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Abstract
The photobiological activity of ten colorful species belonging to subgenus Dermocybe of the basidiomycete genus Cor-
tinarius was investigated. Extracts of all species produced singlet oxygen and are thus photoactive. Pigment analysis was 
performed and showed similarities of the anthraquinone pigments across the species in dependency to their respective 
pigmentation types. Detailed content analysis of the pigments in the whole agaricoid fruiting body compared to the three 
different tissue types (pileus, stipe, and lamellae) revealed that the pigments emodin, dermocybin, and dermorubin, as well 
as their respective glycosides, are enhanced in the gills. In an independent experiment, the gills were shown to be the most 
photoactive tissues of the fruiting body. Photobiological experiments with invertebrates (i.e., glassworm Chaoborus crys-
tallinus) proved a phototoxic effect of the methanolic extract of the red blood webcap (Cortinarius sanguineus var. auran-
tiovaginatus). This work adds further evidence to a common photobiological trait in Cortinarius subgenus Dermocybe and 
underpins the possibility of a photochemical defense mechanism in fungi.

Graphical abstract

Keywords Dermocybe · Fungal photosensitizers · Photochemical defense · Emodin · Anthraquinone · Photoactivity · 
Phototoxicity

1 Introduction

Hypericin, bergapten, and curcumin belong to the best-
known natural photosensitizers [1, 2]. Nonetheless, various 
other photosensitizers are known to occur in nature, and it 
can be assumed that many more compounds of this func-
tional class remain to be identified. One overlooked source 
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for new photosensitizers comprises higher fungi from the 
division Basidiomycota [3], with more than 30,000 species 
described to date: recent discoveries highlight pigmented 
fruiting bodies of certain basidiomycetes as a potent source 
of photosensitizers [4–6]. Hammerle et al. [6] isolated three 
new photosensitizers from Cortinarius uliginosus. The 
fungal material was stored for over 40 years, yet the active 
ingredients —two monomeric and one dimeric anthraqui-
none— were conserved in the tissue. In detail, the identified 
photosensitizers were the known fungal anthraquinones der-
molutein, dermorubin, and 7,7’-biphyscion [7]. They were 
characterized by singlet oxygen yields (φΔ) of 3%, 8%, and 
20%, respectively [6].

A photosensitizer per se is a chemical entity capable 
of transferring absorbed photon energy to its surrounding 
molecules producing inter alia reactive oxygen species. 
Typically, a photosensitizer is highly conjugated and thus 
colored. Next to natural compounds, several synthetic dyes 
are photosensitizers, such as rose bengal or eosin Y. Acti-
vation of photosensitizers via light can induce reactions 
leading to detrimental biological effects, e.g., lipid peroxi-
dations or oxidative bursts. Therefore, photosensitizers are 
the active principle of selected therapeutic strategies, such 
as photoantimicrobial chemotherapy [8] or photodynamic 
therapy [9–11]. In nature, photosensitizers often play a part 
in defense mechanisms [2, 3, 12, 13].

Plenty of photosensitizer-producing plants are known 
compared to fungi, especially basidiomycetes, where only 
two dermocyboid Cortinarii were studied in detail (i.e., C. 
uliginosus [6] and C. rubrophyllus [14]). Nevertheless, pho-
toactivity is not limited to these two species of Cortinarius; 
it was also detected in seven other species belonging to the 
colorful Cortinarius subgenus Dermocybe [5, 6]. The eco-
logical function of fungal photosensitizers was explored in 
collections of C. rubrophyllus [15]. Photochemical and ana-
lytical studies identified emodin and its monoglucoside as 
responsible photosensitizers. The content of emodin and also 
the correlated photoactivity, were highest in the gills. This 
result hinted toward photochemical defense as one possible 
ecological function of these pigments.

To test the robustness of this hypothesis, we wanted 
to investigate whether photoactivity was also enriched in 
the lamellae of other species. Thus, an extensive analysis 
of many different species from Cortinarius subgenus Der-
mocybe was planned and carried out in 2020. Cortinarius 
subgen. Dermocybe represents one moderately supported 
phylogenomic lineage (BS 93%) within the genus Corti-
narius [16]. Dermocyboid Cortinarii are characterized by 
small to medium sized, intensively yellow, orange, red, or 
olivaceous colored agaricoid fruiting bodies with dry pilei 
and stipes, and often indistinct or radish-like smell [16–26]. 
The main objective was to test all species present in one 
representative habitat type (montane Picea abies forests in 

the Central Alpine area of Tyrol, Austria) to validate pho-
tochemical defense strategies in dermocyboid Cortinarii of 
the northern hemisphere—and fruiting body forming fungi 
in general—as a trait. In brief, all spotted clusters of dermo-
cyboid Cortinarii with more than five fruiting bodies were 
collected and submitted to manifold chemical and biological 
analysis.

Here we present (i) the annotated mycochemical pig-
ment profile of ten different dermocyboid Cortinarius spe-
cies, including five species, which were not mycochemically 
investigated up to date: C. hadrocroceus, C. holoxanthus, 
C. huronensis, C. ominosus, and C. fervidus; (ii) the results 
of a photochemical screening showing in which parts of the 
fruiting bodies the phototoxicity is concentrated, and what 
its chemical origin is, and (iii) the larvicidal effect of the 
extract from one representative species (C. sanguineus var. 
aurantiovaginatus) against Chaoboridae larvae (i.e., Chao-
borus crystallinus).

2  Results and discussion

2.1  Sampling and ITS‑sequencing

The colorful fruiting bodies (FBs) of several dermocy-
boid Cortinarii were collected in three forest sites in Tyrol 
(Austria) and identified according to their macroscopic and 
microscopic characteristics. Due to the wide morphologi-
cal variety and overlapping morphological characters, a 
reliable identification beyond species complexes (i.e., spe-
cies with predominantly yellow, red, and orange lamellae) 
was not always possible. In consequence, the fungi were 
initially sorted according to their pigmentation type. The 
latter was defined by Gruber [27] based on the appearance 
of the gills and the detected anthraquinones. It was later 
extended by Keller [28] as well as Høiland [17]. Five types 
are known, whereof three are relevant for this study (i.e., 
Cinnamomea, Sanguinea, and Malicoria type, which have 
yellow, red, and orange gills) and are distinguished by their 
major pigment/s (see Table S2).

A trustworthy assignment was impeded by the lack of 
a recent taxonomic key containing all dermocyboid Corti-
narii. Thus, after processing and air-drying, DNA extraction 
was performed, and the internal transcribed spacer (ITS) 
sequences were analyzed. As a result, many unexpected 
species were observed: especially the collections of fruiting 
bodies belonging to the Cinnamomea (yellow) and the San-
guinea (red) pigmentation type [28] showed a great species 
diversity; the rarely confirmed species C. holoxanthus, C. 
huronensis, and C. hadrocroceus were, for example, identi-
fied. In contrast, the frequently reported, morphologically 
similar species C. croceus and C. bataillei were not con-
firmed, even though macroscopical features and the utilized 
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identification keys ‘Kleine Kryptogamenflora’ [29] or Funga 
Nordica [30] initially hinted toward those species.

Another challenging, morphologically very similar pair of 
species are C. malicorius and C. rubrophyllus. On a macro-
scopic level, they differ in the orange color of the veil rem-
nants on the stipe and the brim of the pileus [30]. However, 
phylogenetic analysis allowed a precise identification.

Most collections with red pilei and red lamellae, and 
thus belonging to the Sanguinea pigmentation type, were 
identified as C. sanguineus var. aurantiovaginatus (12 of 
21) or C. ominosus (5 of 21). Nevertheless, also some rare 
species were discovered like C. fervidus, C. purpureus, and 
C. vitiosus. The typical habitat of all collected dermocy-
boid Cortinarii was Sphagnum bog co-dwelled with young 
conifers (e.g., Picea abies or Pinus sylvestris). Interestingly, 
several dermocyboid Cortinarii species are often occurring 
intermixed with each other or intermixed with other spe-
cies within one square meter. This made the identification 
of closely related species especially challenging.

2.2  Experimental design

Altogether, 49 collections belonging to ten different dermo-
cyboid Cortinarius species (see Table S1) were gathered 
and processed (i.e., identification, logging, separating into 
different tissues, and air-drying). This high diversity of dif-
ferent species, especially the rare species, prompted our 
interest in testing the hypothesis that the photoactivity of 
dermocyboid Cortinarii is concentrated in their reproductive 
organs. Thus, we used collections (representing biological 
replicates) belonging to ten different species (see Figure 
S1-S10) for our extensive HPLC-DAD(-MS) and photoac-
tivity analysis. At least five fruiting bodies were analyzed 
of each collection. For C. hadrocroceus, C. malicorius, C. 
ominosus, and C. sanguineus var. aurantiovaginatus, even 
ten fruiting bodies of one collection were examined. All 
individually collected fruiting bodies were processed prior 
to air-drying. In detail, the sporocarp was cut lengthwise 
into two halves, whereby one half was further separated into 
the pileus, stipe, and gills. This labor-intensive approach 
was chosen to reduce the effect of abiotic and biotic fac-
tors (e.g., temperature or age), which affect the content of 
the secondary metabolites. If the samples had been pooled, 
an undesired level of uncertainty would have been gained. 
Where the biomaterial allowed it, three technical replicates 
were investigated. In sum, 533 extracts were analyzed and 
statistically processed.

2.3  Photochemical testing

The extracts of the fruiting bodies and the respective tis-
sues (pileus, stipe, and gills) were submitted to the DMA-
assay (9,10-dimethylanthracene, a chemical probe for singlet 

oxygen [5]) to test whether photoactivity is a common phe-
nomenon in the AQ-producing species of Cortinarius sub-
genus Dermocybe. All species produced singlet oxygen, as 
depicted in Supplementary Figure S11 and Table S3, with a 
relative photoactivity of at least 33 ± 15% (for C. ominosus) 
compared to the natural photosensitizer berberine. Extracts 
of the root of Berberis ilicifolia containing berberine [31] 
yielded a relative photoactivity value of 29% [6]. Evaluating 
just the complete basidiocarps, extracts from fungi of the 
Malicoria pigmentation type (C. malicorius and C. rubro-
phyllus) were the most active, followed by those from the 
Sanguinea type and the Cinnamomea type. In the present set 
of fruiting bodies, no clear ranking between the latter two 
pigmentation types could be drawn, which seemingly con-
tradicted our previous results [6], where species of the Cin-
namomea pigmentation type were found to be highly active 
(average photoactivity 180–260%). Nevertheless, the species 
analyzed in this study were different ones (i.e., C. olivaceo-
fuscus, C. uliginosus, and C. cinnamomeoluteus vs C. holox-
anthus, C. huronensis, and C. hadrocroceus) and the extracts 
were prepared in another manner (i.e., sequential extraction 
with petroleum ether and methanol vs methanol only). The 
most prominent difference—and probably the reason behind 
these diverging results—was, however, the age; the basidio-
carps of the initial study [6] were sourced from an herbarium 
and were up to 45 years old. As a consequence, e.g., the 
air and light unstable pre-anthraquinones flavomannin-6,6′-
di-O-methyl ether (FDM) (11) and anhydroflavomannin-
6,6′-di-O-methyl ether (AFDM) (14) [32, 33] were nearby 
completely oxidized to 7,7’-biphyscion (15), the most active 
photosensitizer isolated from C. uliginosus. In the present 
study, however, freshly collected and air-dried fruiting bod-
ies were investigated, thus the precursor FDM (11) was 
still present as major compound. In another recent study, 
the photoyield of FDM (11) was determined to be φΔ = 2% 
[14]. 7,7’-Biphyscion (15), in contrast, yields ten times more 
singlet oxygen (φΔ = 20%), corroborating this explanation.

Strikingly, independent of the ability to produce singlet 
oxygen (1O2), our analysis showed that the extracts of all 
tested lamellae produce 1O2 the most efficiently (Fig. 1). 
This also holds true for C. huronensis and C. vitiosus if one 
processes the data in such a way that the results of the indi-
vidual investigated tissues are correlated to the correspond-
ing individual whole half fruiting body, verifying the neces-
sity of our tedious experimental design. A clear tendency 
was shown for all species, though a significant effect was 
just calculated for C. hadrocroceus, C. holoxanthus, and C. 
purpureus. A larger dataset with more individual samples 
and consequently more data points as part of future research 
projects will increase the degree of freedom and thus yield 
true significance. Compared to the fleshy stipes, the filigree 
nature of gills resulted in extracts of high anthraquinone con-
tent [15]. A flaw in the DMA-assay (i.e., the extracts of the 



150 Photochemical & Photobiological Sciences (2023) 22:147–157

1 3

gills yield a false-positive result) is debarred by an included 
correction factor: the results of the DMA-quenching are cor-
rected by the probability of the absorption; thus, solely a 
higher concentration of anthraquinones does not lead to a 
higher 1O2 production value [5].

In short, we reproduced not only the results of C. rubro-
phyllus collected in 2019 [15], showing that the photoactiv-
ity is steadily enhanced in the gills, even in collections of 
different years and sites, but also significantly extended the 
number of photoactive dermocyboid Cortinarii. In total, the 
number of Cortinarius subgenus Dermocybe species investi-
gated for their photoactivity increased to sixteen (i.e., C. cin-
nabarinus [6], C. cinnamomeoluteus [6], C. croceus [5], C. 
hadrocroceus, C. holoxanthus [14], C. huronensis, C. mali-
corius, C. olivaceofuscus [6], C. ominosus, C. purpureus 
[6], C. fervidus, C. rubrophyllus [14], C. semisanguineus 
[6], C. sanguineus var. aurantiovaginatus, C. uliginosus [6], 
and C. vitiosus). Thus, this result substantiated the strong 
prospect that photoactivity is a common trait of dermocy-
boid Cortinarii.

2.4  Mycochemical analysis

HPLC-DAD-MS analysis was conducted of all extracted 
whole half fruiting bodies. A Synergi Max-RP column was 
chosen for the analysis, which is excellent for selectively 
separating different aromatic compounds with a wide range 
of polarities. Analysis of the MS signals (see Figure S12–19 
for selected examples), the UV–Vis absorption, and the com-
parison with authentic samples (i.e., 1, 6, 7, 8, 9, 11, 12, 
13, and 15) allowed the annotation of all major and most 

minor pigments. As depicted in Fig. 2, up to seventeen dif-
ferent peaks were identified. Generally, they can be classi-
fied into glycosides of the monomeric acidic and neutral 
anthraquinones (1–7) eluting in the front (rt = 3–5 min), fol-
lowed by the acidic monomers (dermolutein (8), dermorubin 
(9), as well as endocrocin (10)). In the middle (rt = 6.5 min), 
the elution of the dimeric pre-anthraquinone FDM (11) is 
observed. In the apolar region (rt > 7 min), the neutral anth-
raquinones (emodin (12) and dermocybin (13)) eluted, fol-
lowed by the oxidized derivatives of FDM (11), i.e., AFDM 
(14) and 7,7′-biphyscion (15). Minor pigments as, e.g., 
dermoglaucin or the chlorinated anthraquinones were not 
clearly detected in the MS-spectra. Nevertheless, that might 
be explained by the low concentration and non-optimized 
MS parameters.

The obtained pigment profiles of ten dermocyboid Cor-
tinarii confirmed the pigment classification according to 
Keller (1982) (Table S2). Depending on the age and the 
extraction procedure, the major pigments FDM (11) (in the 
absence of emodin (12)), emodin (12), and dermocybin (13), 
including the glycosidic derivatives of these monomers, 
serve well as markers for the yellow (Cinnamomea), orange 
(Malicoria), and red (Sanguinea) pigmentation type, respec-
tively. In the individual groups of pigmentation types, minor 
differences can help to differentiate the species (e.g., C. 
malicorius and C. rubrophyllus can be distinguished by the 
variety of acidic anthraquinones (e.g., dermorubin (9)). The 
yellow species seem to differ primarily in the diversity of 
glycosylated monomeric anthraquinones: while in C. huron-
ensis, four different mono- and di-glycosides were annotated 
(i.e., dermolutein-di-glycoside (2), dermocybin-di-glycoside 

Fig. 1  Distribution of the singlet oxygen generation across the differ-
ent tissues of all ten investigated species. The results of the individual 
tissues were normalized to the respective whole half fruiting bodies, 

to allow easy recognition of the accumulation of photoactivity. Due to 
the limited sample size of C. fervidus only technical replicates were 
measured
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(3), dermolutein-glycoside (4), and endocrocin-glycoside 
(5)), in C. holoxanthus and C. hadrocroceus only 4 and 5 
were detected. The latter two species were distinguishable 
by the content of 4 and 5. Nevertheless, further studies are 
needed to verify these annotated AQ-glycosides' chemical 
nature and validate if this is a robust differentiator.

Analysis of C. fervidus, being represented by a collection 
comprising only four fruiting bodies, led to the identifica-
tion of all three major pigments (i.e., 6, 8, 11). Thus, its 
pigmentation type could be described as a blend of three 
different types. A detailed phylogenetic and mycochemical 
investigation is part of future projects.

The chromatograms of the red species, dominated by der-
mocybin-glycoside (7), can only be distinguished by their 
minor compounds. In our dataset, identification based on 
the pigment fingerprint is possible. Nevertheless, verifica-
tion is needed to confirm HPLC-DAD analysis as a suit-
able tool for chemotaxonomy, which is urgently required to 

complement phylogenetic analyses with low resolution, as 
typical for this group of fungi. Larger datasets of unambigu-
ously identified fruiting bodies are therefore required. Such 
datasets should contain different basidiocarps from different 
locations, collected under various abiotic conditions and at 
different stages of development. Furthermore, the dataset 
should comprise fruiting bodies of all known dermocyboid 
Cortinarii, i.e., also including species described from the 
Southern Hemisphere. All mycochemical well-described 
species should be included to train an algorithm with as 
many data points as possible. With such a dataset in hand 
and the means of modern data processing (i.e., machine 
learning), a mycochemistry-aided identification will be 
possible.

This report presents—to the authors' best knowledge—for 
all included fungi, the first mycochemical pigment profile 
based on combined chromatographic and mass-spectromet-
ric means. Chromatographic investigations are known for 

Fig. 2  HPLC–DAD fingerprint analysis of all investigated species 
with putative annotations of the major and most of the minor pig-
ments. A Synergi Max RP column was used as stationary phase and 
 H2O/ACN (+ 0.1% FA) as mobile phase. The gradient is displayed in 
the upper chromatogram (Cortinarius ominosus). The injection vol-
ume was 5 µL. Grey expressed numbers in the HPLC diagram indi-

cate uncertainty in the assignment due to low resolution in the respec-
tive MS spectrum. Stereochemistry of the glycosides is shown were 
known from a previous study [14]. For an increased readability, the 
numbers of the major AQs (6, 7, 11) were only displayed once and 
thereafter highlighted in color (yellow … emodin-1-glycoside (6), red 
… dermocybin-1-glycoside (7), and orange … FDM (11))
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C. holoxanthus [28], C. malicorius [28], C. purpureus [28], 
C. sanguineus [28, 34], and C. vitiosus [34]. They coincided 
with the results presented here.

2.5  Identification of the active principle

After the assignment of all relevant peaks, we analyzed 
which pigments were significantly more enhanced in the 
lamellae as compared to the other parts of the fruiting body. 
Data processing was done in such a way that the individual 
components were always correlated to their content in the 

respective whole half fruiting body (to account for concen-
tration differences due to age or other abiotic factors across 
the collection). Furthermore, the probability of photon 
absorption (λ = 468 nm) was included by expressing the 
fraction of that peak in the total extract. As depicted repre-
sentatively in Fig. 3, and as a complete set in the ESI (Figure 
S20–27), for each species, we were able to putatively assign 
one or two pigments as responsible for the high phototoxic-
ity of the gills.

The putatively responsible compounds seem to be the 
same for each pigmentation type (refer to supplementary 

Fig. 3  Distribution of the respective major components in the differ-
ent tissues of fungal fruiting bodies. Represented is the portion of the 
individual pigment accounting for the total absorbance at 468 nm. For 
C. holoxanthus and C. purpureus only those fungi tested in the DMA 

assay were used to allow a direct comparison. FB fruiting body; dl-
6-gly Dermolutein-6-glycoside; Endo-gly endocrocin-glycoside; Em-
1-gly emodin-glycoside, DC-6-gly Dermocybin-6-glycoside
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part Figure S20–28). For the Malicoria type, emodin (12) 
was identified as significantly higher expressed in the gills, 
which reproduced our data from fungi collected in 2019 
[15], where we investigated over twenty individual fruiting 
bodies of C. rubrophyllus. For C. holoxanthus, C. huronen-
sis, C. hadrocroceus, and thus for all studied Cinnamomea 
type fungi, peak 5 —putatively assigned as the glycoside 
of endrocrocin (5)—was shown to be enhanced in the gills. 
Furthermore, 15 was proven to be enriched in the gills of 
C. huronensis and C. holoxanthus, which correlates with 
the high photoactivity, as 15 is described by a photoyield of 
20%. Neither the glycoside of endocrocin (5) nor endocrocin 
(10) itself was yet photochemically characterized; thus, a 
precise photochemical statement is not possible. Neverthe-
less, from emodin and its glycosides, it is known that the 
photoactivity is retained, even if it is reduced [14]. For the 
species belonging to the Sanguinea type, dermocybin (13) 
and its glycoside (7), as well as emodin (12) (Figure S21, 
S23), seem to be responsible. Nevertheless, more detailed 
investigations are needed due to the complexity of the San-
guinea-type extracts (especially of the minor compounds) 
and the wide range in the contents of investigated pigments.

In sum, the detailed HPLC-DAD analysis of individual 
fruiting bodies of ten different dermocyboid Cortinarii 
showed that (i) the photoactivity is concentrated in the gills 
and that (ii) monomeric AQs, as well as their glycosides, are 
responsible for this action. That the gills contain the high-
est content of a toxin is a phenomenon well known in the 
genus Amanita. For Amanita phalloides [35, 36], A. exitialis 
[37], and A. fuliginea [38] it was shown that alpha-amanitin 
is concentrated in the gills followed by the cap. Thus, our 
results fit into the general body of knowledge.

2.6  Photolarvicidal activity

To test for biological function, i.e., photochemical defense, 
a photoinsecticidal assay utilizing Chaoboridae larvae 
(Chaoborus crystallinus) was performed according to 
Preuß and colleagues [39]. In brief, ten larvae were treated 
with a methanolic extract of C. sanguineus var. aurantio-
vaginatus, one of the most abundant dermocyboid Cor-
tinarius species in Tyrol, for 1 h. After incubation, one 
set of larvae was exposed to blue light (λ = 468 ± 27 nm, 
H = 74.16  J/cm2, t = 60 min) while the second set was 
stored in the dark, to evaluate the dark toxicity of the 
extract. The dead larvae were counted after three hours. 
As depicted in Fig. 4a, the irradiation alone—without 
extract—showed no effect. The treatment with the extract 
of C. sanguineus var. aurantiovaginatus induced a dose-
dependent lethal effect in the dark as well as under blue 
light illumination. The irradiated population, however, 
was significantly more affected than the respective dark 
population.

The transparency of the larvae allowed us furthermore 
to observe the accumulation of the colored anthraquinones 
(Fig. 4b). In the dark, the anthraquinone fraction accu-
mulated in the intestine of the larvae (Fig. 4b, middle). 
Sunlight irradiation induced a lethal effect. Microscopic 
investigation showed that the larva was affected, and an 
extensive staining of the entire body was observed. In 
conclusion, the outcome of this experiment supports our 
hypothesis of photoactivated defense as a common trait of 
dermocyboid Cortinarii.

Fig. 4  A Larval phototoxicity of a Cortinarius sanguineus var. 
aurantiovaginatus extract tested at different concentrations and 
under blue light irradiation (IRR, λ = 468 ± 27 nm, H = 74.16  J/cm2, 
t = 60  min) or in the dark (CTR). The obtained data were not nor-
mally distributed. Thus, a Kruskal–Wallis test was performed with 

the following significance levels: *p < 0.05, **p < 0.005. B Micro-
graphs of untreated (upper), dark treated (250 µg/mL, dark, middle), 
and light treated (250 µg/mL, sunlight, lower) Chaoborus crystallinus 
larvae
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3  Conclusion

Taking together, we could prove that each of the ten spe-
cies of Cortinarius subgenus Dermocybe was (i) photoactive 
and (ii) that at least one anthraquinone was enhanced in the 
gills. The anthraquinones being putatively responsible for 
the photoactivity correlated well with the glycoside(s) of the 
most abundant monomeric anthraquinone, or the monomeric 
anthraquinone itself (i.e., emodin (12) for the Malicoria type 
and probably dermocybin (13) and 12 as well as their gly-
cosides 3 and 7 for the Sanguinea type). Furthermore, we 
could show that the pigment extract is phototoxic for larvae. 
Thus, we conclude that photoactivity is a typical trait of 
Cortinarius subgenus Dermocybe and is most likely part of a 
photochemical defense mechanism. How these pigments and 
the photochemical defense mechanism evolved and which 
role the ectomycorrhizal partners of these fungi play are 
parts of future research.

4  Materials and methods

4.1  Chemicals and reagents

Solvents were purchased from VWR (VWR International, 
Vienna, Austria). Acetone was distilled prior to use. The 
HPLC experiments were performed with solvents from 
Merck (Merck KGaA, Darmstadt, Germany) having pro 
analysis (p.a.) quality. 9,10-Dimethylanthracene (product 
number: D0252) was purchased from TCI Deutschland 
GmbH (Eschborn, Germany). Ultrapure water was gener-
ated using the Sartorius arium® 611 UV purification system 
(Sartorius AG, Göttingen, Germany).

4.2  Instrumentation

The Sartorius Cubis®-series balance (Sartorius AG, Göt-
tingen, Germany) was utilized as well as the ultrasonic 
baths Sonorex RK 52 and Sonorex RK 106 (BANDELIN 
electronic GmbH & Co. KG, Berlin, Germany). Mixing was 
performed with the vortex mixer Vortex-Genie 2 (Scientific 
Industries, Inc., Bohemia, New York). Centrifugation was 
done with the Eppendorf centrifuge 5804 R (Eppendorf AG, 
Germany). Adjustment of pH-values was conducted with 
the pH-meter Mettler Toledo SevenMulti (Mettler-Toledo 
GmbH, Vienna, Austria). The experimental setup for the 
DMA-assay and the photocytotoxic study comprised a 
LED-panel (λ = 468 nm (1.24 J  cm−2  min−1)), which was 
built at University Leiden (published in Hopkins et al. [40], 
characterization of the one used specifically [5]), and the 
power adaptor Agilent E3611A DC Power Supply (Agilent 

Technologies, Inc., Santa Clara, United States). Optical den-
sities were measured with the plate reader Tecan Spark® 
10 M (Tecan Group Ltd., Männedorf, Switzerland). HPLC-
DAD-ESI-MS analysis was carried out with the modular 
system Agilent Technologies 1260 Infinity II equipped with 
a quaternary pump, vial sampler, column thermostat, diode-
array detector, and an ion trap mass spectrometer (amaZon, 
Bruker, Bremen, Germany). Moreover, the HPLC-system 
SHIMADZU HPLC/UPLC-UFLC XR, with binary pump, 
vial sampler, column thermostat, and diode-array detector 
was used (SHIMADZU CORPORATION, Kyoto, Japan).

4.3  Mushroom collection and preparation

Cortinarius spp. fruiting bodies were collected in Tyrol 
(Austria) from July to October 2020. The authors names, 
reference voucher numbers, collection dates, informa-
tion concerning sampling sites, soil and habitat informa-
tion, as well as the photographic documentation are given 
in the supplementary (Table S1 and Figure S1–S11). The 
identification of the fungi was based on macroscopic and 
microscopic morphological characters, habitat characters, 
as well as on comparative rDNA ITS sequence analysis. For 
morphology-based confirmation of identity, the taxonomic 
keys from Moser [29] and Knudsen and Vesterholt [30] were 
utilized. Voucher specimens were deposited in the myco-
logical collection of the Natural Sciences Collections of the 
Tiroler Landesmuseen (Natural Sciences Collections of the 
Tiroler Landesmuseen (IBF), Krajnc-Straße 1, 6060 Hall, 
Austria, http:// www. tirol er- lande smuse en. at). Prior to the 
drying process, the fruiting bodies were cleaned. Briefly, 
they were scrubbed with a brush and carefully divided into 
two sagittal pieces. One sagittal part was further divided into 
pileus, gills, and stipe. After separation, the fungal biomate-
rial was dried at room temperature in the shade and stored 
in small paper bags.

4.4  DNA‑extraction and rDNA ITS sequencing

The DNA-extraction and barcode sequencing was done as 
previously reported [15]. Methodological details are pro-
vided in the supplementary (see supplementary information, 
Sect. 1.3).

5  HPLC analysis of fungal extracts

5.1  Extract preparation

The dried fruiting body halves and fungal tissues (i.e., 
pileus, gills, and stipe) were ground with mortar and pes-
tle. Ultrasonic extraction of the powdered biomaterials was 
performed under exclusion of sunlight at room temperature 
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(T = 22 °C). In detail, the ground samples (m = 10–28 mg) 
were extracted (t = 10  min sonification) with methanol 
(V = 1.5 mL), centrifuged, and the solution decanted. This 
extraction process was performed five times in total and the 
supernatants were combined. The extracts were dried in the 
dark under an air stream and kept in a freezer (T = −20 °C) 
before use. Extraction yields ranged, e.g. from 0.1 to 
14.2 mg or 20–56% w/w for C. hadrocroceus.

5.2  HPLC‑method

All extracts were analyzed by HPLC using a Synergi MAX-
RP 80 Å column (150 × 4.60 mm, 4 micron) from Phenom-
enex (Aschaffenburg, Germany) as stationary phase. The 
mobile phase (A) was water, (B) consisted of acetonitrile 
and 0.1% formic acid. Elution was performed in gradi-
ent mode starting with 10% B to 50% B from t = 0–3 min, 
50% B to 90% B from t = 3–5 min, 90% B to 99% B from 
t = 5–7 min, 99% B to 10% B from t = 7–11 min, followed 
by 4 min of re-equilibration with 90% A. The DAD was 
set to λ = 430 and 478 nm, and flow rate, sample volume, 
and column temperature were adjusted to Q = 1.0 mL/min, 
V = 5 µL, and T = 40 °C, respectively.

5.3  HPLC analysis of extracts

The extracts were solved in DMSO, and the volume was 
calculated such that the methanolic extract resulting from 
m = 25.0 mg of starting material was solved in V = 1 mL 
stock solution.

5.4  Statistical analysis

Peak quantification was performed automatically by Origin 
2020 and manually checked for each extract so that the base-
line always fitted. The obtained peak areas were processed in 
Excel 365 and using R Statistical Software (v4.1.2; R Core 
Team 2021) [41]. The packages tidyverse, dplyr, ggpubr, and 
rstatix were utilized.

For each relevant dataset, a Shapiro–Wilk test was per-
formed. For all analyzed data sets normal distribution was 
not given, thus a Kruskal–Wallis test was performed with 
the Dunn-test to account for the multiple comparison and 
Bonferroni p adjustment. The variable “Probability of being 
the photoactive principle” was calculated as product of the 
relative peak area of the peak in the individual tissues as 
compared to the fruiting bodies and the fraction of that peak 
area divided by the sum of all analyzed peaks in that tissue 
absorbing at λ = 468 nm. See Figure S29 for the processing 
workflow.

5.5  DMA‑assay

The assay was performed—with slight modifications—as 
published previously [5]. In short, the extracts solved in a 
DMSO stock (1 mg/mL) were diluted with an ethanol or 
DMA solution and transferred to a 96 well plate. DMSO 
(V = 10 µL) was used as negative control and berberine 
(c = 1 mg/mL, c = 2.97 mM, DMSO, V = 10 µL) as positive 
control [42]. Thereafter, optical densities (OD) at specific 
wavelengths (i.e., λ = 377 and λ = 468 nm) were measured 
with a plate reader, followed by four cycles of blue light irra-
diation (λ = 468 nm, 1.24 J  cm−2  min−1, t = 5 min) and OD 
measurements. The measurements were done as technical 
duplicates. The results of the DMA-assay were displayed as 
the mean ± standard error. A Kruskal–Wallis test followed 
by the Dunn-test and Bonferroni p adjustment were used to 
statistically evaluate differences between the relative singlet 
oxygen production values.

5.6  Determination of photolarvicidal activity

Fresh Chaoborus crystallinus larvae were sourced from 
the local pet store (Kölle Zoo, Innsbruck). Ten larvae were 
transferred to each well of a 12-well plate, the original liq-
uid was aspirated and replaced by larvae buffer (5% w/w 
glucose in phosphate buffered saline (PBS)) loaded with 
different concentrations of the methanol extract of C. san-
guineus var. aurantiovaginatus (V = 2 mL). First, the extract 
was dissolved in  H2O/EtOH (9:1 v/v) and further diluted 
with the puffer to obtain the following final concentrations: 
c = 0, 50, 100, and 250 µg/mL. After 1 h of incubation, irra-
diation (λ = 468 ± 27 nm, H = 74.16 J/cm2, t = 60 min) was 
performed with the LED-setup characterized in Siewert et al. 
[5]. After additional 3 h of incubation in the dark, dead lar-
vae were defined by either a milky white appearance or by 
unresponsive behavior to being punctured by a needle. The 
survival rate was calculated of six biological replicates of 10 
individual larvae. The data were processed with Excel 365 
and R. The packages tidyverse, dplyr, ggpubr, and rstatix 
were utilized. For each relevant dataset, a Shapiro–Wilk test 
was performed. As the groups were not normally distributed, 
the level of significance was tested via a Kruskal–Wallis test 
followed by Dunn-test to account for the multiple compari-
son and a Bonferroni p adjustment.
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