 1 was determined as 3S,5R,6S,9R,10S,11R, after comparison of its ECD
data to the ones of related drimane derivatives [8]. Furthermore, these compounds were
isolated from the same genus (Perenniporia) and showed similar ROESY correlations.

6,7-Dihydroxy-12-deoxy-dysidealactam (2), which is closely related to 1, was obtained
as white solid. Its molecular formula was assigned as C15H23NO3, according to the molecu-
lar ion cluster at m/z 266.1750 [M + H]+ in the HRESIMS spectrum, indicating the presence
of a nitrogen atom. One- and two-dimensional NMR spectra revealed the absence of the
hydroxyl function at C-3, which was replaced by a methylene (δH 1.25, H-3β; 1.44, H-3α).
1H NMR, 13C, and HSQC data indicated the presence of another oxymethine (δC 70.9;
δH 4.10) at C-7, which was confirmed by HMBC correlations from H-7α to C-5/C-6/C-8/
C-9/C-12. Furthermore, a lactam functionality was placed at C-11 (δC 173.4), which was
supported by the absence of H-11, the chemical shift of the methylene CH2–12 (δC 46.7,
δH 3.73, 4.00), and the HMBC correlations of H2-12 to C-11. Metabolite 2 is the nitrogen
derivative of deacetylugandensolide. Since 2 and deacetylugandensolide have very similar
coupling constants and chemical shifts for H-5, H-6 and H-7, we propose a common relative
configuration [20].

6,7-Dehydro-isodrimenediol (3) was isolated as white solid with a molecular for-
mula of C15H24O2 and showed similarities to 1, according to its 1D and 2D NMR data.
1H NMR and HSQC data indicated the presence of another protonated sp2-hybridized car-
bon (δH 6.20, H-6; δC 133.3, C-6) replacing oxymethine H-6 and the presence of oxymethy-
lene and exometylene moieties at C–11 and C–12 as key differences, respectively.

Previous reports showed that Perenniporia spp. generally produce drimane-type
sesquiterpenoids called pereniporins, which is somewhat unfortunate because of the typo in
the trivial name. Pereniporins A and B were firstly isolated in 1986 from P. medulla-panis [17].
Several derivatives of pereniporin A have been isolated from P. maackiae [13]. In this study,
two further derivatives of pereniporin A were isolated from a submerged cultivation of P.
centrali-africana. Solid cultivation of P. centrali-africana led to the isolation of the known cryp-
toporic acids B, I, and H. Cryptoporic acid B was firstly isolated from Cryptoporus volvatus
along with cryptoporic acid A [18], while cryptoporic acid H was previously isolated
from mycelial cultures of Ganoderma neo-japonicum and C. volvatus. Later, Cabrera et al.
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isolated cryptoporic acid H from the culture broth of Polyporus ciliatus [21] (current name
Ceriporus ciliatus).

2.3. Isolation and Structure Elucidation of Compounds 4–6 from Cerrena sp.

Extensive chromatography of the extracts obtained from Cerrena sp. (BBH 40848) led to
the isolation of two previously undescribed and two known compounds called cryptoporic
acid H and isodrimeniol. Isodrimeniol (4) was isolated as a colorless oil. The molecular
formula of 4 was determined as C15H24O2 by HRESIMS data. The planar structure was
identified as isodrimeniol by 1D and 2D NMR data (see Table 2, Figures S27–S31 for
details). Since the coupling constants of 4 are identical to those published by Rodriguez
et al. [22], the stereochemistry of 4 was assigned to be identical to that of isodrimeniol,
which was isolated from the bark of Drimys winteri Forst. The analysis of the HRESIMS
spectrum of compound 5 yielded the molecular formula C19H29NO5. The 1H and 13C NMR
data of 5 were very like those of 2. The key differences were the presences of additional
signals for three methylenes and one carboxylic moiety. Since the 2′–H2 and 3′–H2 showed
HMBC correlations (Figure S25) to C–1′ and 4′–H2 to C–11 and C–12, the structure of 5 was
assigned as the butyric acid derivative of 2. The molecular formula of 6 was determined by
HRESIMS data as C19H27NO6. NMR data were highly similar to those of 2 and 5. However,
the key differences compared to 5 were an acetyl group attached to C–6 and a glycinyl
moiety instead of the 4-aminobutyryl residue of 5. Consequently, 6 is the glycinyl derivative
of the known ugandensolide.

Table 2. NMR spectroscopic data (13C (δC), 125 MHz and 1H (δH), 500 MHz) for isodrimeniol (4,
acetone-d6), the glycinyl derivative of deacetylugandensolide (5, methanol-d4), and the 4-aminobutyl
derivative of ugandensolide (6, acetone-d6).

Pos
4 5 6

δC, Type δH (J in HZ) δC, Type δH (J in HZ) δC, Type δH (J in HZ)

1 40.0, CH2
α: 1.24, m 38.2, CH2

α: 2.56, br d (12.7) 37.7, CH2
α: 2.68, br d (13.2)

β: 1.80, dq (13.7, 2.7) β: 1.13, m β: 1.12, m
2 18.7, CH2

α: 1.62, qt (13.7, 3.5) 19.9, CH2
α: 1.85, m 19.4, CH2

α: 1.81, m
β: 1.45, m β: 1.52, m β: 1.54, m

3 42.7, CH2
α: 1.25, m 44.6, CH2

α: 1.28, m 44.2, CH2
α: 1.29, m

β: 1.45, m β: 1.46, m β: 1.49, m
4 33.0, C - 34.6, C - 34.1, C -
5 50.4, CH 1.31, dd (11.6, 5.4) 51.2, CH 1.45, m 49.7, CH 1.73, d (1.0)
6 23.9, CH2

α: 2.14, m
72.5, CH 4.28, br s 73.8, CH 5.46, m

β: 1.92, m
7 116.2, CH 5.47, br s 70.7, CH 4.05, d (1.5) 67.1, CH 4.12, br d (1.7)
8 138.2, C - 147.6, C - 147.0, C -
9 62.0, CH 2.15, m 144.2, C - 142.5, C -

10 33.7, C - 37.3, C - 36.8, C -

11 99.2, CH 5.19, dd (4.5, 4.0)
11-OH: 5.11, br d (4.5) 172.5, C - 170.4, C -

12 68.1, CH2
α: 4.33, br d (11.3) 52.3, CH2

α: 4.09, d (19.4) 51.6, CH2
α: 4.18, d (18.6)

β: 4.04, m β: 3.84, d (19.4) β: 3.92, d (18.6)
13 21.3, CH3 0.93, s 24.1, CH3 1.24, s 23.5, CH3 1.04, s
14 33.0, CH3 0.88, s 34.2, CH3 1.03, s 33.7, CH3 1.01, s
15 13.8, CH3 0.81, s 21.3, CH3 1.49, s 21.3, CH3 1.50, s
1′ - - 176.8, C - 171.2, C -
2′ - - 32.3, CH2 2.31, t (7.4) 43.4, CH2 4.21, m
3′ - - 25.2, CH2 1.88, quin (7.4) - -
4′ - - 42.6, CH2 3.47, t (7.0) - -
1′′ - - - - 170.6, C -
2′′ - - - - 21.5, CH3 2.01, s
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Previously, the cytotoxic sesquiterpenoids named cerrenins A–E were isolated from
Cerrena sp. [23,24], which are so far the only secondary metabolites known from this
genus. Interestingly, the new sesquiterpene lactams were isolated from two different
families of Basidiomycota (i.e., Polyporaceae and Cerrenaceae). Sesquiterpene lactams
have rarely been discovered as natural products, even though there are some reports
from marine animals [25–27]. Another one was reported from the leaves of Cinnamosma
fragrans, which revealed the first report of tyramine involved in a lactam formation from
a sesquiterpene [28]. Cerrena produced two new sesquiterpene lactams (5, 6), which
show an addition of amino acids to the lactam ring. P. centrali-africana also produced
one sesquiterpene lactam (2), but this metabolite lacked an amino acid at the lactam ring.
According to molecular phylogenetic studies, these basidiomycetes are currently classified
in the residual clade (Cerrenaceae) and core polyporoid clade of the Polyporaceae [29].
The strains may possess two different biosynthesis gene clusters that contain enzymes
mediating aminations that add amino acids into the lactam ring of sesquiterpenes. As
recently reported, dehydrogenation is an important step of closing the ring in drimane
sesquiterpenoid formation by oxidoreductases [30]. Cerrena should accordingly have an
aminase at this step to incorporate the amine group of amino acids, to form the lactam ring
instead of dehydrogenation. However, this hypothesis remains to be validated by genome
sequencing and subsequent experimental work that goes far beyond to the scope of our
current study.

2.4. Biological Assays

Compounds 1, 4, 5, and 6 were evaluated for antimicrobial and cytotoxic activities
according to established procedures [31]. Compound 4 weakly exhibited antimicrobial
activities against Mucor hiemalis and Rhodoturula glutinis (MIC 67µg/mL), and exhibited
cytotoxicity of L929 (IC50 33 µg/mL) and A549 (IC50 16 µg/mL). A detailed report on their
activity is given in the Supporting Information in Tables S4 and S5. According to previous
reports, the functional group at C-6 is an important factor for enabling its cytotoxicity. For
the cytotoxic pereniporins, the absolute configuration at C-6 was reported to be S [13].
None of the sesquiterpene lactams, including compound 5 and 6, showed antimicrobial
activities and cytotoxicity.

3. Materials and Methods
3.1. General Information

HPLC–DAD/MS measurements were performed using an amaZon speed ETD (elec-
tron transfer dissociation) ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany)
and measured in positive and negative ion modes simultaneously, with the HPLC system
(column C18 Acquity UPLC BEH Waters, Eschborn, Germany); solvent A: water (H2O),
solvent B: acetonitrile (can) supplemented with 0.1% formic acid (FA), gradient conditions:
5% B for 0.5 min, increasing to 100% B for 20 min, and maintaining isocratic conditions at
100% B for 10 min, with a flow rate of 0.6 mL/min, using UV/Vis detection (200–600 nm).

HR-ESIMS (high-resolution electrospray ionization mass spectrometry) data were
recorded on a MaXis ESI-TOF (electrospray ionization-time of flight) mass spectrometer
(Bruker Daltonics), coupled with an Agilent 1260 series HPLC-UV system and equipped
with a C18 Acquity UPLC BEH (ultraperformance liquid chromatography) (ethylene
bridged hybrid) (Waters) column; DAD-UV detection at 200–600 nm; solvent A (H2O)
and solvent B (ACN) were supplemented with 0.1% FA as a modifier; a flow rate of
0.6 mL/min, at 40 ◦C, using a gradient elution system with the initial condition of 5% B
for 0.5 min, increasing to 100% B for 19.5 min, and holding at 100% B for 5 min. Bruker
Compass DataAnalysis 4.4 SR1 was used to analyze the data, including determining the
molecular formula using the Smart Formula algorithm (Bruker Daltonics).

One- and two-dimensional NMR spectra were measured on a Bruker 700 MHz Avance
III spectrometer, equipped with a 5 mm TCI cryoprobe (1H: 700 MHz, 13C: 175 MHz), and a
Bruker Avance III 500 (1H 500 MHz, 13C 125 MHz) spectrometer. NMR data were referenced
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to selected chemical shifts of acetone-d6 (1H: 2.05 ppm, 13C: 29.32 ppm) and CH3OH-d4 (1H:
3.31 ppm, 13C: 49.15 ppm), respectively. Optical rotations were measured using an Anton
Paar MCP-150 Polarimeter (Graz, Austria), with a 100 mm path length and a sodium D
line at 589 nm. The UV spectra were measured on a Shimadzu (Kyoto, Japan) UV/Vis 2450
spectrophotometer using methanol (Uvasol, Merck, Darmstadt, Germany) as a solvent.
ECD (electronic circular dichroism) spectra were measured with a J-815 spectropolarimeter
(Jasco, Pfungstadt, Germany) using methanol as a solvent. The spectral data are combined
in the Supplementary Information (Figures S3–S72).

3.2. Fungal Material

Perenniporia centrali-africana was collected by C. Decock and J. C. Matasyoh from
wood from Mount Elgon National Reserve, located in the western part of Kenya (1◦7′6′′ N,
34◦31′30′′ E) in April 2016. A dried specimen and the corresponding mycelial culture,
which was obtained from the context of the basidome, were deposited at MUCL, Louvain-
la-Neuve, Belgium, under the accession number MUCL 56028.

Cerrena sp. nov. was collected from an unnamed rotting tree trunk, isolated, and
identified by T. Boonpratang, R. Choeyklin, and the team from Dong Yai Community Forest
in the Plant Genetics Conservation Project, under the Royal Initiative of Her Royal Highness
Maha Chakri Sirindhorn (RSPG), in Amnat Charoen Province, located in the northeastern
part of Thailand, in March 2017. The voucher specimen collection was deposited in the
BIOTEC Bangkok Herbarium & Fungarium, Pathum Thani, Thailand, with the designation
BBH 41077, and the culture collection was deposited in the BIOTEC Culture Collection
with the designation BCC 84628.

DNA was extracted from the cultures of MUCL 56028 and BBH 40848 using the EZ-10
spin column genomic DNA miniprep kit (Bio Basic Canada Inc., Markham, ON, Canada)
as described previously [32]. A Precellys 24 homogenizer (Bertin Technologies, France) was
used for cell disruption at a speed of 6000 rpm for 2 × 40 s. Standard primers ITS 1f and
ITS 4r were used for the DNA region amplification by following a previously published
protocol [33].

3.3. Seed Culture and Scale-Up of Fermentation

For the seed culture of P. centrali-africana, three 20 mm2-sized mycelium plugs of a
well-grown culture on YM6.3 agar medium were transferred into a 500 mL Erlenmeyer
flask, containing 200 mL of liquid YM6.3 medium. The incubation was performed on
a rotary shaker at 23 ◦C and 140 rpm. After six days, the mycelium was homogenized
with a T25 easy clean digital (S 25 N, IKA, Staufen im Breisgau, Germany) and afterwards
used to inoculate twenty-five 500 mL Erlenmeyer flasks, each containing 200 mL of BAF
medium. Therefore, 3 mL of the homogenized seed culture was transferred into each flask.
The incubation was performed on a rotary shaker at 23 ◦C and 140 rpm. Every five days,
the consumption of glucose was monitored regularly (using Medi-Test, Macherey Nagel,
Düren, Germany).

For Cerrena, the fermentation was started by inoculating a plug of well-grown culture
on YM agar, which was incubated at 23± 2 ◦C for up to 2 weeks until the colony covered the
plate. A cork borer (diameter 6 mm) was used to plug the well-grown colony in five pieces,
which were inoculated into 250 mL of liquid YM6.3 medium for 20 flasks in total, which
were incubated on a rotary shaker at 27 ± 2 ◦C and 140 rpm. The glucose consumption
was monitored every five days as mentioned above.

3.4. Harvest, Extraction, and Analytical HPLC

After 20 days of incubation, the liquid BAF cultures of P. centrali-africana were har-
vested. The mycelium and supernatant were separated by centrifugation (Sorvall RC-
58 Refrigerated Superspeed Centrifuge, DuPont Instruments) at 9000 rpm for 30 min.
The mycelium was extracted twice with acetone in an ultrasonic bath. The acetone and
mycelium were separated by filtration and subsequently the organic solvent was removed
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by evaporation (40 ◦C). Afterwards, the remaining aqueous phase was extracted with
ethyl acetate 1:1, twice, and following this, the extract was evaporated to dryness. The
supernatant was extracted with ethyl acetate 1:1, twice. After phase separation, the organic
phase was collected in a round-bottom flask and the ethyl acetate was then evaporated
(40 ◦C). Crude extracts from the mycelium and supernatant were dissolved in methanol
to yield a concentration of 10 mg/mL. Solvation was aided by ultrasonication at 40 ◦C.
Additionally, 100 µL of this solution was filtered with syringeless filters (Mini-UniPrepTM,
Whatman, Dassel, Germany) and 60 µL of the supernatant was analyzed by analytical
HPLC–MS.

The rice standing culture of P. centrali-africana was harvested after 28 days of incubation.
Therefore, the medium and mycelium were loosened with a spatula, covered with acetone,
and finally extracted by using ultrasonification for 30 min. Afterwards, the liquid phase
was separated from the solid phase by filtration to enable a second extraction of the solid
phase with acetone. Following this, the organic solvent was evaporated using a rotary
evaporator (40 ◦C) and the remaining aqueous phase was extracted with ethyl acetate (1:1)
in a separatory funnel, twice. The crude extract was evaporated to dryness (40 ◦C) and
subsequently dissolved in 5 mL of methanol. Into this solution, 50 mL of a mixture of
heptane and MeOH/H2O (1:1) was added, while the following extraction was carried out
in a separatory funnel, twice, and the heptane and aqueous phase were collected separately.
Finally, both fractions were evaporated to dryness (40 ◦C) and again dissolved in methanol
to yield a concentration of 10 mg/mL. Solvation was aided by ultrasonication at 40 ◦C.
Additionally, 100 µL of this solution was filtered with syringeless filters (Mini-UniPrepTM,
Whatman) and 60 µL of the supernatant was analyzed by analytical HPLC–MS.

After 35 days of cultivation, the mycelia and supernatant of the Cerrena cultures were
separated by centrifugation. The mycelial biomass was extracted with 4 × 500 mL of
acetone in an ultrasonic bath (Sonorex Digital 10 P, Bandelin Electronic GmH&Co.KG,
Berlin, Germany) for 30 min. The extracts were combined, and the solvent was evaporated
by means of a rotary evaporator. The remaining water phase was suspended in 200 mL
of distilled water, extracted with 3 × 500 mL of ethyl acetate, and stirred together with
anhydrous sodium sulfate for 15 min. The filtered ethyl acetate extract was evaporated to
dryness, leaving a brown oily solid (662 mg). The supernatant was extracted by adding
5% Amberlite XAD-16N absorbent (Rohm & Haas Deutschland GmbH, Frankfurt am Main,
Germany) and stirred overnight. The Amberlite resin was then filtered and eluted with
4 × 500 mL of acetone. The resulting acetone extract was evaporated, and the remaining
water phase was extracted with ethyl acetate 1:1. The organic phase was dried over
anhydrous sodium sulfate and evaporated to dryness, and a brown oily extract (3.2 g)
was obtained.

3.5. Isolation of the Compounds

All separations were carried out as RP-LC at a PLC 2250 system (Gilson, Middleton, WI,
USA), using water as solvent A and ACN as solvent B, both containing 0.1% of formic acid.

At first, the crude extracts of the liquid BAF cultures were dissolved in methanol
and filtered through a Strata X-33 µm Polymere Reversed Phase Tube (Phenomenex, As-
chaffenburg, Germany) to remove nonpolar compounds and debris. To obtain a further
separation, the main fractions were separated with a Gemini C18 column (250 × 50 mm,
10 µm, Phenomenex) as stationary phase with a flow rate of 60 mL/min. UV detection was
carried out at 210, 220, and 250 nm.

The mycelial extract (600 mg) was separated with an elution gradient starting with
isocratic conditions for 5 min at 20% of solvent B, followed by an increase to 60% B
over 40 min, another increase to 100% B over 10 min, and ultimately, isocratic conditions
for 10 min at 100% B. According to the observed peaks, 28 fractions were collected. In
the course of the following work, fraction 1 (5.03 mg, tR = 5.5 min) was identified as
3β-Hydroxy-9-dehydroxy-pereniporin A (1), fraction 11 (20.28 mg, tR = 20.5 min) as 3β-
Hydroxy-6-O-acetylpereniporin A, fraction 13 (20.15 mg, tR = 23.5 min) as sulphureine
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H, fraction 16 (60.56 mg, tR = 27.5 min) as pereniporin A, fraction 17 and 18 (2.96 and
1.87 mg, tR = 31.5–32.0 min) as 6α,9α,11α -trihydroxycinnamolide, fraction 27 (11.48 mg,
tR = 40.5–41.0 min) as 6-O-acetylpereniporin A, and fraction 28 (2.47 mg, tR = 43.0–44.0 min)
as 11α-Hydroxycinnamosmolide.

The extract obtained from the supernatant (720 mg, two runs) was separated by using
the same gradient as described for the mycelial extract. After separation, 11 fractions were
collected in the first run, whereof fraction 1 (15.51 mg, tR = 20.5 min) was identified as
3β-hydroxy-6-O-acetylpereniporin A, fraction 3 (12.84 mg, tR = 23.5 min) as sulphureine
H, fraction 5 (46.26 mg, tR = 27.5 min) as pereniporin A, fraction 6 (3.32 mg, tR = 32.0 min)
as 6α,9α,11α -trihydroxycinnamolide, and fraction 10 (2.61 mg, tR = 44.0–44.5 min) as
11α-Hydroxycinnamosmolide. The second run led to the isolation of 19 fractions, leading
to the identification of fraction 2 (5.33 mg, tR = 10.3 min) as 3β-Hydroxy-9-dehydroxy-
pereniporin A (1), fraction 10 (17.58 mg, tR = 23.5 min) as sulphureine, and fraction 19
(1.27 mg, tR = 43.0–43.3 min) as 11α-Hydroxycinnamosmolide.

A second cultivation in BAF medium under the same conditions led to another super-
natant crude extract (252 mg) that was purified with a Gemini C18 column (250 × 50 mm,
10 µm, Phenomenex) as stationary phase, a flow rate of 60 mL/min, and UV detection
at 210, 220, and 250 nm. An elution gradient starting with isocratic conditions for 2 min
at 25% of solvent B, followed by an increase to 55% B over 40 min, another increase to
100% B over 15 min, and ultimately, isocratic conditions for 10 min at 100% B led to the
isolation of 22 fractions. Fractions 4-6 (32.96 mg, tR = 12.0–14.5 min) were found to include
6,7-Dehydro-isodrimenediol (3), while fraction 7 (33.27 mg, tR = 16.0–17.5 min) was found
to contain 6,7-Hydroxy-12-deoxy-dysidealactam (2).

Both were submitted to RP-LC for further purification. Fraction 7 containing 6,7-
Hydroxy-12-deoxy-dysidealactam (2) was purified with a Luna C18 column (250 × 21.2 mm,
5 µm, Phenomenex) as stationary phase and flow rate of 15 mL/min. An elution gradient
starting with isocratic conditions for 2 min at 20% of solvent B, followed by an increase
to 35% B in 30 min and another increase to 100% B in 8 min led to the isolation of nine
fractions, whereof fraction 7 (1.05 mg, tR = 25.5 min) was identified as the only pure sample
of compound 2. Fractions containing 6,7-Dehydro-isodrimenediol (3) were combined and
purified with a Luna C18 column (250 × 21.2 mm, 5 µm, Phenomenex) as stationary phase
and a flow rate of 20 mL/min. An elution gradient starting with isocratic conditions for
5 min at 15% of solvent B, followed by an increase to 45% B over 40 min, another increase to
55% of solvent B over 10 min, and ultimately, an increase to 100% B over 10 min led to the
isolation of seven fractions, whereof fraction 5 (0.94 mg, tR = 40.0–41.5 min) was identified
as the only pure sample of compound 3.

Furthermore, the crude extract (140 mg) of the aqueous phase obtained from rice
cultures was dissolved in methanol and separation was carried out using a Nucleodur C18
column (150 × 40 mm, 10 µm, Macherey-Nagel) as stationary phase, with UV detection at
210, 220, and 420 nm and a flow rate of 60 mL/min. For purification, an elution gradient
starting with isocratic conditions for 5 min at 30% of solvent B, followed by an increase to
70% B over 40 min, another increase to 100% B over 20 min, and ultimately, isocratic condi-
tions for 10 min at 100% B was used. A total of eleven fractions was collected, according to
the observed peaks. Analysis via HPLC–MS and NMR led to the identification of fraction
1 (2.15 mg, tR = 15.0–15.5 min) as pereniporin A, fraction 2 (2.15 mg, tR = 19.0–19.5 min)
as cryptoporic acid I, fraction 5 (6.48 mg, tR = 34.5–35.0 min) as cryptoporic acid B, and
fraction 6 (24.44 mg, tR = 37.0–38.0 min) as cryptoporic acid H.

The isolation of compound 4-6 from Cerrena started with the filtration of the crude
extracts using an SPME Strata-X 33 u Polymeric RP cartridge (Phenomenex, Inc., Aschaf-
fenburg, Germany). The fractions from the mycelial crude extracts were separated using
preparative reversed-phase liquid chromatography (PLC 2020, Gilson, Middleton, WI,
USA). A VP Nucleodur 100−10 C18 ec column (250 mm × 40 mm, 7 µm, Macherey-Nagel)
was used as stationary phase. Deionized water (Milli-Q, Millipore, Schwalbach, Germany)
with 0.05% trifluoroacetic acid (TFA) (solvent A) and acetonitrile with 0.05% TFA (solvent
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B) were used as the mobile phase at a flow rate of 40 mL/min. The elution gradient
started with 5% of solvent B isocratic for 3 min, followed by an increase to 50% of solvent
B over 45 min, another increase to 100% of solvent B over 10 min and thereafter isocratic
conditions at 100% of solvent B for 10 min. UV monitoring was carried out at 210, 254, and
350 nm. Fourteen fractions were collected according to the observed peaks. At this step,
isodrimeniol (4) (2.0 mg, tR = 57 min) was obtained from fraction 12. Reversed-phase HPLC
using a VP Nucleodur 100−5C 18-ec column (150 mm × 21 mm, 7 µm, Macherey-Nagel)
as stationary phase, H2O + 0.05% TFA as solvent A and ACN + 0.05% TFA as solvent B,
at a flow rate of 20 mL/min was used to further purify the obtained fractions. A gradient
starting with isocratic conditions at 20% B for 10 min, increasing to 40% B over 30 min,
followed by a gradient shift from 40% to 100% B over 10 min, and maintaining isocratic
conditions at 100% B for 5 min led to the isolation of 5 (3.5 mg, tR = 16.3 min) from fraction
F1. Fraction F2 was purified with a gradient starting with isocratic conditions at 20% B for
10 min, increasing to 25% B over 10 min, followed by an increase to 35% solvent B over
40 min, an increase to 100% B over 10 min, and maintaining isocratic conditions at 100% B
for 5 min. This led to the isolation of the 4-Aminobutyl derivative of ugandensolide (6)
(1.5 mg, tR = 45.4 min). Fraction F6 was purified with a gradient starting with isocratic
conditions at 20% B for 10 min, increasing to 45% B over 10 min, an increase to 55% of
solvent B over 40 min, followed by a gradient shift from 55% to 100% B over 10 min, and
finally maintaining isocratic conditions at 100% B for 5 min to obtain cryptoporic acid
H (2.4 mg, tR = 31.9 min). All the obtained fractions were evaporated to dryness (40 ◦C)
and dissolved in methanol to reach a concentration of 1 mg/mL. Afterwards, 60 µL of
these solutions was transferred into 300 µL HPLC–MS vials and submitted for analytical
HPLC–MS to evaluate the purity and determine the molecular weight.

3β-Hydroxy-9-dehydroxy-pereniporin A (1) white solid; [α]20
D = +3 (c = 0.1, MeOH); UV/Vis

(MeOH) λmax (logε) 202 (3.52) nm (c = 0.005, MeOH); ECD (c = 0.1, MeOH): λmax (∆ε) 208
(+1.1), 193 (−0.8) nm; NMR data (1H: 700 MHz, 13C NMR 175 MHz, MeOH-d4) see Table 1;
ESIMS m/z 291.13 [M + Na]+, 267.09 [M − H]−; HRESIMS m/z 291.1565 [M + Na]+ (calcd.
for C15H24NaO4, 291.1567); tR = 2.3 min.

6,7-Hydroxy-12-deoxy-dysidealactam (2) white solid; [α]20
D = +21 (c = 0.1, MeOH); UV/Vis

(MeOH) λmax (logε) 206 (3.72) nm (c = 0.005, MeOH); ECD (c = 0.02, MeOH): λmax (∆ε)
235 (−0.8), 211 (+2.4) nm; NMR data (1H: 700 MHz, 13C NMR 175 MHz, Acetone-d6) see
Table 1; ESIMS m/z 266.10 [M + H]+, 265.01 [M − H]−; HRESIMS m/z 266.1750 [M + H]+

(calcd. for C15H24NaO3, 266.1751); tR = 4.6 min.

6,7-Dehydro-isodrimenediol (3) white solid; [α]20
D = +10 (c = 0.04, MeOH); UV/Vis (MeOH)

λmax (logε) 235 (3.70), 201 (3.50) nm (c = 0.0025, MeOH); ECD (c = 0.02, MeOH): λmax (∆ε)
234 (+1.3) nm; NMR data (1H: 700 MHz, 13C NMR 175 MHz, MeOH-d4) see Table 1; ESIMS
m/z 219.09 [M − H2O + H]+; HRESIMS m/z 219.1738 [M − H2O + H]+ (calcd. for C15H23O,
219.1743); tR = 6.1 min.

Isodrimeniol (4) yellow oil; [α]20
D = −5 (c = 0.1, MeOH); UV/Vis (MeOH) λmax (log ε) 201

(0.46) nm (c = 0.005, MeOH); ECD (C = 0.1, MeOH): λmax (∆ε) 190 (+0.9) nm; NMR data (1H:
500 MHz, 13C NMR 125 MHz, Acetone-d6) see Table 2; HRESIMS [M + H]+ m/z 219.1740,
calcd. 219.1743 for C15H23O, [2M + H]+ m/z 437.3412, calcd. 437.3414 for C30H45O2,
[2M + Na]+ m/z 581.2830, calcd. 581.2833 for C30H42N2NaO8, tR = 7.09 min, data are in
good agreement with the literature [22].

Glycinyl derivative of deacetylugandensolide (5) light yellow oil; [α]20
D = +36 (c = 0.1, MeOH);

UV/Vis (MeOH) λmax (log ε) 212.5 (0.545) nm (c. 0.005, MeOH); ECD (c = 0.1, MeOH):
λmax (∆ε) 210 (+5.2) nm; NMR data (1H: 500 MHz, 13C NMR 125 MHz, MeOH-d4) see
Table 2; HRESIMS [M + H]+ m/z 352.2124, calcd. 352.2118 for C19H30NO5, [M + Na]+ m/z
374.1933, calcd. 374.1938 for C19H29NNaO5, [2M + H]+ m/z 725.3976, calcd. 725.4008 for
C40H57N2O10, [2M + Na]+ m/z 747.3802, calcd. 747.3827 for C40H56N2NaO10, tR = 6.04 min.
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4-Aminobutyl derivative of ugandensolide (6) light yellow oil; [α]20
D = +31 (c = 0.1, MeOH);

UV/Vis (MeOH) λmax (log ε) 211.5 (0.681) nm (c = 0.005, MeOH); ECD (c = 0.1, MeOH):
λmax (∆ε) 205 (+4.9) nm; NMR data (1H: 500 MHz, 13C NMR 125 MHz, Acetone-d6) see
Table 2; HRESIMS [M + H]+ m/z 366.1915, calcd. 366.1911 for C19H28NO6, [M + Na]+ m/z
388.1727, calcd. 388.1731 for C19H27NNaO6, [2M + H]+ m/z 731.3747, calcd. 731.3750 for
C38H55N2O12, [2M + Na]+ m/z 755.3627, calcd. 755.3608 for C52H48N2NaO2, tR = 7.64 min.

3.6. Cytotoxicity Assay

In vitro cytotoxicity (IC50) was determined as previously described [34]. In brief, the
assay was performed against a mouse fibroblast cell line (L929) and HeLa (KB-3.1) to
screen the cytotoxicity of all compounds. Compound 5 was tested against further cell
lines including epidermoid carcinoma cells (A431), adenocarcinomic human alveolar basal
epithelial cells (A549), breast cancer cells (MCF-7), prostate cancer cells (PC-3), and human
ovary adenocarcinoma (SK-OV-3). All cell lines were purchased from the DSMZ collection
(Braunschweig, Germany). Cell lines L929, A549, and KB-3.1 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco; Thermo Fisher Scientific, Dreieich, Germany);
MCF-7 and A431 cells were cultured in RPMI-1640 medium (Gibco) and PC-3 cells in F12K
(Gibco) medium, all supplemented with 10% fetal bovine serum (FCS; Gibco) and incubated
under 5% CO2 at 37 ◦C. The tested compound was dissolved in methanol to yield a
concentration of 1 mg/mL. A 60 µL amount of 1:1 serial dilutions of the test compounds was
added to 120 µL aliquots of a cell suspension (50/mL) in 96-well microplates. After 5 days of
incubation, an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
was performed. IC50 was reported at the concentration of the compounds that inhibited
the growth of cells at 50% of the control. Methanol was used as a negative control.

3.7. Antimicrobial Assay

The minimum inhibitory concentrations (MICs) were determined according to pre-
vious reports [31]. Briefly, the MIC values were obtained using a serial dilution assay in
96-well microtiter plates. A stock solution of each compound was prepared (1 mg/mL in
methanol) and 60 µL was pipetted into the first row (A) of the plate, containing 130 µL of
a mixture of the test organisms (Table S2) and the culture medium. Next, 150 µL of the
mixture mentioned above was pipetted to the first row and mixed gently, then 150 µL was
transferred to the second row that already contained 150 µL of a mixture, and mixed by
repeated pipetting before transferring to the next row until the last row (H) was reached.
A 1:1 serial dilution was performed and the last 150 µL was discarded. Incubation was
performed in a microplate vibrating shaker (Heidolph, Schwabach, Germany; model Ti-
tramax 1000) at 200 rpm, with an incubated temperature of 30 ◦C for yeast and fungi and
37 ◦C for bacteria, for 24−48 h. The lowest concentration of the compounds preventing
visible growth of the tested microorganisms was reported as the MIC. Tested concentrations
ranged from 66.7 to 0.1 µg/mL.

4. Conclusions

Five new drimane sesquiterpenoids from cultures of two tropical basidiomycetes
(i.e., Perenniporia centrali-africana, and Cerrena sp. nov.), denoted as one new derivative
of pereniporin A, namely 3β-hydroxy-9-dehydroxy-pereniporin A, as well as three new
drimane sesquiterpene lactams including 6,7-dihydroxy-12-deoxy-dysidealactam, glycinyl
of deacetylugandensolide, and 4-aminobutyl derivative of ugandensolide, and 6,7-dehydro-
isodrimenediol were isolated in this study. This is the first report of the isolation of
sesquiterpene lactams from tropical Basidiomycota from two different countries (i.e., Kenya
and Thailand). Although both basidiomycetes belong to different families, they produce
similar types of compounds, some of which were never isolated previously. None of the
sesquiterpene lactams showed biological activities in this study. Studies of the metabolites
on other biological activities are presently underway.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27185968/s1, Figure S1: BLAST comparison, Figure S2:
The structure of all known compounds in the study, Figures S3–S50: ESIMS, HR-ESIMS, 1D and 2D
NMR spectra. Tables S1–S5: ITS sequence and results of biological assays. Reference [31] is cited in
the Supplementary Materials.
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ABSTRACT: New meroterpenoids bis-heimiomycins A−D (1−4) and
heimiomycins D and E (5 and 6) were isolated from solid rice cultures of
Heimiomyces sp., while new calamene-type sesquiterpenoids heimiocalamene
A (7) and B (8) were isolated from shake cultures, respectively. Structures of
the metabolites were elucidated by 1D and 2D NMR in addition to
HRESIMS data. While relative configurations were assigned by ROESY data,
absolute configurations were derived from the structurally related, previously
described calamenes, which we herein name heimiocalamenes C−E (9−11).
A plausible biosynthetic pathway was proposed for 1−6, with a radical
reaction connecting their central para-benzoquinone building block to
calamene-sesquiterpenoids. Based on the assumption of a common
biosynthesis, we reviewed the structure of the known nitrogen-containing derivative 11, calling the validity of the originally
proposed structure into question. Subsequently, the structure of 11 was revised by analysis of HMBC and ROESY NMR data. Only
heimiomycin D (5) displayed cytotoxic effects against cell line KB3.1.

Basidiomycota represent the second largest phylum in the
kingdom of fungi and are well known to show both a high

biological diversity by comprising more than 35,000 species1

and a high chemical diversity of their secondary metabolites,
leading to the identification of many different classes of natural
products and especially important bioactive molecules like
strobilurins and pleuromutilins.2 In particular, these species
can be found in partly untapped ecosystems that have not been
exhaustively explored yet. For this reason, Heimiomyces sp.
(MUCL 56078, collected from Mount Elgon National Reserve,
Kenya) was evaluated for its secondary metabolite profile, and
previous studies led to the identification of several new
secondary metabolites (9−14).3 In the course of this work, the
presence of a vast amount of secondary metabolites was
observed within the extracts, which led to further studies on
this strain. Herein, we present the isolation, structure
elucidation, and biological evaluation of new meroterpenoids
bis-heimiomycins A−D and heimiomycins D and E (1−6)
from solid rice cultures, as well as the new calamene-type
sesquiterpenoids heimiocalamenes A (7) and B (8) from
shaking cultures of Heimiomyces sp. Furthermore, known
compounds heimiomycin B (13), hispidin (15), and
hypholomin B (16) (Figures 2 and S4) were isolated from
both liquid and solid cultures. Heimiomycin B (13) was
recently published together with heimiomycins A and C, as
well as three new calamene derivatives (Figure 2), which we
propose to name heimiocalamenes C−E (9−11), after
isolation from liquid cultures of Heimiomyces sp.,3 emphasizing

Received: November 9, 2022

Figure 1. Key COSY, HMBC, and ROESY correlations of bis-
heimiomycin A (1).
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that this species shows a very diverse secondary metabolite
profile.

■ RESULTS AND DISCUSSION
Bis-heimiomycin A (1) was isolated as a red oil from extracts
of solid rice cultures. Its HRESIMS data indicated the
molecular formula C36H40O10 according to the molecular ion
cluster at m/z 633.2695 [M + H]+, indicating 17 degrees of
unsaturation. Based on the molecular formula together with
the carbon and proton resonances a symmetry within the
molecule was assumed: 1H NMR (Table 1) and HSQC data
led to the identification of three methyls (H3-12/12″, H3-13/
13″, H3-14/14″), four methylenes (H-3α/3″α, H-3β/3″β, H-
4α/4″α, H-4β/4″β), three methines (H-2β/2″β, H-5α/5″α,
H-11/11″), and one aldehyde function (H-15/15″). The 13C
(Table 1) and HMBC NMR data revealed the presence of 16
carbon resonances, comprising one carbonyl carbon (C-15/
15″), seven nonprotonated sp2-hybridized carbons (C-1/1″, C-
2′/5′, C-6/6″, C-7/7″, C-8/8″, C-9/9″, C-10/10″), three
methines (C-2/2″, C-5/5″, C-11/11″), two methylene carbons
(C-3/3″, C-4/4″), and three methyl carbons (C-12/12″, C-
14/14″, C-13/13″). By analyzing the COSY data a spin system
between H3-14, H-2, H2-3, H2-4, H-5, H-11, and H3-12/H3-13
was constructed. HMBC correlations from H3-14 to C-1/C-2/
C-3, H-11 to C-4/C-5/C-6/C-12/C-13, and H3-12/H3-13 to
C-5/C-11 revealed a 5-isopropyl-2-methylcyclohex-1-ene
substructure. Further HMBC correlations from H-2 to C-1/
C-10, H-5 to C-6, 9-OH to C-8/C-9/C-10, and H-15 to C-8/
C-9/C-10 led to the identification of a dihydroxybenzaldehyde
substructure that was fused to the 5-isopropyl-2-methylcyclo-
hex-1-ene substructure across C-1 and C-6. The carbonyl and
sp2-hybridized carbons, as well as the two rings of the
calamene-type substructure, accounted for 7 degrees of
unsaturation, leaving 10 degrees of unsaturation to be assigned
within the scaffold of bis-heimiomycin A (1). This led to the
assumption of two calamene-type substructures being linked
by a central dihydroxy-quinone moiety. Nevertheless, of the

potential dihydroxy-quinone moiety only C-2′/C-5′ could be
observed in the 13C spectrum, whereas signals for carbons C-
1′/C-3′/C-4′/C-6′ were missing. To prevent rapid tautomer-
ism, which was assumed to be the reason for the missing
resonances, bis-heimiomycin A (1) was reacted with acetic
anhydride in pyridine and positions C-15/C-15″, 2′OH/
5′OH, 9OH/9″OH, and 10OH/10″OH were derivatized.
Based on 1D and 2D NMR data (Table S5) of the resulting
product 1b, peracetylation and a ring closure at C-15/C-15″ of
1 were confirmed due to the appearance of six additional
methyls (H3-AcC2-9/9″, H3-AcC2-10/10″, H3-AcC2-15/15″),
six carbonyl carbons (AcC1-9/9″, AcC1-10/10″, AcC1-15/
15″), and two oxymethines (H-15/15″). Key HMBC
correlations from H-15 to C-2′/C-8/C-9/AcC1-15 and H-
15″ to C-5′/C-8″/C-9″/AcC1-15″, as well as carbons C-1′/C-
2′/C-3′/C-4′/C-5′/C-6′, could be observed in the HMBC and
13C spectra, leading to a confirmation of the structure
previously assumed for 1. The relative and absolute
configurations were assigned as 2S,2′S,5R,5′R by comparison
of 13C and ROESY data, as well as ECD spectra (Figure S1), to
related calamene-type derivatives described by Cheng et al.,3

which were previously isolated from the same fungal strain
(Heimiomyces sp. MUCL 56078) and showed similar
correlations.

Bis-heimiomycin B (2), C (3), and D (4) were isolated as
closely related congeners of 1. With the molecular formula
C36H40O9, bis-heimiomycin B (2) implies the loss of an oxygen
in comparison to 1. Proton NMR (Table 1) and HSQC data of
2 indicated the presence of an additional oxymethylene (H2-
15″). HMBC correlations from H2-15″ to C-5′/C-6″/C-7″/C-
8″/C-9″/C-10″ revealed a ring closure at C-15″ after
elimination of an oxygen. In the 1D and 2D NMR spectra of
bis-heimiomyin C (3) the presence of another oxymethylene
group (H2-15) and the absence of the aldehyde H-15 occurred
as a key difference in 2. Interactions from H2-15 to C-7/C-8/
C-9 obtained from HMBC data were consistent with the
reduction of 3 at C-15″. Finally, bis-heimiomycin D (4) with

Figure 2. Compounds previously isolated from Heimiomyces sp. 9−11: heimiocalamenes C−E (including originally proposed and revised structure
of 11 with key HMBC (black arrows) and ROESY (red arrows) correlations); 12−14: heimiomycins A−C.
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the molecular formula C36H40O8 implied the loss of another
oxygen in comparison to 2, affording a second ring closure at
C-15, leading to a symmetric molecule as observed for 1. This
was confirmed by the replacement of the aldehyde H-15/H-
15″ by an oxymethylene H2-15/H2-15″. Relative and absolute
configurations of 2−4 were deduced from 1 due to comparison
of ECD spectra (Figure S1), 13C NMR, and ROESY data to
those of 1 and other calamene-type compounds described
before,3 as well as the common biological source of these
compounds.

Heimiomycin D (5) was isolated as a red oil from extracts of
solid rice cultures. It was shown to possess the molecular
formula C22H24O7 by HRESIMS data according to the
molecular ion cluster at m/z 401.1593 [M + H]+ requiring
11 degrees of unsaturation. The proton (Table 2) and HSQC
NMR spectra of 5 were highly similar to those of heimiomycin
C (14).3 The key difference is an additional hydroxy group at
position C-5′. The relative and absolute configurations were
deduced as 2S,5R from 14 by comparison of ECD spectra and
13C and ROESY data (Figure S2) to those of 143 and due the
common source of both compounds.

Table 1. 13C and 1H NMR Spectroscopic Data of Compounds 1−4 in Acetone-d6 (δ in ppm)

1b,c 2b,d 3b,d 4a,d

no. δC, type δH (J in Hz) δC, type δH (J in Hz) δC
g, type δH (J in Hz) δC, type δH (J in Hz)

1 137.9, C 139.0, C 128.9, C 131.4, C
2 27.8, CH β: 3.42, m 28.8, CH β: 3.41, m 27.5, CH 3.28, m 28.4, CH β: 3.35, m
3 25.1, CH2 α: 1.49, br d (13.6) 26.1, CH2 α: 1.48, m 26.3, CH2 1.45, m 26.8, CH2 α:1.49, m

β: 2.15, m β: 2.09, m 2.08, s β: 1.99, m
4 19.6, CH2 α: 1.82, m 20.4, CH2 α: 1.79, m 19.9, CH2 1.77, m 19.7, CH2 α: 1.70, m

β: 1.89, br s β: 2.00, m 1.99, m β: 1.96, m
5 40.8, CH α: 2.48, br s 42.0, CH α: 2.35, br s 41.2, CH 2.74, m 40.3, CH α: 2.81, m
6 132.6, C 133.6, C 124.6, C 132.5, C
7 132.6, C 124.2, C 118.4, C 117.8, C
8 115.9, C 116.4, C 122.2, C 120.3, C
9 147.8, C 148.8, C 142.2, C 145.8, C
9OH 11.94 11.90
10 142.7, C 143.5, C 143.7, C 138.2, C
11 33.1, CH 1.75, m 33.6, CH 1.85, m 34.0, CH 1.63, m 34.6, CH 1.70, m
12 21.6, CH3

e 0.82, d (6.9) 22.2, CH3 0.84, d (6.9) 21.8, CH3 0.65, d (6.9) 22.0, CH3 0.64, d (6.7)
13 20.0, CH3 0.79, d (6.9) 21.1, CH3 0.78, d (6.9) 20.1, CH3 0.68, d (6.9) 20.0, CH3 0.61, d (6.7)
14 21.6, CH3

e 1.23, d (6.9) 22.6, CH3 1.24, d (6.9) 22.6, CH3 1.21, d (6.9) 22.7, CH3 1.21, d (7.0)
15 198.8, CH 9.88, s 199.5, CH 9.79, s 62.5, CH2 4.55, d (13.8) 67.0, CH2 4.68, d (13.0)

4.82, d (13.8) 5.64, d (13.0)
1′ f f 180.9, C f f 178.5, C
2′ 147.5, C 162.4, C f f 154.2, C
3′ f f 114.4, C f f 125.1, C
4′ f f 180.7, C f f 178.5, C
5′ 147.5, C 157.6, C 157.0, C 154.2, C
6′ f f 114.4, C 117.2, C 125.1, C
1″ 137.9, C 131.4, C 131.0, C 131.4, C
2″ 27.8, CH β: 3.42, m 28.5, CH β: 3.36, m 28.1, CH 3.36, m 28.4, CH β: 3.35, m
3″ 25.1, CH2 α: 1.49, br d (13.6) 26.5, CH2 α: 1.48, m 26.3, CH2 1.45, m 26.8, CH2 α:1.49, m

β: 2.15, m β: 2.09, m 2.08, s β: 1.99, m
4″ 19.6, CH2 α: 1.82, m 20.2, CH2 α: 1.79, m 19.9, CH2 1.77, m 19.7, CH2 α: 1.70, m

β: 1.89, br s β: 2.00, m 1.99, m β: 1.96, m
5″ 40.8, CH α: 2.48, br s 41.5, CH α: 2.75, m 41.7, CH 2.24, m 40.3, CH α: 2.81, m
6″ 132.6, C 132.6, C 126.7, C 132.5, C
7″ 132.6, C 117.5, C 132.1, C 117.8, C
8″ 115.9, C 119.9, C 119.5, C 120.3, C
9″ 147.8, C 146.0, C 138.0, C 145.8, C
9″OH 11.94
10″ 142.7, C 138.3, C 145.6, C 138.2, C
11″ 33.1, CH 1.75, m 34.3, CH 1.66, sptd (6.9) 33.3, CH 1.85, m 34.6, CH 1.70, m
12″ 21.6, CH3

e 0.82, d (6.9) 20.4, CH3 0.69, d (6.9) 20.7, CH3 0.72, d (6.9) 22.0, CH3 0.64, d (6.7)
13″ 20.0, CH3 0.79, d (6.9) 22.2, CH3 0.67, d (6.9) 22.2, CH3 0.83, d (6.9) 20.0, CH3 0.61, d (6.7)
14″ 21.6, CH3

e 1.23, d (6.9) 23.0, CH3 1.21, d (6.9) 22.6, CH3 1.21, d (6.9) 22.7, CH3 1.21, d (7.0)
15″ 198.8, CH 9.88, s 67.2, CH2 4.73, d (12.9) 66.9, CH2 4.73, d (13.1) 67.0, CH2 4.68, d (13.0)

5.65, d (12.9) 5.64, d (13.1) 5.64, d (13.0)
a1H 500 MHz. b1H 700 MHz. c13C 125 MHz. d13C 175 MHz. eOverlapped. f1H/13C chemical shifts not shown due to the absence of
corresponding signals. g13C chemical shifts were extracted from the HMBC NMR spectrum, since compound 3 was degraded after the
measurement of the 1H, COSY, HSQC, and HMBC NMR data.
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For heimiomycin E (6) a molecular formula of C21H22O7
was identified by HRESIMS data, indicating the formal loss of
a CH2 fragment in comparison to 5. Highly similar NMR
spectra showed the absence of methyl group C-7′, leaving an
sp2-hybridized methine (H-6′) as the difference between both.
In contrast to 5, the signals for C-1′, C-2′, C-4′, and C-5′ were
not visible, most likely due to tautomerism.

New calamene-type sesquiterpenoids heimiocalamenes A
(7) and B (8) were isolated from the mycelial extracts of liquid
cultures. The molecular formula of 7 was assigned as C15H22O2
according to the molecular ion cluster at m/z 235.1689 [M +
H]+ in the HRESIMS spectrum. The NMR spectra of 7 were
highly similar to those of 9. Key differences are the loss of the
hydroxy group at C-4, resulting in a methylene (H2-4) and the
replacement of the oxygenated sp2-hybridized carbons at C-9
and C-10 by two methylenes (H2-9 and H2-10). The relative
and absolute configurations were deduced as 2S,5R by analogy
to assignments for 9,3 as these compounds were isolated from
the same biological source (Heimiomyces sp. MUCL 56078)
and showed similar ROESY correlations. Heimiocalamene B
(8) was identified as the 3-hydroxy derivative of 10 due to
close similarities of their NMR data. 13C (Table 2) and HMBC
data revealed the presence of the oxygenated sp2-hybridized
carbon at position C-3. We propose to name compounds 9−11
as heimiocalamenes C−E, because they have been isolated
from the same biological source and show structural
similarities to 7 and 8.

Minor isomers were observed in the HPLC-MS and NMR
data for compounds 1 and 2. After purification via preparative
HPLC, results from the analytical HPLC of compound 1

showed the presence of two peaks with the same molecular
mass (Figure S5) in a ratio of 9:1. Since this ratio adjusted
spontaneously, it is most likely caused by interconversion of 1
between two different forms of the compound. The presence
of two peaks with the same molecular mass was also observed
in the HPLC-MS data of compound 2 (Figure S6). This is also
reflected in the 1H and 13C spectra of both 1 and 2, where
additional weak signals of the minor isomers can be observed
(Tables S4 and S6). However, two possible explanations to
cause the presence of these minor isomers can be taken into
account. On the one hand, the quinone substructure of 1−6
could possess a para- or ortho-orientation, while both would
show similar features, and on the other hand, there is the
possibility of atropisomerism within the molecules that would
lead to different stereoisomers.

Compounds 1−6 were described to possess a para-quinone
substructure due to comparison of their UV spectra (Figure
S7) and 13C data (Tables S4−10) to the ones of structurally
related para- and ortho-quinones previously described in the
literature.4 Especially, absorption maxima at lower wavelengths
(maxima with strongest intensity at λmax = 240−300 nm and
with medium intensity at λmax = 285−440 nm), characteristic
for para-quinones, were observed, while the absorption
maximum at 500−580 nm, characteristic for ortho-quinones,
was not observed. However, UV spectra of 1b and 4 slightly
differed from the ones of the other compounds. Therefore, IR
spectra of compounds 1b and 4 (Figures S8 and S9) were
measured and compared to the ones of similar quinones
described in the literature to support the structural assignment
of the para-quinone, since for ortho-quinones a characteristic

Table 2. 13C and 1H NMR Spectroscopic Data of Compounds 5 and 6 in Acetone-d6 and 7 and 8 in Methanol-d4 (δ in ppm)

5b,d 6a,c 7a,c 8a,c

no. δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 139.0, C 139.2, C 144.8, C 130.6, C
2 28.6, CH β: 3.39, m 28.6, CH 3.41, dq (6.8, 6.8) 35.1, CH β: 2.32, m 121.4, C
3 26.4, CH2 α: 1.46, m 26.3, CH2 α: 1.48, m 30.7, CH2 α: 1.88, m 146.8, C

β: 2.07, m β: 2.08, m β: 1.22, m
4 20.0, CH2 1.80, m 19.9, CH2 1.83, m 21.4, CH2 α: 1.69, m 142.0, C

β: 1.46, m
5 40.8, CH α: 2.51, m 41.0, CH α: 2.46, br s 43.6, CH α: 2.14, m 132.6, C
6 133.4, C 133.3, C 131.3, C 124.0, C
7 126.5, C 124.7, C 138.2, CH 7.04, d (2.4) 136.7, CH 7.98, s
8 117.4, C 117.2, C 125.5, C 126.6, C
9 148.3, C 148.6, C 22.4, CH2 2.56, m 22.7, CH2 2.43, br dd (8.2, 8.2)
9OH 11.84, s 11.86
10 142.8, C 143.6, C 28.1, CH2 2.18, m 26.2, CH2 2.70, br dd (8.2, 8.2)
11 34.3, CH 1.70, m 34.4, CH 1.67, sptd (6.9, 6.9) 30.9, CH 1.97, m 28.5, CH 3.53, qq (7.2, 7.2)
12 22.2, CH3 0.71, d (6.9) 20.6, CH3 0.71, d (6.9) 21.3, CH3 0.96, d (6.9) 22.1, CH3

e 1.39, d (7.2)e

13 20.7, CH3 0.69, d (6.9) 22.1, CH3 0.75, d (6.9) 17.7, CH3 0.73, d (6.9) 22.1, CH3
e 1.39, d (7.2)e

14 22.4, CH3 1.19, m 22.3, CH3 1.21, d (6.8) 18.9, CH3 1.01, d (7.0) 12.1, CH3 2.18, s
15 199.6, CH 9.76, s 199.2, CH 9.82, s 168.5, C 171.7, C
1′ 183.6, C f f

2′ 146.7, C f f

2′OH 6.83, s f f

3′ 119.6, C 114.0, C
4′ 183.5, C f f

5′ 146.7, C f f

5′OH 6.83, s f f

6′ 112.5, C 104.9, CH 6.09, s
7′ 7.8, CH3 1.90, s f f

a1H 500 MHz. b1H 700 MHz. c13C 125 MHz. d13C 175 MHz. eOverlapped. f1H/13C chemical shifts not shown due to the absence of signals.
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and well-separated carbonyl band around 1680−1700 cm−1

was not observed.4

For compounds 1−6 there is the possibility of hindered
rotation around the C-3′/C-7 and C-6′/C-7″ bonds. In the
case of bis-heimiomycin A (1) and heimiomycins D and E (5
and 6) a tautomerism within the p-benzoquinone substructure
is preventing atropisomerism, while compounds 2−4 did not
show any effects in their ECD data that indicate the presence
of atropisomers. The rapid conversion of possible atropisomers
can be rationalized by low rotational barriers of the C-7/C-3′
and C-6′/C-7″ bonds. An effective radius of only 1.53 pm and
rotational barrier of 27.1 kJ/mol had been determined by Bott
et al. for the hydroxy group.5 Thus, we assume the keto and
hydroxy substituents to be small enough for allowing rotation
of the C-7/C-3′ and C-6′/C-7″ bonds.

Additionally, the previously described compounds heimio-
mycin B (13),3 hispidin (15),6 and hypholomin B7 (16) were
observed in both liquid and solid cultures (Figures 2 and S4).
Hispidin and its derivatives, including hypholomin B, are
reported to show antioxidant effects.8−10

The variety of secondary metabolites produced by
Heimiomyces sp. MUCL 56078 can be explained by the
combination of calamene-type sesquiterpenoid precursors with
various oxidized building blocks. In the case of 1−4, the
resulting intermediate undergoes another linkage reaction to a
second calamene-type sesquiterpenoid precursor. These
reactions might follow a radical mechanism, similar to the
biosynthesis of the bibenzoquinone oosporein,11 or an
electrophilic aromatic substitution mechanism (Figure S5).

Both proposed mechanisms are expected to leave the
configurations of carbon centers C-2 and C-5 unaffected.
Nevertheless, two sesquiterpenoids being linked via a p-
benzoquinone is an uncommon feature for natural products.12

So far only a few similar compounds, like popolohuanones F−
H13,14 and nakijiquinone E,15 have been described in the
literature.

However, the structure of the nitrogen-containing derivative
11, isolated in the preceding study, did not match this logic. In
particular, the biogenetic origin of the Schiff base carbon C-15
could not be mechanistically derived from the parental
calamene scaffold. Therefore, we carefully reviewed the
NMR data of 11 (Table S13) and observed HMBC
correlations from H-15 to C-7, C-8, and C-9. By contrast, a
correlation from H-15 to C-6 was not observed, which would
have been expected for the structure proposed in our earlier
study. In addition, ROESY correlations were observed between
H-15/9-OMe and H3-13/H-5′, respectively, indicating that the
linkages of C-15 and C-8 to the calamene moiety have to be
exchanged (Figure 2). This assignment does explain the
addition of an amino-p-benzoquinone to a calamene precursor
as a possible biosynthetic pathway to 11.

All isolated compounds were evaluated for their antimicro-
bial activities in a serial dilution assay against several Gram
positive and Gram negative bacteria as well as fungal strains,
but were mostly inactive (Table S1). Furthermore, they were
tested for cytotoxicity against the human cervical cancer cell
line KB3.1 and the murine fibroblast cell line L929,16 where
only heimiomycin D (5) showed cytotoxic effects against
KB3.1 with an IC50 of 6.3 μM (Table S2) and therefore was
tested against further cell lines (Table S3), resulting in effects
on breast cancer cell line MCF-7 (IC50 of 2.5 μM), ovarian
cancer cell line SKOV-3 (IC50 of 3 μM), and skin cancer cell
line A431 (IC50 of 4.25 μM). Quinone derivatives have been
reported to be an important class of molecules, showing a
number of various biological activities, presumably due to their
ability to undergo nucleophilic attacks and electron reduc-
tions.17,18 For this reason, compounds 1−6 should be
considered as candidates for various other targets, such as
antiviral or antioxidant assays.

In summary, cultivation of a Heimiomyces sp. led to the
isolation and identification of new meroterpenoids (1−6) and
two new calamene-type sesquiterpenoids (7 and 8), as well as
the previously described hispidin (15), hypholomin B (16),
and heimiomycin B (13), from shaking and solid rice cultures.
Together with the compounds isolated in the preceding study
(9−14),3 this Heimiomyces sp. showed a vast chemical diversity
of its secondary metabolite profile, which emphasizes that
Basidiomycota, especially unexplored species from the tropics,
should be explored as potentially rich sources of novel natural
products in the ongoing search for new drug leads.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Measurements of the

optical rotation were performed using a PerkinElmer 241 polarimeter.
UV spectra were obtained using a Shimadzu UV−vis spectropho-
tometer UV-2450, and ECD spectra were measured using a Jasco J-
815 spectropolarimeter. Measurements of the IR spectra were
performed using a PerkinElmer FT-IR spectrometer Spectrum 100.
NMR spectra were recorded using a Bruker Avance III 500 MHz
spectrometer equipped with a BBFO (Plus) SmartProbe (1H 500
MHz, 13C 125 MHz) and a Bruker Avance III 700 MHz spectrometer
equipped with a 5 mm TCI cryoprobe (1H 700 MHz, 13C 175 MH),
and NMR data were referenced to selected chemical shifts of acetone-
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d6 (1H: 2.05 ppm, 13C: 29.32 ppm) and MeOH-d4 (1H: 3.31 ppm,
13C: 49.15 ppm), respectively. HRESIMS mass spectra were measured
using the Agilent 1200 series HPLC-UV system in combination with
an ESI-TOF-MS (Maxis, Bruker). Measurements were performed
with a 2.1 × 50 mm, 1.7 μm, C18 Acquity UPLC BEH (Waters)
column, using Milli-Q H2O + 0.1% formic acid as solvent A and
MeCN + 0.1% formic acid as solvent B (gradient: 5% B for 0.5 min
increasing to 100% B in 19.5 min and maintaining 100% B for 5 min,
flow rate: 0.6 mL/min, UV detection: 200−600 nm).
Fungal Material. Heimiomyces sp. (MUCL 56078) was collected

from Mount Elgon National Reserve (1°7′6″ N, 34°31′30″ E) in
Kenya by C. Decock and J. C. Matasyoh. Identification of the genus
and deposition of a dried specimen were carried out as described by
Cheng et al.3

Fermentation and Extraction. Cultures of Heimiomyces sp. were
maintained on YM6.3 agar plates.

For the seed cultures, three 50 mm2 sized pieces of well-grown
mycelium from YM6.3 agar plates were transferred into a 500 mL
Erlenmeyer shape culture flask containing 200 mL of YM6.3 medium
(10 g/L malt extract, 4 g/L D-glucose, 4 g/L yeast extract, pH 6.3).
The incubation was performed at 23 °C and 140 min−1 on a rotary
shaker. After 23 days of cultivation the culture broth was
homogenized with an Ultra-Turrax (T25 easy clean digital, IKA),
equipped with a S 25 N − 25 F dispersing tool, at 8000 rpm for 10−
20 s.
Solid Rice Cultures. The inoculum (8 mL per flask) was transferred

into four 500 mL Erlenmeyer shape culture flasks containing BRFT
medium (1 g/L yeast extract, 0.5 g/L sodium tartrate, 0.5 g/L
K2HPO4, 100 mL of the solution added to 28 g of brown rice).
Afterward, the medium was loosened with a spatula to make it
accessible for oxygen and homogeneously distribute the inoculum.
The incubation was performed at 23 °C in an incubator. After 72 days
the fermentation process was stopped. At first, the medium and the
mycelium were covered with acetone. Following this, the medium was
loosened with a spatula and mixed with the acetone. Extraction was
carried out by using ultrasonication for 30 min. Liquid and solid phase
were separated by filtration. This procedure was repeated, followed by
evaporation (40 °C) of the organic solvent with a rotary evaporator.
The remaining aqueous phase was extracted with EtOAc (1:1) in a
separatory funnel, twice. The organic phase was evaporated to dryness
(40 °C). Furthermore, the extract was dissolved in 5 mL of MeOH.
Afterward, 50 mL of a 1:1 mixture of heptane and MeOH/H2O (1:1)
was added. Extraction was carried out in a separatory funnel twice,
and the heptane and aqueous phases were collected separately.
Finally, both were evaporated to dryness (40 °C). This led to the
isolation of 476 mg of aqueous extract and 206 mg of heptane extract.
A second fermentation of six solid rice cultures was performed using
the same conditions, leading to the isolation of 1071 mg of aqueous
extract (no heptane extraction).
Liquid Cultures. The inoculum (3 mL per flask) was transferred

into 21 500 mL Erlenmeyer shape culture flasks containing 200 mL of
YM6.3 medium and five 500 mL Erlenmeyer shape culture flasks
containing 200 mL of MOF medium (75 g/L mannitol, 16.2 g/L
MES, 15 g/L oat flour, 5 g/L yeast extract, 4 g/L L-glutamic acid, pH
6.0). The incubation was performed at 23 °C and 140 min−1 on a
rotary shaker. Glucose consumption was monitored using test strips
(Medi-Test Glucose, Macherey-Nagel). The fermentation process was
stopped 2 days after the culture broth tested negative for glucose (33
days in total for YM6.3 cultures and 27 days in total for MOF
cultures). Mycelium and supernatant were separated by centrifugation
at 5100 min−1 for 15 min (lab centrifuge 4-16KS, Sigma
Laborzentrifugen GmbH). The mycelium was overlaid with acetone
and afterward extracted in an ultrasonic bath for 30 min, twice. Solid
and liquid phases were separated by filtration, followed by evaporation
(40 °C) of the organic solvent with a rotary evaporator. The
remaining aqueous phase was diluted with H2O and extracted against
EtOAc. Following this, the organic phase was evaporated to dryness
(40 °C). The supernatant was extracted with EtOAc (1:1) twice in a
separatory funnel. The organic phase was kept and evaporated to
dryness (40 °C). This led to the isolation of 567 mg of extract from

the mycelium and 651 mg of extract from the supernatant of YM6.3
cultures, as well as 211 mg of extract from the mycelium and 339 mg
of crude extract from the supernatant of MOF cultures. Filtration of
the extracts was performed by using an SPME Strata-X 33 μm
Polymeric RP cartridge (Phenomenex, Inc.).
Analytical HPLC. The obtained extracts were dissolved in acetone

to yield a concentration of 10 mg/mL. Solvation was aided by
ultrasonication at 40 °C for 10 min. Samples were analyzed by an
analytical HPLC device (Dionex UltiMate 3000 series) coupled to an
ion trap mass spectrometer (amazon speed by Bruker) to conduct the
measurements. HPLC grade H2O and HPLC grade MeCN
supplemented by 0.1% formic acid were used as mobile phase. With
a flow rate of 600 μL/min, 2 μL of the injected samples was separated
over an ACQUITY-UPLC BEH C18 column (50 × 2.1 mm; particle
size: 1.7 μm) by Waters. Starting with 5% of MeCN, the amount was
increased to 100% in 20 min and retained for 5 min at 100%. The
obtained chromatograms were evaluated with the appropriate Bruker
analysis software (Data Analysis 4.4).
Isolation of Compounds 1−8. After evaluation of the analytical

data, the extracts were separated via RP HPLC using a Gilson PLC
2250 purification system.
Solid Rice Cultures (BRFT). The extract obtained from the aqueous

phase of the solid rice cultures of the first fermentation was purified
using a Gemini LC column 250 × 50 mm, 110 Å, 10 μm
(Phenomenex); solvent A: Milli-Q H2O + 0.1% formic acid, solvent
B: MeCN + 0.1% formic acid, flow rate: 60 mL/min, gradient: 5 min
B at 25%, increasing to 80% B in 55 min, increasing to 100% B in 10
min, maintaining 100% B for 10 min. The fraction at 60.5−61.5 min
led to 2.76 mg of 3, the fraction at 63.5−64.5 min led to 6.8 mg of
compound 4, and the fraction at 65.5−66.5 min led to 2.8 mg of
compound 2. The extract obtained from the solid rice cultures of the
second fermentation was purified using a Synergi Polar RP 250 × 50
mm, 80 Å, 10 μm (Phenomenex) column; solvent A: Milli-Q H2O +
0.1% formic acid, solvent B: MeCN + 0.1% formic acid, flow rate: 60
mL/min, gradient: 5 min B at 20%, increasing to 40% B in 5 min,
increasing to 85% B in 50 min, increasing to 100% B in 5 min,
maintaining 100% B for 10 min. The fraction at 29.5−30.5 min led to
7.4 mg of 6, the fraction at 37.0−37.75 min led to 4.5 mg of
compound 5, and the fraction at 48.0−48.75 min led to 43.2 mg of
compound 1.
Liquid Cultures (YM6.3). The extract obtained from the super-

natant was purified using a Gemini LC column 250 × 50 mm, 110 Å,
10 μm (Phenomenex); solvent A: Milli-Q H2O + 0.1% formic acid,
solvent B: MeCN + 0.1% formic acid, flow rate: 60 mL/min, gradient:
5 min B at 20%, increasing to 65% B in 50 min, increasing to 100% B
in 20 min, maintaining 100% B for 10 min. The fraction at 36.5−37.5
min led to 4.2 mg of 8.
Liquid Cultures (MOF). The extract obtained from the mycelium of

the culture broth was purified using a Gemini LC column 250 × 50
mm, 110 Å, 10 μm (Phenomenex); solvent A: Milli-Q H2O + 0.1%
formic acid, solvent B: MeCN + 0.1% formic acid, flow rate: 50 mL/
min, gradient: 5 min B at 30%, increasing to 50% B in 10 min,
increasing to 100% B in 50 min, maintaining 100% B for 10 min. The
fraction at 48.0−49.0 min led to 2.5 mg of 7.
Acetylation of 1. Acetylation was performed as previously

described by Duncan et al.;19 16 mg of 1 was dissolved in 4.8 mL
of pyridine, and afterward 2.4 mL of acetic anhydride (resulting in a
2:1 mixture) was added. The solution was left at room temperature
for 3−4 h. Following this, the reagents were removed by evaporation
(40 °C) with a rotary evaporator. The product was dissolved in
acetone and analyzed by HPLC/MS. Due to side product formation, a
purification was performed via RP HPLC using a Gilson PLC 2050
purification system. The sample was purified using an XBridge Prep
C18 column, 19 × 250 mm, 5 μm (Waters); solvent A: Milli-Q H2O
+ 0.1% formic acid, solvent B: MeCN + 0.1% formic acid, flow rate:
20 mL/min, gradient: 5 min B at 70%, increasing to 90% B in 35 min,
increasing to 100% B in 5 min, maintaining 100% B for 5 min. The
fraction at 20.5−21.5 min led to 3.3 mg of compound 1b.
Bis-heimiomycin A (1): red oil; [α]25D +16 (c 0.01, acetone); UV/

vis (0.01 mg/mL, MeCN) λmax (log ε) 372 (3.89), 283 (4.55), 245
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(4.45) nm; ECD (0.2 mg/mL, MeOH) λ (Δε) 297 (+32.5), 261
(−34.0), 240 (+39.9), 204 (−29.5) nm, Figure S1; 1H and 13C NMR
data (acetone-d6), Table 1; ESIMS m/z 633.30 [M + H]+, 631.11 [M
− H]−; HRESIMS m/z 633.2695 [M + H]+ (calcd for C36H41O10,
633.2694); tR = 13.3 min (analytical HPLC).
Bis-heimiomycin B (2): red oil; [α]25D +150 (c 0.01, MeOH); UV/

vis (0.01 mg/mL, MeOH) λmax (log ε) 378 (3.78), 287 (4.14), 208
(4.40) nm; ECD (0.2 mg/mL, MeOH) λ (Δε) 342 (+6.0), 315
(+1.3), 295 (+20.8), 245 (−2.3), 223 (+17.0), 200 (−11.6), 194
(+2.5) nm, Figure S1; 1H and 13C NMR data (acetone-d6), Table 1;
ESIMS m/z 617.31 [M + H]+, 615.37 [M − H]−; HRESIMS m/z
617.2749 [M + H]+ (calcd for C36H41O9, 617.2745); tR = 13.3 min
(analytical HPLC).
Bis-heimiomycin C (3): red oil; [α]25D +130 (c 0.01, MeOH); UV/

vis (0.01 mg/mL, MeOH) λmax (log ε) 373 (3.93), 293 (4.16), 205
(4.54) nm; ECD (0.2 mg/mL, MeOH) λ (Δε) 315 (+2.8), 293
(+9.9), 264 (+3.7), 242 (+8.2), 230 (+2.1) nm, Figure S1; 1H and
13C NMR data (acetone-d6), Table 1; ESIMS m/z 601.32 [M − H2O
+ H]+, 617.36 [M − H]−; HRESIMS m/z 641.2720 [M + Na]+ (calcd
for C36H42NaO9, 641.2721); tR = 12.5 min (analytical HPLC).
Bis-heimiomycin D (4): red oil; [α]25D −290 (c 0.01, MeOH);

UV/vis (0.01 mg/mL, MeOH) λmax (log ε) 372 (3.86), 327 (4.17),
303 (4.15), 204 (4.59) nm; ECD (0.2 mg/mL, MeOH) λ (Δε) 387
(+6.7), 328 (−5.5), 293 (+17.8), 267 (+10.0), 261 (+10.4), 251
(+6.8), 240 (+15.0), 233 (+11.9), 218 (+29.8), 200 (−17.1) nm,
Figure S1; 1H and 13C NMR data (acetone-d6), Table 1; ESIMS m/z
601.31 [M + H]+, 599.35 [M − H]−; HRESIMS m/z 601.2797 [M +
H]+ (calcd for C36H41O8, 601.2796); tR = 12.9 min (analytical
HPLC).
Heimiomycin D (5): red oil; [α]25D +27 (c 0.01, acetone); UV/vis

(0.01 mg/mL, MeCN) λmax (log ε) 305 (3.86) nm; ECD (0.2 mg/
mL, MeCN) λ (Δε) 299 (+16.7), 259 (−1.1), 223 (+13.8) nm,
Figure S2; 1H and 13C NMR data (acetone-d6), Table 2; ESIMS m/z
401.16 [M + H]+, 398.94 [M − H]−; HRESIMS m/z 401.1593 [M +
H]+ (calcd for C22H25O7, 401.1595); tR = 9.8 min (analytical HPLC).
Heimiomycin E (6): red oil; [α]25D +170 (c 0.01, MeCN); UV/vis

(0.01 mg/mL, MeCN) λmax (log ε) 369 (3.73), 283 (4.33), 240
(4.18) nm; ECD (0.2 mg/mL, MeCN) λ (Δε) 295 (+36.9), 275
(−9.1), 255 (−1.3), 246 (−4.0), 204 (+5,1) nm, Figure S2; 1H and
13C NMR data (acetone-d6), Table 2; ESIMS m/z 387.14 [M + H]+,
384.93 [M − H]−; HRESIMS m/z 387.1437 [M + H]+ (calcd for
C21H23O7, 387.1438); tR = 8.4 min (analytical HPLC).
Heimiocalamene A (7): yellow oil; [α]25D +53 (c 0.01, acetone);

UV/vis (0.01 mg/mL, MeCN) λmax (log ε) 305 (3.86) nm; ECD (0.2
mg/mL, MeOH) λ (Δε) 307 (−2.1), 254 (+1.0), 235 (+0.4), 202
(+2.5), 194 (−0.03) nm, Figure S3; 1H and 13C NMR data (acetone-
d6), Table 2; ESIMS m/z 235.10 [M + H]+, 232.90 [M − H]−;
HRESIMS m/z 235.1689 [M + H]+ (calcd for C15H23O2, 235.1693);
tR = 11.7 min (analytical HPLC).
Heimiocalamene B (8): yellow oil; [α]25D +70 (0.01, MeOH);

UV/vis (0.01 mg/mL, MeOH) λmax (log ε) 310 (3.59), 246 (3.75),
198 (4.47) nm; 1H and 13C NMR data (MeOH-d4), Table S2; ESIMS
m/z 263.05 [M + H]+, 260.82 [M − H]−; HRESIMS m/z 263.1275
[M + H]+ (calcd for C15H19O4, 263.1275); tR = 6.1 min (analytical
HPLC).
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Heimionones A–E, New Sesquiterpenoids Produced by
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Abstract: With heimionones A–E (1–5), five new terpenoids were isolated from submerged cultures
of Heimiomyces sp. in addition to the previously described compounds hispidin, hypholomin B,
and heimiomycins A and B. Planar structures of the metabolites were elucidated by 1D and 2D
NMR in addition to HRESIMS data. While ROESY data assigned relative configurations, absolute
configurations were determined by the synthesis of MTPA esters of 1, 3, and 5. The [6.3.0] undecane
core structure of compounds 3–5 is of the asteriscane-type, however, the scaffold of 1 and 2 with their
bicyclo [5.3.0] decane core and germinal methyl substitution is, to our knowledge, unprecedented.
Together with several new compounds that were previously isolated from solid cultures of this strain,
Heimiomyces sp. showed an exceptionally high chemical diversity of its secondary metabolite profile.

Keywords: Heimiomyces sp.; heimionone; chemical diversity

1. Introduction

In the ever-growing effort to isolate, identify, and characterize novel natural products,
the kingdom of Fungi serves as a well-known, reliable, and nearly inexhaustible source.
Ongoing developments in numerous modern techniques significantly support the identifi-
cation of hitherto unknown secondary metabolites, leading to a continuously rising number
of newly discovered molecules. With regard to the ca. 35.000 species comprising [1] and
therefore the second-largest phylum of the kingdom Fungi, the Basidiomycota have proven
to produce chemically very diverse secondary-metabolite profiles next to their biological
diversity [2]. While there are Basidiomycota that mainly produce several congeners of
the same compound family, such as members of the genus Armillaria, which are known
for their large amount of structurally closely related sesquiterpenoids aryl esters [3], there
are also genera that show a high chemical diversity within their secondary metabolite
profile concerning the presence of different core structures. Heimiomyces sp. (MUCL 56078)
is an example of the latter since our previous studies already led to the isolation and
identification of heimiocalamenes C–E (8–10) and heimiomycins A–C (11–13) [4], as well
as bis-heimiomycins A–D (14–17), heimiomycins D–E (18–19) and heimiocalamenes A–B
(20–21) [5], showing the enormous potential of this specimen to produce chemically very di-
verse secondary metabolites. Intriguingly, the secondary metabolite pattern of Heimiomyces
sp. even changed drastically after switching the cultivation conditions from solid rice
cultures to submerged cultures.

We herein present the isolation, structural elucidation, and biological evaluation of
the new terpenoids heimionones A–E (1–5) with uncommon bicyclo [5.3.0] decane and
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[6.3.0] undecane core structures, respectively, that were isolated from submerged cultures
of Heimiomyces sp. alongside the previously described heimiomycins A–B (11–12) [4], as
well as hispidin and hypholomin B (6–7) [6,7].

2. Results and Discussion
2.1. Isolation and Structure Elucidation of Metabolites from Heimiomyces sp. (Figures 1–3)

Heimionone A (1) was isolated as a yellow oil from the mycelial extracts of liquid
cultures. Based on an HRESIMS analysis, its molecular formula was assigned as C22H28O5
according to the molecular ion cluster at m/z 373.2012 [M + H]+ (calcd. for C22H29O5
373.2023) indicating nine degrees of unsaturation. 1H NMR and HSQC data (Table S6) led
to the identification of six methyls at δH 1.02 (s, H3-12), 1.13 (s, H3-11), 1.40 (d, J = 6.3 Hz,
H3-15), 1.77 (s, H3-7′), 1.82 (d, J = 7.0 Hz, H3-6′), and 2.31 (s, H3-13), three oxymethines at
δH 4.70 (q, H-14), 5.14 (s, H-9), and 6.12 (s, H-1), and five olefinic methines at δH 5.81 (d,
J = 15.7 Hz, H-2′), 6.07 (q, H-5′), 7.35 (d, J = 15.7 Hz, H-3′), 7.56 (d, J = 9.8 Hz, H-4), and
7.69 (d, J = 9.8 Hz, H-5). The 13C and HMBC NMR data (Table S6) revealed the presence
of 22 carbon resonances, including two carbonyl carbons (δC 187.5, C-7; 168.6, C-1′); ten
sp2-hybridized carbons, comprising five nonprotonated carbons (δC 153.0, C-2; 152.4, C-3;
151.7, C-6; 146.1, C-8; 135.3, C-4′) and five methines (δC 152.6, C-3′; 139.2, C-5′; 138.6, C-5;
131.8, C-4; 115.1, C-1′); one quaternary carbon (δC 45.5, C-10); three methines (δC 84.2, C-9;
83.5, C-1; 67.8, C-14); and six methyl carbons (δC 26.1, C-15; 22.3, C-13; 20.7, C-12; 20.5, C-11;
14.8, C-6′; 11.9 C-7′). The carbonyl and sp2-hybridized carbons accounted for seven degrees
of unsaturation, suggesting two rings in the scaffold of heimionone A (1). By analyzing
the 1H-1H COSY data, the first spin system was given due to correlations between H3-13,
H-5, H-4, H-14, and H3-15. Correlations between H3-11/H3-12, H2-9, and H-1 led to the
identification of the second spin system. HMBC correlations from H3-13 to C-4/C-5/C-
6/C-7/C-8 and H-4 to C-2/C-3/C-5/C-6/C-7/C-8 revealed a cyclohepta-3,5,8-triene-7-one
ring. The 14-hydroxyethyl moiety was deduced from the HMBC correlations of H3-15 to
C-3/C-14. Further HMBC correlations from H3-11 and H3-12 to C-1/C-9/C-10, from H-9
to C-2/C-8/C-10/C-11, and from H-1 to C-2/C-8/C-9/C-10/C-11 led to the identification
of a dimethylcyclopentane substructure that was fused to the cyclohepta-3,5,8-triene-7-one
ring across C-2 and C-8. HMBC correlations from H3-6′ to C-3′/C-4′/C-5′/C-7′ and from
H-3′ to C-1′/C-2′/C-4′/C-5′/C-7′ revealed the presence of a 4′-methylhexa-2′,4′-dienoic
acid partial structure that was fused to C-1 according to an HMBC correlation from H-1
to C-1′. The E ∆2′ ,3′ configuration was assigned according to the large coupling constants
(J = 15.7 Hz) between the olefinic methines H-2′ and H-3′, while the ∆4′ ,5′ configuration
was assigned as E due to the ROESY correlation between H-3′ and H-5′. Furthermore,
this structural elucidation was supported by the comparison of the 1H and 13C data
to the ones of daldinin F (Figure S17 and Table S11), which was reported to carry the
same side chain as heiminone A [8]. The relative configuration of the bicyclic core was
obtained by the evaluation of ROE data. Due to the key correlation between H-1 and
H3-12, these protons were arbitrarily assigned to the α face of the molecule. A correlation
between H-9β/H-11 indicated an β orientation of these protons. Finally, the absolute
configuration was determined by Mosher’s method. The derivatization of heimionone A
(1) to its corresponding R- and S-MTPA esters at position C-9 and C-14 was done with S-
and R-MTPA chloride. The pattern of ∆δS,R chemical shifts (see Figure 3) with positive
values of H-4, H-5, H3-11, and H3-12, and negative ones of H3-13 and H3-15 determined
the 1S,9R,14S absolute configuration.
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Heimionone B (2), which is closely related to 1, was obtained as a yellow oil from the
supernatant extracts of liquid cultures. Its HRESIMS data indicated the same molecular
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formula (C22H28O5) as obtained for 1. 1H and 13C data showed high similarities to 1.
They differ by the relocation of the hydroxy function from C-14 for 1 to C-6 (δC 78.7) for 2,
whereas the oxymethine at C-14 was replaced by an olefinic methine (δH 6.16, δC 141.6).
The cyclohepta-4,8-diene-7-one scaffold was confirmed by HMBC correlations of H3-13
to C-5/C-6/C-7 and H-4 to C-2/C-3/C-6. Relative configuration was assigned according
to the ROE correlations. In particular, interactions between H-9β and H3-11 and between
H-1α and H3-12 implied the same configuration as 1. Additionally, correlations among
H-9α/H3-11/H3-13 defined the 6R configuration. The absolute configuration of 2 was
confirmed by comparison to heimionone A (1) as 1S,9R,6R.

The yellow oil heimionone C (3) was isolated from the mycelial extracts of liquid
cultures with a molecular formula of C22H30O4, implying eight degrees of unsaturation.
Analysis of the 1H and 13C spectra showed similarities to those of 1 and 2. HMBC and COSY
interactions confirmed the presence of the previously described dimethylcyclopentane
substructure carrying a 4′-methylhexa-2′,4′-dienoc acid partial structure that was fused to
C-1. A spin system was given based on 1H-1H COSY correlations among H3-14, H-6, H2-5,
H2-4, H-3, and H3-15. Furthermore, HMBC correlations from H3-14 to C-6/C-7/C-8, H2-4
to C-3/C-5, and H3-15 to C-2/C-3/C-4 led to the identification of the 3,7-dimethylcycloocta-
6,9-dien-8-one ring that was fused to the dimethylcyclopentane ring across C-2 and C-
9 according to correlations from H-1/H-3/H3-15 to C-2 and from H-1/H-10/H3-12 to
C-9. The relative configuration was deduced by an analysis of ROE data. Due to the
key correlations among H-1α/H-4α/H-5α/H3-13/H3-15, these protons were arbitrarily
assigned to the α face of the molecule. Correlations between H-3β/H-4β/H-5β and
between H-10β/H3-12 indicated a β orientation of these protons. Finally, the absolute
configuration was determined after heimionone C (3) was derivatized to its corresponding
S- and R-MTPA esters at position C-10 in the course of Mosher’s method. The ∆δSR chemical
shift pattern (see Figure 3) indicated R-configuration of C-10 and thus a 1S,3R,10R absolute
configuration.

Heimionone D (4) was obtained as a yellow oil from the mycelial extracts of liquid
cultures with a molecular formula of C22H30O3. The 1D and 2D NMR data of 4 suggested a
high similarity to 3. They only differ in the absence of a hydroxy function, which was replaced
by a methylene (δH 2.30 H-10α; 2.77, H-10β). This was confirmed by the HMBC correlations
from H-1, H3-12, and H3-13 to C-10 (δC 47.8). The ROESY correlations among H-1α/H-4α/H-
5α/H-10α/H3-13/H3-15 implied 4 has the same configuration as heimionone C (3).

Heimionone E (5) was isolated as a yellow oil from the mycelial extracts of liquid
cultures. Its NMR spectroscopic data were highly similar to the ones of heimionone D
(4). They only differ in the absence of the 4′-methylhexa-2′,4′-dienoc acid moiety that was
replaced by the hydroxy function at position C-1. Finally, the absolute configuration was
determined as 1R,3SR after heimionone E (5) was derivatized to its corresponding S- and
R-MTPA esters at position C-1 using Mosher’s method with both R- and S-MTPA chloride.

Compounds 3–5 can be assigned to the asteriscanes according to their characteristic
four methyl groups on the five-eight-membered ring system [9].

Although the bicyclo [5.3.0] decane scaffold of 1 and 2 is part of daucane-, isodau-
cane, aromadendrane, lactarane-, africane, gualane-, nor-guaiane and pseudoguaiane-type
sesquiterpenoids, the methyl pattern of 1 and 2 with its germinal demethylation of C-10
is different from those [10]. Thus, the carbon backbone of 1 and 2 can be regarded as a
new scaffold. Nevertheless, nardoguaianone E-I with similar structures were previously
described after isolation from Nardostachys chinensis [11]. Interestingly, asteriscane-type
sesquiterpenoids have been isolated from the soft coral Sinularia capillosa [12].

Furthermore, hispidin (6) [6] and hypholomin B (7) [7], both of which have been
described to show antioxidant effects [13,14], were isolated from the submerged cultures
of Heimiomyces sp., together with heimiomycins A (11) and B (12), which were previously
published from fermentations of the same fungal strain under different conditions [4].

Interestingly, the secondary metabolite profile of Heimiomyces sp. mainly changed after
the cultivation conditions were switched from solid to liquid media. While our previous
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experiments led to the isolation and identification of bis-heimiomycins A–D (14–17) and
heimiomycins D–E (18–19) [5] from cultures on a solid rice medium, other compounds
such as heimiocalamenes C–E (8–10), heimiomycins A–C (11–13) and heimiocalamenes
A–B (20–21) [4,5], as well as the herein described heimionones A–E (1–5), were isolated
after cultivation of Heimiomyces sp. in liquid YM6.3 and an MOF medium, respectively. Up
to this point, this strain has already shown impressive chemical diversity. Since several
other, yet unidentified, minor peaks were observed in the UV/Vis- and MS-spectra of its
extracts, there is a potential even to find more exciting and new secondary metabolites
if their production in more significant amounts can be triggered, for example by another
change in the cultivation conditions.

2.2. Biological Assays

To evaluate the antimicrobial activity of compounds 1–5 a serial-dilution assay against
several Gram-positive and Gram-negative bacteria as well as fungal strains was carried out,
though no outstanding activities were observed (Table S4). Furthermore, all compounds
were tested for their cytotoxicity against the human cervical cancer cell line KB3.1 and the
mouse fibroblast cell line L929 where heimionone A (1) and heimionone C (3) showed weak
cytotoxic effects (Table S5).

3. Materials and Methods
3.1. General Experimental Procedures

Optical rotations were measured using the 241 polarimeter (PerkinElmer, Waltham,
MA, USA). Measurements of the UV spectra were carried out using the UV-Vis spec-
trophotometer UV-2450 (Shimadzu, Kyōto, Japan) and measurements of the ECD spectra
were carried out using a J-815 spectropolarimeter (Jasco, Pfungstadt, Germany). NMR
spectra were obtained using the Avance III 500 MHz spectrometer equipped with a BBFO
(plus) SmartProbe (1H 500 MHz, 13C 125 MHz) and the Avance III 700 MHz spectrometer
equipped with a 5 mm TCI cryoprobe (1H 700 MHz, 13C 175 MH) (both Bruker, Billerica,
MA, USA). NMR data were referenced to selected chemical shifts of acetonitrile-d3 (1H:
1.94 ppm, 13C: 1.4 ppm), methanol-d4 (1H: 3.31 ppm, 13C: 49.2 ppm), and pyridine-d5
(1H: 7.22 ppm), respectively. HRESIMS mass spectra were recorded with a 1200 series
HPLC-UV system (Agilent, Santa Clara, CA, USA) in combination with an ESI-TOF-MS
(Maxis, Bruker). Performance of the measurements was conducted with a 2.1 × 50 mm,
1.7 µm, C18 Acquity UPLC BEH (Waters, Milford, MA, USA) column, using MilliQ H2O +
0.1% formic acid as solvent A and MeCN + 0.1% formic acid as solvent B (gradient: 5% B
for 0.5 min increasing to 100% B in 19.5 min and maintaining 100% B for 5 min, flow rate:
0.6 mL/min, UV detection: 200–600 nm).

3.2. Fungal Material

Heimiomyces sp. (MUCL 56078) was collected by C. Decock and J. C. Matasyoh from
Mount Elgon National Reserve in Kenya (1◦7′6′′ N, 34◦31′30′′ E). The genus was identified,
and a dried specimen was deposited, as previously described by Cheng et al. [4].

3.3. Seed Culture and Fermentation of Heimiomyces sp.

The maintenance of Heimiomyces sp. cultures was carried out on YM6.3 agar plates.
A 500 mL Erlenmeyer shape culture flask containing 200 mL of YM6.3 medium (10 g/L
malt extract, 4 g/L D-glucose, 4 g/L yeast extract, pH 6.3) was used for inoculation
with three 50 mm2 sized pieces of well-grown mycelium from YM6.3 agar plates. The
seed culture was incubated at 23 ◦C and 140 min−1 on a rotary shaker for 23 days. For
the following homogenization an Ultra-Turrax® (T25 easy clean digital, IKA, Staufen im
Breisgau, Germany), equipped with an S 25 N–25 F dispersing tool was used at 8000 rpm
for 10–20 s. The homogenized culture broth was utilized as inoculum by transferring 3
mL per flask into 15 500 mL Erlenmeyer shape culture flasks containing 200 mL of YM6.3
medium and subsequently, the incubation was performed at 23 ◦C and 140 min−1 on a
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rotary shaker. Consumption of the glucose was monitored using test strips (Medi-Test
Glucose, Macherey-Nagel, Düren, Germany) leading to a termination of the fermentation
process two days after the culture broth tested negative for glucose.

3.4. Harvest and Extraction

Separation of the mycelium and supernatant was carried out by centrifugation at
5100 min−1 for 15 min (lab centrifuge 4-16KS, Sigma Laborzentrifugen GmbH, Osterode am
Harz, Germany). Extraction of the mycelium was performed with acetone in an ultrasonic
bath for 30 min, twice. The liquid phase was evaporated at 40 ◦C after separation from
the solid phase by filtration, leading to a remaining aqueous phase that was subsequently
diluted with water and extracted against ethyl acetate. Afterward, the organic phase was
evaporated to dryness (40 ◦C) and led to 607 mg of extract from the mycelium. Extraction
of the supernatant was carried out with ethyl acetate (1:1) in a separatory funnel, twice.
Evaporation of the organic phase at 40 ◦C led to 251 mg extract from the supernatant of
YM6.3 cultures. Both extracts were filtered using the SPME StrataTM-X 33 µm Polymeric
RP cartridge (Phenomenex, Aschaffenburg, Germany).

3.5. Analytical HPLC

The extracts obtained from liquid cultures of Heimiomyces sp. were dissolved in acetone
to yield a concentration of 10 mg/mL. Analysis of the samples was performed with an
analytical HPLC device (Dionex UltiMate 3000 series, Sunnyvale, CA, USA) coupled to an
ion trap mass spectrometer (amazon speed™ by Bruker). As mobile phase HPLC grade
water and MeCN, both containing 0.1% of formic acid, were used. After injection of 2 µL of
the samples, the separation was carried out over an ACQUITY-UPLC® BEH C18 column
(50 × 2.1 mm; particle size: 1.7 µm) (Waters) with a flow rate of 600 µL/min. The gradient
started at 5% of MeCN, then increased to 100% MeCN in 20 min and remained for 5 min at
100%. To evaluate the obtained chromatograms, the appropriate analysis software (Data
Analysis, version 4.4 by Bruker) was used.

3.6. Isolation of Compounds 1–5 via Reversed-Phase Liquid Chromatography

After evaluation of the analytical data, the extracts were separated via RP HPLC
using a Gilson PLC 2250 Purification System (Limburg, Germany). The extract obtained
from the supernatant of the culture broth was purified using the SynergiTM Polar RP
250 × 50 mm, 80 Å, 10 µm (Phenomenex); solvent A: MilliQ water + 0.1% formic acid,
solvent B: acetonitrile + 0.1% formic acid, flow rate: 50 mL/min, gradient: 5 min B at 20%,
increasing to 100% B in 80 min, maintaining 100% B for 10 min. This yielded compound
5 (3.83 mg, tR = 44.0–44.75 min), compound 2 (2.46 mg, tR = 47.5–48.5 min), compound 1
(3.5 mg, tR = 49.5–50.5 min) and compound 3 (1.26 mg, tR = 65.0–66.0 min). The extract
obtained from the mycelium of the culture broth was purified using the same equipment
and conditions. This yielded compound 1 (1.77 mg, tR = 49.5–50.5 min), compound 3
(1.87 mg, tR = 58.5–59.5 min), and compound 4 (2.31 mg, tR = 68.0–68.5 min).

3.7. Spectral Data of Compounds 1–5

Heimionone A (1): yellow oil; [α]25
D +250 (c 0.50, MeOH); UV/vis (0.01 mg/mL,

MeOH) λmax(logε): 325 (3.99), 268 (4.48), 247 (4.48), 202 (3.82) nm; ECD (0.2 mg/mL,
MeOH) λ(∆ε): 265 (+19.8), 243 (−18.0), 220 (−1.2), 202 (−7.6) nm, Figure S1; 1H and 13C
NMR data (MeOH-d4), Table 1 and Table S6; ESIMS m/z 373.19 [M + H]+, 371.24 [M −
H]−; HRESIMS m/z 373.2012 [M + H]+ (calcd. for C22H29O5, 373.2023); tR = 9.2 min
(analytical HPLC).
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Table 1. 1H and 13C spectroscopic data of compounds 1, 2, and 5 in methanol-d4 and 3–4 in acetonitrile-d3 (δ in ppm).

1 b,d 2 b,d 3 a,c 4 b,d 5 b,d

No. δC, Type δH (J in Hz) δC, Type δH (J in Hz) δC, Type δH (J in Hz) δC, Type δH (J in Hz) δC, Type δH (J in Hz)

1 83.5, CH α: 6.12, s 86.1, CH α: 6.32, m 83.1, CH α: 5.62, s 85.6, CH α: 5.58, s 85.3, CH α: 4.13, s
2 153.0, C 146.2, C 150.3, C 150.3, C 156.5, C

3 152.4, C 133.5, C 31.2, CH ß: 2.86, dqd
(12.8, 6.9, 6.0) 31.2, CH ß: 2.96, m 31.9, CH β: 2.98, dqd

(12.5, 6.9, 5.0)

4 131.8, CH 7.56, d (9.8) 134.8, C 6.26, d (11.8) 37.1, CH2
α: 1.57, m
β: 1.78, m 37.3, CH2

α: 1.53, m
β: 1.74, m 38.3, CH2

α: 1.82, m
β: 1.51, m

5 138.6, CH 7.69, dd (9.8, 0.9) 130.5, CH 5.53, d (11.8) 26.3, CH2
α: 2.46, m
β: 2.11, m 26.3, CH2

α: 2.07, m
β: 2.32, m 26.7, CH2

α: 2.30, m
β: 2.08, m

6 151.7, C 78.7, C 140.9, CH 6.47, m 139.1, CH 6.35, ddd
(9.7, 8.4, 1.4) 139.4, CH 6.36, ddd

(9.8, 8.4, 1.4)
7 187.5, C 199.3, C 142.0, C 141.5, C 142.1, C
8 146.1, C 142.2, C 194.2, C 194.3, C 196.3, C
9 84.2, CH ß: 5.14, s 83.4, CH ß: 4.61, s 148.9, C 146.9, C 144.7, C

10 45.5, C 47.2, C 83.3, CH ß: 4.89, s 47.8, CH2
α: 2.30, d (16.4)
β: 2.77, d (16.4) 47.2, CH2

α: 2.21, d (16.1)
β: 2.76, d (16.1)

11 20.5, CH3 1.13, s 22.0, CH3 0.98, m 44.2, C 39.4, C 39.6, C
12 20.7, CH3 1.02, s 21.7, CH3 1.18, m 20.4, CH3 1.01, s 22.2, CH3 0.99, s 22.5, CH3 1.13, s
13 22.3, CH3 2.31, br s 27.2, CH3 1.45, m 21.4, CH3 0.98, s 28.0, CH3 1.06, s 28.3, CH3 0.96, s
14 67.8, CH ß: 4.70, q (6.3) 141.6, CH 6.16, q (7.7) 20.1, CH3 1.89, s 20.3, CH3 1.88, s 20.3, CH3 1.90, s
15 26.1, CH3 1.40, d (6.3) 16.9, CH3 1.90, d (7.7) 16.7, CH3 0.95, d (6.9) 17.0, CH3 0.97, d (6.9) 18.0, CH3 1.26, d (6.9)
1′ 168.6, C 168.7, C 167.7, C 167.6, C
2′ 115.1, CH 5.81, d (15.7) 115.3, CH 5.81, d (15.7) 115.7, CH 5.79, d (15.7) 115.9, CH 5.81, d (15.7)
3′ 152.6, CH 7.35, d (15.7) 152.2, CH 7.33, d (15.7) 150.9, CH 7.30, d (15.7) 150.8, CH 7.31, d (15.7)
4′ 135.3, C 135.3, C 134.9, C 134.9, C
5′ 139.2, CH 6.07, q (7.0) 139.0, CH 6.06, q (7.1) 138.4, CH 6.06, q (7.0) 138.2, CH 6.06, q (6.9)
6′ 14.8, CH3 1.82, d (7.0) 14.8, CH3 1.84, d (7.1) 14.8, CH3 1.80, d (7.0) 14.8, CH3 1.80, d (6.9)
7′ 11.9, CH3 1.77, m 11.9, CH3 1.79, m 12.0, CH3 1.77, s 12.0, CH3 1.77, br s

a 1H 500 MHz, b 1H 700 MHz; c 13C 125 MHz, d 13C 175 MHz.
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Heimionone B (2): yellow oil; [α]25
D +230 (c 0.10, MeOH); UV/vis (0.01 mg/mL,

MeOH) λmax(logε): 329 (3.70), 267 (4.23), 248 (4.22), 198 (4.73) nm; ECD (0.2 mg/mL,
MeOH) λ(∆ε): 266 (+10.2), 241 (−7.7), 222 (+0.1) nm, Figure S1; 1H and 13C NMR data
(MeOH-d4), Tables 1 and S7); ESIMS m/z 373.21 [M + H]+, 371.04 [M − H]−; HRESIMS m/z
373.2011 [M + H]+ (calcd. for C22H29O5, 373.2010); tR = 9.3 min (analytical HPLC).

Heimionone C (3): yellow oil; [α]25
D +156 (c 0.50, MeOH); UV/vis (0.01 mg/mL, MeOH)

λmax(logε): 376 (3.18), 269 (4.35), 198 (4.41) nm; ECD (0.2 mg/mL, MeOH) λ(∆ε): 270 (+8.9),
241 (−0.6), 219 (+0.2), 205 (−10.8) nm, Figure S2; 1H and 13C NMR data (acetonitrile-d3),
Tables 1 and S8; ESIMS m/z 341.25 [M −H2O + H]+, 375.28 [M – H + H2O]−; HRESIMS m/z
381.2034 [M + Na]+ (calcd. for C22H30NaO4, 381.2036); tR = 11.9 min (analytical HPLC).

Heimionone D (4): yellow oil; [α]25
D +72 (c 1.00, MeOH); UV/vis (0.01 mg/mL,

MeOH) λmax(logε): 268 (3.68), 198 (4.50) nm; ECD (0.4 mg/mL, MeOH) λ(∆ε): 270 (+1.9),
247 (−0.7), 218 (+0.6), 200 (−3.7) nm, Figure S2; 1H and 13C NMR data (acetonitrile-d3)
Tables 1 and S9; ESIMS m/z 365.20 [M + Na]+; HRESIMS m/z 365.2086 [M + Na]+ (calcd.
for C22H30NaO3, 365.2087); tR = 14.1 min (analytical HPLC).

Heimionone E (5): yellow oil; [α]25
D +20 (c 0.25, MeOH); UV/vis (0.05 mg/mL, MeOH)

λmax(logε): 266 (3.83), 202 (3.82) nm; ECD (1.0 mg/mL, MeOH) λ(∆ε): 404 (+0.2), 361 (−1.0),
319 (+0.2), 255 (−2.0), 225 (+1.0), 204 (−6.8) nm, Figure S2; 1H and 13C NMR data (methanol-
d4, Tables 1 and S10; ESIMS m/z 235.07 [M + H]+, 251.06 [M – H + H2O]−; HRESIMS m/z
235.1694 [M + H]+ (calcd. for C15H23O2, 235.1693); tR = 8.1 min (analytical HPLC).

3.8. Preparation of the (R)- and (S)-MTPA Ester Derivatives of 1, 3, and 5

The 0.5 mg of each compound were dissolved in 300 µL deuterated pyridine. After-
ward, 2 µL of (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride were added
into the solution and left for 15 min at room temperature. The reaction was monitored
by analytical HPLC/MS. Another 2 µL of R-MTPA were added if the compounds were
not completely converted into the corresponding Mosher-ester. Immediately after Mosher
esterification, the samples were transferred into 3.0 mm NMR tubes. This was followed
by measurements of 1H NMR (Tables S1–S3), 1H,1H-COSY NMR, 1H,13C-HSQC NMR,
and 1H,13C-HMBC NMR spectra. The same procedure was repeated with another 0.5 mg
of each compound using (S)-(+)- α-methoxy- α-(trifluoromethyl)phenylacetyl chloride.
Evaluation of the obtained ∆δSR values was conducted as described by Hoye et al. [15].

3.9. Antimicrobial Assay

Antimicrobial activities of all isolated compounds were assessed by performing a serial-
dilution assay resulting in the determination of their minimum inhibitory concentration
(MIC) against several yeast, fungal, and bacterial strains (Table S4). The assay was carried
out in 96-well microtiter plates, as previously described by Harms et al. [16].

3.10. Cytotoxicity Assay

The in vitro cytotoxicity of compounds 1–5 against the mouse fibroblast cell line L929
and the cervix carcinoma cell line KB3.1 (Table S5) was assessed in 96-well plates, as
previously published by Harms et al. [15].

4. Conclusions

Five new terpenoids, namely heimionones A-E (1–5), with uncommon bicyclo [5.3.0]
decane and [6.3.0] undecane core structures, respectively, were isolated from submerged
cultures of Heimiomyces sp. (MUCL 56078). In association with the previously described his-
pidin (6), hypholomin B (7), heimiocalamenes C–E (8–10), and heimiomycins A–C (11–13),
as well as bis-heimiomycins A–D (14–17), heimiomycins D–E (18–19), and heimiocalamenes
A–B (20–21), it becomes clear that Heimiomyces sp. is capable of producing a chemically
very diverse spectrum of secondary metabolites. On top of that, a high number of as yet
unidentified minor peaks were observed in the UV/Vis- and MS-spectra of the extracts ob-
tained from Heimiomyces sp., therefore especially this strain should be considered for further
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analysis of its secondary metabolism, particularly for cultivation in more different media.
Since all isolated compounds did not show outstanding activities in the antimicrobial and
cytotoxicity assays, they can be considered for other assays with different targets. However,
our findings once again show the importance of examining unexplored species from the
tropics for their secondary metabolism during the search for novel natural products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28093723/s1, Figure S1. ECD spectra of 1 and 2; Figure
S2. ECD spectra of 3–5; Figure S3. 1H NMR spectrum (700 MHz, pyridine-d5) of the S-MTPA ester
of heimionone A (1); Figure S4. COSY NMR spectrum (700 MHz, pyridine-d5) of the S-MTPA ester
of heimionone A (1); Figure S5. 1H NMR spectrum (700 MHz, pyridine-d5) of the R-MTPA ester of
heimionone A (1); Figure S6. COSY NMR spectrum (700 MHz, pyridine-d5) of the R-MTPA ester
of heimionone A (1); Figure S7. 1H NMR spectrum (700 MHz, pyridine-d5) of the S-MTPA ester of
heimionone C (3); Figure S8. COSY NMR spectrum (700 MHz, pyridine-d5) of the S-MTPA ester
of heimionone C (3); Figure S9. 1H NMR spectrum (700 MHz, pyridine-d5) of the R-MTPA ester of
heimionone C (3); Figure S10. COSY NMR spectrum (700 MHz, pyridine-d5) of the R-MTPA ester
of heimionone C (3); Figure S11. 1H NMR spectrum (700 MHz, pyridine-d5) of the S-MTPA ester of
heimionone E (5); Figure S12. 1H NMR spectrum (700 MHz, pyridine-d5) of the R-MTPA ester of
heimionone E (5); Figure S13. COSY NMR spectrum (700 MHz, pyridine-d5) of the R-MTPA ester of
heimionone E (5); Figure S14. Previously described compounds that were observed in submerged
cultures of Heimiomyces sp. 6: hispidin, 7: hypholomin B.; Figure S15. Compounds previously
isolated from Heimiomyces sp.: 8–10: heimiocalamenes C–E (including originally proposed and
revised structure of 10), 11–13: heimiomycins A–C; Figure S16. Compounds previously isolated from
Heimiomyces sp. 14–17: bis-heimiomycins A–D, 18–19: heimiomycins D–E, 20–21: heimiocalamenes
A–B; Figure S17. Chemical structures of heimionone A (1) and daldinin F [8]; Figures S18–S47: NMR
spectra. Table S1. 1H NMR data (700 MHz, Pyridine-d5, δ in ppm) of (S)/(R) MTPA esters obtained
from heimionone A (1); Table S2. 1H NMR data (700 MHz, Pyridine-d5, δ in ppm) of (S)/(R) MTPA
esters obtained from heimionone C (3); Table S3. 1H NMR data (700 MHz, Pyridine-d5, δ in ppm) of
(S)/(R) MTPA esters obtained from heimionone E (5); Table S4. Minimum inhibitory concentration
(MIC in µg/mL) for bacterial and fungal strains; Table S5. Half inhibitory concentration (IC50 in
µM); Table S6. NMR spectroscopic data (13C (δC), 175 MHz and 1H (δH), 500 MHz, methanol-d4)
for heimionone A (1); Table S7. NMR spectroscopic data (13C (δC), 175 MHz and 1H (δH), 700 MHz,
methanol-d4) for heimionone B (2); Table S8. NMR spectroscopic data (13C (δC), 125 MHz and 1H
(δH), 500 MHz, acetonitrile-d3) for heimionone C (3); Table S9. NMR spectroscopic data (13C (δC), 175
MHz and 1H (δH), 700 MHz, acetonitrile-d3) for heimionone D (4); Table S10. NMR spectroscopic data
(13C (δC), 175 MHz and 1H (δH), 700 MHz, methanol-d4) for heimionone E (5); Table S11. Comparison
of the NMR spectroscopic data for the 4-methylhexa-2,4-dienoic acid partial structure of heimionone
A (1) (13C (δC), 175 MHz and 1H (δH), 500 MHz, methanol-d4) and daldinin F (13C (δC), 150 MHz
and 1H (δH), 600 MHz, chloroform-d1) [8].
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Abstract
Protoilludene-type sesquiterpene aryl esters are a unique and very diverse compound class that were exclusively isolated 
from members of the genus Armillaria (Agaricomycetes, Physalacriaceae) up to this point. Herein, we describe the isolation 
and structural characterization of 5′-O-methyl-14-hydroxyarmillane (1), a new armillane-type derivative, that was obtained 
from submerged cultures of Guyanagaster necrorhiza (CBS 138623) together with the known congeners melleolide G (2), 
melleolide B (3), and 10-dehydroxy-melleolide B (4). ROESY data and coupling constants assigned the relative configu-
rations of 1, while common absolute configurations were confirmed from comparison of its ECD spectrum to the one of 
10-hydroxy-5′-methoxy-6′-chloroarmillane (5). Additionally, the configuration of melleolide G (2) was revised based on 
observed ROESY correlations. It is the first time that protoilludene-type sesquiterpene aryl esters were isolated from another 
genus, namely, Guyanagaster, that is closely related to Armillaria. 1–4 were evaluated for their biological activities in a 
serial dilution assay against several yeast, fungi, and bacteria, as well as in a cytotoxicity assay against different cell lines. 
Compound 4 was moderately active against Bacillus subtilis, Staphylococcus aureus, and Mucor hiemalis. Furthermore, 1, 
3, and 4 showed weak cytotoxic effects against the mouse fibroblast cell line L929 and the cervix carcinoma cell line KB3.1.

Keywords  Guyanagaster necrorhiza · Protoilludene · Sesquiterpene · Armillane

Introduction

The protoilludene-type sesquiterpene aryl esters are a chemi-
cally very diverse class of compounds among the natural 
products that can be obtained from fungal sources. Up to 
this point, more than 70 congeners of this compound class 
were discovered and described in literature (Dörfer et al. 
2019). Often casually summarized as melleolides, strictly 
speaking protoilludene-type aryl esters have to be divided 
into three groups according to the localization of the dou-
ble bond within the protoilludene backbone. Melleolides 

are Δ2-3-unsaturated and armillyl orsellinates are Δ2-4-
unsaturated, while armillanes are characterized by the 
absence of the double bound within the 6-membered ring 
(Engels et al. 2021). Alongside their chemical diversity, sev-
eral members of the protoilludene-type aryl esters show a 
wide range of bioactivities, including antibacterial, antifun-
gal, and cytotoxic effects (Dörfer et al. 2019). Interestingly, 
this class of natural products was exclusively isolated from 
cultures of the genus Armillaria (Agaricomycetes, Physa-
lacriaceae) until now. Armillaria spp. are well-known and 
globally distributed parasitic fungi that affect a broad range 
of different hosts in timber and agronomic systems, where 
they play a critical role as root pathogens and decomposers 
(Baumgartner et al. 2011; Coetzee et al. 2018). In 2010, a 
gasteroid fungus that is closely related to Armillaria was 
described as Guyanagaster necrorhiza (Henkel et al. 2010) 
and together with Desarmillaria, these genera were later 
assigned to the Armillarioid clade (Koch et al. 2017; Kedves 
et al. 2021). Phylogenetic reconstruction showed that Guy-
anagaster species are extant taxa that diverged from early 
members of the Armillarioid clade when this lineage evolved 
in Eurasia about 51 million years ago (Koch et al. 2017). 
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During this process, the mushroom ancestor of Guyana-
gaster underwent a process referred to as gasteromycation 
leading to the gasteroid species that were only found in the 
Guiana Shield region (Guyana) up to this point (Henkel et al. 
2010; Koch et al. 2017). The close taxonomic relationship of 
the genera Armillaria and Guyanagaster led to the endeavor 
to investigate the secondary metabolism of Guyanagaster 
species for the production of protoilludene-type sesquiter-
pene aryl esters. Herein, we describe the isolation and struc-
tural characterization of 5′-O-methyl-14-hydroxyarmillane 
(1), a new armillane-type derivative, that was obtained from 
submerged cultures of G. necrorhiza (CBS 138623) together 
with the known congeners melleolide G (2), whose con-
figuration we revise, melleolide B (3), and 10-dehydroxy-
melleolide B (4).

Results and discussion

Guyanagaster necrorhiza was cultivated in liquid YM6.3 
medium. Extraction of the harvested mycelium and cul-
ture broth led to extracts that were purified by preparative 

HPLC. This resulted in the isolation and characterization of 
the new meroterpenoid 5′-O-methyl-14-hydroxyarmillane 
(1) that showed a molecular ion cluster at m/z 451.2333 
[M+H]+ (calcd. for C24H35O8, 451.2326) in the HRESIMS 
spectrum revealing the molecular formula C24H34O8. Its 1H 
and 13C NMR (Table 1) data were highly similar to those 
of armillane (Donnelly and Hutchinson 1990). The key dif-
ference is the methylation of the hydroxy group at C-5′ and 
the presence of an additional hydroxy group at C-14 for 1. 
The relative configuration was confirmed by coupling con-
stants and ROESY data: the large coupling constants JH2,H3 
= JH3,H13 = 11.0 Hz, observed in the triplet of H-3, indi-
cate that all of these three protons are in axial position on 
alternating sides of the ring structure. ROESY correlations 
between H3-15/H-9 and H3-15/H-13, as well as between 
H2-14 and H-3, H-10α, H-12α confirm an unchanged con-
figuration compared to 5. The absolute configuration was 
assigned as 2R,3S,4R,5R,7R,9S,11R,13R, which is charac-
teristic for melleoid sesquiterpenoids, since the ECD spec-
tra of 5′-O-methyl-14-hydroxyarmillane (1) and the one of 
10-hydroxy-5′-methoxy-6′-chloroarmillane (5) (Mándi and 
Kurtán 2019) are very similar. Due to the absence of the 

Table 1   13C (175 MHz) and 1H 
(700 MHz) NMR spectroscopic 
data of compound 1 in 
acetone-d6 (δ in ppm)

No. δC, type δH (J in Hz) COSY C to H HMBC N/ROESY

1 63.0, CH2 3.86, dd (10.9, 5.1)
4.00, dd (10.9, 3.4)

2β, 1
2β, 1

2, 3, 4
3, 4

2 46.4, CH β: 2.09, m 3α, 1, 1 1, 5, 4
3 68.7, CH α: 3.74, t (11.0) 13β, 2β 12, 7, 2, 1 10α, 14
4 81.6, C
5 76.8, CH α: 5.41, t (8.5) 6α 6, 2, 4, 1′ 8, 6α
6 34.4, CH2 α: 1.94, d (2.4)

β: 1.88, m
5α
8

8, 7, 4
8, 7, 9, 5

5α

7 39.0, C
8 22.5, CH3 1.18, s 6β 6, 7, 9, 4 5α
9 47.5, CH β: 2.17, m 10β, 10α 6, 7, 10, 4 15
10 39.7, CH2 α: 1.57, m

β: 1.34, m
10β, 9β
10α, 9β

15, 7, 11, 9, 14
12, 13

14, 3α
15

11 42.9, C
12 38.6, CH2 α: 2.11, m

β: 1.34, m
12β
12α, 13β

15, 10, 11, 9, 3, 14
15, 11, 3, 14

14
15

13 47.3, CH β: 2.02, m 12β, 3α 10, 11, 3
14 72.6, CH2 3.34, m 15, 12, 10, 11 10α, 12α, 3α
15 27.5, CH3 1.01, s 12, 10, 11, 14 10β, 12β, 9β, 13β
1′ 172.4, C
2′ 106.1, C
3′ 166.7, C
4′ 99.7, CH 6.33, d (2.4) 2′, 6′, 5′
5′ 165.2, C
6′ 111.7, CH 6.36, d (2.4) 8′, 4′
7′ 144.2, C
8′ 24.7, CH3 2.57, s 4′, 2′, 6′, 7′
9′ 55.9, CH3 3.82, s 5′
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double bond in the 6-membered ring of the protoilludene 
backbone, 1 can be assigned to the armillane-type sesquit-
erpene aryl esters.

Furthermore, with melleolide G (2), melleolide B (3), 
and 10-dehydroxy-melleolide B (4) three known conge-
ners, previously described from Armillaria spp. in the lit-
erature, were isolated from the same batch of submerged 
G. necrorhiza cultures. While 2 and 3 were reported from 
cultures of A. mellea (Arnone et al. 1986; Arnone et al. 
1988), 4 was obtained from an undefined species Armil-
laria sp. (Yin et al. 2012). As their names already imply, 
2–4 belong to the subclass of melleolides, due to their 
characteristic double bond localization (Δ2-3-unsaturated). 
Although our 13C data of 2 is virtually identical to those 
of Arnone et al. (1988), the assignment of C-2 and C-3 
has to be exchanged based on HMBC data (Table S1, Fig-
ure S10). More importantly, the published confirmation 
of 2 is not consistent with the ROESY correlations we 
observed: while methyl H3-15 shows ROESY correlations 
to both methines H-9 and H-13, oxymethylene H2-14 has 
correlations with H-10α, H-12α, and H3-8 (Table S1, Fig-
ure S11). Therefore, the stereoconfigurational assignment 
of C-11 has to be revised, with the oxymethylene (CH2-14) 
pointing below the main molecular plane.

Protoilludene-type sesquiterpene aryl esters are well 
known for their broad spectrum of biological activities 
and several derivatives were reported as antibacterial, 
antifungal, or cytotoxic (Dörfer et al. 2019). Therefore, 
the potential bioactivities of compounds 1–4 were eval-
uated in a serial dilution assay against several yeast, 
fungi, and bacteria, as well as in a cytotoxicity assay 
against different cell lines. In the serial dilution assay, 
only 4 showed moderate activities against B. subtilis, 

S. aureus, and M. hiemalis (Table 2). The relationship 
between structures and biological activities of this com-
pound class has not been systematically investigated 
yet; thus, no conclusions to explain the activities of 
4 can be made. Solely the weak or missing cytotoxic 
effects of 1–4 (Table  3) can be associated with the 
hydroxylation of C-1, since especially derivatives with 
an aldehyde function at this position are reported to 
be the ones with the highest potential for cytotoxicity 
(Dörfer et al. 2019).

For the f irst  t ime, protoilludene-type sesquit-
erpene aryl esters are reported from another genus 
than Armillaria. Our data confirm previous results 
describing the genus Guyanagaster as closely related 
to Armillaria (Henkel et al. 2010; Koch et al. 2017; 
Kedves et al. 2021).

Table 2   Minimum inhibitory concentrations (MIC in μg/mL) of compounds 1–4 isolated from Guyanagaster necrorhiza (CBS 138623) to assess 
the antimicrobial activities

Stock solutions of 1–4 were used to perform the serial dilution assay (1 mg/mL in acetone). As positive controls, the antimicrobials [O] oxytetra-
cycline, [G] gentamycin, and [K] kanamycin were used for bacteria and [N] nystatin was used for filamentous fungi and yeast. Acetone (20 μL) 
was used as negative control and did not show inhibitory effects. All tested compounds did not show activities against Candida albicans (DSM 
1665), Escherichia coli (DSM 1116), Pseudomonas aeruginosa (DSM PA14), and Chromobacterium violaceum (DSM 30191)
IC50 in μg/mL; – no activity

Compound Bacillus 
subtilis 
DSM 10

Staphylococcus 
aureus DSM 346

Mycobacterium 
smegmatis ATCC 
700084

Schizosaccharomy-
ces pombe DSM 
70572

Pichia 
anomala 
DSM 6766

Mucor hie-
malis DSM 
2656

Rhodotorula 
glutinis DSM 
10134

1 (5′-O-methyl-
14-hydroxyarmil-
lane)

33.3 – – – – – –

2 (melleolide G) 66.6 – – – – – –
3 (melleolide B) 66.6 33.3 – 33.3 66.7 33.3 33.3
4 (10-dehydroxy-

melleolide B)
16.6 16.6 66.6 33.3 – 16.6 66.6

Positive control 16.6 [O] 0.21 [G] 1.7 [K] 4.2 [N] 4.2 [N] 1.0 [N] 1.0 [N]

Table 3   Half inhibitory concentration (IC50 in μM) of compounds 
1–4 isolated from Guyanagaster necrorhiza (CBS 138623) to assess 
the cytotoxicities

The assay was performed with stock solutions of 1–4 (1 mg/mL in 
acetone). Epothilone B was used as positive control, while acetone 
(20 μL) was used as negative control and did not show inhibitory 
effects
IC50 in μM; – no activity

Compound KB3.1 L929

1 (5′-O-methyl-14-hydroxyarmillane) 37.8 10.9
2 (melleolide G) – –
3 (melleolide B) 16.2 46.3
4 (10-dehydroxy-melleolide B) 13.7 18.3
Epo B (positive control) 3.8 × 10−5 1.1 × 10−3
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Material and methods

General experimental procedures

A PerkinElmer 241 polarimeter was used to measure the 
optical rotation. To record the UV spectra, a Shimadzu UV-
Vis spectrophotometer UV-2450 (Duisburg, Germany) was 
used. NMR spectra were measured with the Bruker Avance 
III 500-MHz spectrometer (Bremen, Germany) equipped 
with a BBFO (plus) SmartProbe (1H 500 MHz, 13C 125 
MHz) and the Bruker Avance III 700-MHz spectrometer 
(Bremen, Germany) equipped with a 5-mm TCI cryoprobe 
(1H 700 MHz, 13C 175 MH). Selected chemical shifts of 
acetone-d6 (1H: 2.05 ppm, 13C: 29.92 ppm) were used to 
reference the NMR data. The Agilent 1200 series HPLC-
UV system (Santa Clara, CA, USA) in combination with an 
ESI-TOF-MS (Maxis, Bruker, Bremen, Germany) was used 
to record HRESIMS data. These measurements were per-
formed with the 2.1 × 50 mm, 1.7 μm, C18 Acquity UPLC 
BEH (Waters, Milford, MA, USA) column, using MilliQ 
water + 0.1% formic acid as solvent A and acetonitrile + 
0.1% formic acid as solvent B (gradient: 5% B for 0.5 min 
increasing to 100% B in 19.5 min and maintaining 100% B 
for 5 min, flow rate: 0.6 mL/min, UV/Vis detection: 200–600 
nm).

Fungal material

The culture of G. necrorhiza we studied (original code MCA 
3950) was kindly provided by M. Cathie Aime, who also 
deposited the strain at the Westerdijk Fungal Biodiversity 
Institute (Utrecht, Netherlands) under the accession number 
CBS 138623. The strain was previously used in the study by 
Koch and Aime (2018).

Fermentation of G. necrorhiza and extraction

Forty 500-mL Erlenmeyer shape culture flasks, each of them 
containing 200 mL of YM6.3 medium (10 g/L malt extract, 
4 g/L D-glucose, 4 g/L yeast extract, pH 6.3), were inocu-
lated with three 50-mm2 sized pieces of well-grown myce-
lium from YM6.3 agar plates per flask. The cultures were 
incubated on a rotary shaker at 23 °C and 140 min−1. To 
monitor the consumption of the glucose, test strips (Medi-
Test Glucose, Macherey-Nagel, Düren, Germany) were 
used. After 24 days, the culture broth was tested negative 
for glucose and 2 days later the cultures were harvested (26 
days in total). Mycelium and supernatant were separated 
by centrifugation at 5100 rpm for 30 min. The mycelium 
was extracted with acetone in an ultrasonic bath for 30 min, 
twice. Subsequently, the mycelium was separated from the 

liquid phase by filtration and the organic solvent was evapo-
rated at 40 °C on a rotary evaporator. Dilution of the remain-
ing aqueous phase with H2O was followed by an extraction 
against EtOAc (1:1, twice). The obtained organic phase was 
evaporated to dryness on a rotary evaporator at 40 °C lead-
ing to 126 mg mycelial extract. Extraction of the supernatant 
was carried out against EtOAc (1:1) in a separatory funnel, 
twice. After phase separation, the organic phase was kept 
and evaporated to dryness (40 °C) leading to 360 mg of 
supernatant extract.

Analytical HPLC

The extracts that were obtained from the mycelium and 
supernatant of G. necrorhiza were dissolved with acetone 
to yield a concentration of 10 mg/mL. This was followed by 
a filtration of 100 μL of the solution with Whatman Mini-
UniPrep™ syringeless filter devices (cytiva, Marlborough, 
MA, USA). All samples were analyzed using an analytical 
HPLC device (Dionex UltiMate 3000 series) coupled to an 
ion trap mass spectrometer (amazon speed by Bruker). After 
injection of 2 μL of the samples, the separation was car-
ried out with an ACQUITY-UPLC BEH C18 column (50 × 
2.1 mm; particle size: 1.7 μm) by Waters. As mobile phase 
HPLC grade H2O and MeCN with 0.1% formic acid were 
used at a flow rate of 600 μL/min. The gradient started at 5% 
of MeCN, continued with an increase to 100% MeCN in 20 
min, and remained at 100% MeCN for 5 min. All obtained 
chromatograms were analyzed with the software Data Anal-
ysis 4.4 (Bruker).

Isolation of compounds 1–4 via reversed phase 
liquid chromatography

Purification of the obtained extracts was carried out using a 
Gilson PLC 2250 purification system coupled to a Gemini 
LC column 250 × 50 mm, 110 Å, 10 μm (Phenomenex, 
Torrance, CA, USA). HPLC grade H2O + 0.1% formic acid 
(solvent A) and MeCN + 0.1% formic acid (solvent B) were 
used as mobile phase at a flow rate of 50 mL/min. The gra-
dient for the purification of the supernatant extract started 
with isocratic conditions at 15% B for 5 min, followed by an 
increase to 80% B in 60 min, another increase to 100% B in 
5 min and remained at 100% B for 10 min. The fraction at 
37.8–38.5 min led to 2.6 mg of 1, the fraction at 45.5–46.5 
min led to 1.5 mg of 2, the fraction at 52.0–53.0 min led 
to 1.1 mg of 3, and the fraction at 60.3–61.0 min led to 0.2 
mg of 4. The gradient for the purification of the mycelial 
extract started with isocratic conditions at 25% B for 5 min, 
followed by an increase to 100% B in 75 min and remained 
at 100% B for 10 min. The fraction at 35.0–36.5 min led to 
0.5 mg of 2, the fraction at 39.5–41.0 min led to 0.5 mg of 3, 
and the fraction at 71.0–72.5 min led to 0.5 mg of 4 (Fig. 1).
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Spectral data

5′-O-methyl-14-hydroxyarmillane (1): colorless oil; 
[α]20

D = −13 (c 0.1, MeOH); UV/Vis (0.01 mg/mL, 
MeOH) λmax(logε): 301 (4.30), 265 (4.01), 212 (3.59) nm; 
ECD (0.25 mg/mL, MeOH) λ(Δε) 302 (1.1), 263 (−1.1), 
238 (0.0), 219 (−0.7), 198 (1.8) nm, Fig. 2; 1H and 13C 
NMR data (acetone-d6), Table  1; ESIMS m/z 451.25 
[M+H]+, 449.30 [M-H]−; HRESIMS m/z 451.2333 
[M+H]+ (calcd. for C24H35O8, 451.2326); tR = 9.2 min 
(analytical HPLC).

Evaluation of antimicrobial activity

To determine minimum inhibitory concentrations (MICs) 
against several yeast, fungi, and bacteria, serial dilution 
assays in 96-well microtiter plates were performed as 
described by Harms et al. (2021). Compounds 1–4 were 
tested against Bacillus subtilis, Staphylococcus aureus, 
Mycobacterium smegmatis, Escherichia coli, Pseudomonas 
aeruginosa, Chromobacterium violaceum, Schizosaccharo-
myces pombe, Candida albicans, Pichia anomala, Mucor 
hiemalis, and Rhodotorula glutinis.

Fig. 1   Protoilludene-type 
sesquiterpene aryl esters 
isolated from cultures of G. 
necrorhiza. 1: 5′-O-methyl-
14-hydroxyarmillane; 2: 
melleolide G; 3: melleolide B; 
4: 10-dehydroxy-melleolide B
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Evaluation of cytotoxicity

The cytotoxicities of compounds 1–4 were assessed by 
in vitro assays in 96-well plates as described by Harms et al. 
(2021). They were tested against the mouse fibroblast cell 
line L929 and the cervix carcinoma cell line KB3.1.

Conclusions

With 5′-O-methyl-14-hydroxyarmillane (1), a new armillane-
type derivative, and the known congeners melleolide G (2), 
melleolide B (3), and 10-dehydroxy-melleolide B (4), four 
protoilludene-type sesquiterpene aryl esters were obtained 
from submerged cultures of G. necrorhiza (CBS 138623). It 
is the first time that members of this compound class were 
isolated from cultures of another genus than Armillaria. These 
results confirmed the close relationship between Armillaria 
and Guyanagaster leading to the assumption that more con-
geners, including new derivatives, can be found during further 
investigations on the secondary metabolism of Guyanagaster 
species. Therefore, G. necrorhiza (CBS 138623) can be cul-
tivated under different conditions or other specimen can be 
investigated for their secondary metabolite production.
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Natural Products

Depicting the Chemical Diversity of Bioactive Meroterpenoids
Produced by the Largest Organism on Earth

Sebastian Pfütze+, Esteban Charria-Girón+, Esther Schulzke, Rita Toshe, Artit Khonsanit,
Raimo Franke, Frank Surup, Mark Brönstrup, and Marc Stadler*

Abstract: In this investigation, we explored the diversity
of melleolide-type meroterpenoids produced by Armil-
laria ostoyae, one of the largest and oldest organisms on
Earth, using extracts from liquid and solid fermentation
media. The study unveiled three unprecedented dimeric
bismelleolides and three novel fatty-acid-substituted
congeners, along with 11 new and 21 known derivatives.
The structures were elucidated by 1D and 2D NMR
spectroscopy and HRESI-MS, and ROESY spectral
analysis for relative configurations. Absolute configura-
tions were determined from crystal structures and
through ECD spectra comparison. A compound library
of melleolide-type meroterpenoids facilitated metabolo-
mics-wide associations, revealing production patterns
under different culture conditions. The library enabled
assessments of antimicrobial and cytotoxic activities,
revealing that the Δ2,4 double bond is not crucial for
antifungal activity. Cytotoxicity was linked to the
presence of an aldehyde at C1, but lost with hydrox-
ylation at C13. Chemoinformatic analyses demonstrated
the intricate interplay of chemical modifications on
biological properties. This study marks the first system-
atic exploration of Armillaria spp. meroterpenoid diver-
sity by MS-based untargeted metabolomics, offering
insight into structure–activity relationships through in-
novative chemoinformatics.

Introduction

The phylum Basidiomycota comprises ca. 40,000 species
and represents the second largest division within the
Eumycota after the Ascomycota.[1] Taxa belonging to this
phylum are well known as creative producers of bioactive
natural products.[2] Even though most of the fungal
natural product–derived drugs on the market were origi-
nally isolated from species of the Ascomycota, some of
them were obtained from Basidiomycota.[3] For instance,
the pleuromutilins are a family of sesquiterpenoid anti-
biotics produced by Clitopilus spp. (Agaricales, Basidio-
mycota) that are the most recent antibacterial drug class
to make it to the market.[4]

An important representative of the Basidiomycota is
Armillaria (Physalacriaceae—also known as honey mush-
rooms), a globally distributed genus of plant pathogens
whose species infect trees by causing butt and root
diseases that can lead to entire forest diebacks.[5,6] In
particular, the ability to form thickened mycelium strands
(rhizomorphs), that allow Armillaria spp. to exploit large
areas in the search for essential nutrients, is of great
importance for their pathogenicity. Armillaria bulbosa
and A. ostoyae have become famous for being among the
largest and oldest organisms on Earth. This is owing to
the facts that i) genetic studies on their occurrence in
some large forests of Northeastern North America
revealed that the same mycelium can cover up to several
thousands of square km and, ii) extrapolating their growth
speed, these fungal mycelia are estimated to have reached
an age of several thousand years.[7,8]
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Melleolides are composed of a sesquiterpene proto-
illudene backbone that is esterified with an orsellinic acid
moiety. They are the largest subclass of protoilludanes,
which seem to be exclusively produced by the honey
mushrooms and their relatives.[9] Orsellinic acid produc-
tion, on the other hand, is not restricted to Basidiomycota,
although the orsellinic acid polyketide synthases (oaPKS)
encoding the biosynthesis of this simple tetraketide are
evolutionarily unrelated to ascomycetes or bacterial
oaPKS.[10] The biosynthesis of melleolides involves the
non-reducing polyketide synthase (nrPKS) Mld15 (for-
merly ArmB), which catalyzes the formation of orsellinic
acid and the subsequent intermolecular transesterification
to the terpenoid core structure, resulting in this unique
class of meroterpenoids (Figure 1).[11,12] In addition, sev-
eral melleolides contain chlorinated orsellinic acids, which
apparently originate from an uncommon, coordinated 5-
fold parallelized biosynthetic step.[13] In parallel, the
biosynthesis of the terpenoid core structure begins with
the formation of Δ6-protoilludene, which is derived from
farnesyl diphosphate (FPP) by the sesquiterpene cyclase
Mld5 (formerly Pro1).[12,14] This is followed by a combina-
tion of several enzymatic modifications including hydrox-
ylation, a stereochemical inversion, transesterification of
the orsellinic acid residue and the isomerization of the
olefin bond position, enabling the diversification of this
compound class.[12]

To date, over 70 different melleolide-type compounds
have been reported exclusively from Armillaria species,[15]

but recently this compound class was also encountered in
the phylogenetically closely related tropical genus

Guyanagaster.[16] This exceptional chemical diversity is
likewise accompanied by a wide range of biological
activities. Amongst others, these meroterpenoids exert
antibiotic, phytotoxic, and cytotoxic activities.[6] More-
over, the melleolides might play a role in the activation of
host defense responses, since they induce caspase-3
activation and consequently apoptosis in human cancer
cells, as well as in interspecific communication or com-
petition with other wood-decaying fungi.[6] It has also
already been attempted to establish preliminary struc-
ture–activity relationships (SAR) for the antifungal and
cytotoxic properties of melleolides. Based on a limited
number of compounds, it was concluded that the Δ2,3

double bond in the protoilludene backbone was instru-
mental for the observed bioactivities.[17]

For a systematic study of the secondary metabolome
by means of conventional chemical screening combined
with untargeted metabolomics, we chose the strain Armil-
laria ostoyae (DSM 115711), since it was identified as the
same species that represents the largest organism on
Earth. Among ca. 40 cultures belonging to 10 species of
Armillaria, the strain showed relatively rapid growth as
compared to other strains and also produced a fair
diversity of melleolides upon preliminary screening (data
not shown here but included in some Bachelor and Master
theses that were performed in our lab beforehand).

Herein, we report the isolation and identification of
seventeen new melleolide derivatives 1–17 as well as
twenty one previously known congeners 18–38. In parallel,
the antimicrobial and cytotoxic activities of the isolated
metabolites were assessed under consistent laboratory
conditions, enabling structure–activity relationships
(SAR) of these compounds to be determined using
chemoinformatic approaches.

Results and Discussion

Isolation and Structure Elucidation of Sesquiterpene Aryl Esters
from A. ostoyae (DSM 115711)

After cultivation of A. ostoyae in liquid (YMWB) and on
solid (rice) media, a large number of different melleolides
were detected by HR-ESI-MS analysis and their distinc-
tive UV/Vis absorption at λmax 220, 260, and 300 nm.
Unexpectedly, congeners with higher molecular weights
(>800 Da) with similar UV/Vis spectra were found along-
side the typical melleolide-type compounds (382–490 Da).
Consequently, the extracts were fractionated by prepara-
tive HPLC, which finally led to the isolation of seventeen
new derivatives (1–17; Figures 2–4), as well as the
previously known melleolides 18–38 (Figures S6–S7).

All melleolide-type metabolites follow the same abso-
lute configuration as established by X-ray analysis of
melleolide, armillarin, 4-O-methylmelleolide, melledonal
C, melleolide L and armillarivin,[18–23] confirmed by
electronic circular dichroism (ECD) comparison (Fig-
ure S1–S5) to structurally closely related derivatives for
the new compounds described herein.

Figure 1. Biosynthetic pathway for 1α-hydroxymelleolide as proposed by
Fukaya et al.,[12] which involves the cyclization of the universal
sesquiterpene precursor farnesyl diphosphate into Δ6-protoilludene
(Mld5), followed by cytochrome P450 monooxygenase-catalyzed hy-
droxylations (Mld3, Mld6) and a stereochemical inversion at position
C5 (Mld4, Mld13), before the orsellinic acid moiety is esterified to that
position (Mld15). Finally, further hydroxylations and the multistep
isomerization of the double bond in the protoilludene backbone (Mld7)
lead to 1α-hydroxymelleolide.
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Bismelleolide BH (1) was shown to have the molecular
formula C48H60O13 by HR-ESI-MS data. Its NMR spectro-
scopic data implied the presence of the melleolides B and

H moieties being linked to each other over an ether
bridge between C4 and C1’’.[24,25] This assignment was
confirmed by an HMBC correlation from H2-1’’ to C4.

HR-ESI-MS data determined the molecular formula of
bismelleolide EH (2) as C47H58O13 and its 1H and 13C NMR
data implied melleolides E and H substructures being
linked to each other via an ether bridge between C4 and
C1’’.[25]

Analysis of bismelleolide CH (3) revealed a molecular
formula of C48H60O14 and its 1H and 13C NMR data
indicated the presence of melleolides C and H units being
linked to each other over an ether bridge between C4 and
C1’’.[24,25] This was confirmed by an HMBC correlation
from H2-1’’ to C4.

Even though the secondary metabolism of Armillaria
spp. has been studied thoroughly, melleolide dimers were
never reported before.

HR-ESI-MS data of melleolide linoleate (4) led to the
identification of its molecular formula as C41H58O7.
Melleolide was identified as a substructure of 4 by
analyzing the 1D and 2D NMR spectra.[18] Furthermore, a
fatty acid side chain was identified that is esterified to C4.
The chemical shift of 11’’-H2 (δH 2.80) indicated that a
methylene unit is located between two olefins. To
determine the positions of the double bonds, 4 was
degraded to its fatty acid methyl ester (4-FAME) and
analyzed by GC, subsequently. Comparison of the reten-
tion times with authentic standards (Figure S6) led to the
identification of a C18 : 2ω6,9 fatty acid (linoleic acid). The
cis (Z)/cis (Z) 1,4-diene configuration of Δ9’’,10’’ and Δ12’’,13’’

was assigned due to the characteristic chemical shifts of
C8’’ and C14’’ (Table S6).[26]

For armillarine linoleate (5) the molecular formula
C42H60O7 was derived from its HR-ESI-MS data. Analysis
of the 1H and 13C NMR spectra revealed armillarine as
substructure of 5 with a fatty acid side chain connected to
C4, which was identified analogously to 4 as linoleic
acid.[19]

Melleolide H linoleate (6) was analyzed by HR-ESI-
MS to yield a molecular formula of C42H60O8. Further
analysis of the 1H and 13C NMR spectra revealed
melleolide H as substructure of 6 with a linoleic acid side
chain connected to C4.[25] The presence of a linoleic acid
side chain, esterified to the protoilludene core structure of
the sesquiterpene aryl esters, is a very uncommon
structural feature among members of this compound
class.[15] To date, armillatin is the only other congener
known to carry a fatty acid side chain.[27]

5’-O-Desmethylarmillaribin (7) was isolated from ex-
tracts of solid rice cultures. According to the molecular
ion cluster at m/z 383.1851 [M+H]+ its HR-ESI-MS data
indicated the molecular formula C23H26O5 (calcd for
C23H27O5 383.1853). 1H and 13C NMR data revealed a
structure that is highly similar to the one of armillaribin.[28]

The key difference is the demethylation at H3-9’ resulting
in a hydroxy group at C5’.

For 4-dehydroxyarmillaridin (8) the molecular formula
C24H29ClO5 was identified by HR-ESI-MS data. Its 1H and
13C NMR data were highly similar to those of armillaridin

Figure 2. Melleolide dimers isolated from cultures of A. ostoyae. 1:
bismelleolide BH; 2: bismelleolide EH; 3: bismelleolide CH.

Figure 3. Melleolides with a fatty acid side chain isolated from cultures
of A. ostoyae: melleolide linoleate (4); armillarine linoleate (5);
melleolide H linoleate (6).

Figure 4. Melleolides isolated from cultures of A. ostoyae: 5’-O-
desmethylarmillaribin (7); 4-dehydroxyarmillaridin (8); 4-meth-
oxymelleolide H (9); 1-hydroarmillaricin (10); 10-hydroxy-5’-O-meth-
ylarmillane (11); 4-dehydroxymelleolide F (12); 10-ketomelleolide E
(13); 4,10-dehydroxymelleolide I (14); 4-dehydroxymelleolide I (15); 10-
ketomelleolide I (16); 4-acetylarmillaridin (17).
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and the absence of the hydroxyl group at C4 was
identified as key difference between both.[19]

As shown by its HR-ESI-MS data, 4-meth-
oxymelleolide H (9) has the molecular formula C25H32O7

and its 1H and 13C NMR data showed similarities to
melleolide H.[25] An additional methoxy-group at position
C4 of 9 was identified as the key difference (Figure 4).

1-hydroarmillaricin (10) was shown to have the molec-
ular formula C24H29ClO5 by HR-ESI-MS data. Its 1D and
2D NMR spectra implied the replacement of the C1
aldehyde by an oxymethylene compared to the known
derivative armillaricin.[28,29]

The molecular formula of 10-hydroxy-5’-O-meth-
ylarmillane (11) was determined from its HR-ESI-MS
data as C24H34O8. The analysis of its NMR data revealed
that its structure is highly similar to the one of armillane
with the appearance of an additional methoxyl group at
position C5’ of 11 as key difference between both.[30]

4-Dehydroxymelleolide F (12) was isolated from
extracts of solid rice cultures and was shown to have the
molecular formula C23H30O5 by HR-ESI-MS data. Its 1H
and 13C NMR data were highly similar to those of
melleolide F, but they differed by the absence of the
hydroxy group at position C4 for 12.[25,31]

10-Ketomelleolide E (13) showed a molecular ion
cluster at m/z 417.1911 [M+H]+ (calcd for C23H29O7

417.1908) in the HR-ESI-MS spectrum, which revealed
the molecular formula C23H28O7. In comparison to the
previously described melleolide E,[25,31] 1D and 2D NMR
spectra of 13 showed the presence of an additional ketone
at position C10 instead of the methylene.

Analysis of 4,10-dehydroxymelleolide I (14) revealed
its molecular formula to be C24H31ClO5, and the evalua-
tion of its NMR spectra led to the identification of a
molecule that is highly similar to melleolide I.[32] However,
the loss of the hydroxy functions at C4 and C10 for 14 was
established as key differences between the two com-
pounds.

4-Dehydroxymelleolide I (15) was shown to possess
the molecular formula C24H31ClO6 as revealed from its
HR-ESI-MS data. The structure resembled that of melleo-
lide I,[32] except that the hydroxyl function at C4 was not
detected.

10-Ketomelleolide I (16) has the molecular formula
C24H29ClO7, as shown by its HR-ESI-MS data. 1H and 13C
NMR data for 16, which contains an additional ketone at
C10, revealed a structure highly similar to that of
melleolide I.[32]

4-Acetylarmillaridin (17) was isolated with a molecular
formula of C26H31ClO7. Its planar structure was derived
from analysis of the 1H, COSY, HSQC and HMBC data.
HMBC correlations from H3-17 to C4 and C16, as well as
detailed comparative analysis of HR-ESI-MS/MS data
revealed 17 as the 4-acetyl derivative of armillaridin
(Figure S10).[19]

Metabolomics Evaluation of Melleolide Production under
Different Cultivation Conditions

The discovery of unprecedented bismelleolides (1–3) and
uncommon linoleate-type melleolides (4–6), alongside
thirty-two other congeners (7–38), collectively account for
more than 40% of all previously known sesquiterpene
aryl esters. To comprehensively explore the chemical
diversity generated by this fungus under various cultiva-
tion conditions, MS-based untargeted metabolomics were
used. For this purpose, A. ostoyae was cultured in two
different liquid media (YM 6.3 and Q6 1=2) and one solid
medium (BRFT) and its secondary metabolite production
was evaluated using different metabolomic analyses. The
liquid cultures were harvested 3 days after glucose deple-
tion, and the solid cultures 15 days post-inoculation
according to previous work on the cultivation of
basidiomycetes.[16,33] Both, the supernatant and mycelia
were extracted with ethyl acetate, and the obtained crude
extracts were analyzed by ultrahigh performance liquid
chromatography coupled to diode array detection and ion
mobility tandem mass spectrometry (UHPLC-DAD-IM–
MS/MS). To obtain an overall picture of the metabolomes
observed in each extract, a principal component analysis
(PCA) was performed, enabling a representation of the
similarity between samples in a two-dimensional scores
plot (Figure 5A). Three main clusters were evidently
observed by the PCA, the first one contained the BRFT
extracts, while the second cluster included both, the
extracts obtained from the supernatant and mycelia of the
YM liquid cultures. Similarly, the third cluster was
represented by the supernatant and mycelial extracts of
the Q6 liquid cultures. Thus, the different cultivation and
extraction procedures led to distinct metabolomes (Fig-
ure 5B). We decided to further explore the differential
production of melleolide-type metabolites using Feature
Based Molecular Networking (FBMN) analysis.[34]

MS/MS fragmentation patterns of the isolated melleo-
lides were evaluated from the crude extracts obtained
after the cultivation of A. ostoyae in different media. We
observed that these metabolites give rise to a distinctive
MS/MS fragmentation pattern (Figure 6A). Despite the
variations in their structures, melleolides present a set of
characteristic neutral losses corresponding to the loss of
the substituted orsellinic acid moiety. For instance,
arnamial (27) and 6’-dechloroarnamial, which only differ
by a chloride substitution in the orsellinic acid moiety,
generated both a main fragment ion at m/z 273.1456 Da
corresponding to the 6-protoilludene backbone. In addi-
tion, both compounds generated fragment ions at m/z
220.9961 and 187.0369 Da. This mass difference can be
attributed to the chloride substitution in the orsellinic acid
moiety. Similarly, the same structural motif is identified in
both mass spectra as a neutral loss. The O-methylation in
several melleolides could be recognized in their MS/MS
spectra by a mass difference of 14 Da in the fragment ions
representing the orsellinic acid when compared to their
hydroxy congeners. The different hydroxylation patterns
typically observed within this compound class can be
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inferred from MS/MS experiments; however, the position
of the modification cannot be discerned based on our
analyses. In a similar way, when melleolides are substi-
tuted with a fatty acid side chain, they also present a
distinct neutral loss attributed to the orsellinic acid
moiety. For example, melleolide linoleate (4) presents a
main fragment ion at m/z 535.3763 Da attributed to the
loss of this moiety in the molecule (Figure 6A). In the
case of the dimeric melleolides, the loss of each orsellinic
acid moiety from the respective monomers can be
observed as well as their corresponding substitutions, as
represented in melleolide BH (1) by fragment ions at m/z
704.3490 Da and 539.3058 Da (Figure 6A).

For the FBMN analyses, the obtained UHPLC-DAD-
IM–MS/MS raw data from the different crude extracts
were pre-processed using the MetaboScape software and
the obtained feature table was dereplicated based on
accurate m/z, MS/MS spectra, retention times, and UV/
Vis spectra using the reference data obtained from the
herein isolated metabolites. From 4269 features detected
at the MS level, 1838 detected in the media blanks were
removed for further analyses. From the remaining
2431 features, 2227 features were detected at the MS2
level and afterwards organized into 156 molecular families
(MFs) with at least two clustered nodes and 1339 single-
tons (Figure 6B). A total of 22 MFs encompassing
277 features were found to belong to the melleolide
compound class by the propagation of annotations from
reference spectra obtained from the herein isolated
metabolites (Table S20). The two major MFs included
melleolide B, 5’-methoxyarmillarizin, 4’-meth-
oxymelleolide H, 4-dehydroxymelleolide I, 10-hydroxy-5’-
O-methylarmillane, and bismelleolide EH, respectively.
To our surprise the bismelleolide EH cluster represented
the second biggest MF (85 nodes) with compounds with
parent masses ranging from 820.3770 Da to 969.3803 Da,

however the bismelleolides BH and CH were clustered in
a separate MF including only 19 nodes. In metabolomics
analyses, a common challenge arises from structurally
similar metabolites exhibiting distinct MS/MS spectra due
to minor chemical modifications. For a comprehensive
understanding of this phenomenon, a meticulous examina-
tion and the accessibility of pure standards are
imperative.[35] On the other hand, the melleolide linoleate
MF was represented by only three nodes, suggesting that
the number of dimeric melleolides is much higher than the
one of analogs with a substituted fatty acid chain. To show
the effect of cultivation under different media on metabo-
lite abundance, compounds 1–5, 6–9, 11–16, and 6’-
dechloroarnamial annotated within the FBMN were
grouped by hierarchical clustering, as shown by the heat
map in Figure 6C. In contrast to the PCA scores plot,
which clustered crude extracts obtained from the super-
natant and mycelia in separate groups regardless of the
medium (Figure 5A), the heat map showed a clear
distinction between the Q6 1=2 mycelial extract and the
other crude extracts. Compounds significantly induced in
this extract corresponded to bismelleolide BH (1), bismel-
leolide EH (2), melleolide linoleate (4), armillarine
linoleate (5), 5’-O-desmethylarmillaribin (7), 4-meth-
oxymelleolide H (9), 4-dehydroxymelleolide F (12), and
10-ketomelleolide E (13). The other major clade corre-
sponded to the crude extracts obtained from the super-
natant of Q6 1=2 and YM 6.3, as well as the mycelial extract
from the latter and the crude extract obtained from BRFT
solid cultivation. From this group the mycelial extract
from YM 6.3 appeared in a separate clade, explained by
the significant presence of 4-dehydroxyarmillaridin (8),
4,10-dehydroxymelleolide I (14), 4-dehydroxymelleolide I
(15), 10-ketomelleolide I (16), and 6’-dechloroarnamial.
The supernatant extract from Q6 1=2 presented a similar
profile to its mycelial extract, but bismelleolide CH (3)

Figure 5. A) PCA scores plot of the secondary metabolomes of A. ostoyae after its cultivation in different media (YM 6.3, Q6 1=2, and BRFT, n=3,
95% confidence interval of normalized m/z intensities from the features detected at MS1 level, positive ionization mode). B) HPLC-UV/Vis
chromatograms (210 nm) of the different crude extracts.
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and 4-methoxymelleolide H (9) were highly induced under
this condition. In the case of the BRFT solid cultivation it
can be observed that the melleolide linoleate (4) and
armillarine linoleate (5) were more abundant than in the
nearest clustering extracts, even though these compounds
were also present in the mycelial extracts from the liquid
cultures. Likewise, 10-hydroxy-5’-O-methylarmillane (11)
and 10-ketomelleolide I (16) were induced in the super-
natant extract of YM 6.3.

Insight into the Structure–Activity Relationships of Melleolide-
Type Meroterpenoids

Over the course of time, a variety of melleolide-type
meroterpenoids described in literature were evaluated for
their antimicrobial and cytotoxic potential. Various non-
systematic assays against different strains and cell lines
led to many different statements and assumptions about
possible structure activity relationships. Our study repre-
sents the first attempt to test a large number of these

Figure 6. A) Reference MS/MS spectra of melleolide BH, arnamimal, 6’-dechloroarnamial, and melleolide linoleate, isolated in this study. B) Feature
based molecular network for the crude extracts obtained from the cultivation of A. ostoyae in different media (YM 6.3, Q6 1=2, and BRFT) with
annotated melleolide molecular families based on the comparison of their MS/MS spectra with the isolated metabolites (hexagons in red
represents melleolide derivatives, while gray ones represents unknown features, node size indicates the abundance of the compound). C) Heatmap
following a hierarchical clustering of compounds 1–5, 6–9, 11–16, and 6’-dechloroarnamial annotated in the FBMN. Heatmap displays compound
abundance values with hierarchical clustering of compounds and crude extracts obtained from different media, each extract is represented by three
columns as three biological replicates. Scaled abundance is color-coded from red (high abundance) to dark blue (low abundance). The heatmap
with dendrograms was generated by the R package pheatmap.
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chemically diverse secondary metabolites under constant
laboratory conditions to deduce structural motifs that are
responsible for the observed effects.

Results from preliminary evaluations of antibacterial
activity testing led to the assumption that hydroxylations
at C4, C10 and C13 increase bacterial growth inhibition,
primarily against Gram-positive bacteria.[15] In contrast,
we obtained an opposing result with 5’-O-desmeth-
ylarmillaribin (7), 4-dehydroxymelleolide F (12), arnamial
(26) and A52a (36) as the most active antibacterial
congeners (4.2 μg/mL against B. subtilis and S. aureus,
Table S1), of which only 36 shows a hydroxylation at C4
(Figure S9). Since no activity against Gram-negative
bacteria was observed, our findings only confirm that this
compound class mainly inhibits the growth of Gram-
positive bacteria. A further comparison of bioactivity and
chemical data did not result in the identification of certain
structural features that are responsible for the antibacte-
rial effects.

Furthermore, previous efforts have stated that the
presence of the Δ2,4 double bond in the protoilludene
moiety is a necessary feature for the antifungal activity
against Aspergillus flavus, A. nidulans, and Penicillium
notatum, while Δ2,3-melleolides did not exhibit any anti-
fungal property against these fungal strains.[17] Following
this hypothesis, we tested 35 different melleolide-type
meroterpenoids (Figure S9) against Schizosaccharomyces
pombe, Wickerhamomyces anomalus, Mucor hiemalis, and
Rhodotorula glutinis. To identify distinct patterns in the
observed antifungal activities, the compounds were clus-
tered according to their obtained MIC (minimal inhibitory
concentration) values (μg/mL) in a hierarchical clustering
approach (Figure 7A). Three major clusters could be
identified by this approach, which exhibited no, or very
limited antifungal activity, selective antifungal activity
against S. pombe, M. hiemalis, and/or R. glutinis, as well
as broad antifungal activity against all tested fungi (Fig-
ure 7B). Out of 35 tested compounds, 11 exhibited

Figure 7. Analysis of antifungal activities exhibited by melleolide-type meroterpenoids against S. pombe, W. anomalus, M. hiemalis, and R. glutinis.
A) MIC values (μg/mL) against selected fungal test organisms. Inactive compounds are not shown, but the complete dataset can be found in
Table S1. B) Dendrogram resulting from hierarchical clustering of antifungal activities of the evaluated melleolide-type meroterpenoids, with the
three major clusters denoted with colored boxes, and compounds numbers presenting a Δ2,4 double bond in the protoilludene moiety underlined.
C) Chemical structures of melleolide-type meroterpenoids exhibiting significant antifungal activity and presenting a Δ2,3 double bond or no terpene
double bond in the protoilludene moiety (left), as well as presenting a Δ2,4 double bond in the terpene backbone (right).
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significant antifungal activities, from which only 5’-O-
desmethylarmillaribin (7), arnamial (26), and dehydroar-
millyorselinate (27) have a Δ2,4 double bond in the
protoilludene backbone. Notably, melleolide H (19) and
10-dehydroxy-melleolide B (34), which contain a Δ2,3

double bond in the protoilludene backbone, and 5’-meth-
oxy-6’-chloroarmillane (37), which is devoid of a terpene
double bond, also exhibited significant antifungal proper-
ties.

On the contrary, it has been assumed that the
cytotoxicity of melleolides is not significantly influenced
by the double bond position in the protoillludene back-
bone, while the presence of an aldehyde at C-1 was
identified as key feature for a higher cytotoxicity.[17,36]

Based on these assumptions, 35 different melleolide-type
meroterpenoids (Figure S9) were tested against L929
(mouse fibroblast) and KB3.1 (cervix carcinoma) cell lines
(Table S2). In addition, compounds with the highest
cytotoxicities against the L929 and KB3.1 cell lines were
selected for further testing against five additional mam-
malian cell lines as shown in Table S2.

By using a hierarchical clustering approach based on
their IC50 values (μM), two major clusters were identified
(Figure 8A). One cluster contains compounds without

cytotoxic properties against the tested cell lines, whereas
the other cluster presents those compounds active against
both cell lines. Within the latter group, 12 compounds
displayed significant cytotoxicity and were clustered
together in a single clade. Thereby, already one structural
feature stands out in relation to high cytotoxic effects. All
compounds, except 12, within this clade carry an aldehyde
at position C1, confirming that this feature is the main
driver of the cytotoxic activities. Subsequently, we con-
ducted a comparative analysis of this clade with the
dendrogram generated from hierarchical clustering of
their respective chemical structures using circular finger-
prints and a Tanimoto similarity score (Figure 8B and C).
In this way, we observed that most clades or compound
subtypes did not follow similar clustering based on their
IC50 values, except for the bismelleolide BH (1), as well as
for melleolide H (19) and armillarin (25). Compounds 19
(2.2 μM against KB3.1 and 3.7 μM against L929) and 25
(1.7 μM against KB3.1 and 3.9 μM against L929) only
differ by the hydroxylation at C-10, which does not seem
to influence their cytotoxicity. However, for melleolide J
(20; 5.8 μM against KB3.1 and 13.8 μM against L929) and
armillaridin (24; 2.1 μM against KB3.1 and 5.1 μM against
L929), which represent the same pair as 19 and 25, but

Figure 8. Analysis of cytotoxic properties exhibited by melleolide-type meroterpenoids against the mouse fibroblast cell line L929 and the cervix
carcinoma cell line KB3.1. A) Dendrogram resulting from hierarchical clustering of cytotoxic activities of the evaluated melleolide-type
meroterpenoids, with major groups denoted with colored boxes. Comparison of dendrograms resulting from hierarchical clustering of chemical
structures from the compounds exhibiting significant cytotoxicity using circular fingerprints and Tanimoto similarity (B) and of their corresponding
cytotoxic activities (C); where common clades are highlighted in dark orange. D) Chemical structures of melleolide-type meroterpenoids exhibiting
significant cytotoxic properties against L929 and KB3.1 cell lines, with the aldeyhde group in the protoillludene moiety highlighted in red.
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with a chloride substitution in the orsellinic acid moiety,
the hydroxylation at C-10 results in an almost threefold
decrease of cytotoxicity. This suggests that the hydroxyla-
tion at C-10 might play an important role in the
cytotoxicity of these molecules in an antagonistic manner
with the chlorination at the orsellinic acid. The group
containing compounds 8 (3.7 μM against KB3.1 and
14.6 μM against L929), 17 (1.3 μM against KB3.1 and
2.7 μM against L929), and 26 (1.7 μM against KB3.1 and
2.9 μM against L929) also have chlorinated rings, but in
this case all of them lack a hydroxyl group at C-10. 4-
dehydroxyarmillaridin (8) and arnamial (26) differ by the
change of the double bond position and the hydroxylation
at C-3, which results in an increased cytotoxicity for the
latter. In addition, the presence of an acetoxy group at
position C-4 of compound 8 results in a higher cytotoxicity
as observed for compound 17. In the case of the upper
group, which is divided in two clades, it can be observed
that the compounds belonging to it do not have any
substitution in the orsellinic acid moiety. In the clade that
contained compound 7 (1.9 μM against KB3.1 and 1.9 μM
against L929) and 27 (3.0 μM against KB3.1 and 4.3 μM
against L929), we observed that the hydroxylation at C-3
resulted in a decreased cytotoxicity. However, in the clade
that contained compound 12 (2.9 μM against KB3.1 and
19.2 μM against L929) and 18 (1.3 μM against KB3.1 and
5.8 μM against L929), it became evident that the absence
of the aldehyde and the presence of an alcohol instead in
combination with the keto group at C-10 negatively affect
the cytotoxicity of these compounds. The most distinct
correlation between chemical structure and cytotoxicity is
the total loss of activity for sesquiterpene aryl esters
carrying a hydroxylation at position C13. For instance,
melleolide H (19) and melleolide J (20) are among the
most cytotoxic compounds tested in this survey, while
their C13 hydroxy derivatives 5’-O-methylmelledonal (23)
and melledonal C (22), respectively, did not show any
cytotoxicity. Furthermore, melledonal A (21), melleolide
D (30) and melledonol (33), which show the same
hydroxylation pattern at positions C10 and C13, were
tested negative for cytotoxicity as well.

Conclusion

Our exploration of the chemical space of Armillaria
ostoyae unveiled the production of unprecedented melleo-
lide-type dimers (1–3) and uncommon fatty acid side chain
carrying melleolides (4–6). Even though the monomers
have been reported in the literature before, a dimerization
of two melleolide-type meroterpenoids or the attachment
of a linoleic acid side chain has not been observed and
described up to now. Additionally, we also isolated 11
new (7–17) and 21 known (18–38) sesquiterpene aryl
esters. Notably, metabolites isolated from A. ostoyae
constitute nearly the half of all known melleolide-type
meroterpenoids to date. Furthermore, our metabolomics
analyses shed lights on the vast diversity of these
compounds, encompassing a total of 22 molecular families

with 277 features, a number which exceeds by far the
repertoire of known sesquiterpene aryl esters from this
class. Remarkably, the tandem MS analysis implies that a
very high number of dimeric analogs exists, although
those have remained unnoticed so far. In parallel, our
heatmap analysis following a hierarchical clustering ap-
proach, revealed distinct metabolomics-wide associations
oppositely to the principal component analysis. These
patterns support our understanding of the media-depend-
ent production of different melleolide-type meroterpe-
noids.

A systematic study of the biological activities of these
sesquiterpene aryl esters under consistent laboratory
conditions has so far not been carried out. For this reason,
we evaluated the antimicrobial and cytotoxic activities of
thirty-five melleolide-type compounds concurrently and
employed a range of chemoinformatic approaches to study
their structure–activity relationships. Contrary to previous
assumptions, our results suggest that the presence of the
Δ2,4 double bond in the protoilludene moiety is not
essential for antifungal activity. Evaluation against Schiz-
osaccharomyces pombe, Wickerhamomyces anomalus,
Mucor hiemalis, and Rhodotorula glutinis revealed potent
antifungal effects for compounds with and without a Δ2,4

double bond, broadening the spectrum of active metabo-
lites.

Our study further confirmed the importance of the
aldehyde at C1 in conferring high cytotoxicity to
melleolides,[15] whereas the presence of a hydroxyl group
at position C13 lead to a loss of this activity. Notably, our
cheminformatics approach unveiled the intricate interplay
of multiple chemical modifications on the biological
properties of these compounds. For example, we observed
that hydroxylation at C10 had different effects on the
activity of melleolides, depending on the presence of a
chlorine substitution in the orsellinic acid moiety as
compared to their dechlorinated counterparts.

Our pilot study not only represents the first systematic
investigation of a class of unique fungal meroterpenoids
on such a scale. It also provides a strategy on how to
combine and analyze the large amount of chemical and
biological data available by using different methodologies.
For instance, our metabolomics analyses provided insight
into the vast diversity of these sesquiterpene aryl esters,
with the detected number melleolide-type features sur-
passing by far the one of previously reported compounds
from this class. Future endeavors must ensure the
reassessment of additional species of this genus using our
proposed methodology to gain a broader overview of the
production of these metabolites. Likewise, such ap-
proaches might enable the targeted search for melleolides
harboring structural motifs that are presumed to be
related to a specific biological activity. Hence, a compre-
hensive understanding of the SAR of these intriguing
fungal metabolites can be driven by cheminformatics.
These approaches can be useful for medicinal chemistry
by helping to suggest specific structural motifs that
improve the properties of the bioactive compounds. At
the same time, the untargeted metabolomics approach
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may prove useful in future studies, using multi-OMICS
techniques to elucidate the ecological role of the melleo-
lides in Nature, as well as for a chemotaxonomic study on
the genus Armillaria, in order to complement the existing
morphological and molecular phylogenetic data.
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Exploring melleolide-type meroterpe-
noids from Armillaria ostoyae in liquid
and solid fermentations yielded 17 new
and 21 known derivatives. A compound
library enabled metabolomics, unveiling

production patterns under varied culture
conditions. Assessment of antimicrobial
and cytotoxic activities, aided by innova-
tive chemoinformatics, offered insight
into structure–activity relationships.
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