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Abstract   V 
Abstract  

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 6-protoilludene, -cubebene and -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 volatilome were the fundament for a subsequent 

transcriptome analysis aiming to identify enzymes involved in fungal VOC biosynthesis, 

especially regarding C8 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 C8 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 C8 profile detected in late 

stages of development are probably due to the activity of enzymes located in the fruiting 

bodies.  
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Chapt er I  

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 

-tubulin gene (Visagie et al., 2014), have therefore been established. Furthermore, for 

certain fungal groups additional DNA barcodes, including elongation factor1 alpha (TEF-1α) 

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 (Lücking 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 

question 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 Lücking, 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 Lücking, 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). 

Chapter I  

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 

Gabaldón, 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) 

(Sánchez-García 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 (Kües, 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 (Kües, 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; Kües, 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. (Sánchez-García 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 

(Kües and Liu, 2000; Kües 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 (Kües, 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, I: Boletus edulis; Photos: Axel Orban. 

The fruiting process is regulated by environmental factors, e.g. light induction and low 

concentrations of CO2 have been proven to be necessary for proper fruiting body 

development (Turner, 1977; Wessels, 1993; Kinugawa et al., 1994; Kües and Navarro-

González, 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 Labarère, 1997; Muraguchi and Kamada, 1998; Murata et al., 1998; 

Santos and Labarère, 1999; Sirand-Pugnet and Labarère, 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-O) 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; Müller 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 C8 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 C8 VOC contributing to a flavor perceived as ʻtypicalʼ for 

mushrooms (Cruz et al., 1997; Venkateshwarlu et al., 1999), whereas fruiting bodies of 

C. aegerita contain octan-3-one as the most dominant C8 derivate (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 

-longipinene, -chamigrene and -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; Rösecke and König, 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. aegerita 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, C8 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 -himachalene and cuparene increased along with stipe elongation 

and autolysis, during which most spores are released (Kües, 2000). In an early study, Fäldt 

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 

-protoilludene, in the HS of both species was observed.  

Additionally, alternations of the C8 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 C8 

VOCs, 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; Kües et al., 2018)). As mentioned above, C8 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 C8 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 C8 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 (Kües 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 C8 VOCs are not only 

signals for invertebrates living on diverse fungal species but also for specialized ones. There 

are several reasons why C8 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 C8 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 C8 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 (Kües et al., 2018). Invertebrates have developed several additional 

strategies to discriminate between C8 VOCs maybe enabling them to select the preferred 

fungal species. This includes the ability of some species to distinguish C8 enantiomers, 

having different preferences depending on sex (Fäldt 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 

93:7, 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 (Fäldt et al., 1999). Additionally 

to the mechanisms displayed by invertebrates to distinguish between C8 VOCs mentioned 

above, it seems that in some cases responses are only triggered by a combination of 

substances. Fäldt 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 C8 VOCs and there potential as infochemicals use only a few 

substances, mainly oct-1-en-3-ol. Taking into account that more than thirty C8 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; Kües et 

al., 2018). Other ways of fungi to use non-C8 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 C8 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 C8 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 C8 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 C8 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, C8 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 M and 100 Mrespectively (Nemčovič 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 C8 

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; Solís 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 C8 VOCs, profound knowledge is still 

missing. It is widely accepted that fungal (volatile) oxylipins, including C8 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 C8-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 (Z),(Z)-1,4-pentadiene motives, including linoleic acid, linolenic acid and 

arachidonic acid, resulting in fatty acid hydroperoxides with (Z),(E)-diene configuration 

(Sugio et al., 2018) (Figure 2). 

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 Rühl, 2019). The C. aegerita 

Lox4 is a 13-LOX exclusively producing 13-hydroperoxy-9,11-octadecadienoic acid 

(13-HPOD) (Karrer and Rühl, 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 C8 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), 9S- and 9R-DOX-

AOS (allene oxide synthase), 8S- 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 C8 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 C8 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 C8 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. cerevisiae 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 L-1. 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 C8 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 C8 VOCs biosynthesis in fungi is still missing, especially for regulation processes 

leading to the alternation of C8 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 -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 C8 VOC synthesis. 

Sesquiterpene synthases (STSs) bind farnesyl pyrophosphate at the active site using an 

Mg2+ 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; López-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 -ketoglutarate leading to the formation of glutamate and 

the corresponding -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 

Twt1/Bat1 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 Adh1, 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 13C labelled amino acids, Lanfermann et al. (2014) 

showed that L. sulphureus is able to convert isoleucine into the corresponding -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 ʻstandardʼ 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 alignments 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 3ʹ‑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 Illumina 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. Ion 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 Illumina 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; León-Ramírez 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 C8 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 Illumina 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, Krizsán 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 C8 Oxylipin formation (Krizsán 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 C8 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 

C8 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.  
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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 Δ6-protoilludene, α-cubebene and 
δ-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.

Keywords: Basidiomycota; fungi; mushroom aroma; 
sesquiterpenes; SPME-GC-MS; volatile organic compounds.

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-ol, octan-3-one and 
oct-1-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-1-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 (Fäldt 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. 
(Nemčovič 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)  

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 (Fäldt 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).
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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-ol 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 Δ6-protoilludene (about 50% of the total 
peak area), α-cubebene (about 12% of the total peak area) 
and δ-cadinene (about 7% of the total peak area) being 
the most dominant substances. Similar to the appearance 
of δ-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 

Figure 1: VOC of the dikaryotic strain C. aegerita AAE-3.
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 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.
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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.
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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 δ-cadinol, 
were lower in comparison to the dikaryotic strain C. 
aegerita AAE-3. For instance, the highest detected peak 
area of Δ6-protoilludene in the latter strain with a value 
of 1.1 × 108 ± 0.9 × 108 was about 550 times, 325 times, 
125 times and 15 times higher than in the monokary-
otic strains C. aegerita AAE-3-32 (2.0 × 105 ± 1.1 × 105), 
C. aegerita AAE-3-37 (3.4 × 105 ± 1.0 × 105), C. aegerita 
AAE-3-24 (8.9 × 105 ± 1.0 × 105) and C. aegerita AAE-3-
40 (8.1 × 106 ± 4.4 × 106), respectively. It is worth men-
tioning that, among all the tested strains, C. aegerita 
AAE-3-32  showed the lowest sesquiterpene peak areas. 
Interestingly, δ-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-1-en-3-ol and octan-3-one were detected with the 

monokaryotic siblings. Oct-1-en-3-ol 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.

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) α-cubebene, (2) Δ6-protoilludene, (3) α-isocomene, (4) β-cubebene, (5) longifolene, (6) β-copaene, (7) β-elemene, (8) caryophyllene, 
(9) cadina-3,5-diene, (10) α-humulene, (11) γ-muurolene, (12) viridiflorene, (13) germacrene D, (14) β-selinene, (15) α-selinene, (16) 
α-muurolene, (17) δ-cadinene, (18) cubebene, (19) calamenene, (20) epicubenol, (21) cubenol and (22) δ-cadinol.
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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 

Table 1: Total number of VOC found in the HS of the C. aegerita strains.

VOC   AAE-3  AAE-3-32  AAE-3-24  AAE-3-37   AAE-3-40

Acetone   +  +  +  +  +
Butan-2-one   +  +  +  +  +
Cyclopentanone   +  +  +  +  +
3-Methylbutan-2-one   +  –  –  –  –
Octan-3-one   +  –  +  –  –
Oct-1-en-3-ol   +  +  +  +  +
3-Methylbutan-2-ol   +  –  –  –  –
2-Methylbutan-1-ol   +  +  +  +  +
3-Methylfuran   +  –  –  –  –
2-Pentylfuran   +  –  –  –  –
trans-β-Ocimene   +  –  –  –  –
α-Cubebene   +  –  –  –  +
Δ6-Protoilludene   +  +  +  +  +
α-Isocomene   +  –  –  –  +
β-Cubebene   +  –  –  –  +
Longifolene   +  –  –  –  –
β-Copaene   +  –  –  –  –
β-Elemene   +  –  –  –  +
Caryophyllene   +  –  –  –  –
Cadina-3,5-diene   +  –  –  –  –
α-Humulene   +  –  –  –  –
γ-Muurolene   +  +  +  +  +
Viridiflorene   +  –  –  –  –
Germacrene D   +  –  –  –  –
β-Selinene   +  –  –  –  –
α-Selinene   +  –  –  –  –
α-Muurolene   +  +  +  +  +
δ-Cadinene   +  +  +  –  +
Cubenene   +  –  –  –  +
Calamenene   +  –  –  –  +
Epicubenol   +  –  –  –  –
Cubenol   +  –  –  –  –
δ-Cadinol   +  +  +  +  +

 +, VOC detected in the HS; –, VOC not detected in the HS.
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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.

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, Δ6-protoilludene, was first described in the 
fungus Fomitopsis insularis (Nozoe et  al., 1977) and was 
later found in several fungi such as Fomitopsis pinicola 
(Rösecke et al., 2000), Ceratocystis piceae (Hanssen et al., 
1986) and Fomes fomentarius (Fäldt et al., 1999; Holighaus 
et al., 2014). Other sesquiterpenes identified in the HS of 
C. aegerita such as α-muurolene and β-cubebene were 
also discovered in other fungi (Hanssen, 1982; Rösecke 
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 Δ6-protoilludene, was observed during spor-
ulation (Fäldt et al., 1999). Also in the HS of Coprinopsis 
cinerea cultures, the concentration of sesquiterpenes such 
as β-himachalene and cuparene remarkably increased 
along with stipe elongation and autolysis (Thakeow, 2008; 
Chaisaena, 2009), during which most spores are released 
(Kües, 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; Solís et al., 2004) and, 
comparable with C8 VOC, terpenes might function as info-
chemicals (Kües 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, Δ6-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 Δ6-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 β-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 AAE-3-32, C. aegerita AAE-3-37 
and C. aegerita AAE-3-40 were each grown in triplicates at 24°C in the 

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 μm 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 × 0.25 mm, 
0.25 μm) 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  ml × min−1. 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 × min−1. 
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 α-isocomene, longifolene, β-copaene, 
cadin-3,5-diene, β-selinene, α-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 (α-muurolene, δ-cadinene), cubeb oil (ger-
macrene D, γ-muurolene, cubenol) and amyris wood oil (δ-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. 

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

 

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. 

 

Monokaryotic C. aegerita 
strain 

Fruiting type observed by 
Herzog et al., 2016 

Fruiting type observed in the 
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  
 

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

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

Fruiter (expanded, opening-
impaired caps) 
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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. aegerita 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. aegerita 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.
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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 1–2mm
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 CO2, 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

example, the deletion of the transcription factor HOM2
was associated with an enhanced growth of vegetative
mycelium unable to develop FBs whereas the deletion of
HOM1 and GAT1 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 Dst1 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 Δ6-protoilludene, α-
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cubebene and δ-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 VOCs, 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.

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 PRJNA677924, 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

Fig. 1 Fruiting body development of C. aegerita. 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
sporulation (day 28 p.i.)
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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− 10)

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

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.)
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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 = 3.162e− 13) 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 Bri1, Bwc2, C2H2,
Exp1, Fst3, Fst4, Gat1, Hom1, Hom2 and Pcc1, 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

sequence [56] includes the genes CFS1, DST1, DST2,
ELN3 and ICH1, 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, DST1, CFS1, ICH1, EXP1,
PRI3–1, HOM1, PRI4–4 and PRI1–1. Four of them,
namely ELN3–3, CFS1, 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,
BRI1 and PCC1.
In FBs, the first cohort comprises genes which reached

an expression maximum in early fruiting stages. The genes
BRI1, PRI2, ELN3–1, ICH1, 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 PRI1–1, displayed highest expression in immature
FBs with PRI4–3, PRI3–2 and PRI1–1 revealing remark-
ably high expression in previous and subsequent stages.
The second gene cohort is formed by the genes EXP1,
ELN3–3, PCC1, FST3 and HOM1 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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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 HOM1 (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 GAT1 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 DST1 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

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), DST1 (AAE3_10538),
CFS1 (AAE3_01819), ICH1 (AAE3_04768), EXP1 (AAE3_02324), PRI3–1 (AAE3_14114), HOM1 (AAE3_03904), PRI4–4 (AAE3_04667), PRI1–1
(AAE3_04306), PRI3–2 (AAE3_14115), PRI4–3 (AAE3_04665), PRI3–6 (AAE3_13216), PRI3–4 (AAE3_14116), FST4 (AAE3_11357), BRI1 (AAE3_08826),
PCC1 (AAE3_01481), ELN3–1 (AAE3_00364), DST2 (AAE3_02725), PRI4–2 (AAE3_04675), PRI4–1 (AAE3_04684)
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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 Δ6-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 Δ6-
protoilludene synthases Agr6 and Agr7 [59], the tran-
scription pattern of AGR6 (AAE3_04120) in the myce-
lium perfectly reflects the occurrence of Δ6-
protoilludene. In contrast, AGR7 (AAE3_10454) showed
the highest transcription levels in the mycelium after
sporulation at day 28 p.i. when Δ6-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,

showed the highest transcription level later on at day 28
p.i. It is worth mentioning that AGR3 (AAE3_13190),
which codes for a promiscuous STS involved in the bio-
synthesis of α-muurolene, δ-cadinene, γ-muurolene and
δ-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 α-muurolene, δ-cadinene, γ-
muurolene and δ-cadinol during sporulation AGR3 tran-
scripts stayed at a low level. In contrast to the STSs men-
tioned above, genes coding for Agr1, Agr4, 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 (ρ = 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.

Orban et al. BMC Genomics          (2021) 22:324 Page 7 of 23



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, LOX5
(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

Fig. 4 Transcription levels of genes coding for the sesquiterpene synthases (STSs) Agr2, Agr3, Agr5, Agr6 and Agr7 (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 [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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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

Fig. 5 Transcription levels of the lipoxygenases LOX1–5 (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.)
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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

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

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.

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, Pcc1 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 Δfst4 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 Δbri1 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 BRI1 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 PCC1,
BRI1 and FST4 at the (post-)sporulation stage might
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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 (> 50 years, [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 Bri1 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),
CFS1 showed an expression profile that peaked in

Fig. 7 Hypothetic roles of C. aegerita 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 μm (white box), 400 μm
(light yellow box), 0.5 mm (yellow box), 1 mm (dark yellow box) and 2mm (orange box). b Model for the regulation of C. aegerita AAE-3 FB
development. Indices I and II 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 PRI1 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]
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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 Cfs1 on C. aegerita FB stages forming on the
fruiting-induced mycelium connected to them nor that a
putative role of Cfs1 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 DST1 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 Dst1 ex-
pression might apply, which would corroborate the hy-
pothesis that Dst1 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 DST1 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

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 ICH1 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 ICH1
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 PRI1, 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, PRI1–1 and PRI1–2 are sup-
posed to encode a hemolysin. In the case of Pri1–1, 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 Δfst4 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 Exp1 protein has

been attributed a role in the basidiome maturation asso-
ciated process of cap expansion [28]. EXP1 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 Exp1 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 EXP1 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 Gat1- and the Hom1-

encoding gene get transcriptionally induced mainly
during development of FBs although a slight ex-
pression is detectable for HOM1 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 HOM1 and GAT1 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,

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 VOCs 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-

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 PoLOX1
mainly in primordia and PoLOX2 primarily in fully de-
veloped FBs. Tasaki et al. reported a correlation between
LOX activity and PoLOX1 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, 8S,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,

Fig. 8 Putative pathways for the enzymatic formation of oxylipins derived from linoleic acid in C. aegerita. Lox4 (AAE3_04864), Dox1
(AAE3_13098), Hpl1 (AAE3_05330), Hpl2 (AAE3_09203), Adh1–1 (AAE3_00054), Adh1–2 (AAE3_06559), Enr1 (AAE3_13549)
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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− 10 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 9S-DOX-AOS, 9R-
DOX-AOS, 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

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-1-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 (Q9SLN8)
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

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 16mL 1.5% MEA (containing 15 g 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, 12/12 h 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
p.i.) 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
Illumina 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.

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, transition 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 Wilcoxon-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
h t t p s : / / g i t h u b . c o m / A n n s o p h i e W e b e r /
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
1e-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 . f r (http : //www.
phylogeny.fr/) using default parameters [106].
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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 AaPRI1 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 Rühl
[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, B0CUD8), fatty acid synthase (Omphalotus
olearius, B3GN11), β-ketoacyl-CoA synthase (S. cerevi-
siae, P25358), Δ9-fatty acid desaturase (L. edodes,
Q76C19), Δ12-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, Q9M5J2) and a
13-AOS (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, Q9SLN8; A. thaliana, Q39172) and
a fungal non-FMN ene-reductase (Sporidiobolus

salmonicolor, A0A0D6ERK8). 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, A5DR62). 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 HOM1, GAT1, BWC2
and DST1 (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). 

 

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 BWC2, 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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Terpenoid biosynthesis  

 

Figure S5: Expression of genes involved in the mevalonate pathway and of the sesquiterpene synthases (STSs) 
Agr1 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) Agr1, 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 -muurolene and -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.).  
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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 66 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 -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 -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 9-fatty acid desaturase AAE3_10709 and the 

putative -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9-fatty acid 

desaturases AAE3_00260, AAE3_10708 (homolog of Le-FAD1 [7]) and AAE3_07049 as well 

as the putative -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 9-fatty acid desaturase (FAD1) [7] 

and a 12-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 

FAD2 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. aegerita, 

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.  
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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 

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, Q9SLN8; 

Arabidopsis thaliana, Q39172) and a fungal non-FMN ene-reductase (Sporidiobolus 

salmonicolor, A0A0D6ERK8). 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, A5DR62). 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.). 

 

 

Figure S10: Transcription levels of genes coding for putative ADHs (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 (day 28 
p.i.). 
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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 
(day 28 p.i.). 
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Revealing putative enzymes of the oxylipin pathway in C. aegerita 

Putative DOXs were identified in the genome of C. aegerita 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), 9S- and 9R-DOX-AOS (allene 

oxide synthase), 8S- 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-AILLLVCLDFAYNAVVSFTATLDGYMRDLYAAADGRP 1106        
CGR_9R-DOX               GVFVARQVLK-HEPNRVR--AA-AILLLISLDFAYNAVVSFSATLDGFMEDLCQVANGDN 1134          
AAE3_13098               SHMFLKKLWHKLGKNYTRTEFTAQ-VFAAVIPTVALYSQAVAHIVDFYLDQ--------- 987         
AAE3_00407               YHDIVKRLY-ELGE--STDQLANT-ILALMVTAGTELVITITNALNVYLGS--------- 898            
RSO_KEP52552             SFDFMRRLH-KSGK--SKDQLCNA-VLAAIVA-SFEFIPALINVVNFYLET--------- 904         
RSO_KEP54849             AQAFLTNLY-ANKGDLTVEQLSYN-VFGCMIASVSNYAQAATQVVDFYLDD--------- 1050        
RSO_KEP46854             SDAFHTALL-ASKK--PINDLVAM-ICGMLVSSTVNFAQATSHMVDFYMDE--------- 861         
ANIG_9R-DOX-AOS          GNNVVKQMME---MDMTAAETAEVCW-LTAVGGVGAPVGLVADVLQYYLRP--------- 973         
ATE_9R-DOX-AOS           GNNVAKEMME---MGMSAEEVADICW-LTAIGGVGTPSGVVANVLQYYFRY--------- 972         
FOX_9S-DOX-AOS           GLKLVEELLA---QGNNVDQVTDNLW-LTAFGGIGVPVTAFYEVLSFFLRP--------- 954         
CGR_9S-DOX-AOS           GHKLVEELLA---QGNSAEQVVDNMW-LTAFGGIGAPVTAFYEVLEYFLRR--------- 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---SQLSIADK----F----GVFAPRRVATISLTSMIKFVAQMKNPRRGHDAQGKL 1251 
CGR_9R-DOX               EFLT---LQLSIADK----Y----AVFSPRRFTPLSQAQMIKFIALTRNTRRGPAAQGEL 1272 
AAE3_13098               -------DYLRAASNPGLASFIGETGLLTSEFFQSTVPGVLAAIFKLKDLQRGPGLSGSF 1126 
AAE3_00407               SLTRPAKDRLSADGAFNY-LGEGLTVKVKLSF-------------DMLPAVT---DNAPL 1015 
RSO_KEP52552             DPRRPVNNY-------TL-MGDGLHRCFTDDFVHSTMACAIRAVFQLKNVRRGPGKSGHL 1039 
RSO_KEP54849             NPDRPREAY-------NL-FGFGLHKCMGDQFTERTMPAVIKSIFKLKNVRRAPGESGKL 1188 
RSO_KEP46854             DPRRPKEHY-------AI-QAIGAHGCPGLDATEQCMAMILREIFKLKNIRRAPGVLGQL 1001 
ANI_9R-DOX-AOS           KLDRPSNAY--------IHFGYGAHECLGKEIGLTFAVSMLRVLAGLKYLRPAPGDMGML 1108 
ATE_9R-DOX-AOS           RLDRPASAY--------IQWGYGAHECLGKEIAITFAVSMIRILAGLKYLRPAPGEMGVL 1106 
FOX_9S-DOX-AOS           NPQRKKEDV--------SAFSYGQHECIAKDVALAFVTGLIKLVADLKELRPAPGQMGTV 1084 
CGR_9S-DOX-AOS           DAKRKTDPV--------SAFSYGQHECLAKDIATTFIVGLVKLVADLKQLRPAPGQMGLV 1085 
MOR_8R-DOX(7,8-LDS)      RLDRDLDSY--------TFFGLGPHRCAGDKVVRITMTAVFKVLLQLDGLRRAEGGRGVF 1122 
GGR_8R-DOX(7,8-LDS)      RLDRPLESY--------VHFGLGPHRCAGEPISQIALSSVMKVLLQLDGLRRAAGPRGEI 1113 
ANI_10R-DOX-CYP          RLDRPDESY--------LNYGIGSQIGLGKDATLTAVTAMVRAAFSLEGLRPAPGVQGVL 1072 
ACL_10R-DOX-CYP          RLDRPLDAY--------INHSLGPHGFLSKETSQIALTAMLRAVGRLNNLRRAPGAQGEV 1084 
AFU_10R-DOX-CYP          RLDRPMNSY--------INPTLGPHGFLSKETSHIALTAMLRAVGRLNNLRVAPGVQGQL 1088 
ATE_8R-DOX(5,8-LDS)      RLDRDMDLY--------VHFGSGPHKCLGFGLCKLGLTTMLKVVGGLDNLRRAPGPQGQL 1030 
ANI_8R-DOX(5,8-LDS)      KLDRDMNLY--------AHFGFGPHKCLGLDLCKTGLSTMLKVLGRLDNLRRAPGAQGQL 1039 
AFU_8R-DOX(5,8-LDS)      KLDRDMNLY--------AHFGFGPHQCLGLGLCKTALTTMLKVIGRLDNLRRAPGGQGKL 1039 
FOX_10R-DOX-EAS          DPKRPLDKY--------IHYGVGPHACLGRDISQVALTELFRAVFRKKGVRRVPGAQGEL 1068 
MOR_10R-DOX-EAS          NPRRPAKKY--------IHYGVGPHACLGRDASQIAITEMFRCLFRRRNVRRVPGPQGEL 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-AOS (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-AOS (Q9LLB0), OSA_13-AOS (Q7XYS3), CSA_9/13-HPL 
(Q9M5J2, AF229811), CME_9/13-HPL (Q93XR3), MTR_9/13-HPL (Q7X9B3), PDU_9-HPL (Q7XB42, AJ578748), 
SLY_13-AOS (Q9LLB0), ATH_13-AOS (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.). 

 

Figure S17: Phylogenetic analysis of putative ADHs from C. aegerita and an ADH from Neurospora crassa 
(Q9P6C8). 
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Sporidiobolus_salmonicolor      ------------------------------------------------------------ 0 
AAE3_13549                      -MAPVTNGRIIFNSIPTGFPVPGETTIYDTTETIDLDTAPLDGGFLLKTLELSVDPYMRG 59 
Nicotiana_tabacum               MAEEVSNKQVILKNYVTGYPKESDMEIKN--VTIKLKVPEGSNDVVVKNLYLSCDPYMRS 58 
Arabidopsis_thaliana            --MTATNKQVILKDYVSGFPTESDFDFTT--TTVELRVPEGTNSVLVKNLYLSCDPYMRI 56 
                                                                                             
 
Sporidiobolus_salmonicolor      ----RPAGTKSYVPPFELGQPIANFGTGEARPVPHLSPDDRQLTALSPQVLKSANASIKQ 56 
AAE3_13549                      GMRAPEK--KSYSAPFTLGQPLRGYGVGV--------------------VLRSENPQVKA 97 
Nicotiana_tabacum               RMRKIEG---SYVESFAPGSPITGYGVAK--------------------VLESGDPKFQK 95 
Arabidopsis_thaliana            RMGKPDPSTAALAQAYTPGQPIQGYGVSR--------------------IIESGHPDYKK 96 
                                          :    :  *.*: .:*..                     ::.* . . :  
 
Sporidiobolus_salmonicolor      GQHVYGSFPFAEYNVFSKEEASRLRILENKEGLPWTTWVGAAGMPGQTAWHGLRAIGKPQ 116 
AAE3_13549                      GDHLYGFFEHTHYSIRKDL--TGLQAIENAYNLPWSVFIGVIGMPGKTAYMAWKEYAHPK 155 
Nicotiana_tabacum               GDLVWGMTGWEEYSIITPT---QTLFKIHDKDVPLSYYTGILGMPGMTAYAGFHEVCSPK 152 
Arabidopsis_thaliana            GDLLWGIVAWEEYSVITPM--THAHFKIQHTDVPLSYYTGLLGMPGMTAYAGFYEVCSPK 154 
                                *: ::*     .*.: .           :  .:* : : *  **** **: .      *: 
 
Sporidiobolus_salmonicolor      KGETIFVSGAMGAVGQMVISIAHKLGLKVIASAGSDEKVELLKKEFKVEVAFNYKTVDTE 176 
AAE3_13549                      QGETVFVSTGAGPVGSFVIQLAKADGLKVIASAGSEEKVQFMK-EVGADVAFNYKTTNTA 214 
Nicotiana_tabacum               KGETVFVSAASGAVGQLVGQFAKMLGCYVVGSAGSKEKVDLLKSKFGFDEAFNYKEEQDL 212 
Arabidopsis_thaliana            EGETVYVSAASGAVGQLVGQLAKMMGCYVVGSAGSKEKVDLLKTKFGFDDAFNYKEESDL 214 
                                :***::** . * **.:* .:*:  *  *:.****.***:::* :.  : *****  .   
 
Sporidiobolus_salmonicolor      KIL----SENPFQIYWDNVAGPTFEAVLNTIEPRGRIIGCVAKQHSNDYNGQPYGIKNIF 232 
AAE3_13549                      EVLE---KEGPIDIYWDNVGGETLEAALNAANVNARFIECGMISGYN--SGG-APVRNIF 268 
Nicotiana_tabacum               SAALKRYFPDGIDIYFENVGGKMLDAVLVNMKLYGRIAVCGMISQYN--LEQTEGVHNLF 270 
Arabidopsis_thaliana            TAALKRCFPNGIDIYFENVGGKMLDAVLVNMNMHGRIAVCGMISQYN--LENQEGVHNLS 272 
                                         . ::**::**.*  ::*.*   :  .*:  *   .  *        ::*:  
 
Sporidiobolus_salmonicolor      QVVSKELLYQGFIVLNHP---IEAFYDEVPKWIASGEVTKPKEHIYKGLDN-GESFNDLF 288 
AAE3_13549                      HVIGKSITMTGFIVSRIEPKYSAEFYKEVPAKVASGELKY-REHVYNGLEKLGDVILAVQ 327 
Nicotiana_tabacum               CLITKRIRMEGFLVFDYYHLYPK-YLEMVIPQIKAGKVVY-VEDVAHGLESAPTALVGLF 328 
Arabidopsis_thaliana            NIIYKRIRIQGFVVSDFYDKYSK-FLEFVLPHIREGKITY-VEDVADGLEKAPEALVGLF 330 
                                 :: * :   **:*          : . *   :  *::    *.: .**:.    :  :  
 
Sporidiobolus_salmonicolor      TGANFGKAVISLE-- 301 
AAE3_13549                      KGENKAKAVVHVADD 342 
Nicotiana_tabacum               SGRNIGKQVVMVSRE 343 
Arabidopsis_thaliana            HGKNVGKQVVVVARE 345 
                                 * * .* *: :  
 
Figure S18: Amino acid sequence alignment 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 (A0A0D6ERK8). 
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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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