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Abstract

The well-known photosensitizers hypericin, harmane, and emodin are typical pigments of certain mushroom species—is this
a coincidence or an indication towards a photoactivated defense mechanism in the phylum Basidiomycota? This perspective
article explores this hypothesis by cross-linking the chemistry of fungal pigments with structural requirements from known
photosensitizers and insights from photoactivated strategies in the kingdom Plantae. Thereby, light is shed on a yet unex-
plored playground dealing with ecological questions, photopharmaceutical opportunities, and biotechnological potentials.

1 Introduction

Whenever insects nibble on fruiting bodies of the green Cor-
tinarius austrovenetus, the bite site turns red—violet [1]. The
chemistry behind it is as easy as it is fascinating: Hypericin
is formed by oxidation from the fungal pigment austrovene-
tin as soon as the fungal tissue is damaged [2]. Despite this
striking observation, photoactivity of other fungal secondary
metabolites has not yet been studied. Nevertheless, is it pos-
sible that the second kingdom with immobile reproducing
structures has also evolved photochemical defense strategies
to protect their fruiting bodies (Fig. 1)?

This perspective article demonstrates that several fun-
gal pigments are phototoxic compounds and addresses the
similarities between herbal and fungal defense strategies.
Furthermore, the following principal questions are dis-
cussed: (A) is phototoxicity a possible ecological function
of fungal pigments, and (B) could fungal pigments be hit or
lead-structures for photosensitizers used in photodynamic
therapy (PDT) and/or photodynamic antimicrobial chemo-
therapy (PACT)?
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2 The photochemistry
behind light-activated defense strategies

That sunlight is not only a key factor in the primary metabo-
lism of plants but also a cofactor in the light-activated plant
defense is an established scientific fact since the second half
of the last century [3]. Responsible secondary plant metabo-
lites are frequently reviewed [4—6]. The principle behind
light-activated strategies is based on pigments, which har-
vest photons energy and generate lethal signals out of it
[7]. In short, four different types of lethal signals might be
formed: (A) a radical form of the molecule itself, (B) singlet
oxygen, (C) a configurational isomer (cis/trans), or (D) a
photochemically formed new chemical entity [4].

The responsible pigments, or so-called photosensitizers,
occur either genuine, as precursors, or in plant tissues hidden
from the sun. The roots of the nematode-resistant banana
(Musacea) cultivar Yangambi km5 turn—similar to the bite
marks on C. austroventus—immediately red if infested by
nematodes [8]. While the chemistry behind this is based
on another chemical backbone (i.e., a phenalenone-type PS,
50), the mode-of-action itself is similar: both PSs can pro-
duce lethal radical oxygen species ('O, and ROS) in the
fungi/herbivore [9, 10].

The stimulated production of the phenalenone in the
banana roots is representative of an induced (photo)-
defense mechanism [11]. This contrasts the constitutive
defense mechanism, where the effector molecule is per-
manently present—e.g., the bitter-tasting sesquiterpenoid
O-acetylcyclocalopin A in the bitter beech bolete (Boletus
calopus) [12, 13]. The production of hypericin by the fungus
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Fig. 1 The working hypothesis

C. austrovenetus represents the so-called wound-induced
defense mechanism, a hybrid version of induced and con-
stitutive defense mechanism, as the precursor of hypericin,
i.e., austrovenetin, is permanently present [2]. In addition, a
fourth modus is known: The attraction of predators’ enemies
by signaling molecules—i.e., indirect defense [14]. How-
ever, in the context of photochemical defense strategies, only
the first three defense mechanisms—induced, constitutive,
and wound-induced—are relevant.

3 The chemistry of photoactivated defense

Photoactive secondary metabolites from plants cover a vari-
ety of absorption ranges and chemical scaffolds: from the
UV light-activated polyacetylenes (1), thiophenes (2), and
furanocoumarins, over the yellowish alkaloids (4), guaiazu-
lenes (5), pteride (7), curcumins, and phenalenones (47) to
the higher wavelength absorbing substituted anthraquinones
(8), perylene quinones (11), and porphyrins [4, 5, 7, 15].

Except for porphyrins and furanocoumarins, all photo-
active chemical scaffolds of plant metabolites—sometimes
even the herbal PS—are also fungal pigments (Fig. 2). In
the following, the chemical classes are described, and their
fungal analogs are discussed in more detail.

3.1 Polyacetylenes and thiophenyls

According to Marchant and Cooper [16] polyacetylenes with
at least three conjugated triple bonds are putative phototoxic
against microbes, nematodes, or mosquitos. Highly active
representatives are conjugated further with resonance donat-
ing functional groups, such as phenyl groups or alkene func-
tions. Most of the known photoactive polyacetylenes were
isolated from Asteraceae species up to now [16]. Examples
are the compounds 1 and 12-15 displayed in Fig. 3.
Several polyacetylenes were also isolated from Basidi-
omycota [17, 18] despite their general instability [19]. They
are produced by the fungal genera Lepista [20], Clitocybe

@ Springer

[21], or Marasmius [22], which all form fleshy fruiting bod-
ies. The chemical homology between fungal and herbal pol-
yacetylenes is promising (Fig. 3): Trans-dehydromatricaria
ester (1) originally derived from the roots of goldenrods
(Solidago spp. [23].) was shown to also be an excrete of the
wood-decomposing and pluriannual fruiting bodies of Dae-
dalea juniperina [24] and a component of the long-living
corky fruiting bodies of agarikon (Laricifomes officinalis)
[25]. The pure compound 1 exhibited phototoxicity [26]
(black light bulb, 20 W) against Candida albicans.

Other known fungal polyacetylenes containing three
triple bonds are C8-triynedioic acid (17) isolated from the
culture broth of Poria cocos (synonym Wolfiporia extensa)
[27], bioformin (16) identified in the broth of Trametes
pubescens [28], or the amide 18 which is produced by Bae-
ospora myosura [29]. Tetra-acetylenic metabolites, such as
19 [30], were even isolated from Mycena viridimarginata.
This metabolite is, to some extent, similar to the phototoxic
tetrayne 15 from bidens, e.g., Bidens hawaiensis [31].

In general, polyacetylenes are quite often described as
(photo)-antimicrobial [32, 33]. The fact that many fungal
polyacetylenes are excreted into the broth is interesting:
It fits to the hypothesis of Kiinzler, who claimed that anti-
microbials are more likely to be excreted than to be stored
intracellularly in hyphae [34]. However, antimicrobials could
also be located on the hyphal wall (e.g., as incrusted pig-
ments), thus protecting the hyphae from biological, physical,
or chemical damage. Fungi produce antifungal compounds
to ascertain their survival in their environment against other
competing fungi.

A combined UV-light enhanced antimicrobial effect was
already shown for polyacetylenes from plants several dec-
ades ago [16, 26]. Since fungi produce analogs, the question
arises if UV-light also enhances the antibacterial activity of
fungal acetylenes [32, 35].

The biosynthetically closely related photoactive thio-
phenes are formed from polyacetylenes via the reaction
with sulfur. Terthiophene (Fig. 2, 2) is highly photoactive
[36-38]. Naturally, terthiophenes can be found in several
plant species of the family Asteraceae, e.g., Tagetes erecta
[39], Eclipta alba, or Bidens pilosa [40]. In contrast, thio-
phenes isolated from fungi are rare: The only one known is
junipal (3)—a propynyl thiophene—which was isolated from
the wood-decaying polyporoid fungus Daedalea juniperina
[24].

3.2 Alkaloids

Beta-carboline alkaloids are, despite being neuroactive
natural products [41], well-known photoactive natural
products. After UV-A irradiation, their antitumor [42, 43],
antimicrobial [44, 45], and anti-insecticidal [45] activities
are enhanced. PDT type I [46] and PDT type II reactions
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were observed for beta-carboline like photosensitizers as
well as DNA/RNA photooxidation [47]. Due to their chemi-
cal nature, the photochemistry of beta-carbolines such as
norharmane (20), is pH-dependent. For example, their fluo-
rescence properties: the protonated form of 20 is strongly
fluorescent (¢, ,;,; =0.7), while the deprotonated form emits
rather weak fluorescence instead (¢ ,;;=0.2). The ability to
produce singlet oxygen is, however, not as strongly affected
(20, dp 4ir, pr=5=0-10 V. dy iy, pr=10=0.08) [48].
Amongst others, the photoactive beta-carbolines harmane
(4) and norharmane (20) were isolated from Hygrophorus
eburneus [49]. They are, however, not limited to a single
species of the genus Hygrophorus: LC-ESI-SRM analysis
showed that these two beta-carbolines are present in 27 of
28 studied species [49]. Furthermore, harmane (4) and its
methoxy analogous harmine (21) are widely distributed in
the genus Psilocybe [50]. Beil and colleagues [50] reported
that their content is independent of the developmental
state of the fruiting bodies and that beta-carbolines were
also found in the mycelium. For Psilocybe cubensis, they
even reported a 100-fold higher harmane (4) content in the
mycelium compared to the fruiting bodies, hinting towards a
putative anti-nematocidal or antimicrobial function in these
fungi. In addition, analogs like perlolyrine (22) substituted
at position 1 were identified in Psilocybe [50]. Those beta-
carbolines were initially isolated from the caterpillar fungus
Ophiocordyceps sinensis [51]. Another analog, flazin (23),
was obtained from Suillus granulatus [52, 53] and Boletus
umbriniporus [54]. Further derivatives are listed in a recent
review [55], as for example infractin (24) and 6-hydroyin-
fractin (25) from Cortinarius curtisii [56] or the (hydrated)
analogs isolated from Cortinarius brunneus (26-29).
4-Methylthiocanthin-6-on (30) was isolated from Boletus
curtisii and 16 different harmane derivatives detected in

Mycena metata (not shown) [57]. Together with the iso-
lated (hydro)-carbolines (not shown) from Hygrophorus
hyacinthinus [49] and Amanita muscaria [58] this variety
indicates that even more fungal species might produce such
(pre)photosensitizers [59] and that a more diverse chemical
space awaits discovery.

Exploring the photochemical potential of fungal alkaloids
might provide more hints towards photo-defense mecha-
nisms based on beta-carbolines. Although Cabrerizo and
coworkers [60] suggest that beta-carbolines, in general, have
a too low photoyield to be part of a defense strategy. Nev-
ertheless, one observation hints towards a wound-induced
mechanism: Teichert observed that the fluorescence (due to
the beta-carbolines 26—28) increased where the fruiting body
was impaired [61] (Fig. 4).

Pteride (31, Fig. 5)—a two cyclic heteroaromatic com-
pound—represents the chemical backbone of several impor-
tant biomolecules, e.g., folate and riboflavin (7). Folate,
though being an essential vitamin, is photogenotoxic under
UV-light irradiation (360 nm, 3 J/cmz) [62]. In addition,
riboflavin (7) and synthetic derivatives are photoactive,
as shown by their ability to produce singlet oxygen under
irradiation [63]. Nevertheless, photoprotective properties
were also demonstrated for riboflavin [64], thus riboflavin’s
phototoxicity seems strongly concentration and irradiation
dependent. Riboflavin (7) can be isolated from several higher
fungi [65], as for example from Calocybe chrysenteron [66]
or Russula xerampelina (n=12.6% DW) [67]. The product
of the photoinduced degradation or the metabolism of 7 is
lumichrom (32) which was identified in Cortinarius brun-
neus [61]. In the regnum Fungi, other pteride-like struc-
tures were isolated from several Russula species and con-
sequently named russupteridines [67], some of them are
representatively shown in Fig. 5 (33 and 34). The yields
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Fig.4 The different beta-carbolines isolated i.a. from the indicated fungi. 20 and 21 are known as photoactive compounds from herbs. None of

the fungal beta-carbolines was studied in this respect yet
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are, however, quite low; Iten and colleagues needed 200 kg
of fresh Russula sardonia to isolate 110 mg (n=0.000055%)
of 34 [67]. Compounds 32-34 are responsible for the strong
fluorescence of the fruiting bodies [65, 68] and thus ought
to be photochemically investigated. Other analogues of 32—
which hint towards a potential photoactive precursor analog
to 7—are 3 N-methyl riboflavin (35) from the late oyster
(Panellus serotinus) or lampteroflavin (36) from the biolu-
minescent tsukiyotake (Omphalotus japonicus).

Berberine-like photosensitizers, such as berberine (Fig. 6,
37) [69] or sanguinarine [70] are isoquinoline alkaloids.
From endophytic Ascomycota, it is known that they may
produce berberine (37) [71]. In Basidiomycota, however,
only isoquinoline-like alkaloids were found. In detail, the
pale ochraceous Cortinarius subtortus contains 6-hydrox-
yquinoline-8-carboxylic acid (38) and 4-amino-6-hydrox-
yquinoline-8-carboxylic acid (39), as well as 7-hydroxy-
1-oxo0-1,2-dihydroisoquinoline-5-carboxylic acid (40) [72].
If 38-40 are indeed photoactive, might be questionable, as
the chemical similarity is limited.

Fig.6 Isoquinoline alkaloids
from plants (37) and isolated

Phenoxazines are N-O heterocycles with a stunning
similarity to the synthetic PSs Nile blue and Nile red
(Fig. 7, 9) [70, 73]. In its oxidized form—as the phe-
noxazones cinnabarin (41), tramesanguin (42), and cin-
nabarinic acid (43)—this structural class was shown to be
the coloring principle of the red—orange wood-decaying
polypores Pycnoporus sanguineus, P. cinnabarinus, and
P. coccineus [74-77]. Furthermore, the phenoxazon 2-ami-
nophenoxazin-3-one (44) occurs wound-induced in the
agaricoid Lepiota americana (synonymous Leucoagaricus
americanus) [78]. After softly brushing the white flesh,
it turns first yellowish and, after a while, red. No other
Lepiota species was chemically investigated in an analo-
gous manner. Yet, it is known from classical mycological
descriptions that several Lepiota and related Macrolepiota
turn red after impairment of the agaricoid fruiting body
[79]. Nearly 45 years ago, another related observation was
reported by Kuchen and Schlunegger [80]: they observed
that the culture medium of Calocybe gambosa turns red-
dish after approx. 1 month of cultivation. Subsequent
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Fig.7 Phenoxazines with the synthetic compound 9 and the FDA approved chemotherapeutica (46) in comparison to several analogous struc-

tures isolated from fruiting bodies (41-45)

analysis revealed the accumulation of the phenoxazones
44 and 45. Photochemical studies were not done yet with
these fungal pigments. Their interesting dark bioactivities
hint towards antitumor [81] and antimicrobial [82] activi-
ties, which might be enhanced by irradiation. Although,
the structurally related actinomycin D (46) showed no pho-
totoxicity against poliovirus in an old study (1966) [83],
interesting photobiological or photochemical properties of
41-45 cannot be denied.

Azobenzenes are to some extent distributed in macro-
myceta [84]. For example, 4,4’-dihydroxyazobenzene was
identified as the yellow stain of the toxic button mushroom
(Agaricus xanthoderma). While the mushroom is normally
white, its flesh rapidly takes on a yellow stain after being
damaged [85]. Small molecules containing an azobenzene
function are used in optogenetics and as photoswitches of
membrane proteins [86, 87].

Fig. 8 Photoactive phenal-
enones and phenalenone-like

structures from plants (50, 51) ‘
and from ascomycetes (48, 49)
as well as basidiomycetes (52) OO

Phenalenon (47)

o

3.3 Phenalenone

Phenalenone (Fig. 8, 47) is a universal reference compound
for singlet oxygen production, as its photoyields reach unity
(i.e., o =1) in a wide variety of solvents [88]. Though not
yet described from fruiting bodies forming Basidiomycota,
hydroxylated phenalenones and analogous compounds are
widely spread in Ascomycota [89]. For example, funale-
none 48 was obtained from Aspergillus niger [90], and new
derivatives are frequently isolated from marine sponges [91,
92]. Mono-hydroxylated phenalenones—as for example the
3-hydroxy phenalenone 49—differ in their photochemical
properties as compared to 47, however, they continue to be
interesting PSs [93, 94]. Next to the known phototoxic phe-
nyl-phenalenones (50), Flors and Nonell [5] reviewed related
photoactive alkaloids from plants, namely oxoaporphines,
oxoisoaporphines, and azaporohines. Oxoglaucine (51) is of
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special interest, as it reaches photoyields in apolar solvents
between ¢, =0.5 (acrylonitrile) and ¢, =1 (toluene). Only
the faintly related alkaloide necatrone 52 is described from
Basidiomycota, in more detail from Lactarius spp. [95].
Nevertheless, with the continuous progression of modern
phytochemical techniques [96], it is possible that analogue
polyketide phenalenones will be detected in macromycota.

3.4 Sesquiterpene lactones—azulene

In 1935, Willstaed [97] described the coloring matter of
Lactarius deliciosus as azulene and named it lactarazulene
(6) (Fig. 9). This fungal pigment is exceptionally similar
to guaiazulene (5), a phototoxic compound that produces
superoxide after irradiation [98]. Photophysical or photo-
biological studies of 6 were not conducted yet, even though
Halbwachs and colleagues [99] pointed this coincidence out
already. Guaiane sesquiterpenes are chemotaxonomic mark-
ers of the Lactarius section Dapetes, to which the edible
saffron milk cap (Lactarius deliciosus) and L. salmonicolor
belong [100]. By comparing frozen young fruiting bodies
with older damaged ones, Bergendorff and Sterner discov-
ered that fatty acid bound derivatives of a reduced azulene
derivative (e.g., 53) are genuinely present in young mush-
rooms [101]. Nevertheless, as soon as the fruiting body is
damaged, a reddish latex pours out, and with it the free alco-
hol (54) and highly conjugated derivatives like lactaroviolin
(55). Many of these compounds seemed to be light sensi-
tive and relatively unstable, which necessitates an advanced
isolation protocol [101]. The wound-induced mechanism is

Fig.9 The photoactive azulene
5 with its relative fungal metab-
olites 6 an 53-55, all isolated
from Lactarius deliciosus

Guaiazulene (5)
Bulnesia sarmientoi

OH O OH OH O OH
POSOUNNGOS
o | o

Emodin (8) Physcion (56)

Lactarazulene (6)
Lactarius deliciosus

(o] OH
(0] OH

Aloe-Emodin (57)

a hint towards the role as a defense molecule. Whether a
photochemical process is involved or not was not tested yet.

3.5 Anthraquinones and perylene quinones

As the largest group of natural pigments with a quinoid
structure, anthraquinones (AQs, Fig. 10) are widely spread
in nature; they were discovered in the phyla bacteria, fungi,
lichens, plants [102], and even insects [103]. More than 80
AQs were already described from Basidiomycota at the
beginning of the 90th of the last century [104]. Since then,
several more were discovered, especially from toadstools
native to the Southern Hemisphere (Australia and New Zea-
land) [105].

Numerous AQs are well-known photosensitizers: Emodin
(8), physcion (58), and aloe-Emodin (59), just to name a
few examples [4]. 8, 58, and 59 produce singlet oxygen, and
thus PDT type II-like activities were proposed [106, 107]
in combination with PDT type I reactivities [108]. In addi-
tion to their wide-spread occurrence in the kingdom Plantae,
8 [109] and 58 [109] are chemotaxonomic markers [110]
for mushrooms. In detail, these and other AQs are markers
for the ectomycorrhizal genus Cortinarius subgenus Der-
mocybe, which is characterized by brightly colored fruiting
bodies.

Just recently, we started to explore this coincidence [111]
and were thereby able to show a common photoactivity
scheme in this subgenus. Furthermore, we were also able to
isolate and to describe new AQ-like PSs from Cortinarius
i.a. the dimeric AQ 7,7'-Biphyscion (60) which under irra-
diation exhibits antitumor activities in the nanomolar range

Lactaroviolin (55)
Lactarius deliciosus

R = CO(CH,),sCH, (53)
R =H (54)

7,7’-Biphyscion (58)

Cortinarius uliginosus

Aloe vera

Fig. 10 Photoactive monomeric anthraquinones as well as the fungal dimeric AQ (-)-7,7’-biphyscion (60), which is photoactive
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[112]. Another chemotaxonomic marker of the Cortinarius
subgenus Dermocybe is hypericin (11), underlining further
the hypothesis of a general phototoxicity in dermocyboid
Cortinarii. Next to the AQs and perylene quinones several
other metabolites of the polyketide pathway display highly
conjugated aromatic systems [65] with potential promis-
ing photochemical properties. Thus, the widely distributed
AQs are one of the strongest and most definite hints pointing
towards a photochemical defense mechanism in Basidiomy-
cota. As fungi produce unique AQs, their potential photoac-
tivity is a yet unexplored source for structurally new PSs for
anticancer and/or antimicrobial applications.

4 What we know from phototoxic
plants and what we might extrapolate
to mushrooms

Fungi and plants are genetically distinct, yet both produce
immobile life forms and thus lack the ability to escape from
predators. Consequently, a versatile chemical defense battery
evolved [11, 14]. One of many is the photoactivated defense,
as proven for the kingdom Plantae [7]. According to the
optimal defense hypothesis, plants synthesize cost-intensive
defense molecules in a regulated manner [113] to selectively
protect only the most precious parts. While comparing plants
and basidiomycetes, we need to keep in mind that a fungal
fruiting body is nothing more than a lemon for a lemon tree.

In general, fruits are crucial for the survival of a spe-
cies, and they are known to accumulate PSs. For example,
furanocoumarins are highly concentrated in the oil and pulp
of several citrus species (e.g., lemon, lime, pomelo) [114,
115]. Earlier developmental stages of fruits, e.g., the inflo-
rescences, are also known to contain high levels of PSs. Pho-
toactive polyacetylenes of Clibadium surinamense are, for
example, enriched in the inflorescence [116]. Furthermore,
in seeds, a significant number of PSs were detected, as for
example harmine (21) in Peganum harmala [117]. From
plants we know that compared to other tissues, the repro-
ducing tissues are especially well protected due to a higher
concentration of PSs. Therefore, it is per se not unlikely
that fungi also produce PSs as defense mechanisms for their
reproductive structures, i.e., for their fruiting bodies.

In sunny states such as California, the “lime” dermatitis
is widely distributed [118-120] and caused by furanocou-
marins in lemons [114]. Sun protection is commonly used
as a precaution and as treatment. However, not only the
herbivore-consuming PSs needs protection. The organ-
ism producing PSs needs certain protection mechanism
as well, to not become a victim of its own bullets. One
of such is the accumulation of PSs in tissues hidden from
the sun. Phenylphenalenone (50), for example, is stored in
the roots of Lachnanthes tinctoria [121]. In comparison

with fungi, this would imply that the fungus accumulates
PSs in its underground hyphal structures. Reports about
the distribution of fungal pigments in the mycelium of
basidiomycetes are rare. From the dermocyboid Corti-
narii, we know that AQs are also found in the mycelium,
but solely the acidic ones were detected [122]. From Psilo-
cybe cubensis, we know that the PS harmane (4) is 100-
fold higher concentrated in the mycelium compared to the
fruiting body [50].

Another known strategy of the regnum Plantae against the
toxic sunlight is the concentration of PSs in special glands
(e.g., hypericin in dark glands of Hypericum perforatum
[123]) or resin canals (e.g., thiarubins in resin canals of
the outer cortex of Ambrosia [124—126] or in the roots of
Chaenactis douglasii [127]). Representatives of the regnum
Fungi are—in this regard—not as intensively studied. Old
studies suggest that Cortinarii store pigments in vacuoles
[128, 129]. In different Lactarius spp., the wide variety of
azulene-like pigments is not genuinely present in the fruit-
ing bodies but occurs after impairment together with the
characteristic latex [101]. The latter is another way of pro-
tection, i.e., the intrahyphal storage of precursors lacking the
actual toxicity. In the kingdom Plantae, this is, e.g., known
from Magnoliaceae where the non-phototoxic glaucine is
predominantly found in healthy tissue. In contrast, the pho-
totoxic oxoglaucine (51) is present as the main product after
mechanical injury [5]. Taken together, while it might be con-
tra intuitive that plants growing in the sun produce poten-
tially auto-toxic PSs as defense molecules [130], manifold
mechanism evolved to protect the PS producing plant from
self-induced burning.

However, does a mushroom need light protection in the
shady forest at all? A generic number regarding the distri-
bution of light in forests is not easy to give, as it strongly
depends on the type of trees forming the canopy and on
the season [131-134]. Nevertheless, as a rule of thumb,
it is assumed that in a boreal pine forest (Pinus sylvestris)
approx. 34% of the incoming radiation (300-3000 nm)
reaches the ground [135] and through spruce (Picea sitch-
ensis) 17-26% of the visible sunlight (480-600 nm) [136].
Hofmeister [137] mentioned that in extreme cases, only
5% of the incoming light reaches the ground vegetation. In
addition, agaricoid Basidiomycota are characterized by an
umbrella-shaped fruiting body. Thus, it can be claimed that
many toadstools are equipped with inherent sun protection
in an already quite shady surrounding. Consequently, the cap
is somewhat exposed to the sun, while the precious lamellas,
carrying the spores, are protected from the sun. According
to the optimal defense hypothesis [113], fungi would protect
only the most precious parts of the fruiting body, i.e., the
gills carrying the spores. Thus, the specific pileus-shape and
the ecological niche might already count as self-protection
against the potential harmful sunrays.
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5 Outlook—ideas and thoughts for future
experiments

As demonstrated above, photosensitizers are not only
metabolites of the kingdom Plantae but also of the king-
dom Fungi, or more specifically, of the phyla Basidiomy-
cota. While some ascomycetes synthesizing photosen-
sitizer are known [138-143], the field of PS-generating
mushrooms is in its infancy.

To explore this new field, the pigment classes of fungi
should be systematically studied to verify the expected
and to validate the assumed. Screening protocols exist
[111, 144], though adjustments are needed, as one part of
a current method depends on an anthracene-like compound
(i.e., dimethyl anthracene (DMA)) as the singlet oxygen
scavenger. In consequence, this assay works well for pig-
ments absorbing wavelength above 450 nm, but it is not
suited for the UV-A range or high energetic blue light, as
the probe itself absorbs light in this range. Nevertheless,
the assay’s logic can be easily adapted to a UV-A/blue
light compatible probe such as 1,4-dimethylnaphthalene
(DMN) or 2-pyridone [145].

Next to a photochemical assay, screening workflows
should always include in vitro assays to verify the bio-
logical effect and thus the pharmacological relevance.
Due to the PS’s Janus-like selectivity (i.e., light-depend-
ent selectivity and mechanism-dependent unselectivity),
endless pharmaceutical and disinfection applications
can be thought of. Classic targets of PSs are antitumor,
antimicrobial, anti-insecticidal, or anti-viral. Thus, it is
a promising field which—in theory—should be intrinsi-
cally exhilarated. Nevertheless, the number of newly iden-
tified natural PSs lags behind rational expectations. This
lack—as well as the lacking systematic structure-activity
studies producing semi-synthetic analogs, as known from
classical medicinal chemistry approaches—is due to the
absence of broadly established HTS approaches. However,
the continuous progress in the LED-techniques and thus
LED-arrays, will hopefully resolve this issue.

During natural PS screenings, one needs to keep in
mind that the PSs might not be genuinely present but
might be wound-induced formed from Pre-PSs. In Nature,
most likely oxygen, light, or enzymes will catalyze this
transformation. Thus, drying fresh grounded mushroom
material under hot-air and/or leaving extracted samples
longer exposed to air potentially increases the observed
photo-activity. While this point is less relevant—or even
beneficial—from a medicinal chemistry point of view, it
is essential while tackling questions belonging to the field
of the chemical ecology.

To study the genuine form of natural PSs several well-
established processes might be considered. For example,
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localization studies as known from phytoalexin studies
[146], including HR-MALDI-MS [57] or Raman-imaging
[147] processes, might be utilized or—if possible—co-
cultivation experiments done to selectively trigger the syn-
thesis of defense molecules [148]. Furthermore, it would
be of interest to explore the distribution of photoactive
compounds (or their precursors) in the fungal tissue. Is
there a significant concentration difference in the myce-
lium vs the fruiting bodies? Or across the fruiting body?
Are gills for example enriched in PSs as compared to the
pileus? Is there a correlation between the existence of PSs
in plants and the ectomycorrhizal forming fungi? Did such
photoactivities evolve together in plants and fungi?

From Eisfelder’s [149, 150] impressive work 60 years
ago, we know that fungi can be distinguished in “kéferreich”
and “kiferfremd”, meaning those on which a lot of larvae are
found and those where insects are rarely found. Interestingly,
especially some of the very colorful mushrooms belong to
the species ignored by insects. It should be clarified if this
empirically observed activity, which was experimentally
verified by Besl and Blumreisinger [151], is modified by
light. Though using fungi larvae might be the obvious start-
ing point, a control organism (like Caenorhabditis elegans)
should be included as well, to exclude evolutionary learned
effects. Other than for secondary metabolites in general, the
concentration of the PS in the fungal tissues should primar-
ily not depend on external factors such as weather condi-
tions. Rather, an attack by fungivores or other microbials
should induce their production. While this is “easy” to study
with all saprophytic fungi, which can be cultivated under
controlled conditions, with ectomycorrhizal fungi, it is more
challenging and thus needs creative approaches.

6 Conclusion

In this perspective, the similarity was elaborated between
plant-based PSs and pigments of fungal fruiting bodies. A
coincidental existence of the vast number of PSs and PS
analogous structures in fungi appears questionable, espe-
cially as many parallels between plant-based PSs and fungal
pigments can be identified. This turns the search for PSs
in the fungal world into a fascinating leeway. While only
future research can show if photochemical defense strate-
gies are indeed an ecological function of fungal pigments,
it is already obvious that studying the photochemistry and
photobiology of fungal pigments is an exciting field with
promising output for structurally new PSs.
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