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Abstract: Like plants, fungi have evolved a variety of
defence strategies in order to protect themselves against
feeding mammals, insects and infection with parasitic
fungi. In contrast to plants little is known on the chemi-
cal ecology of fruiting bodies of higher fungi, particular-
ly those defence mechanisms which are induced upon
wounding have only occasionally been recognised.
Methods both for the detection of permanently present
defence compounds and for the elucidation of wound-
activated chemical defence mechanisms are discussed in
this concept paper.

Keywords: bioorganic chemistry - chemical ecology -
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Introduction

The inability of immobile organisms such as plants and
higher fungi to escape from attack by herbivores or fungi-
vores has lead to the evolution of a number of defence strat-
egies to deter enemies. While the chemical ecology of a vari-
ety of plants including their chemical defence has already
been studied in detail,! the chemical ecology of most higher
fungi” including their fruiting bodies has not been investi-
gated systematically so far. Rather, investigations on secon-
dary metabolites from fungi have mostly been aiming to iso-
late bioactive compounds as potential lead structures for the
development of new drugs or agents for crop protection.”!
During these investigations higher fungi have turned out to
be a rich source of bioactive secondary metabolites.
Nowadays secondary metabolites—including those of
higher fungi—are considered to be produced intentionally
to provide the producer an advantage.”! Both the mycelia
and the fruiting bodies of higher fungi are exposed to vari-
ous competitors and enemies. While the mycelia have to
compete with other fungi and bacteria for nutrition and
space,l! the fruiting bodies are mainly endangered by myco-
parasitic fungi and fungivores® ranging from insects to
mammals including humans. For instance, fungal spores
have been identified in the feces of game animals such as
the roe deer, thus proving that these animals regularly con-
sume mushrooms.”’ Although the fruiting bodies of higher
fungi are usually short-lived entities, they are important for
the reproduction since they produce spores.’) Consequently,
it can be expected that the reproduction of fungi is im-
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proved if the fruiting bodies are protected at least until the
spores are fully developed.

Fruiting bodies of fungi often produce toxins and pungent
or bitter compounds in order to deter fungivores. For mam-
mals it has been shown that they learn to avoid these species
even if intoxications occurred not immediately after inges-
tion.”’ In contrast, the mycelia of several saprophytic fungi
contain fungicides to secure nutrition and space to them-
selves.!

Even if the ecological role of many fungal secondary me-
tabolites is still obscure, the existing investigations clearly
demonstrate that chemical defence strategies are not only
used by plants but also by fungi. So far, at least three types
of chemical defence mechanisms are known. Constitutive
chemical defence mechanisms are based on secondary me-
tabolites that are present permanently in their bioactive
form. In contrast, wound-activated defence mechanisms rely
on the enzymatic conversion of an inactive precursor to the
active agent which occurs only transiently upon activation
by injury."” Induced chemical defence mechanisms involve
the de novo synthesis of bioactive compounds which is initi-
ated on demand.!"”!

Representative examples for the different types of chemi-
cal defence in fungi together with the underlying concept
for their elucidation are presented in this concept article.
The comparative metabolic screening of intact and wounded
species has recently turned out to be a promising approach
for the detection of wound-activated chemical defence
mechanisms in this context.

Constitutive Chemical Defence

The elucidation of constitutive chemical defence mecha-
nisms usually requires the observation of a response of an
organism against its potential enemies. In general, bioactive
compounds can be isolated by means of a bioassay-guided
fractionation of extracts of the corresponding organism.
After the structure elucidation of a bioactive compound, its
potential ecological role may be evaluated by analysing its
activity towards appropriate test organisms.

The means for the isolation, structure elucidation and the
testing of compounds were mainly developed during the last
hundred years. During the past century natural products re-
search mainly concentrated on the isolation of bioactive
constituents from plants,[“] while even the structures of im-
portant fungal toxins had not been elucidated by the middle
of the last century.

Toxins as constitutive chemical defence: Even in ancient
times some toxic, bitter or pungent properties directly
linked to the chemical defence of certain mushrooms were
known and exploited. For instance, the Roman emperor
Claudius was probably poisoned with fruiting bodies of the
death cap (Amanita phalloides) by his own wife, Agrippina,
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in the year 54."”! The fruiting bodies of A. phalloides, the
most poisonous toadstool in Europe, contain a variety of
cyclic octapeptides, such as a-amanitin (1) which are respon-
sible for its toxicity (Figure 1).°1 The toxicity of the amani-
tins is caused by an allosteric inhibition of the human RNA
polymerase I1.1"
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Figure 1. Toxins from fruiting bodies of macrofungi as constitutive de-
fence compounds.

Another prominent mushroom containing constitutive de-
fence compounds is the fly agaric (Amanita muscaria) which
has been used for centuries as hallucinogenic drug."™ The
name fly agaric (German: Fliegenpilz, French: amanite tue-
mouches) points to its insecticidal properties. Konrad von
Megenberg reported as early as the year 1350 that a mixture
of milk and pieces of the fly agaric can be used to kill
flies."®! These are stunned and drown subsequently in the
milk. The toxic constituents of the mushroom were found to
be ibotenic acid (2), muscimol (3) and muscarine (4)."
While ibotenic acid interferes with the glutamic acid recep-
tor, muscimol as structural analogue of y-aminobutyric acid
(GABA) binds to the GABA receptor."” Consequently, ibo-
tenic acid and muscimol act as neurotoxins leading to confu-
sion and dizziness.

In contrast to the well-known toxic properties of A. phal-
loides and A. muscaria, the deleterious effects of fruiting
bodies of Cortinarius orellanus and Cortinarius rubellus
were not recognised until the 1950s when a mass intoxica-
tion in Poland caused several casualties."”’ Probably, these
toadstools had not been identified earlier as cause of the in-
toxication, since their ingestion leads to renal failure which
only becomes evident after several days.'! In rats, ingestion
both of lethal and sublethal doses of orellanine led to symp-
toms of sickness already after several hours, while lethal
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doses caused death after three to five days.'"” The structure
of the toxic principle, orellanine (5), was elucidated in
1979.2% However, until recently, it had been overlooked that
orellanine is present in form of its 4,4'-diglucoside in C. ru-
bellus.” The glucoside is relatively unstable and it was evi-
dently hydrolysed during the original work-up procedure.

Other known fungal toxins are gyromitrin (6)! occurring
in Gyromitra esculenta, the hallucinogenic compounds psilo-
cin (7) and psilocybin (8)! present in many Psilocybe spe-
cies, acromelic acid A (9)% from Clitocybe acromelalga and
vulpinic acid (10) from Pulveroboletus ravenelii.” Vulpinic
acid, also occurs in the lichen Letharia vulpina which was
used to kill foxes and wolves.!

Even today, mushroom species which were previously
considered to be edible can turn out to be dangerous. For in-
stance, Tricholoma equestre was considered to be a delicious
species among edible mushrooms until 2001. However, in
that year two casualties were reported from France which
were linked to repeated ingestion of 7. equestre.'*?*! So far,
the toxic principle of this species remains unknown.

Although there have not been many investigations of the
efficacy of toxins in protecting fruiting bodies of fungi from
feeding animals, studies with the fungivorous opossum Di-
delphis virginiana provided evidence that this animal learns
to avoid toxic fungi, such as the muscimol (3) containing A.
muscaria.””

Bitter and pungent compounds as constitutive chemical de-
fence: Aside from toxins, bitter or pungent tasting com-
pounds are widespread in the fruiting bodies of many differ-
ent genera of fungi (Figure 2) where they obviously serve
fungi to deter predators. In general, not only humans but
also many mammals consider the taste of those compounds
to be unpleasant. For instance, the fungivorous opossum
avoids most species which exhibit a bitter and pungent taste
to humans.’”! The characteristic bitter taste of Boletus calo-
pus and Boletus radicans is mainly caused by the sesquiter-
penoid O-acetylcyclocalopin A (11).* The fungus Sarcodon
scabrosus contains several bitter diterpenes, such as sarcodo-
nin A (12).”"! Ganoderic acids A (15) and B are bitter triter-
penes from the Ganoderma lucidum.”” Bitter taste is not re-
stricted to terpenes. For instance, the bitter taste of Tricho-
loma lascivum is attributed to the cyclohexenone derivative
lascivol (13).*Y Bitterness is also characteristic of many al-
kaloids, for example, the indole alkaloid infractopicrin (14)
is responsible for the highly bitter taste of Cortinarius in-
fractus.*?

The fruiting bodies of Chalciporus piperatus (German:
Pfefferrohrling) exhibit a pungent, peppery taste which has
been attributed to the azepine alkaloid chalciporone (16).5
In particular, many Lactarius and Russula species are
known to develop a pungent taste a few seconds after injury
originating from sesquiterpenoid compounds. However,
these pungent compounds are only produced upon injury
and will therefore be discussed later.

Despite at least thirty years of research of flavour compo-
nents from mushrooms, the bitter or pungent principles of
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Figure 2. Selected bitter and pungent compounds from fruiting bodies of
macrofungi.

some common species are still unknown. For instance, this is
so for the compound responsible for the bitter taste of the
inedible fruiting bodies of Tylopilus felleus which is often
confused with the delicious mushroom Boletus edulis.

Pigments of fruiting bodies: Fruiting bodies of fungi are
often very colourful, which attracted the interest of chemists
early on.®¥ The investigations on these pigments revealed
that they represent a huge variety of different compounds
including alkaloids,® aromatics,® polyenes®” and even
metal complexes.”™ However, the ecological role of these
compounds is probably linked rather to their bioactivity
than to their colour, although the bright colours of some
mushrooms might be interpreted as a warning signal. For in-
stance, yellow and red anthraquinone pigments are known
to exhibit laxative properties™ thus repelling animals. Red
pyrroloquinoline alkaloids occurring in several Mycena spe-
cies possess an ortho-quinone moiety which is able to react
with amine residues in proteins.*”! However, in general the
ecological role of various pigments still remains obscure.

Fungicides: In the examples presented so far, isolation of
secondary metabolites from fruiting bodies of mushrooms
was based on the observation of certain properties (e.g.
taste or toxicity) in their natural habitat. The detection of
the antibiotic activity of the penicillins from the microfungus
Penicillium notatum in the year 1928 had a great impact on
natural product research in many respects.[*!! Firstly, the ex-
perience obtained with the cultivation of bacterial*!l was
also successfully applied to develop cultivation methods for
plant cells™ and the mycelia of macrofungi.” The cultiva-
tion of mycelial cultures of macrofungi made it possible to
perform experiments throughout the whole year in contrast
to investigations with fruiting bodies whose seasonally-de-
pendent occurrence in nature is unreliable. Secondly, more
and more microorganisms became available for bioactivity
testing.*!! Hence, the bioactivity of fungal extracts and iso-
lated new compounds could now be evaluated for a large
panel of test organisms.!! Typically, those tests were direct-
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ed towards the isolation of compounds suitable as new lead
structures for the development of drugs®! and not towards
the elucidation of the ecological role of secondary metabo-
lites from higher fungi. Nevertheless, screening of natural
products with respect to a diverse panel of test organisms is
often also useful to decipher their original ecological roles.

Despite these advancements, a systematic cultivation and
bioactivity-guided screening of macrofungi, such as basidio-
mycetes, was only begun thirty years ago, since their cultiva-
tion is often hampered due to their slow growth rate.[*’]

On account of the differing functions of fruiting bodies
and mycelia, mycelial cultures of a fungus often generate
different natural products than the corresponding fruiting
bodies.”! Hence, the screening of mycelial cultures delivered
a great variety of new bioactive natural products. One of the
most prominent examples is the detection of the strobilurins,
a class of antifungal compounds which was isolated first
from myecelial cultures of the basidiomycete Strobilurus te-
nacellus.™ The strobilurins, such as strobilurin A (17)* or
strobilurin T (18), contain a B-methoxy acrylate moiety as
pharmacophore (Figure 3).
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Figure 3. Selected fungicides from cultures and fruiting bodies of macro-
fungi.

The strobilurins are able to bind reversibly to the ubihy-
droquinone oxidation centre (Qp) of the cytochrome bc,
complex of fungi, thus inhibiting the electron transfer in the
fungal respiratory chain.*”! On account of their potent anti-
fungal activity, the strobilurins served as lead structures for
several commercially available products such as kresoxim-
methyl and azoxystrobin which are currently broadly used
as agricultural fungicides.*

In agreement with their bioactivity, investigations on the
ecological role of the strobilurins demonstrated that S. tena-
cellus (German: Kiefernzapfenriibling), is able to prevent
the growth of other fungi on the pine cone where the fungus
grows.F!

Apart from the strobilurins, a number of other fungicides,
such as pterulinic acid (19),*! 4-O-acetyl hygrophorone A
(20),°" favolon (21)P" or alcalinaphenol A (22),°? have
been isolated from mycelial cultures or fruiting bodies of
higher fungi (Figure 3). Obviously, fungicides are wide-
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spread particularly in saprophytic fungi. The release of fun-
gicides from their mycelia into their growth substrate means
that they are able to prevent other species from growing in
their surrounding, thus ensuring that other species do not
compete with them for nutrients and space.

Both the detection of a new lead structure and the eluci-
dation of a new chemical defence mechanism in higher
fungi usually require a biological screening with appropriate
test organisms. In contrast, the detection of bioactive com-
pounds possessing a known structural element responsible
for a certain bioactivity is sometimes also possible by a GC-
MS or LC-MS screening. For instance, chlorinated phenols
usually possess antifungal properties and exhibit characteris-
tic EI mass spectra. Accordingly, a GC-MS screening of tri-
methylsilylylated methanolic extracts from different Mycena
species led to the identification of new chlorinated phenols,
such as alcalinaphenol A (22), from mycelial cultures of
Mycena alcalina.™

Wound-A ctivated Chemical Defence

Since wound-activated chemical defence mechanisms are
based on the activation of enzymes which convert an inac-
tive precursor to the active agent, the elucidation of a
wound-activated defence mechanism requires not only the
elucidation of the chemical structure of the active com-
pound but also of its inactive precursor, together with the
conversion mechanism and the mode of action of the active
agent towards potential parasites or fungivores.

History: It has been known for centuries that many mush-
rooms react with a change of their colour,” taste or odour,
if they are mechanically injured. Especially colour changes,
for instance, the blueing of certain boletes attracted the in-
terest of chemists very early®™ and led to the elucidation of
the structures of many mushroom pigments.*"! However,
often the structure of the corresponding precursor remained
unknown and a potential role of these compounds in the
chemical defence was usually not recognised. Similarly, bio-
activity-driven investigations on new compounds ended in
many cases when the structure and the activity of the natu-
ral product had been elucidated. In contrast, the presence of
the inactive precursor in the intact organism often remained
unknown, mainly for two reasons. Firstly, a compound which
does not show biological activity usually escapes detection,
secondly it was often not recognised in the past that the en-
zymes which are responsible for the conversion of an inac-
tive compound to an active one are activated instantly after
injury during the work-up procedure. Therefore, even today
only a limited number of examples are known of wound-ac-
tivated defence mechanisms from higher fungi and many of
these mechanisms were more or less detected by accident,
for instance, when a known bioactive compound was missing
in intact fungi. This is exemplified by the detection of a
large number of sesquiterpene aldehydes and alcohols iso-
lated from many Lactarius species in the 1970s
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(Scheme 1).5 Reports in the 1980s, of qualitative and quan-
titative differences in the sesquiterpene content and on the
occurrence of compounds which were considered to be ex-
traction artefacts led to a reinvestigation of the sesquiter-
penes of Lactarius vellereus.™ An analysis of the extracts of
intact and artificially wounded fruiting bodies by thin layer
chromatography revealed significant differences in their me-
tabolite profiles.’” While the then unknown precursor stear-
oylvelutinal (29) (Scheme 1) turned out to be the predomi-
nant sesquiterpene present in intact fruiting bodies, the bio-
active sesquiterpene aldehydes and alcohols only occurred
in injured fruiting bodies.”

These observations had a considerable impact on the re-
search of fungal natural products, since it demonstrated un-
ambiguously that wound-activated chemical defence is not
restricted to plants but also occurs in fungi. Consequently,
many other Lactarius and Russula species were investigated
for the presence of wound-activated chemical defence mech-
anisms.*® However, systematic screening of large numbers
of different fruiting bodies for wound-induced chemical de-
fence mechanisms did not start until the 1990s.

Methods for the elucidation of wound-activated defence
mechanisms: In general two methods are applicable both of
which utilise the differences between intact and injured
fruiting bodies.

The first method is based on comparison of the bioactivity
of extracts from intact and injured fruiting bodies. Only spe-
cies which show an increased bioactivity in the extracts of
wounded fruiting bodies compared with those of intact ones
are likely to contain compounds involved in a wound-acti-
vated chemical defence mechanism. So far, a large number
of injured and intact fruiting bodies of fungi have been in-
vestigated for antifungal, antibiotic, nematicidal and insecti-
cidal activity and several species have been identified which
exhibit an increased bioactivity upon wounding.’! However,
this comparative biological screening only reveals the exis-
tence of wound-activated chemical defence mechanisms, but
not the responsible compounds or the mechanism of the
chemical defence. The bioactive agents can be identified by
subsequent bioactivity-guided fractionation of the crude ex-
tract, but the inactive precursors still remain unknown.

In contrast to the bioactivity-guided comparative screen-
ing, the second method for the elucidation of wound-activat-
ed chemical defence mechanisms, namely comparative meta-
bolic screening, is based on a comparison of the metabolite
pattern of extracts from intact and injured fruiting bodies."”!
Secondary metabolites which are only present in significant
amounts in injured fruiting bodies are potential candidates
for defence compounds, while secondary metabolites which
are only present in intact fruiting bodies might be their po-
tential precursors. In contrast to the comparative biological
screening of crude extracts, the comparative metabolic
screening allows often recognition of the relationship be-
tween precursor and the corresponding defence compound,
especially if the metabolic screening is performed by LC-
UV, LC-ESIMS or GC-EIMS, since the precursor and the
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corresponding active metabolite usually share structural ele-
ments which are reflected in similar UV spectra, MS/MS
spectra or fragmentation patterns in the GC-EIMS. A
recent example is the elucidation of the chemical defence
mechanism of Mycena galopus (Figure 4).57

Benzoxepine esters
100 — Intact

o |

Benzoxepine alcohols

—— Homogenised
100 fruiting bodies
50 after 10 h
m/z=171, 205
0 T e
25 30 35 40 45 50 55 t[min]

Figure 4. Comparative metabolic screening by GC-MS of trimethylsilylat-
ed methanolic extracts from intact and injured fruiting bodies of Mycena
galopus.

The physiologically active benzoxepine alcohols such as
25 and (E/Z)-26 were only present in injured fruiting bodies,
while the corresponding inactive esters such as 23 and (E/
Z)-24 mainly occurred in intact fruiting bodies.””) The close
relationship of both compounds was easily recognisable
since the EI spectra of the benzoxepine esters 23 and (E/Z)-
24 and of the trimethylsilyl derivatives 27 and (E/Z)-28 of
the benzoxepine alcohols exhibit the same key fragments
(Figure 5).

R=H:m/z=171
R = Cl: m/z=205/207

R' = H, R? = SiMe3: m/z= 171
R' = CI, R? = SiMes; m/z = 205/207

R'=H,R?=H:25
R!=Cl,R? = H: (E/2)-26

R' = H, R? = SiMe;: 27
R'=Cl, R? = SiMey: (E/2)-28

R=H:23
R=Cl (E/2)-24

Figure 5. Key ions in the EI-MS of benzoxepines from Mycena galopus.

The comparative metabolic screening had already been
used in the 1970s and 1980s, for instance, to elucidate the
chemical defence mechanism of L. vellereus by comparison
of thin layer chromatograms. However, the comparative
metabolic screening became only recently a very sensitive
and powerful tool for the elucidation of wound-activated
chemical defence mechanisms as a result of the develop-
ment of new analytical methods, such as sensitive LC-ESI
mass spectrometry. Hence, now only small fragments of a
fruiting body are required to detect differences in the me-
tabolite pattern of intact and injured species. Moreover, sen-
sitive LC-HR-ESIMS instruments now permit the direct de-
termination of the molecular composition of whole mole-
cules and of key fragments, thus confirming the relationship
of a potential precursor and the corresponding bioactive de-
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fence compound. LC-NMR might also be applied in the
future, but so far the method is expensive and not very effi-
cient due to the relatively low sensitivity of NMR instru-
ments compared to that of mass spectrometers.

Although comparative metabolic screening allows the de-
tection of the conversion of a compound to another one
upon wounding additional bioactivity tests are required to
confirm that an inactive precursor is transformed to a com-
pound which exhibits activity against potential parasites or
predators.

Classification of wound-activated defence mechanisms: In
general, wounding of any organism leads to activation of a
number of different types of enzymes. This is also the case
with fruiting bodies of mushrooms. Three classes of enzymes
in particular play an important role: Hydrolytic enzymes
(esterases, proteases or glucosidases), phenol oxidases and
lipoxygenases. As a consequence, there are three different
main types of wound-activated chemical defence strategies
known for fungi:

o hydrolysis of esters,
e oxidation of phenols and
e lipid peroxidation

Hydrolysis of esters: Wound-activated defence mechanisms
based on the hydrolysis of esters are widespread among
many fungi.

As already mentioned many Lactarius and Russula spe-
cies contain stearoylvelutinal (29). Upon injury, 29 is saponi-
fied and the instable free velutinal (30) is transformed to
pungent tasting aldehydes such as velleral (31), isovelleral
(32) or the corresponding alcohols vellerol and isovellerol
(Scheme 1).%

0 -
injury
o4 of OH
< L. vellereus <
16 ———> o]
S s
(e]

H

H
H o} .
stearoylvelutinal (29) / / / velutinal (30)

.CHO

H CHO CHO

velleral (31) isovelleral (32)

Scheme 1. Wound-activated chemical defence mechanism of Lactarius
vellereus.

The efficacy of this defence mechanism was demonstrated
in a study with the opossum Didelphis virginiana which
avoids isovelleral-generating mushrooms.””! In addition, the
dialdehydes possess potent antibiotic and cytotoxic proper-
ties.’® Moreover, isovelleral (32) is a potent selective insec-
ticide against Tribolium confusum.®” These effects are appa-
rently based on the general ability of a,f-unsaturated alde-
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hydes, such as velleral (31) and isovelleral (32), to react with
nucleophiles, for instance with the basic e-amino group of
lysine residues in proteins, thus inactivating enzymes.[*’]

The ability of 1,4-dialdehydes to covalently bind primary
amine residues in proteins has also been linked to their hot
taste.[)l Moreover, the chemical defence by o,B-unsaturated
dicarbonyl compounds is relatively widespread in nature.
These compounds are not only produced upon injury of
mushrooms (Scheme 1) but also upon wounding of terrestri-
al plants,? algael® and even of animals.™¥! Thus, upon
injury the algae Caulerpa taxifolia transforms the inactive
acetate caulerpenin to the reactive aldehyde oxytoxin 2,
while the mollusc Dendrodoris limbata converts olepupane
to the hot tasting polygodial.™"

In general, terpene esters are widespread in fruiting
bodies of Russulaceae!® For instance, the fruiting bodies of
Lactarius porninsis contain mild flavoured farnesane esters
such as 33.! Upon injury, the fruiting bodies develop a
bitter taste and the farnesane esters are hydrolysed to por-
ninsol (34) which is subsequently oxidised to the reactive
o,fB-unsaturated aldehyde porninsal (35) (Scheme 2).

injury
Ok of
16 L. pominsis

oxidation
(O (OH ([:H o
R R R
33 porninsol (34) porninsal (35)
=
R= x o~

Scheme 2. Wound-activated hydrolysis of stearoylporninsol in Lactarius
porninsis.

Wounding the fruiting bodies of Lactarius deliciosus and
Lactarius deterrimus leads to the hydrolysis of the guaiane
ester 36 and subsequent conversion of the free alcohol 37 to
the aldehydes delicial (38) and lactaroviolin (39)
(Scheme 3).[7)

CO oxidation CO oxidation CO
—_— —_—
H H

OR

delicial (38) ioli
R = CO(CHa)(gMe: 36 lactaroviolin (39)

:\ injury of L. deliciosus
R=H: 37

Scheme 3. Wound-activated hydrolysis of a dihydroazulene ester in Lac-
tarius deliciosus.

In contrast to the bioactive dialdehydes of L. vellereus,
the bioactivity of porninsal (35), delicial (38) and lactarovio-
lin (39) is less well investigated. Moreover, L. deliciosus and
L. deterrimus are edible mild flavoured mushrooms which
are consumed in large quantities by humans.””) Therefore,
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further investigations are required to confirm the presence
of a wound-activated defence mechanism in these mush-
rooms.

Unlike many Lactarius species which contain terpene
esters, in intact fruiting bodies of Lactarius fuliginosus and
Lactarius picinus a tasteless phenol ester 40 turned out to be
the precursor of the acrid tasting antifungal-active free
phenol 41 which is gradually oxidised to a mixture of benzo-
furan and red chromene pigments such as 42 (Scheme 4).1%*!

OMe
oxidation
—_ >
~
OR
R =CO(CHz)igMe: 40 j injury of L. fuliginosus 42
R=H: 4

Scheme 4. Wound-activated hydrolysis of a phenol ester in Lactarius fuli-
ginosus.

Wound-activated defence mechanisms based on the hy-
drolysis of esters are not restricted to Lactarius and Russula
species but also occur in Mycena galopus (German:
WeiBmilchender Helmling) which releases a white latex if
the fruiting bodies are bruised.’”! As already mentioned, a
GC-MS screening of the ethyl acetate extracts of intact and
injured fruiting bodies recently revealed that the latex of
intact fruiting bodies contains inactive benzoxepine esters
such as (E/Z)-28 which are hydrolysed to the corresponding
antifungally active free alcohols such as (E/Z)-30, thus pro-
tecting the tiny fruiting bodies from yeasts and fungi (Fig-
ures 4 and 5 and Scheme 5).

mJury

M ycena o H

galopus
(EiZ)- 28 (El2)-30

Scheme 5. Chemical defence by hydrolysis of esters in Mycena galopus.

Interestingly, the benzoxepine esters and the esterase re-
sponsible for their saponification are evidently stored in sep-
arate compartments in the intact fruiting bodies, since the
benzoxepine esters in the latex were only hydrolysed if the
latex was mixed with homogenised fungal tissue.””

In contrast to the wound-activated defence mechanisms
discussed so far, the bioactive compound in Paxillus atroto-
mentosus is derived from the acid moiety.!” Upon injury of
the fruiting-bodies the inactive leucomentins such as leuco-
mentin-3 (43) are hydrolysed and subsequently converted to
atromentin (44), (+)-osmundalactone (45) and butenolide
46 (Scheme 6).) Butenolide 46 and (—)-osmundalactone
are known as feeding deterrents from leaves of the fern Os-
munda japonica.™ Although atromentin (44) had already
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injury of
P. atroto- 9] OH
m atromentin (44)

HzCr (+)-osmunda-
H leucomentin-3 (43) lactone (45) 46

Scheme 6. Wound-activated hydrolysis of leucomentin esters in Paxillus
atrotomentosus.

been identified in 1928 as the brown constituent of the
mushroom’s surface,’! it was not recognised until 1989 that
the flesh of intact fruiting bodies contains precursors of atro-
mentin as decisive constituents of a wound-activated chemi-
cal defence mechanism./®”

Oxidation of phenols: Fungi have developed various, some-
times even unique wound-activated chemical defence reac-
tions which involve the oxidation of phenols.

While hydrolysis but not the oxidation of the above men-
tioned flavomentins to atromentin is the initial step in the
wound-activated chemical defence of P, atrotomentosus,'®” in
some other fungi an oxidation reaction is the key step to ac-
tivate their chemical defence.

For instance, this applies to the defence of the orange
fruiting bodies of the carrot truffle (Stephanospora carotico-
lor) which is a rare gasteromycete.” The antifungal proper-
ties of the fungus were attributed in 1989 to the presence of
2-chloro-4-nitrophenol (48) in injured fruiting bodies. Some
years later, a comparative HPLC-UV screening of intact
and injured fruiting bodies revealed that intact fruiting
bodies exclusively contain the inactive precursor stephano-
sporin (47) which is structurally related to 2-chloro-4-nitro-
phenol (48).7% In the year 2001 the mechanism of the
wound-activated chemical defence reaction was elucidated
by oxidation of synthetic stephanosporin (47) under differ-
ent conditions and by analysis of the products generated.
According to these investigations stephanosporin is first oxi-
dised to the diazene 49. Subsequently, this activated acid de-
rivative looses succinic acid anhydride. The 2-chloro-6-dia-
zenyl-4-nitrophenol (50) generated is decomposed to nitro-
gen and 2-chloro-4-nitrophenol (48) (Scheme 7).

The “traceless” loss of the side chain in stephanosporin is
a principle which is also exploited in the form of hydrazide
anchors in solid phase synthesis.”

A similar oxidative degradation mechanism yields the bio-
active 4-diazo-2,5-cyclohexadien-1-one from the 4-hydroxy-
phenylhydrazone leucoagaricone.”

Similarly, the chemical defence of the crust fungus Aleuro-
discus amorphus is initiated by enzymatic oxidation of the
tailor-made cyanohydrin ether aleurodisconitrile (51).")
Upon injury hydrocyanic acid and aleurodiscoester (52) are
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N02
injury of
S caroticolor
Cl
OH
stephanosporin (47) 2-chloro-4-nitrophenol (48)
oxidation l N
OO0
o) NO, v NO,
OH 2
Nx. HN,
~N Cl N Cl
o] OH OH
49 50

Scheme 7. Oxidative chemical defence mechanism in Stephanospora caro-
ticolor.

generated from 51 via an oxidative mechanism so far un-
known in nature. Artificial oxidation of model compounds
with MnO, revealed the mechanism of the wound-activated
defence reaction. In the initial step aleurodisconitrile (51) is
oxidised to the corresponding ortho-quinone which subse-
quently rearranges to quinonemethide 53. Formal addition
of water leads to the intermediate 54. By elimination of hy-
drocyanic acid aleurodiscoester (52) then is generated
(Scheme 8).%)

CN NH, o) NH;
HO o/\/\cozr-|3¢_’\l> HO 0 >""CcoH
HO inury - Ho
OMe A. am()t;rphus OMe

aleurodisconitrile (51) aleurodiscoester (52)

oxidation l T

H,O

2
ON NH, NEYOH  NHy
- : :
HO 0 >""COoH HO o >"Co,H
—_—

o HO
</ OMe OMe

53 54

Scheme 8. Oxidative chemical defence mechanism in Aleurodiscus amor-
phus.

Oxidation reactions in mushrooms are often initiated by
rather unspecific tyrosinases or other enzymes with a similar
function which are widespread in fungi and which only
become active upon injury.’® The oxidative degradation
mechanism of aleurodisconitrile (51) to aleurodiscoester
(52) and HCN differs fundamentally from that via oxidation
of glycine in bacteria,”” but also from the hydrolytic degra-
dation of cyanogenic glycosides in plants.” While the ease
of hydrolysis of the glycosidic bond by glycosidases is essen-
tial in plants, the high oxidisability of the aromatic residue is
decisive in A. amorphus.™

Oxidases are also responsible for many colour reactions
which occur upon injury of mushrooms.? For instance, the
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blueing of many boletes upon bruising of the fruiting bodies
has been attributed to the oxidation of variegatic acid,” xe-
rocomic acid® or of gyrocyanin®! to hydroxyquinoneme-
thide anions. However, it is not yet known in most cases
whether these reactions also play a role in the wound-acti-
vated chemical defence.

Lipid peroxidation: In general, eukaryotic organisms re-
spond upon wounding not only by activation of hydrolysing
enzymes but also by activation of lipoxygenases.*” These
enzymes usually oxidise unsaturated fatty acids to hydroper-
oxy fatty acids which are then converted to a variety of deg-
radation products.’*?

Fungi possess a typical mushroom lipoxygenase which oxi-
dises linoleic acid (55) upon injury to (8E,12Z,105)-10-hy-
droperoxy-8,12-octadecadienoic acid (56).%* The latter then
suffers enzymatic cleavage to (3R)-1-octen-3-ol (57) and
(8FE)-10-0x0-8-decenoic acid (58) (Scheme 9).* The sub-

/W:VWCOZH
linoleic acid (55)

10-lipoxygenase
OOH
T TS SO
(8E,122,10S)-hydroperoxy-8,12-octadecadienoic acid (56)
oH |
/\/\/’\70HC/W\/\/COZH

(3R)-1-octen-3-0l (57)  (8E)-10-ox0-8-decenoic acid (58)

Scheme 9. Generation of (3R)-1-octen-3-ol by lipid peroxidation in mush-
rooms.

strate for the lipoxygenase, linoleic acid (55), is generated
from lipids upon wounding by the activation of hydrolases.

(3R)-1-Octen-3-ol (57) has been found in many mush-
rooms™ and is responsible for the typical odour of fresh
fruiting bodies.™ Upon injury of fruiting bodies the odour
intensifies, since the production of 57 increases dramatical-
Iy, 51

(8E)-10-Ox0-8-decenoic acid (58), possessing an o,-unsa-
turated aldehyde moiety, was also detected in increased
amounts after the wounding of mushrooms, such as Maras-
mius oreades, Cantharellus tubaeformis or Lepista nebula-
ris.1 (8F)-10-Oxo-8-decenoic (58) seems to stimulate the
stipe elongation and the mycelial growth of Agaricus bispo-
rus,® while both (3R)-1-octen-3-ol and (8E)-10-oxo-8-dece-
noic acid also exhibit antifungal activities for instance
against mycelia of Penicillium expansum™) indicating that
these compounds might play a role in the wound-activated
chemical defence of mushrooms.

Despite the fact that numerous volatiles derived from
plants—which are often either lipid peroxidation products
or terpenoid compounds—serve defence purposes,™ there
have only been a few investigations on the ecological role of
volatiles detected in mushrooms. For instance, (3R)-1-octen-
3-ol seems to attract certain wood-living beetles.”"
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Induced chemical defence is usually associated either with
the de novo synthesis or a drastic increase in the production
of constitutive defence compounds. In contrast to a wound-
activated chemical defence which instantly activates en-
zymes in order to convert a precursor to the corresponding
defence compound, in an induced defence mechanism the
response often takes several hours, since it involves signal
transduction leading to the activation of genes and an induc-
tion of the de novo biosynthesis of a defence compound. An
induced chemical defence mechanism has the advantage
that the energy-consuming biosynthesis of defence com-
pounds is only initiated in response to an external danger
thus saving valuable resources which can be used for an in-
creased growth rate.

In general, induced chemical defence mechanisms can be
detected by a comparative metabolite profiling as used for
the investigation of wound-activated chemical defence strat-
egies. In contrast to a wound-activated chemical defence
mechanism, in an induced chemical defence mechanism no
precursor can be detected in an unaffected organism, but
monitoring of the metabolite pattern of the stressed organ-
ism after different periods of time shows an increase of de-
fence compounds.

Induced chemical defence is widespread in plants. Upon
wounding hormones, such as jasmonic acid,’” ethylene™
and salicylic acid® are generated and trigger induced chem-
ical defence of plants®™ by activation of genes leading to the
induction of the de novo biosynthesis of phytoalexins®! for
their chemical defence and of volatiles such as terpenes for
their communication.” Moreover, predators of herbivores
can be attracted by volatiles emitted from injured plants,
thus serving as a kind of bodyguard.¥

So far, little is known about induced chemical defence in
fungi and it has not been reported whether fungal volatiles
such as 57, which are produced upon injury, may be able to
stimulate induced chemical defence reactions. However, 57
induces defence responses in plants.”! Even the upregula-
tion of the production of constitutive defence compounds in
fungi in dependence on external stress has usually not been
investigated, thus requiring future research. However, in the
case of the strobilurins, it has been shown, that the produc-
tion of strobilurins increases significantly, if competing fungi
are present in the myecelial cultures suggesting the presence
of an induced chemical defence in the mycelium of Strobilu-
rus tenacellus.”"

Conclusion

Like plants, higher fungi have evolved a huge variety of re-
sponses to injury. Besides potent toxins as constitutive de-
fence compounds wound-activated defence mechanisms are
common in fruiting bodies of higher fungi. These are based
on the enzymatic transformation of an inactive precursor
molecule to a biological active compound. However, in the
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past wound-activated defence mechanisms have often been
overlooked, as a result of inappropriate work-up procedures
and a strong bias towards bioactive compounds, but not on
their generation or their ecological role. Hence, some more
known bioactive natural products now regarded as constitu-
tive defence compounds might turn out to be generated
only upon wounding. A consequent comparative metabolic
screening of intact and injured fruiting bodies is therefore
expected to reveal more wound-activated chemical defence
mechanisms in the future. Moreover, comparative metabolic
profiling will also contribute to the identification of new nat-
ural products.
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