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Abstract V

Mushrooms are part of the human diet since time immemorial, appreciated for their
nutritional value and especially for their delicious flavors. Hundreds of volatile organic
compounds (VOCs) have been identified in fungi contributing to the unique aroma of each
species. Generally, studies on mushroom VOCs are carried out with chopped fruiting bodies
of more or less one developmental stage. For determine fungal aromas for assessment of
the food quality this procedure might be adequate. Nonetheless, for analysis of the
biological role of fungal VOCs in context of inter alia VOC biosynthesis or fungal
communication this approach can suffer from drawbacks. First of all, damaging fruiting
bodies can lead to VOC artefacts due to cell disruption and the occurrence of unnatural
enzymatic reactions. Furthermore, fungal VOC profiles are dynamic, changing with ongoing
development. For better understanding of the biological function of fungal VOCs it is
therefore helpful to know which volatile patterns are characteristic for a certain

developmental stage.

Against this background, an approach was developed enabling on one hand the cultivation
of fungi during different developmental stages, including the growth of fruiting bodies, and
on the other hand the non-invasive analysis of VOCs in the headspace (HS) of fungal
cultures. These requirements were complied with modified crystallizing dishes for culture
purposes and a HS-SPME-GC-MS approach to analyze the VOCs. This method was applied
to analyze the volatilomes of the dikaryotic strain C. aegerita AAE-3 and four monokaryotic
offspring siblings with different fruiting phenotypes throughout ten life stages. At early
stages, in the HS of all tested strains alcohols and ketones, such as oct-1-en-3-ol,
2-methylbutan-1-ol and cyclopentanone, were the most prominent VOCs. Particularly
counting for the dikaryon, the volatilome altered with continued fruiting body
development exhibiting remarkable changes during sporulation. Here, sesquiterpenes,
especially A®-protoilludene, a-cubebene and 8-cadinene, were the most abundant VOCs in
the HS of C. aegerita AAE-3. After sporulation, the amount of sesquiterpenes decreased
along with the appearance of other VOCs including octan-3-one. In contrast, less VOCs were
present in the HS of the monokaryotic strains of which all were as well detectable in the HS
of the dikaryon. The changes of the volatiiome were the fundament for a subsequent
transcriptome analysis aiming to identify enzymes involved in fungal VOC biosynthesis,
especially regarding Cs VOC formation, which is, despite the fact that these substances are

ubiquitous found in fungi, still barely understood. The transcriptomic study was carried out
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with seven developmental stages of C. aegerita AAE-3, which during the volatilome study
exhibited interesting volatile patterns. Additionally, fruiting bodies (five stages) and
mycelia (seven stages) samples were harvested separately to get further insights about the
putative origin of the VOCs observed in the HS of C. aegerita. Combining transcriptome and
volatilome data, enzymes putatively involved in the biosynthesis of Cg oxylipins in
C. aegerita including lipoxygenases (LOXs), dioxygenases (DOXs), hydroperoxide lyases
(HPLs), alcohol dehydrogenases (ADHs) and ene-reductases could be identified. Especially
the putative DOX AAE3_13098, the putative HPLs AAE3_05330 and AAE3_09203, the
putative ADHs AAE3 00054 and AAE3 06559 as well as the putative ene-reductase
AAE3_15349 exhibit remarkable transcriptomic patterns making these enzymes highly
interesting for future characterization studies. Furthermore, the study showed that the
mycelium is probably the main source for sesquiterpenes observed during sporulation in
the HS of C. aegerita AAE-3 cultures whereas changes in the Cs profile detected in late
stages of development are probably due to the activity of enzymes located in the fruiting

bodies.
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1 Introduction

For more than 200 years, mycologists argue about which characteristics are essential for
organisms to be counted as fungi (Blackwell, 2011). Criteria used to recognize fungal
species such as phenotypic/genetic cohesion, reproductive biology or ecological cohesion
have a remarkable impact on the outcome of the question what a fungal species is
(Steenkamp et al.,, 2018). The appearance of teleomorphic and anamorphic stages,
occurring polyphyly as well as various phenotypes in the fungal kingdom, including yeasts,
molds, rusts, smuts, lichens and mushrooms, further impede the clear identification and
phylogenetic placement of fungi (Fell et al., 2000). In this regard, the invention of the
polymerase chain reaction (PCR) in the 1980s by Kary B. Mullis and his coworkers was a
milestone for fungal taxonomy (Saiki et al., 1985). In fact, the first universal primers for
categorizing organisms were designed for fungi in the early 1990s, being complementary
to conserved regions of the 18S, 5.8S and 28S rRNA genes and able to amplify the
noncoding and variable regions between them known as Internal Transcribed Spacers (ITS)
(White et al., 1990). These original ITS primers are still in wide use even though new ones
with improved coverage across diverse taxonomic groups of fungi have been developed
(Toju et al., 2012). However, taxonomic classification on basis of solely ITS sequences as
molecular marker is not adequate in general. Especially at the species level ITS sequences
can lack a clear identification. Additional molecular markers, such as hypervariable regions
within the Large Subunit (LSU) of the 28S rRNA gene (Arbefeville et al., 2017) or the
B-tubulin gene (Visagie et al., 2014), have therefore been established. Furthermore, for
certain fungal groups additional DNA barcodes, including elongation factorl alpha (TEF-1a)
of Fusarium and Trichoderma spp., the small subunit (nuSSU) and the large subunit (nuLSU)
of the nuclear ribosomal RNA operon in arbuscular mycorrhizal (AM) and in rust fungi as
well as the mitochondrial cytochrome oxidase c subunits (COX1 and COX2) for Oomycota,
were successfully applied (Lucking et al., 2020, 2021). Over the last two decades, next-
generation sequencing (NGS) has proven to be a powerful tool for the identification of new
species, especially for microscopic fungi (Wu et al., 2019). However, even with modern DNA
sequencing approaches the distinction between fungal species is not trivial because the
guestion remains what differences in DNA are adequate to account for the classification of
an organism as a new species (Hyde et al., 2020). Today, there are around 120,000

described fungal species (Hawksworth and Liicking, 2017). The estimated number of fungal
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species worldwide differ strongly, ranging between 0.72 and 13.2 million (Schmit and
Mueller, 2007; Wu et al., 2019) with an amount of 2.2 to 3.8 million species being accepted
as an quite realistic assumption (Hawksworth and Liicking, 2017; Hyde et al., 2020).
Nonetheless, the prediction of the accurate number of fungal species is more than
challenging since all extrapolations are lacking sufficient information inter alia about
populations in unstudied habitats such as rainforests, caves and deep-sea oceans or about

the ratio host to fungal species, on which many calculations are based (Hyde et al., 2020).

Closely related to the question which features are essential for a species to be called fungus
are changes during the fungal life cycle. For example, varying morphotypes, differences in
metabolome (volatile) profiles and alternations in gene expression patterns are aspects
that should also be considered for a taxonomic classification. These developmental
processes are highly complex and the mechanisms and the biological functions are hitherto

barely understood.

1.1 Life cycle of Basidiomycota (Agaricomycetes)

The fungal kingdom comprises a highly diverse clade of heterotrophic eukaryotes, all
showing unique genetic, metabolic and morphological characteristics (Naranjo-Ortiz and
Gabalddn, 2019). To tap all these properties would go beyond the scope of this work.
Therefore, the focus will be on the phylum Basidiomycota especially on the class
Agaricomycetes to which most mushrooms, including the black poplar mushroom
Cyclocybe aegerita (V. Brig.) Vizzini (syn. Agrocybe aegerita, Agrocybe cylindracea and
Pholiota aegerita), belong (James, 2015). Today, there are about 36,000 described
Agaricomycete species with fruiting bodies showing various shapes and features (Figure 1)

(Sanchez-Garcia et al., 2020).

The typical Agaricomycete life cycle starts with the germination of basidiospores and the
subsequent development of monokaryotic mycelium (primary mycelium, monokaryons)
from the appearing hyphal cells and the resulting hyphae, respectively (Kiies, 2000; de
Mattos-Shipley et al., 2016). Generally, monokaryons contain only one haploid nucleus per
hyphal cell, nonetheless in the primary mycelium of Coprinopsis cinerea cells with two or
even three nuclei were observed (Kies, 2000; de Mattos-Shipley et al., 2016).
Basidiospores from an individual fungal specimen can show genetic variation, leading to

different growth rates and phenotypes of the emerging monokaryons (Omarini et al., 2014;
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Herzog et al., 2016). In some cases, as shown for different monokaryotic C. aegerita strains,
the monokaryotic mycelium is able to produce fruiting bodies that, however, generally
differ from fruiting bodies developing from dikaryotic mycelium (secondary mycelium,
dikaryons) (Uno and Ishikawa, 1971; Stahl and Esser, 1976; Esser et al., 1979; Herzog et al.,
2016).

Fungi do not have sexes in a common sense. Instead, most Agaricomycetes, including
C. aegerita, possess a tetrapolar mating-type system consisting of the two unlinked genetic
loci A and B, resulting in various mating types (e.g. Schizophylum commune (Figure 1F) has
about 18,000 distinct mating types) (Meinhardt and Leslie, 1982; Kiies, 2015; Raudaskoski,
2015). A dikaryon is formed by hyphal fusion (called plasmogamy) of two monokaryons
with compatible mating types (Raudaskoski, 2015; de Mattos-Shipley et al., 2016). In
contrast to plants and animals, cell fusion is in most cases not accompanied by karyogamy
(fusion of the two nuclei) leading to the dikaryotic state with two distinct haploid nuclei per
cell. Normally, this state is maintained by clamp and septa formation during cell division
and ends with basidia formation in fruiting bodies (Raudaskoski, 2015; de Mattos-Shipley
et al., 2016). Under certain conditions, dikaryotic mycelium can differentiate into fruiting
bodies (Dias and Brito, 2017). The formation of fruiting bodies in Agaricomycetes is one of
the most complex developmental processes in the fungal life cycle. (Sdnchez-Garcia et al.,
2020). As a first step, hyphae aggregate to form mycelial cords, developing on local spots
of the mycelium into hyphal knots due to intense branching. The hyphal knots develop
successively into fruiting body initials (secondary hyphal knots) with a size of about 1-2 mm
(Kties and Liu, 2000; Kiies et al., 2018). Cell differentiation results in the formation of bipolar
primordia basically comprising the various tissues being characteristic for mature fruiting
bodies. Subsequently, differentiated primordia develop into fruiting bodies primarily due
to cell elongation rather than cell differentiation (Kties, 2000). In mature fruiting bodies of
Basidiomycota, karyogamy and meiosis take place in the basidium, leading to the formation
of basidiospores that are released during sporulation and marking the beginning of a new

life cycle (Oberwinkler, 1982).
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Figure 1: Examples of fruiting bodies of different Agaricomycetes. A: Pleurotus ostreatus, B: Craterellus
tubaeformis, C: Flammulina velutipes, D: Sparassis crispa, E: Amanita muscaria, F: Schizophyllum commune,
G: Stropharia aeruginosa, H: Laetiporus sulphureus, |: Boletus edulis; Photos: Axel Orban.

The fruiting process is regulated by environmental factors, e.g. light induction and low
concentrations of CO; have been proven to be necessary for proper fruiting body
development (Turner, 1977; Wessels, 1993; Kinugawa et al., 1994; Kies and Navarro-
Gonzalez, 2015). Additionally, several gene deletion studies on inter alia C. cinerea and
S. commune have proven that certain genes are essential for the fruiting process
(Fernandez Espinar and Labarere, 1997; Muraguchi and Kamada, 1998; Murata et al., 1998;
Santos and Labarére, 1999; Sirand-Pugnet and Labarere, 2002; Sirand-Pugnet et al., 2003;
Arima et al., 2004; Terashima et al., 2005; Liu et al., 2006; Muraguchi et al., 2008; Kamada
et al., 2010; Kuratani et al., 2010; Ohm et al., 2011; Knabe et al., 2013; Ohm et al., 2013;
Pelkmans et al., 2017). For instance, the deletion of the transcriptional factor the deletion
of HOM1 and GAT1 results in the development of several small fruiting bodies with an odd

shape compared to the wild type (Ohm et al., 2011; Pelkmans et al., 2017). Besides
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morphological changes during fruiting body development, the odor as a result of released
volatile organic compounds (VOCs) is an important characteristic of different fungal

species.

1.2 Volatile organic compounds (VOCs) of fungi

Since ancient times, mushrooms are viewed as a worthwhile food favored for their health
and nutritional benefits as well as for their unique and delicious flavors. More than 300
distinct fungal VOCs have been identified so far, many being aroma active compounds
(reviewed in (Dickschat, 2017)). The investigation of the diverse fungal VOCs requires
different approaches often including the analysis by means of gas chromatography coupled
with mass spectrometry and olfactometry (GC-MS-0) and extraction methods such as
solvent extraction or solid-phase microextraction (SPME) (reviewed in (Orban et al., 2019)).
Even today, odorants are frequently used for mushroom species identification and play a
role in fungal chemotaxonomy (Malheiro et al., 2013; Mller et al., 2013). In fact, for some
mushrooms the characteristic odor impression dictated the naming of the species. For
example, the intense, anise-like flavor of the aniseed toadstool is not only reflected by its
common name but is also expressed in the Latin name Clitocybe odora (Rapior et al., 2002).
Furthermore, Mycetinis alliaceus (Latin: allium = garlic; aceous = like) reveals a pronounced
garlic smell (Rapior et al., 1997) and the Latin name Lactarius deliciosus given to the saffron

milk cap indicates the pleasant taste of this mushroom.

Although the flavor for each fungal species is unique, mushrooms can be classified in four
groups accordingly to which VOCs contributes most to the aroma profile. The first group
consists of fungi with flavors dominated by Cg oxylipins such as oct-1-en-3-ol, octan-3-one,
oct-1-en-3-one, octan-3-ol and octanal. In the button mushroom Agaricus bisporus,
oct-1-en-3-ol is the most abundant Cs VOC contributing to a flavor perceived as ‘typical’ for
mushrooms (Cruz et al., 1997; Venkateshwarlu et al., 1999), whereas fruiting bodies of
C. aegerita contain octan-3-one as the most dominant Csderivate (Rapior et al., 1998; Costa
et al.,, 2015). A second group harbors fungi with high volatile terpenoid content. The
cedarwood waxcap Hygrophorus russocoriaceus belongs to this cohort with fruiting bodies
emitting a woody and cedar-like odor due to the presence of sesquiterpenes including
a-longipinene, B-chamigrene and B-himachalene (Ouzouni et al., 2009). A third class

consists of fungi with volatilomes dominated by sulfur containing VOCs. A famous member
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of this group is the shiitake mushroom Lentinula edodes, which is highly appreciated for its
intense aroma in China and Japan. Especially in dried form, the characteristic sulfurous odor
develops, caused by inter alia lenthionine (1,2,3,5,6-pentathiepane), 1,2,4-trithiolane,
1,2,4,6-tetrathiepane, 1,2,3,4,5,6-hexathiepane, methanethiol, dimethyl disulfide and
dimethyl trisulfide (Morita and Kobayashi, 1967; Chen and Ho, 1986). Fungi emitting an
anise- or bitter almond-like odor can be classified as a fourth group. Some Agaricus species
such as A. essetti and A. augustus as well as other fungi including C. odora,
Lentinellus cochleatus and Gloeophyllum odoratum are part of this latter group owing their
aroma VOCs like p-anisaldehyde, methyl p-anisate, benzaldehyde and benzyl alcohol

(Wood et al., 1990; Rosecke and Konig, 2000; Rapior et al., 2002).

Not only is the species of particular importance regarding the flavor composition of fungi.
Different fungal morphological structures such as mycelia and fruiting bodies or various
parts of a structure e.g. pileus, gills and stipe of mushrooms might also differ in their VOC
composition. For example, in stipes and the pileus of the pine-mushroom
Tricholoma matsutake VOCs like hexanal, linalool and 3-octanol contribute differently to
the overall odor impression (Cho et al.,, 2008). Furthermore, in stipes of A. bisporus
oct-1-en-3-one was detected whereas in gills and skin of the fruiting bodies this VOC was
not found (Combet et al., 2009). Additionally, recent volatilome and transcriptome studies
on C. gegerita revealed that the mycelium rather than fruiting bodies might be the source
of various sesquiterpenes observed in the HS of C. aegerita during sporulation (Orban et
al., 2021). This indicates a so far barely understood communication between fruiting bodies
and the mycelium and explains why sesquiterpenes were not found in fruiting bodies of

C. aegerita (Rapior et al., 1998; Kleofas et al., 2014; Costa et al., 2015).

Beside variances of VOC composition in different parts of the fungus, biosynthesis of VOCs
seems to be time dependent and volatile profiles of fungi alters with different
developmental stages. For C. aegerita, Cs volatile and sesquiterpene profiles changed
during development, fruiting body formation and sporulation (Orban et al.,, 2020).
Interestingly, certain VOC patterns noticed in the HS of C. aegerita, inter alia the release of
sesquiterpenes during sporulation, was also confirmed for other fungal species. Studies on
VOCs produced by C. cinerea cultures during development from mycelium stage until

autolysis showed a tight connection between the appearance of sesquiterpenes and
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fruiting body development (Chaisaena, 2009; Thakeow, 2008). The concentration of
sesquiterpenes such as B-himachalene and cuparene increased along with stipe elongation
and autolysis, during which most spores are released (Kiies, 2000). In an early study, Faldt
et al. (1999) investigated VOCs emitted by the bracket fungi Fomitopsis pinicola and
Fomes fomentarius. Therefore, they enclosed fruiting bodies growing on trunks with plastic
bags and used a dynamic HS approach as well as SPME-GC-MS to analyze VOCs produced
by these fungi. During sporulation, an increase of sesquiterpenes, inter alia

A%-protoilludene, in the HS of both species was observed.

Additionally, alternations of the Cg profile during fungal maturation have been investigated
for several species. Wu et al. (2005) analyzed the VOCs in young and matured fruiting
bodies of Laetiporus sulphureus. Young fruiting bodies offered a pleasant fungal odor with
five key aroma compounds, among them oct-1-en-3-one and oct-1-en-3-ol. Aged
specimens on the other hand revealed four characteristic odorous compounds, inter alia
2-methylpropanoic acid, contributing to a repelling scent and only traces of oct-1-en-3-ol
were detected. Cho et al. (2006) investigated the differences in VOCs of T. matsutake
according to four different grades. Young fruiting bodies displayed lower amounts of Csg
VOGCs, including oct-1-en-3-ol and octan-3-one, compared to older specimens. Comparable
results for the oct-1-en-3-ol content were found in the straw mushroom
Volvariella volvacea (Mau et al., 1997). Tasaki et al. (2019) studied the changes of the
oct-1-en-3-ol content in the oyster mushroom Pleurotus ostreatus (Figure 1A) during
different developmental stages. Similar to C. aegerita (Orban et al., 2020), the oct-1-en-3-ol
content decreased from the mycelium stage to primordium stage and increased thereafter.
The highest amount was determined in mature fruiting bodies and decreased with further
aging. Cruz et al. (1997) reported comparable results for the oct-1-en-3-ol concentration in
two strains of A. bisporus. In fruiting bodies of both strains, the oct-1-en-3-ol as well as the
octan-3-one content increased from the button stage, peaked at the medium stage and
decreased remarkable at the last mature stage. These three stages were designated 2, 3,
and 7, respectively, in the classification of Hammond and Nichols (1975). Combet et al.
(2009) also investigated the VOCs of fruiting bodies of A. bisporus using SPME-GC-MS to
compare the stages 1-7 (Hammond and Nichols (1975) classification). The highest amounts

of oct-1-en-3-ol and octan-3-one were found in stage 1, which drastically decreased at
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stage 2 and thereafter showed a development similar to the one described by

Cruz et al. (1997).

Overall, the examples above illustrate that fungal volatilomes are species-dependent and
dynamic, showing interesting changes during different developmental stages. However,

the question remains which biological role VOCs play in fungi and why VOCs profiles alter.

1.3 Biological function of fungal VOCs

In contrast to several animals, fungi are lacking the ability to communicate by sound.
Instead, VOCs in fungi seems to play an important role as infochemicals, meaning
substances that are involved in intra- or interspecific biological communication (reviewed
in (Holighaus and Rohlfs, 2019; Kiies et al., 2018)). As mentioned above, Cs VOCs are typical
compounds found in fungi and, therefore, it is not surprising that these substances might
be involved in fungal communication. Several studies demonstrated that Cs VOCs have an
influence on the behavior of invertebrates and might have an important function as
infochemicals (reviewed in (Holighaus and Rohlfs, 2019)). Generally, invertebrates show
two different types of behavioral responses regarding Cs VOCs and other volatile
infochemicals: attracting/arresting and repelling/avoiding. Invertebrates being attracted to
fungi can be grouped in specialists with a focus on one or a few fungal species or in
generalists drawn to various species. Fungi are attractive for invertebrates for several
reasons. Fruiting bodies offer a valuable source for direct feeding or can be perfect places
for oviposition, providing stable conditions, protection and food for the brood (Kiies et al.,
2018). A repelling effect might protect the fungus of unwanted damage from fungivore
insects. However, fungi might also benefit from attracting invertebrates using them as
spore distributors or from luring predatory insects feeding on fungivore invertebrates
(Holighaus and Rohlfs, 2019).

Interestingly, despite being ubiquitously found in fungi, it seems that Cs VOCs are not only
signals for invertebrates living on diverse fungal species but also for specialized ones. There
are several reasons why Cs VOCs may have a function as specific signals. An important
precondition is of course that invertebrates perceive these substances. In this context, a
study conducted by Hallem and Carlson (2006) is of special interest, dealing with odorant
receptor responses of Drosophila to over 100 substances including the Cs VOCs

oct-1-en-3-ol and octan-1-ol. Of the 24 receptors present in Drosophila, twelve were
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triggered by oct-1-en-3-ol and ten by octan-1-ol, partially showing a distinctive pattern
regarding the type of response (excitatory or inhibitory) or the signal strength. This
combinatorial coding could be one of the keys giving invertebrates the ability to distinguish
between various Cg VOCs and leading to individual responses (Hallem and Carlson, 2006).
Furthermore, the effect of a substance on invertebrate behavior might be concentration
dependent. Low concentrations of oct-1-en-3-ol have proven to be an attractant for the
grain beetle Cryptolestes ferrugineus, whereas high amounts showed a repellent effect
(Pierce et al., 1991). However, these kind of behavioral studies have the tendency to use
unnatural high concentrations of VOCs, questioning the actual relevance of such results for
natural systems (Kies et al., 2018). Invertebrates have developed several additional
strategies to discriminate between Cs VOCs maybe enabling them to select the preferred
fungal species. This includes the ability of some species to distinguish Cg enantiomers,
having different preferences depending on sex (Faldt et al., 1999) and life stage (Holighaus
and Rohlfs, 2019). In this context, a study on the beetle Cis boleti preferring fungi from the
genus Trametes including Trametes gibbosa as hosts is of special interest. In behavioral
tests, female beetles were attracted to the (S)-enantiomer of oct-1-en-3-ol at ten time
lower concentrations than male beetles (Thakeow et al., 2008). Oct-1-en-3-ol is the most
dominant VOC in the HS of T. gibbosa, showing a ratio of the (R)- and (S)-enantiomers of
937, respectively, indicating that the female beetles play a major role in the fruiting body
colonization of T. gibbosa (Thakeow et al., 2008). This might also count for other beetle and
fungi species. In fact, field experiments showed that females of the beetles
Malthodes fuscus, Anaspis marginicollis and A. rufilabris were, in contrast to their male
counterparts, attracted to traps loaded with oct-1-en-3-ol (Faldt et al., 1999). Additionally
to the mechanisms displayed by invertebrates to distinguish between Cs VOCs mentioned
above, it seems that in some cases responses are only triggered by a combination of
substances. Faldt et al. (1999) observed in their field studies that the beetle
Lordithon lunulatus, a generalist predator on fungivore insects, was only attracted to a mix
of oct-1-en-3-ol and octan-3-one and not to the single substances.

Most studies investigating Cs VOCs and there potential as infochemicals use only a few
substances, mainly oct-1-en-3-ol. Taking into account that more than thirty Cs VOCs have
been found in fungi, this group of substances is highly interesting as fungal infochemicals

(Holighaus and Rohlfs, 2019). Furthermore, other fungal VOCs have proven to function as
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putative infochemicals. Electroantennographic and behavioral experiments revealed that
several insects are able to perceive and distinguish various terpenes (de Bruyne and Baker,
2008; Thakeow et al., 2008; Drilling and Dettner, 2009; Balakrishnan K. et al., 2017; Kiies et
al., 2018). Other ways of fungi to use non-Cg VOCs for communication are outstandingly
exemplified by the fungal family Phallaceae, also known as stinkhorns. Mature stinkhorns
produce gelatinous gleba, which contains the spores and offers a foolish, fecal or carrion-
like odor. Responsible for this scent are inter alia butanoic acid, phenol, 4-methylphenol,
indole, dimethyl disulfide and dimethyl trisulfide (Chen et al., 2014; Pudil et al., 2014).,
Invertebrates, especially flies, are attracted by these substances, feed on the gleba and
disperse the spores (Sleeman et al., 1997; Tuno, 1998; Chen et al., 2014). Interestingly, the
reproduction mechanisms of some stinkhorns involving the interaction with invertebrates
seems to be more complex than a simple spreading of spores. Certain flies feed on gleba
defecate faster than feed on dung or sucrose resulting in a rapid deposition of high amounts
of spores (Sleeman et al., 1997). Additionally, Lysurus mokusin spores passing the digestive
system of Anisolabis maritima earwigs displayed significantly higher germination rates than
spores directly obtained from gleba (Chen et al., 2014).

Overall, considering the various different fungal VOCs and the several ways they can be
perceived by invertebrates the potential of volatile substances for communication
purposes is almost endless.

The question remains why volatilomes of fungi alters during different developmental
stages and, in this context, what role VOCs as infochemicals play. A hint is given by a study
of Holighaus et al. (2014), which investigated the changes in the Cs VOC composition of four
different fruiting body stages of the tinder fungus F. fomentarius and monitored the
occurrence of fungivorous beetles simultaneously. The study showed changes in the Cg VOC
profile during development accompanied by a clear alternation of the fungal beetle
community with specialized fungivores favoring earlier stages compared to generalists. The
specialist fungivore Bolitophagus reticulatus seemed to prefer the second of four tested
fungal stages with octan-3-one being the most prominent Cs compounds and avoided the
first stage with comparable high amounts of oct-1-en-3-ol. The ability of B. reticulatus to
distinguish between different Cs VOCs was further confirmed by a behavioral study
consisting of walking olfactometer preference tests revealing that B. reticulatus is attracted

by octan-3-one and repelled by oct-1-en-3-ol (Holighaus et al., 2014). The colonization of
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the fungus by different beetle species at different developmental stages might be part of
complex survival strategies coordinated by the time-dependent release of VOCs and

probably benefits the fungus and/or the insects.

Besides their role as infochemicals in interspecific communication, Cg VOCs have proven to
have an influence on biological processes in fungi. Chitarra et al. (2005) reported inhibition
of conidia germination by 4 mM oct-1-en-3-ol in Penicillium paneum whereas octan-3-one
and, less pronounced, also octan-3-ol and oct-1-en-3-ol stimulated the conidiation of
Trichoderma ssp. up to a concentration of 500 uM and 100 uM, respectively (Nemcovic et
al., 2008). Furthermore, Eastwood et al. (2013) showed that a low concentration of
oct-1-en-3-ol in the HS of A. bisporus enables the formation of hyphal knots whereas higher
concentrations (350 ppm) have an inhibitory effect. Besides the regulatory functions of Cs
VOCs, other VOCs might play important biological roles. For example, sesquiterpenes have
shown antimicrobial activity and could therefore protect fungi against other fungi or

bacteria (Ishikawa et al., 2001; Scher et al., 2004; Solis et al., 2004; Sterner et al., 1985).

Altogether, VOCs seems to be an important part of fungal communication and regulators
of developmental processes in fungi. Changes in the fungal volatilome are probably due to
the adaption of the organisms to the altering requirements coming along with varying life
stages. Nonetheless, hitherto little is known about the mode of action, the biological role

and the biosynthesis of fungal VOCs.

1.4 Biosynthesis of fungal VOCs

The various VOCs originating from fungi can be connected to several biosynthetic
pathways. Nonetheless, the formation processes are in many cases still barely understood
(Dickschat, 2017). Even for the ubiquitously present Cs VOCs, profound knowledge is still
missing. It is widely accepted that fungal (volatile) oxylipins, including Cg VOCs, are derived
from linoleic acid. However, a resilient connection of further steps in the formation process
involving lipoxygenases (LOXs), dioxygenases (DOXs), hydroperoxide lyases (HPLs), alcohol
dehydrogenases (ADHs) and ene-reductases representing the complete Cs-pathways is still
missing (Chen and Wu, 1984; Wurzenberger and Grosch, 1984a, 1984b; Wanner and Tressl,
1998; Tasaki et al., 2019) (Figure 2). LOXs are present in animals, plants, fungi and bacteria.
They are non-heme dioxygenases generally harboring iron in the active site (Oliw, 2002).

LOXs catalyze the insertion of molecular oxygen into polyunsaturated fatty acids
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comprising (2),(2)-1,4-pentadiene motives, including linoleic acid, linolenic acid and
arachidonic acid, resulting in fatty acid hydroperoxides with (2),(E)-diene configuration

(Sugio et al., 2018) (Figure 2).
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Figure 2: Putative biosynthesis pathways of chosen oxylipins derived from linoleic acid (Orban et al., 2021).

Compared to mammalian and plant LOXs, fungal LOXs have been scarcely studied
(Stolterfoht et al., 2019). Furthermore, investigation of fungal LOXs is mainly focused on
the phylum Ascomycota with well-studied LOXs from various species such as
Terfezia claveryi (Pérez-Gilabert et al., 2005), Thermomyces lanoginosus (Li et al., 2001),
Fusarium  oxysporum (Brodhun et al., 2013), Penicillium cammemberti,
Penicillium roqueforti (Perraud and Kermasha, 2000), Fusarium proliferatum (Bisakowski et
al., 1998) and Morchella esculenta (Bisakowski et al., 2000). In addition, Mn-LOXs with
manganese as catalytic metal have been characterized from the Ascomycota
Gaeumannomyces graminis (Su and Oliw, 1998), Magnaporthe salvinii (Wennman and
Oliw, 2013; Sugio et al., 2018), Aspergillus fumigatus (Heshof et al.,, 2014),
Fusarium oxysporum and Colletotrichum gloeosporioides (Wennman et al., 2015). In
contrast, only three LOXs from Basidiomycota are functionally characterized so far
(Kuribayashi et al., 2002; Plagemann et al., 2013; Karrer and Rihl, 2019). The C. aegerita
Lox4 is a 13-LOX exclusively producing 13-hydroperoxy-9,11-octadecadienoic acid
(13-HPOD) (Karrer and Riihl, 2019). In contrast, LOXs from Pleurotus ostreatus (Kuribayashi
et al., 2002) and Pleurotus sapidus (Plagemann et al., 2013) are able, apart from the main

product 13-HPOD, to produce small amounts of 9-hydroperoxy-10,12-octadecadienoic acid
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(9-HPOD). The role of 13-HPOD in the biosynthesis of fungal VOCs is still barely known.
Various studies excluded 13-HPOD from being a precursor of oct-1-en-3-ol (Assaf et al.,
1997; Matsui et al., 2003; Wurzenberger and Grosch, 1984b), but it seems that 13-HPOD is
a precursor of n-hexanal (Matsui et al., 2003). Nonetheless, 13-HPOD might be involved in
the synthesis of oct-1-en-3-one, which can be subsequently reduced to oct-1-en-3-ol or
octan-3-one by so far unknown ADHs or ene-reductases, respectively (Figure 2) (Chen and
Wu, 1984; Wanner and Tressl, 1998; Tasaki et al., 2019). These conversions of Cg VOCs are
a so far scarcely tapped topic with nearly no information available about regulation
processes or biological functions. Additionally, several studies linked
10-hydroperoxy-8,12-octadecadienoic acid (10-HPOD) to the formation of oct-1-en-3-ol in
fungi (Figure 2) (Wurzenberger and Grosch, 1984a, 1984b; Matsui et al., 2003; Akakabe et
al., 2005).However, no fungal 10-LOX has been found so far. Therefore, DOXs might be
involved in the biosynthesis of oct-1-en-3-ol. The fungal linoleate diol synthase (LDS) family
harbors 8-, 9- and 10-DOXs, often fused to catalytically active cytochrome P450s (CYPs).
Over twenty DOX fusion proteins from Ascomycota have been characterized so far that can
be grouped into 5,8- and 7,8-LDS, 10R-DOX-EAS (epoxy alcohol synthase), 95- and 9R-DOX-
AOS (allene oxide synthase), 85- and 8R-DOX-AOS and 10R-DOX-CYP enzymes (Brodhun et
al., 2010; Oliw, 2018, 2020). All DOX fusion proteins contain the dioxygenase domain at the
N-terminus, whereas the P450 domain, responsible for the rearrangement of the
N-terminally formed hydroperoxide fatty acid, is located at the C-terminus (Hoffmann and
Oliw, 2013). Especially 10R-DOX-CYPs are interesting for Cs VOCs formation, proven to
produce mainly 10-HPOD. Moreover, addition of linoleic acid to an extract of E. coli
containing a recombinant 10R-DOX-CYP from A. nidulans resulted in the production of
oct-1-en-3-ol, oct-2-en-1-ol, oct-2-enal and octan-3-one (Brodhun et al., 2010).
Interestingly, no DOXs from Basidiomycota have been characterized yet. This lack of
information on the biosynthetic pathway in fungi is also true for the subsequent cleavage
of fatty acid hydroperoxides. Contradictory in plants, HPLs, being responsible especially for
the formation of C6- and C9-aldehydes, have been extensively studied (Hassan et al., 2015;
Stolterfoht et al., 2019). In fungi, the role of HPLs in the biosynthesis of Cg VOCs derived
from HPODs has been proposed (Figure 2), but nothing is known about their distinct
function in fungi. However, pioneering work on the enzymatic cleavage was conducted by

Wurzenberger and Grosch (1984b) adding 9-, 10-, 12- and 13-HPOD to a protein fraction
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isolated from an extract gained from A. bisporus. Interestingly, only incubation with
10-HPOD leaded to the formation of oct-1-en-3-ol and 10-oxo-trans-8-decenoic acid
probably due to the catalytic activity of a 10-HPOD specific HPL. Other studies also suggest
an involvement of fungal HPLs in the biosynthesis of Cs VOCs (Assaf et al., 1997; Matsui et
al., 2003), but so far no fungal HPLs have been isolated and characterized. Recently, Lee et
al. (2020) attempted to elucidate fungal oct-1-en-3-ol biosynthesis using the baker’s yeast
Saccharomyces cerevisiae as an expression host for putative LOXs and a putative HPL from
T. matsutake. Addition of linoleic acid to crude protein extracts or whole cells of
S. cerevisige transformands containing various combinations of putative LOXs and the
putative HPL resulted in the formation of different amounts of oct-1-en-3-ol, varying
between 0.27 and 0.66 mg L1. However, no information about the standard variation of
oct-1-en-3-ol concentrations was given and no control experiments with non-transformed
S. cerevisiae were done. Furthermore, no tests with the purified enzymes were carried out.
Therefore, observed oct-1-en-3-ol production might originate, at least partly, from
endogenous pathways of S. cerevisiae, which itself harbors LOXs and other enzymes
putatively involved in Cg volatile formation (Bisakowski et al., 1995; Wanner and Tressl,
1998). Accordingly, it is difficult to make statements about the role of the chosen enzymes
from T. matsutake for the oct-1-en-3-ol biosynthesis. Altogether, detailed information
about Cg VOCs biosynthesis in fungi is still missing, especially for regulation processes

leading to the alternation of Cs VOCs profiles during different fungal developmental stages.

Terpenes are ubiquitous present in fungi and contribute to the unique flavor of numerous
species (reviewed in (Kramer and Abraham, 2012; Quin et al., 2014; Dickschat, 2017)). The
large diversity of terpenes is derived from only two precursors, dimethylallyl diphosphate
and isopentenyl diphosphate, which in fungi are produced from acetyl-CoA by the
mevalonate pathway (Miziorko, 2011). Condensation of these two isomers results in linear
molecules with different chain length: C10 geranyl diphosphate, C15 farnesyl diphosphate,
C20 geranylgeranyl diphosphate, C25 geranylfarnesyl diphosphate. Dephosphorylation and
cyclization reactions of these hydrocarbons, catalyzed by terpene synthases, are the origin
of the wide range of terpenes (Christianson, 2006). Additionally, modifications of terpenes
catalyzed by cytochrome P450 monooxygenases, oxidoreductases and different
transferases contribute also to the high diversity of terpenes in fungi (Quin et al., 2014). Of

these, especially monoterpenes (C10) and sesquiterpenes (C15) contribute to the
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volatilome of fungi due to the fact that diterpenes (C20) and higher terpenes exhibit a
remarkably less pronounced volatility (Dickschat, 2017). Several monoterpenes have been
identified in fungi including naturally often occurring ones like a-pinene in C. aegerita or
linalool in Lepista nuda, but also comparable rare substances like dill ether and wine
lactone from Pleurotus sapidus (Breheret et al., 1997; Trapp et al., 2019). The formation
processes of fungal sesquiterpenes are well known compared to the Cs VOC synthesis.
Sesquiterpene synthases (STSs) bind farnesyl pyrophosphate at the active site using an
Mg?* cluster consisting of three ions (Schmidt-Dannert, 2015). The metal ligands are
coordinated by an NSE/DTE and an aspartate—rich motif. The latter [D(D/E/N)XX(D/E)] can
slightly differ from the [DDXX(D/E)] motif usually found in plants (Cane and Kang, 2000;
Ashour et al., 2010; Lopez-Gallego et al., 2010; Miller and Allemann, 2011). Heterolytic
cleavage of the diphosphate group results in the formation of a carbocation being initiator
of diverse cyclization and rearrangement reactions (Schmidt-Dannert, 2015). STSs from
fungi have proven to have often a high catalytic promiscuity, leading to diverse numbers of
sesquiterpenes despite low variety of enzymes (Agger et al., 2009; Lopez-Gallego et al.,
2010; Wawrzyn et al., 2012; Quin et al., 2013; Zhang et al., 2020). Recently, Zhang et al.
(2020) showed that fungal STSs with shared conserved sequences also have common
products. For this, amino acid sequence data from over thousand putative fungal STSs were
combined with data of characterized STSs proving that bioinformatics can be a powerful
tool for the functional prediction of STSs. However, most putative STSs are still not analyzed
or do not cluster in a group with already characterized STSs. Thus, these enzymes harbor

high potential for being new STSs with hitherto unknown products (Zhang et al., 2020).

Several fungal VOCs are derived from amino acids. The Ehrlich pathway is a source of these
substances and is well studied in S. cerevisiae. In a first step, the amino group of an amino
acid, such as valine, leucine, isoleucine, tryptophan, tyrosine, phenylalanine and
methionine, is transferred to a-ketoglutarate leading to the formation of glutamate and
the corresponding a-keto acid of the amino acid. This reaction is catalyzed by different
aminotransferases. In S. cerevisiae, the transaminases Aro8 and Aro9 have proven to
accept aromatic amino acids as well as methionine and leucine as substrates, whereas
Twtl/Batl and Twt2/Bat2 shows activity regarding branched chain amino acids (Eden et
al., 1996; Kispal et al., 1996; Iraqui et al., 1998; Urrestarazu et al., 1998; Hazelwood et al.,

2008). Decarboxylation results in the formation of fusel aldehydes. Depending on the
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structure of the precursor, the reaction is catalyzed by different decarboxylases, with Aro10
being a key player showing a broad-substrate-specificity (Vuralhan et al., 2003, 2005). The
fusel aldehydes can be oxidized to fusel acids by aldehyde dehydrogenases or reduced to
fusel alcohols via alcohol dehydrogenases, including Adhl, Adh2, Adh3, Adh4 and Adh5
(Dickinson et al., 2003). These reactions are the origin of several VOCs found in
Ascomycota, e.g. 2-methylpropanal derived from valine or 2-phenylethanol with
phenylalanine as precursor. Additionally, VOCs stemmed from amino acids have also been
reported for Basidiomycota. Using 3C labelled amino acids, Lanfermann et al. (2014)
showed that L. sulphureus is able to convert isoleucine into the corresponding o-keto acid
and further to 4-hydroxy-3-methyl-2-oxopentanoic acid and finally to
3-hydroxy-4,5-dimethyl-2(5H)-furanone (sotolon), the latter being a potent aroma
compound also known to contribute to the typical aroma of lovage (Blank and Schieberle,
1993). Furthermore, the basidiomycete Bjerkandera adusta is able to convert
phenylalanine into aroma compounds such as benzaldehyde and benzyl alcohol with a
phenylalanine ammonia lyase being important for the initial reaction (Lapadatescu et al.,
2000). Recently, Zhang et al. (2018) demonstrated that L. edodes uses isoleucine as
precursor for methyl 2-methylbutanoat, with different intermediates including
2-oxo-3-methylpentanoic acid, 2-methylbutanoyl-CoA, 2-methylbutanal and
2-methylbutanoic acid being involved in the formation process. In L. edodes might be the
Ehrlich pathway, beside the postulated ‘standard’ pathway, also functional during
biosynthesis of methyl 2-methylbutanoat (Zhang et al., 2018). Additionally, the typical
sulfurous compounds from L. edodes, including lenthionine, are derived from lentinic acid,
involving a glutamyl transpeptidase and a cysteine sulfoxide lyase in the formation process
(reviewed in (Fraatz and Zorn, 2011)). Lentinic acid itself is a sulfur-containing peptide
consisting inter alia of glutamate and modified cysteine (Yasumoto et al., 1971). Kleofas et
al. (2015) observed the presence of aroma compounds derived from amino acids, such as
3-methylbutanoic acid, in dried fruiting bodies of Calocybe gambosa being not detectable
in the fresh specimens. Analysis of the amino acid and glucose content revealed that the
origin of these VOCs is probably the Ehrlich pathway.However, the source of aldehydes
present in fruiting bodies processed at high temperature might alternatively be the

Strecker degradation of corresponding amino acids (Kleofas et al., 2015).
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Overall, VOC formation in fungi involves many substances and enzymes, intertwining
several biosynthetic pathways altogether resulting in a multitude of compounds.
Identification of enzymes contributing to these processes is a challenging task and the
subsequent functional characterization of enzymes often turns out to be a time-consuming
process. In this context, de novo sequencing methods in combination with sophisticated
bioinformatics, which includes amino acid sequence alighnments of putative enzymes with
characterized ones, have been used within the experimental work of this thesis to identify

enzymes putatively involved in different VOC pathways.

1.5 Transcriptomic analysis of fungi

Functional genomics is a field of molecular biology aiming to provide knowledge about the
functions and interactions of genes and proteins (Bunnik and Le Roch, 2013). In the last two
decades, data obtained from omics approaches have given valuable insights to illuminate
these complex coherences including the analysis and interspecific comparison of genes
(comparative genomics), the expression profiles of genes (transcriptomic) and proteins
(proteomic) as well as analysis of (volatile) metabolites (metabolome/volatilome) of
organisms under certain conditions (Téllez-Téllez and Diaz-Godinez, 2019). The availability
of a sequenced and annotated genome of the analyzed species can be seen as a valuable
fundament to these approaches. For fungi, the 1.000 fungal genome project, a
collaboration of international researchers with the JGI (Joint Genome Institute), is such a
beneficial source for genetic data providing more than 1.700 fungal genomes
(https://mycocosm.jgi.doe.gov/fungi/fungi.info.html) (Grigoriev et al., 2014). NGS has
highly contributed to this large number of sequenced fungal genomes making sequencing
affordable also for smaller research groups. Most commercial NGS platforms fall under the
concept of sequencing by synthesis (SBS). SBS approaches are based on the elongation of
a DNA strand using a DNA-polymerase and the detection of the nucleotide incorporation
by fluorescence or sensing of the reaction products (Goodwin et al., 2016). Other shared
features of SBS methods for NGS approaches are (1) the fragmentation of DNA/RNA strands
prior to sequencing, (2) in case of RNA samples, the reverse transcription of RNA fragments
into cDNA, (3) the ligation of common adaptors (synthesized oligonucleotides of known
sequence) to the fragments, (4) attachment of the DNA templates to a surface using
covalently bonded oligonucleotides complementary to the adaptors and (5) amplification

of the DNA templates. The resulting multiple copies of a DNA fragment in a defined area is
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necessary for an adequate signal to noise ratio during sequencing (Goodwin et al., 2016;
Martin and Wang, 2011; McCombie et al.,, 2019). A main difference between the SBS
approaches used for NGS is the detection of the nucleotide incorporation. There are
basically two ways, (1) the direct sensing of fluorescence using cyclic reversible termination
or (2) indirect detection of reaction products resulting from nucleotide incorporation after
single nucleotide addition (Goodwin et al., 2016; McCombie et al., 2019). The first method
is closely related to the original Sanger approach using individually fluorophore labeled
nucleotides where the ribose 3'-OH group is blocked. During each cycle, a mixture of all
four nucleotides is added. The complementary nucleotide is incorporated to the elongating
strand and the fluorescence signal is detected after removal of the unbound nucleotides.
After each cycle, the fluorophore and the blocking group are cleaved off and the cycle can
be repeated. The lllumina CRT system, accounting for the largest market share of
sequencing platforms, belongs to this sequencing type (Goodwin et al., 2016; McCombie
et al., 2019). The second method uses unlabeled nucleotides and identification of the
incorporated nucleotide takes place via the occurring byproducts. Two types of this indirect
post-incorporation method are applied: (1) detection of light emitted as a result of an
enzyme cascade involving ATP sulfurylase and luciferase reacting with pyrophosphate
(released during nucleotide incorporation), APS and luciferin (applied by e.g. Roche 454) or
(2) detection of pH change due to hydrogen ions released during nucleotide incorporation
(e.g. lon Torrent) (McCombie et al., 2019). Furthermore, variations of the NGS methods,
such as the QuantSeq 3 mRNA approach, can be powerful tools for transcriptome analysis
of organisms with sequenced and annotated genomes. Focusing on the 3’ end of
polyadenylated mRNA, this method generates for each transcript only one fragment so the
number of reads can be linked directly to the number of transcripts and is therefore
proportional to the gene expression avoiding complicated coverage-based quantification
(Moll et al., 2014). Despite being cost-effective, accurate, and well established for a wide
range of analysis tools and pipelines, NGS technologies suffer from the drawback to be
limited regarding the read length, normally not exceeding 600 bp, which can cause
problems during gene assembly especially when repetitive regions are present in the DNA
sample (Amarasinghe et al., 2020; Kanwar et al., 2021). Long-read sequencing, also called
third-generation sequencing can be helpful to overcome this disadvantage. Prominent

examples for third-generation sequencing are PacBio single-molecule real-time (SMRT)
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sequencing and Oxford Nanopore Technologies’ nanopore sequencing. SMRT is a SBS based
approach using a DNA polymerase attached to the bottom of a nanoscale observation
chamber. The polymerase incorporate fluorescently labelled nucleotides and a sensor
detects in real-time fluorescence events that correspond to the addition of one specific
nucleotide enabling the sequencing of the DNA strand (Ardui et al., 2018). In contrast to
NGS, the read length is usually not limited by the size of the nucleotide fragments but
depends on the activity of the polymerase (Ardui et al., 2018). For nanopore sequencing,
the DNA is guided through biological nanopores, which are embedded in a membrane
separating two compartments, with help of an enzyme (Jain et al., 2016). An electric
potential is applied over the membrane, causing an ion current and transfer of DNA
through the pore. As the DNA passes through the pore, sensors measure changes in the ion
current, with different nucleotides causing specific patterns of current variation. The
distinct current signals can be used to infer the DNA sequence (Amarasinghe et al., 2020;
Rang et al., 2018). Long-read sequencing can commonly achieve a read length of 30 kbp or
higher offering remarkable advantages for de novo genome assembly applications
(Amarasinghe et al., 2020; Goodwin et al.,, 2016). Nonetheless, these techniques offer
lower per read accuracy than NGS approaches. Therefore, the combination of long-read
sequencing with the accuracy of additional short-read data can be used (Amarasinghe et
al., 2020). This hybrid assembly approach was also applied for the genome sequencing of

C. aegerita using lllumina and PacBio data (Gupta et al., 2018).

NGS enabled a multitude of (fungal) transcriptomic studies in recent years. Comparative
transcriptomic analysis can help to identify genes coding for enzymes that might play
distinctive roles under certain conditions by comparing two or more states with each other.
For fungi of the phylum Basidiomycota, several studies have been conducted, focusing on
gene expression during inter alia fruiting body development (Chum et al., 2008; Cheng et
al., 2013; Plaza et al., 2014; Muraguchi et al., 2015; Zhang et al., 2015; Ledn-Ramirez et al.,
2017; Song et al., 2018; Wang et al., 2018; Tong et al., 2020), mating (Erdmann et al., 2012;
Freihorst et al., 2018), mycorrhiza development (Larsen et al., 2010) and lignocellulose
degradation (Chen et al.,, 2016; Vasina et al., 2017). Transcriptomic analysis of four
developmental stages of Hypsizygus marmoreus, namely mycelial knot, mycelial
pigmentation, primordium and fruiting body, showed that the transition from the mycelial

knot stage to the mycelium pigmentation stage was associated with the upregulation of
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genes encoding for a blue light receptor, a phytochrome-like protein and a phytochrome-
related signal transduction histidine kinase (Zhang et al., 2015). In this context it is worth
mentioning that light is an important trigger for fungal development and blue light sensing
is essential for fruiting body formation (Kuratani et al., 2010; Ohm et al., 2013; Pelkmans et
al., 2017; Terashima et al., 2005; Sakamoto, 2018). Furthermore, Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis showed that genes involved in fatty acid metabolism
were upregulated in fruiting bodies compared to primordia, which is interesting because
linoleic acid serves as a precursor for Cg VOCs and changes regarding fatty acid content or
composition might also affect the fungal volatilome (Zhang et al., 2015). Recently, Song et
al. (2018) investigated the transcriptomes of a mycelium stage and mature fruiting bodies
of the dikaryotic L. edodes strain Sanjo701 using a lllumina HiSeq platform. Fiftyone genes
were designated as fruiting body-specific by comparison of transcripts from the two
developmental stages. LE_004420, coding for the isopentenyl diphosphate isomerase, was
exclusively expressed in fruiting bodies, being an important enzyme for terpene
biosynthesis including volatile terpenes. Besides looking into transcriptomic changes of one
species, it can be helpful to compare gene expression patterns among several species to
find common patterns and, therefore, getting insights about genes (proteins) of general
functionality. Recently, Krizsan et al. (2019) showed that fungi have conserved
transcriptomic signatures of fruiting body development by comparing six different
developmental stages of six Agaricomycetes. Interestingly, genes related to fungal cell wall
synthesis, oxidoreductase activity and carbohydrate metabolism were upregulated among
all species along with fruiting initiation, indicating that cell wall remodeling is a shared
feature of mushrooms during fruiting body development. Moreover, commonly
upregulated genes were associated with DNA replication, transmembrane sugar transport
and ribosome as well as lipid biosynthesis, the latter category, as mentioned above,
interestingly regarding Cs Oxylipin formation (Krizsan et al., 2019). However, many types of
genes were expressed only by certain species, harboring the potential to identify
individually regulated biosynthesis pathways. In this context of special interest is the
combination of transcriptomic data with other omics approaches such as metabolomics.
Freihorst et al. (2018) investigated changes regarding the transcriptome, proteome and
volatilome after mating of S. commune giving hints about enzymes that might be involved

in the formation of Cs VOCs. Nonetheless, a profound analysis of this subject was not
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conducted (Freihorst et al., 2018). In fact, despite harboring great potential to obtain in-
depth knowledge about VOC biosynthesis, combined transcriptomic and metabolomics

studies in fungi were barely carried out so far.

1.6 Objectives

Generally, sample preparation in studies analyzing fungal VOCs is a problematic issue. Prior
to extraction of VOCs, fruiting bodies are normally chopped or elsewise impaired, inducing
unwanted enzymatic reactions naturally not occurring in the fungus. Thus, one purpose of
this work was to establish a non-invasive method to analyze VOCs in the HS of fungal
cultures to monitor volatile profiles under nearly natural circumstances. Applying this
system, the VOCs of different developmental stages of the fungus C. aegerita AAE-3 should
be analyzed. However, triggering the fungus to form fruiting bodies and to sporulate under
laboratory conditions is not trivial. Therefore, the cultivation system should, besides
enabling an adequate extraction of VOCs, offer the right conditions, like aeration, humidity
and light, for fruiting body development. Volatilome data obtained in this non-invasive way
during different developmental stages can be a powerful tool for analyzing the formation

processes of VOCs in fungi and their biological function as e.g. infochemicals.

As described above, the biosynthetic pathways of many fungal VOCs, especially regarding
Cs VOCs, are hitherto insufficiently elucidated. To tap this neglected topic, volatilome data
should be combined with transcriptome data during different developmental stages of
C. aegerita AAE-3 to identify matching patterns between VOC profiles and gene expression
of enzymes putatively involved in the biosynthesis of the volatiles. Overall, the outcome of
this work should serve as a fundament for subsequent enzyme characterization studies and

as a guideline for a general procedure of analyzing VOC formation in fungi.

1.7 References

Agger, S., Lopez-Gallego, F., and Schmidt-Dannert, C. (2009). Diversity of sesquiterpene
synthases in the basidiomycete Coprinus cinereus. Mol. Microbiol. 72, 1181-1195.

Akakabe, Y., Matsui, K., and Kajiwara, T. (2005). Stereochemical correlation between 10-
hydroperoxyoctadecadienoic acid and 1-octen-3-ol in Lentinula edodes and Tricholoma
matsutake mushrooms. Biosci. Biotechnol. Biochem. 69, 1539-1544.

Amarasinghe, S.L.,, Su, S., Dong, X., Zappia, L., Ritchie, M.E., and Gouil, Q. (2020).
Opportunities and challenges in long-read sequencing data analysis. Genome Biol. 21, 30.



Chapter | 22

Arbefeville, S., Harris, A., and Ferrieri, P. (2017). Comparison of sequencing the D2 region
of the large subunit ribosomal RNA gene (MicroSEQ®) versus the internal transcribed
spacer (ITS) regions using two public databases for identification of common and
uncommon clinically relevant fungal species. J. Microbiol. Methods 140, 40-46.

Ardui, S., Ameur, A., Vermeesch, J.R., and Hestand, M.S. (2018). Single molecule real-time
(SMRT) sequencing comes of age: applications and utilities for medical diagnostics. Nucleic
Acids Res. 46, 2159-2168.

Arima, T., Yamamoto, M., Hirata, A., Kawano, S., and Kamada, T. (2004). The eln3 gene
involved in fruiting body morphogenesis of Coprinus cinereus encodes a putative
membrane protein with a general glycosyltransferase domain. Fungal Genet. Biol. 41, 805—
812.

Ashour, M., Wink, M., and Gershenzon, J. (2010). Biochemistry of Terpenoids:
Monoterpenes, Sesquiterpenes and Diterpenes. In Annual Plant Reviews Volume 40:
Biochemistry of Plant Secondary Metabolism, (John Wiley & Sons, Ltd), pp. 258-303.

Assaf, S., Hadar, Y., and Dosoretz, C.G. (1997). 1-Octen-3-ol and 13-hydroperoxylinoleate
are products of distinct pathways in the oxidative breakdown of linoleic acid by Pleurotus
pulmonarius. Enzyme Microb. Technol. 21, 484—-490.

Balakrishnan K., Holighaus G., WeilRbecker B., and Schiitz S. (2017). Electroantennographic
responses of red flour beetle Tribolium castaneum Herbst (Coleoptera: Tenebrionidae) to
volatile organic compounds. J. Appl. Entomol. 141, 477-486.

Bisakowski, B., Kermasha, S., and Schuepp, C. (1995). Partial purification and some
properties of lipoxygenase from Saccharomyces cerevisiae. World J. Microbiol. Biotechnol.
11,494-496.

Bisakowski, B., Kermasha, S., and Spinnler, E. (1998). Characterization of Purified
Lipoxygenase Extracts from Fusarium proliferatum. J. Agric. Food Chem. 46, 2382-2388.

Bisakowski, B., Atwal, A.S., and Kermasha, S. (2000). Characterization of lipoxygenase
activity from a partially purified enzymic extract from Morchella esculenta. Process
Biochem. 36, 1-7.

Blackwell, M. (2011). The Fungi: 1, 2, 3 ... 5.1 million species? Am. J. Bot. 98, 426—438.

Blank, I., and Schieberle, P. (1993). Analysis of the seasoning-like flavour substances of a
commercial lovage extract (Levisticum officinale Koch.). Flavour Fragr. J. 8, 191-195.

Breheret, S., Talou, T., Rapior, S., and Bessiére, J.-M. (1997). Monoterpenes in the Aromas
of Fresh Wild Mushrooms (Basidiomycetes). J. Agric. Food Chem. 45, 831-836.

Brodhun, F., Schneider, S., Goébel, C., Hornung, E., and Feussner, I. (2010). PpoC from
Aspergillus nidulans is a fusion protein with only one active haem. Biochem. J. 425, 553—
565.



Chapter | 23

Brodhun, F., Cristobal-Sarramian, A., Zabel, S., Newie, J., Hamberg, M., and Feussner, |.
(2013). An Iron 13S-Lipoxygenase with an a-Linolenic Acid Specific Hydroperoxidase
Activity from Fusarium oxysporum. PLOS ONE 8, e64919.

de Bruyne, M., and Baker, T.C. (2008). Odor Detection in Insects: Volatile Codes. J. Chem.
Ecol. 34, 882-897.

Bunnik, E.M., and Le Roch, K.G. (2013). An Introduction to Functional Genomics and
Systems Biology. Adv. Wound Care 2, 490-498.

Cane, D.E., and Kang, I. (2000). Aristolochene Synthase: Purification, Molecular Cloning,
High-Level Expression in Escherichia coli, and Characterization of the Aspergillus terreus
Cyclase. Arch. Biochem. Biophys. 376, 354-364.

Chaisaena, W. (2009). Light effects on fruiting body development of wildtype in comparison
to light-insensitive mutant strains of the basidiomycete Coprinopsis cinerea, grazing of
mites (Tyrophagus putrescentiae) on the strains and production of volatile organic
compounds during fruiting body development. PhD thesis, University of Gottingen,
Gottingen, Germany. https://ediss.uni-goettingen.de/handle/11858/00-1735-0000-0006-
B11E-F

Chen, C.C., and Ho, C.T. (1986). Identification of sulfurous compounds of Shiitake
mushroom (Lentinus edodes Sing.). J. Agric. Food Chem. 34, 830—833.

Chen, C.C.,, and Wu, C.M. (1984). Studies on the enzymic reduction of 1-octen-3-one in
mushroom (Agaricus bisporus). J. Agric. Food Chem. 32, 1342-1344.

Chen, G., Zhang, R.-R,, Liu, Y., and Sun, W.-B. (2014). Spore Dispersal of Fetid Lysurus
mokusin by Feces of Mycophagous Insects. J. Chem. Ecol. 40, 893-899.

Chen, L., Gong, Y., Cai, Y., Liu, W., Zhou, Y., Xiao, Y., Xu, Z,, Liu, Y., Lei, X., Wang, G., et al.
(2016). Genome Sequence of the Edible Cultivated Mushroom Lentinula edodes (Shiitake)
Reveals Insights into Lignocellulose Degradation. PLOS ONE 11, e0160336.

Cheng, C.K., Au, C.H., Wilke, S.K., Stajich, J.E., Zolan, M.E., Pukkila, P.J., and Kwan, H.S.
(2013). 5’-Serial Analysis of Gene Expression studies reveal a transcriptomic switch during
fruiting body development in Coprinopsis cinerea. BMC Genomics 14, 195.

Chitarra, G.S., Abee, T., Rombouts, F.M., and Dijksterhuis, J. (2005). 1-Octen-3-ol inhibits
conidia germination of Penicillium paneum despite of mild effects on membrane
permeability, respiration, intracellular pH, and changes the protein composition. FEMS
Microbiol. Ecol. 54, 67-75.

Cho, I.H., Choi, H.-K., and Kim, Y.-S. (2006). Difference in the Volatile Composition of Pine-
Mushrooms (Tricholoma matsutake Sing.) According to Their Grades. J. Agric. Food Chem.
54, 4820-4825.

Cho, I.H., Namgung, H.-J., Choi, H.-K., and Kim, Y.-S. (2008). Volatiles and key odorants in
the pileus and stipe of pine-mushroom (Tricholoma matsutake Sing.). Food Chem. 106, 71—
76.



Chapter | 24

Christianson, D.W. (2006). Structural Biology and Chemistry of the Terpenoid Cyclases.
Chem. Rev. 106, 3412-3442.

Chum, W.W.Y., Ng, K.T.P,, Shih, R.S.M., Au, C.H., and Kwan, H.S. (2008). Gene expression
studies of the dikaryotic mycelium and primordium of Lentinula edodes by serial analysis
of gene expression. Mycol. Res. 112, 950-964.

Combet, E., Henderson, J., Eastwood, D.C., and Burton, K.S. (2009). Influence of Sporophore
Development, Damage, Storage, and Tissue Specificity on the Enzymic Formation of
Volatiles in Mushrooms (Agaricus bisporus). J. Agric. Food Chem. 57, 3709-3717.

Costa, R., De Grazia, S., Grasso, E., and Trozzi, A. (2015). Headspace-Solid-Phase
Microextraction-Gas Chromatography as Analytical Methodology for the Determination of
Volatiles in Wild Mushrooms and Evaluation of Modifications Occurring during Storage. J.
Anal. Methods Chem. 2015, 951748.

Cruz, C., Noél-Suberville, C., and Montury, M. (1997). Fatty Acid Content and Some Flavor
Compound Release in Two Strains of Agaricus bisporus, According to Three Stages of
Development. J. Agric. Food Chem. 45, 64—67.

Dias, E.S., and Brito, M.R. de (2017). Mushrooms: Biology and Life Cycle. In Edible and
Medicinal Mushrooms, (John Wiley & Sons, Ltd), pp. 15-33.

Dickinson, J.R., Salgado, L.E.J., and Hewlins, M.J.E. (2003). The catabolism of amino acids to
long chain and complex alcohols in Saccharomyces cerevisiae. ). Biol. Chem. 278, 8028—
8034.

Dickschat, J.S. (2017). Fungal volatiles — a survey from edible mushrooms to moulds. Nat.
Prod. Rep. 34, 310-328.

Drilling, K., and Dettner, K. (2009). Electrophysiological responses of four fungivorous
coleoptera to volatiles of Trametes versicolor: implications for host selection.
Chemoecology 19, 109.

Eastwood, D.C., Herman, B., Noble, R., Dobrovin-Pennington, A., Sreenivasaprasad, S., and
Burton, K.S. (2013). Environmental regulation of reproductive phase change in Agaricus
bisporus by 1-octen-3-ol, temperature and CO2. Fungal Genet. Biol. 55, 54—66.

Eden, A., Simchen, G., and Benvenisty, N. (1996). Two yeast homologs of ECA39, a target
for c-Myc regulation, code for cytosolic and mitochondrial branched-chain amino acid
aminotransferases. J. Biol. Chem. 271, 20242-20245.

Erdmann, S., Freihorst, D., Raudaskoski, M., Schmidt-Heck, W., Jung, E.-M., Senftleben, D.,
and Kothe, E. (2012). Transcriptome and Functional Analysis of Mating in the Basidiomycete
Schizophyllum commune. Eukaryot. Cell 11, 571-589.

Esser, K., Saleh, F., and Meinhardt, F. (1979). Genetics of fruit body production in higher
basidiomycetes Il. Monokaryotic and dikaryotic fruiting in Schizophyllum commune. Curr.
Genet. 1, 85-88.



Chapter | 25

Faldt, J., Jonsell, M., Nordlander, G., and Borg-Karlson, A.-K. (1999). Volatiles of Bracket
Fungi Fomitopsis pinicola and Fomes fomentarius and Their Functions as Insect Attractants.
J. Chem. Ecol. 25, 567-590.

Fell, J.W., Boekhout, T., Fonseca, A., Scorzetti, G., and Statzell-Tallman, A. (2000).
Biodiversity and systematics of basidiomycetous yeasts as determined by large-subunit
rDNA D1/D2 domain sequence analysis. Int. J. Syst. Evol. Microbiol. 50, 1351-1371.

Fernandez Espinar, M.-T., and Labareére, J. (1997). Cloning and sequencing of the Aa-Pril
gene specifically expressed during fruiting initiation in the edible mushroom Agrocybe
aegerita, and analysis of the predicted amino-acid sequence. Curr. Genet. 32, 420-424.

Fraatz, M.A,, and Zorn, H. (2011). Fungal Flavours. In Industrial Applications, M. Hofrichter,
ed. (Berlin, Heidelberg: Springer Berlin Heidelberg), pp. 249-268.

Freihorst, D., Brunsch, M., Wirth, S., Krause, K., Kniemeyer, O., Linde, J., Kunert, M., Boland,
W., and Kothe, E. (2018). Smelling the difference: Transcriptome, proteome and volatilome
changes after mating. Fungal Genet. Biol. 112, 2-11.

Goodwin, S., McPherson, J.D., and McCombie, W.R. (2016). Coming of age: ten years of
next-generation sequencing technologies. Nat. Rev. Genet. 17, 333—-351.

Grigoriev, 1.V., Nikitin, R., Haridas, S., Kuo, A., Ohm, R., Otillar, R., Riley, R., Salamov, A.,
Zhao, X., Korzeniewski, F., et al. (2014). MycoCosm portal: gearing up for 1000 fungal
genomes. Nucleic Acids Res. 42, D699-D704.

Gupta, D.K., Riuhl, M., Mishra, B., Kleofas, V., Hofrichter, M., Herzog, R., Pecyna, M.J,,
Sharma, R., Kellner, H., Hennicke, F., et al. (2018). The genome sequence of the
commercially cultivated mushroom Agrocybe aegerita reveals a conserved repertoire of
fruiting-related genes and a versatile suite of biopolymer-degrading enzymes. BMC
Genomics 19, 48.

Hallem, E.A., and Carlson, J.R. (2006). Coding of Odors by a Receptor Repertoire. Cell 125,
143-160.

Hammond, J.B.W., and Nichols, R. (1975). Changes in respiration and soluble carbohydrates
during the post-harvest storage of mushrooms (Agaricus bisporus). J. Sci. Food Agric. 26,
835-842.

Hassan, M.N. ul, Zainal, Z., and Ismail, I. (2015). Green leaf volatiles: biosynthesis, biological
functions and their applications in biotechnology. Plant Biotechnol. J. 13, 727-739.

Hawksworth, D.L., and Licking, R. (2017). Fungal Diversity Revisited: 2.2 to 3.8 Million
Species. Microbiol. Spectr. 5.

Hazelwood, L.A., Daran, J.-M., Maris, A.J.A. van, Pronk, J.T., and Dickinson, J.R. (2008). The
Ehrlich Pathway for Fusel Alcohol Production: a Century of Research on Saccharomyces
cerevisiae Metabolism. Appl. Environ. Microbiol. 74, 2259-2266.



Chapter | 26

Herzog, R., Solovyeva, I., Rihl, M., Thines, M., and Hennicke, F. (2016). Dikaryotic fruiting
body development in a single dikaryon of Agrocybe aegerita and the spectrum of
monokaryotic fruiting types in its monokaryotic progeny. Mycol. Prog. 15, 947-957.

Heshof, R., Jylha, S., Haarmann, T., Jgrgensen, A.L.W., Dalsgaard, T.K., and de Graaff, L.H.
(2014). A novel class of fungal lipoxygenases. Appl. Microbiol. Biotechnol. 98, 1261-1270.

Hoffmann, I., and Oliw, E.H. (2013). Discovery of a linoleate 9S-dioxygenase and an allene
oxide synthase in a fusion protein of Fusarium oxysporum. J. Lipid Res. 54, 3471-3480.

Holighaus, G., and Rohlfs, M. (2019). Volatile and non-volatile fungal oxylipins in fungus-
invertebrate interactions. Fungal Ecol. 38, 28-36.

Holighaus, G., WeiBbecker, B., Fragstein, M. von, and Schiitz, S. (2014). Ubiquitous eight-
carbon volatiles of fungi are infochemicals for a specialist fungivore. Chemoecology 24, 57—
66.

Hyde, K.D., Jeewon, R., Chen, Y.-J., Bhunjun, C.S., Calabon, M.S., Jiang, H.-B., Lin, C.-G,,
Norphanphoun, C., Sysouphanthong, P., Pem, D., et al. (2020). The numbers of fungi: is the
descriptive curve flattening? Fungal Divers. 103, 219-271.

Iraqui, ., Vissers, S., Cartiaux, M., and Urrestarazu, A. (1998). Characterisation of
Saccharomyces cerevisiae ARO8 and ARQO9 genes encoding aromatic aminotransferases |
and Il reveals a new aminotransferase subfamily. Mol. Gen. Genet. MGG 257, 238-248.

Ishikawa, N.K., Fukushi, Y., Yamaji, K., Tahara, S., and Takahashi, K. (2001). Antimicrobial
Cuparene-Type Sesquiterpenes, Enokipodins C and D, from a Mycelial Culture of
Flammulina velutipes. J. Nat. Prod. 64, 932-934.

Jain, M., Olsen, H.E., Paten, B., and Akeson, M. (2016). The Oxford Nanopore MinION:
delivery of nanopore sequencing to the genomics community. Genome Biol. 17, 239.

James, T.Y. (2015). Why mushrooms have evolved to be so promiscuous: Insights from
evolutionary and ecological patterns. Fungal Biol. Rev. 29, 167-178.

Kamada, T., Sano, H., Nakazawa, T., and Nakahori, K. (2010). Regulation of fruiting body
photomorphogenesis in Coprinopsis cinerea. Fungal Genet. Biol. 47, 917-921.

Kanwar, N., Blanco, C., Chen, I.A,, and Seelig, B. (2021). PacBio sequencing output increased
through uniform and directional fivefold concatenation. Sci. Rep. 11, 18065.

Karrer, D., and RUhl, M. (2019). A new lipoxygenase from the agaric fungus Agrocybe
aegerita: Biochemical characterization and kinetic properties. PLOS ONE 14, e0218625.

Kinugawa, K., Suzuki, A., Takamatsu, Y., Kato, M., and Tanaka, K. (1994). Effects of
concentrated carbon dioxide on the fruiting of several cultivated basidiomycetes (Il).
Mycoscience 35, 345-352.

Kispal, G., Steiner, H., Court, D.A., Rolinski, B., and Lill, R. (1996). Mitochondrial and
cytosolic branched-chain amino acid transaminases from yeast, homologs of the myc
oncogene-regulated Eca39 protein. J. Biol. Chem. 271, 24458-24464.



Chapter | 27

Kleofas, V., Sommer, L., Fraatz, M.A., Zorn, H., and Rdhl, M. (2014). Fruiting Body
Production and Aroma Profile Analysis of Agrocybe aegerita Cultivated on Different
Substrates. Nat. Resour. 05, 233.

Kleofas, V., Popa, F., Niedenthal, E., Rihl, M., Kost, G., and Zorn, H. (2015). Analysis of the
volatilome of Calocybe gambosa. Mycol. Prog. 14, 93.

Knabe, N., Jung, E.-M., Freihorst, D., Hennicke, F., Horton, J.S., and Kothe, E. (2013). A
Central Role for Rasl in Morphogenesis of the Basidiomycete Schizophyllum commune.
Eukaryot. Cell 12, 941-952.

Kramer, R., and Abraham, W.-R. (2012). Volatile sesquiterpenes from fungi: what are they
good for? Phytochem. Rev. 11, 15-37.

Krizsan, K., Almasi, E., Merényi, Z., Sahu, N., Viragh, M., K6sz6, T., Mondo, S., Kiss, B., Balint,
B., Kues, U., et al. (2019). Transcriptomic atlas of mushroom development reveals
conserved genes behind complex multicellularity in fungi. Proc. Natl. Acad. Sci. 116, 7409—
7418.

Kies, U. (2000). Life history and developmental processes in the basidiomycete Coprinus
cinereus. Microbiol. Mol. Biol. Rev. MMBR 64, 316—353.

Kies, U. (2015). From two to many: Multiple mating types in Basidiomycetes. Fungal Biol.
Rev. 29, 126-166.

Kies, U., and Liu, Y. (2000). Fruiting body production in basidiomycetes. Appl. Microbiol.
Biotechnol. 54, 141-152.

Kies, U., and Navarro-Gonzalez, M. (2015). How do Agaricomycetes shape their fruiting
bodies? 1. Morphological aspects of development. Fungal Biol. Rev. 29, 63-97.

Kies, U., Khonsuntia, W., Subba, S., and Dornte, B. (2018). Volatiles in Communication of
Agaricomycetes. In Physiology and Genetics: Selected Basic and Applied Aspects, T. Anke,
and A. Schiiffler, eds. (Cham: Springer International Publishing), pp. 149-212.

Kuratani, M., Tanaka, K., Terashima, K., Muraguchi, H., Nakazawa, T., Nakahori, K., and
Kamada, T. (2010). The dst2 gene essential for photomorphogenesis of Coprinopsis cinerea
encodes a protein with a putative FAD-binding-4 domain. Fungal Genet. Biol. 47, 152—-158.

Kuribayashi, T., Kaise, H., Uno, C., Hara, T., Hayakawa, T., and Joh, T. (2002). Purification
and Characterization of Lipoxygenase from Pleurotus ostreatus. J. Agric. Food Chem. 50,
1247-1253.

Lanfermann, ., Krings, U., Schopp, S., and Berger, R.G. (2014). Isotope labelling
experiments on the formation pathway of 3-hydroxy-4,5-dimethyl-2(5H)-furanone from I-
isoleucine in cultures of Laetiporus sulphureus. Flavour Fragr. J. 29, 233-239.

Lapadatescu, C., Giniés, C., Quéré, J.-L.L., and Bonnarme, P. (2000). Novel Scheme for
Biosynthesis of Aryl Metabolites from I-Phenylalanine in the Fungus Bjerkandera adusta.
Appl. Environ. Microbiol. 66, 1517-1522.



Chapter | 28

Larsen, P.E., Trivedi, G., Sreedasyam, A,, Lu, V., Podila, G.K., and Collart, F.R. (2010). Using
Deep RNA Sequencing for the Structural Annotation of the Laccaria bicolor Mycorrhizal
Transcriptome. PLOS ONE 5, e9780.

Lee, N.-Y., Choi, D.-H., Kim, M.-G., Jeong, M.-J., Kwon, H.-J., Kim, D.-H., Kim, Y.-G., Luccio,
E., Arioka, M., Yoon, H.-J., et al. (2020). Biosynthesis of (R)-(-)-1-Octen-3-ol in Recombinant
Saccharomyces cerevisiae with Lipoxygenase-1 and Hydroperoxide Lyase Genes from
Tricholoma matsutake. J. Microbiol. Biotechnol. 30, 296—305.

Leén-Ramirez, C.G., Cabrera-Ponce, J.L., Martinez-Soto, D., Sdnchez-Arreguin, A., Aréchiga-
Carvajal, E.T., and Ruiz-Herrera, J. (2017). Transcriptomic analysis of basidiocarp
development in Ustilago maydis (DC) Cda. Fungal Genet. Biol. 101, 34-45.

Li, D.-C., Lui, Z.-W., and Lu, J. (2001). Purification and characterization of lipoxygenase from
the thermophilic fungus Thermomyces lanuginosus. Mycol. Res. 105, 190-194.

Liu, Y., Srivilai, P., Loos, S., Aebi, M., and Kiies, U. (2006). An Essential Gene for Fruiting Body
Initiation in the Basidiomycete Coprinopsis cinerea |s Homologous to Bacterial
Cyclopropane Fatty Acid Synthase Genes. Genetics 172, 873-884.

Lépez-Gallego, F., Wawrzyn, G., and Schmidt-Dannert, C. (2010). Selectivity of Fungal
Sesquiterpene Synthases: Role of the Active Site’s H-1a Loop in Catalysis. Appl. Environ.
Microbiol. 76, 7723-7733.

Lopez-Gallego, F., Agger, S.A., Pella, D.A., Distefano, M.D., and Schmidt-Dannert, C. (2010).
Sesquiterpene synthases Cop4 and Cop6 from Coprinus cinereus: Catalytic promiscuity and
cyclization of farnesyl pyrophosphate geometrical isomers. Chembiochem Eur. J. Chem.
Biol. 11, 1093-1106.

Licking, R., Aime, M.C., Robbertse, B., Miller, A.N., Ariyawansa, H.A., Aoki, T., Cardinali, G.,
Crous, P.W., Druzhinina, 1.S., Geiser, D.M., et al. (2020). Unambiguous identification of
fungi: where do we stand and how accurate and precise is fungal DNA barcoding? IMA
Fungus 11, 14.

Licking, R., Aime, M.C., Robbertse, B., Miller, A.N., Aoki, T., Ariyawansa, H.A., Cardinali, G.,
Crous, P.W., Druzhinina, |.S., Geiser, D.M., et al. (2021). Fungal taxonomy and sequence-
based nomenclature. Nat. Microbiol. 6, 540-548.

Malheiro, R., Guedes de Pinho, P., Soares, S., César da Silva Ferreira, A., and Baptista, P.
(2013). Volatile biomarkers for wild mushrooms species discrimination. Food Res. Int. 54,
186—194.

Martin, J.A., and Wang, Z. (2011). Next-generation transcriptome assembly. Nat. Rev.
Genet. 12, 671-682.

Matsui, K., SASAHARA, S., AKAKABE, Y., and KAJIWARA, T. (2003). Linoleic Acid 10-
Hydroperoxide as an Intermediate during Formation of 1-Octen-3-ol from Linoleic Acid in
Lentinus decadetes. Biosci. Biotechnol. Biochem. 67, 2280-2282.



Chapter | 29

de Mattos-Shipley, K.M.J., Ford, K.L., Alberti, F., Banks, A.M., Bailey, A.M., and Foster, G.D.
(2016). The good, the bad and the tasty: The many roles of mushrooms. Stud. Mycol. 85,
125-157.

Mau, J.-L., Chyau, C.-C., Li, J.-Y., and Tseng, Y.-H. (1997). Flavor Compounds in Straw
Mushrooms Volvariella volvacea Harvested at Different Stages of Maturity. J. Agric. Food
Chem. 45, 4726—-4729.

McCombie, W.R., McPherson, J.D., and Mardis, E.R. (2019). Next-Generation Sequencing
Technologies. Cold Spring Harb. Perspect. Med. 9, a036798.

Meinhardt, F., and Leslie, J.F. (1982). Mating types of Agrocybe aegerita. Curr. Genet. 5,
65-68.

Miller, D.J., and Allemann, R.K. (2011). Sesquiterpene synthases: Passive catalysts or active
players? Nat. Prod. Rep. 29, 60-71.

Miziorko, H.M. (2011). ENZYMES OF THE MEVALONATE PATHWAY OF ISOPRENOID
BIOSYNTHESIS. Arch. Biochem. Biophys. 505, 131-143.

Moll, P., Ante, M., Seitz, A., and Reda, T. (2014). QuantSeq 3’ mRNA sequencing for RNA
guantification. Nat. Methods 11, i—iii.

Morita, K., and Kobayashi, S. (1967). Isolation, structure, and synthesis of lenthionine and
its analogs. Chem. Pharm. Bull. (Tokyo) 15, 988-993.

Miiller, A., Faubert, P., Hagen, M., Castell, W., Polle, A., Schnitzler, J.-P., and Rosenkranz,
M. (2013). Volatile profiles of fungi — Chemotyping of species and ecological functions.
Fungal Genet. Biol. FG B 54.

Muraguchi, H., and Kamada, T. (1998). The ich1 gene of the mushroom Coprinus cinereus
is essential for pileus formation in fruiting. Development 125, 3133-3141.

Muraguchi, H., Fujita, T., Kishibe, Y., Konno, K., Ueda, N., Nakahori, K., Yanagi, S.0., and
Kamada, T. (2008). The expl gene essential for pileus expansion and autolysis of the inky
cap mushroom Coprinopsis cinerea (Coprinus cinereus) encodes an HMG protein. Fungal
Genet. Biol. 45, 890-896.

Muraguchi, H., Umezawa, K., Niikura, M., Yoshida, M., Kozaki, T., Ishii, K., Sakai, K., Shimizu,
M., Nakahori, K., Sakamoto, Y., et al. (2015). Strand-Specific RNA-Seq Analyses of Fruiting
Body Development in Coprinopsis cinerea. PLOS ONE 10, e0141586.

Murata, Y., Fujii, M., Zolan, M.E., and Kamada, T. (1998). Molecular analysis of pccl, a gene
that leads to A-regulated sexual morphogenesis in Coprinus cinereus. Genetics 149, 1753—
1761.

Naranjo-Ortiz, M.A., and Gabaldén, T. (2019). Fungal evolution: diversity, taxonomy and
phylogeny of the Fungi. Biol. Rev. 94, 2101-2137.

Nemcovi¢, M., Jakubikovd, L., Viden, I., and Farkas, V. (2008). Induction of conidiation by
endogenous volatile compounds in Trichoderma spp. FEMS Microbiol. Lett. 284, 231-236.



Chapter | 30

Oberwinkler, F. (1982). The Significance of the Morphology of the Basidium in the
Phylogeny of Basidiomycetes. In Basidium and Basidiocarp: Evolution, Cytology, Function,
and Development, K. Wells, and E.K. Wells, eds. (New York, NY: Springer), pp. 9-35.

Ohm, R.A., de Jong, J.F.,, de Bekker, C., Wosten, H.A.B.,, and Lugones, L.G. (2011).
Transcription factor genes of Schizophyllum commune involved in regulation of mushroom
formation. Mol. Microbiol. 81, 1433-1445.

Ohm, R.A., Aerts, D., Wosten, H.A.B., and Lugones, L.G. (2013). The blue light receptor
complex WC-1/2 of Schizophyllum commune is involved in mushroom formation and
protection against phototoxicity. Environ. Microbiol. 15, 943-955.

Oliw, E.H. (2002). Plant and fungal lipoxygenases. Prostaglandins Other Lipid Mediat. 68—
69, 313-323.

Oliw, E.H. (2018). Polyunsaturated C-18 fatty acids derivatized with Gly and lle as an
additional tool for studies of the catalytic evolution of fungal 8-and 9-dioxygenases.
Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 1863, 1378-1387.

Oliw, E.H. (2020). Linoleate diol synthase related enzymes of the human pathogens
Histoplasma capsulatum and Blastomyces dermatitidis. Arch. Biochem. Biophys. 696,
108669.

Omarini, A.B., Plagemann, I., Schimanski, S., Krings, U., and Berger, R.G. (2014). Crosses
between monokaryons of Pleurotus sapidus or Pleurotus florida show an improved
biotransformation of (+)-valencene to (+)-nootkatone. Bioresour. Technol. 171, 113-119.

Orban, A., Fraatz, M.A., and Rihl, M. (2019). Aroma Profile Analyses of Filamentous Fungi
Cultivated on Solid Substrates. In Solid State Fermentation: Research and Industrial
Applications, S. Steudler, A. Werner, and J.J. Cheng, eds. (Cham: Springer International
Publishing), pp. 85-107.

Orban, A., Hennicke, F., and Rahl, M. (2020). Volatilomes of Cyclocybe aegerita during
different stages of monokaryotic and dikaryotic fruiting. Biol. Chem. 401, 995-1004.

Orban, A., Weber, A., Herzog, R., Hennicke, F., and Rahl, M. (2021). Transcriptome of
different fruiting stages in the cultivated mushroom Cyclocybe aegerita suggests a complex
regulation of fruiting and reveals enzymes putatively involved in fungal oxylipin
biosynthesis. BMC Genomics 22, 324.

Ouzouni, P.K., Koller, W.-D., Badeka, A.V., and Riganakos, K.A. (2009). Volatile compounds
from the fruiting bodies of three Hygrophorus mushroom species from Northern Greece.
Int. J. Food Sci. Technol. 44, 854—859.

Pelkmans, J.F., Patil, M.B., Gehrmann, T., Reinders, M.J.T., Wosten, H.A.B., and Lugones,
L.G. (2017). Transcription factors of Schizophyllum commune involved in mushroom
formation and modulation of vegetative growth. Sci. Rep. 7, 310.



Chapter | 31

Pérez-Gilabert, M., Sanchez-Felipe, |., and Garcia-Carmona, F. (2005). Purification and
Partial Characterization of Lipoxygenase from Desert Truffle (Terfezia claveryi Chatin)
Ascocarps. J. Agric. Food Chem. 53, 3666—-3671.

Perraud, X., and Kermasha, S. (2000). Characterization of lipoxygenase extracts from
Penicillum sp. J. Am. Oil Chem. Soc. 77, 335-342.

Pierce, A.M., Pierce, H.D., Borden, J.H., and Oehlschlager, A.C. (1991). Fungal volatiles:
Semiochemicals for stored-product beetles (Coleoptera: Cucujidae). J. Chem. Ecol. 17, 581—
597.

Plagemann, |., Zelena, K., Arendt, P., Ringel, P.D., Krings, U., and Berger, R.G. (2013).
LOXPsal, the first recombinant lipoxygenase from a basidiomycete fungus. J. Mol. Catal. B
Enzym. 87, 99-104.

Plaza, D.F.,, Lin, C.-W., van der Velden, N.S.J., Aebi, M., and Kiinzler, M. (2014). Comparative
transcriptomics of the model mushroom Coprinopsis cinerea reveals tissue-specific
armories and a conserved circuitry for sexual development. BMC Genomics 15, 492.

Pudil, F., Uvira, R., and Janda, V. (2014). VOLATILE COMPOUNDS IN STINKHORN (PHALLUS
IMPUDICUS L. EX PERS.) AT DIFFERENT STAGES OF GROWTH. Eur. Sci. J. ESJ 10.

Quin, M.B., Flynn, C.M., Wawrzyn, G.T., Choudhary, S., and Schmidt-Dannert, C. (2013).
Mushroom hunting using bioinformatics: Application of a predictive framework facilitates
the selective identification of sesquiterpene synthases in Basidiomycota. Chembiochem
Eur. J. Chem. Biol. 14, 2480-2491.

Quin, M.B., Flynn, C.M., and Schmidt-Dannert, C. (2014). Traversing the fungal terpenome.
Nat. Prod. Rep. 31, 1449-1473.

Rang, F.J., Kloosterman, W.P., and de Ridder, J. (2018). From squiggle to basepair:
computational approaches for improving nanopore sequencing read accuracy. Genome
Biol. 19, 90.

Rapior, S., Breheret, S., Talou, T., and Bessiére, J.-M. (1997). Volatile Flavor Constituents of
Fresh Marasmius alliaceus (Garlic Marasmius). J. Agric. Food Chem. 45, 820-825.

Rapior, S., Breheret, S., Talou, T., Pelissier, Y., Milhau, M., and Bessiere, J.M. (1998). Volatile
components of fresh Agrocybe aegerita and Tricholoma sulfureum. Cryptogam. Mycol. 19,
15-23.

Rapior, S., Breheret, S., Talou, T., Pélissier, Y., and Bessiére, J.-M. (2002). The anise-like odor
of Clitocybe odora, Lentinellus cochleatus and Agaricus essettei. Mycologia 94, 373-376.

Raudaskoski, M. (2015). Mating-type genes and hyphal fusions in filamentous
basidiomycetes. Fungal Biol. Rev. 29, 179-193.

Rosecke, J., and Kénig, W.A. (2000). Odorous compounds from the fungus Gloeophyllum
odoratum. Flavour Fragr. J. 15, 315-319.



Chapter | 32

Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A., and Arnheim, N.
(1985). Enzymatic amplification of beta-globin genomic sequences and restriction site
analysis for diagnosis of sickle cell anemia. Science 230, 1350-1354.

Sakamoto, Y. (2018). Influences of environmental factors on fruiting body induction,
development and maturation in mushroom-forming fungi. Fungal Biol. Rev. 32, 236-248.

Sanchez-Garcia, M., Ryberg, M., Khan, F.K., Varga, T., Nagy, L.G., and Hibbett, D.S. (2020).
Fruiting body form, not nutritional mode, is the major driver of diversification in
mushroom-forming fungi. Proc. Natl. Acad. Sci. 117, 32528-32534.

Santos, C., and Labarére, J. (1999). Aa-Pri2, a single-copy gene from Agrocybe aegerita,
specifically expressed during fruiting initiation, encodes a hydrophobin with a leucine-
zipper domain. Curr. Genet. 35, 564-570.

Scher, J.M., Speakman, J.-B., Zapp, J., and Becker, H. (2004). Bioactivity guided isolation of
antifungal compounds from the liverwort Bazzania trilobata (L.) S.F. Gray. Phytochemistry
65, 2583-2588.

Schmidt-Dannert, C. (2015). Biosynthesis of Terpenoid Natural Products in Fungi. In
Biotechnology of lIsoprenoids, J. Schrader, and J. Bohlmann, eds. (Cham: Springer
International Publishing), pp. 19-61.

Schmit, J.P., and Mueller, G.M. (2007). An estimate of the lower limit of global fungal
diversity. Biodivers. Conserv. 16, 99-111.

Sirand-Pugnet, P., and Labarére, J. (2002). Molecular characterization of the Pri3 gene
encoding a cysteine-rich protein, specifically expressed during fruiting initiation within the
Agrocybe aegerita complex. Curr. Genet. 41, 31-42.

Sirand-Pugnet, P., Santos, C., and Labarére, J. (2003). The Aa-Pri4 gene, specifically
expressed during fruiting initiation in the Agrocybe aegerita complex, contains an unusual
CT-rich leader intron within the 5’ uncoding region. Curr. Genet. 44, 124-131.

Sleeman, D.P., Jones, P., and Cronin, J.N. (1997). Investigations of an association between
the stinkhorn fungus and badger setts. J. Nat. Hist. 31, 983-992.

Solis, C., Becerra, J., Flores, C., Robledo, J., and Silva, M. (2004). ANTIBACTERIAL AND
ANTIFUNGAL TERPENES FROM Pilgerodendron uviferum (D. DON) FLORIN. J. Chil. Chem.
Soc. 49, 157-161.

Song, H.-Y., Kim, D.-H., and Kim, J.-M. (2018). Comparative transcriptome analysis of
dikaryotic mycelia and mature fruiting bodies in the edible mushroom Lentinula edodes.
Sci. Rep. 8, 1-15.

Stahl, U., and Esser, K. (1976). Genetics of fruit body production in higher basidiomycetes.
Mol. Gen. Genet. MGG 148, 183-197.

Steenkamp, E.T., Wingfield, M.J.,, McTaggart, A.R., and Wingfield, B.D. (2018). Fungal
species and their boundaries matter — Definitions, mechanisms and practical implications.
Fungal Biol. Rev. 32, 104-116.



Chapter | 33

Sterner, O., Bergman, R., Kihlberg, J., and Wickberg, B. (1985). The Sesquiterpenes of
Lactarius vellereus and Their Role in a Proposed Chemical Defense System. J. Nat. Prod. 48,
279-288.

Stolterfoht, H., Rinnofner, C., Winkler, M., and Pichler, H. (2019). Recombinant
Lipoxygenases and Hydroperoxide Lyases for the Synthesis of Green Leaf Volatiles. J. Agric.
Food Chem. 67, 13367-13392.

Su, C., and Oliw, E.H. (1998). Manganese Lipoxygenase: PURIFICATION AND
CHARACTERIZATION*. J. Biol. Chem. 273, 13072-13079.

Sugio, A., @stergaard, L.H., Matsui, K., and Takagi, S. (2018). Characterization of two fungal
lipoxygenases expressed in Aspergillus oryzae. J. Biosci. Bioeng. 126, 436—444.

Tasaki, Y., Kobayashi, D., Sato, R., Hayashi, S., and Joh, T. (2019). Variations in 1-octen-3-ol
and lipoxygenase gene expression in the oyster mushroom Pleurotus ostreatus according
to fruiting body development, tissue specificity, maturity, and postharvest storage.
Mycoscience 60, 170-176.

Téllez-Téllez, M., and Diaz-Godinez, G. (2019). Omic Tools to Study Enzyme Production from
Fungi in the Pleurotus genus. BioResources 14, 2420-2457.

Terashima, K., Yuki, K., Muraguchi, H., Akiyama, M., and Kamada, T. (2005). The dst1 Gene
Involved in Mushroom Photomorphogenesis of Coprinus cinereus Encodes a Putative
Photoreceptor for Blue Light. Genetics 171, 101-108.

Thakeow, P. (2008). Development of a Basic Biosensor System for Wood Degradation using
Volatile Organic Compounds. PhD thesis, University of Gottingen, Gottingen, Germany.
https://ediss.uni-goettingen.de/handle/11858/00-1735-0000-0006-B11D-2

Thakeow, P., Angeli, S., WeilRbecker, B., and Schiitz, S. (2008). Antennal and Behavioral
Responses of Cis boleti to Fungal Odor of Trametes gibbosa. Chem. Senses 33, 379-387.

Toju, H., Tanabe, A.S., Yamamoto, S., and Sato, H. (2012). High-Coverage ITS Primers for
the DNA-Based lIdentification of Ascomycetes and Basidiomycetes in Environmental
Samples. PLoS ONE 7, e40863.

Tong, X., Zhang, H., Wang, F., Xue, Z., Cao, J., Peng, C., and Guo, J. (2020). Comparative
transcriptome analysis revealed genes involved in the fruiting body development of
Ophiocordyceps sinensis. Peer) 8, e8379.

Trapp, T., Kirchner, T., Birk, F., Fraatz, M.A., and Zorn, H. (2019). Biosynthesis of
Stereoisomers of Dill Ether and Wine Lactone by Pleurotus sapidus. J. Agric. Food Chem.
67, 13400-13411.

Tuno, N. (1998). Spore dispersal of Dictyophora fungi (Phallaceae) by flies. Ecol. Res. 13, 7—
15.

Turner, E.M. (1977). Development of excised sporocarps of Agaricus bisporus and its
control by CO2. Trans. Br. Mycol. Soc. 69, 183-186.



Chapter | 34

Uno, I, and Ishikawa, T. (1971). Chemical and genetical control of induction of
monokaryotic fruiting bodies in Coprinus macrorhizus. Mol. Gen. Genet. MGG 113, 228
239.

Urrestarazu, A., Vissers, S., Iraqui, |., and Grenson, M. (1998). Phenylalanine- and tyrosine-
auxotrophic mutants of Saccharomyces cerevisiae impaired in transamination. Mol. Gen.
Genet. MGG 257, 230-237.

Vasina, D.V., Moiseenko, K.V., Fedorova, T.V., and Tyazhelova, T.V. (2017). Lignin-degrading
peroxidases in white-rot fungus Trametes hirsuta 072. Absolute expression quantification
of full multigene family. PLOS ONE 12, e0173813.

Venkateshwarlu, G., Chandravadana, M.V., and Tewari, R.P. (1999). Volatile flavour
components of some edible mushrooms (Basidiomycetes). Flavour Fragr. J. 14, 191-194.

Visagie, C.M., Houbraken, J., Frisvad, J.C., Hong, S.-B., Klaassen, C.H.W., Perrone, G., Seifert,
K.A., Varga, J., Yaguchi, T., and Samson, R.A. (2014). Identification and nomenclature of the
genus Penicillium. Stud. Mycol. 78, 343-371.

Vuralhan, Z., Morais, M.A., Tai, S.-L., Piper, M.D.W., and Pronk, J.T. (2003). Identification
and Characterization of Phenylpyruvate Decarboxylase Genes in Saccharomyces cerevisiae.
Appl. Environ. Microbiol. 69, 4534-4541.

Vuralhan, Z., Luttik, M.A.H., Tai, S.L., Boer, V.M., Morais, M.A., Schipper, D., Almering,
M.J.H., Kbtter, P., Dickinson, J.R., Daran, J.-M., et al. (2005). Physiological characterization
of the ARO10-dependent, broad-substrate-specificity 2-oxo acid decarboxylase activity of
Saccharomyces cerevisiae. Appl. Environ. Microbiol. 71, 3276—-3284.

Wang, Y., Zeng, X., and Liu, W. (2018). De novo transcriptomic analysis during Lentinula
edodes fruiting body growth. Gene 641, 326-334.

Wanner, P., and Tressl, R. (1998). Purification and characterization of two enone reductases
from Saccharomyces cerevisiae. Eur. ). Biochem. 255, 271-278.

Wawrzyn, G.T., Quin, M.B., Choudhary, S., Lopez-Gallego, F., and Schmidt-Dannert, C.
(2012). Draft genome of Omphalotus olearius provides a predictive framework for
sesquiterpenoid natural product biosynthesis in Basidiomycota. Chem. Biol. 19, 772-783.

Wennman, A., and Oliw, E.H. (2013). Secretion of two novel enzymes, manganese 9S-
lipoxygenase and epoxy alcohol synthase, by the rice pathogen Magnaporthe salvinii. J.
Lipid Res. 54, 762—775.

Wennman, A., Magnuson, A., Hamberg, M., and Oliw, E.H. (2015). Manganese lipoxygenase
of F. oxysporum and the structural basis for biosynthesis of distinct 11-hydroperoxy
stereoisomers. J. Lipid Res. 56, 1606—1615.

Wessels, J.G.H. (1993). Fruiting in the Higher Fungi. In Advances in Microbial Physiology,
A.H. Rose, ed. (Academic Press), pp. 147-202.



Chapter | 35

White, T.J., Bruns, T., Lee, S., and Taylor, J. (1990). AMPLIFICATION AND DIRECT
SEQUENCING OF FUNGAL RIBOSOMAL RNA GENES FOR PHYLOGENETICS. In PCR Protocols,
(Elsevier), pp. 315-322.

Wood, W.F., Watson, R.L., and Largent, D.L. (1990). The Odor of Agaricus Augustus.
Mycologia 82, 276-278.

Wou, B., Hussain, M., Zhang, W., Stadler, M., Liu, X., and Xiang, M. (2019). Current insights
into fungal species diversity and perspective on naming the environmental DNA sequences
of fungi. Mycology 10, 127-140.

Wu, S., Zorn, H., Krings, U., and Berger, R.G. (2005). Characteristic Volatiles from Young and
Aged Fruiting Bodies of Wild Polyporus sulfureus (Bull.:Fr.) Fr. J. Agric. Food Chem. 53,
4524-4528.

Wurzenberger, M., and Grosch, W. (1984a). Stereochemistry of the cleavage of the 10-
hydroperoxide isomer of linoleic acid to 1-octen-3-ol by a hydroperoxide lyase from
mushrooms (Psalliota bispora). Biochim. Biophys. Acta BBA - Lipids Lipid Metab. 795, 163—
165.

Wurzenberger, M., and Grosch, W. (1984b). The formation of 1-octen-3-ol from the 10-
hydroperoxide isomer of linoleic acid by a hydroperoxide lyase in mushrooms (Psalliota
bispora). Biochim. Biophys. Acta BBA - Lipids Lipid Metab. 794, 25-30.

Yasumoto, K., Iwami, K., and Mitsuda, H. (1971). A New Sulfur-containing Peptide from
Lentinus edodes Acting as a Precursor for Lenthionine. Agric. Biol. Chem. 35, 2059-2069.

Zhang, C., Chen, X., Orban, A., Shukal, S., Birk, F., Too, H.-P., and Rihl, M. (2020). Agrocybe
aegerita Serves As a Gateway for Identifying Sesquiterpene Biosynthetic Enzymes in Higher
Fungi. ACS Chem. Biol. 15, 1268-1277.

Zhang, J., Ren, A., Chen, H., Zhao, M., Shi, L., Chen, M., Wang, H., and Feng, Z. (2015).
Transcriptome Analysis and Its Application in Identifying Genes Associated with Fruiting
Body Development in Basidiomycete Hypsizygus marmoreus. PLOS ONE 10, e0123025.

Zhang, Y., Fraatz, M.A,, Birk, F., Rigling, M., Hammer, A., and Zorn, H. (2018). Enantiomeric
ratios of 2-methylbutanoic acid and its methyl ester: Elucidation of novel biogenetic
pathways towards (R)-methyl 2-methylbutanoate in a beverage fermented with shiitake.
Food Chem. 266, 475-482.



Chapter Il 36

Aroma Profile Analyses of Filamentous Fungi
Cultivated on Solid Substrates.

Orban, A., Fraatz, M.A., and Rihl, M.
Adv Biochem Eng Biotechnol. 2019, 169, 85-107.

DOI: 10.1007/10_2019_87



Adv Biochem Eng Biotechnol
DOI: 10.1007/10_2019_87
© Springer Nature Switzerland AG 2019

Aroma Profile Analyses of Filamentous )
Fungi Cultivated on Solid Substrates o

Axel Orban, Marco A. Fraatz, and Martin Riihl

Contents

1 Aroma Profile Analysis
1.1 Methods for Volatile Organic Compound Extraction
1.2 Detection of Volatile Compounds

2 Fungal Volatile Organic Compounds
2.1 Fungal VOC in Food Manufacturing
2.2 VOC Produced During Non-food SSF of Ascomycetes
2.3  VOC Produced During SSF of Basidiomycetes

3 Conclusion

References

Abstract Filamentous fungi have been used since centuries in the production of
food by means of solid substrate fermentation (SSF). The most applied SSF
involving fungi is the cultivation of mushrooms, e.g., on tree stumps or sawdust,
for human consumption. However, filamentous fungi are also key players during
manufacturing of several processed foods, like mold cheese, tempeh, soy sauce, and
sake. In addition to their nutritive values, these foods are widely consumed due to
their pleasant flavors. Based on the potentials of filamentous fungi to grow on solid
substrates and to produce valuable aroma compounds, in recent decades, several
studies concentrated on the production of aroma compounds with SSF, turning
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cheap agricultural wastes into valuable flavors. In this review, we focus on the
presentation of common analytical methods for volatile substances and highlight
various applications of SSF of filamentous fungi dealing with the production of
aroma compounds.
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Abbreviations

6-PP 6-Pentyl-a-pyrone

AAO Aryl alcohol oxidase(s)

ADA Aroma dilution analysis
AEDA  Aroma extract dilution analysis
CAR Carboxen

DHS Dynamic headspace

DM Dry matter

DVB Divinylbenzene

FD Flavor dilution factor
FID Flame ionization detector
GC Gas chromatography

HS Headspace

LLE Liquid-liquid extraction
MS Mass spectrometer

O Olfactometry

OAV Odor activity value

ODP Olfactory detection port

PA Polyacrylate

PDMS  Polydimethylsiloxane

PEG Polyethylene glycol

SAFE  Solvent-assisted flavor evaporation
SBSE  Stir bar sorptive extraction

SmF Submerged fermentation
SPME  Solid-phase microextraction
SSF Solid substrate fermentation
TD Thermal desorption

vVOC Volatile organic compound(s)

1 Aroma Profile Analysis

The analysis of aroma active compounds in food started in the 1960s with
the possibility to separate complex aroma mixtures by means of capillary gas
chromatography (GC) (reviewed in [1]). With this analytical method, new
possibilities arose to determine the volatile composition of a sample. Nevertheless,
the impact of each volatile organic compound (VOC) on the human nose still
remained unknown until GC-olfactometry (GC-O) entered the aroma research.
GC-O enables the correlation between a VOC and its perception using the human
nose as a detector [1-3]. In most cases, the outlet of the GC capillary column is
installed into a column flow splitter. The column flow splitter possesses two outlets
directing the gas flow into a destructive detector (e.g., flame ionization detector
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Fig. 1 GC-MS-O equipped with an autosampler and an ODP (highlighted)

(FID) or mass spectrometer (MS)) and into a nondestructive olfactory detection port
(ODP) (Fig. 1). With this equipment, it is possible to directly assign an odor
impression to an MS spectrum or FID peak, respectively [3, 4].

1.1 Methods for Volatile Organic Compound Extraction

Prior to the GC analysis, VOC have to be extracted from the analyte’s matrix.
Among others, this can be food, a plant, or a microbial culture, and the method of
extraction depends on the matrix as well as on the VOC to be analyzed.

1.1.1 Solvent Extraction

Several extraction methods for aroma analysis exist, each having different pros
and cons. This makes the decision for an optimal analytical method difficult.
Continuous extraction of volatile organic compounds from a solid matrix using a
Soxhlet extractor followed by a concentration of the extract is a basic method for
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gaining an aroma extract. In 1964, Likens and Nickerson improved this method by
inventing an apparatus for simultaneous solvent extraction and distillation, reducing
the thermal load on the sample [5]. Nevertheless, elevated temperatures during
distillation and extraction may lead to artefact formation. Thermal stress during
extraction can be overcome by using a liquid-liquid extraction (LLE). Generally, the
solid matrix is dispersed in an aqueous phase and extracted exhaustively using
an organic solvent. For an efficient extraction and the subsequent analysis, different
properties of the solvent including polarity, density, solubility, and potential
reactivity regarding the analytes have to be taken into account [5]. The disadvantage
of LLE is the often occurring concurrent extraction of nonvolatile compounds
resulting in difficulties during GC analysis. This disadvantage as well as thermal
stress can be reduced to a minimum by applying the solvent-assisted flavor
evaporation (SAFE) method. The core part of this procedure is the SAFE distillation
unit [6], which is evacuated by a high vacuum pump. The distillation starts by
dropping the sample extract into the evaporation flask. The immediately formed
vapor is transported into the distillation head, where nonvolatile compounds are
trapped. Volatile compounds condense in a sample collection flask, which is cooled
in a Dewar using liquid nitrogen [6]. Nonetheless, the demand for environment-
friendly as well as more easy and fast extraction methods led to the development of
solvent-free procedures.

1.1.2 Dynamic Headspace

One of the first dynamic headspace (DHS) systems was developed in the 1970s to
establish a routine procedure for volatile extraction and analysis by means of
GC [7]. DHS involves passing a defined flow of (inert) gas through a container
holding the sample. The VOC inside the container are carried by the steady gas flow
into a sorbent, a cryogenic container, or a solvent, where they are trapped
[8]. When the gas flow is led through a liquid sample, the method is also referred
to as “purge and trap” [9]. DHS can be conducted in a circular system by using a
closed-looped stripping apparatus, where the extraction gas flows in a closed
circuit [10, 11]. The sample might be heated, stirred, or supplemented with salts to
increase the volatility of the analytes [9, 12]. With DHS, exhaustive extraction of the
sample is possible, since the analytes are permanently removed from the headspace
(HS), and therefore no equilibrium between the matrix and the gas phase is
established [13]. In addition to the necessity to elicit the right gas flowrate, the
extraction time and temperature as well as the type of sorbent in the trap are crucial
parameters. Various trapping materials are commercially available, including acti-
vated charcoal, poly(2,6-diphenyl-p-phenylene oxide) (Tenax®), silica-based mate-
rials (Chromosorb®), carbon molecular sieves (Carboxen®), and graphitized carbon
(Carbotrap™). Traps containing different types of sorbents are used frequently in
order to achieve the extraction of a wider range of substances [14]. Depending on the
sorbent applied, desorption of the VOC can be performed with a solvent or thermally
in the GC [15]. For thermal desorption (TD) applications, Tenax® is often used due
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Fig. 2 Scheme of a laboratory installation for DHS during SSF of a fungus. MFC mass flow
controller

to its high thermostability, its low water adsorption capacity, and its low bleed
characteristic [8, 15, 16]. Nonetheless, Tenax® has some disadvantages: e.g., it has
only a small surface area, resulting in a low adsorption capacity, and it is limited to
the extraction of more nonpolar analytes because of its low affinity for polar
compounds [17].

Generally, DHS is an important extraction method for volatile compounds since it
reduces or even eliminates the need of solvents. It offers the possibility of multiple
trapping approaches as well as the usage of various sorbent materials [18]. During
solid substrate fermentation (SSF), DHS is applied in our laboratory to extract VOC
produced during the cultivation of filamentous fungi (Fig. 2).

1.1.3 Microextraction Methods SPME and SBSE

Further options for the extraction of volatile compounds comprise solid-phase
microextraction (SPME) and stir bar sorptive extraction (SBSE) [19]. SPME was
presented to the scientific world in the early 1990s as a new possibility to perform
sample extractions in a more environment-friendly way [20]. SPME is a
non-exhaustive extraction technique in which a fiber coated with sorbent materials
is exposed to the sample [20, 21]. Commercial SPME fibers often consist of fused-
silica as a carrier modified with different absorbent or adsorbent materials, including
polydimethylsiloxane (PDMS), polyethylene glycol (PEG), polyacrylate
(PA), divinylbenzene (DVB), carboxen (CAR), as well as combinations thereof
[22-24]. This diversity of available coatings makes SPME the method of choice in
a broad range of applications, such as in the food [25], aroma [26], medical [27],
environmental [28], or bioanalytical [29] sector. Extraction can be performed in the
HS by incubating the fiber in the vapor phase above the sample (Fig. 3) or by direct
immersion of the fiber into the matrix [30].

The benefits of SPME compared to LLE are the absence of solvents, the higher
sensitivity, the demand for less sample material, and a faster and convenient
handling [19, 20]. Furthermore, the entire extraction process at a specific
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Fig. 3 SPME applied
during SSF of a fungus

SPME needle

SPME fiber

solid state culture ‘

T

temperature for a given period can be conducted automatically by using GC systems
equipped with multipurpose autosamplers (Fig. 4). Nonetheless, SPME suffers from
drawbacks regarding the stability of the fiber and coating, the capacity for analytes,
and the durability in organic solvents [23, 31]. It is worth mentioning that new
materials for SPME fibers and coatings are on the rise, reducing the aforesaid
problems [22, 32].

SBSE was developed around 20 years ago as a new microextraction method
[33]. For SBSE, a magnetic stir bar, covered with a layer of sorbent material,
usually PDMS [34], is used. In contrast to SPME, the coating is 50-250 times
thicker, resulting in a higher capacity and sensitivity [35]. Extraction can be
performed in the HS above a sample or, more common, in an aqueous sample by
stirring the sample under controlled conditions [36]. The extraction process is
followed by the desorption of the analytes which can be accomplished thermally
or by rinsing the stir bar with a solvent [37]. In most SBSE GC applications, the TD
is preferred due to easier handling. TD is usually conducted at a temperature range
of 150-300°C. Compared to SPME, desorption time can be quite long, up to
15 min, due to the thicker coating of the stir bar. In this case, compounds
might desorb too slowly, leading to insufficient chromatographic separation of
the analytes. To ensure an adequate analysis, cryofocusing of the substances in
the GC inlet is necessary [37]. Cryotrapping enables quantitative transfer of the
analytes (with considerable increase in sensitivity) and minimizes chromatographic
peak width [38]. Besides the need for special equipment, during the early days of
SBSE, one drawback was that only PDMS as a coating material was commercially
available. This made the analysis less suitable for more polar compounds. In recent
years, new PEG- and PA-containing sorbents for SBSE were developed, thus
making this method attractive for a broader range of applications [39]. Besides
SPME and SBSE, further microextraction techniques like single-drop
microextraction and microextraction by packed sorbent offer solutions for a wide-
spread field of analytical problems [28, 40]. It is important to keep in mind that
every method leads to a unique aroma profile and that there is no universal
extraction technique available [41].
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Fig. 4 Automatically
performed SPME GC-MS
analysis of SSF with
filamentous fungi in 20 mL
vials (height 7.5 cm; width
2 cm)

1.2 Detection of Volatile Compounds

Generally, the identification of volatile compounds is based on retention indices
(RIs) and mass spectral analysis. RIs of the analytes obtained on two columns of
different polarity have to be compared with those of the corresponding authentic
reference compounds. In addition, the mass spectra of the analytes have to
correspond to the mass spectra of the standard substances [42, 43]. Linear Rls
modified after Kovats [44] should be calculated according to the retention times of
homologous n-alkanes by linear interpolation. Additionally, it is common to com-
pare the odor quality of the analyte with that of the authentic standard by olfactory
detection at comparable concentration levels [43]. Although single compounds can
be identified with this approach, the impact of each VOC on the overall aroma
profile is still unknown. Especially in fermented products, several hundreds of VOC
are present, i.e., more than 800 in coffee [I, 45]. To determine the compounds
representing the sample, the so-called character impact compounds, an aroma extract
dilution analysis (AEDA) using GC-O is carried out [45]. A stepwise dilution
(generally 2") of an extract is performed, and each dilution is analyzed by means
of GC-O until no compound is perceived at the ODP [45]. The highest dilution at
which a flavor compound can still be perceived is defined as the so-called flavor
dilution factor (FD) [45]. Thus, it is assumed that aroma compounds with the highest
FD factors mainly contribute to the overall aroma. By focusing on these substances,
the key odor compounds can be identified [4, 46]. In recent studies as an alternative
to AEDA, an aroma dilution analysis (ADA) is performed without the need of
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preparing an extract due to the usage of SPME or SBSE. The stepwise dilution is
achieved by adjusting the split ratio of the carrier gas flow [47, 48].

Generally, the FD factor of a VOC is meaningless concerning the impact of this
compound on the overall olfaction. For this purpose, the odor activity value (OAV)
can be determined [43]. Besides the concentration of a specific compound, the odor
threshold of a standard substance of this volatile compound has to be determined by
several panelists. The OAYV is then calculated by dividing the concentration of the
volatile compound in the sample with the determined threshold of the specific
substance. Only VOC with an OAV >1 are taken into account.

2 Fungal Volatile Organic Compounds

Higher fungi are a remarkable source of aroma compounds highly valued
by humans since ancient times: (1) mushrooms are an esteemed repository for
nutrition, appreciated for their medical benefits and their unique as well as delicious
flavors, and (2) ascomycetes, like Saccharomyces cerevisiae, are essential in food
processing, ensuring the quality and taste, e.g., in bread or beer. This review focuses
on the aroma compounds produced by filamentous fungi during SSF within various
applications. Besides the discussion on different VOC produced, the various
extraction methods used within the works listed below should depict the possibilities
of aroma analysis during SSF.

2.1 Fungal VOC in Food Manufacturing

Ascomycetes such as Aspergillus oryzae and Aspergillus sojae have been applied to
ferment soy bean, rice, and wheat to hydrolyze starch and proteins. The product of
this SSF is called koji and is used as a starter culture for subsequent fermentation of
the material into soy sauce, miso, or sake [49]. Ito et al. investigated the volatile
compounds during the production of koji for the sake manufacturing process, which
is rice fermented with A. oryzae [50]. Husked rice grains were soaked in water for
2 h, steamed for 30 min, cooled, and drained. The rice was inoculated with conidia
(asexual spores), and incubation was performed at 36°C with a relative humidity of
95%. Volatiles were extracted using a DHS system equipped with a Tenax™ trap,
desorbed via TD, and analyzed by means of GC-FID and GC-MS. In total,
17 compounds were identified, including alcohols (e.g., ethanol, 3-methyl-1-buta-
nol, butanol, oct-1-en-3-ol, and octan-1-ol), aldehydes (e.g., acetaldehyde), ketones
(e.g., acetone, butanone, and octan-3-one), and the ester ethyl acetate. Their presence
within the headspace of the active koji culture varied during cultivation. After 22 h in
the mid-log phase of the SSF, a grassy impression was dominant, whereas after 38 h,
the grassy fragrances decreased, and oct-1-en-3-ol increased resulting in the
mushroom-like odor in the stationary phase of koji making. The dependence of
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Fig.5 Surface of a 3-day-old Rhizopus oligosporus culture on soy beans (left) and cross section of
the tempeh (right); photos kindly provided by Andrea Sabbatini

VOC on the stage of koji production enables process control of SSF on the basis of
VOC analysis. This is depicted in the work of Kum et al. [51], where a soybean-
based koji paste named doenjang is produced by means of SSF over a period of
8 weeks. The authors conducted a principal component analysis of the analyzed
VOC, which revealed a distinct clustering of the calculated VOC components in
relation to the cultivation period. Another soybean-based food is the traditional East
Asian tempeh. Generally, for tempeh production, soybeans are soaked in water,
cooked, and used as solid substrate for fungal colonization by the filamentous
zygomycete Rhizopus oligosporus. After fermentation a structured matrix is formed,
known as tempeh (Fig. 5). The aroma of fresh tempeh is specified by mainly
moldy, mushroom-like, earthy, and boiled potato-like aroma compounds, such as
2-methylpropanal, oct-1-en-3-one, and 3-methylsulfanylpropanal (methional)
[52, 53]. LLE of VOC from ftempeh with subsequent SAFE and GC-MS
analysis, followed by the determination of the corresponding OAV, revealed
2-methylpropanal and oct-1-en-3-one as main aroma compounds after 1 day of
fermentation. After 5 days of fermentation, the boiled potato odor methional ensued
[53]. In a HS analysis of tempeh with Tenax® as adsorbent [54], it was not possible
to detect methional nor the typical mushroom odor oct-1-en-3-one found in liquid
extracts, but other C8 volatiles were present. Interestingly, the key aroma compound
2-methlypropanal was detected in the fermented soybeans as well as in the
non-fermented control, although in the latter only in small concentrations [54].

An SSF for food manufacturing with filamentous fungi adapted in Europe is the
production of soft cheese including camembert and blue cheese, e.g., Roquefort and
Gorgonzola. Filamentous fungi play an important role in the maturation of these
cheeses, contributing to the unique flavor, texture, and product composition
[55]. Camembert, a mold-ripened cheese originating from France, is traditionally
manufactured from raw cow milk [56]. During production, the curd is molded with
Penicillium camemberti on the surface, imparting the cheese its pronounced flavor.
Analysis of the camembert aroma was performed using solvent and static HS
extraction by means of GC-MS followed by AEDA and calculation of FD values
[57] or OAV [58]. In both works, 42 VOC were identified of which dimethy] sulfide,
methional, and especially methanethiol were key odorants of the sulfurous, garlic
note. The C8 volatiles oct-1-en-3-one and oct-1-en-3-0l contributed to the
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mushroom-like odor, whereas 3-methylbutanal could be linked to the malty scent of
the camembert, and 2-phenylethyl acetate was related to a floral bouquet of the
cheese. In contrast to the cultivation on curd, no sulfur-containing volatiles were
detected when P. camemberti was cultivated on potato dextrose agar or Czapek’s
agar [59]. Similar to the curd fermentation, C8 compounds, including oct-1-en-3-ol,
octan-3-o0l, and octan-3-one, have been extracted with a DHS device equipped with
Tenax® traps and identified in agar plate cultures. Another Penicillium species used
for blue cheese manufacturing is P. roqueforti. Similar to Camembert fabrication,
fungal conidia are either directly added to the milk or sprayed on the curd during
blue cheese production. Usually, ripening is performed for about 90 days at 10°C
and a relative humidity of at least 90% [60, 61]. P. roqueforti has a high tolerance
regarding physical parameters. It can even grow in an oxygen-poor environment
and in a broad pH range of 3—10. This enables, by adjusting suitable conditions, a
selective growth of the fungus inside the cheese [62]. During maturation, several
peptidases and lipases are expressed by P. roqueforti, leading to extensive
degradation of proteins (up to 35%) and fats [60, 63, 64]. Portions of the released
fatty acids are converted to 2-methyl ketones via oxidation to S-keto acids and a
decarboxylation step [65]. 2-Methyl ketones have a strong impact on the character-
istic aroma of blue cheese, contributing with fruity, floral, and musty notes
[66, 67]. A comparative study of 55 P. roqueforti strains, using a DHS system
with a Tenax® trap and analysis via GS-MS, resulted in the identification of 52 VOC.
Several substances known from Camembert, like sulfur compounds (e.g.,
methanethiol) and alcohols (e.g., oct-1-en-3-ol), were detected. With 50-75% of
the total volatiles, 2-methyl ketones were the most abundant analytes [61]. It is
notable that the composition of the 2-methyl ketones in the cheese depends strongly
on the stage of ripening [68], which again illustrates the growth phase-dependent
VOC production.

2.2 VOC Produced During Non-food SSF of Ascomycetes

Biotransformation of industrial side streams into valuable products, such as volatile
organic compounds, by means of fungal solid-state, respectively, solid-substrate
fermentation, is done since ages. In most cases, filamentous fungi are used for
SSF, but even yeasts have been applied on solid substrates. Rossi et al. [69] analyzed
the aroma profile of the plant pathogen Ceratocystis fimbriata cultured in SSF on
citric pulp, a residue of the citrus juice-producing industry. Citric pulp as substrate
was tested solely or supplemented with soya molasses, sugarcane molasses, soya
bran, or urea and different concentrations of saline solution (KH,PO,, CaCl,, and
MgSO,). HS analysis was performed by means of GC-FID to identify VOC
produced by the fungus. Acetaldehyde, ethanol, ethyl acetate, propyl acetate, ethyl
isobutyrate, hexan-2-one, hexan-2-ol, and 3-methylbutyl acetate were identified. The
addition of soya bran as N-source, sugarcane molasses as C-source, as well as saline
solution to the citric pulp resulted in the highest production of total volatiles.
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The amount of 3-methylbutyl acetate, a valuable banana aroma, increased 5.5-fold
compared to the citrus culture without supplementation. SSF of C. fimbriata on
cassava bagasse supplemented with either leucine or valine resulted in strong banana
aroma, which was probably due to the presence of 3-methylbutyl acetate [70]. In
contrast, SSF of cassava bagasse supplemented with urea showed a similar growth
rate, but only a slight production of VOC. The high 3-methylbutyl acetate concen-
tration in cultures supplemented with leucine might derive from an active
Ehrlich pathway, yet not known for C. fimbriata but described for the ascomycete
S. cerevisiae [71]. Here, leucine would be transformed into 3-methylbutanol,
which can be converted into 3-methylbutyl acetate by an alcohol acyltransferase
[72]. Contradictory to this assumption, valine would react via 2-methylpropanol into
2-methylpropyl ethanoate (isobutyl acetate) not detected by the authors [70]. On
coffee residues, C. fimbriata showed a different VOC pattern during SSF [73]. Cof-
fee pulp and coffee husk supplemented with glucose were used as substrates. After
inoculation with spores, the volatiles in the HS were analyzed by means of GC-FID
over a time period of 10 days. After 48 h, the highest amounts of volatile compounds
were detected. The dominant volatiles in the HS of the coffee husk and coffee
pulp samples were ethyl acetate (84.7 and 69.6%), ethanol (7.6 and 20.0%),
and acetaldehyde (2.0 and 2.1%). Esters including ethyl propionate, propyl acetate,
isobutyl acetate, ethyl isobutyrate, and ethyl butyrate contributed to the fruity odor of
the culture, but no 3-methylbutyl acetate was detected.

In addition to the impact of substrates on the composition of VOC, the cultivation
type, SSF or submerged fermentation (SmF), respectively, shaken or static cultures,
has an effect on the overall productivity of VOC, e.g., for the coconut-like aroma
compound 6-pentyl-a-pyrone (6-PP) in cultures of Trichoderma species. Kalyani
et al. compared the production of 6-PP in potato extract medium supplemented with
glucose in shaken and static cultures [74]. Over a period of 5 days, samples were
harvested every day. Aliquots of the culture supernatant were extracted with
dichloromethane, dried over sodium sulfate, concentrated, and 6-PP was
quantified with GC-FID. After 96 h, the highest 6-PP concentration of
455 mg L' was obtained in the static cultures, whereas in the shaken cultures, the
maximum amount of 187 mg L' was already reached after 48 h. In SSF cultures of
T. harzianum on sugarcane bagasse, the 6-PP concentration was even higher with
933 mg L' at the end of cultivation after 10 days [75]. The productivity of 6-PP by
T. harzianum was almost 14 times higher in SSF (171 mg L' day ') than in SmF
cultures (12.5 mg L' day™") [75]. Sugarcane bagasse was also used in several
other studies for 6-PP production. Araujo et al. screened 95 fungal isolates for
the occurrence of 6-PP [76]. One Trichoderma species showed the highest product
concentration with 3 mg 6-PP g~' dry matter (DM) after 5 days of cultivation,
accounting for approximately 940 mg 6-PP L™' of supernatant [76]. Another
Trichoderma species, T. viride, was cultivated on sugarcane bagasse for a period
of 12 days. The highest 6-PP concentration (3.6 mg g~ ' DM) was also achieved at
day 5 [77]. It is worth mentioning that the usage of 6 g sugarcane bagasse instead of
4.5 g resulted in a significant decrease in 6-PP production (1.7 mg g_1 DM).
Improvement of the cultivation conditions for 6-PP production by SSF of
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T. harzianum on green coir powder was performed by Souza Ramos et al. [78] by
altering the culture conditions regarding the composition of the supplements, the
moisture content, the amount of spores for inoculation, and the temperature. After
7 days of fermentation, the HS was analyzed with SPME (PDMS) and GC-FID. The
highest amount of 6-PP was achieved at 28°C by using per 100 g coir: 3 g sucrose,
0.24 g NaNOs, 0.18 g (NH4),S0y4, 0.1 g KH,POy, an inoculum of 2.2 x 10° spores,
and water to reach a final moisture level of 55%. The fermentation under the selected
conditions led to a six times higher 6-PP production (5.0 mg g~ ' DM) than the initial
one (0.8 mg g~ ' DM).

Another interesting fruity flavor is the pineapple odor ethyl hexanoate. Yamauchi
et al. compared the production of ethyl hexanoate in SSF of Neurospora sp. on
pregelatinized rice, wheat bran ( fusuma), corn grits, and spent grain, supplemented
with different additives [79]. Cultivation on pregelatinized rice with 5% malt broth
resulted after 2 weeks in 180 mg kg~ ' ethyl hexanoate, whereas cultures with
fusuma, corn grits, and spent grain only reached 10 mg kg~ ' or less. This SSF of
pregelatinized rice with Neurospora sp. led to a koji used for the sake production and
resulted in a fruity perception of the sake. Ethyl hexanoate is also a substantial flavor
compound in traditional Chinese liquor, obtained by distilling SSF of grains
fermented with daqu, which is a starter culture consisting of a diverse microbiome,
including inter alia Lactobacillus, Bacillus, Aspergillus, and Saccharomycopsis.
Zhang et al. [80] analyzed volatiles appearing during the fermentation process of
daqu on a mixture of sorghum, corn, wheat, and rice. Cultivation was conducted at
30°C, and samples were harvested on days 1, 10, 23, 34, 48, 59, and 70. Aromatic
esters were extracted with ethanol and quantified by GC-FID. Ethyl hexanoate firstly
appeared on day 59 (93.3 pg g ') and only slightly increased until day
70 (96.1 pg g_l). Such combinations of microorganisms can result in a diverse
pattern of VOC. A mixture of orange pulp molasses, potato pulp, whey, brewer’s
spent grain, and malt spent rootlets was fermented by a kefir community consisting
of symbiotic consortia of fungi and bacteria [81]. Volatiles in the HS of these
cultures were extracted with SPME and identified using GC-MS. In the HS of
kefir cultures, the highest total VOC concentrations have been determined with
e-pinene being the most abundant aroma compound (4,208 mg kg™ ).

2.3 VOC Produced During SSF of Basidiomycetes

Members of the phylum Basidiomycota, which most mushrooms belong to and
referred to as basidiomycetes, have been cultivated since centuries by humans for
the purpose of food production. The origin of mushroom production is in China,
with the first handwritten instruction for mushroom cultivation dating back to the
seventh century [82]. Generally, mushroom cultivation, which is probably the largest
industrial SSF sector, is performed on agroforestry wastes, like straw, sawdust, reed
grass, banana and bamboo leaves, tree bark and stems, husks, and scrubs [82—84].
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In addition, side streams of the food-producing industry, like wheat straw, citrus
peels, and cocoa shells, can be a valuable substrate source [85]. Worldwide, 950 dif-
ferent mushrooms are consumed and 50 different species are cultivated. China is the
biggest commercial producer with an annual production of 7 million tons in 2013,
which accounts for more than 70% of the worldwide production [86]. Several
articles already reviewed the variety of aroma compounds present in fruiting bodies
of fungi of the phylum Basidiomycota [87—-89]. In the following, the focus is on the
aroma compounds produced by the vegetative mycelium. The influence of different
cultivation parameters, including substrate preparation, inoculation, and incubation
time on the production of different aroma compounds, is highlighted. Moreover, also
the genotype of the cultivated mushroom can have an impact on the production
process and yield [90]. In addition, recent results on VOC production during the
process of fructification are presented.

2.3.1 Volatiles Produced During Vegetative Growth

The fruiting bodies of the oyster mushroom Pleurotus ostreatus are known as a
delicate food with a pleasant aroma and derive from SSF on lignocellulosic residues.
When cultivated in liquid media or on an artificial solid substrate, the aroma
composition of P. ostreatus cultures alters [91]. Kabbaj et al. compared VOC derived
from P. ostreatus liquid cultures, agar plate cultures, and SSF on sugarcane
bagasse with its fruiting bodies produced on wheat straw [91]. VOC were extracted
with a DHS system equipped with a Tenax®™ trap. Afterward, volatiles were
thermally desorbed, cryofocused, and analyzed via GC-MS. The volatile profile of
the mycelium varied significantly between the different cultivation conditions. In
fruiting bodies, octan-3-one contributed to 80% of the integrated peak areas, followed
by octan-3-ol with about 14%. During SSF with sugarcane bagasse or on agar surface
cultures, mainly octan-3-one (72.5% and 67.4%, respectively) was detected, with
similar concentrations as in the fruiting bodies, whereas in liquid culture, it only
contributed with 36.2% to the detected volatiles. In liquid cultures, oct-1-en-3-ol
(38.5%) was the dominant compound but only found in small amounts in the SSF
with sugarcane bagasse (0.3%) and agar medium (1%). It is worth mentioning that the
approach with liquid medium contained relatively high quantities (16.2%) of
2-methylbutanol, resulting in a spicy and repellent note of the culture. This illustrates
the impact of the culture conditions on the volatile composition. In addition to the
culture conditions, the substrate itself has an effect on the VOC produced. When
P. ostreatus was cultivated on spent leaves of Eucalyptus cinerea derived from the
production of essential oils, the spectrum of VOC was influenced by the substrates
[92]. Cultivation of P. ostreatus on spent E. cinerea leaves was carried out in
propylene bags in darkness at 25°C for 30 days to completely colonize the substrate.
Afterward, the bags were removed, and the substrate block was further cultivated for
approximately 1 month at 20 £ 2°C and 86-90% relative humidity as well as day and
night shifts to induce fructification. The volatiles of the substrate blocks after
colonization and after fructification were extracted by hydrodistillation in a
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Clevenger-type apparatus, a distillation method used for the extraction of essential
oils. Analysis was performed with GC-FID and GC-MS. The amounts of various
volatiles including eugenol, globulol, a-cadinol, longifolene, and p-cymene
decreased during the fermentation of P. ostreatus on the spent leaves, whereas the
quantities of 1,8-cineole and f-caryophyllene increased significantly, and sabinene
hydrate appeared. The increase of the monoterpenes and f-caryophyllene might be
due to an active release of these compounds by P. ostreatus. 1,8-Cineole was
hydroxylated by the fungus to 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-0l and
further oxidized to 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-one.

Wu et al. [93] analyzed the volatile biotransformation products of vine tea, a
product derived from the vine species Ampelopsis grossedentata, during SSF with
the medical mushroom Wolfiporia cocos (synonym: Poria cocos). The fungus was
cultivated on moistened tea leaves at 28°C for 15 days. Unfermented vine tea inhered
a strange taste, whereas fermented tea exhibited a pleasant aroma. Every third day,
cultures were harvested for LLE with water and dichloromethane. The extracts were
distilled for 5 h, subsequently concentrated, and analyzed by means of GC-MS.
During the fermentation remarkable amounts of methyl 2-methylpentanoate were
produced, resulting in the fruity note of the processed vine tea. Aroma compound
production of the medically valuable mushroom Antrodia camphorata was observed
during cultivation on millet for 25 days at 28°C [94]. On days 10, 15, 20, and
25 volatiles in the HS were analyzed by means of SPME (CAR/PDMS) and GC-MS.
In total, 124 compounds were detected not present in the unfermented millet. The
VOC profile varied remarkably during fermentation. In early stages, C8 compounds,
such as oct-1-en-3-ol, octan-3-one, and octan-1-ol, accounted for approximately
50% of all detected VOC. In later stages, octan-3-one (32-38%) was the most
abundant substance, followed by methyl 2-phenylacetate (13.1-16.6%). The relative
amount of oct-1-en-3-o0l decreased rapidly over the time (down to 0.9%), whereas
the quantity of sesquiterpenes and lactones, including 5-butyloxolan-2-one,
S-heptyloxolan-2-one, and 6-heptyloxan-2-on, increasingly contributed to a fruit-
like flavor with herbal fresh notes.

As already shown, basidiomycetes are mainly cultivated on residues from
industrial or agricultural processes for human consumption. In general, the substrate
used consists of lignocellulose, which can be metabolized by all commercially
cultivated mushrooms using their diverse enzymatic system to a certain extent.
This so-called lignocellulolytic system can also generate some volatile side products
and thus might be an unexploited source for aroma compounds. The major class of
lignin degrading enzymes are class Il fungal peroxidases, which require H,O, as a
cofactor. The H,0, is provided by different alcohol and glucose oxidases, such as
the aryl alcohol oxidases (AAO) [95]. As a substrate, AAO demand aryl alcohols,
such as benzyl alcohol, which are converted by the AAO into the almond flavor
benzaldehyde [96]. Bonnarme and coworkers had a closer look into this system
comparing cultivation conditions and their impact on VOC production and
enzymatic activity [97, 98]. They used the white rot fungus Bjerkandera adusta
for SSF and SmF for the production of benzaldehyde, benzyl alcohol, and benzoic
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acid [97, 98]. When SmF cultures of B. adusta were supplemented with
polyurethane foam cubes, the benzaldehyde concentration increased significantly
(8.3-fold) as did the AAO activity (4.3-fold). On the other hand, the maximum
benzyl alcohol concentration was higher in non-immobilized SmF cultures (1.5-
fold). This emphasizes the possible usage of lignocellulolytic enzymes for the aroma
biosynthesis. In a similar study, the effect of different solid supports was investigated
concerning the production of aryl metabolites. In comparison to the inert carrier
perlite, the utilization of lignocellulosic wheat bran for SSF of B. adusta resulted in a
remarkable production increase of benzyl alcohol and benzaldehyde (up to tenfold).
Similar to the SmF, the AAO activity was only detected in SSF on wheat bran and
not in cultures where perlite was used [97].

Although the substrate can have an influence on the aroma compounds produced
during SSF, the aroma profile of fruiting bodies derived from different substrates
remained unchanged for the delicious black poplar mushroom Agrocybe aegerita
[99]. A. aegerita was cultivated on 100% wheat straw, 100% cocoa shells, as well as
wheat straw supplemented with either cocoa shells (17%), citrus pellets (17%),
carrot mesh (17%), or black tea pomace (17 and 45%). Straw-based substrates
showed comparable growth of A. aegerita, whereas on 100% cocoa shells, only
marginal mycelium growth and no fruiting bodies were observed. Fruiting bodies
grown on 100% wheat straw and on wheat straw supplemented with black tea
pomace (45%) were compared in regard to their aroma profile. After addition of
methanol and water, homogenized fruiting bodies were extracted by means of LLE.
The concentrated extracts were analyzed via GC-MS/MS-O. Eleven VOC were
identified in the fruiting bodies, and the volatile composition of the two different
SSF cultivations did not exhibit considerable differences. C8 compounds, including
oct-1-en-3-ol, oct-1-en-3-one, and octan-3-one, contributed to the typical mushroom
odor, whereas 2-phenylethanol added a rose-like note to the aroma profile.

2.3.2 Volatiles Produced During Fructification

In basidiomycetes, sexual reproduction consists of a complex, multipolar mating-
type system, involving a haploid, monokaryotic stage [100]. Monokaryotic
mycelium of matching mating types can fuse, resulting in a dikaryotic stage. Out
of this stage, fruiting bodies derive to start a new reproduction cycle. Freihorst et al.
[101] compared the volatile profile during SSF of two sexual compatible
monokaryotic strains of Schizophyllum commune with the volatile composition of
a dikaryon obtained from mating both analyzed monokaryons. All three strains
were cultivated on solid complex medium for 7 days at 28°C. At the end of
cultivation, volatiles were extracted using HS-SPME (DVB/CAR/PDMS) for 1 h
and analyzed with a GC-MS system. Methyl 2-methylbutanoate was the dominant
VOC in both monokaryotic cultures (80%) and in the dikaryotic samples (31%).
Apart from that, the VOC profile of monokaryons and dikaryons differed tremen-
dously. The volatilome, the aggregate of all VOC, of the monokaryons contained
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Fig. 6 Extraction of VOC with SPME during fructification of A. aegerita in SSF on malt extract
agar using modified crystallizing dishes; photos kindly provided by Sabrina Herold

methyl 2-methylpropanoate, not found among the volatiles of the dikaryon.
Vice versa, oct-1-en-3-ol, octan-3-one, S-methyl thioacetate, 3-methylbutan-1-ol,
isobutyl acetate, and f-bisabolol were only detected in the HS of the dikaryon.
Ethyl 2-methylbutanoate had a comparable ratio in the volatiles of all samples
(monokaryons 1-4%, dikaryon 4%).

All these results demonstrate that cultivation phases as well as the genetic
background of the analyzed specimens have a remarkable influence on the volatile
composition of basidiomycetes during SSF. In a recent work of our research
group (unpublished), we investigated the role of both factors on the volatilome of
A. aegerita in SSF. Therefore, strains were cultivated on 1.5% MEA in modified
crystallizing dishes (Fig. 6), allowing an efficient extraction of VOC by means of
SPME. This system had the advantage to ensure aeration of the culture, necessary for
the development of fruiting bodies. Furthermore, without harvesting the mushrooms,
it was possible to analyze the changes of volatile composition in the HS of the same
sample over the time, avoiding disturbance of the system and thus the formation of
VOC artefacts due to disruption of cell compartments. Four monokaryotic strains,
representing members of the “mycelium,” “initials,” “elongated,” and “fruiter’-type,
classified by Herzog et al. [102], and one dikaryotic strain were grown for 28 days.

Every second day, beginning with day 10 (agar plates were fully overgrown),
volatiles were extracted in the HS using SPME (DVB/CAR/PDMS) and analyzed
with GC-MS. The volatile profiles of all strains varied distinctively over the time. For
the dikaryon, raised VOC concentrations were detected. In the HS of the dikaryotic
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mycelium, mainly alcohols and ketones, like oct-1-en-3-ol, 2-methylbutan-1-ol,
acetone, and cyclopentanone, were identified. The composition of the VOC changed
significantly with the occurrence of fruiting bodies and during the sporulation phase.
Here, sesquiterpenes, especially A°-protoilludene, a-cubebene, and 5-cadinene, were
the dominant substances. After sporulation, the amount of sesquiterpenes decreased,
while additional VOC, mainly octan-3-one, appeared.

3 Conclusion

In addition to cultivation of mushrooms for food production, filamentous fungi are
promising candidates for SSF applications in the aroma sector. They are able to grow
on different substrates, which can result in a variable VOC profile, offering the still
not fully exploited potential of gaining a whole range of valuable flavors.
The diversity in these volatile profiles also depends on the developmental and
reproductive stage of filamentous fungi, which facilitates the process control of
SSF by observing the VOC production.
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Abstract: Volatile organic compounds (VOC) are char-
acteristic for different fungal species. However, little
is known about VOC changes during development and
their biological role. Therefore, we established a labora-
tory cultivation system in modified crystallizing dishes
for analyzing VOC during fruiting body development of
the dikaryotic strain Cyclocybe aegerita AAE-3 as well as
four monokaryotic offspring siblings exhibiting differ-
ent fruiting phenotypes. From these, VOC were extracted
directly from the headspace (HS) and analyzed by means
of gas chromatography-mass spectrometry (GC-MS). For
all tested strains, alcohols and ketones, including oct-1-
en-3-ol, 2-methylbutan-1-ol and cyclopentanone, were the
dominant substances in the HS of early developmental
stages. In the dikaryon, the composition of the VOC altered
with ongoing fruiting body development and, even more
drastically, during sporulation. At the latter stage, ses-
quiterpenes, especially A®-protoilludene, o-cubebene and
d-cadinene, were the dominant substances. After sporula-
tion, the amount of sesquiterpenes decreased, while addi-
tional VOC, mainly octan-3-one, appeared. In the HS of
the monokaryons, less VOC were present of which all were
detectable in the HS of the dikaryon C. aegerita AAE-3. The
results of the present study show that the volatilome of C.
aegerita changes considerably depending on the develop-
mental stage of the fruiting body.
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Introduction

The composition of aroma compounds is an essential
quality characteristic of edible fungi. Various studies
dealt with the aroma profile of fungi, which is often
diverse and characteristic for each species (reviewed in
Fraatz and Zorn, 2011; Dickschat, 2017). Depending on
the substances contributing most to the overall flavor,
fungi might be classified in three categories (Fraatz and
Zorn, 2011). The first group is dominated by carbon-
eight derivatives, such as oct-1-en-3-o0l, octan-3-one and
oct-l-en-3-one, perceived as ‘typical’ mushroom odors.
Fungi with high amounts of terpenoid volatiles can be
regarded as members of the second group and the last
fraction consists of fungi rich in aroma active sulfur
containing compounds. The white-rot fungus Cyclocybe
aegerita is a member of the order Agaricales and inhab-
its mainly decaying wood, especially poplar and willow
trees (Esser et al., 1974; Walther and Weiss, 2006). The
volatile organic compounds (VOC) of C. aegerita fruiting
bodies have been analyzed by means of solvent extraction
(Rapior et al., 1998; Kleofas et al., 2014) and solid phase
microextraction (SPME) (Costa et al., 2015). These studies
revealed mushroom typical C8 alcohols and ketones like
oct-1-en-3-ol, octan-3-ol, octan-1-ol, oct-l-en-3-one and
octan-3-one as major substances in fruiting bodies, as
well as benzaldehyde and 2-phenylethanol, contribut-
ing with almond and rose-like odors to the overall aroma
impression. As in almost all studies on fungal VOC, these
works were performed with fungal specimens derived
solely from one developmental stage. Several studies
investigated a time-dependent volatile profile of mush-
rooms after harvesting the corresponding fruiting bodies
(Cruz et al., 1997; Mau et al., 1997; Wu et al., 2005; Cho
et al., 2006; Zawirska-Wojtasiak et al., 2007; Zhang et al.,
2008; Combet et al., 2009; Holighaus et al., 2014; Li
et al., 2016; Tasaki et al., 2019). However, only one study
analyzed different fruiting stages under nearly natural
circumstances (Faldt et al., 1999). Thus, a comprehen-
sive analysis of the volatilome during different stages of
fungal development in mushrooms is desirable, espe-
cially in light of the importance of VOC regarding fungal
communication. In fact, several studies demonstrated
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that C8 VOC have an influence on invertebrate behavior
and might have an important function as ‘infochemicals’
(reviewed in Holighaus and Rohlfs, 2019). This includes
the ability of some invertebrate species to distinguish
between C8 enantiomers (Thakeow et al., 2008), prefer-
ring different VOC depending on sex (Thakeow et al.,
2008) and life stage (Holighaus and Rohlfs, 2019) as
well as the impact of VOC on predator-prey relation-
ships (Steiner et al., 2007; Cevallos et al., 2017). VOC as
fungal infochemicals probably play an important role in
fungal survival, by repelling fungal predators or attract-
ing insects for the purpose of spore dispersal (Holighaus
and Rohlfs, 2019). Besides their role as infochemicals in
interspecific communication, C8 VOC have been proven
to have an influence on biological processes in fungi.
Chitarra et al. (2005) reported inhibition of conidia ger-
mination by oct-1-en-3-ol in Penicillium paneum, whereas
octan-3-one and less pronounced also octan-3-ol and oct-
1-en-3-ol stimulated the conidiation in Trichoderma spp.
(Nemcovic et al., 2008).

These different effects indicate that the fungal vola-
tilome probably has to change during different develop-
mental stages adapting to the altered requirements of the
fungus. In this context, we analyzed all VOC emitted by
C. aegerita during its life cycle under laboratory conditions,
including dikaryotic fruiting body development as well as
sporulation and its mating-independent fruiting mode,
the monokaryotic fruiting sensu stricto (Herzog et al.,
2019). Thus, we analyzed the volatilomes of the dikaryon
C. aegerita AAE-3 and four monokaryons germinated from
its basidiospores, which representatively show a full spec-
trum of monokaryotic fruiting phenotypes that can be
exhibited by this fungal species. Phenotypes range from
strains producing only monokaryotic initials, over others
displaying elongated initials, to strains that can form
differentiated monokaryotic mushrooms (Herzog et al.,
2016). To clarify the potential role of VOC during different
developmental stages of C. aegerita, the VOC produced
during fruiting of C. aegerita AAE-3-derived monokaryons,
each exhibiting a different monokaryotic fruiting pheno-
type, are compared to the VOC produced during fruiting
of the dikaryon C. aegerita AAE-3. This comparison allows
identifying certain VOC that are characteristic for a distinct
developmental step in C. aegerita fruiting body develop-
ment, such as VOC that are specific to sexual sporulation
(involving meiosis). The latter only occurs in mushroom
formation by the dikaryotic strain (Herzog et al., 2016).
In addition, the analysis of the VOC will verify to what
extent their production depends on a certain monokary-
otic fruiting phenotype (monokaryons vs. monokaryons)
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or on the karyotype (monokaryons vs. dikaryons) of the
specimens.

The clarification of the biological role of fungal VOC
is not trivial, as already a non invasive monitoring of the
VOC under natural circumstances can be challenging.
Generally, a problematic aspect of studies on fungal VOC
is the sample preparation. Fruiting bodies are damaged or
chopped before extraction of the VOC. This procedure can
create artefacts by disrupting cell structures and promote
unwanted enzymatic reactions, which would naturally not
occur (Fildt et al., 1999; Combet et al., 2009). To overcome
this problematic issue, we established a system to extract
VOC in the headspace (HS) of C. aegerita cultures, allow-
ing the analysis of VOC during all developmental stages
without disturbing the fungal culture (Orban et al., 2019).
Applying this system, the first comprehensive analysis
of VOC produced during different developmental stages
of dikaryotic and monokaryotic C. aegerita strains was
conducted as a fundament to study the biological role of
fungal VOC.

Results

Fruiting body development in C. aegerita

Cyclocybe aegerita AAE-3 was able to produce fruiting
bodies and basidiospores under the chosen cultivation
conditions (Figure 1). In all monokaryotic cultures, in
agreement with a previous work (Herzog et al., 2016)
no sexual sporulation, visible as spore print formation
around the fruiting bodies, was observed (Figure 2).
Among the monokaryons, C. aegerita AAE-3-40 and C.
aegerita AAE-3-32 showed fruiting patterns compara-
ble to previously reported ones (Herzog et al., 2016),
whereas the fruiting phenotypes of C. aegerita AAE-3-37
and C. aegerita AAE-3-24 differed remarkably (for details
see Supplementary Table S1). These differences may
relate to the change in the cultivation conditions over the
ones applied by Herzog et al. (2016), who discussed that
a fruiter monokaryons’ phenotype may vary depending
on the cultivation setup, apparently also applies to non-
fruiter phenotypes. The mycelium of the monokaryotic
strains C. aegerita AAE-3-32 and C. aegerita AAE-3-24
exhibited growth rates similar to the dikaryotic strain
C. aegerita AAE-3 whereas the monokaryons C. aegerita
AAE-3-37 and C. aegerita AAE-3-40 grew slightly slower
resulting in a not fully overgrown agar plate at day 10
(Figures 1 and 2).

Brought to you by | The University of Texas at Austin
Authenticated
Download Date | 2/19/20 2:12 PM



DE GRUYTER

A. Orban et al.: Volatilomes of Cyclocybe aegerita = 3

Acetone
Butan-2-one
Cyclopentanone
3-Methylbutan-2-one
Octan-3-one

3-Methylbutan-2-ol
2-Methylbutan-1-ol
3-Methylfuran -
2-Pentylfuran -
trans-fi-Ocimene -
a-Cubebene
A®-Protoilludene -
a-lsocomene
(-Cubebene -
Longifolene -
p-Copaene -
p-Elemene
Caryophyllene
Cadina-3,5-diene -
a-Humulene
t‘Muumlene 4
iridiflorene
Germacrene D
p-Selinene <
a-Selinene -
a-Muurclene
3-Cadinene -

Cu

Calamenene -
Epicubenol <
Cubenol 4

80%

60%

- 40%

- 20%

§-Cadinol -— ! . . - :
10

12 14 16 18 20
Time (day)

Figure 1: VOC of the dikaryotic strain C. aegerita AAE-3.
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Shown is the development of the relative amount of volatiles between days 10 and 28 after inoculation. The percent disclosure refers

to each substance and strain individually, meaning that 100% is related to the highest amount of the compound measured during the
experiment. Samples were grown in triplicates at 24°C in the dark in modified crystallizing dishes containing 16 ml1.5% MEA medium and
sealed with Parafilm™. Ten days after inoculation, the Parafilm™ was removed, samples were transferred to a climate chamber (24°C, 95%
RH, 12/12 h day/night rhythm) and cultured for further 18 days. VOC were collected by SPME from day 10 onwards: volatiles were absorbed
directly from the HS of the crystallizing dishes for 14 h (7/7 h day/night) and analyzed by means of GC-MS.

VOC in the HS of C. aegerita

In total, about 150 substances were detected by means of
gas chromatography-mass spectrometry (GC-MS) during
cultivation in the HS of the tested strains. The fungal aroma
compound oct-1-en-3-o0l was present throughout the ana-
lyzed samples. Most substances occurred in the dikaryon
C. aegerita AAE-3 at day 24 during its sporulation, with ses-
quiterpenes being the vast majority (Figure 3). Due to struc-
tural similarities of these substances, only a handful of
them were identified using authentic standards and wood
oils. In contrast to the dikaryotic strain, the tested monokar-
yotic siblings showed remarkably less VOC in the HS, all of
them were also detected in dikaryotic samples (Table 1). In
the HS of all tested strains, mostly alcohols and ketones,
including 2-methylbutan-1-ol, acetone, butan-2-one and
cyclopentanone, were the dominant substances at early
developmental stages decreasing with ongoing cultivation.

VOC of the dikaryotic strain C. aegerita AAE-3

Regarding the HS of C. aegerita AAE-3, the development
of fruiting bodies was accompanied by the appearance
of 3-methylbutan-2-one, 3-methylbutan-2-ol, 3-methyl-
furan and 2-pentylfuran, all except the latter one with
highest amounts at day 24 during sporulation and all
only detected in the HS of the dikaryon (Figure 1, Table 1).
Furthermore, at the time of sporulation, sesquiterpenes
were the main volatiles in the HS of the dikaryon regard-
ing the number of substances as well as the measured
peak areas with A®-protoilludene (about 50% of the total
peak area), o-cubebene (about 12% of the total peak area)
and &-cadinene (about 7% of the total peak area) being
the most dominant substances. Similar to the appearance
of §-cadinol, 2-pentylfuran and octan-3-one were most
prominent at day 28, the latter VOC solely appearing after
sporulation. It is worth mentioning that the rising amount
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Figure 2: VOC of different monokaryotic C. aegerita strains.
(A) C. aegerita AAE-3-32, (B) C. aegerita AAE-3-24, (C) C. aegerita AAE-3-37 and (D) C. aegerita AAE-3-40. Shown is the development of
the relative amount of volatiles between days 10 and 28 after inoculation. The percent disclosure refers to each substance and strain
individually, meaning that 100% is related to the highest amount of the compound measured during the experiment. Strains were grown
in triplicates at 24°C in the dark in modified crystallizing dishes containing 16 ml 1.5% MEA medium and sealed with Parafilm™. Ten days
after inoculation, the Parafilm™ was removed, samples were transferred to a climate chamber (24°C, 95% rH, 12/12 h day/night rhythm)
and cultured for further 18 days. VOC were collected by SPME from day 10 onwards: volatiles were absorbed directly from the HS of the
crystallizing dishes for 14 h (7/7 h day/night) and analyzed by means of GC-MS.



DE GRUYTER A. Orban et al.: Volatilomes of Cyclocybe aegerita =——— 5
25%10° 4 6 18
¥ | 17 18
9 11 r
2 |g|?x1nh 10 14+15
\\‘ 5 5 7+8 i
3x107 z : oL
%aaxm’- 13
12 20 2
‘I_. | iy %y
7 i i ? ¥ i ' : y
:@2x10 - 2 2 M B %7 F:]
é | Retention time (min)
e
=
w
& 1x107
E [ o L
o T T . T - T T
0 5 10 15 20 25 30

Retention time (min)

Figure 3: Comparison of GC-MS chromatograms of HS-SPME extracts of C. aegerita AAE-3 culture at day 10 (young mycelium), 16 (mycelium),

20 (young fruiting bodies), 24 (sporulation) and 28 (post sporulation).

With (1) a-cubebene, (2) AS-protoilludene, (3) a-isocomene, (4) B-cubebene, (5) longifolene, (6) B-copaene, (7) B-elemene, (8) caryophyllene,
(9) cadina-3,5-diene, (10) a-humulene, (11) y-muurolene, (12) viridiflorene, (13) germacrene D, (14) B-selinene, (15) a-selinene, (16)
o-muurolene, (17) 8-cadinene, (18) cubebene, (19) calamenene, (20) epicubenol, (21) cubenol and (22) 6-cadinol.

of octan-3-one after day 24 was accompanied by a decreas-
ing concentration of oct-1-en-3-ol.

VOC of the monokaryotic C. aegerita strains

Generally, in the HS of all monokaryotic strains the
peak areas of all sesquiterpenes, except for 8-cadinol,
were lower in comparison to the dikaryotic strain C.
aegerita AAE-3. For instance, the highest detected peak
area of A°-protoilludene in the latter strain with a value
of 1.1x108+0.9x10® was about 550 times, 325 times,
125 times and 15 times higher than in the monokary-
otic strains C. aegerita AAE332 (2.0x10°+1.1x10%),
C. aegerita AAE-3-37 (3.4x10°+1.0x10°%, C. aegerita
AAE324 (89x10°£1.0%x10%) and C. aegerita AAE-3-
40 (8.1x10°+4.4x10°, respectively. It is worth men-
tioning that, among all the tested strains, C. aegerita
AAE-3-32 showed the lowest sesquiterpene peak areas.
Interestingly, 6-cadinol, which shows the highest pres-
ence at day 10 of cultivation in all monokaryotic strains,
re-occurred at later stages only in C. aegerita AAE-3-32 and
C. aegerita AAE-3-24 strains after development of imma-
ture fruiting bodies (Figure 2A, B).

Similar to the dikaryotic strain C. cinerea AAE-3, two C8
VOC oct-l-en-3-ol and octan-3-one were detected with the

monokaryotic siblings. Oct-1-en-3-o0l was present in all ana-
lyzed strains throughout the cultivation period, whereas
octan-3-one peaks where only evaluable in the HS of
C. aegerita AAE-3-24 cultures. Here, octan-3-one could be
detected after the formation of immature fruiting bodies
at day 22 with an increasing concentration until immature
fruiting bodies had formed at day 26 (Figure 2B). Inter-
estingly, the amount of oct-1-en-3-ol peaked at day 22 and
decreased, comparable with the VOC profile in the HS
of the dikaryon, with the rising amount of octan-3-one.
In the second monokaryon producing fruiting bodies,
C. aegerita AAE-3-32, which, in contrast to C. aegerita AAE-3-
24, also forms mushrooms with expanded caps (exhibiting
impaired cap-opening in contrast to the dikaryotic fruit-
ing bodies formed by C. aegerita AAE-3, see Herzog et al.,
2016), small amounts of octan-3-one were detected from
day 24 on. Nonetheless, the octan-3-one level was too small
for an adequate identification and, thus, this compound
is not represented in Table 1 and Figure 2A. In both other
monokaryotic strains C. aegerita AAE-3-37 and C. aegerita
AAE-3-40, no indication for an octan-3-one production
was found. In C. aegerita AAE-3-37 oct-1-en-3-ol showed the
highest amount at day 16 with the beginning development
of small fruiting bodies, whereas in C. aegerita AAE-3-40
oct-1-en-3-ol was most prominent at day 20 and stayed at a
comparably high level until the end of cultivation.
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Table 1: Total number of VOC found in the HS of the C. aegerita strains.
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vocC AAE-3 AAE-3-32

AAE-3-24

AAE-3-37 AAE-3-40
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Butan-2-one
Cyclopentanone
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+, VOC detected in the HS; —, VOC not detected in the HS.

Discussion

In our study, the composition of VOC in the HS of C.
aegerita, especially of the dikaryotic strain C. aegerita
AAE-3, revealed remarkable changes during develop-
ment. Of the ca. 150 VOC detected, the C8 compounds,
such as oct-1-en-3-ol and octan-3-one, were minor com-
pounds regarding the measured peak areas, especially
compared to the sesquiterpenes, which appeared during
sporulation. The fact that C8 VOC were more dominant
in previous studies on C. aegerita fruiting bodies (Rapior
et al., 1998; Kleofas et al., 2014; Costa et al., 2015) might be
related to the applied sample preparation and extraction
methods as disrupting the cell structure has a tremendous
impact on VOC released by fungi. Combet et al. (2009)
showed that slicing fruiting bodies of Agaricus bisporus
resulted in approximately 10 times higher concentrations

of oct-1-en-3-ol and octan-3-one compared to whole spo-
rophores. More remarkable than the amount of C8 com-
pounds was their alteration during different stages of
fungal development, especially the rising amount of
octan-3-one after sporulation in connection with the
decreasing amount of oct-1-en-3-ol. Alternations of the C8
profile during maturation of fungi has been reported pre-
viously. Wu et al. (2005) compared the volatile compounds
in young and mature fruiting bodies of Polyporus (Laeti-
porus) sulfureus. Young fruiting bodies offered a pleas-
ant fungal odor with five key aroma compounds, among
them oct-1-en-3-one and oct-1-en-3-ol. Aged specimens, on
the other hand, revealed four characteristic odorous com-
pounds, inter alia 2-methylpropanoic acid, contributing
to a repelling scent and only traces of oct-1-en-3-ol were
detected. Similar to C. aegerita, the oct-1-en-3-ol content
in the oyster mushroom Pleurotus ostreatus decreased
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from the mycelium stage to the primordium stage and
increased thereafter (Tasaki et al., 2019). Comparable
variations in the occurrence of oct-1-en-3-ol and octan-3-
one were reported for A. bisporus (Cruz et al., 1997). It is
worth mentioning that these studies dealt with the analy-
sis of the aroma profile of mushrooms to determine the
VOC in the context of food quality, thus VOC during sporu-
lation or stages beyond were not determined. Our study
revealed that developmental stages have a huge impact
on the overall volatilome of C. aegerita which probably
also applies to other fungi. Nevertheless, a comparison
of aroma profiles of harvested fruiting bodies with our
own results suggest that the change of C8 VOC profiles
is species-specific and might vary strongly. The question
remains as to why VOC profiles of C. aegerita strains and
other fungi change during fungal development. In this
context, a study of Holighaus et al. (2014) is of special
interest as they investigated the changes in the C8 VOC
composition of four different fruiting body development
stages of the tinder fungus Fomes fomentarius and moni-
tored the occurrence of fungivorous beetles at the same
time. The study revealed changes in the C8 VOC profile
during development accompanied by a clear alternation
of the fungal beetle community. The specialist fungivore
Bolitophagus reticulatus seemed to prefer the second
stage with octan-3-one being the most prominent C8 com-
pounds and avoided the first stage with comparable high
amounts of oct-1-en-3-ol. The ability of B. reticulatus to dis-
tinguish between different C8 VOC was further confirmed
by a behavioral study consisting of walking olfactometer
preference tests revealing that B. reticulatus is attracted by
octan-3-one and repelled by oct-1-en-3-ol (Holighaus et al.,
2014). Taking this into account, the remarkable changes in
the VOC composition displayed by C. aegerita at different
stages might be part of a fungus survival strategy, ensur-
ing an efficient reproduction by, for example, avoiding
predation at early stages and enhancing spore-dispersal
by fungivores after sporulation. Furthermore, Eastwood
et al. (2013) showed that high levels of oct-1-en-3-ol in the
HS of A. bisporus inhibited the formation of hyphal knots
(very early fruiting body initials, i.e. aggregates of loosely
intertwined hyphae). This is in good agreement with our
results of the VOC in the HS of the dikaryon C. aegerita
AAE-3 displaying the highest amounts of oct-1-en-3-ol at
day 22, where mature fruiting bodies might suppress the
development of adjoining fruiting structures. Alongside
mature fruiting bodies, immature ones were observed,
which did not develop further. Thus, the enhanced
amount of oct-1-en-3-ol might contribute to the repression
of further fruiting body development of immature fruiting
bodies.

A. Orban et al.: Volatilomes of Cyclocybe aegerita = 7

Compared to the C8 VOC, the sesquiterpenes in the HS
of C. aegerita AAE-3 displayed a huge diversity and were
especially during sporulation the most prominent sub-
stances. The most dominant sesquiterpene in the HS of C.
aegerita AAE-3, A*-protoilludene, was first described in the
fungus Fomitopsis insularis (Nozoe et al., 1977) and was
later found in several fungi such as Fomitopsis pinicola
(Rosecke et al., 2000), Ceratocystis piceae (Hanssen et al.,
1986) and Fomes fomentarius (Faldt et al., 1999; Holighaus
et al., 2014). Other sesquiterpenes identified in the HS of
C. aegerita such as o-muurolene and B-cubebene were
also discovered in other fungi (Hanssen, 1982; Rosecke
et al., 2000). Despite the high amounts of sesquiterpenes
detected in the HS of C. aegerita AAE-3, none of these VOC
were found in previous studies dealing with volatiles from
C. aegerita. This might be connected to the fact that ses-
quiterpenes in larger quantities only occurred in the HS of
the dikaryon during a short time period around the event
of sporulation, stages which were not sampled before.
Such stage-specific production was also observed in the
HS of the bracket fungi Fomitopsis pinicola and Fomes
fomentarius, where an obvious increase of sesquiterpe-
nes, inter alia A*-protoilludene, was observed during spor-
ulation (Faldt et al., 1999). Also in the HS of Coprinopsis
cinerea cultures, the concentration of sesquiterpenes such
as B-himachalene and cuparene remarkably increased
along with stipe elongation and autolysis (Thakeow, 2008;
Chaisaena, 2009), during which most spores are released
(Kiies, 2000).

Despite the demonstrated connection between
sporulation and the release of sesquiterpenes, their bio-
logical role in fungi is scarcely elucidated. It has been
proven that sesquiterpenes exhibit antimicrobial activi-
ties and might therefore protect fungi against other fungi
or bacteria (Ishikawa et al., 2001; Solis et al., 2004) and,
comparable with C8 VOC, terpenes might function as info-
chemicals (Kiies et al., 2018). Sesquiterpenes observed in
C. aegerita might also function as precursors for different
bioactive nonvolatile substances. The most prominent
sesquiterpene in the HS of C. aegerita, A%-protoilludene,
can be processed into illudins with antimicrobial effects
as well as melleolides and sterostrein A (Quin et al.,
2014). Recently, the triterpenoid bovistol was found in
C. aegerita, proposed to be derived from illudins origi-
nated from A®-protoilludene (Surup et al., 2019).

In comparison to the dikaryon, monokaryons revealed
remarkably less VOC in the HS. Interestingly, octan-3-one
only appeared in the HS of C. aegerita strains with fruit-
ing bodies. Unlike oct-1-en-3-ol, which was present in all
strains and stages, octan-3-one seemed to be exclusively
connected to the growth of fruiting bodies. Therefore, it
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can be speculated that octan-3-one is produced in fruiting
bodies rather than in the mycelium or, at least, that the
presence of fruiting bodies is necessary for the biosynthe-
sis. Overall, studies looking into volatiles of monokaryons
and dikaryons are very rare. Omarini et al. (2014) investi-
gated the biotransformation of valencene to nootkatone
using Pleurotus sapidus and Pleurotus florida. The nootka-
tone production varied strongly among strains but seemed
more dependent on the genetic qualities of the strains
rather than the monokaryotic or dikaryotic state of the
specimens. Freihorst et al. (2018) studied VOC released by
Schizophyllum commune before and after mating. In good
agreement with our study, monokaryons of S. commune
displayed a less diverse volatilome than the dikaryon.
Interestingly, the C8 VOC octan-3-one and oct-1-en-3-ol as
well as the sesquiterpene -bisabolol only occurred in the
HS of the dikaryon. It is worth mentioning that only one
stage was tested and the volatilome for monokaryons and
dikaryons probably undergoes changes during develop-
ment as observed for C. aegerita.

The present study elucidated the connection between
fungal VOC and developmental stages of C. aegerita.
Although the appearance and the amount of some VOC
seemed to be linked to certain developmental stages, the
mycelium rather than the fruiting bodies might be the
origin of sesquiterpene synthesis. This would also explain
the small but concise amounts of sesquiterpenes, which
appeared in the HS of C. aegerita AAE-3 at early develop-
mental stages during and shortly after vegetative growth.
In addition, the occurrence of sesquiterpenes in the HS
of the monokaryon C. aegerita AAE-3-40, which did not
develop fruiting bodies, indicates a mycelium-based
sesquiterpene production. In further studies, the knowl-
edge about the tight connections between specific devel-
opmental stages and VOC production, combined with
transcriptomics and proteomics approaches, should be
addressed for the clarification of the scarcely understood
biosynthesis of fungal VOC. Additionally, the remarkable
changes in the volatilomes should be taken into account
during further studies dealing with, for example, fungal
intra- and interspecific VOC-based communication.

Materials and methods
Fungal strains and growth conditions

The tested dikaryotic strain C. aegerita AAE-3 and monokaryotic
strains C. aegerita AAE-3-24, C. aegerita AAE3-32, C. aegerita AAE-3-37
and C. aegerita AAE-3-40 were each grown in triplicates at 24°C in the
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dark in modified crystallizing dishes (lower dish: 70 mm in diameter,
upper dish: 80 mm in diameter; glass pipe attached to the upper
dish: outer diameter 16 mm, inner diameter 14 mm) with 16 ml 1.5%
malt extract agar (MEA) (containing 15 g malt extract and 15 g agar
per litre) and sealed with Parafilm™ (for a picture of the set up see
Orban et al., 2019). Ten days after the inoculation, the Parafilm™
was removed and the samples were transferred to a climate chamber
RUMED 3501 (Rubarth Apparate GmbH, Laatzen, Germany) (24°C,
95% relative humidity (RH), 12/12 h day/night rhythm) and cultured
on glass plates for further 18 days.

Analysis of VOC by GC-MS

VOC were collected by SPME using a divinylbenzene-carboxen-poly-
dimethylsiloxane (50/30 um DVB/CAR/PDMS) fiber (Agilent Technolo-
gies, Santa Clara, CA, USA). Beginning with day 10 after inoculation,
VOC were absorbed directly in the HS of the crystallizing dishes for
14 h (7/7 h day/night). This extraction was carried out every second
day. For GC-MS analysis, an Agilent Technologies 7890A gas chroma-
tograph equipped with Agilent VF-WAXms column (30 m x 0.25 mm,
0.25 um) and connected to an Agilent 5975C MSD Triple-Axis mass
spectrometer was used. Helium was used as a gas carrier, with a
flow rate of 1.2 mlxmin™. Mass spectra were acquired in the mass
range of 33-300 m/z. Ionization was performed by electron impact
at 70 eV with an ion source temperature set at 230°C. The SPME fiber
was inserted into the injector of the gas chromatograph for thermal
desorption in splitless mode for 1 min, with the injector temperature
held at 250°C. The GC oven temperature was programmed to ramp
from 40°C (hold for 3 min) to 240°C (hold for 7 min) at 5°C x min™.
VOC were identified initially by comparing obtained mass spectra
with data from the NIST14 database (National Institute of Standards
and Technology, Gaithersburg, MD, USA). Furthermore, Kovats reten-
tion indices of VOC were determined with a C7-C30 alkane mix and
were compared to the published retention indices in literature or in
the NIST database. Except for o-isocomene, longifolene, 3-copaene,
cadin-3,5-diene, B-selinene, o-selinene, cubenene and epicubenol,
VOC structures were additionally verified by comparison of retention
time and mass spectra with authentic standards or essential oils with
known terpene compositions [Agger et al., 2009; Lopez-Gallego et al.,
2010: cedrela woods oil (a-muurolene, §-cadinene), cubeb oil (ger-
macrene D, y-muurolene, cubenol) and amyris wood oil (8-cadinol)].

Data processing

The peak areas of identified substances were determined and used
to calculate the relative amount of the respective VOC. Therefore,
each substance of every sample was considered individually, mean-
ing that 100% is related to the highest peak area of the compound
measured in a sample during the experiment. The mean value of the
relative VOC amounts of the triplicates was calculated for each sub-
stance (see Supplementary Table S2) and, afterwards, normalized
to 100%. This approach enabled an appropriate overview about the
connections between developmental stages and VOC patterns in the
HS, whereas a direct comparison of the peak areas is generally diffi-
cult due to the lack of a reference quantity. The normalized data were
used to generate the heatmaps using OriginPro (OriginLab Corpora-
tion, Northampton, MA, USA).
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Table S1: Comparison of monokaryotic fruiting observed by Herzog et al. (2016) and in the current study.

Monokaryotic C. aegerita Fruiting type observed by Fruiting type observed in the
strain Herzog et al., 2016 current study
C. aegerita AAE-3-24 Mycelium Immature fruiting bodies with

elongated stipes and
unexpanded caps

C. aegerita AAE-3-40 Fruiting body initials Fruiting body initials

(@)

. aegerita AAE-3-37 Elongated initials Elongated initials and small
fruiting bodies

C. aegerita AAE-3-32 Fruiter (expanded, opening- Fruiter (expanded, opening-
impaired caps) impaired caps)

Table S2.1: Relative amounts of VOCs in the HS of the dikaryotic strain C. aegerita AAE-3 between the days 10
and 28.

Day 10 Day 12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 26 Day 28
Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation

Acetone 100 o 17 15 4 5 6 8 3 4 0 1 0 0 0 ] 0 0 0 ]

Butan-2-one 100 0 16 13 4 5 ] 11 2 3 ] 0 0 [} 0 0 0 [} 0 0

cyclopentanone 100 0o 7 13 49 6 34 15 10 8 3 a 0 0 0 ] 0 0 0 0

3-Methylbutan-2-one 0 0 0 0 0 0 0 0 0 0 0 0 30 3 935 7 68 w55 23

Octan-3-one 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 38 100 0

Oct-1-en-3-ol 7 19 76 20 73 19 54 1 74 29 49 27 97 EIE) 12 36 19 25 15

3-Methylbutan-2-ol 0 0 0 ] 0 0 0 ] 0 0 0 0o 48 34 100 0 45 37 49 8

2-Methylbutan-1-ol 67 47 19 15 6 5 2 3 0 0 0 ] 0 0 0 0 0 0 0 0

3-Methylfuran 0 0 0 ] 0 0 0 0 0 0 3 5 50 a1 83 1 22 17 5 7

2-Pentylfuran 0 0 [} 0 0 0 0 0 0 0 0 0 58 42 56 31 88 2 98 2

trans-B-Ocimene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 ] 0 6 [} 0

a-Cubebene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 6 7

A%protoilludene 0 0 0 ] 0 0 0 ] 0 0 0 ] 0 0 100 0 10 7 29

a-lsocomene 0 0 0 ] 0 0 0 0 0 0 0 ] 0 0 100 0 1 12 2 34

B-Cubebene 0 0 0 0 0 0 0 ] 0 0 0 ] 0 0 100 ] 0 0 0 0

Longifolene 0 0 0 0 0 0 0 0 0 [} 0 0 0 0 100 0 0 0 0 0

p-Copaene 0 0 0 0 0 0 0 0 0 [} 0 0 2 3 100 0 9 8 7 10

p-Elemene 0 0 0 0 0 0 0 0 0 0 [} 0 0 0 100 0o 4 6 2 2

Caryophyllene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0

Cadina-3,5-diene 0 0 0 ] 0 0 0 0 0 0 0 ] 0 0 100 ] 0 0 0 ]

a-Humulene 0 0 0 ] 0 0 0 ] 0 0 0 ] 0 0 100 0 0 0 0 ]

y-Muurolene 8 6 1 1 1 0 2 2 a4 5 5 5 10 8 100 0 23 20 19 13

viridiflorene 0 0 0 0 0 0 0 ] 0 0 0 ] 0 0 100 ] 0 0 0

Germacrene D 0 0 0 0 0 0 0 0 0 [} 0 0 0 0 100 0 0 0 0

p-selinene 0 0 0 0 0 0 0 0 0 [} 0 0 0 0 100 0 0 0 [} 0

a-Selinene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 ] 0 0 0 0

a-Muurolene 16 9 5 a 4 a s 5 9 10 9 9 19 17, 100 0 40 EZ I 18

8-Cadinene 0 0 0 ] 0 0 0 0 0 0 0 ] 0 0 100 0 16 15 a H

Cubenene 0 0 0 ] 0 0 0 ] 0 0 0 ] 0 0 100 0 0 0 0 0

Calamenene 0 0 0 ] 0 0 0 0 0 0 0 ] 2 3 100 0 19 17 5 6

Epicubenol 0 0 0 0 0 0 0 ] 0 0 0 ] 0 0 100 ] 0 0 0 0

Cubenol 0 0 0 0 0 0 0 0 0 [} 0 0 0 0 100 0 0 0 0 0

8-Cadinol 46 38 9 6 3 4 0 0 0 0 0 0 0 0 0 0 0 0 7 31

Table S2.2: Relative amounts of VOCs in the HS of the monokaryotic strain C. aegerita AAE-3-37 between the
days 10 and 28.

Day 10 Day 12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 26 Day 28
Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation

Acetone 97 5 38 10 60 16 N 19| 55 34 28 18 0 0 9 12 18 3 3 33
Butan-2-one 90 14 24 17 10 14 0 0 66 30 46 23 0 0 8 11 14 15 34 31
Cyclopentanone 100 0 48 37 4 14 16 6 14 12 13 10 8 1 8 15 8 3 4
Oct-1-en-3-ol 58 17 70 18 70 5 94 ! 10 76 1 6l 1 a8 5 35 2 61 28
2-Methylbutan-1-ol 100 0 10 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A%Protoilludene 5 2 100 0 50 20 29 1B 2 5| 27 7 30 5| 25 3 45 2 37 15
-Muurolene F 22 51 18 21 20 21 20 37 12 50 15 37 15 36 18 49 20 81 28
o-Muurolene 72 24 43 20 23 5 18 20 37 16 56 23 38 17 35 13 47 20 81 26
3-cadinol 100 0 24 5 0 0o o 0 0 0o 0 o o 0 3 4 6 5 6 6
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$2.3: Relative amounts of VOCs in the HS of the monokaryotic strain C. aegerita AAE-3-40 between the
days 10 and 28.
Day 10 Day12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 26 Day 28

Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation

Acetone 100 0 36 17 14 11 0 0 10 8 6 5 0 0 0 0 7 5 ) 10
Butan-2-one 100 o 38 8 11 1 0 0 8 12 5 7 0 o 0 0 5 7 12 17
Cyclopentanone 95 7| 95 5 80 14 36 2 21 8 13 2 7 6 5 4 4 3 3 2
Oct-1-en-3-ol 75 13 61 13 34 10 62 30 43 2 98 by 95 6 71 13 63 2 70 7
2-Methylbutan-1-ol 100 o 34 10 10 8 o o o 0 o '] o 0 o o o 0 o
a-Cubebene 0 0 0 0 0 L] 5 7 100 0 53 7 14 5 13 10 39 43 18 15
A%-Protoilludene 40 43 2 2 1] 0 1 11 73 39 36 20 8 6 12 12 37 36 19 20
o-lsocomene 0 0 a 0 0 0 10 14 96 5 42 42 10 15 12 18 40 38 24 23
B-Cubebene [ 0 0 1] 0 1] 0 0 100 0 17 17 5 5 5 5 24 24 5 5
p-Elemene 52 37 10 8 2 1 1 11 65 35 28 20 5 8 8 37 45 16 12
y-Muuralene 37 20 28 17 13 5 21 4 78 31 45 3 26 6 24 4 46 16 67 26
a-Muurolene 43 17 33 14 13 5 19 2 75 31 42 7 29 5 27 3 51 19 82 26
&-Cadinene 1 1 0 0 0 0 3 3 95 5 35 10 11 4 12 2 54 46 16 6
Cubenene 0 0 L] 0 0 0 0 0 100 0 3 3 0 0 0 0 15 15 2 2
Calamenene 0 0 0 0 0 0 1 1 100 0 5 8 2 3 5 16 15 4 5
&-Cadinol 100 0 55 8 8 2 3 5 4 5 4 1 5 2 5 2 4 1) 4 1

$2.4: Relative amounts of VOCs in the HS of the monokaryotic strain C. aegerita AAE-3-32 between the
days 10 and 28.

Day 10 Day 12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 26 Day 28

Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation

Acetone 100 0 20 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Butan-2-one 100 0 21 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cyclopentanone 98 2 57 23 43 40 22 21 0 0 0 0 0 0 0 0 0 0 0 0
Oct-1-en-3-ol 53 15 a 13 61 10 67 17 87 17 81 27 31 11 30 23 17 3 8 6
2-Methylbutan-1-ol 100 o 29 8 19 13 16 20 0 0 0 0 o 0 0 0 0 0 0 0
Af-Protoilludene 33 a7 o 1] 0 o 1] 0 0 0 15 13 0 0 0 0 0 o 69 44
y-Muurclene 98 3 49 4 40 13 34 25 27 23 43 13 57 42 52 26 43 33 9 12
a-Muurolene 95 Z 38 3 27 6 27 21 18 13 37 11 50 41 43 14 28 21 7 9
5-Cadinene 100 0 40 15 15 13 10 14 0 0 o 0 21 29 22 31 21 30 8 11
5-Cadinol 100 0 15 4 7 2 1 1 3 1] 0 o 34 13 33 15 8 6 5 5

§2.5: Relative amounts of VOCs in the HS of the monokaryotic strain C. aegerita AAE-3-24 between the
days 10 and 28.
Day 10 Day 12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 26 Day 28

Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation value deviation

Acetone 100 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Butan-2-one 100 0 o 1} o 0 o 0 o o o 0 o 0 o 0 o 0 0 0
Cyclopentanone 100 0 80 14 62 16 45 13 24 11 16 3 7 ¥ 6 5 4 4 2 2
Octan-3-one o o 0 0 o 0 o o 0 o o 0 27 38 46 41 91 12 22 9
QOct-1-en-3-ol 52 41 30 8 27 9 25 3 27 4 60 31 67 32 28 10 39 31 16 11
2-Methylbutan-1-ol 100 0 21 15 3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A-protoilludene 6 6 2 1 3 4 1 1 4 2 20 18 33 25 20 13 49 37 77 33
y-Muurolene 55 39 41 12 60 10 a5 5 65 8 54 13 70 30 52 4 38 3 63 24
a-Muurcolene 67 47 43 8 61 13 51 6 61 8 52 5 62 23 48 4 97 3 65 15
6-Cadinene 53 38 17 15 37 3 10 14 27 21 13 13 66 a7 53 16 87 18 56 8
&-Cadinol 67 47 0 0 0 0 0 0 0 0 0 0 0 0 11 15 47 41 15 21
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Abstract

Background: Cyclocybe aegerita (syn. Agrocybe aegerita) is a commercially cultivated mushroom. Its archetypal

agaric morphology and its ability to undergo its whole life cycle under laboratory conditions makes this fungus a
well-suited model for studying fruiting body (basidiome, basidiocarp) development. To elucidate the so far barely
understood biosynthesis of fungal volatiles, alterations in the transcriptome during different developmental stages
of C. aegerita were analyzed and combined with changes in the volatile profile during its different fruiting stages.

Results: A transcriptomic study at seven points in time during fruiting body development of C. gegerita with seven
mycelial and five fruiting body stages was conducted. Differential gene expression was observed for genes involved
in fungal fruiting body formation showing interesting transcriptional patterns and correlations of these fruiting-
related genes with the developmental stages. Combining transcriptome and volatilome data, enzymes putatively
involved in the biosynthesis of C8 oxylipins in C. gegerita including lipoxygenases (LOXs), dioxygenases (DOXs),
hydroperoxide lyases (HPLs), alcohol dehydrogenases (ADHs) and ene-reductases could be identified. Furthermore,
we were able to localize the mycelium as the main source for sesquiterpenes predominant during sporulation in
the headspace of C. aegerita cultures. In contrast, changes in the C8 profile detected in late stages of development
are probably due to the activity of enzymes located in the fruiting bodies.

Conclusions: In this study, the combination of volatilome and transcriptome data of C. aegerita revealed interesting
candidates both for functional genetics-based analysis of fruiting-related genes and for prospective enzyme
characterization studies to further elucidate the so far barely understood biosynthesis of fungal C8 oxylipins.

Keywords: Basidiomycota, C8 oxylipins, Global gene expression analysis, Volatilome, Developmental biology,
Multicellular development, Carpophore, Mycelium, Black poplar mushroom, Pioppino, Sesquiterpenes, Dioxygenases
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Background

The formation of fruiting bodies (FBs, basidiomes, basi-
diocarps) that are in particular formed by species from
the Basidiomycota class Agaricomycetes [1] is one of the
most complex developmental processes in the fungal life
cycle. Depending on the species, this development re-
sults in various FB shapes and features (e.g. nutritional
mode or FB-specific natural products) the former of
which has now been revealed as the major driver of di-
versification in mushrooms [2]. In a first step, hyphal
knots develop as a result of enhanced hyphal branching
in defined areas of the vegetative mycelium. The
branches in the hyphal knots intertwine successively to
initials, being for e.g. Coprinopsis cinerea about 1-2 mm
in size [3, 4]. Usually, as in the model agaric Cyclocybe
aegerita (V. Brig.) Vizzini (synonym: Agrocybe aegerita
(V. Brig.) Singer) [5], cell differentiation takes place in
these FB initials, which already becomes evident in late
FB initials [6]. Progression of differentiation leads to the
formation of bipolar primordia essentially comprising
the different ‘tissue’ (more precisely referred to as plec-
tenchyma or plectenchyme in fungi [6-8]) types ob-
served in mature FBs. The subsequent development
from differentiated primordia to FBs is mainly due to
cell elongation rather than cell differentiation [4]. The
formation and maturation of basidiospores and their
subsequent release can be highly synchronized, as ob-
served in species with an ephemeral life strategy produ-
cing short-lived, autolytic FBs such as the dung-dwelling
well-studied model agaric C. cinerea. Other Agaricales
(‘agarics’) species, representing the more typical case of
how meiotic sporulation proceeds in these fungi, lack
such a tight synchronization. Sampled FBs of such spe-
cies contain e.g. spore-forming basidia in various devel-
opmental stages at the same time [9]. Asynchronous
sporulation is exemplified in the long-lasting FBs of the
bracket fungus Schizophyllum commune, another im-
portant Agaricales model system for mating and fruiting
[7, 10-13], where older ‘ripe’ parts of the FB sporulate
while younger FB parts still proliferate [3]. Environmen-
tal and physiological influences, such as nutrient avail-
ability, light and the occurrence of predators, have a
great impact on the development of FBs (reviewed in
[14]). High concentrations of CO,, for example, can sup-
press fruiting or lead to malformed FBs [15-17]. Fur-
thermore, oxylipins have proven to have an influence on
developmental processes in fungi. Recently, Niu et al.
demonstrated that 5,8-dihydroxyoctadecadienoic acid in-
duces lateral hyphal branching in Aspergillus ssp. with
G-protein coupled receptors being involved in the signal
transduction [18]. Additionally, gene deletion experi-
ments with inter alia C. cinerea and S. commune re-
vealed a set of genes that are essential for the proper
formation of FBs [7, 10-12, 19-30]. In S. commune for
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example, the deletion of the transcription factor HOM?2
was associated with an enhanced growth of vegetative
mycelium unable to develop FBs whereas the deletion of
HOM1I and GATI resulted in the formation of more but
smaller FBs with an unusual morphology compared to
the wild type [10, 12]. Furthermore, the blue light photo-
receptor Wc-1 (also called Dstl in C. cinerea) is essential
for the photomorphogenesis of C. cinerea and S. com-
mune [11, 12, 29]. Defects of this gene lead to sup-
pressed primordium maturation with the pileus and
stipe tissues at the upper part of the primordium
remaining rudimentary [26]. Differential expression of
several fruiting-related genes (FRGs) has been observed
in different fungal species during FB development in-
cluding the model agarics S. commune [13] and C.
cinerea [26, 31] as well as the mushrooms Agaricus bis-
porus [32], Armillaria ostoyae, Lentinus tigrinus, Phaner-
ochaete  chrysosporium,  Rickenella  mellea  [33],
Auriculariopsis ampla [34], Hypsizygus marmoreus [35],
Ganoderma lucidum [36], Pleurotus eryngii [37], Heri-
cium erinaceus [38), Lentinula edodes [39] and Flammu-
lina filiformis [40]. Besides morphological changes
during FB development, the odor as a result of released
volatile organic compounds (VOCs) is an important
characteristic of different fungal species. Several studies
revealed that the volatile profile of mushrooms differs
depending on the developmental stage [41-49]. In this
context, the function of VOCs as ‘infochemicals’ is of
special interest since VOCs have proven to influence the
behavior of invertebrates and play therefore probably an
important role in the fungal life cycle by inter alia repel-
ling fungal predators or attracting insects for the pur-
pose of spore dispersal (reviewed in [50, 51]).
Furthermore, C8 VOCs showed regulatory functions in
fungi and influence on conidiation and conidia germin-
ation in Penicillium paneum and Trichoderma spp., re-
spectively [52, 53]. Hence, the changes observed in
volatilomes of fungi are probably due to the adaption of
the organisms to the altering requirements during differ-
ent developmental stages.

Recently, the changes of the volatilomes in the head-
space (HS) of Cyclocybe aegerita (syn. Agrocybe aegerita),
which is a commercially cultivated edible agaricomycete
from Europe [5], during different fruiting stages of the
dikaryon C. aegerita AAE-3 and a set of progeny mono-
karyons was monitored under nearly natural circum-
stances applying a non-invasive extraction method [54].
This study revealed drastic changes in the volatile profile
across developmental stages. In early stages, alcohols
and ketones, including oct-1-en-3-ol and cyclopenta-
none, were the main substances in the HS of the dikar-
yon. With ongoing FB development, the VOCs
composition differed remarkably and particularly during
sporulation. Sesquiterpenes, such as A®-protoilludene, a-
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cubebene and §-cadinene, were the dominant substances
detected in the HS at this stage. After sporulation, the
amount of sesquiterpenes decreased, while the appear-
ance of additional VOC:s, especially octan-3-one, was ob-
served. Despite the notable changes in VOCs profiles
and the biological importance of fungal VOCs, overall
little is known about the pathways leading to their for-
mation. Even the biosynthesis of volatile C8 oxylipins,
such as oct-1-en-3-ol, octan-3-one and oct-1-en-3-one,
ubiquitously found in fungi and perceived as ‘typical’
mushroom odors, is so far scarcely understood. It has
been proposed that volatile C8 oxylipins are derived
from linoleic acid, probably involving lipoxygenases
(LOXs), dioxygenases (DOXs) and hydroperoxide lyases
(HPLs) in the formation process (reviewed in [51, 55]).
However, enzymes clearly linked to volatile C8 oxylipin
biosynthesis have been barely identified so far. To tap
this hitherto neglected topic of fungal VOCs biosyn-
thesis, we conducted a transcriptomic study with in total
seven mycelium- and five FB development stages of C.
aegerita AAE-3, chosen to be similar with stages sam-
pled in the volatilome study of C. aegerita mentioned
above [54]. Combining the volatilome and trancriptome
data sets and comparing volatile profiles in the HS of C.
aegerita with transcription patterns of selected genes, we
were able to identify enzymes putatively involved in the
formation of VOCs in fungi. Especially regarding C8
volatile pathways, we determine for the first time prom-
ising candidates responsible for the biosynthesis of fun-
gal VOCs.
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Results

Fruiting body development in C. aegerita in modified
crystallizing dishes

The dikaryotic strain C. aegerita AAE-3 was able to pro-
duce FBs and basidiospores under the chosen cultivation
conditions (Fig. 1). By day 18 post inoculation (p.i.),
primordia emerged on fruiting-induced mycelium. Fur-
ther on, they developed into FBs, typically sporulating at
day 24 p.i. At the final stage sampled on day 28 p.i,
these show first signs of aging, e.g. a moisture-soaked
cap margin.

Differential gene expression during fruiting body
development

To identify changes in the transcriptome during mush-
room tissue formation and FB maturation in C. aegerita,
RNA sequencing of different developmental stages of
mycelium and FBs was conducted (Additional file 1). In
total, transcripts representing 12,965 of the 14,115 anno-
tated genes were identified (Additional file 2: Table S1,
BioProject PRINA677924, BioSamples 16,789,160 to 16,
789,171). A principal component analysis (PCA) was
performed for the transcriptomes of mycelium and FBs
to highlight similar expression patterns of the different
developmental stages (Fig. 2). For the mycelium samples,
the first two principal components covered 36.2% of the
data’s original variation and developmental stages clus-
tered roughly in three groups (Fig. 2a). The transcrip-
tome of the young mycelium samples, which were taken
prior to the day night shift all other samples have been

sporulation (day 28 p.i.)

Fig. 1 Fruiting body development of C. gegerita. Samples were grown at 24 °C in the dark in crystallizing dishes containing 16 mL 1.5% MEA
medium and were sealed with Parafilm™. Ten days after inoculation, the Parafilm™ was removed and samples were transferred to a climate
chamber (24 °C, 95% rH, 12/12 h day/night rhythm) and cultured for further 18 days. Blue circles indicate examples of FB samples harvested at the
designated stage. yM: young (uninduced) mycelium (day 10 post inoculation, p.i.); M: fruiting-primed mycelium (day 14 p.i.); P: primordia (day 18
p.i.); iFB: immature fruiting bodies (day 20 p.i); pmFB: premature fruiting bodies (day 22 p.i); S: sporulating mature FB (day 24 p.i.); PS: post
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Fig. 2 Principal component analysis (PCA) (left) and scree plot (right) for transcriptome data of developmental stages of C. aegerita. a
Transcriptome data of the mycelium samples. PC1 and PC2 covered 36.2% of the data’s original variation. b Transcriptome data of the fruiting
body samples. PC1 and PC2 covered 45.6% of the data’s original variation. yM: young (uninduced) mycelium (day 10 post inoculation, p.i.); M:
mycelium (day 14 p.i); P: primordia (day 18 p.i.); iFB: immature fruiting bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i); S:
sporulation (day 24 p.i.); PS: post sporulation (day 28 p.i.)

exposed to, formed an individual cluster. The following
four FB developmental stages (fruiting-primed mycelium
to mature FBs) clustered together as well as the tran-
scriptomes of the last two developmental stages (sporu-
lation and post sporulation). The performed Friedman
test revealed significant differences (p =5.448e '°)

between the transcriptomes of the different developmen-
tal stages of the mycelium. The Wilcoxon-Nemenyi-
McDonald-Thompson test, used as the post hoc analysis
of the Friedman test, showed that transcriptomes of
sporulation and post sporulation samples differed signifi-
cantly (p <0.05) from samples of all other stages, but
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were similar to each other. Additionally, the transcriptome
of young mycelium samples differed significantly from
transcriptomes of fruiting-primed mycelium and primor-
dia samples. For the FB samples, the first two principal
components represented 45.6% of the data’s original vari-
ation with all five developmental stages forming individual
clusters (Fig. 2b). The performed Friedman test revealed
significant differences (p =3.162¢ ') between the tran-
scriptomes of the different developmental stages of the
FBs. The Wilcoxon-Nemenyi-McDonald-Thompson test
displayed that primordia, immature FB and premature FB
samples each showed significant differences (p < 0.05) re-
garding their transcriptomes compared to samples of the
other stages, with pmFB1 being a striking exception shar-
ing consistent features with sporulating FBs. Compared to
the other premature FBs, pmFB1 samples were probably
further developed but without showing visible signs of
sporulation. Additionally, the sporulation and post sporu-
lation stages did not differ significantly amongst
themselves.

A highly interesting difference between two mycelial
samples occurred during maturation of FBs. From day 22
to day 24 amongst genes having at least a read count of
100 in the mycelium samples, 66 genes showed a > 5-fold
decrease (Additional file 2: Table S2) and 117 genes a > 5-
fold increase (Additional file 2: Table S3). The deduced
protein sequences of these regulated genes were analyzed
by means of BLAST (tblastn) using characterized proteins
present in the UniProt database. In total, 35 sequences of
the downregulated and 75 sequences of the upregulated
genes could be functionally allocated. Of these, most up-
regulated genes (15 of 75) are related to the mevalonate
pathway and the sesquiterpenoid clusters, whereas the
down-regulated genes mainly code for six putative hydro-
phobins and other fruiting-related genes (FRGs). Thus, we
focus on the FRGs as well as on genes that are involved in
the biosynthesis of volatile compounds mainly produced
during fructification and sporulation.

Transcription of fruiting-related genes (FRGs)

In the genome sequence of C. aegerita, Gupta et al. [56]
identified an array of putative homologs of genes con-
firmed to play a role in fruiting of model agarics. The
transcription levels of these FRGs were analyzed,
whereby only genes were considered showing maximum
transcription levels higher than 25 normalized read
counts (NRC) (Fig. 3). Structurally according to Gupta
et al. [56], these FRGs can be grouped into three major
groups. The largest group of putative C. aegerita FRGs
encodes for the transcription factors Bril, Bwc2, C2H2,
Expl, Fst3, Fst4, Gatl, Homl, Hom2 and Pccl, which
had been described from S. commune and Coprinopsis
cinerea [10, 12, 20, 28, 29], originally. A second group of
FRGs annotated to the C. aegerita AAE-3 genome
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sequence [56] includes the genes CFSI, DST1, DST2,
ELN3 and ICHI, encoding for proteins with diverse
functions, e.g. blue light perception or a putative role in
cell wall carbohydrate production, all derived from puta-
tively orthologous genes of C. cinerea [21, 25-27, 30]. A
third group consists of four previously annotated genes
[56], PRI1 to PRI4, proven to be transcriptionally upreg-
ulated in primordia of the wild type strain C. aegerita
SM51 also known as WT-1 [19, 22-24].

Regarding their expression patterns during fruiting,
these very different FRGs were clustered according to
the developmental phase and hyphal context when and
where they were mainly expressed (Fig. 3). In total, four
larger cohorts can be distinguished from another: two in
the mycelium and two in the mushroom tissue. In the
mycelium, a first cohort comprises genes reaching ex-
pression maxima already early in mycelial stages until
primordia developed. It includes the genes ELN3-2,
ELN3-3, FST3, BWC2, PRI2, DSTI1, CFS1, ICHI, EXPI,
PRI3—-1, HOMI1, PRI4—4 and PRII-I. Four of them,
namely ELN3-3, CFSI1, PRI1 and PRI2, have elevated ex-
pression levels spanning multiple stages (Fig. 3a). The
second group consists of genes whose expression peaked
in mycelium during the formation of post-primordial
fruiting stages: PRI3-2, PRI4-3, PRI3-6, PRI3—4, FST4,
BRII and PCC1.

In FBs, the first cohort comprises genes which reached
an expression maximum in early fruiting stages. The genes
BRI, PRI2, ELN3-1, ICHI, BWC2, DST2, DST1, PRI4—4,
FST4 and PRI3-1 revealed expression maxima in C. aeger-
ita primordia, some of them such as DST1, FST4 and
PRI3-1 showed a continuously high expression in subse-
quent FB stages (Fig. 3b). Other genes in this group, in-
cluding PRI4-3, PRI4—2, ELN3-2, PRI3—4, PRI3-2, PRI4—
1 and PRII-1, displayed highest expression in immature
FBs with PRI4-3, PRI3-2 and PRII-I revealing remark-
ably high expression in previous and subsequent stages.
The second gene cohort is formed by the genes EXPI,
ELN3-3, PCCI, FST3 and HOM]1 revealing high expres-
sion in late fruiting stages. All genes in this cohort showed
expression maxima within FB tissue samples which only
span two stages, except for FST3 which revealed con-
stantly elevated transcription in FB tissue until reaching
the post-sporulation stage (Fig. 3b). Moreover, correla-
tions between the expression of individual FRGs in FB tis-
sue and mycelium samples were investigated. Generally,
formation of clusters of strongly positive correlated genes
was more apparent in FRGs expressed in FB samples
(Additional file 3: Figures S2 and S3).

RT-qPCR-based confirmation of expression values of
selected candidate genes

Expression of four predicted C. aegerita orthologs of
known transcription factor-encoding FRGs from S.
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Fig. 3 Transcription of putative C. aegerita homologs of fruiting-related genes (FRGs) in mycelium (a) and in mushroom tissue (b) during different
developmental stages. NRC per gene were transformed to z-score values (respective scale to the right) whereby only genes were considered
showing maximum transcription levels higher than 25 NRC. Red colors indicate transcriptional upregulation while blue colors represent
downregulation. White colors indicate a z-score of zero and hatched areas show an absence of sampling due the non-applicability. yM: young
(uninduced) mycelium (day 10 post inoculation, p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting bodies (day 20 p.i.);
pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post sporulation (day 28 p.i.). FRGs (in order of appearance in the
panels a and b): ELN3-2 (AAE3_06792), ELN3-3 (AAE3_13318), FST3 (AAE3_09009), BWC2 (AAE3_13841), PRI2 (AAE3_02445), DSTT (AAE3_10538),
CFST (AAE3_01819), ICHT (AAE3_04768), EXPT (AAE3_02324), PRI3—1 (AAE3_14114), HOM1 (AAE3_03904), PRI4-4 (AAE3_04667), PRIT-1
(AAE3_04306), PRI3-2 (AAE3_14115), PRI4-3 (AAE3_04665), PRI3-6 (AAE3_13216), PRI3—4 (AAE3_14116), FST4 (AAE3_11357), BRIT (AAE3_08826),
PCCT (AAE3_01481), ELN3—1 (AAE3_00364), DST2 (AAE3_02725), PRI4-2 (AAE3_04675), PRI4—1 (AAE3_04684)

commune and C. cinerea was additionally monitored via
quantitative real-time reverse transcription-PCR (RT-
qPCR) (Additional file 3: Figure S4; 2-fold expression
change as cut-off) to get a further hint in how far a pre-
dicted ortholog might work in the same way during
fruiting of C. aegerita. The RT-qPCR-monitored expres-
sion pattern of HOMI (Additional file 3: Figure S4A)
showed a transcriptional induction from the FB initial
stage through the primordium and immature FB stage
which confirmed its expression pattern detected within
the RNA-seq analysis (see Fig. 3), at least for the congru-
ently assessed development stages. The expression pro-
file of GATI monitored by RT-qPCR (Additional file 3:

Figure S4B) proved that this FRG is indeed differentially
expressed during fruiting of C. aegerita AAE-3, despite
its sub-threshold expression values in the RNA-seq ana-
lysis above. The transcriptional induction of DSTI in
primordia and immature FB cap tissue over its expres-
sion in young mycelium (Additional file 3: Figure S4C)
was congruent with its high expression in primordia and
immature FBs over young mycelium detected by the
RNA-seq analysis (see Fig. 3). Eventually, the RT-qPCR-
monitored expression pattern of BWC2 (Additional file
3: Figure S4D) generally confirmed the transcriptional
induction of this gene during fruiting (from the primor-
dium stage on) compared to its expression in mycelial
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stages, at least for the assessed development stages com-
pared to the ones assessed by the RNA-seq analysis (see
Fig. 3).

Elucidation of aroma related biosynthesis pathways
during development of C. aegerita

To take up results of a recently published work on
VOCs produced by C. aegerita during different develop-
mental stages [54], this transcriptome study should help
to elucidate biosynthesis pathways of VOCs such as ses-
quiterpenoids and oxylipins in C. aegerita. The large di-
versity of sesquiterpenes and other terpenes is derived
from only two precursors, dimethylallyl diphosphate and
isopentenyl diphosphate, which in fungi are produced
from acetyl-CoA by means of the mevalonate pathway
[57]. Genes coding for enzymes of the mevalonate path-
way were identified in the C. aegerita genome by means
of BLAST search using amino acid sequences of already
characterized fungal analogs. Generally, the expression
of enzymes involved in the mevalonate pathway were
upregulated in the mycelium during sporulation and
post sporulation, whereas in FBs, the transcription of
these enzymes was rather higher in early stages of devel-
opment (Additional file 4: Figure S5). This scenario is
especially true for the farnesyl pyrophosphate synthase
gene. Its corresponding enzyme provides farnesyl pyro-
phosphate, which is cyclized by sesquiterpene synthases
(STSs) into a wide range of sesquiterpenes [58]. The
genome of C. aegerita contains 11 genes coding for STSs
[59]. Of these, nine gave rise to one or more sesquiter-
penes after transformation into E. coli [59] (Additional
file 4: Figure S5). The comparison of the transcription
levels of the different STSs revealed remarkable differ-
ences, also strongly depending on sample type and de-
velopmental stage (Fig. 4, Additional file 4: Figure S6).
Generally, the maximum transcription levels of the STSs
were noticeably lower in the examined FB stages than in
the mycelial samples, never exceeding 50 NRC in the FB
samples. When comparing the occurrence of A°-protoil-
ludene, the most dominant VOC in the HS of C. aeger-
ita AAE-3 during sporulation at day 24 p.i [54]. (Fig. 4),
with the gene expression values of the two known A°®-
protoilludene synthases Agr6 and Agr7 [59], the tran-
scription pattern of AGR6 (AAE3_04120) in the myce-
lium perfectly reflects the occurrence of A°-
protoilludene. In contrast, AGR7 (AAE3_10454) showed
the highest transcription levels in the mycelium after
sporulation at day 28 p.i. when A®-protoilludene produc-
tion already decreased. AGR2 (AAE3_12839), which is
associated with the production of viridiflorene [59],
peaked simultaneously with the highest amount of viridi-
florene at day 24 p.i. during sporulation revealing a 200-
fold expression upregulation compared to day 22. In
contrast, AAE3_13291, the gene coding for Agr5,
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showed the highest transcription level later on at day 28
pi. It is worth mentioning that AGR3 (AAE3_13190),
which codes for a promiscuous STS involved in the bio-
synthesis of a-muurolene, 8-cadinene, y-muurolene and
O-cadinol, was the only examined STS having its max-
imum transcription level at an early developmental stage
at day 10 p.i., where some of its possible products also
showed a slight maximum (Fig. 4). Nevertheless, through-
out the peak maxima of a-muurolene, §-cadinene, y-
muurolene and §-cadinol during sporulation AGR3 tran-
scripts stayed at a low level. In contrast to the STSs men-
tioned above, genes coding for Agrl, Agrd, Agr8 and Agr9
were barely expressed in C. aegerita under the applied ex-
perimental conditions, neither in the mycelium nor in the
FB samples (Additional file 4: Figure S6).

In addition to the sesquiterpenes, the biosynthesis of
oxylipins in fungi is of special interest. Biosynthesis of
volatile fungal oxylipins, including the typical mushroom
C8 aroma compounds such as oct-1-en-3-ol, octan-3-
one and octan-3-ol, but also other oxylipins like 2-
pentylfuran, ubiquitously found in fungi, is yet barely
understood. Oxylipins derive from oxidized fatty acids
or substances originating therefrom [60]. Linoleic acid, a
product of the fatty acid synthesis and further processing
steps (see Additional file 5), serves as a precursor for
fungal (volatile) oxylipins, involving presumably lipoxy-
genases (LOXs), dioxygenases (DOXs), hydroperoxide ly-
ases (HPLs), alcohol dehydrogenases (ADHs) and ene-
reductases in the formation process [49, 61-65] (Add-
itional file 6: Figure S8). Interestingly, the composition
of the three volatile oxylipins detected in the HS of C.
aegerita AAE-3 varied remarkably depending on the de-
velopmental stages [54] (Fig. 5). Taking these variations
into account, identification of unknown enzymes in-
volved in fungal volatile oxylipin formation by analyzing
correlation patterns would be a favorable approach.
Therefore, transcriptome and volatilome data analysis
were performed in R, revealing high correlations be-
tween the expression patterns of certain genes and the
occurrence of oxylipins. Nonetheless, even the applica-
tion of a stringent Spearman’s rank correlation coeffi-
cient threshold (p = 0.7) resulted in too many hits for an
efficient identification of genes putatively involved in
volatile oxylipin biosynthesis (e.g. for oct-1-en-3-ol
about 1000 genes with a matching expression profile
were found in the FB samples) illustrating that a correl-
ation does not necessarily means that a causal relation
exists. Accordingly, BLAST searches were performed
(for details see Methods) to reduce the number of genes
coding for enzymes putatively involved in volatile oxyli-
pin biosynthesis. For the most promising candidates,
gene expression patterns were matched to the volatile
oxylipin  profiles to reveal putatively relevant
connections.
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and in fruiting bodies (FB) during different developmental stages of C. aegerita as well as the relative concentrations of the corresponding
sesquiterpenes (red) in the HS of C. aegerita [54]. yM: young (uninduced) mycelium (day 10 post inoculation, p.i.); M: mycelium (day 14 p.i); P:
primordia (day 18 p.i.); iFB: immature fruiting bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i); S: sporulation (day 24 p.i.); PS: post

100 -|—=— o-Muurolene 1100
_ 90A7°76"\C/Iadin?ne 825
3 —a— y-Muurolene 2
= 809 v 5-Cadinol £5%0 ¢
O 70-—=—AAE3_13190 (AGR3) My L200 8
= --m-- AAE3_13190 (AGR3) FB
E 60+ v .8
g 50l L150 £
c " 3
g 40+ N
100 =
2 30+ £
2 £
© _
- 201 | : Ls0 2
10 \'/| |
R Sre— e A
01 _o———% 9 v -0
yWM M P iFB pmFB
) . ~1100
1004, A°-Protoilludene
< 90 {—=— AAE3_04120 (AGR6) My 825 *
S 80 4--=- AAE3_04120 (AGR6) FB L550 €
5 AL T 8
'ﬁ 704 F200 o
£ 604 ?
5 50 -150 £
o pe]
S 40- N
g " 100 =
9 30+ €
=} " o
[ _
- 20 Ls0 2
104 =
04 \./-I 777777 [ R " lo
yWM M P iFB pmFB S PS

The first step towards oxylipins is the oxygenation of
fatty acids, mainly linoleic acids, by LOXs. The max-
imum transcription levels of the LOX genes in C. aeger-
ita were noticeably higher in FBs than in the mycelium
(Fig. 5), except for LOX2 (AAE3_01552) and LOX3
(AAE3_09652), of which the latter was barely expressed.
The by far highest transcription level amongst all LOX
genes was detected for LOX4 (AAE3_04864) showing a
successively upregulation in FB stages during

development and peaking during sporulation at day 24
p.i. that lead to a 62-fold upregulation compared to the
primordia stage. In contrast, in the mycelium the tran-
scription of LOX4 (Fig. 5) was remarkably less pro-
nounced showing 135-fold less expression during
sporulation compared to FBs. In mature FBs, LOXS
(AAE3_07753) displayed the second highest transcrip-
tion level of all LOX genes showing a transcription pat-
tern quite similar to the occurrence of oct-1-en-3-ol in
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Fig. 5 Transcription levels of the lipoxygenases LOX7-5 (blue) in the mycelium (My) and in fruiting bodies (FB) during different developmental
stages of C. aegerita as well as the relative concentrations of volatile oxylipins (red) in the HS of C. aegerita [54]. yM: young (uninduced) mycelium
(day 10 post inoculation, p.i); M: mycelium (day 14 p.i); P: primordia (day 18 p.i.); iFB: immature fruiting bodies (day 20 p.i.); pmFB: premature
fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i); PS: post sporulation (day 28 p.i.)

the HS of C. aegerita. Conversely, LOX1 (AAE3_00896)
revealed its highest transcription levels in early FB
stages, peaking in immature FBs and decreasing
afterwards.

In contrast to all other LOX genes, LOX2 (AAE3_
01552) displayed a remarkably higher transcription level

in the mycelium revealing a 10-fold higher maximum
expression at day 10 p.i. compared to the quite constant
transcription levels in FB stages.

Besides the activity of LOXs on linoleic acid, DOXs
might also play a crucial role in the formation of fungal
volatile oxylipins [49] (Additional file 6: Figure S8). Two
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putative DOXs genes were found in the genome of C.
aegerita by means of BLAST search using amino acid se-
quences of already characterized ascomyceteous DOXs.
Interestingly, the transcription of the putative DOX gene
AAE3_00407 was upregulated in the mycelium of early
fruiting stages (2-fold change), whereas the transcription
in the FBs remained comparably low (Fig. 6). In contrast,
the expression of the putative DOX gene AAE3_13098
was high in young fruiting stages, peaking with nearly
4500 NRC in immature FBs, thereafter showing a 2.5-
fold transcription decrease, along with the dropping
amount of oct-1-en-3-ol in the HS, towards late FB
stages (Fig. 6). It is worth mentioning that AAE3_13098
revealed also high expression (about 2000 NRC) in
young mycelium stages as well as in later mycelium
stages with an almost constant expression level of
slightly above 1000 NRC.

It is likely that, analogous to plants, fungi have HPLs
catalyzing the cleavage of hydroperoxide molecules into
a C8 body that is subsequently converted by oxidoreduc-
tases into different VOCs (Additional file 6: Figure S8).
The most prominent expression of a putative HPL was
revealed by its encoding gene AAE3_05330 (3500 NRC)
in late FB stages with a 2.3-fold increase of the transcrip-
tion level compared to primordia stages and with high
expression in the mycelium (1000 NRC at day 14 p.i.)
(Additional file 6: Figure S9). For AAE3_09203, the high-
est expression was observed in immature FBs (2000
NRC), whereas in the mycelium the transcription of
AAE3_09203 was remarkably lower revealing 16-fold
less expression at this stage. Interestingly, in FB stages as
well as in the mycelium, the course of expression of
AAE3_09203 was comparable to the transcription of the
putative DOX AAE3_13098. AAE3_09218 showed high
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expression in primordia (1500 NRC) with a 3-fold ex-
pression downregulation towards later stages. In the my-
celium, the highest transcriptions were observed for
AAE3_12835 (2000 NRC) and AAE3_04119 (1600 NRC)
during sporulation but both with comparable low ex-
pression (17-fold and 58-fold less expression, respect-
ively) in FB stages. In contrast, AAE3_06380 revealed
quite constant transcription levels (about 1000 NRC) in
the mycelium as well as in FB stages.

In addition to the oxygenation of linoleic acid by
means of LOXs or DOXs and the subsequent cleavage
to C8 oxylipins by means of HPLs, the enzymatic con-
version of mentioned C8 oxylipins might play an import-
ant role in the formation of C8 VOCs in fungi. In this
context, ADHs and ene-reductases might play an im-
portant role, explaining the observed decrease of oct-1-
en-3-ol during sporulation and, thereafter, the increase
of octan-3-one in the HS of C. aegerita [54]. Putative
ADHs and ene-reductases were identified in the genome
of C. aegerita by means of BLAST search using amino
acid sequences of characterized ADHs and ene-
reductases. The transcription levels of putative ADHs
and ene-reductases were analyzed in the mycelium and
in FB stages (Additional file 6: Figures S10 and S11). In
general, most genes coding for putative ADHs showed
transcription levels under 500 NRC in the mycelium and
in FB tissue samples. Interestingly, the expression of
AAE3_ 00054, AAE3 10620 and AAE3 12451 succes-
sively increased in FB stages, showing during sporulation
high transcription levels with a 30-fold, 4-fold and 72-
fold expression upregulation, respectively, compared to
primordia stages and peaking concurrently with a low
level of oct-1-en-3-ol content in the HS of C. aegerita.
Comparable transcription, with over 2500 NRC during
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Fig. 6 Transcription levels of the putative dioxygenase (DOX) genes AAE3_00407 and AAE3_13098 (blue) in the mycelium (My) and in fruiting
bodies (FB) during different developmental stages of C. aegerita as well as the relative concentrations of volatile oxylipins (red) in the HS of C.

aegerita [54]. yM: young (uninduced) mycelium (day 10 post inoculation, p.i); M: mycelium (day 14 p.i); P: primordia (day 18 p.i.); iFB: immature
fruiting bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i); S: sporulation (day 24 p.i.); PS: post sporulation (day 28 p.i.)
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sporulation, was observed for AAE3_05375 in the myce-
lium, already displaying a high expression (900 NRC) in
the young mycelium at day 10 p.i. Remarkably, the ex-
pression of AAE3_02583 reached, with nearly 3000
NRC, a high transcription level after sporulation at day
28 p.i., displaying, compared to expression during sporu-
lation, a 23-fold upregulation concomitant with the ap-
pearance of octan-3-one in the HS of C. aegerita.

The genome of C. aegerita revealed some interesting
putative ene-reductases (Additional file 6: Figure S11).
The by far highest expression was revealed by AAE3_
13549 in mature FBs (3300 NRC) as well as in FBs dur-
ing sporulation (7900 NRC) and after sporulation (4750
NRC), representing a 34-fold upregulation during sporu-
lation compared to primordia stages. Interestingly, the
expression pattern of AAE3_13549 showed remarkable
similarity with the transcription of the highly expressed
putative ADHs AAE3_00054, AAE3_10620 and AAE3_
12451 in FB stages. In contrast, the maximum transcrip-
tion level of AAE3_13549 in the mycelium during sporu-
lation was quite low, showing, compared to FBs, 24-fold
less expression. In contrast to AAE3_13549, other puta-
tive ene-reductases were only slightly upregulated during
late fruiting stages compared to early developmental
stages. Such was observed during sporulation inter alia
for AAE3_00194, with a 2-fold higher transcription level
in the mycelium and a 1.5-fold expression upregulation
in FB stages, or for AAE3_02355, with a 5-fold higher
expression in the mycelium. It is worth mentioning that
of the putative ene-reductases belonging to the OYE
(old yellow enzyme) family only AAE3_09471 showed a
maximum expression higher than 300 NRC, with about
400 NRC in sporulating FBs.

Discussion

In this study, we conducted the first comparative tran-
scriptome analysis of C. aegerita comprising the most
important life stages of C. aegerita after successful mat-
ing and dikaryotization including seven mycelium and
five FB developmental stages, for the first time also con-
sidering samples of the mycelium during fructification.
A previous study dealing with the transcriptome of C.
aegerita based on a de novo assembly of expressed se-
quences tags only compared one mycelium developmen-
tal stage with one fruiting stage without specifying the
time of sampling [66]. Our transcriptomic data are in
good agreement with results of other transcriptome
studies on different developmental stages of other fungi
of the phylum Basidiomycota regarding number of tran-
scripts and differentially expressed genes (DEGs) [33, 37,
67—-69]. For instance, Song et al. found 11,675 unique
transcripts [70] of 13,028 predicted genes [71] by RNA-
Seq analysis of mycelium and mature FBs of Lentinula
edodes.
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The differences of the transcription pattern between
the FB stages in C. aegerita was expected (Fig. 2b). How-
ever, the differences within the fungal mycelium samples
was astonishing (Fig. 2a). The beginning of the day/night
shift from day 10 onwards explains the extreme alter-
ation in the transcriptome between day 10 and day 14,
but not the variation in the transcripts within the myce-
lial samples occurring during sporulation of the FBs (Fig.
2). Multiple genes are responsible for this alteration that
can be assigned as e.g. FRGs or as genes involved in bio-
synthetic pathways of VOCs.

Fruiting-related genes (FRGs)

Among the genes that are known to be crucial for the
initiation of fruiting, Pccl from C. cinerea is supposed to
be either a repressor or an interaction partner of the het-
erodimer of homeodomain proteins HD1 and HD2 that
triggers mating locus A-regulated development including
fruiting [20]. Accordingly, its putative C. aegerita ortho-
log PCC1 is highly expressed already from the beginning
of the C. aegerita fruiting process. PCC1 shows a high
expression already in uninduced young mycelium (>
2000 normalized reads), which permanently increases to
> 6000 NRC after sporulation, and also exhibits high ex-
pression values in FB tissue samples of different fruiting
stages (Fig. 7). Of the differentially expressed genes rele-
vant to fruiting initiation in the related agaric S. com-
mune [10, 12], the transcription factor-encoding genes
BRI1 and FST4 [56] showed a clear transcriptional in-
duction in primordia and, in the case of the latter gene,
also in immature FBs of C. aegerita AAE-3. Induction of
both genes in primordia is in agreement with the find-
ings by Ohm et al. [10] and Pelkmans et al. [12]. They
showed that the Afsz4 mutant is not able to form FB ini-
tials (‘aggregates’) as it triggers the transition from vege-
tative growth to fruiting. On the other hand, Pelkmans
et al. [12] showed that the Abril mutant is delayed in
fruiting, chiefly due to a reduced growth speed that may
be explained by downregulation of crucial cellular pro-
cesses. Our observation that BRII and FST4 also get
strongly induced during the sporulation/post-sporulation
stage in the mycelium might relate to the phenomenon
that C. aegerita fruits in consecutive flushes ([5], Fig. 7)
once the fruiting process has been triggered by environ-
mental cues. In the present study, the induction of genes
like PCC1, BRI1 and FST4, induced at early developmen-
tal stages in S. commune [10, 12, 34], at the sporulation/
post-sporulation stage may be characteristic of species
that fruit in consecutive flushes like C. aegerita. If not
revealed by future analysis of mycelium close to elder
first flush FBs of S. commune that another increase in
expression of such FRGs may just happen much later
there, the expression maximum of C. aegerita PCCI,
BRI1 and FST4 at the (post-)sporulation stage might
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Fig. 7 Hypothetic roles of C. gegerita orthologs of “classic” model agaric fruiting-related genes (FRGs) from S. commune, C. cinerea and C. aegerita
SM51 in FB development of C. aegerita AAE-3. a Landmarks during fruiting of C. aegerita AAE-3 in the fruiting regime of Herzog et al. [6] as
monitored by handcuts. The five stages of this process are shown in white to orange boxes. Scale bars represent 100 um (white box), 400 um
(light yellow box), 0.5 mm (yellow box), 1 mm (dark yellow box) and 2 mm (orange box). b Model for the regulation of C. aegerita AAE-3 FB
development. Indices | and Il symbolize consecutive fruiting flushes that are typical for C. aegerita fructification. Green lines represent a presumed
functional role in a certain stage by the respective putative C. aegerita AAE-3 orthologs of proteins with experimentally ascertained function from
S. commune and C. cinerea. These presumptions are necessarily also based on the differential expression data of the corresponding C. aegerita-
FRG from the present study. For the sake of simplicity this categorization also extends to the C. aegerita AAE-3 counterparts of the PRIT to PRI4
genes of C. aegerita SM51 where functions were presumed based on transcription profiling and in silico analyses. Putative interaction between
Dst1 and Bwc2 is symbolized by a thin line ending in a diamond on each side. Blue lines represent hypothetical roles within C. aegerita AAE-3

fruiting body development solely based on the expression data recorded within the present study. Dotted lines represent conjectured (in) direct
transcriptional activation/repression of target genes based on publications on putative counterparts from another mushroom. Grayed-out genes
did not show differential expression in the present study in the respective developmental stage(s) of C. aegerita AAE-3 but have previously been

shown to trigger relevant fruiting body developmental processes in the model mushroom S. commune [10, 12]

mark a big difference to species producing even more
long-lasting FBs. In contrast to C. aegerita FBs, S. com-
mune FBs are characterized by an extremely long per-
sistence (>50vyears, [72]), releasing spores whenever
conditions are favorable [7]. Alternatively, the here ob-
served post-sporulation induction could also be a hint
that transcription factors like Bril may not exclusively
govern the expression of genes that are involved in the

generation of FB structures. Possibly, transcriptional in-
duction of genes involved in fruiting-associated pro-
cesses could be regulated, too, by such a factor. Such
could be volatile production for spore disperser attrac-
tion or fungivore repellency. As a gene triggering the
formation of light-induced FB initials, which also seems
to play a role in subsequent fruiting stages [27] (Fig. 7),
CESI showed an expression profile that peaked in
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fruiting-induced mycelium and markedly decreased in
later mycelium stages.

Induction in fruiting-induced mycelium in contrast to
vegetative mycelium correlates well with the expression
data of the C. cinerea ortholog in mycelial stages [27].
Still, there may be a difference between this FRG’s ex-
pression in both fungi, since it shows an expression
maximum in primordia of C. cinerea implying a role also
for later stages of FB development in the plectenchyma
of C. cinerea [27], while in C aegerita expression remains
high in mycelium to a considerable amount until the
premature FB stage but not in primordia of C. aegerita.
This, of course neither rules out a putative indirect ac-
tion of Cfsl on C. aegerita FB stages forming on the
fruiting-induced mycelium connected to them nor that a
putative role of Cfsl in later stages of development
might potentially be mediated post-transcriptionally.

Being required for proper primordia development in
response to illumination [26, 29, 30], the expression pat-
terns of BWC2 and DST1 mostly match the expression
patterns of their C. cinerea counterparts (Fig. 7). In
addition, our quantitative PCR data are chiefly in agree-
ment with the transcriptomic data on BWC2 and DST1
expression (see Fig. 3 and Additional file 3: Fig. S4), even
though standard deviation in the sample from stipes of
immature fruiting bodies was too high to confirm differ-
ential expression of DSTI1 and BWC2 there. Both genes
are upregulated from the primordium stage onwards,
interestingly also in the cap of developing FBs, implying
a possible function in FB tissue generation there (Fig. 7).
As a future experimental directive, it might be worth to
test, e.g. by transcript profiling, whether a potential cap
differentiation-associated tissue specificity of Dstl ex-
pression might apply, which would corroborate the hy-
pothesis that Dstl may even have a function in the
induction of cap formation. Such a cap tissue-specific
expression localization, potentially from the primordial
stage on, was also presumed for ageritin expression [72].
Moreover, transcriptomic data indicates upregulation of
DST1 in fruiting-induced mycelium, indicating a hypo-
thetical role of DSTI in the transition of FB initials to
primordia that would need verification by functional
analyses. Similar to DST1, DST2 was also upregulated in
primordia and developing FBs, as expected compared to
its C. cinerea counterpart [29, 30] (Fig. 7).

According to Ohm et al. [10], the expression values of
FST3 in developing and maturating FBs in C. aegerita
might restrict the extent of additional primordia forma-
tion ensuring that some FBs can fully develop assuming
limited resources for sexual reproduction [10]. The para-
logized C2H2, which is relevant to the transition from
FB initials to primordia in the related agaric S. commune
[10, 12], showed very low expression values. This leaves
it open to future work how these paralogs might be
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involved in fruiting and whether they might be subject
to post-transcriptional regulation. The same applies for
HOM2, which also displayed less than 25 NRC (Fig. 7).

Among the cohort of genes associated with proper
primordial development, the putative C. cinerea counter-
part of ICHI had been characterized by a remarkable
primordium malformation phenotype in the case of a re-
cessive mutation of its DNA sequence [21]. Exhibiting
an expression pattern that aligns very well with its C.
cinerea counterpart, it can be presumed that ICHI
should be similarly essential to proper primodium devel-
opment (Fig. 7). In another C. aegerita wild type strain
[19, 22-24], four genes were reported as transcription-
ally induced during primordium development. In the
genome sequence of C. aegerita AAE-3 [56], paralogiza-
tion (commonly also referred to as gene duplication(s)/
gene multiplication) for three of them can be detected.
In the case of PRII, the difference between the expres-
sions of the paralogs during fruiting is similarly striking
as it has been recently observed with the basidiome
defense genes AGT1 and AGT2 of which only the
former is transcriptionally induced during fruiting al-
though both genes encode a functional ribotoxin [72,
73] and are located directly adjacent to each other on
the chromosome. Both, PRII-1 and PRII-2 are sup-
posed to encode a hemolysin. In the case of Pril-1, a
hemolytic activity has been proven at least for its puta-
tive Pleurotus ostreatus ortholog pleurotolysin [74].
Thus, the here-observed extraordinary high expression
of PRI1-1 during fruiting may go well together with a
potential defense function of this protein to protect C.
aegerita from predation during FB formation (Fig. 7).
Supported by comparably high transcription levels espe-
cially in fruiting-induced mycelium and in primordia,
and by the fact that PRI2 should encode a hydrophobin,
one may speculate whether Pri2 play an essential role
for FB initial formation (Fig. 7). Making this point, Ohm
et al. [10] discuss phenotypes and expression profiles,
e.g. of the Afst4 mutant which cannot form FB initials
and displays a severely affected expression of dikaryon-
specific hydrophobins. The scarcity of sequence motif
annotation of hydrophobin genes [56] makes it very dif-
ficult to speculate about their possible functions, even
for the highly expressed paralogs of PRI3 (AAE3_14114
and AAE3_14115) and PRI4 (AAE3_04665). Potential
functions of PRI3 and PRI4 for the development of prim-
ordia into immature FBs or FB maturation-associated
processes, as tentatively adumbrated by Fig. 7, may only
be revealed to the point once gene knockout method-
ology is established for C. aegerita.

In C. cinerea, the gene encoding the Expl protein has
been attributed a role in the basidiome maturation asso-
ciated process of cap expansion [28]. EXPI has its ex-
pression maximum when cap expansion takes place in
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premature fruiting bodies implying a conserved function
with its C. cinerea counterpart. Besides this, it is also up-
regulated in induced mycelium at the beginning of the
fruiting process. Since a faint upregulation of the C.
cinerea gene has been observed already in primordia
[28], it may not be unexpected that the HMG-box tran-
scription factor Expl could also regulate genes outside
FB maturation (Fig. 7). Being involved in the FB
maturation-associated process of stipe elongation in C.
cinerea, the paralogs of ELN3 exhibited diverging ex-
pression patterns during fruiting. Only ELN3-1 (AAE3_
00364) was exclusively upregulated in FB tissue. Display-
ing its maximum transcription in primordia, and to a
lesser extent in maturing FBs, its function may extend
also to a role in primordial plectenchyma formation. In
contrast, ELN3—-2 (AAE3_06792) and ELN3-3 (AAE3_
13318) had their expression maxima in uninduced myce-
lium with lesser expression maxima in developing FBs
or primordia (only ELN3-2). Compared to other model
agarics, as anticipated by Gupta et al. [56], the here-
recorded differential gene expression of EXPI1 and the
ELN3 paralogs implies a more complex genetic regula-
tion of basidiome maturation in C. aegerita (Fig. 7). This,
of course, needs verification by functional genetics ana-
lyses in future studies.

In S. commune, the Gatl- and the Homl-
encoding gene get transcriptionally induced mainly
during development of FBs although a slight ex-
pression is detectable for HOMI already during ag-
gregate and primordia formation [10, 12].
Functional analyses revealed both transcription fac-
tors to be important for plectenchyma formation in
developing FBs of this species [10, 12]. Also, des-
pite a possible (partial) shift in function during
fruiting, both transcription factors are conserved
also among other Agaricales members [34]. Differ-
ential expression of HOMI1 and GATI in C. aegerita
is chiefly congruent with the expression pattern of
their S. commune counterparts [12]. This provides
evidence to hypothesize that their functions should
be conserved in C. aegerita (Fig. 7).

The cluster analysis on FRGs expressed in FB tis-
sue samples (Additional file 3: Figure S2) resulted in
clear groups of strongly positively correlated genes.
This cluster formation is also chiefly in agreement
with the assignment of genes into the expression
maxima cohorts established within Fig. 3, particu-
larly for genes that have early or late expression
maxima in FB tissue. In contrast, the cluster ana-
lysis of the mycelium samples showed much less
comprehensive cluster formation. Accordingly, the
general overlap between the clusters from the clus-
ter analysis and the gene cohorts revealing early or
late expression maxima in mycelial stages (Fig. 3,
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Additional file 3: Figure S3) was also much less
comprehensive. This underlines that a cluster ana-
lysis can be very useful to time-efficiently identify
strongly positive correlated genes with common dif-
ferential expression patterns.

VOC related biosynthesis pathways

Sesquiterpene synthases from fungi have proven to often
have a high catalytic promiscuity, leading to a highly di-
verse number of sesquiterpenes despite low variety of
enzymes [75-78]. Furthermore, modifications of ter-
penes catalyzed by cytochrome P450 monooxygenases,
oxidoreductases and different group transferases [79]
might also contribute to the high diversity of sesquiter-
penes observed in the HS of C. aegerita [54]. Most ses-
quiterpenes produced by the recombinant E. coli clones
were also present during sporulation in the HS of C.
aegerita [59]. Interestingly, genes of the mevalonate
pathway as well as of the STSs showed generally higher
expression levels in the mycelium than in FB samples
during the late phase of the fruiting process. This indi-
cates that the mycelium rather than the FB tissue is the
origin of the high amounts of sesquiterpenes observed in
the HS of C. aegerita during sporulation [54]. This
would also explain the occurrence of sesquiterpenes in
the HS of the monokaryon AAE-3-40, which do not de-
velop FBs [54], and why these substances were not de-
tected in previous studies on VOCs in FBs of C. aegerita
[80—82]. In this context the question remains, if sporula-
tion triggers the release of sesquiterpenes or if sesquiter-
penes are somehow associated with the release of spores.
Nonetheless, it seems that sesquiterpenes are involved in
a so far barely understood communication between my-
celium and FBs.

In addition to the sesquiterpenes, the biosynthesis of
oxylipins in fungi is of special interest. The pathways
leading to volatile fungal oxylipins, including the typical
mushroom C8 VOCs such as oct-1-en-3-ol, octan-3-one
and octan-3-ol, but also other oxylipins, like 2-
pentylfuran, are still scarcely known despite their ubiqui-
tous occurrence in fungi. Fungal volatile oxylipins are
derived from linoleic acid and are therefore connected
to the biosynthesis of fatty acids [60]. Generally, we ob-
served a higher expression of genes involved in the fatty
acid synthesis and further processing to linoleic acid in
FB stages than in mycelial stages. Comparable data was
obtained by Wang et al. investigating one mycelium and
one FB developmental stage of C. aegerita and showing
an upregulation of genes involved in fatty acid metabol-
ism in FBs [66]. A similar upregulation was observed in
S. commune during FB development [13]. In fact, a re-
cently published comprehensive transcriptomic study
dealing with six different Agaricomycetes species and
the gene expression during various developmental stages
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revealed as well a higher expression of genes involved in
lipid biosynthesis in fruiting stages throughout all inves-
tigated species [33]. This might indicate that this pattern
is quite common among mushroom-forming fungi.

It is widely accepted that LOXs and DOXs are in-
volved in fungal oxylipin biosynthesis using linoleic acid
as precursor, although little is known about the exact
formation processes [60]. Despite the prominent role of
LOXs in the fungal oxylipin synthesis, only three LOXs
in Basidiomycota are functionally characterized so far
[83-85]. Among them, the C. aegerita Lox4, a 13-LOX
exclusively producing 13-hydroperoxy-9,11-octadecadie-
noic acid (13-HPOD) [85] whereas LOXs from Pleurotus
ostreatus [83] and Pleurotus sapidus [84] produce, along
with the main product 13-HPOD, also minor amounts
of 9-hydroperoxy-10,12-octadecadienoic acid (9-HPOD).
The role of 13-HPOD in the formation processes of fun-
gal VOC:s is still largely unknown. It seems that the bio-
synthesis of n-hexanal is associated with 13-HPOD [86].
However, it was also proposed that 13-HPOD is involved
in the synthesis of oct-1-en-3-one, which is subsequently
reduced to oct-1-en-3-ol or octan-3-one by so far un-
known ADHs or ene-reductases, respectively (Fig. 8). In
parallel, it is assumed that oct-1-en-3-ol emerges from
10-hydroperox-8,12-octadecadienoic acid (10-HPOD) as
precursor [49, 87]. Nonetheless, several studies excluded
13-HPOD from being a precursor of oct-1-en-3-ol [63,
86, 88]. Recently, Tasaki et al. determined the transcrip-
tion levels of PoLOX1 and PoLOX2 along with the oct-1-
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en-3-ol content and LOX activity in mycelium, primor-
dia, young FBs and mature FBs of P. ostreatus [49]. In
agreement with our results, LOX genes were mostly
expressed in FB developmental stages with PoLOXI
mainly in primordia and PoLOX2 primarily in fully de-
veloped FBs. Tasaki et al. reported a correlation between
LOX activity and PoLOX1I expression in FB developmen-
tal stages. However, no LOX activity was detected in the
mycelium, excluding LOXs as a source for oct-1-en-3-ol
present in the mycelium [49]. Our transcriptomic data
indicates similar with only little pronounced expression
of LOX genes in the mycelium despite the presence of
oct-1-en-3-ol during all mycelial stages [54].

Thus, a DOX might be responsible for the oct-1-en-ol
production. In contrast to the quite well understood
DOXs from Ascomycota [89], to our knowledge, no
DOXs from Basidiomycota are characterized so far. Re-
cently, Oliw analyzed reaction products of Rhizoctonia
solani mycelium after addition of linoleic acid and ob-
served substances probably derived from 9S-DOX-AOS
(allene oxide synthase), 8S-DOX-8,9-ODS (oleate diol
synthase) and 8R-DOX activity [90]. The biosynthesis of
8S-HPOME, 8S5,9S-DIHOME and 8R-HPODE were
linked to the proteins KEP54849 or KEP46854. This is
due to the presence of a NXXQ motif in the I-helix of
the CYP (cytochrome P450) domains, proven to be in-
volved in the hydroperoxide isomerase activities of 7,8-
and 5,8-LDS (linoleate diol synthase) [91], and the oc-
currence of the YRWH sequence. Whereas KEP52552,
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lacking the NXXQ motif and revealing an uncommon
YHWH sequence, was connected to the 9S-DOX-AOS
activity [90]. On basis of amino acid sequences of char-
acterized DOXs from ascomycetes and putative DOXs of
the basidiomycete fungus R. solani, two putative DOXs
of C. aegerita show highest similarities with the ones
from R. solani (AAE3_00407 with KEP52552 and AAE_
13098 with KEP54849) (Additional file 7: Figure S12),
which might indicate similar reaction products of these
DOXs. Nonetheless, the putative DOXs in C. aegerita re-
veal remarkable differences to the two putative DOXs
KEP52552 and KEP54849 from R. solani regarding leu-
cine and valine residues in the DOX domain (AAE3_
13098: Val-403, Leu-407; AAE3_00407: Phe-331, Leu-
335) (Additional file 7: Figure S13A). These are con-
firmed to be crucial for the oxygenation at C™'° and
C 8 of linoleic acid [92, 93]. In this context, it is worth
mentioning that the putative DOX KEP46854, which
shows overall less amino acid sequence similarity with
the two putative DOXs from C. aegerita (Additional file
7: Figure S12), possesses a VXXXL residue. The same
applies to AAE3_13098. Additionally, both putative
DOXs from C. aegerita harbor, unlike KEP52552, the
YRWH motif, commonly found in the DOX domains of
8- and 10-DOXs, whereas the corresponding sequence
in 9S-DOX-AOS, 9R-DOX-AOS and 9R-DOX enzymes
is normally YRFH (Additional file 7: Figure S13A). In
the C-terminal CYP domains of AAE3 13098 and
AAE3_00407, the NXXQ motif is absent. This motif is
commonly found in 10R-DOX-EAS (epoxy alcohol syn-
thase), 5,8- and 7,8-LDS, but not in 95-DOX-AQS, 9R-
DOX-AQOS, 10R-DOX-CYP and 9R-DOX enzymes, the
latter lacking a CYP domain and consequently also this
motif [94] (Additional file 7: Figure S13B). Furthermore,
like 10R-DOX-CYPs, both putative DOXs are missing a
conserved cysteine residue in the CYP domain which
serves as the fifth iron ligand in P450 enzymes and is es-
sential for the function [93] (Additional file 7: Figure
S13B). Therefore, it is likely that the CYP domains of
DOXs from C. aegerita are, comparable to 10R-DOX-
CYPs, not functional [93]. Hence, the putative DOXs
from C. aegerita and 10R-DOX-CYPs have some struc-
tural features in common, even though the important
leucine and valine residues mentioned above as part of a
conserved LRTIV motif in 10R-DOX-CYPs differ from
residues observed in AAE3 13098 and AAE3_00407
(Additional file 7: Figure S13A). Interestingly, 10R-DOX-
CYPs of the fungal phylum of Ascomycota reveal the po-
tential to form volatile C8 compounds since they pro-
duce inter alia 10-HPOD, which serves as a precursor
for oct-1-en-ol [55, 63]. Moreover, addition of linoleic
acid to an extract of E. coli containing a recombinant
10R-DOX-CYP from A. nidulans resulted in the produc-
tion of oct-1-en-3-ol, oct-2-en-1-ol, oct-2-enal and
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octan-3-one [93]. Taking these aspects into account, it is
possible that DOXs from C. aegerita might constitute a
novel DOX subfamily with so far unknown products. In
this context, the putative DOX AAE3_13098, which also
shows comparably high transcription in the mycelium
and similarities of its expression course to the oct-1-en-
3-ol pattern in the HS of C. aegerita, seems to be an in-
teresting candidate for future characterization studies.
This way, one may become able to tap the so far
neglected topic of DOXs in Basidiomycota and their po-
tential role in (volatile) oxylipin formation (Fig. 8).

In plants, the cleavage of fatty acid hydroperoxides by
HPLs is well known and HPLs can be divided into 9-
HPLs, 13-HPLs and 9/13-HPLs responsible for the syn-
thesis of C6- and C9-aldehydes which have, along with
their derivatives, various functions in plants [95, 96]. In
contrast, there is only scarce information about fungal
HPLs. In an early study, Wurzenberger and Grosch in-
cubated 9-, 10-, 12- and 13-HPOD with a protein frac-
tion isolated from an extract obtained from the button
mushroom Agaricus bisporus [63]. They observed that
only addition of 10-HPOD resulted in the formation of
oct-1-en-3-ol and 10-oxo-trans-8-decenoic acid probably
due to the presence of a 10-HPOD specific HPL. Despite
the fact that other studies suggest the existence of such
an enzyme as well [86, 88], to our knowledge no fungal
HPL has been isolated and characterized so far. Phylo-
genetic analysis revealed that putative HPLs encoded by
AAE3_09218, AAE3_09203, AAE3_06699 and AAE3_
11433 were closer related to characterized plant HPLs
and AOS than the other putative HPLs we found in the
genome of C. aegerita (Additional file 7: Figure S14). In
FB samples as well as in the mycelial stages, the course
of expression of the putative HPL gene AAE3 09203
was comparable to the transcription of the putative
DOX gene AAE3_13098. Both genes showed similarities
to the oct-1-en-3-ol pattern in the HS of C. aegerita
(Additional file 7: Figure S15), making AAE3_09203 an
interesting candidate for characterization studies. It is
worth mentioning that AAE3_05330, identified as a pu-
tative HPL by means of BLAST search using a 13-HPL
protein sequence of A. thaliana, shared similarities in
the expression pattern with the gene coding for the
characterized Lox4. Both genes were highly transcribed
in late fruiting stages along with the appearance of
octan-3-one, which might indicate an involvement of
both enzymes in the formation of this C8 VOC (Fig. 8,
Additional file 7: Figure S16).

In addition to the oxygenation of linoleic acid by
LOXs/DOXs and the subsequent cleavage into C8 com-
pounds, further enzymes are necessary to provide a
plentitude of C8 VOCs in fungi. It has been demon-
strated that in A. bisporus oct-1-en-3-one can be con-
verted to oct-l-en-3-ol as well as to octan-3-one,
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probably by means of two different enzymes [64]. These
results were confirmed by Wanner and Tressl using a
crude enzyme extract of Saccharomyces cerevisiae [65].
Furthermore, they were able to isolate two reductases
capable to convert oct-1-en-3-one to octan-3-one [65].
In this context, ADHs and ene-reductases might play an
important role, explaining the observed decrease of oct-
1-en-3-ol during sporulation and, thereafter, the increase
of octan-3-one in the HS of C. aegerita [54]. A heterolo-
gously expressed ADH from the fungus Neurospora
crassa was able to oxidize octan-1-ol [97]. Using the
amino acid sequence of this ADH (Q9P6C8), we identi-
fied putative ADHs in the genome of C. aegerita by
means of BLAST search which might be able to oxidize
oct-1-en-3-ol to oct-1-en-3-one (Fig. 8, Additional file 6:
Figure S10). Of those genes, the putative ADH gene
AAE3_00054 showed highest expression of all putative
ADH genes in FB development stages. This high expres-
sion came along with a decreasing amount of oct-1-en-
3-ol and an increasing amount of octan-3-one in the HS
of C. aegerita. In addition, phylogenetic analysis showed
that AAE3_00054 and AAE3 06559 are closer related to
the ADH of N. crassa than the other putative ADHs
(Additional file 7: Figure S17).

The gene AAE3_13549 coding for a putative ene-
reductase showed the highest transcription levels of all
putative ene-reductases in late stages of FB development.
Interestingly, amino acid sequence alignment revealed
notable similarity (54%) between the putative C. aegerita
ene-reductase encoded by AAE_13549 and the charac-
terized plant ene-reductase from N. tabacum (Q9SLNS)
known to be able to reduce oct-1-en-3-one (Fig. 8, Add-
itional file 7: Figure S18). Additionally, in FB develop-
ment stages, resemblance between the transcription of
AAE3_13549 and the putative ADHs AAE3_00054,
which codes for a putative ADH, along with the decreas-
ing amount of oct-1-en-3-ol and the increasing amount
of octan-3-one (Additional file 7: Figure S19) supports
the proposed transformation of oct-1-en-3-ol via oct-1-
en-3-one to octan-3-one [49, 64].

Overall, it seems that the first occurrence of octan-3-
one in the HS of C. aegerita in late FB developmental
stages is probably due to enzymatic activities in the FB
tissue and not in the mycelium. This assumption bases
on the fact that the transcription levels of genes coding
for enzymes putatively related to the formation pro-
cesses of C8 VOCs, such as enzymes involved in the
fatty acid synthesis, LOXs, putative DOXs, putative
HPLs, putative ADHs and putative ene-reductases, in FB
stages showed transcription patterns that were match-
able to the octan-3-one production. This would also ex-
plain why octan-3-one was not observed in the HS of C.
aegerita monokaryotic strains unable to develop FBs
[54]. In contrast, the transcriptome data suggest that the
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origin of the sesquiterpenes appearing in the HS of C.
aegerita during the sporulation is the mycelium instead
of the FBs. This is highly interesting as the sesquiterpene
production occurs during sexual sporulation. The forma-
tion of various VOCs in different morphological parts of
C. aegerita might be, along with the changing volatilome
during different developmental stages [54], an important
part in fungal communication which involves several
VOCs as infochemicals with numerous functions
(reviewed in [50, 51]). This is an aspect, which should be
kept in mind during further studies dealing with e.g.
fungal intra- and interspecific VOC based communica-
tion. In total, the combination of volatilome and tran-
scriptome data proved to be a powerful tool to elucidate
coherences regarding the VOC biosynthesis pathways in
fungi.

Conclusions

In this work, we investigated the changes in the tran-
scriptome of C. aegerita during different points in time
of FB development including seven mycelial and five
plectenchymatic samples. On the one hand, the tran-
scriptomic data generated here gave first insights into
how the network of known FRGs may direct the com-
plex process of FB development in C. aegerita. The
here-observed differential expression patterns of partially
highly paralogized FRGs during fruiting in contrast to
the situation in the other model agarics C. cinerea or S.
commune suggests a seemingly more complex regulation
of fruiting in C. aegerita. On the other hand, by compar-
ing the transcriptome with volatilome data of a recently
conducted study [54], we were able to identify enzymes
potentially involved in the biosynthesis of C8 oxylipins.
Despite ubiquitously found in fungi and contributing to
the typical mushroom odor, little is known about path-
ways leading to C8 based VOCs. To further elucidate
this topic, enzymes of interest identified in this study, in-
cluding LOXs, DOXs, HPLs, ADHs and ene-reductases,
are valuable candidates for further studies. Additionally,
we were able to localize the mycelium as the presumable
main source of observed sesquiterpenes, whereas the in
late stages detected changes in the C8 compound profile
is most likely due to the activity of enzymes located in
the FB tissue.

Methods

Fungal materials

The tested dikaryotic strain C. aegerita AAE-3 was
grown at 24 °C in the dark in crystallizing dishes (lower
dish: 70 mm in diameter, upper dish: 80 mm in diam-
eter) with 16 mL 1.5% MEA (containing 15g malt ex-
tract and 15 g agar per L) and sealed with Parafilm™ Ten
days after the inoculation, the Parafilm™ was removed
and the samples were transferred to a climate chamber
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(24°C, 95%rH, 12/12h day/night rhythm) and cultured
on glass plates for further 18 days. Seven developmental
stages of C. aegerita AAE-3 were tested, consisting of
young mycelium (day 10 post inculation, p.i.), mycelium
(day 14 p.i.), primordia (day 18 p.i.), immature FBs (day
20 p.i.), premature FBs (day 22 p.i.), sporulation (day 24
pi) and post sporulation (day 28 p.i.). Accordingly,
seven mycelium and five FB stages were sampled. FB
stages were collected by means of a scalpel used to care-
fully separate the FB samples from the mycelium. From
a single agar plate only FB samples of a certain stage
were sampled using the whole FB for RNA extraction
and discarding younger stages (for details see Fig. 1).
Mycelium samples were obtained using a spatula to gen-
tly remove the mycelium from the agar plate and
thereby avoiding to collect possible FB stages. All sam-
ples were stored in RNAlater (Quiagen, Venlo,
Netherlands) at - 20°C. Each stage was grown in six
replications of which two comparable samples were
pooled prior to RNA extraction resulting in 36 RNA
samples for sequencing. Accordingly, transcriptomic
data presented are the mean values of RNA sample
triplicates.

RNA isolation and sequencing

For the RNA extraction, RNAlater was removed and
samples were frozen in liquid nitrogen and ground into
powder using mortar and pestle. Total RNA was ex-
tracted using TRIzol® (Life Technologies, Carlsberg, Cali-
fornia, USA) according to the manufacturer’s
instructions. Obtained RNA was solved in DEPC treated
water and quantity as well as quality was assessed by
means of photometric analysis (Pearl nanophotometer,
Implen, Munich, Germany) and agarose gel electrophor-
esis (Peqlab electrophoresis chamber, VWR Life Science,
Radnor, Pennsylvania, USA). RNA samples were stored
at — 80°C. For sequencing, RNA samples were send on
dry ice to Lexogen (Lexogen GmbH, Vienna, Austria).
The quality of the RNA samples was verified by Lexogen
using a capillary gel electrophoresis system (Bioanalyzer,
Agilent, Waldbronn, Germany). The complete sequen-
cing procedure was offered as a Lexogen QuantSeq
FWD SR5 service, including RNA quality control, RNA
quantification, QuantSeq FWD library preparation for
[llumina sequencing, NextSeq 75cyc high output sequen-
cing, read trimming, mapping and quantification. Cuta-
dapt version 1.16 [98] was used to trim the reads by
removing trailing poly(A) and poly(G) as well as adapter
sequences. STAR aligner version 2.5.3a (for details see:
https://github.com/alexdobin/STAR/blob/master/doc/
STARmanual.pdf) was used to align the trimmed reads
on the C. aegerita reference genome [56] (version 2.2 of
the genome has been used and can be downloaded via
the respective genome browser (http://www.thines-lab.
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senckenberg.de/agrocybe_genome/). Quantification of
the aligned reads was performed by featureCounts ver-
sion 1.6.2. The QuantSeq 3" mRNA sequencing method
generates for each transcript only one fragment so the
number of reads can be linked directly to the number of
transcripts and is therefore proportional to the gene ex-
pression [99]. The average number of reads over all sam-
ples used for the alignment was 14.4 million reads per
sample of which 93.1% resulted in a unique alignment to
the reference genome and 1.4% were mapped to multiple
loci. About 0.1% of the reads were discarded since the
mapping resulted in too many loci and around 5.4% of
the reads were too short for an adequate alignment.

Transcriptome analysis and bioinformatics

Transcriptome data analysis were performed and imple-
mented in R (version 3.6.0) [100]. Different R packages
were applied as parts of scripts used for the transcriptome
analysis. DEG analysis was accomplished by means of the
R package “ImpulseDE2” (version 1.8.0) displaying not
only permanent but also transient changes at the level of
transcription [101, 102]. Accordingly, DEGs can be classi-
fied into four groups: transition up for monotonous up-
regulated genes, transiton down for monotonous
downregulated genes, transient up for transiently upregu-
lated genes and transient down for transiently downregu-
lated genes (for details see Fisher et al. [101]). The
“ggplot2” R package (version 3.1.1) is part of the “tidy-
verse” collection and a powerful and versatile tool for
graphical visualization [103]. This package was applied to
generate the PCA plots. The subsequent used Friedman
test and the Wailcoxon-Nemenyi-McDonald-Thompson
test were originally implemented by Galili [104] and in-
ternally based on the R packages “coin” and “multcomp”.
The R package “ComplexHeatmap” (version 2.0.0) were
used to visualize the correlation matrices. For the correl-
ation analysis Spearman rank correlation was applied. All
R scripts used within this publication are deposited at
https://github.com/AnnsophieWeber/
ComparisonOfMetabolomeAndTranscriptomeData.

Identification of proteins in C. aegerita

Generally, proteins were identified in the genome of C.
aegerita using BLAST search (Geneious version 11.1.5,
Biomatters, New Zealand) using amino acid sequences
of mainly characterized proteins against the UniProt
database [105]. Generally, a blastp E-value threshold of
le-10 was applied and hits with the lowest E-values and
highest identity were blasted (blastp) against the UniProt
database to verify the results. Multiple hits were com-
pared by alignment of the protein sequences and a
phylogenetic analysis. Phylogenetic analyzes were per-
formed by means of Phylogeny.fr (http://www.
phylogeny.fr/) using default parameters [106].


https://github.com/alexdobin/STAR/blob/master/doc/STARmanual.pdf
https://github.com/alexdobin/STAR/blob/master/doc/STARmanual.pdf
http://www.thines-lab.senckenberg.de/agrocybe_genome/
http://www.thines-lab.senckenberg.de/agrocybe_genome/
https://github.com/AnnsophieWeber/ComparisonOfMetabolomeAndTranscriptomeData
https://github.com/AnnsophieWeber/ComparisonOfMetabolomeAndTranscriptomeData
http://phylogeny.fr
http://www.phylogeny.fr/
http://www.phylogeny.fr/

Orban et al. BMC Genomics (2021) 22:324

Alignments were carried out by using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) with default
parameters [107].

Protein IDs for FRGs in C. aegerita were obtained
from Gupta et al. [56] with exception of a second puta-
tive homolog of AaPRII from C. aegerita SM51 within
the C. aegerita AAE-3 genome sequence represented by
the ID AAE3_04306. For LOXs in C. aegerita, protein
IDs were used which were published by Karrer and Rithl
[85]. STS protein IDs were obtained from Zhang et al.
[59]. For identification of enzymes involved in the meva-
lonate pathway analogues in S. cerevisiae were used:
acetoacetyl-CoA synthase (P41338), 3-hydroxy-3-meth-
ylglutaryl-CoA synthase (P54839), 3-hydroxy-3-methyl-
glutaryl-CoA reductase (P12683, P12684),
phosphomevalonate kinase (P24521), diphosphomevalo-
nate decarboxylase (P32377), isopentenyl-diphosphate
delta isomerase (P15496), dimethylallyltransferase/farne-
syl pyrophosphate synthase (P08524). For enzymes puta-
tively involved in the fatty acid synthesis, analogs from
different fungi were used: acetyl-CoA carboxylase (Lac-
caria bicolor, BOCUDS), fatty acid synthase (Omphalotus
olearius, B3GN11), pB-ketoacyl-CoA synthase (S. cerevi-
siae, P25358), Ag-fatty acid desaturase (L. edodes,
Q76C19), Alz—fatty acid desaturase (Q65YX3, L. edodes).
Putative DOXs were identified in the genome of C.
aegerita using protein sequences of characterized DOXs
from Ascomycetes including a 8R-DOX-7,8-LDS (Gaeu-
mannomyces graminis, AAD49559), a 9R-DOX (Fusar-
ium oxysporum, EGU79548) and a 10R-DOX-CYP
(Aspergillus fumigatus, ABV21633). Putative HPLs of C.
aegerita were identified by means of BLAST search
using protein sequences of characterized members of
the CYP74 family in plants including a 13-HPL (Arabi-
dopsis thaliana, Q9ZSY9), a 9-HPL (Prunus dulcis,
Q7XB42), a 9/13-HPL (Cucumis sativus, QIM5]J2) and a
13-A0S (A. thaliana, Q96242). Considering the features
of known CYP74 proteins in plants, we chose for each of
the four proteins mentioned above the top 10 matches
revealing sequence lengths between 300 and 700 amino
acids. Additionally, to reduce the number of putative
HPLs to the essentials, only genes were considered
showing maximum transcription levels higher than 300
NRC. Putative ADHs were identified using an ADH of
the fungus Neurospora crassa (Q9P6C8) proven to be
able to oxidize octan-1-ol [97]. To reduce the number of
putative ADHs to the essentials, only genes were consid-
ered showing maximum transcription levels higher than
300 NRC. Putative ene-reductases were identified in the
genome of C. aegerita using sequences of characterized
non-FMN ene-reductases of plants accepting inter alia
non-2-enal and oct-1-en-3-one as substrates [108, 109]
(Nicotiana tabacum, QI9SLNS; A. thaliana, Q39172) and
a fungal non-FMN ene-reductase (Sporidiobolus
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salmonicolor, AOAOD6ERKS). In addition, sequences of
fungal FMN depending OYE ene-reductases were used
proven to be able to reduce amongst others citral (gera-
nial) which shows some structural similarities with non-
2-enal and oct-1-en-3-one [110, 111] (Pichia stipites,
A3LT82; Meyerozyma guilliermondii, ASDR62). To re-
duce the number of putative ene-reductases to the es-
sentials, only genes were considered showing maximum
transcription levels higher than 300 NRC.

RT-qPCR based confirmation of expression values of
selected candidate genes

To exemplarily validate our transcriptomic data on FB
development of C. aegerita AAE-3 via RT-qPCR, an op-
timal combination of two reference genes (gene IDs
AAE3_02268 and AAE3_07769) with high expression
stability during vegetative growth and fruiting of C.
aegerita was identified recently by Hennicke et al. and
Tayyrov et al. [72, 73]. Primers for the reference genes
and general RT-qPCR conditions are identical to the
ones employed by Hennicke et al. and Tayyrov et al. [72,
73], while primers for the genes HOMI, GATI, BWC2
and DSTI (Additional file 3: Table S4) were designed
here, applying the same criteria. Mycelial and fruiting
stage samples were obtained, extracted and RNA quality
assessed as performed by Hennicke et al. and Tayyrov
et al. [72, 73], from developmental stages/plectenchy-
matic samples of C. aegerita AAE-3 chiefly congruent to
the ones of the RNA-seq analysis in the present study,
deviating only by these: fruiting body initials (FBi) at day
15 to 16 post inoculation (p.i.); fruiting body primordia
(P) at day 17 to the morning of day 19 p.i; immature
FBs separately sampled into stipe (iFBs) and cap (iFBc)
at day 19 to the morning of day 21 p.i. Samples of the
stages premature FBs (day 22 p.i.), sporulation (day 24
p.i.), and post sporulation (day 28 p.i.) were not assessed
here.
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Differential gene expression during fruiting body development

In the mycelium, as a result of the comparison of the different developmental stages, 129
genes were classified as transient down, 152 genes as transient up, 1,553 genes as
transition down and 1,784 genes as transition up (Figure S1A), whereas for fruiting bodies,
no genes were identified as transient down, 2 genes as transient up, 758 genes as transition
down and 912 genes as transition up (Figure S1B). In total, both transcriptome data sets
revealed 4,632 differentially expressed genes (DEGs) of which 2,960 genes were uniquely
differentially expressed in the mycelium and 1,014 genes were only differentially expressed

in fruiting bodies, leaving 658 DEGs both life stages had in common (Figure S1).
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Figure S1: Differential gene expression during fruiting body development in C. aegerita. A) Differential
expressed genes (DEGs) in the mycelium. B) DEGs in fruiting bodies. Each heatmap block represents one
differential gene expression class:*down: transient down; *up: transient up; down: transition down; up:
transition up. Normalized read counts were transformed to z-score values (respective scale to the right). Red
colors indicate transcriptional upregulation while blue colors represent downregulation. yM: young
(uninduced) mycelium (day 10 post inoculation, p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB:
immature fruiting bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24
p.i.); PS: post sporulation (day 28 p.i.). C) Venn diagram presenting the overlap of DEGs among mycelium and
fruiting bodies, as well as the number of DEGs only present in one sample type.
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Transcription of fruiting-related genes (FRGs)

In FB samples, expression of all four PRI4 paralogs, the PRI3 paralogs PRI3-1 and -2, PRI2,
BRI1, DST1 and -2, ELN3-1 and -2, and ICH1 strongly correlated with each other in a first
cluster, the expression of BWC2, PRI3-6 and CFS1 strongly correlated with each other in a
second one, and the expression of EXP1, ELN3-3, PCC1 and FST3 strongly correlated with
each other in a third one (Figure S2). Among the PRI3 paralogs, a strong correlation was
also visible for the expression of PRI3-1 and -4, whereas the expression of PRI3-4 correlated
with the one of PRI3-6 in a fairly positive manner. Individual positive correlation was also
detected between the expression of FST4 versus BW(C2, DST1 and -2, ELN3-1 and -2, ICH1,
PRI2, PRI3-1, -4 and -6, and PRI4-2 to -4, as well as between the one of HOM1 versus FST3
and CFS1 (Figure S2).

Some of these correlations were also observed in the mycelium samples where cluster
formation was less comprehensive. Clusters of expression-wise strongly positive correlated
genes were recognized, first, with all four PRI4 paralogs, DST1, and EXP1 (Figure S3; with
PRI4-2 and DST1 revealing the weakest correlation among them) aligning with the
correlation among PRI4-1 to -4 and DST1 in the fruiting body samples (Figure S2). A second
cluster was apparent between PRI3-1, ICH1, CFS1, DST2 and PRI2 (Figure S3) mirroring the
correlation between /ICH1 and DST2 observed in the fruiting body samples (Figure S2). A
third cluster was recognized with ELN3-3, FST3 and BWC2 (Figure S3) comparable with the
correlation between ELN3-3 and FST3 in the fruiting body samples (Figure S2). Two last
clusters were evident in mycelium samples with PRI3-4 and -6, BRI1 and PCC1 on the one
hand, and with ELN3-1 and -2 on the other hand (Figure S3). There, ELN3-1 and -2 also
showed a strongly positive correlation of their expression in plectenchyme samples (Figure
S2). Furthermore, the positive expression-wise correlation between the PRI3 paralogs PRI3-
1 and -2 in plectenchyme samples aligned with the one in the mycelium samples, while the
fairly positive correlation of the expression of PRI3-4 and -6 in the plectenchyme samples
was complemented by a strongly positive correlation within the mycelium samples (Figure

s3).
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Figure S2: Correlation of the expression of putative C. aegerita homologs of fruiting-related genes (FRGs) in
plectenchymatic samples (fruiting body ‘tissue’) during the fructification process. Only genes were considered
showing maximum transcription levels higher than 25 normalized read counts. Red colors represent positive
correlation, blue colors represent negative correlation and grey/light colors represent no/weak correlation
between the selected genes.
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Figure S3: Correlation of the expression of putative C. aegerita homologs of fruiting-related genes (FRGs) in
mycelium samples. Only genes were considered showing maximum transcription levels higher than 25
normalized read counts. Red colors represent positive correlation, blue colors represent negative correlation
and grey/light colors represent no/weak correlation between the selected genes.
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Figure S4: Relative qRT-PCR based expression level assessment with C. aegerita orthologs of four well-known
fruiting-related genes (FRGs) during fruiting of C. aegerita. Expression changes are shown on a log 2 scale.
The error bars represent the standard deviation of three biological replicates. For initials and primordia each
replicate was a separate RNA extraction of pooled individuals, each collected from sets of 2—-3 plates (for
initials) or 1 plate (for primordia) with no overlap between plates/sample pools. The dotted horizontal line
represents the expression level of the respective gene in young (uninduced) mycelium (yM) as the reference
expression. Sampled C. aegerita AAE-3 materials: M, fruiting-primed mycelium 24 h to 48 h before emergence
of fruiting body (FB) initials; I, FB initials; P, primordia; iFBs, immature FB stipe; iFBc, immature FB cap. A-B
Expression of AaeHOM1 (gene ID AAE3_03904) and AaeGAT1 (gene ID AAE3_00943). C-D Expression of
AaeDST1 (gene ID AAE3_10538) and AaeBWC2 (gene ID AAE3_13841).
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Figure S5: Expression of genes involved in the mevalonate pathway and of the sesquiterpene synthases (STSs)
Agrl to Agr9 in the mycelium and fruiting bodies of C. aegerita. Normalized read counts per gene were
transformed to z-score values (respective scale to the right). Red colors indicate transcriptional upregulation
while blue colors represent downregulation. White colors indicate a z-score of zero and hatched areas show
an absence of sampling due the non-applicability. Interestingly, the transcription levels of genes involved in
the mevalonate pathway were typically higher in the mycelium than in the fruiting bodies, except for the 3-
hydroxy-3-methylglutaryl-CoA synthase gene (AAE3_11472), the mevalonate kinase gene (AAE3_09165) and

the phosphomevalonate kinase gene (AAE3_05390).

The farnesyl

pyrophosphate synthase gene

(AAE3_11637), responsible for the biosynthesis of the precursor of sesquiterpenes, was in both sample types
highly expressed, especially in mycelium during late developmental stages (over 7,000 normalized read
counts) and in primordia (over 2,900 normalized read counts). yM: young (uninduced) mycelium (day 10 post
inoculation, p.i.); M: fruiting-primed mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting
bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post

sporulation (day 28 p.i.).
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Figure S6: Transcription levels of the genes coding for the sesquiterpene synthases (STSs) Agrl, Agr4, Agr8
and Agr9 (blue) in the mycelium (My) and in fruiting bodies (FB) during different developmental stages of
C. aegerita as well as the relative concentrations of the corresponding sesquiterpenes (red) in the HS of
C. aegerita. Interestingly, compared to the STSs Agr2, Agr3, Agr5, Agr6 and Agr7, Agr9 coded by the gene
AAE3_06743, involved in the synthesis of y-muurolene and 6-cadinene, displayed in the mycelium as well as
in FB quite constant transcription levels, ranging between 8 and 40 normalized read counts. This also applied
for the transcription level of AAE3_09164 (AGR4) in FB whereas in the mycelium the highest transcription
level was with 10 normalized read counts during sporulation quite low. Of all STS investigated in C. aegerita
AAE-3, AAE3_06595 (AGR1) and AAE3_04444 (AGR8) showed the lowest transcription levels, not exceeding
9 normalized read counts in the examined developmental stages, neither in the mycelium nor in the
plectenchmyatic samples of the different fruiting body stages. yM: young (uninduced) mycelium (day 10 post
inoculation, p.i.); M: fruiting-primed mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting
bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post
sporulation (day 28 p.i.).



Chapter IV 106

The fatty acid metabolism

The fatty acid synthase (FAS) is a multifunctional enzyme playing a key role in the cytosolic
fatty acid synthesis. In fungi, the FAS complex normally consists of eight enzyme domains
including an acetyltransferase (AT), an enoyl reductase, a dehydratase (DH),
malonyl/palmitoyltransferase (MPT), an acyl carrier protein (ACP), a ketoreductase (KR), a
ketosynthase (KS) and a phosphopantetheinyl transferase (PPT) [1, 2]. The FAS complex
differs among fungi. In Basidiomycota, it tends to be a monomeric FAS protein encoded by
a single gene whereas in Ascomycota the FAS complex is a o[ oligomer with the eight
domains encoded in two genes [3-5]. The cytosolic fatty acid synthesis is initialized by the
binding of acetyl-CoA to a phosphopantetheinyl linker of ACP catalyzed by AT and the
binding of a malonyl-CoA elongation unit by means of MPT followed by condensation,
accompanied by a decarboxylation step, to B-ketoacyl-SACP derivatives catalyzed by the KS
domain [2] (Figure S7). Malonyl-CoA is provided by an acetyl-CoA carboxylase catalyzing
the carboxylation of acetyl-CoA. Subsequently, multiple reduction steps involving KR, DH
and ER occur, lead to the corresponding acyl-SACP. Repetitions of this cycle and reversed
loading reaction catalyzed by MPT result in the release of palmitoyl and stearoyl-CoA which
can be further elongated catalyzed by 3-ketoacyl-CoA synthases (elongases). Stearyl-CoA
can be transformed successively into the polyunsaturated fatty acid linoleic acid by means
of desaturases [6] (Figure S7). Genes coding for enzymes involved in fatty acid synthesis
and processing were identified in the C. aegerita genome by means of BLAST search using
amino acid sequences of already characterized fungal analogues. Generally, these enzymes
were higher expressed in plectenchymatic samples (fruiting body stages) than in the
mycelium with exception of the putative A%-fatty acid desaturase AAE3 10709 and the
putative A'’-fatty acid desaturase AAE3_00256 (Figure S7). Interestingly, many genes
revealed the highest transcription levels in primordia and/or late fruiting body
development stages including the putative acetyl-CoA carboxylase AAE3_00446, the
putative FAS AAE3_09085, the putative elongase AAE3_08045, the putative A°-fatty acid
desaturases AAE3_00260, AAE3_ 10708 (homolog of Le-FAD1 [7]) and AAE3_07049 as well
as the putative Al!’-fatty acid desaturases AAE3_00132, AAE3 00257, AAE3_03586
(homolog of Le-FAD2 [8]) and AAE3_12354.
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Nonetheless, in our study, most genes involved in fatty acid biosynthesis and processing
also showed a decent transcription over 100 normalized read counts in the mycelium. An
enhanced biosynthesis of fatty acid in younger mycelium stages and subsequent storage is
quite likely taking the comparably high fat content in the mycelium of various fungi into
account [9, 10]. A crucial step in the biosynthesis of fungal volatile oxylipins is the formation
of unsaturated fatty acids, especially linoleic acid, from saturated fatty acids catalyzed by
desaturases [3] (Figure S7). Sakai et al. characterized a A°-fatty acid desaturase (FAD1) [7]
and a AM-fatty acid desaturase (FAD2) [8] from L. edodes and compared the levels of
expression in mycelium, primordia and mature fruiting bodies. Depending on the
cultivation conditions, FAD1 showed an increase in transcription by 4.1 and 6.0-fold and
FADZ2 by 3.5 and 4.2-fold in primordia and fruiting bodies compared to the mycelium [7, 8]
which is in good agreement with our results. Additionally, Wang et al. reported for L.
edodes a high and quite constant expression of FAD2 in three different developmental
stages of fruiting bodies [11] counting as well for young fruiting stages of C. gegerita,
nonetheless it is worth to mention that in primordia, a developmental stage not
investigated by Wang et al., we observed remarkably higher transcription of AAE3_10708
(putative homolog of Le-FAD1) and especially of AAE3_03586 (putative homolog of Le-

FAD2) than in all other developmental stages.

References

1. Schweizer E, Hofmann J. Microbial Type | Fatty Acid Synthases (FAS): Major Players in a
Network of Cellular FAS Systems. Microbiol Mol Biol Rev. 2004;68:501-17.

2. Dickschat JS. Fungal volatiles — a survey from edible mushrooms to moulds. Nat Prod
Rep. 2017;34:310-28.

3. Reich M, Gobel C, Kohler A, Buée M, Martin F, Feussner I, et al. Fatty acid metabolism in
the ectomycorrhizal fungus Laccaria bicolor. New Phytol. 2009;182:950-64.

4. Antelo L, Schlipp A, Hof C, Eisfeld K, Berg H, Hornbogen T, et al. The Fatty Acid Synthase
of the Basidiomycete Omphalotus olearius is a Single Polypeptide. Z Fiir Naturforschung C.
2014;64:244-250.

5. Jenni S, Leibundgut M, Maier T, Ban N. Architecture of a Fungal Fatty Acid Synthase at 5
A Resolution. Science. 2006;311:1263-7.

6. Beccaccioli M, Reverberi M, Scala V. Fungal lipids: biosynthesis and signalling during
plant-pathogen interaction. Front Biosci Landmark Ed. 2019;24:172-85.



Chapter IV 108

7. Sakai H, Kajiwara S. A stearoyl-CoA-specific Delta 9 fatty acid desaturase from the
basidiomycete Lentinula edodes. Biosci Biotechnol Biochem. 2003;67:2431-7.

8. Sakai H, Kajiwara S. Cloning and functional characterization of a A12 fatty acid desaturase
gene from the basidiomycete Lentinula edodes. Mol Genet Genomics. 2005;273:336—41.

9. Sumner JL. The fatty acid composition of basidiomycetes. N Z J Bot. 1973;11:435-42.

10. Cohen N, Cohen J, Asatiani M, Varshney V, Yu H-T, Yang Y-C, et al. Chemical Composition
and Nutritional and Medicinal Value of Fruit Bodies and Submerged Cultured Mycelia of
Culinary-Medicinal Higher Basidiomycetes Mushrooms. Int J Med Mushrooms.
2014;16:273-91.

11. Wang, Zeng X, Liu W. De novo transcriptomic analysis during Lentinula edodes fruiting
body growth. Gene. 2018;641:326—34.



Chapter IV

109

My
FB’////M/////M//A
Vi

O
starter unit H

iFB mFB PS
AAE3 00446 _ _
Acetyl-CoA carboxylase O O
EC6.4.12 JJ ”

Ns.con AT{p A})p Ho™ | 7 scoa

after 7
cycles:

HSCoA
:

HCO;”

AAE3_09085

Fatty acid synthase

EC2.3.1.86

M
3 IV//M/////M///*
y

(0]

S-ACP
N\

NADP*

iFB mFB

NADPH+H*/\)J\S-ACP

z-score

30

15

0,0

-15

15

Y
OCo0A-S
PRecarCor | am ossfly_ J—
@ synthase Nkl =
EC 2.3.1.199 yivi M P iFB m PS
OCoA-S
My~
AAE3_00260{M8 ] —
A’-Fatty acid {My<
AAE3_10708\pg{z—c
desaturase My ]
AAE3 10709715
EC 1.14.19.1 s 07045 = —
O _ FB 1
v yM M P iFB  mFB PS
OCo0A-S
AAE3_00132{}Y ] W_ |
AAE3_00256{¥§
My
A]2-Fatty acid AAE3—00257{ FFX-V I [
M |
desaturase AAE3_03586{ Bl _
My 4
EC 1.14.19.6 AAE3_06014{ ¥ 1 —
anesosoisi¥ —
My 4
(0] AAE3_12354 Fg_W . . _ﬁ
Y yM M P iFB mFB PS

OCoA-S

Figure S7: Expression of genes putatively involved in the fatty acid biosynthesis in the mycelium (My) and in
fruiting bodies (FB) of C. aegerita. Normalized read counts were transformed to z-score values (respective
scale to the right) whereby only genes were considered showing maximum transcription levels higher than
25 normalized read counts. Red colors indicate transcriptional upregulation while blue colors represent
downregulation. White colors indicate a z-score of zero and hatched areas show an absence of sampling due
the non-applicability. yM: young (uninduced) mycelium (day 10 post inoculation, p.i.); M: mycelium (day 14
p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting bodies (day 20 p.i.); pmFB: premature fruiting bodies

(day 22 p.i.); S: sporulation (day 24 p.i.); PS: post sporulation (day 28 p.i.).
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Enzymes acting on C8 oxylipins
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Figure S8: Proposed pathways for the enzymatic formation of fungal oxylipins.

Putative HPLs of C. aegerita were identified by means of BLAST search using protein
sequences of characterized members of the CYP74 family in plants (Figure S9). Putative
ADHs were identified using an ADH of the fungus N. crassa (Q9P6C8) ) proven to be able to
oxidize octan-1-ol [1]. To reduce the number of putative ADHs to the essentials, only genes
were considered showing maximum transcription levels higher than 300 normalized read
counts. Analogously, putative ene-reductases were analyzed by means of BLAST search

using sequences of characterized non-FMN ene-reductases of plants accepting inter alia
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non-2-enal and oct-1-en-3-one as substrates [2, 3] (Nicotiana tabacum, Q9SLNS;
Arabidopsis thaliana, Q39172) and a fungal non-FMN ene-reductase (Sporidiobolus
salmonicolor, AOAOD6ERK8). Additionally, sequences of fungal FMN depending old yellow
enzyme (OYE) ene-reductases were used proven to be able to reduce amongst others citral
(geranial) which shows some structural similarities with non-2-enal and oct-1-en-3-one [4,
5] (Pichia stipites, A3LT82), Meyerozyma guilliermondii, ASDR62). To reduce the number of
putative ene-reductases to the essentials, only genes were considered showing maximum
transcription levels higher than 300 normalized read counts (Figure S11). It is worth to
mention that the putative OYE ene-reductases generally showed, compared to the putative

non-FMN ene-reductases, low expression.
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Figure S9: Transcription levels of genes coding for putative HPLs (blue) in the mycelium (My) and in fruiting
bodies (FB) during different developmental stages of C. aegerita as well as the relative concentrations of
volatile oxylipins (red) in the HS of C. aegerita. Only genes were considered showing maximum transcription
levels higher than 300 normalized read counts. yM: young (uninduced) mycelium (day 10 post inoculation,
p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting bodies (day 20 p.i.); pmFB:
premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post sporulation (day 28 p.i.).
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transcription levels higher than 300 normalized read counts. yM: young (uninduced) mycelium (day 10 post
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Figure S11: Transcription levels of genes coding for putative ene-reductases (blue) in the mycelium (My) and
in fruiting bodies (FB) during different developmental stages of C. aegerita as well as the relative
concentrations of volatile C8 oxylipins (red) in the HS of C. aegerita. Only genes were considered showing
maximum transcription levels higher than 300 normalized read counts. yM: young (uninduced) mycelium (day
10 post inoculation, p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting bodies
(day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post sporulation
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Revealing putative enzymes of the oxylipin pathway in C. aegerita

Putative DOXs were identified in the genome of C. gegerita by means of BLAST search using
protein sequences of characterized DOXs from Ascomycetes including a 8R-DOX-7,8-LDS
(linoleate diol synthase) (Gaeumannomyces graminis, AAD49559), a 9R-DOX (Fusarium
oxysporum, EGU79548) and a 10R-DOX-CYP (cytochrome P450) (Aspergillus fumigatus,
ABV21633). This way, two putative DOXs (AAE3_00407 and AAE3_13098) were found,
being, as reported for other fungal 8-, 9- and 10-DOXs, fused to CYPs, which are usually
catalytically functional [1]. Fungal DOX-CYPs consist of several subfamilies including inter
alia 5,8- and 7,8-LDS, 10R-DOX-EAS (epoxy alcohol synthase), 95- and 9R-DOX-AQS (allene
oxide synthase), 85- and 8R-DOX-AOS and 10R-DOX-CYP enzymes, the latter lacking the
heme-thiolate ligand in the CYP domain. Therefore, this domain is proposed to be not
functional [2, 3]. All DOX fusion proteins harbor the dioxygenase domain at the N-terminus
whereas the P450 domain, responsible for the rearrangement of the N-terminally formed
hydroperoxide fatty acid, is located at the C-terminus [4]. Phylogenetic analysis revealed
that fungal DOXs cluster in different groups, with the two putative DOXs from C. aegerita
assembling with putative DOXs of the basidiomycete fungus Rhizoctonia solani indicating
sequence and potentially functional difference between DOXs from Basidiomycota and the

so far characterized DOXs from Ascomycota (Supplementary Figure S12).
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Figure S12: Phylogenetic analysis of different DOXs from Ascomycota and putative DOXs from the
Basidiomycota C. aegerita and Rhizoctonia solani. MOR: Magnaporthe oryzae, GGR: Gaeumannomyces
graminis, ATE: Aspergillus terreus, ANID: Aspergillus nidulans, AFU: Aspergillus fumigatus, FOX: Fusarium
oxysporum, ANIG; Aspergillus niger, ACL: Aspergillus clavatus, CGR: Colletotrichum graminicola, RSO:
Rhizoctonia solani. MOR_8R-DOX_7_8-LDS (EHA52010), GGR_8R-DOX_7_8-LDS (AAD49559), ATE_8R-
DOX_5_8-LDS (AGA95448), ANID_8R-DOX_5_8-LDS (EAA65132), AFU_8R-DOX_5_8-LDS (EDP50447),
FOX_10R-DOX-EAS (EGU86021), MOR_10R-DOX-EAS (EHA53428), ANID_10R-DOX-CYP (AY613780), ACL_10R-
DOX-CYP (EAW09782), AFU_10R-DOX-CYP (ABV21633), FOX_9R-DOX (EGU79548, FOXB_09952), CGR_9R-
DOX (EFQ36675, GLRG_11821), ANIG_9R-DOX-AOS (EHA25900), ATE_9R-DOX-AOS (AGH14485), FOX_9S-
DOX-AOS (EGU88194), CGR_9S-DOX-AOS (EFQ27323).
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B)

FOX_9R-DOX GVFVAKQVLA-YEKDQSK--AA-ATLLLVCLDFAYNAVVSFTATLDGYMRDLYAAADGRP 1106
CGR_9R-DOX GVFVARQVLK-HEPNRVR--AA-ATLLLISLDFAYNAVVSFSATLDGFMEDLCQVANGDN 1134

ARE3 13098 SHMFLKKLWHKLGKNYTRTEFTAQ-VFAAVIPTVALYSQAVAHIVDFYLDQ-~~-----~ 987

ARE3 00407 YHDIVKRLY-ELGE--STDQLANT-ILALMVTAGTELVITITNALNVYLGS--------~ 898
RSO_KEP52552 SFDFMRRLH-KSGK--SKDQLCNA-VLAATVA-SFEFIPALINVVNFYLET———-—-—-— 904

RSO KEP54849 AQAFLTNLY-ANKGDLTVEQLSYN-VFGCMIASVSNYAQAATQVVDFYLDD-———————— 1050

RSO KEP46854 SDAFHTALL-ASKK--PINDLVAM-ICGMLVSSTVNEAQATSHMVDFYMDE-——-—-—-— 861

ANIG 9R-DOX-AOS GNNVVKQMME - - -MDMTAAETAEVCW-LTAVGGVGAPVGLVADVLQYYLRP-———————— 973

ATE 9R-DOX-RA0S GNNVAKEMME - --MGMSAEEVADICW-LTAIGGVGEPSGVVANVLQYYFRY -~ —————-— 972

FOX 9S-DOX-A0S GLKLVEELLA---QGNNVDQVTDNLW-LTAFGGIGVPVIAFYEVLSFFLRP-——————-— 954
CGR_95-DOX-A0S GHKLVEELLA---QGNSAEQVVDNMW-LTAFGGIGAPVIAFYEVLEYFLRR-——————-— 955

MOR 8R-DOX (7, 8-LDS) GDLMLRRMIEAYGEGKSVKEAVYGQIMPSIAAGTANQTQIMAQCLDYYMSD-——-—-—-— 961
GGR_8R-DOX (7, 8-LDS) GDQLLQRMLSQ--DGRSIEETVSGTILPVVMAGTANQTQLLAQCLDYYLG-———-—-—-— 952

ANID 10R-DOX-CYP GDQLIKRLAE---GGLSVSDITYGQILPTAVELVHGQAQMFTRVVEYYLN-—-------— 935

ACL 10R-DOX-CYP GAHMTKQLLE---NGLGASEITWSQILPTVIAMVPSQAQAFTQIIDFYLSK-——-—-—-— 947

AFU 10R-DOX-CYP GVHLTKQLLE---NGLGAHEIAWAQFLPTVIAMVPAQAQAFTQIVDFYLSK-——-—-—-— 951

ATE 8R-DOX (5, 8-LDS) GIHMIQRLLA---SGLPASEIVWTHLLPTAGGMVANQGQLFSQCLDYYLSE--------— 893

ANID 8R-DOX (5, 8-LDS) GIHMIQRLLD---SGLPATEIVWTHILPTAGGMVANQAQLFSQCLDYYLSE--------— 902
AFU_8R-DOX (5, 8-LDS) GVHMIQRLLD---SGMPAPEIVWTHVLPTAGGMVANQAQLFSQSLDYYLSE-~~-----~ 902
FOX_10R-DOX-EAS GENMAKGLKK---AGLSTEDIVWSQILPTAGAMVPNQAQVFAQTLDWYLSP--~====-= 929
MOR_10R-DOX-EAS GKTMIKGLKA---HGLSDYDIAWSHVVPTSGAMVPNQAQVFAQAVDYYLSP--~=—==-= 980
FOX_9R-DOX QVLM---SQLSTIADK----F----GVFAPRRVATISLTSMIKFVAQMKNPRRGHDAQGKL 1251
CGR_9R-DOX EFLT---LOLSIADK----Y----AVFSPRRETPLSQAQMIKFIALTRNTRRGPAAQGEL 1272
ARE3 13098  ——————o DYLRAASNPGLASFIGETGLLTSEFFQSTVPGVLAAIFKLKDLQRGPGLSGSF 1126
ARE3 00407 SLTRPAKDRLSADGAFNY-LGEGLTVKVKLSF 1015
RSO KEP52552 DPRRPVNNY 1039
RSO KEP54849 NPDRPREAY 1188
RSO_KEP46854 DPRRPKEHY 1001
ANI 9R-DOX-RAOS KLDRPSNAY IHFGYGAHERLGKEIGLTFAVSMLRVLAGLKYLRPAPGDMGML 1108
ATE 9R-DOX-RA0S RLDRPASAY-——————— IQWGYGAHEQLGKEIAITFAVSMIRILAGLKYLRPAPGEMGVL 1106
FOX_9S-DOX-A0S NPQRKKEDV-—====== SAFSYGQHEQTAKDVALAFVTGLIKLVADLKELRPAPGQMGTV 1084
CGR_95-DOX-A0S DAKRKTDPV 1085
MOR_8R-DOX (7, 8-LDS) RLDRDLDSY 1122
GGR_8R-DOX (7, 8-L1DS) RLDRPLESY 1113
ANI 10R-DOX-CYP RLDRPDESY 1072
ACL 10R-DOX-CYP RLDRPLDAY-—-————— INHSLGPHGFLSKETSQIALTAMLRAVGRLNNLRRAPGAQGEV 1084
AFU_10R-DOX-CYP RLDRPMNSY-—-==--— INPTLGPHGFLSKETSHIALTAMLRAVGRLNNLRVAPGVQGOL 1088
ATE 8R-DOX (5, 8-LDS) RLDRDMDLY-—-————— VHFGSGPHKELGFGLCKLGLTTMLKVVGGLDNLRRAPGPQGOL 1030
ANI 8R-DOX (5, 8-LDS) KLDRDMNLY---—-—-— AHFGFGPHKELGLDLCKTGLSTMLKVLGRLDNLRRAPGAQGOL 1039
AFU_8R-DOX (5, 8-LDS) KLDRDMNLY-—-==--= AHFGFGPHORLGLGLCKTALTTMLKYVIGRLDNLRRAPGGQOGKL 1039
FOX 10R-DOX-EAS DPKRPLDKY-------— THYGVGPHARLGRDISQVALTELFRAVFRKKGVRRVPGAQGEL 1068
MOR_10R-DOX-EAS NPRRPAKKY-—-—=—-— THYGVGPHARLGRDASQIAITEMFRCLFRRRNVRRVPGPQGEL 1119

Figure S13: Partial amino acid sequence alignment of different DOXs from Ascomycota and putative DOXs
from the Basidiomycota C. aegerita and Rhizoctonia solani. A) N-terminal DOX domain containing histidine
heme ligands residues as well as the catalytic tyrosine residue shown on a black background, latter being part
of the YRWH motif (dark grey background). Leucine and valine residues responsible for the oxygenation at C-
10 and C-8 of linoleic acid are underlined with light grey background. B) C-terminal P450 domain containing
the NXXQ motif (dark grey background) and the cysteine residue responsible for the coordination of heme
iron (black background). Alignment was carried out by using Clustal Omega with default parameters. MOR:
Magnaporthe oryzae, GGR: Gaeumannomyces graminis, ATE: Aspergillus terreus, ANID: Aspergillus nidulans,
AFU: Aspergillus fumigatus, FOX: Fusarium oxysporum, ANIG; Aspergillus niger, ACL: Aspergillus clavatus,
CGR: Colletotrichum graminicola, RSO: Rhizoctonia solani. MOR_8R-DOX_7_8-LDS (EHA52010), GGR_8R-
DOX_7_8-LDS (AAD49559), ATE_8R-DOX_5 8-LDS (AGA95448), ANID_8R-DOX_5 8-LDS (EAA65132),
AFU_8R-DOX_5_8-LDS (EDP50447), FOX_10R-DOX-EAS (EGU86021), MOR_10R-DOX-EAS (EHA53428),
ANID_10R-DOX-CYP (AY613780), ACL_10R-DOX-CYP (EAW09782), AFU_10R-DOX-CYP (ABV21633), FOX_9R-
DOX (EGU79548, FOXB_09952), CGR_9R-DOX (EFQ36675, GLRG_11821), ANIG_9R-DOX-AOS (EHA25900),
ATE_9R-DOX-AOS (AGH14485), FOX_9S-DOX-AOS (EGU88194), CGR_9S-DOX-A0S (EFQ27323).
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Figure S14: Phylogenetic analysis of different CYP74 proteins of plant and putative HPLs from C. aegerita. SLY:
Solanum lycopersicum, CLA: Citrullus lanatus, ATH: Arabidopsis thaliana, OSA: Oryza sativa, CSA: Cucumis
sativus, CME: Cucumis melo, MTR: Medicago truncatula, PDU: Prunus dulcis. SLY_13-HPL (K4CF70), CLA_13-
HPL (Q66UT1), ATH_13-HPL (Q9ZSY9), SLY_9/13-A0S (Q9LLBO), OSA_13-A0S (Q7XYS3), CSA_9/13-HPL
(Q9M5J2, AF229811), CME_9/13-HPL (Q93XR3), MTR_9/13-HPL (Q7X9B3), PDU_9-HPL (Q7XB42, AJ578748),
SLY_13-A0S (Q9LLBO), ATH_13-A0S (Q96242).
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Figure S15: Transcription levels of the putative DOX AAE3_13098 and the putative HPL AAE3_09203 (blue) in
the mycelium (My) and in fruiting bodies (FB) during different developmental stages of C. aegerita as well as
the relative concentration of oct-1-en-3-ol (red) in the HS of C. aegerita. yM: young (uninduced) mycelium
(day 10 post inoculation, p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting
bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post
sporulation (day 28 p.i.).
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Figure S16: Transcription levels of AAE3_04864 (LOX4) and the putative HPL AAE3_05330 (blue) in the
mycelium (My) and in fruiting bodies (FB) during different developmental stages of C. aegerita as well as the
relative concentration of octan-3-one (red) in the HS of C. aegerita. yM: young (uninduced) mycelium (day 10
post inoculation, p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB: immature fruiting bodies (day
20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.); PS: post sporulation (day
28 p.i.).
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Figure S17: Phylogenetic analysis of putative ADHs from C. aegerita and an ADH from Neurospora crassa
(Q9P6C8).
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Figure S18: Amino acid sequence alighment of ene-reductases from plants, the fungus Sporidiobolus salmonicolor, and the
putative ene-reductase AAE3_13549 from C. aegerita. Nicotiana tabacum (Q9SLN8), Arabidopsis thaliana (Q39172), Sporidiobolus
salmonicolor (AOAODGERKS).
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Figure S19: Transcription levels of the putative ADHs AAE3_00054 and AAE3_06559 as well as the putative ene-
reductase AAE3_13549 (blue) in the mycelium (My) and in fruiting bodies (FB) during different developmental
stages of C. aegerita as well as the relative concentrations of C8 oxylipins (red) in the HS of C. aegerita. yM: young
(uninduced) mycelium (day 10 post inoculation, p.i.); M: mycelium (day 14 p.i.); P: primordia (day 18 p.i.); iFB:
immature fruiting bodies (day 20 p.i.); pmFB: premature fruiting bodies (day 22 p.i.); S: sporulation (day 24 p.i.);
PS: post sporulation (day 28 p.i.).
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