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Abstract 

Pigments of mushrooms are a fertile ground of inspiration: they spread across various chemical 
backbones, absorption ranges, and bioactivities. While looking from a photochemical perspective, we 
discovered a new bioactivity, i.e., photoactivity. We revealed that singlet oxygen production is a 
common theme in one group of webcaps (i.e., dermocyboid Cortinarii, formerly called Dermocybe). 
This photoactivity was explored by bioactivity-based molecular networking and photo-activity guided 
isolation. As a result, three photosensitizers based on anthraquinone structures were isolated. All 
three were photochemically characterized and (photo)cytotoxically tested. For one of the three, i.e. (-
)-7,7’-biphyscion (1), a promising photoyield of = 20 % (exc = 455 nm) and an excellent 
photocytotoxicity of approx. 64 nM against A549 lung cancer cell lines (exc = 468 nm, 9.3 J/cm²) was 
found, while no effect was observed in the dark. Several molecular biological methods proved the 
harmlessness of 1 in the dark while showing that apoptosis is dose-dependent induced by 1 under 
irradiation. Therewith, 1 is a promising candidate for photodynamic therapy, while the photoactivity 
theme in the subgenus hints towards a yet unthought bioactivity in fungi: photoactivated defense. 

 

Significance statement 
Porphyrins, 5-ALA, and transition metal complexes are the dominant classes of therapeutic agents 
utilized in PDT, while the search for novel photoactive scaffolds derived from natural products is 
neglected. To address this knowledge gap, fungi belonging to the classical subgenus Dermocybe were 
investigated via photoactivity-guided isolation and bioactivity-based molecular networking, leading to 
the discovery of a previously unthought variety of photoactive compounds. Three photosensitizers 
with anthraquinone structure were isolated from Cortinarius uliginosus were isolated, and one – 7,7´-
biphyscion – exhibited astonishing photocytotoxicity as well as dose-dependent apoptosis induction.  

These findings suggest a new defense strategy in fungi -photoactivated defense- and highlight the 
photochemotherapeutic potential of fungal pigments. Furthermore, this study represents a modern 
approach for the photobiological exploration of natural sources, paving the road towards discoveries 
in the field of chemical ecology, photobiology, and photodynamic therapy. 
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Introduction 
Bright yellow, luminous red, or even radiant purple – the color spectrum of fungal fruiting bodies is 
impressively versatile. As chemists were always fascinated by this colorfulness2, the chemical 
fundament of fungal pigments is well established2-5. A comprehensive ecological understanding, 
however, is still lacking.6, 7 Several suggestions exist8 – UV protection, fungivore defense or attraction, 
camouflage – but most of them are substantiated by distinct observations of single species, like the 
insects attracting bioluminescence of Neonothopanus gardneri9 or the camouflaging appearance of 
Lactarius turpis8. In contrast, recent work from Krah et al.7 suggests a general reason behind the 
coloration: Thermal melanism. On a macroclimate scale, they were able to show that dark-colored 
mushroom assemblages are more prevalent in colder areas across Europe than lighter ones.7 This 
observation sustains their hypothesis that heat generation mediated by melanin causes a fitness 
advantage for ectothermic animals and multicellular fungi. On a seasonal climate scale, however, 
ectomycorrhizal fungi didn't show such a behavior. Therefore the authors anticipate a more complex 
ecological role.7  

Looking at the chemical structure of other fungal pigment classes than melanin –e.g., polyketides or 
N-containing pigments– an additional energy decay and therewith ecological function can be 
suggested: Photoactivated defense. Photosensitizers (PSs) like harmine, emodin, or hypericin10 are 
described as fungal pigments.2 Yet, nobody studied their accompanied ecological function, nor 
basidiomycetes in general as a source for new PSs. 

Identifying PSs in fruiting bodies would be, however, not only of ecological but also of pharmaceutical 
interest. Photosensitizers utilized in the so-called photodynamic therapy (PDT)11 are a promising 
alternative to combat resistant cancer types and nonsurgical tumors.12-15 While PDT is approved since 
the nineties, unwanted side-effects of the most commonly used porphyrin-like photosensitizers (i.e., 
general photosensitivity of the skin) force the search for new scaffolds.16 

In a pilot study of ours, one representative of the dermocyboid Cortinarii (Cortinarius croceus) was 
characterized by a high singlet oxygen production capacity and a promising, selective 
photocytotoxicity.17 In general, this subgenus is known for its reduced fungivore affection18, hinting 
towards an effective defense mechanism. Inspired by these observations, we studied dermocyboid 
representatives of the genus Cortinarius from the northern hemisphere in-depth to (A) test whether 
phototoxicity is a common theme in Dermocybe, to (B) isolate the responsible photosensitizers, and to 
(C) evaluate their potential as new lead-structures for photodynamic therapy.  

The most prominent feature of skin-heads (Dermocybe) is the colorfulness of their fruiting bodies and 
especially of their gills due to the presence of anthraquinones (AQ).19, 20 Dermocybe was considered a 
genus of agaricoid Basidiomycota21 and was classified into four sections based on pigment occurrence 
by Moser (See Table 1).22 For each section, unique AQ patterns were utilized as chemotaxonomic 
markers.19 Nevertheless, phylogenetic investigations and morphological descriptions forced a revision 
leading to a new taxonomic placement: Dermocybe is now recognized as subgenus23, 24 or section25 of 
the genus Cortinarius. However, because the exact phylogeny of dermocyboid Cortinarii is not 
revealed23, 26, we selected representatives based on the pigment pattern. In sum, seven species being 
representatives of the four sections and four pigmentation types were selected (Table 1) and 
submitted to the photo-activity workflow17 consisting of an HPLC-DAD-MS fingerprint analysis, a 
singlet-oxygen detection assay (i.e., DMA-Assay), and a (photo)cytotoxicity screening. 
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Table 1 Selected representatives of the dermocyboid Cortinarii sorted according to their pigmentation 
type and section. 

 

Results and discussion 
Photobiological Screening and Photoactivity Guided Isolation. 
The HPLC-DAD-MS analysis revealed that the apolar fractions were characterized by two major 
pigments at best (mono- and/or bis-anthraquinones), while the polar extracts consisted of up to seven 
pigments (see Figure S1). Furthermore, the analysis disclosed that most of the pigments are 
characterized by an absorbance maximum between 450 and 500 nm (Table S3). As a consequence, the 
DMA-assay was done employing blue light (468 nm, 24.3 J/cm²) and the natural photosensitizer 
berberine (max, EtOH = 429 nm, EtOH = 0.051) as a standard reference. Furthermore, an extract of the 
roots of Berberis vulgaris was exploited to rank the fungal extracts' potential compared to an herbal 
extract. As shown in Figure 1, all extracts were more active than the B. vulgaris extract, and most 
extracts were more active than the standard berberine. Thereby – for the first time – a general 
photoactivity in mushrooms was revealed exploring European species of dermocyboid Cortinarii. 

 

Species Pigmentation-type19 Section22 
C. olivaceofuscus 

Cinnamomea 
Holoxanthae 

C. cinnamomeoluteus 
Dermocybe 

C. uliginosus 
C. malicorius Malicoria Malicoriae 
C. phoeniceus 

Sanguinea 
Sanguineae C. semisanguineus 

C. cinnabarinus Cinnabarina 

Figure 1 Relative singlet oxygen formation efficiency of extracts (PE = petroleum ether, MeOH = methanol, 
1 mg/ml) under blue light irradiation (468 nm, 24.3 J/cm²). All investigated fungal species are more prone 
to produce singlet oxygen than an extract containing berberine (max, EtOH = 429 nm, EtOH = 0.051), i.e. a 
Berberis vulgaris root extract. The latter is a plant species commonly known as barberry, which contains 
the herbal photosensitizer berberine in its root.
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Furthermore, the pigment-pattern's activity profile could be ranked as followed: sanguinea < malicoria 
≤ cinnamomea < cinnabarina pigmentation type. The most active species was C. cinnabarinus (403%). 
Its pigment type (i.e. cinnabarina type) is for European species atypical while related species are 
described from America and Australia.19, 27  

The results of the photo-cytotoxicity assay (Table S11) showed, however, that a high singlet-oxygen 
production rate alone is a poor indicator for a photo-cytotoxic activity: while the PE extract of 
C. cinnabarinus is a highly efficient producer of 1O2 (403%), its dark-cytotoxicity (EC50 = 28 µg/mL, A549 
cells) was – compared to the light-induced cytotoxicity (EC50 = 9 µg/mL) – too high to reach relevant 
selectivity (SID/L = 3). Moreover, the MeOH extract (1O2 = 275%) lacked any activity in the dark as well 
as under irradiation, which indicated deficits in cellular uptake. In analogy, the other extracts of 
Moser's section Sanguinea with the sanguinea pigmentation type (i.e., C. phoeniceus and 
C. semisanguineus) lacked either photo-activity in vitro (MeOH extracts) or held minimal selectivity 
indices (PE extracts, SIDK/L = max. 4). For the three investigated extracts of the cinnamomea 
pigmentation type (i.e., C. olivaceofuscus, C. cinnamomeoluteus, and C. uliginosa), the PE extracts 
showed similar behavior. The results of the respective methanolic fractions, however, were of utmost 
interest: All extracts of the cinnamomea pigmentation type were highly active (EC50 = 2-7 µg/mL) under 
irradiation (468 nm, 9.3 J/cm²) while being inactive in the dark (EC50 > 50 µg/mL). For the purpose of 
isolation, we chose the most promising dermocyboid Cortinarii (i.e., C. uliginosus). 

Starting with dry and ground fruiting bodies (80.0 g), a sequential Soxhlet-extraction with PE and 
MeOH yielded a red (1.7 wt%, 1.3 g) and an orange (23.5 wt%, 18.5 g) viscose fluid. The MeOH fraction 
was separated further into four fractions via liquid-liquid extraction. The highest photoactivities were 
found in the diethyl ether (348%) and ethyl acetate (270%) fractions. While the diethyl ether fraction 
consisted of only one major peak (tr = 44.2 min) absorbing at 468 nm (Figure S1), the ethyl acetate 
fraction showed ( ) two additional major (tr = 23.6 and 25.7 min) and three minor pigments (tr = 21.6, 
28.6, and 31.8 min). 

 

Figure 2 HPLC chromatogram (λexc = 468 nm) of the C. uliginosus EtOAc fraction obtained by a liquid-liquid fractionation from 
the methanol extract. The excitation wavelength was fitted to the excitation wavelength of the accompanied assays (i.e. 
(photo)cytotoxicity and DMA assay). Peaks of interest are indicated by their retention time and by the identified structure. 
The small structures indicate solely annotated structures, while the normal sized one are such which were additionally 
isolated. Stationary phase: Max RP, Mobile Phase (H2O/ACN+0.1%FA), gradient (for detail see ESI). 

The extracts were submitted to an UHPLC-DAD-HRMS/MS measurement to allow the annotation of 
metabolites, organize the data through bioactive natural product prioritization using molecular 
network, and spot potential unknown metabolites of interest.28 Seemingly (Chapter 2 ESI), the bio-
activity can be attributed to the AQ being present in the apolar fractions. Based on all gathered insights, 
the compound appearing at 44.2 min was annotated as 7,7’-Biphyscion (1) and isolated via dry column 
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chromatography (SiO2) as an orange powder (8.32 mg, 0.04% d.w.). The annotation as 7,7’-Biphyscion 
(1) was confirmed via standard techniques (NMR, IR, UV-Vis, HRMS), while the optical rotation was 
determined to be levorotary ([α]D = -178 (c = 0.1 mg/ml)).  

Following photoactivity guided fractionation, the peaks at tr = 23.6 min and tr = 25.7 min were isolated 
following a sequence of flash-chromatography, dry column vacuum chromatography, and preparative 
chromatography (See ESI for details). The metabolites could be identified as dermolutein (2) and 
dermorubin (3), respectively.29 The minor peaks were annotated as physcion-8-O-glycoside (21.6 min), 
5-chloro-dermorubin (28.6 min), and endocrocin-6,8-dimethylether (31.8 min).   

Photochemical and Photobiological Evaluation of the isolated Pigments 
Next, the three isolated pigments were submitted to photochemical and -physical studies. As shown 
in Table 2, all isolated fungal metabolites were able to produce singlet oxygen under irradiation (ACN, 
450 nm, 50 mW, d4-MeOH). With a quantum yield of 20.0%, 1 is the most efficient PS of the isolated 
metabolites of C. uliginosus. The monomeric AQs 2 and 3 held a quantum yield of 3% and 8%, 
respectively. Furthermore, luminescence spectra (Figure S30) were recorded, life-time measurements 
were done, and quantum yields were determined (Table 2, Figure S29). In terms of luminescence, the 
monomeric AQs are more efficient than the bisanthraquinone 1, with 3 being the most efficient. 

The obtained life-times in the nanosecond scale indicated the fluorescent nature of the luminescence, 
which is in line with reports on AQs.30 Additionally, we were interested in the photostability of the 
isolated metabolites. For the monomeric AQ a simple decomposition was observed in methanol under 
blue light irradiation (450 nm LED). For 1 the evolution of several new species was observed with a 
quantum yield of 0.78% in the first 75 min. These observations meant that only a marginal part of the 
natural PS decomposes under the given conditions, and thus a photo-activated biological effect is 
highly likely.  

Table 2 Photochemical properties of 1-3 in methanol. 

 

To test the photo-activated effect, we submitted the isolated compounds to a (photo)cytotoxicity test 
employing three malignant cell lines (A549/human lung carcinoma, AGS/human gastric 
adenocarcinoma, T24/human bladder carcinoma). A conducted stability assay in medium (Table S9 and 
S10) confirmed the stability of the isolated metabolites beforehand.  

As displayed in Figure S46-48, the monomeric AQs 2 and 3 did not show any effect on one of the three 
cell lines - neither in the dark nor under irradiation (EC50>12.5 µM). Despite their ability to produce 
singlet oxygen, the lack of photoactivity is probably due to a missing cellular uptake. Indeed, a HPLC-
DAD-based uptake study showed that 2 and 3 are not intracellularly present (supplementary 5.4 and 

 1 2 3 MeOH extract 
abs 

[a] [nm]  
(log ε) 440 (3.48) 427 (3.89) 

440 (3.85) 
490 (3.92), 
530 (3.58) 420 

ems 
[b] [nm] 607 625 593* 593 

ΦF 
[b,c] 0.016  

± 0.005 
0.048  
± 0.005 

0.087  
± 0.002 

0.04  
± 0.01 

τ [d] 
[ns] 0.8 1.6 4.3 1.1 / 4.7 

ΦΔ
 [b,c] 20 ± 2 % 3 ± 0.3 % 8 ± 2 % 10 ± 1 % 

Φdecom 0.78 % 1.6 % 0.18 % - 
[a] In MeOH [b] In air-saturated D4MeOH [c] Relative measurement using Ru(bpy)3Cl2 as standard 
with ΦP = 0.015. Laser settings: 450 nm, 15 mW [d] With a resolution of 0.3 ns.  
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Figure S33A). The bisanthraquinone 1, however, was taken up by the cells (Figure S33A) and exhibited 
a significant cytotoxic effect on cells of the cell line A549 (EC50=64±30 nM, SID/L>39), AGS (EC50=41±27 
nM, SID/L>60), and T24 (EC50=69±40 nM, SID/L>36) in a nanomolar range after being irradiated with blue 
light (468 nm, 9.3 J/cm2) while lacking activity in the dark (EC50>2.5 µM). Against non-malignant cells 
(i.e., NiH3T3) 1 showed after irradiation also a high activity in the nanomolar range (Figure 3). Such 
lack of selectivity is a serious problem for classic chemotherapeutics, for PSs, however, it is less 
problematic as the toxic effect is selectively induced by spatial irradiation of the tumorous tissues. 
Under dark conditions, 1 had no effect on the non-malignant cell line. 

 

Figure 3 Left) Dose-response curves of the three cell lines treated with 1 under blue light irradiation (BL, blue 
graphs) and dark conditions (black lines). Middle) Micrographs (10x) of treated (and irradiated) cells. Right) 
Results of the (photo)cytotoxicity assay given as effective concentration (EC50) in µM with confidence interval 
(95%).  

To verify the harmless effect of 1 in the dark, we conducted a metabolic activity assay, which results 
proved that 1 - without irradiation - does not interfere with the metabolic activity of A549 cells (Figure 
S35). Furthermore, we conducted a cell cycle analysis. The results showed no differences between the 
control cell population and treated cell populations indicating no overlooked harmful effect of 1 in the 
dark (Figure S36). Finally, via a viability assay (annexin V/DRAQ7) we confirmed the harmlessness of 1 
in the dark (Figure 4 and Figure S37-S40).  

 

Figure 4 Annexin V/DRAQ7 assay 24h after (mock) irradiation of A549 cells treated with 1 (0.5 µM). Left) non 
irradiated cells showing no sign of induced apoptosis and right) irradiated cells with clear apoptotic cells. 
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Under irradiation, a different pattern was observed for cells being treated with 1: 24 h after the 
external trigger was given, 45% percent of all cells were apoptotic (22% early apoptotic and 23% as 
secondary apoptotic) (Figure 4). At higher concentrations of 1, even more apoptotic cells were 
observed (i.e., 79% see Figure S39 and S40). These results are in line with the observed morphological 
changes. Cells treated with 1 and blue light are shrunken, their membranes are blebbed, and their 
nuclei condensed (Figure S46-S48). In contrast, cells treated under dark conditions do not show any 
particular morphological change as compared to the non-irradiated control. 

To understand the effect of light on the bioactivity of 1 in more detail, we performed several analyses: 
irradiating 1 in OMEM medium (w/ FCS) showed that 6.1% of 1 are degraded after 7.5 min (9.3 J/cm², 
468 nm) (Figure S32), which was significantly less than observed in solutions without FCS (Figure S31, 
up to 65% were used up after irradiation). As FCS is a known ROS quencher,31 this implies the 
involvement of ROS in the degradation mechanism. However, a specific photochemical product of 1 
was not detected in any of the HPLC-DAD analysis (Figure S34), indicating degradation of 1. To test 
whether a solution of 1 could be used in several irradiation cycles, we treated cells with pre-irradiated 
solutions of 1 and (mock)-irradiated them after 24h of incubation again. A similar E50

 value (51±14 nM) 
was obtained under this double irradiation as compared to the standard protocol, thus proving the 
opportunity of a pulsed irradiation cycle. Moreover, as the non-irradiated cells were again not affected, 
it is indicated that no side-products with potential dark-toxicity were generated by the irradiation of 1 
in supplemented OMEM.  

Furthermore, photocytotoxicity inhibition studies were conducted with different antioxidants (ESI 
chapter 5.4) to understand the nature of the induced ROS better. Under cell-free conditions, 75% of 
the ROS were quenched by sodium azide (Table S12). As sodium azide is a physical quencher of singlet 
oxygen,32 this efficient reduction proofs that the majority of the by 1 induced ROS can be classified as 
singlet oxygen. In a cell assay employing A549 and T24 cells, a ROS dependent mode-of-action was 
proven by showing that N-Acetyl-L-cysteine and β-carotene could reduce photodamage by up to 52% 
(ESI chapter 5.4.2). Sodium azide, is due to its dual function as singlet oxygen quencher32 and 
mitochondrial respiratory chain inhibitor33 not recommended for in vitro assays. 

Taking together, 1 is not only the most potent AQ-based PS so far known – it outranks the 
photocytotoxic activity of the reported monomeric AQs rubiadin (EC50 = 74 µM) and soranjidiol (EC50 = 
37 µM) on MCF-7c3 breast cancer cells3 4– but also represents a natural compound with a true potential 
as PDT lead structure. 1 exhibits in vitro activities not inferior to those of transition metal complexes 
already used in clinical trials (i.e. Ru(II) polypyridiyl complex TLD1433 with an EC50 of 51 nM against 
cells of the U87 human glioblastoma cell line, activated by green light (530nm, 45 J/cm²))35, 36 and 
clearly induces apoptotic cell death under irradiation. 

The described AQs 1-3 are the first PSs isolated from fungal fruiting bodies. Their structures are –
despite the unique halogen-containing fungal AQs– similar to herbal PSs37, which are supposed to be 
an essential part of the plant's defense mechanism.38-41  

Though, these are typical metabolites of the fungi which were used as chemical markers, they are 
most-likely artifacts42: 1's genuine precursor is the yellow intracellular pigment flavomannin-6,6’-
dimethyl ether (FDM, Figure S24). This polyketide derivative is rapidly oxidized to 1 by air or with 
alkaline hydrogen peroxide.42 These observations hint towards a wound-induced formation of 
photoactive metabolites, a mechanism well known for PSs from plants.43  

The fact that many biosynthetic pathways are conserved is crucial for future biotechnological 
production lines. 7,7’-Biphyscion (1), for example can be produced by the ascomycete Phialomyces 
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macrosporus44 under laboratory conditions, which in turn is rather unlikely by starting from Cortinarius 
cultures.45  

In sum, the ability of 7,7’-biphyscion (1) to produce singlet oxygen (ΦΔ = 20%), its stability, and its 
photopharmacological potential with a SI of >39, an EC50 in the lower nanomolar range (i.e., 64 nM, 
A549), and its ability to induce apoptosis turns this first fungal PS of basidiomycetes into a promising 
new candidate for PDT. The fact that this PS inherently occurs in fungi bears the promising possibility 
of biotechnological production and hints towards an overlooked biological function of fungal pigments 
in mushrooms. 

Experimental Section 
Please refer to the supplementary. 
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