
Application of Raman spectroscopy and 
mass spectrometry to study growth and 

interaction processes of the white-rot  
fungus Schizophyllum commune

DISSERTATION
Zur Erlangung des akademischen Grades 

Doctor rerum naturalium (Dr. rer. nat.)  

vorgelegt dem Rat der Biologisch-Pharmazeutischen Fakultät 

der Friedrich-Schiller-Universität Jena 

von 

Riya Christina Menezes (MSc. Biotechnology)

geboren am 16.08.1986 in Mangalore, Indien 

Jena, im März 2014 



GUTACHTER (REVIEWER)

1. Prof. Dr. Erika Kothe, Institut für Mikrobiologie, Friedrich-Schiller-Universität, 
Neugasse 25, 07743 Jena Germany

2. Prof. Dr. Jürgen Popp, Leibniz-Institut für Photonische Technologien e.V,          

Albert-Einstein-Straße 9, 07745 Jena Germany
3. Prof. Dr. Max Diem, Department of Chemistry and Chemical Biology, 

Northeastern University, 316  Hurtig Hall, Boston, MA 02115 USA 

TAG DER ÖFFENTLICHEN VERTEIDIGUNG (DAY OF PUBLIC DEFENCE) 

January 27th, 2015 



Table of contents  i 

Table of contents 

Abbreviations ........................................................................................................................... iii
1. Introduction ...........................................................................................................................1

1.1 Schizophyllum commune: Life cycle and characteristics ........................................1

1.2 Nuclear migration...........................................................................................................3

1.3 Production of secondary metabolites by S. commune in co-culture with white-
rot fungi  ..................................................................................................................................5

1.4 S. commune and Indole-3-acetic acid ........................................................................8

1.5 Why Vibrational Spectroscopy? ..................................................................................9

1.5.1 Raman Spectroscopy .......................................................................................... 11
1.5.2 Coherent anti-Stokes Raman Scattering (CARS) microscopy ..................... 12

1.5.3 Applications of Vibrational Spectroscopy......................................................... 12

1.6 Mass spectrometry ..................................................................................................... 14

1.3.1 Electrospray ionization (ESI).............................................................................. 15

1.3.2 Nanoelectrospray ionization using TriVersa NanoMate® technology ......... 15
1.3.3 Mass spectrometric analysis using OrbitrapXL-MS ....................................... 15

1.4 Research Objectives .................................................................................................. 17

2. Material and methods ...................................................................................................... 19

2.1 Media and cultivation of S. commune for nuclear migration studies .................. 19

2.2 Composition of media ................................................................................................ 19

2.3 Fungal cultures used in interaction studies ............................................................ 20
2.3.1 Confrontation assays........................................................................................... 20

2.3.2 Metabolite extraction ........................................................................................... 20

2.4 Fungal cultivation for auxin identification and quantification................................ 21

2.5 Microscopy................................................................................................................... 21

2.6 Raman Microspectroscopy........................................................................................ 22

2.6.1. Image analysis and data processing ............................................................... 23
2.7 Coherent anti-Stokes Raman scattering (CARS) microscopy............................. 24

2.8 Mass spectrometry with LESA-MS/MS and UHPLC-ESI-MS/MS ...................... 25

2.8.1 Liquid extraction surface analysis (LESA) ....................................................... 25



Table of contents  ii 

2.8.2 Ultra-high performance liquid chromatography-electrospray ionization-
tandem mass spectrometry (UHPLC-ESI-MS/MS) using the Orbitrap mass 
analyser ........................................................................................................................... 26

3. Results................................................................................................................................ 29

3.1 Visualization of nuclei using fluorescence microscopy......................................... 29

3.2 Raman and CARS microscopy of S. commune hyphae ...................................... 30

3.3 Raman mapping of novel chromophores in S. commune .................................... 35
3.4 Interaction of S. commune with wood-decay fungi................................................ 36

3.5 Identification of pigments produced by S. commune during interactions with 
fungi  ..................................................................................................................................... 38

3.6 Analysis of co-cultivation of S. commune with H. fasciculare for release of 
indigo using LESA-MS and UHPLC-ESI-MS/MS ......................................................... 39

3.7 Determination of IAA in S. commune ...................................................................... 42

3.7.1 Identification and quantification of indole-3-acetic acid in wild type 
S. commune cultures..................................................................................................... 42

3.7.2 Changes in indole-3-acetic acid production in S. commune  H. fasciculare
co-cultures....................................................................................................................... 44

3.7.3 Relationship between indigo and IAA synthesis in S. commune ................. 46

3.7.4 Degradation of indole .......................................................................................... 47

4. Discussion.......................................................................................................................... 48
4.1 In vivo live imaging of nuclear migration in S. commune ..................................... 48

4.2 Production of secondary metabolites by S. commune in pure culture ............... 50

4.3 Production of secondary metabolites by S. commune during interactions with 
fungi  ..................................................................................................................................... 51

4.4 IAA metabolism in S. commune ............................................................................... 57

4.5 Outlook ......................................................................................................................... 62

5. Summary ............................................................................................................................ 64

6. Zusammenfassung ........................................................................................................... 67
7. References ........................................................................................................................ 70

8. Selbständigkeitserklärung ............................................................................................... 84

9. Acknowledgement ............................................................................................................ 85

10. Curriculum vitae .............................................................................................................. 86



Abbreviations  iii 

Abbreviations 

2, 4-D 2,4-Dichlorophenoxyacetic acid

2, 4, 5-T 2,4,5-Trichlorophenoxyacetic acid

BF bright field

CARS coherent anti-Stokes Raman scattering

DAPI -Diamidin- -dihydrochloride

DIC differential interference contrast

GC gas chromatography

HPLC high performance liquid chromatography

IAA indole-3-acetic acid

LESA liquid extraction surface analysis

LTQ linear ion trap quadrupole

MIC minimum inhibitory concentration

NLO nonlinear optics

PC phase contrast

PTR-MS proton transfer reaction mass spectrometry

RMS Raman microspectroscopy

RT room temperature

SHG second harmonic generation

SPE solid phase extraction

THG third harmonic generation

TPEF two-photon excitation fluorescence

UHPLC-ESI-MS/MS ultra high performance liquid chromatography electro-spray 
ionization  tandem mass spectrometry 

WT wild type



Introduction  1

1. Introduction 

1.1 Schizophyllum commune: Life cycle and characteristics 

The common split-gill mushroom S. commune belongs to the group of gilled 

mushrooms. Its distribution is circum-global, occurring in temperate to tropical 
climates, and growing predominantly on hardwoods like Fagus and Quercus, fruit 

woods, conifers, bamboos, straw, tea-leaves, or coconut 
(Fig. 1) are perennial, leathery, shell-shaped, 1 5 cm and typically monomitic with a 

tetrapolar mating type system (Raper & Miles, 1958) and usually in groups. Its lower 

surface shows split gills (Schmidt, 2006). It is a widely occurring saprophyte which 
grows on dead, rotting wood causing white rot. It also occurs as a wound parasite on  

In the tropics, S. commune is a serious wood 
destroyer, and forms fruit bodies often on imported timber. However, in vitro, only 

modest wood decay has been observed (Schmidt & Liese, 1980). 

S. commune has been used as a model system for the investigation of mating and 

sexual development for decades since it can be grown from spore to spore through 
its entire life cycle within 14 days on artificial media (Fig 2), and it shows easily 

distinguished phenotypes for a tetrapolar mating behavior facilitating genetic 
analyses (Kothe, 1996). Its genome is 38.5 megabases in size, and has 14 

chromosomes, ranging in size from 1.6 to 4.7 Mbp (Ásgeirsdóttir, et al., 1994). 

Figure 1: S. commune 12-43 x 4-39 on solid media and fruiting bodies in vitro
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The molecular study of gene function has been enabled by DNA-mediated 

transformation (Munoz-Rivas, et al., 1986) and by the ability to perform targeted gene 

disruption by homologous integration (Horton, et al., 1999, Berends, et al., 2013). 
The status of S. commune as a model system was elevated as a result of the Joint 

Genome Institute sequencing the entire genome of this organism (Ohm, et al., 2010). 

The life cycle of most basidiomycetes encompasses two distinct phases: those of the 
monokaryon and the dikaryon (Fig 2). Initially, a meiotic haploid spore germinates, 

giving rise to a mycelium with uninucleate cells, the monokaryon. This mycelium can 
grow vegetatively and, when it meets another monokaryon of the same species, 

hyphal fusions occur between the two mycelia. At that moment, fertilization of the 

mycelium can occur. In most mushroom-forming basidiomycetes, fusion is followed 
by exchange of nuclei, but not cytoplasm (Hintz, et al., 1988, May & Taylor, 1988) 

resulting in a mycelium with binucleate cells, the dikaryon. The life cycle of S. 

commune allows comparison of evolutionary change between two contrasting 

conformations of nuclei: a) in mycelia consisting of uninucleate cells with genetically 

uniform haploid nuclei and b) in mycelia consisting of dikaryotic cells, each of which 
contains the two haploid gametic nuclear types in paired association. In tetrapolar 

species, incompatibility is controlled by two series of multiple alleles at two loci on 
different chromosomes. The two pairs segregate independently at meiosis. The first 

mating type genes in basidiomycetes were identified in S. commune (Giasson, et al., 

Figure 2: The life cycle of Schizophyllum commune (Stankis, et al., 1992)
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1989). The term tetrapolar describes the phenomenon which was attributed to two 

separate mating type factors, called A and B in homobasidiomycetes (Kniep, 1920, 

1928). In this fungus, both A and B factors are found to be composed of two separate 
genetic loci, A and A , and B and B for A and B, respectively. In tetrapolar 

basidiomycetes four different reactions can be distinguished upon mating. They 
include (1) compatible matings between two isolates with different A and B mating 

type genes, which is necessary for fruit body formation and spore production; (2) 

incompatible matings between isolates with identical A and B mating type genes, 
resulting in growth indistinguishable from the monokaryotic strains; and (3 & 4) two 

semi compatible mating reactions where the mating type genes of the confronted 
mycelia differ either in A alone (also called a common-B reaction) or in B alone (also 

known as common-A reaction). Upon plasmogamy, which is observed regardless of 

the entire mycelium as a prerequisite to nuclear pairing. In a compatible mating, the 

nuclei pair and perform conjugate divisions forming clamps which ensure the proper 
distribution of both genetically distinct nuclei in the daughter cells. Karyogamy takes 

place within the fruit body hymenium immediately before meiosis. If only the A factors 

are different, part of this developmental pathway is switched on. Nuclear pairing and 
clamp cell formation can be seen only at the mating zone between the two isolates, 

but clamp cell fusion and nuclear migration are missing. The latter event apparently is 
under control of the B factor as seen in matings of strains different only in B (Raper, 

1966, Raper, 1983). 

1.2 Nuclear migration 

After cell fusion, septal breakdown and fast nuclear migration allow reciprocal nuclear 

exchange between the two mates. After the pairing of the migrant and resident 
nuclei, dikaryotic hyphal tips are established. Subsequent conjugate nuclear division 

is accompanied by formation of clamp connections (Fig. 3). Clamp connections are 

short, backwardly directed branches that fuse with the sub apical cell and provide a 
bypass for one of the nuclei produced during synchronous division of the dikaryon, 

ensuring the equal distribution of the two different nuclei between mother and 
daughter cells. Initiation of conjugate nuclear division is accompanied by formation of 

a lateral branch, the hook (Schubert, et al., 2006). After nuclear division and septum 

formation, one nucleus is temporarily entrapped in the hook until the hook cell fuses 
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with the subapical cell, forming a clamp connection. The hook cell does not fuse with 

the sub apical cell directly but with a peg formed by the sub apical cell growing 

toward the hook (Badalyan, et al., 2004). Finally, the entrapped nucleus migrates 
from the clamp back into the sub apical cell to restore the nuclear pairing. Clamp 

formation is repeated at each subsequent cellular division (Kniep, 1915). 

basidiomycete mushrooms. The dikaryon stage dominates the life cycles of many 

basidiomycetes. The receipt of an unknown environmental signal ends the dikaryon 
stage and triggers rapid karyogamy, meiosis and fruiting body development. The 

process of dikaryon formation involves nuclear migration and sorting of the nuclei by 

genotype to ensure that each dikaryon contains a balance of each parental genome. 
When hyphae of compatible mating types fuse, the nuclei rapidly migrate (for 

Figure 3: Schematic representation of the formation of clamp connections 
(Clémençon, 2004). The process begins at a dikaryotic hyphal end cell. Lateral 
ramifications near the nuclei indicate the commencement of division. The ramification 
grows backward, opposite in direction to the general growth of the hypha. This is a 
specialized projection that connects the two adjacent hyphal cells. Then, synchronous 
nuclear divisions occur with one of the daughter nuclei migration into the clamp cell. The 
formation of septa occurs facilitating the segregation of two daughter nuclei, one of each 
mating type, into distinct cellular compartments to prevent the nuclei from falling back and 
thus, a three-cell state occurs. At this point, the terminal cell is dikaryotic, the subterminal 
cell and the clamp cell are monokaryotic and form a sexually compatible system. By 
sexual reaction the clamp cell bends towards the subterminal cell until it touches the 
hypha. The walls between the tip of the clamp cell and the subterminal cell are lysed and 
the nucleus in the clamp cell migrates into the subterminal cell. Finally, both nuclear pairs 
migrate towards the middle of the cells.
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example, up to 2 3 mm per hour in S. commune (Niederpruem, 1980) and a 

remarkable 4 cm per hour in Coprinellus congregates (Ross, 1976) to the distal 

reaches of the partner mycelium (Raudaskoski, 1998). Distinct from S. commune, in 
C. cinereus, the two nuclei alternate in taking the leading and second positions in the 

apical cell at almost every conjugate division in the dikaryon (Iwasa, et al., 1998). 
Unlike yeast, filamentous fungi that form dikaryons do not use pheromones to 

recognize mates extracellularly, as the hyphae will anastomosize regardless of 

mating type (Gladfelter & Berman, 2009). Nuclei do not initiate migration when cell 
fusion is with the same mating type, so the rapid increase in motility is triggered by 

the coexistence of compatible nuclei, as defined by their mating-type loci (Brown & 
Casselton, 2001).

1.3 Production of secondary metabolites by S. commune in co-

culture with white-rot fungi

Fungi share important functional roles within ecosystems as nutrient recyclers and 
decomposers (Johnson, et al., 2005) with wood decay fungi being a major 

component of woodland ecosystems. The white rot basidiomycetes, are the dominant 

organisms able to decompose all wood lignocellulose components, both in coniferous 
softwood and angiosperm hardwoods, including the lignin heteropolymers (Kirk & 

Farrell, 1987, Eriksson, et al., 1990, Hatakka, 1994). In forest ecosystems, enormous 
amounts of lignocellulose from dead trees (trunks, litter) is biodegraded mainly by 

specific basidiomycetous filamentous fungi causing white or brown rot type of decay, 

a task which (Lundell, et al., 2010). In 
their niche, these fungi interact with competitors which may be other fungi or bacteria 

also widely distributed in soil and on decaying wood. Thereby, mycelial interactions 
within fungal communities are believed to have a significant impact on distribution, 

abundance, indeterminacy and ubiquity (Rayner, et al., 1994). 

In order to survive, a fungus must reduce the effect of potential competitors or utilise 

effective competitive mechanisms. A sizable body of experimental work has 
investigated the mycelial distributions of confrontations between wood-decay 

species, usually paired on agar plates (e.g. Rayner & Webber, 1984, White & Boddy, 

1992, Rayner, et al., 1994). Interspecific fungal interactions may be mediated at a 
distance or via contact. The result of these interactions is dependent on species 



Introduction  6

compatibility and are characterised by physiological responses including cessation of 

mycelial extension, pigmentation, barrage formation, and increased secretion of 

phenol oxidases, leading to 
that allows them to detect and respond to nonself mycelia (Rayner, 1991, Griffith, et 

al., 1994, Boddy, 2000). Such mechanisms allow fungi to defend their territories, 
thereby restricting access to captured nutrients by opposing species (Rayner, 1991, 

Boddy, 2000). 

Wood colonized by white and brown rot fungi can be shown to be occupied by 

different fungi, each colonizing a discrete zone. These zones often show clear 
boundaries demarcated by visible black 'zone lines' (Fig 4) where different individuals 

meet, and antagonistic interactions are common in such encounters (Ueyama, 1966, 

Rayner & Todd, 1980, Rayner & Todd, 1982, Cooke & Rayner, 1984, Coates & 
Rayner, 1985, Chapela & Boddy, 1988, Chapela, et al., 1988, Boddy, et al., 1989).  

Trametes versicolor and some other fungi show black demarcation lines by which 
different species, or incompatible mycelia of the same species separate themselves 

from each other, or mycelia dissociate themselves from not yet colonized wood. The 

lines result from fungal phenol oxidases, whereby fungal compounds or also host-
own substances are transformed to melanin (Li, 1981, Butin & Lonsdale, 1995). The 

different interaction types observed in cultures where confrontation assays are 
performed can be described with 'deadlock' or 'replacement' (Cooke & Rayner, 1984, 

Rayner & Webber, 1984, Rayner & Boddy, 1988). In 'deadlock', neither species is 

capable of dominance and a thin zone of uncolonized agar is seen between the 

Figure 4: Zone lines on a log of wood colonized by multiple fungi
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fungal colonies (Cooke & Rayner, 1984, Rayner & Boddy, 1988). The edge of the 

colony frequently is bordered by a region of dense mycelial growth, proliferating 

aerial hyphae, or pigment production; in wood, such a 'deadlock' region often shows 
pigmented zonation (Boddy, et al., 1989). Deadlock often occurs due to each species 

detecting non-native chemical compound(s) that inhibit growth, although the chemical 
basis of the myriad of compounds produced and how they are sensed is unclear 

(White & Boddy, 1992). Replacement may result from one individual completely 

engulfing the other as a prelude to complete replacement. Replacement may induce 
autophagy, which promotes degradation and recycling of long-lived proteins and 

organelles in eukaryotic cells (Yorimitsu & Klionsky, 2005). The key genes of 
autophagy are also active in filamentous fungi (Pinan-Lucarre, et al., 2005). For the 

replacement to be successful, the membrane of one of the genetically incompatible 

colonies will lyse (cellular necrosis), releasing the hyphal content that can 
subsequently be used by an antagonist (Falconer, et al., 2008). 

In an extensive strain collection, pigmented isolates of Schizophyllum commune

showing blue coloration identified as indigo have been observed. The pigment was 

first observed in S. commune by Papazian (1950) and identified by Miles et al. (1956) 
as indigo. Other blue pigments reported from fungi include lactarazulene described in 

Lactarius deliciosus (Willstaedt, 1935, 1936); thelephoric acid in Hydnum ferrugineum

and species of Thelephora (Kögl, et al., 1930); boletol described in Boletus luridus

and B. satanas (Kögl & Deijs, 1935); and the blue stain of Ceratostomella (Cartwright 

& Findlay, 1946). In order, to understand the interactions of S. commune with fungi 
and bacteria, Hardiman (2012) used the dual culture method on artificial media and 

wood blocks. This study also investigated extracellular enzymes activity, including 
laccase, amylase, cellulase, and lipase, during interactions, S. commune was found 

to produce a blue colouration in the interaction zones with different wood-decay fungi 

and bacteria. Indigo production in S. commune can occur by the utilization of nitrogen 
in the form of ammonium ion (Miles, et al., 1956). The pathway of indigo biosynthesis 

however, remains elusive. The biosynthetic pathways of indigo synthesis have been 
well characterized in bacteria. In most cases, indole is first regioselectively 

hydroxylated by an oxygenase to indoxyl which spontaneously dimerizes to form 

indigo (McClay, et al., 2005, Royo, et al., 2005, Kwon, et al., 2008). Confrontation 
assays between S. commune and Trichoderma viride on synthetic media could show 
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changes in metabolite profiles, lipid peroxidation, protein carbonylation, and calcium 

influx as a result of combat in S. commune (Ujor, et al., 2012). However, there was 

no observation of indigoids.  

1.4 S. commune and Indole-3-acetic acid 

The auxin indole-3-acetic acid (IAA), a phytohormone is best known for its role in 
plant cell elongation, division, and differentiation (Halliday, et al., 2009, Moller & 

Weijers, 2009, Sundberg & Ostergaard, 2009, Abel & Athanosios, 2010, McSteen, 

2010, Scarpella, et al., 2010, Zazímalová, et al., 2010). IAA was first detected by 
Dolk and Thimman (Dolk & Thimann, 1932) in culture filtrates of the fungus Rhizopus 

suinus, even before IAA was identified in plants. The other fungi include Rhizoctonia 

(Furukawa, et al., 1996), Colletotrichum (Robinson, et al., 1998), Ustilago maydis 

(Reineke, et al., 2008) and yeast (Nielsen, 1931, Gruen, 1959). Auxin production was 

demonstrated for 30 of 34 genera and for 67 (89 per cent) of 75 species of fungi 
including some varieties of Fusarium (Anker, 1949). Microbial IAA plays a significant 

role in plant microbe interactions (Glick, et al., 1999), both pathogenic and symbiotic 
(Hirsch, et al., 1989 , Reineke, et al., 2008). Predominantly a plant hormone, it is not 

clear how microbes developed the trait of IAA production during their evolution, but it 

most probably, could have been developed as a signal to manipulate the host 
metabolic and defense systems, since most microbes producing IAA are plant-

associated. Whereas there is convincing evidence to support this hypothesis in 
bacteria (Spaepen, et al., 2007), where bacterial IAA was shown to modulate plant 

IAA signaling or host defense responses, the physiological role of fungal IAA in host 

interaction is still largely speculative (Asiimwe, 2010). 

In fungi, IAA has been generally proposed as a metabolite of tryptophan (Hazelwood, 

et al., 2008) but this has been conclusively demonstrated only in Ustilago maydis 

(Reineke, et al., 2008) and Saccharomyces uvarum (Shin, et al., 1991). In most 
studies, IAA was found in the culture medium but there are also reports on the 

accumulation of IAA inside the mycelium. External conditions such as light, nitrogen 
level, pH, temperature and aeration had variable, or no effects on IAA production 

(Tudzynski & Sharon, 2001). Most fungal species have the capacity to produce IAA 

and some utilize more than a single biosynthetic pathway. These findings strongly 
argue for an essential role of IAA in fungi. Two major aspects of auxin action include: 
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a direct effect on the fungus and a role during fungal infection of plants. Numerous 

investigations have established the synthesis of IAA by fungi belonging to different 

taxonomic groups including the basidiomycetes (Gruen, 1959). Most of the reports 
involve pathogenic fungi, which produce IAA after the addition of tryptophan to the 

medium. Asiimwe (2010) showed that IAA increased ectomycorrhiza development as 

100 µM IAA. It was suggested that the growth and ramification effects of IAA on T. 

vaccinum observed in vitro represented a new mechanism involved in mycorrhiza 
morphogenesis. Interestingly, the results also suggested that IAA acts as a signal in 

the fungal-plant interaction in ectomycorrhizal symbiosis. 

S. commune has a large number of biochemical and morphological mutants, many of 
which produce the blue pigment indigo (Raper & Miles, 1958). Epstein and Miles 

(1967) found that only the indigo-producing mutants produced detectable amounts of 

IAA which indicated the possibility of a relationship between the formation of IAA and 
indigo. They could not detect IAA in the non-indigo producing strains that they 

studied.   

1.5 Why Vibrational Spectroscopy? 

Breakthroughs in biology often arise from the development of new microscopy tools. 

Our understanding of biological systems has greatly benefited from the studies with 
electron microscopy, phase contrast microscopy, confocal fluorescence microscopy, 

scanning probe microscopy, and other imaging tools (Cheng, 2007). Confocal 
fluorescence microscopy has been widely used in material and life sciences for 

submicron level investigations through a fast beam scanning approach, allowing the 
specific visualization of microscopic structures of the stained molecular composition 

with chemical specificity (Rigaut & Vassy, 1991). Confocal fluorescence and 

multiphoton fluorescence microscopy permit 3D imaging of different cellular 
organelles or specific molecules. However, cells need to be labeled with fluorescent 

probes, which are prone to photobleaching and perturbations to cell functions 
(Cheng, et al., 2002). For biomolecular species and cellular components that cannot 

tolerate fluorescence staining, other complementary contrast mechanisms for non-

invasive characterization are used such as phase contrast and differential 
interference contrast (DIC) microscopy (Allen, et al., 1981, Arnison, et al., 2004). 
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These rely on the minor differences of the refractive indexes across the sample to 

highlight small particles and interfaces with index mismatch. However, these 

techniques are lacking in chemical sensitivity and usually have a low depth resolution 
(Cheng et al. 2002). Vibrational microscopy on the other hand provides a direct way 

of imaging unstained biological samples, such as cells and tissues with chemical 
selectivity. 

Vibrational spectroscopy facilitates monitoring of bond vibrations as a consequence 
of interaction of light with the sample. Vibrational spectra are molecule-specific and 

unique to the nature of the specimen. Importantly, biological materials like proteins, 
carbohydrates, lipids, nucleic acids, etc. have unique structures and therefore unique 

spectral fingerprints, which can be obtained for these molecules (Singh, et al., 2012). 

Vibrational spectroscopic techniques have been useful to understand a wide variety 
of interesting basic and applied scientific problems, ranging from applications in 

material characterization to biomedicine due to their fast and non-invasive nature. 
Vibrational microscopies, such as infrared and Raman microscopy (Kneipp, et al., 

1999, Long, 2002, Huang, et al., 2003, Ho, et al., 2008, Smith & Dent, 2013), have 

been used for chemically-selective imaging. Chemical imaging can be defined as the 
analytical capability to create a visual image of components distributed from 

simultaneous measurement of spectra and spatial information (Kozaris, et al., 2012). 
Infrared spectroscopy works on the principle that the direct absorption of IR radiation 

can promote molecules from their vibrational ground state into the first vibrationally 

excited state. Vibrational transitions can also take place via an inelastic scattering 
process called the Raman effect which marks an indirect approach to excite 

molecular vibrations (Popp, et al., 2011). The technical achievements on 
femtosecond or picosecond pulsed laser sources triggered the rapid development of 

nonlinear optical microscopy for life science applications (Masters & So, 2008). 

Recently, coherent anti-Stokes Raman scattering (CARS) imaging has been 
developed as a useful complementary technique for video-rate vibrational imaging 

based on the coherently enhanced Raman-active vibrations (Lawrence 2004, 
(Zumbusch, et al., 1999, Zhu, et al., 2009).  
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1.5.1 Raman Spectroscopy 

Sir Chandrashekara Venkata Raman first reported the light-scattering phenomenon 

in 1928. It has come to be known as the Raman effect for which he was honoured 
with the Nobel Prize for Physics in 1930. The potential of the Raman effect in 

chemistry and physics was realized very rapidly (Long, 1988). When light interacts 
with matter, photons may undergo various processes including absorption, 

dispersion, reflection, refraction, fluorescence and scattering. If the energy of an 

incident photon corresponds to the energy gap between the ground state of a 
molecule and an excited state, the photon may be absorbed and the molecule 

promoted to a higher state of energy. However, it is also possible for a photon to 
interact with a molecule in a way that results in scattering. In this case it is not 

necessary for the photon to have an energy which matches the difference between 

two energy levels of the molecule. The scattered photons can be observed by 
collecting light e.g. at an angle to the incident light beam, provided that there is no 

absorption from any electronic transitions, which have similar energies to that of the 
incident light. The scattering intensity increases as the fourth power of the frequency 

of the incident light. Classical Raman spectroscopy uses a single frequency of 

coherent light to irradiate the sample. The radiation scattered from the molecule, one 
vibrational unit of energy different from the incident beam, is then detected (Smith & 

Dent, 2013). Raman scattering does not require matching of the incident radiation to 
the energy difference between the ground and excited states. 

The energy changes we detect in vibrational spectroscopy are those required to 

cause molecular vibrations. If a distortion of the electron cloud of a molecule is 
involved in the scattering process, the photons will be scattered with a frequency 

shift. This scattering process is regarded as elastic scattering and is the dominant 
process called Rayleigh scattering. However, if molecular vibration is induced during 

the scattering process, energy will be transferred either from the incident photon to 

the molecule or from the molecule to the scattered photon. In these cases the 
process is inelastic and the energy of the scattered photon is different from that of the 

incident photon by one vibrational unit. This inelastic scattering is usually referred to, 
as Raman scattering. It is inherently a weak process in that only one in every 106 108 

photons which scatter is inelastically scattered. In itself this does not make the 

process insensitive since with modern lasers and microscopes, very high photon 
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densities can be delivered to very small samples, but as a consequence other 

processes such as sample degradation and fluorescence can readily occur. 

1.5.2 Coherent anti-Stokes Raman Scattering (CARS) microscopy 

Coherent anti-Stokes Raman scattering (CARS) microscopy provides a unique 
approach to imaging chemical and biological samples by using molecular vibrations 

as a contrast mechanism (Duncan, et al., 1982, Zumbusch, et al., 1999). In 1982, 
Duncan et al. reported the first CARS microscope using a non-collinear configuration 

of pump and Stokes beams to image onion cells with chemical specificity. In 1999, 

Zumbusch et al. demonstrated the first CARS microscope with collinear beam 
geometry for unstained live bacteria and cell imaging. Soon after, it was proved that 

in CARS microscopy the interaction length is only several micrometers or less under 
tightly focusing condition using large NA microscope objectives, thus the phase-

mismatching condition can be relaxed within the large cone angle with collinear beam 

geometry (Cheng, et al., 2001). Unlike spontaneous Raman scattering, CARS is 
highly sensitive and can be detected in the presence of background fluorescence 

induced by one-photon excitation (Cheng, et al., 2001). Because of its nonlinear 
intensity dependence, the CARS signal is only generated at the focus, allowing three-

dimensional sectioning of thick samples. This is similar and complementary to two 

photon fluorescence imaging (Denk, et al., 1990) but requires no fluorophores 
(Cheng, et al., 2001).  

1.5.3 Applications of Vibrational Spectroscopy 

Raman and IR techniques are particularly attractive as they provide biochemical 
information without the requirement of external contrast-inducing agents in 

comparison to popular instrumental techniques like MRI, PET, X-ray, etc. Compared 

enhancement steps. Excitation wavelengths in the ultraviolet and visible range were 
used to enhance signals from chromophores (carotenoids and chlorophyll) in bacteria 

utilizing the resonance Raman effect (Hering, et al., 2008, Jarvis & Goodacre, 2008). 
Wide-

the laser or moving the sample (Tripathi, 2008). Ayca, et al. (2007) used FTIR to 

study the most common fungal (disseminated candidiasis) infection in hospitalized 
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patients using the mice model. The study revealed that the infection resulted in 

changes mainly in lipid profile (ratio of the saturated lipids to unsaturated lipids) and 

also caused lipid peroxidation. Edwards, et al. (1995) reported Fourier transform (FT) 
Raman spectra of the cell walls of three species of Agaricus bisporus, Mortierella

genus and Mucor genus and proposed molecular assignments for the major 
vibrations attributed to chitin, N-acetyl glucosamine and (R)-glucan. Ghosal, et al.

(2012) applied RMS for rapid characterization and identification of individual spores 

from several species of microfungi which has been used to compile a reference 
library of Raman spectra from several species of microfungi, typically associated with 

damp indoor environments. De Gussem, et al. (2005) reported for the first time the 
Raman spectra of spores of Lactarius controversus Pers. Fr., Lactarius lacunarum

(Romagn.) ex Hora, Lactarius quieticolor Romagn. and Lactarius quietus Fr. These 

spectra were compared with the Raman spectra of substances known to occur in 
macrofungi, including saccharides, lipids and some minor compounds that may serve 

as specific biomarkers (adenine, ergosterol and glycine). In addition to different types 
of lipids and phospholipids, the polysaccharides chitin and amylopectin could be 

detected as well. The combination of Raman spectroscopy with chemometrical 

methods was capable of identifying spores of macrofungi/basidiomycetes (Gussem, 

et al., 2007). Raman and surface enhanced Raman scattering (SERS) maps of 

Aspergillus nidulans hyphae grown on nanostructured gold-coated substrates have 
been recorded (Szeghalmi, et al., 2007). Furthermore vibrational spectroscopy has 

been used to study the chemical compounds involved in cell differentiation of S. 

commune (Kawai, et al., 1985, 1986) or which are produced by S. commune itself 
(Yamashita, et al., 1985). In addition, vibrational spectroscopic characterization of 

fruiting bodies ( - , et al., 2001) and Raman spectroscopical studies of 
fungi and spores (De Gussem, et al., 2005, Stöckel, et al., 2009) have been carried 

out. S. commune has been detected in wood and discriminated from another wood 

decaying fungal species by FTIR spectroscopy (Naumann, et al., 2005) and a 
(Naumann, 2009). Raman and NIR Raman 

spectroscopy were used to characterize natural dyes produced by fungi (Li-Chan, 
1996, Schrader, et al., 1999). The cytochrome distribution in hyphal tip cells and 

branching regions of S. commune was visualized using resonance Raman mapping 

and CARS microscopy by Walter, et al. (2010). To date most biological applications 
of CARS have dealt with the investigation of lipids that play an important role in 
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biological membranes, as energy storage molecules, and as messengers in cellular 

communications. Lipids are comparatively easy to detect in cells by CARS 

microscopy due to their high local concentration and their high CH stretching 

momentum in the near future due to the rapid acquisition, high spatial resolution and 
three-dimensional imaging capabilities (Krafft, et al., 2009). 

1.6 Mass spectrometry 

John B. Fenn, the originator of electrospray ionization for biomolecules and the 2002 
Nobel Laureate in Chemistry, probably gave the most fitting explanation for what 
mass spectrometry is: 

molecules to determine their molecular weight. To practice this art one puts charge 

on the molecules of interest, i.e., the analyte, then measures how the trajectories of 

the resulting ions respond in vacuum to various combinations of electric and 

magnetic fields. Clearly, the sine qua non of such a method is the conversion of 

neutral analyte molecules into ions. For small and simple species the ionization is 

readily carried by gas-phase encounters between the neutral molecules and 

Genomics, proteomics, and metabolomics increasingly require the analysis of 

extremely complex mixtures, such as whole-cell lysates, and detection of analytes of 
a wide variety of types over a wide range of concentrations from hormones and 

growth regulators present at pmole/L levels to ubiquitous as well as rare low copy 
number proteins. These challenges increasingly demand instruments with better 

performance characteristics including resolution, mass accuracy and dynamic range 
(Hu, et al., 2005). In addition, tandem mass spectrometry (MS/MS) (Cooks, et al., 

1973, McLafferty, 1980, 1981, Holmes, 1984, Busch, et al., 1988, de Hoffmann, 

1996) serves as a requisite and invaluable tool for structure elucidation and 
peptide/protein sequencing (Hunt, et al., 1986, Biemann & Scoble, 1987, Biemann, 

1990). Mass spectrometric analysis of complex mixtures for particular analytes is 
often facilitated by tandem or multiple stage mass spectrometry (MSn) as well as by 

high resolution/ high-mass accuracy measurements. Mass spectrometry determines 

the mass-to-charge (m/z) ratio or a property related to m/z. A mass spectrum is a plot 
of ion intensity versus m/z. (Glish & Vachet, 2003) 
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1.3.1 Electrospray ionization (ESI) 

Electrospray ionization - mass spectrometry (ESI-MS) provides a sensitive, robust, 

and reliable tool for studying, at femto-mole quantities in micro-litre sample volumes, 
non-volatile and thermally labile bio-molecules that are not amenable to analysis by 

other conventional techniques (Ho, et al., 2003). Ions in ESI are generated at 
atmospheric pressure by passing a solution-based sample through a small capillary 

electrode at voltages between +500 and +4,500 V. The actual voltage required 
depends on both the inner diameter of the needle and the solvents that make up the 

solution (Glish & Vachet, 2003) 

1.3.2 Nanoelectrospray ionization using TriVersa NanoMate® technology 

The TriVersa NanoMate is the latest in chip-based electrospray ionization 

technology. It combines the strengths of liquid chromatography, mass spectrometry, 
chip-based infusion, fraction collection, and direct surface analysis into one 

integrated system (www.advion.com). It allows analysts to obtain more information 
from complex samples than with LC/MS alone. It consists of the ESI chip which is a 

microfluidics chip containing an array of 400 nanoelectrospray emitters each one-fifth 

the diameter of a human hair, etched in a silicon wafer allowing for flow rates of 20 to 
300 nL/min. The nozzles on the ESI Chip provide a long, efficient and stable spray 

with no sample-to-sample carryover. The TriVersa NanoMate can accomplish direct 
analysis of a sample using liquid extraction surface analysis (LESA). LESA can be 

used for discrete or consecutive spots as a profiling tool for a variety of samples like 

food for the detection of applied pesticides (Eikel & Henion, 2011), polymer coating 
additives and degradation products (Paine, et al., 2012), and sensitive qualitative and 

quantitative (with internal standard) analysis of a variety of samples from solid phase 
extraction cards (Walworth, et al., 2011). LESA in combination with high-resolution 

mass spectrometry can be used e.g., as a powerful tool to extract and detect 

bacterial antibiotics directly from spots of agar plates (Kai, et al., 2012). 

1.3.3 Mass spectrometric analysis using OrbitrapXL-MS 

An orbitrap is a type of mass analyzer invented by Alexander Makarov. It consists of 

an outer barrel-like electrode and a coaxial inner spindle-like electrode that form an 
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electrostatic field with quadro-logarithmic potential distribution (Makarov, 2000, Hu, et 

al., 2005). Image current from dynamically trapped ions is detected, digitized and 

converted using Fourier transform into frequency and then mass spectra. The 
orbitrap is the first new mass analyzer to be introduced as a commercial instrument 

(LTQ-Orbitrap hybrid mass spectrometers) in the last 20 years (Perry, et al., 2008). It 
has become a powerful addition to the arsenal of mass spectrometric techniques for 

probing 

analyses. The most prominent features of the Orbitrap include high mass resolution 
(up to 150 000), large space charge capacity, high mass accuracy (2 5 ppm), a 

mass/charge range of at least 6000, and dynamic range greater than 10 (Hu, et al., 
2005). Analytical performance of the trap can support a wide range of applications 

-level components in 

complex mixtures, for example, in proteomics, drug metabolism, doping control, and 
detection of contaminants in food and feed (Zubarev & Makarov, 2013). 



Introduction  17

1.4 Research Objectives 

A. Non invasive real-time imaging of nuclear migration in S. commune 

The common techniques used to visualize the nuclei in fungi include fluorescence 

staining with DNA stains such as DAPI (4', 6-diamidino-2-phenylindole) and Hoechst 
33258 (bis-benzimides). These stains are DNA-specific probes which interfere with 

replication gradually killing the cells, their cytotoxicity thus influencing the outcome of 

the experiments. In view of these caveats of DAPI/Hoechst DNA dyes, fluorescence 
microscopy is not favoured. As an alternative, chemical imaging is employed using 

vibrational spectroscopy to monitor the nuclear dynamics process in vivo. Thus, one 
focus of this study was to chemically image the process of nuclear migration and 

sorting in S. commune live in vivo with Raman spectroscopy and CARS microscopy. 

If successful, this will also set the experimental conditions for investigations of 
dikaryon formation in basidiomycete fungi showing no clamp formation, like 

Tricholoma. 

B. Identification of secondary metabolites produced by S. commune upon 
interaction with wood rotting fungi  

Previous studies by Hardiman (2012), have shown that S. commune secretes 

compounds in response to interactions with certain wood-rotting fungi and some 
antagonistic organisms in artificial media. The nature of these compounds and their 

biological activity was unknown, and thereby were of interest as they might have 

potentially anti-microbial properties. This study, therefore involves the identification of 
these compounds. On an ecological note, our study will give a greater insight into the 

working of the metabolite pathways involved in the various reactions that occur 
during fungal interactions. Of equal importance is the application of advanced 

analytical tools in the field of secondary fungal metabolites. To this end, we will use 

Raman micro-spectroscopy and mass spectrometry  based tool LESA, in order to 
quickly, efficiently and non-invasively identify, image and quantify the compounds 

present.  
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C. Identification of an auxin by wild type S. commune strains and monitoring 
its changes in fungal interactions in co-culture 

It was reported that the mutant strains of S. commune producing indigo also 
synthesized IAA, and it was postulated that there may be a correlation between them 

in terms of synthesis. Thus, we conducted experiments with a pigmented mutant and 
quantified the amounts of indigo and IAA excreted into the media. It was also of 

interest to see if wild type S. commune synthesized auxins and if these auxins were 

influenced during interactions. We also seek to quantify the IAA and study aspects of 
its biosynthesis. We would like to monitor the changes in IAA concentration when 

S. commune is grown alongside antagonistic organisms. Because of the lack of basic 
knowledge, a study of the biosynthesis and the role of IAA in this organism is of 

interest. 
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2. Material and methods 

2.1 Media and cultivation of S. commune for nuclear migration 
studies 

S. commune 12-43 x 4-39, 12-43, 4-39 and F15 x F28 were cultured at 28 oC for 3 6 
days on solid medium (CYM). For microscopic analysis, sterile objective slides, glass 

cover slips (for for Raman 
microspectroscopy) were placed on an agar plate, such that the mycelium could 

attach and grow onto the slides. After 2 3 days at 28 oC, mycelium of S. commune

grew over the slide with a monolayered growth front. For the Raman spectroscopy, 
the CaF2 slide was removed directly before the measurements and kept under room 

conditions during the spectroscopic analysis. 

2.2 Composition of media 

Complex yeast medium (CYM) (Schwalb & Miles, 1967): 20 g/L glucose, 2 g/L 

trypticase peptone, 2 g/L yeast extract, 1 g/L K2HPO4, 0.5 g/L MgSO4, 0.46 g/L 
KH2PO4, 18 g/L agar-agar (for solid medium). 

CYM-T: CYM medium with 0.25 mM tryptophan 

Potato dextrose agar (PDA): 0.4% potato extract, 2% glucose, and 1.5% agar 

(Merck, Germany) 

Minimal Media (MM) (Raper & Hoffman, 1974): 20 g/L glucose, 2 g/L aspartic acid, 1 
g/L K2HPO4,0.5 g/L MgSO4, 0.46 g/L KH2 PO4, 120 µ g/L thiamin hydrochloride, pH 

6.3, 18 g/L agar-agar (for solid medium). 

MMNb (Modified Melin-Nokrans Medium) (Kottke, et al., 1987): 0.05 g/L CaCl2, 0.025 
g/L NaCl, 0.5 g/L KH2PO4, 0.25 g/L (NH4)2 HPO4, 1 µ g/L FeCl3.6H2O, 83 µl Thiamin 

hydrochloride (1.2 mg/ml), 0.15 g/L MgSO4. 7 H2O, 0.5 g/L Glucose, 1 g/L Peptone 
from Casein, 10 ml/L trace element solution (Fortin & Piche, 1979) 

MMNb-T: MMNb medium with 0.25 mM tryptophan 
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2.3 Fungal cultures used in interaction studies 

In order to analyse the metabolites produced during interactions S. commune strains 
were grown alongside other white and brown rot fungi on culture medium. The 

Schizophyllum commune strains used were12-43 x 4-392 (FSU2896 x FSU32143), 
12-432 (FSU32143), 4-392 (FSU28963) (Vermont, USA); Schizophyllum commune 

strains MG101028_061, F152, F15xF282 (Jena, Germany). The other fungal 

candidates included Flammulina velutipes MG091201_011 (Jena, Germany); 
Ganoderma lucidum MG100717_011 (Königsfeld, Germany); Hypholoma fasciculare 

MG100907_061 (Kauern, Germany); Kuehneromyces mutabilis MG091108_021

(FSU99923) (Göttingen, Germany); Pleurotus ostreatus MG091105_011 (FSU99623) 

(Jenaprießnitz, Germany) and Serpula lacrymans FSU28863 (Jena, Germany).
1 Dr. Matthias Gube, Microbial Communication, University of Jena 
2 Strain collection of Microbial Communication, University of Jena 
3 Jena Microbial Resource Collection, University of Jena 

2.3.1 Confrontation assays 

One week-old cultures of wild-type Schizophyllum commune and each fungal 

candidate were cut into 0.5 cm agar cubes and placed 2 cm apart on the surface of 

CYM and PDA, and then incubated at 28 oC and 10 oC for 1 month. Plates inoculated 
with pure cultures of each fungus and incubated at the same conditions as the 

experimental cultures served as controls. Identical plates were made for IAA 
analysis. The plates were observed directly under a light microscope (Zeiss Axioplan 

2, Jena, Germany). For sample preparation for Raman microspectroscopic 

measurements, 0.5 x 0.5 x 0.25 mm cubes of agar with hyphal mat were cut out from 
the interaction zones of the culture plates and placed on CaF2 objective slides. The 

sample was trimmed in dimensions (if necessary) to accommodate it within the 
working distance of the microscope objective. 

2.3.2 Metabolite extraction 

From the co-culture plates, 4 x 1 x 0.3 cm mycelial strips were cut out from the 
interaction zone, and from the periphery of S. commune and H. fasciculare zones 

respectively. Each sample was added into a 1:1 (2 ml each) mixture of 

methanol:ethyl acetate and macerated. They were then ultra sonicated for 30 min 
and centrifuged at 10,000 rpm for 3 min. 500 µl of the clear supernatant was 
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retrieved and added to an equal amount of methanol along with 2 µl of 10 mM indole-

3-propionic acid (internal standard). This mixture was vortexed for 30 s and allowed 

to stand for 30 min. It was then diluted 1:4 in methanol. 

2.4 Fungal cultivation for auxin identification and quantification 

In order to test the production of IAA in S. commune cultures, 2 x 2 cm agar cubes of 
the monokaryon 12-43 and dikaryon 12-43 x 4-39 were macerated and inoculated 

into 200 ml of liquid CYM with shaking (150 rpm) at 28 oC for 20 days. For 

quantification of IAA and comparison of its production with regard to different media, 
four liquid media were used: CYM, CYM-T, MMNb and MMNb-T. 2 x 2 cm agar 

cubes of 12-43 were macerated and inoculated into the 100 ml of media. These 
flasks were incubated for 28 oC with shaking (150 rpm) for 28 days. The tryptophan 

(0.25 mM) in CYM-T and MMNb-T was added after the seventh day. 2ml was 

retrieved from each culture filtrate every seven days for four weeks. These filtrates 
were immediately subjected to the extraction procedure. For sample preparation, 500 

µl of methanol (hypergrade for LC MS, Merck KGaA, Darmstadt, Germany) was 
added to an equal amount of the filtered test culture broth and 2 µl of 10mM indole-3-

propionic acid which was used an internal standard. This mixture was shortly agitated 

using a vortex, then incubated for 30 minutes at room temperature and further diluted 
1:4 in methanol. 15 µl of the diluted extract was injected into the UHPLC binary 

solvent system of water (solvent A) and acetonitrile (solvent B, hypergrade for LC 
MS, Merck KGaA, Darmstadt, Germany), both containing 0.1% (v/v) formic acid 

(eluent additive for LC-MS, Sigma Aldrich Chemie GmbH, Steinheim, Germany).  

2.5 Microscopy 

In order to stain the nuclei of S. commune -Diamidin-

-dihydrochloride) (0.1-1 µg/ml) and Hoescht 33258 (10 mg/ml stock 
solution) stains were used. DAPI preferentially binds to A-T rich regions (Loontiens, 

et al., 1990), and has the maxima of absorption and emission at ±350 and ±460 nm, 
respectively. Hoechst 33258 has the maxima of excitation and emission at ±352 and 

±461 nm, respectively. The stain was added to the fungal sample under the cover slip 

and observed immediately.
Microscopy was carried out with an Axioplan 2 microscope (Carl Zeiss, Jena, 

Germany) using Filter set 02 for the nuclear staining. Differential interference contrast 
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(DIC) is another method of deriving contrast in an unstained specimen from 

differences in index of refraction of specimen components. As with phase contrast, 

DIC transforms the phase shift of light, induced by the specimen refractive index, into 
detectable amplitude differences. An advantage of interference-derived contrast is 

that an object will appear bright against a dark background but without the diffraction 
halo associated with phase contrast. However, because DIC utilizes optical path 

differences within the specimen (i.e.: product of refractive index and geometric path 

length) to generate contrast the three-dimensional appearance may not represent 
reality (Ruzin, 1999). Documentation was achieved with a digital camera (Insight 

Firewire 4 image sample, Diagnostic Instruments, Sterling Heights) and analyzed by 
the software Spot (version 4.6, Diagnostic Instruments, Sterling Heights). 

2.6 Raman Microspectroscopy 

Raman spectra were acquired using a WITec (Ulm, Germany) CRM Alpha-300Rplus 
confocal Raman microscope. Excitation (ca. 10 mW at the sample) was provided by 

785 nm diode laser (TOPTICA Photonics AG). The exciting laser radiation is coupled 
into a Zeiss microscope through a wavelength-specific single mode optical fiber. The 

incident laser beam is collimated via an achromatic lens and passes a holographic 

band pass filter before it is focused onto the sample through the objective of the 
microscope. A Zeiss 50x/0.9 NA objective was used in the studies reported here. The 

sample is located on a piezo-electrically driven microscope scanning stage with an 
x,y-resolution of about 3 nm and a repeatability of ±5 nm, and z-resolution of about 

0.3 nm and ±2 nm repeatability. The sample is scanned through the laser focus in a 

continuous line scan at a constant stage speed of fractions of a micrometer per 
lumination time of 3 

s, using a 300/mm grating. The spectral resolution is about 6 cm-1 and the spectral 
window ranges from 300 to 3200 cm-1. False color images were reconstructed using 

a spectral unmixing algorithm based on vertex component analysis (VCA), which 

decomposes a given dataset into fractions of most dissimilar spectral information 
(Miljkovic, et al., 2010, Hedegaard, et al., 2011). 

The Raman spectrum of indigotin, isatin and indirubin (Sigma Aldrich, Taufkirchen, 
Germany) were obtained as references. Spectra were processed using the CytoSpec 

(Berlin, Germany) v. 1.4.00, Software for hyperspectral imaging as well as the 

MATLAB (Mathworks Inc.) software.
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For intensity plots of the Raman maps, the spectra were baseline corrected and 
approximated by linear segments with manually chosen points. For sample 

preparation, 0.5 x 0.5 x 0.3 cm3 cubes of agar with hyphal mat were cut out from the 

interaction zones of the culture plates and placed on CaF2 objective slides for Raman 
micro-spectroscopic measurements. The samples were trimmed in dimensions (if 

necessary) to accommodate it within the working distance of the microscope 
objective. 

2.6.1. Image analysis and data processing 

Various algorithms for image analysis of hyperspectral datasets have been 
developed. For extracting spectral information, several factor methods such as 

principle component analysis (PCA) or vector component analysis (VCA) have shown 

high potential for the evaluation of Raman datasets ( , et al., 2010, 
Hedegaard, et al., 2011) In principle, these algorithms search for a basis that 

Figure 5: Instrumentation for a micro-Raman spectroscopy set-up to conduct 
sample imaging. The collimated laser light is directed through a dichroic mirror with 
appropriate wavelength selection and is focused through a microscope objective onto the 
sample. The backscattered light is collected through the objective and after filtering with 
either a notch or a bandpass filter to suppress the elastically scattered signal, the light is 
transmitted through the confocal pinhole into the spectrometer. The signal is then directed 
onto a grating which disperses the light and eventually guided onto the detector to collect 
the Raman spectrum.
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describes the spectral variance optimally. Generally, the spectrum of a given image 

pixel is assumed to be a linear combination of the spectra of individual components: 

k
kjikij cep , 

where ijp  is the i-th band of the j-th pixel, ike  the i-th band of the k-th component 

spectrum and kjc  is the mixing proportion for the j-th pixel of the k-th component. The 

mixing proportions are assumed to be percentages and the proportions should add 

up to one: 

k
kjc 1. 

This new basis then consists of a few vectors, or in our case Raman spectra, which 

can be used to reconstruct the dataset or image by plotting their individual 
abundances. The different algorithms vary mainly in what constraints are set for this 

change of basis. In PCA, for instance, the vectors have to be orthogonal. In VCA the 

constraint is that the new vectors, usually referred to as endmembers, have to be all 
positive or real spectra. These endmembers normally represent the most dissimilar 

spectra within a dataset. For the evaluation of the endmembers the N-FINDR 
algorithm, described by Winter was employed (Winter, 1999, Du, et al., 2008).  

2.7 Coherent anti-Stokes Raman scattering (CARS) microscopy 

The CARS microscopy setup used was described previously by Meyer, et al. (2008). 
The Ti:sapphire laser source was configured to generate pulses of 3 picoseconds in 

length. For these experiments, the Stokes beam was set to 831 nm and the pump 

beam at 669.5 nm for a Raman shift of 2900 cm-1, and 671.35 nm for a Raman shift 
2850 cm-1. The laser radiation was focused into the object plane by a 63X NA 1.4 oil 

immersion objective (Zeiss Plan-Apochromat). The CARS signal was collected in the 
forward direction (F-CARS) by an NA 0.55 condenser, separated from the residual 

pump and Stokes light by filters (colored glass and Omega optics third millennium 

short pass filters), and detected by photomultipliers (Hamamatsu R6357). CARS is a 
coherent process; hence the signal is directional and laser-like. By tuning the 

difference frequency of the two lasers to Raman modes characteristic for different 
molecules present in the emulsion, the distribution of these molecular species can be 

imaged. The relevant Raman modes are chosen via nonresonant linear Raman 

spectroscopic measurements.  
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The coverslips inoculated with the fungi were loaded onto a microscope slide, and 

measurements were carried out without further sample preparation. By tightly 
focused laser beams the CARS process generates a signal at the anti-Stokes 

frequency from a small volume and therefore providing high spatial resolution and 
three-dimensional sectioning capabilities. The electronic subsystem of the molecule 

is a source for the non resonant CARS signal, which has no chemical bond selectivity 

and limits the contrast. 

2.8 Mass spectrometry with LESA-MS/MS and UHPLC-ESI-MS/MS 

2.8.1 Liquid extraction surface analysis (LESA) 

The liquid extraction surface analysis is an adaptation of the Nanomate robotic pipet 
chip-based infusion nanoESIsystem (Fig 7 A,B) (Kertesz & Van Berkel, 2010, 

Marshall, et al., 2010). It combines microliquid extraction from a solid surface with 
nanoelectrospray mass spectrometry. LESA is fully automated using disposable pipet 

tips creating liquid micro junctions (LMJs) with spatial resolutions of ±1 mm, and 

single-use nanoESI nozzles eliminating spot-to-spot sample carryover. Briefly, a 
robotic arm picks up a conductive pipet tip and moves the tip to a position above a 

specific well containing the extraction solvent, which is aspirated by lowering the 
pipet tip. Then the latter is positioned above the surface spot to be sampled and a 

liquid junction is created between the tip and the surface by dispensing a specific 

volume of the extraction solvent. Subsequently, the solution containing the dissolved 
sample is aspirated back into the tip, and is sprayed through a nanospray nozzle at 

 for mass spectrometric analysis. The nanoelectrospray 

Figure 6: Scheme of the CARS microscopy setup. (Meyer et al. 2008)
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is initiated by applying the appropriate high voltage to the pipet tip and gas pressure 

on the liquid. 

Liquid extraction surface analysis (LESA) was performed using Triversa Nanomate 
technology (Advion, Ithaca, NY, USA). For LESA, the confrontation zone on assay 

plates was directly extracted with 2 µl ethyl acetate in the Nanomate. After 8 s 

extraction time, 2.2 µl of solvent was aspirated and this extract was further ionized by 
nanoelectrospray using a voltage of 2 kV at a gas pressure of 0.5 psi.  

2.8.2 Ultra-high performance liquid chromatography-electrospray ionization-
tandem mass spectrometry (UHPLC-ESI-MS/MS) using the Orbitrap mass 
analyser 

The Orbitrap mass analyzer (Fig 7C) consists essentially of three electrodes. Outer 

electrodes have the shape of cups facing each other and electrically isolated by a 
hair-thin gap secured by a central ring made of a dielectric. A spindle-like central 

electrode holds the trap together and aligns it via dielectric end-spacers. When 
voltage is applied between the outer and the central electrodes, the resulting electric 

field is strictly linear along the axis and thus oscillations along this direction will be 

purely harmonic. At the same time, the radial component of the field strongly attracts 
ions to the central electrode. Ions are injected into the volume between the central 

and outer electrodes essentially along a tangent through a specially machined slot 

voltage applied between the central and outer electrodes, a radial electric field bends 
the ion trajectory toward the central electrode while tangential velocity creates an 

opposing centrifugal force. With a correct choice of parameters, the ions remain on a 

Figure 7: (A) LESA - Liquid Extraction Surface Analysis using Triversa NanoMate 

technology (B) TriVersa NanoMate® ESI Chip® (C) LTQ-OrbitrapXL
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nearly circular spiral inside the trap, much like a planet in the solar system. At the 

same time, the axial electric field caused by the special conical shape of electrodes 

pushes ions toward the widest part of the trap initiating harmonic axial oscillations. 
Outer electrodes are then used as receiver plates for image current detection of 

these axial oscillations. The digitized image current in the time domain is Fourier-
transformed into the frequency domain and then converted into a mass spectrum 

(Zubarev & Makarov, 2013). 

Methanol (gradient grade), and ethyl acetate ( 99%) were supplied by Sigma-Aldrich 
(St. Louis, USA). The water used in this work was UHPLC grade LC-MS Ultra 

CHROMASOLV® (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Standards 

of indole-3-acetic acid (>99%), indole-3-pyruvic acid (99%), L-tryptophan, indole-3-
acetamide, tryptamine, indole-3-lactic acid and indole-3-propionic acid (99%) were 

purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Indole-3-
propionic acid was used as internal standard for the quantification of IAA. Stock 

solutions of the individual standards at a concentration of 10mM were prepared by 

dissolving the compounds in methanol and were stored at 4 C. Working solutions of 
all the standards were prepared immediately before analyses by diluting the stock 

solution with mobile phase, to attain the required concentrations for calibration 
measurements. 

Ultra-high-performance liquid chromatography electrospray ionisation tandem mass 
spectrometry (UHPLC-ESI-MS/MS) was performed with the diluted extract (see 

Figure 8: Cut-outs of a standard (top) and a high-field (bottom) Orbitrap analyzer. 

Copyright 2012 Thermo Fisher Scientific. 
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metabolite extraction) using the Ultimate 3000 series RSLC (Dionex, Sunnyvale, CA, 

USA) system coupled to the Orbitrap XL mass spectrometer (Thermo Fisher 

Scientific, Bremen, Germany) equipped with an ESI source. 15 µl of the extract was 
injected into the UHPLC binary solvent system of water (solvent A) and acetonitrile 

(solvent B, hypergrade for LC MS, Merck, Darmstadt, Germany), both containing 
0.1% (v/v) formic acid (eluent additive for LC-MS, Sigma Aldrich, Steinheim, 

Germany). Chromatographic separation was achieved using an Acclaim C18 Column 

(150×2.1 mm, 2.2 µm; Dionex, Sunnyvale, CA, USA) at a constant flow rate of 300 µl 
min-1 as follows: 0.5 10% (v/v) B (10 min), 10 80% B (4 min), 80% B (5 min), 

80-0.5% (v/v) B (0.1 min), 0.5% B (6 min). ESI source parameters were set to 35 V 
for capillary voltage, 4 kV for spray voltage and 275°C for capillary temperature.  

The samples were measured in positive ion mode in the range of m/z 50 1200 using 

resolving power. Tandem mass spectra were acquired using collision induced 

dissociation in the LTQ trap with relative collision energies of 15, 25 and 35 % at 

(Thermo Fisher Scientific, Waltham, MA, USA). In addition to mass of precursors, 

fragmentation patterns as well as retention time (UHPLC) were compared to those of 
reference compounds. Quantification was performed using calibration curves of 

reference compounds and the internal standard indole-3-propionic acid.
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3. Results 

3.1 Visualization of nuclei using fluorescence microscopy

Microscopic inspection of fungi revealed that central regions of tip hyphae showed 

more vacuoles and the nucleus is approximately located in the middle of the cell, 
while the length of the hyphal tip cell is bounded by 

regions, typical for subapical regions, vesicles and mitochondria are accumulated.  

Within the fungal cells an inhomogeneous distribution of cell components was 

functions of the hyphal section (Walter et al. 2010). In order to visualize the nuclei 
and distinguish them from other organelles, slides of young S. commune cultures 

were stained with nuclear stain DAPI and Hoechst 33258. Thus, nuclei could be 

observed in various stages of the cell cycle as seen in Fig. 9. Interphase nuclei were 
found to be elongated and thread-like. In some cases (Fig 9B), nuclei could be seen 

within unfused clamp cells, still in the process of formation. The nuclei were about 
1 µm in diameter. Since staining with a nuclear stain halts any cell and nuclear 

division thus killing the cell, microscopy using differential interference contrast (DIC) 

and phase contrast was used to view them live and in motion. However, on merging 
the fluorescent stained cell and the DIC image of the same frame, it was observed 

that the location of the nuclei could not be observed or predicted (Fig 10). Vacuoles 
could be observed well with DIC, but they were not to be confused with nuclei. The 

Figure 9: Nuclei seen in various stages of the cell cycle (A) 12-43x4-39 stained with 

DAPI (B) 12-43x4-39 stained with Hoechst 33258 

A B
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septum in filamentous fungi develops at the site that has previously been occupied 

by the dividing nuclei (Jersild, et al., 1967, Trinci, 1978), particularly at the site 

occupied during the metaphase (Bourett & McLaughlin, 1986). 

3.2 Raman and CARS microscopy of S. commune hyphae 

Raman microscopic images were obtained from individual hyphae. Figure 11A shows 

a microscopic image of a typical S. commune hypha grown under normal, not 

competing, conditions. The resulting Raman image 11B was reconstructed by plotting 
the integrated scattering intensities of the CH stretching vibrations of the hypha 

components. The Raman image in 11C was generated by a spectral unmixing 
algorithm that decomposes the dataset into representative spectra and their 

individual abundance within the dataset. The associated spectral information is 

shown in 11D plots a and b. Both spectra show mainly Raman bands that are 
characteristic for glycogen or polysaccharides in general and proteins. Reference 

spectra for glycogen and a protein (albumin) are plotted in c and d.The cell wall of 

Figure 10: Images of S. commune 12-43x4-39 hypha. BF (bright field), PC (phase 
contrast), F (stained with DAPI), DIC (differential interference contrast), and F+DIC (merged 
DAPI and DIC image)
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S. commune is made up of N-acetyl-glucosamine and glucose residues, which occur 

in the in a polymerized form as chitin and glucans (Wang & Miles, 1966). In addition 

various structural proteins support the hyphae. 

Figure 11: (A) Light microscopy image of S. commune 12-34 x 4-39 hypha in monoculture 
(B) Raman image of a hypha (C) Pseudo-coloured Raman image using a VCA algorithm (D) 
Raman spectra (a and b) of the fungal matrix plotted in C in corresponding colors,  c and d 
show reference spectra of glycogen and proteins respectively.

All main Raman bands can be assigned to spectral features of either polysaccharides 

or proteins. However, the composition of polysaccharides and proteins varies along 

the hypha as indicated by the spectral differences associated with the green and 
yellow regions. The Raman bands of the polysaccharides can be assigned to 

different deformations of the glucose ring fractions. The main protein bands are for 
instance due to the carbonyl C=O stretching vibrations of the peptide backbone at 

1665 cm-1, often referred to as amide I band, or the CH2 scissoring vibrations at 
1450 cm-1. 

A comparison between the hyphal components of white-rot fungi S. commune, F. 

velutipes and G. lucidum (Fig 12) revealed some differences, thereby predicting that 

each genus has unique signatures and can be identified based on Raman spectra. 
The fungal wall is a heterogeneous structure consisting of lipids and carbohydrates 

such as chitin, 1,3- -glucan and 1,6- -glucan. As observed by spectroscopic 

analysis, the composition of the cell wall frequently varies in a noticeable way 
between species of fungi (Latgé, 2010). It was expected that strong peaks from either 

glucans or chitins would appear in the vibrational spectra of fungal cell walls. The 
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-glucans appeared in quite overlapping regions (Lee et 

al. 2013), but are however, absent in the spectra from these fungi in Fig 12. 

The bands which correspond to vibrations of protein components were found near 
851 cm-1 (ring breathing in tyrosine, CCH deformation), 1003 cm-1 (symmetric ring 

breathing in phenylalanine), 1330 and 1656 cm-1. In general, the presence of proteins 

can be noticed by the amide I and amide III bands at about 1655 and 1331 cm-1 

(Tuma 2005). The strong peak at 1655 cm-1 is the so-called amide I band that 

corresponds to the sum of coupled modes of the polypeptide backbone. A major 
contribution to the amide I modes comes from the CO stretching of the peptide 

carbonyl groups. The amide III mode at 1331 cm-1 is another coupled vibration of the 

polypeptide backbone, mainly resulting from the coupled C N stretching and N H 
bending motions (Tuma 2005). In S. commune, the Raman band located at         

1655 cm-1 results from a superposition of protein, lipid and polysaccharide vibrations 
and is therefore a marker of all relevant cell substances i.e. is typical for the fungal 

cell matrix (Walter et al. 2010). From the spectra, we can perceive that 

Schizophyllum commune and Flammulina velutipes have almost identical spectral 
features which are distinct from the Ganoderma lucidum spectra which exhibits the 

features attributed to proteins. However a large number from peaks in the G. lucidum

spectrum lying between 500  1060 cm-1 remain unassigned. 

Figure 12: Raman spectra of the hyphae of (a) S. commune, (b) F. velutipes and 
(c) G. lucidum. 
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Raman mapping was also performed on various clamp cell and hyphal tip regions in 

order to attempt to image the nuclei present within them (Fig 13). The nucleus 

consists of nucleic acids (DNA & RNA) and nuclear proteins. The excitation 
wavelength of 785 nm was used, because green laser excitation (such as 532 nm 

and 514.5 nm) generates significant native auto-fluorescence, which can obscure the 
Raman spectral features of biological specimens under investigation.  

In general, cell specimens give rise to Raman spectra characterized by broad bands 

around 1650 cm-1, the amide I protein C=O stretching vibration; 1575 cm-1 because of 
DNA and RNA components; 1440-1460 cm-1, the methyl and methlyene deformation 

modes of lipids, polysaccharides, and proteins; around 1285-1350 cm-1, the protein 
amide III deformation of N-H and C-H; and 1000-1200 cm-1 corresponding to C-C and 

C-O stretching modes of lipids and polysaccharides. Only a few vibrational modes of 

bio macromolecules give rise to sharp, signature peaks in their Raman spectra, such 
as the phenylalanine ring breathing mode around 1004 cm-1 (Szeghalmi, et al., 2007). 

Raman spectra characteristic of nucleic acids were not found in these maps. 

Figure 13: Raman mapping of a clamp cell and side branch of S. commune (A) Light 
microscopy image of S. commune 12-34 x 4-39 hypha. (B) Raman image at 2800-3020 
cm-1.(C) Pseudo-coloured Raman image using a VCA algorithm.(D) Abundance plot of 
representative end-member spectra corresponding to plot a,b and c in E.(E) Raman 
spectra (a, b and c) of the fungal matrix plotted in C in corresponding colors. Bar: 20 µm 
for A, 3 µm for B and C.  
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While Raman mapping has numerous advantages, it cannot be performed at video 

rate, therefore dynamics of organelles cannot be observed. In contrast to linear 

Raman microspectroscopy, CARS microscopy allows for recording the distribution of 
a characteristic Raman mode within the sample with video rate. CARS images of a 

fungal hypha is shown in Fig. 14 recorded at 2900 cm-1. The spectral region between 
2800 and 3000 cm-1 represents the vibrations generated by C-H stretching vibrations 

that occur abundantly in lipids and proteins. This vibrational region was selected 

since the resonant CARS signal scales with the square of both the number of 
scatters and the large Raman scattering cross section of C-H vibrations. In biological 

samples -CH2- and -CH3 containing compounds are highly abundant. Thus, a strong 
CARS signal results, exceeding the non-resonant background, which often hinders a 

convincing interpretation of CARS images in the finger print region. From previous 

findings (Lim, et al., 2010, Medyukhina, et al., 2012) it is known that nuclei show 
negative contrast in the C-H stretching region. Fig 14 B shows a CARS image of the 

hyphae recorded at 2850 cm-1. As can be seen in Fig. 14 A, tuning the CARS signal 
to 2900 cm-1 (which is located between the -CH2- symmetrical stretching vibration 

and the -CH3 Fermi resonance), yields a strong signal at the septal region. A hypha 

with clamp cells is shown. The signal is not entirely resonant and contains 
background noise. 

The region around the clamp cells was chosen because when dikaryons are formed, 

the clamp connection synthesis takes place and during this time there is nuclear 
migration via the clamp cells of the resultant fungi. Thus there was a higher 

probability of locating the nuclei in this region. In Fig 14 B the CARS signal from 

protein is obtained. Clamp cells contain dolipores which consist of proteins, which 
allows cytoplasmic continuity but prevents the movement of major organelles. 

Proteins, rich in aliphatic C-H bonds, are essential components of the entire cellular 
organization. In both images, some dark spots can be seen which might be 

Figure 14: CARS images of hyphae recorded at (A) 2900 cm-1 (B) 2850 cm-1
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interpreted as vacuoles. In the scans, a chemical contrast for the nuclei could not be 

obtained. We also see what appears to be chitin dissolution due to clamp fusion. 

3.3 Raman mapping of novel chromophores in S. commune

Raman mapping was performed on selected hyphae of S. commune dikaryon        

12-43 x 4-39 pure culture. One such example is displayed in Fig. 15. 

The Raman image in 15C was generated by a spectral unmixing algorithm that 

decomposes the dataset into representative spectra and their individual abundance 
within the dataset. The associated spectral information is shown in 15D plots a and b. 

End member spectra indicated the presence of very distinct spectra from the typical 

spectra of S. commune hypha. In the image in 15C, it was found that there was 
localization of a compound at the septal regions and near the formation of a branch 

(as indicated by arrows). The most intense peaks of the spectrum were located at 
509, 912 and 1478 cm-1, and some of lower intensities are observed at 601, 873, 

1412 and 1630 cm-1. Similarly, another distinct spectrum of an unidentified compound 

was measured from a crystal secreted by the S. commune F15 strain, with the most 

Figure 15: A) Bright field image of S. commune 12-43x4-39 hyphae (B) Bright field image of 

a crystal excreted by the F15 strain of S. commune. C) Intensity distribution of the most 
dissimilar spectra representative of the fungal matrix (green) and a chromophore (red). 

D) Representative Raman spectra of (a) hyphal cell of S. commune (b) the red regions in C 
and (c) spectra of the crystal seen in B. Bar: 20 µm for A and 70 µm for B
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intense bands occurring at 1471 and 903 cm-1 and the rest at 541, 734, 838, 962, 

996, 1033, 1069, 1405, and 1590 cm-1. These spectra did not correspond to that of 

any known compounds, thus, these two substances could not be identified. 

3.4 Interaction of S. commune with wood-decay fungi 

To investigate the interaction between Schizophyllum commune and Ganoderma 

lucidum, Pleurotus ostreatus, Flammulina velutipes, Hypholoma fasciculare, 

Kuehneromyces mutabilis, and Serpula lacrymans, agar plate based confrontation 

assays were performed. Observation of the cultures revealed that coloured 

substances and discolouration of the media are produced by S. commune strains and 
some of the fungi with which they were grown alongside as seen in Figure 16. In the 

self-paired cultures of S. commune and other fungi, no induction of pigment 
production was observed (Fig 17 B). The response of S. commune to G. lucidum, P. 

ostreatus, F. velutipes, and K. mutabilis at 28 oC and H. fasciculare at 10 oC was 

initiated by the sealing off of the mycelial front and formation of mycelial barrage, at 
24 and 48 h post-contact, respectively. In most cases, a blue/black/brownish, 

sometimes green pigment developed at the bottom of the plate within the interaction 
zone occupied by both fungi at 8h post contact.  

Figure 16: Interactions of (A) 12-43 with P. ostreatus, (B) MG101028-06 with F. velutipes, 

(C) 12-43x4-39 and G. lucidum, (D) 4-39 with H. fasciculare, (E) 4-39 and P. ostreatus, 
(F) 12-43x4-39 and P. ostreatus, (G) 12-43x4-39 and yeast and (H) 12-43x4-39 and 
F. velutipes with fruiting body.
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The intensity of this pigmentation increased with the duration of contact. The 
substances were secreted into the agar. Microscopic observations of the solid media 

and the fungi showed the presence of blue crystals in the media (Fig 17 E) next to 
the hyphae and localization of the pigment within the hyphae of S. commune (Fig 17 

D & F), while the fungi confronting S. commune did not show signs of any 

pigmentation. The pigment is excreted into the agar, where it crystallizes into various 
shapes and sizes. Time-lapse studies showed that growth of the pigment-filled 

S. commune hyphae came to a stop once the pigment was produced. New aerial 
hyphae then were formed, which grow over the region of the excreted pigment and 

continue to mature normally. 

Figure 17: Pigments visible in and between hyphae in fungal interactions. (A) Culture of 

S. commune 12-43x4-39 (left) and H. fasciculare (right) showing pigmentation in zone of 
contact. B) Self-paired culture of S. commune after mycelial contact showing that no 
pigmentation is produced, (C) Blue coloration in the interaction zone of S. commune 4-39 

(left) and H. fasciculare (right), (D) Pigment localized in S. commune hyphae in interaction 
with F. velutipes, (E) Pigment crystals excreted by the pigmented mutant strain of 
S. commune F15 into the media, and (F) F15 pigmented hyphae with pigment secretions in 

the media 
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3.5 Identification of pigments produced by S. commune during 

interactions with fungi 

Point Raman spectra were taken from S. commune hyphae, the fungal competitor 
hyphae and agar medium from the zone of interaction of S. commune and 

H. fasciculare. Raman mapping of S. commune hyphae (Fig 18) from these zones 

showed localization of the pigment. 

indigo bands was recognized with reference to pure standard. The VCA algorithm 

was again used for spectral analysis of the Raman maps and image generation. 
Analysis of spectra of the samples taken from the interaction zone revealed that the 

most intense signal of the ring stretching mode is observed near 1573 cm-1 with a 

pronounced shoulder at 1581 cm-1 due to the stretching vibrations of the conjugated 

Figure 18: Pseudo-colour Raman maps based on Raman data recorded from three 
samples showing distribution of fungal matrix (green) and indigo pigment (blue). 
A) S. commune hypha from an interaction between S. commune 12-43x4-39 and 
H. fasciculare, (B) hypha of S. commune F15, and (C) hypha of F15xF28, a 

Gap1 mutant dikaryon strain of S. commune. (D) End-member spectra of the 

three samples representing regions in blue (indigo) and green (fungal matrix) where (a) 
corresponds to the blue coloured areas, (b) corresponds the green regions. Bar: 1 µm for 
A and B, 2 µm for C
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system of C=C, C=O and N-H groups (Bauer, et al., 1998). The vibration of this 

conjugated system gave rise also to bands near 1363, 1622 and 1700 cm-1. The 

band attributed to N-H rocking vibration was observed at about 1224 cm-1. Vibrations 
involving C H rocking were recognized at 1247, 1459 and 1481 cm-1, while the 

vibrations of five- and six- membered rings were observed at 756 & 1309 cm-1. The 
band at 1573 cm-1 was used as a marker for identification of indigo (Baran et al. 

2010). All Raman bands of indigo are resonance enhanced, because of a coupling of 

the vibrational modes with an electronic transition. As a consequence the band 
intensities of indigo are largely increased compared with the protein bands. Indigo 

was detected in the cultures of pigmented mutants 12-43 blue and F15, in dikaryon 
12-43x4-39 co-cultured with G. lucidum, P. ostreatus, H. fasciculare, K. mutabilis, an 

ascomycete and a yeast, in wild type monokaryons 12-43 and 4-39 co-cultured with 

P. ostreatus, G. lucidum, F. velutipes  and H. fasciculare, and in MG101028-06 with
F. velutipes, H. fasciculare and P. ostreatus. Only S. lacrymans did not induce any 

pigment production in S. commune. Indigo localization could also be observed in 
gap1/ gap1 dikaryon hyphae of S. commune (see Fig 18C). Isatin and indirubin 

could not be detected in these scans. 

3.6 Analysis of co-cultivation of S. commune with H. fasciculare for 
release of indigo using LESA-MS and UHPLC-ESI-MS/MS 

LESA-HRMS was performed on the confrontation assay plates directly from the 

surface of the agar (Fig 19A). Analyzing the blue boundary zone between 

S. commune and H. fasciculare a mass signal corresponding to indigo and indirubin 
was observed (Fig 19B). The accurate mass measurements of this ion revealed a 

m/z 263.0807 [M+1]+ with a mass difference of 2.9 ppm to exact mass of protonated 
indigo and indirubin (calculated for C16H11N2O2, 263.0815). In order to confirm the 

presence of both molecules, the MS/MS spectrum of the parent ion signal was 

compared with the MS/MS spectrum of pure indigo and indirubin (Fig 19C-E). 
Thereby the MS/MS spectrum of the parent mass ion showed high similarity to the 

MS/MS spectra of pure indigo and indirubin. Fragment ion peaks were detected at 
m/z 219.09, 235.09 and 245.07. Same fragments were observed from both reference 

compounds. The indigo/indirubin mass signal was not visible when extracting and 

analyzing compounds from non-blue zones beneath the mycelium at the periphery of 
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S. commune and H. fasciculare cultures (Fig 19B) and neither from the surface of 

self-paired cultures. 

To finally confirm the presence of indigo and to distinguish the signal from mass-

identical indirubin, UHPLC-ESI-MS/MS measurements were conducted. Therefore 
we extracted the compounds present in the agar from different, defined zones of co- 

and mono-cultivated culture plates with methanol/ethyl acetate. In the extract 
obtained from the interaction zone we could determine two peaks with identical mass 

m/z 263.0813 [M+1]+. By comparing the retention times and mass spectra, the more 

intensive peak has been assigned to protonated indigo while the less intensive peak 
has been assigned to protonated indirubin (Fig 19F). Quantification using calibration 

curves of reference compounds revealed 209.61 ± 67.3 pmol indigo and                
0.87 ± 0.23 pmol indirubin per cm3 agar to be present in the interaction zone. 

Analyzing at a detection limit of ca. 300 pmol of isatin, only single scans were 

detected at m/z 148.0391 [M+H]+ with a mass difference of 1.1 ppm to exact mass of 
protonated isatin. The presence of isatin could not be confirmed by MS/MS data, 

because the amount of ions were insufficient to fragment the ion. Finally, neither the 
S. commune strain 12-43x4-39 nor H. fasciculare alone showed a signal for indigo, 

indirubin or isatin (Fig 19D). In 12-43 x 4-39 and 4-39 there was however the 

presence of a peak at RT 12.5 which corresponded to the mass of indigo. It was 
found that this was a contribution of the 4-39 partner as 12-43 did not produce such a 

peak. There is a possibility that this compound is another structural isomer of indigo.
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Figure 19: Co-cultivated strains of S. commune and H. fasciculare were analyzed for 
release of indigo using LESA-MS and UHPLC-ESI-MS/MS. (A) Confrontation assay of 
S. commune and H. fasciculare after LESA-MS analysis highlighting the investigation zones 
with numbers: (1) zone beneath S. commune, (2) interaction zone between the fungi and 
(3) zone beneath H. fasciculare. (B) LESA-MS ion intensity acquisition plots of the 
confrontation assay are depicted. The total ion acquisition (upper) and the ion trace of fungal 
indigo (m/z 263.078-263.084 in lower plot). The numbers of the boxes correspond to zones 
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in A. (C) The LESA-MS/MS spectrum of indigo is illustrated which is similar with the MS/MS 
spectrum of reference indigo (D) and the MS/MS spectrum of pure indirubin depicted in (E). 
For confirmation of indigo/indirubin production, UHPLC-ESI-MS/MS analysis was 
accomplished. (F) and (G) show the plots of extracted ion chromatograms (EIC) for mass 
trace of indigo and indirubin, respectively (m/z 263.078-263.084). 

3.7 Determination of IAA in S. commune 

As seen in table 1, the metabolites produced by S. commune as reported in this 

study and a list of those produced by mutant strains of S. commune as reported 
previously  indigo (Miles, et al., 1956), indirubin, isatin (Epstein & Miles, 1966), IAA 

(Epstein & Miles, 1967) and anthranilic acid (Epstein, 1966) is summarized. 

Table 1: Metabolites known to be produced by S. commune

S. commune 
secondary 
metabolites

 Indigo Indirubin Isatin IAA Anthranilic 
acid

pigmented mutants Epstein & Miles + + + + +

non-pigmented 
strains 

Epstein & Miles - - - - -

WT 12-43 x 4-39 this study - - - + +

WT 12-43 this study - - - + +

WT S. commune 
interacting with 

fungi 

this study + + - + +

mutant12-43 this study + + - + +

mutant F15 this study + + - + +

3.7.1 Identification and quantification of indole-3-acetic acid in wild type 
S. commune cultures 

Metabolites were extracted from agar pieces of plates cultured with WT strains 
S. commune dikaryon 12-43x4-39 and monokaryons 12-43 and 4-39 strains. 

Identification of indole-3-acetic acid (IAA) was performed using accurate mass 
measurements, and by comparison of fragmentation patterns and retention time with 

those of reference IAA. The LC/MS measurements revealed a chromatographic peak 
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from mass m/z 176.0706 which corresponds to protonated mass of IAA [M+H]+ (calc. 

for C10H10NO2 m/z 176.0706, 3.66 ppm). Verification by MS/MS fragmentation 

showed a fragment ion peak at m/z 130.06 which is most probably due to loss of 
COOH. Retention time and fragmentation patterns were similar for sample and 

reference IAA (Figure 20A, B).  

Quantification of IAA was accomplished from three replicates of liquid culture extracts 
of 12-43 using a calibration curve of reference IAA. 

Figure 21: Graph showing the concentration of IAA produced by S. commune in four 
media CYM, CYM-T, MMNb and MMNb-T over a 28 day period. 

A B

Figure 20: LC-MS analysis of S. commune 12-43 culture filtrate. (A) EIC chromatogram 
of m/z 176.07 (B) MS/MS of sample. 
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Analysis revealed that 12-43 grew fairly well and produced IAA in the four different 

media (CYM; CYM-T, MMNb, MMNb-T) as seen in Fig 21. The amount of IAA 

produced was not necessarily proportional to the biomass of the fungal culture. 
Evidently, the addition of tryptophan greatly increases the amount of IAA 

synthesized. The production of IAA increased exponentially in MMNb-T after the 
addition of tryptophan. A gradual increase of IAA is seen in the CYM-T and MMNb 

cultures. In the case of CYM, data indicate that a plateau was reached in the 

production of IAA, after which the amount gradually decreases. The maximum IAA 
production (473.55 ± 3.32 1) was observed after 28 days of incubation using 

MMNb medium containing 0.25 mM tryptophan. However, its significance is 
debatable as the values deviate from the mean considerably. 

3.7.2 Changes in IAA production in S. commune  H. fasciculare co-cultures

To determine whether the co-cultivation of S. commune with H. fasciculare influences 

the IAA production in S. commune, 4 x 1 x 0.3 cm mycelia strips with agar were cut 
out from a) the S. commune zone, b) the H. fasciculare zone and c) the interaction 

zone. Additionally, the self-paired cultures of the fungi were also sampled. 
S. commune monokaryon 4-39 and S. commune dikaryon 12-43x4-39 were used. 

The amount of IAA produced in pure cultures, co-cultures and in the interaction 

zones of the co-cultures were quantified (table 2 and figure 22). 

Both the S. commune strains as well as H. fasciculare produce IAA on the CYM 
media. S. commune dikaryon produced 10 fold more IAA than the monokaryon. In 

co-culture with H. fasciculare, the IAA produced by 12-43 x 4-39 doubled, and that by 
4-39 with H. fasciculare increased 7 times. The IAA produced in co-culture by H. 

fasciculare increased by 6 fold with 12-43x4-39 and by 14 fold with 4-39. Both 
interaction zones also showed an increase in IAA concentration as compared to the 

4-39, 12-43x4-39 and H. fasciculare pure cultures, and the 4-39-H. fasciculare and 

the H. fasciculare-4-39 co-cultures. The concentration of anthranilate, a precursor of 
tryptophan, was also monitored, and it was found that it exhibited a similar trend as 

the changes in IAA concentration by the pure and co-cultures. In general, it was 
found that when the fungi were co-cultivated, their IAA production significantly 

increased. 
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Table 2: Concentration of IAA produced by pure and co-cultured fungi 

Interactions IAA concentration (nmol/cm3 agar) 

S. commune 12-43 x 4-39 pure culture 15.32 

S. commune  4-39 pure culture 1.48 

H. fasciculare pure culture 1.52 

12-43 x 4-39 co-cultured with H. fasciculare 29.06 

H. fasciculare co-cultured with 12-43 x 4-39 10.09 

4-39 co-cultured with H. fasciculare 11.07 

H. fasciculare co-cultured with 4-39 21.54 

12-43 x 4-39 - H. fasciculare interaction zone 23.44 

4-39 - H. fasciculare interaction zone 26.31 

Figure 22: Concentration of IAA produced by S. commune 4-39 and 12-43x4-39 and, 
H. fasciculare in pure and co-cultures 
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3.7.3 Relationship between indigo and IAA synthesis in S. commune 

In order to establish a correlation between indigo and IAA synthesis, the indigo- 

producing mutant strain of S. commune - F15 was cultivated in liquid CYM, since it 
was found that IAA, indigo and indirubin was produced by this mutant. 2ml samples 

were removed from the culture at regular intervals and analyzed to monitor the 
quantities of indigo, indirubin and IAA. The results can be seen in table 3.  

Table 3: Concentrations of IAA, indigo and indirubin as produced by F15 

Day IAA (nmol/µl) Indigo (nmol/µl) Indirubin (nmol/µl)

7 21.48 16.00 0.72

9 17.57 13.60 0.52

16 25.73 5.97 0.16

23 243.43 11.78 0.24

30 498.39 20.06 0.57

The IAA concentration sharply increased by 8 fold from day 16 to day 23, after which 

it doubled on day 30. The concentration of indigo and indirubin exhibited similar 
trends in that it fell from day 7 to 16 and then started increasing again (Fig 23).  

Figure 23: Plot showing concentration trend of IAA, indigo and indirubin. The values 

were normalized (0, 1).
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3.7.4 Degradation of indole 

Since indole was thought to be an inhibitor of growth of the fungi during the 

interactions, minimal media containing 0.02% indole (MM-I) was inoculated with     
12-43 x 4-39. The same setup without addition of indole was used as a control (MM).  

Table 4: Concentrations of IAA, indirubin and indigo as produced by               
12-43 x 4-39 in MM and MM-I 

Day IAA (pmol/ml) Indirubin (pmol/ml) Indigo (pmol/ml)

MM MM-I MM MM-I MM MM-I

5 0 0 0 0 0 0

17 242.1793 4690.607 0 0 0 0

26 3.373801 63352.58 484.3586 9381.214 0 0

34 8.989141 1247.486 0 126705.2 0 0

42 4.876542 1359.171 0 2494.971 0 4989.9422

The effect of indole on the growth of S. commune and its degradation products, were 

determined. Addition of 0.02% indole (MM-I) to liquid culture of 12-43 x 4-39, showed 
an inhibition of growth of the fungi as compared to the control culture. The 

degradation products included greatly increased amounts of IAA as compared to the 
control, indirubin and, indigo. The addition of indole led to a 20 fold increase in the 

amount of IAA as compared to the control on day 17. It appears that IAA is broken 

down to indirubin in MM from day 17 to 26, and in MM-I from day 26 to 34, because 
as the amount of IAA exponentially falls, there is an exponential increase in the 

amount of indirubin. Indigo appears to be formed only on day 42 in MM-I, when the 
amount of IAA decreases. 

.
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4. Discussion 

4.1 In vivo live imaging of nuclear migration in S. commune

In principle, Raman spectroscopy and its variants would be ideal methodologies to 

study nuclear migration given their non-invasive nature and high specificity. However, 
many practical obstacles were encountered, especially regarding the localization of 

the nuclei in the hyphae of S. commune. Raman microspectroscopy is usually 

hindered by the weakness of the Raman effect and as a consequence is a rather 
slow technique. Raman imaging is generally not fast enough to monitor nuclear 

migration (2 3 mm per hour in S. commune). In order to receive a reasonable Raman 
scattering signal, an integration time of 3 s per point had to be applied. Assuming a 

minimal image size of 50 × 50 pixels to follow the nuclei movement, this long pixel 

dwell time is orders of magnitude too slow to allow real-time measurements. 
Fluorescence is often generated under similar experimental conditions but generally 

generates much stronger signals. Raman spectra can be totally dominated by the 
broadband fluorescence. Moving to higher wavelengths for the excitation can 

significantly reduce fluorescence. Fluorescence can be, for instance, avoided by 

applying laser sources in the near-infrared. The sensitivity of the Raman spectrum is 
directly proportional to the exciting wavelength. Therefore, excitation in the near IR 

results intrinsically in a weaker signal. In resonance Raman spectroscopy, the 
incident wavelength is chosen to be close to the absorption maximum of a 

chromophore. The simultaneous transition of an electron into an excited state 

together with a vibrational excitation can give rise to very significant signal 
enhancement. However, this requires variable wavelengths, because all molecules 

do not exhibit the same absorbance spectrum. The Raman bands of the 
chromophore are generally much stronger than those of other groups (Spiro & 

Czernuszewicz, 1995). 

In the CARS microscopy measurements, a significant amount of non-resonant 
background overlapped with the resonant CARS signal. A 63x oil immersion objective 

(NA 1.4) was used to obtain suitably magnified images of the fungal hyphae. A fair 

amount of resonant CARS signal was obtained for the 2850 cm-1 Raman shift in the 
clamp cell region. The signal can not only be attributed to the lipids, but also to the 

proteins present in this area (Krafft, et al., 2012). It is known that the septal walls 
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within this clamp cell region contain two largely protein-containing pores (dolipores), 

which could result in a significant amount of scattering from the proteins. Most CARS 
studies are facilitated by the high density of CH2 modes in lipids which produces a 

strong CARS signal at its symmetric stretch vibration at 2845 cm-1. The lipid CARS 
response also benefits from having its major signatures in a relatively quiet region of 

the vibrational spectrum which prevents spectral interferences with neighbouring 

bands. Other dense CH2- containing compounds and a concentrated substance like 
water can be relatively easily visualized in the high frequency range (2500 cm-1

3500 cm-1). This is in contrast to the fingerprint region in which the vibrational modes 
for nucleic acids are situated. Because each vibrational band carries its own 

frequency dependent spectral phase, the coherent anti-Stokes Raman spectrum is 

affected by interferences among the different spectral signatures, in addition to 
interference with the non-resonant background. As a consequence, the spectral 

information in CARS spectra from the fingerprint region typically appears featureless 
and washed out (Potma, 2010).  

As we know from S. commune, nuclear pairing initiates the formation of a clamp or 

crozier cell. However, clamp cell formation is not essential for stable and accurate 
dikaryon formation and is not seen in all species that can form dikaryons (Kues, 

2000). In species that do not form clamp cells, different spindle lengths, different 

spindle elongation rates or simply a small enough starting distance between the two 
-

different sister nuclei. It has long been known that the nuclei in a dikaryon can 
communicate: exchange of genetic material and somatic recombination occurs 

between genotypes (Raper, 1966, Clark & Anderson, 2004). Interestingly, the exact 

position of the two nuclei in a dikaryon influences the specific genes that are 
expressed in these nuclei. For example, in S. commune dikaryons, when the nuclei 

are close together (<2 microns apart) a different set of hydrophobin-encoding genes 
is expressed than when the nuclei are further apart (Schuurs, et al., 1998). Thus, the 

precise positions of the biparental nuclei in the dikaryon can specify the 

transcriptional programme of the cell. There are sti ll many open questions to be 

cytoplasm, and how this information is converted to the signals that regulate the 
migration, positioning and sorting of the genotypes into dikaryons. Studying these 
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questions in model filamentous fungi will probably reveal new lines of communication 

between the genome and MT motor machinery (Gladfelter & Berman, 2009). 
Various attempts to localize the nuclei were unsuccessful. RMS required high laser 

power and long integration times, limiting use for live imaging while with CARS 
microscopy, the applied experimental conditions did not provide sufficient contrast to 

image most molecules other than lipids. 

Raman microspectroscopy was used in this study to also show that fungi can be 
distinguished or identified based on their Raman spectral features. Point spectra from 

S. commune, F. velutipes and G. lucidum showed enough differences to distinguish 

the fungi. From the spectra it could also be perceived that S. commune and 
F. velutipes are closely related to each other than to G. lucidum, which is in 

accordance with phylogentic classification, given that S. commune and F. velutipes

belong to the Agaricales and G. lucidum belongs to the Polyporales (Hibbett, 2006).

4.2 Production of secondary metabolites by S. commune in pure 
culture 

The white rot basidiomycetous fungi are the only organisms able to depolymerize and 
even completely oxidize (to CO2 and H2O) all the components of wood, which are 

primarily cellulose, hemicellulose and lignin (Kirk & Farrell, 1987, Eriksson, et al., 

1990, Hatakka, 2001, Kersten & Cullen, 2007) with also a remarkable ability to 
decompose the coloured, aromatic, heterogeneous and persistent lignin 

phenylpropanoid units, naturally synthesized by plants in their cell walls (Higuchi, 
1997, 2006, Boerjan, et al., 2003). Like most higher organisms, they possess a 

number of metalloproteins involved in various metabolic activities, including particular 

lignin-modifying enzymes (LMEs), which are extracellular and metal-containing 
oxidoreductases, mainly heme-containing peroxidases (Cullen, 1997, Gold, 2000, 

) and laccases (Thurston, 1994, Leonowicz, et al., 2001, Mayer & 
Staples, 2002). We have shown the presence of two unique chromophores, one 

within the hyphae of S. commune, localized at the septal and branching regions and 

another secreted by it which crystallizes in the media. Although their identity or 
function could not be established due to lack of pertinent references, based on their 

Raman spectra, some conclusions can be drawn. The high signal intensity and 
limited number of peaks indicate that the compounds could be metal-containing 
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proteins consisting of chromophores in resonance with the 785 nm excitation 

wavelength. The limited number of spectral peaks also indicated that they may be 
crystalline in nature. Chromophores are often detected using resonance Raman 

microspectroscopy. Resonance Raman scattering occurs when a material is 
irradiated with monochromatic light corresponding to an allowed absorption band 

region (Spiro & Czernuszewicz, 1995). Thus, when the molecule is excited with a 

strong monochromatic light whose energy matches that of an electric-dipole allowed 
electronic transition, a vibronic coupling with the electronically excited state increases 

the probability of observing Raman scattering from vibrational transitions in the 
electronic ground state, and the modes that do show enhancement are localized on 

the chromophore (i.e., on the group of atoms that gives rise to the electronic 

transition) (Czernusxewicx, 1993). The origin of the observed resonance Raman 
signals from these substances synthesized by S. commune still need to be assigned. 

4.3 Production of secondary metabolites by S. commune during 
interactions with fungi 

In the fungal interaction study, we have shown that indigo is produced by 

S. commune as a general stress response towards antagonistic organisms whether 

they are basidiomycetes, ascomycetes, yeast or bacteria. Indigo appears to be 
produced by S. commune as an indication of a defense response against 

antagonistic microorganisms. It could also be a very specific reaction induced by 
communication molecules. The trypticase peptone present in the CYM media was 

probably used by S. commune as the nitrogen source to synthesize indigo. The 

pigments which seemed to be coloured black and green in the interactions zones 
also tested positive for indigo, meaning that the colours visualized were just a 

combination of concentration of indigo secreted and its appearance in the media. The 
pigments of mushrooms may protect the organisms from UV damage and bacterial 

attack or play a role as insect attractants ( ). Many of the 

pigments of higher fungi are quinones or similar conjugated structures that are mostly 
classified according to the perceived biosynthetic pathways, reflecting their structure, 

to pigments derived from the shikimate (chorismate) pathway, the acetate malonate 
(polyketide) pathway, the mevalonate (terpenoid) pathway, and pigments containing 

nitrogen. Various pigments and other fungal constituents show important biological 

activities (anti-oxidative, free radical scavenging, anti-carcinogenic, immune-
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modulatory, antiviral, and antibacterial) that have generated intensive research 

interest (Steglich, 1981, Calìa, et al., 2003, Liu, 2006, Schüffler & Anke, 2009). Indigo 
is an organic compound with a distinctive blue colour. The compound owes its deep 

color to the conjugation of the double bonds. In leuco-indigo (indigo white), the 
conjugation is interrupted because the molecule is nonplanar. Historically, indigo was 

a natural dye extracted from plants. It is one of the oldest dyes (Ensley, et al., 1983) 

and is still used worldwide for textiles, with an annual production of 22x103 tons, 
worth US $ 200x106 (Wich, 1995). Indigo is an example of a class of textile dyes 

known as vat dyes. Vat dyes are typically insoluble in water and must undergo a 
chemical reaction to be converted to a water-soluble form (a leuco-base form) that 

effectively penetrates and interacts with the fibres (Mutnuri, et al., 2009). Indigo was 

used in the textile industry by extracting the dye from plants. The Indigofera tinctoria 

variety for indigo production was domesticated in India. In 1897, 19,000 tons of 

indigo were produced from plant sources. Largely due to advances in organic 
chemistry, production by natural sources dropped to 1,000 tons by 1914 and 

continued to contract. The German chemist Adolf von Baeyer began working on the 
synthesis of indigo. He described his first synthesis of indigo in 1878 (from isatin) and 

a second synthesis in 1880 (from 2-nitrobenzaldehyde). The synthesis of indigo 

remained impractical, so the search for alternative starting materials continued. 
Indigo produced by pigmented S. commune mutants was first identified by Miles, et 

al. (1956) in artificial media and during interactions on wood by Peddireddi (2008). 
However, several conditions are required for indigo production, related to carbon 

sources, temperature, and pH. Only the medium containing the ammonium ion as the 

nitrogen source produced mycelium and pigment (Swack & Miles, 1960).The fact that 
indigo and indirubin was only produced by WT S. commune as a consequence of co-

cultivation led us to assume that it is either a stress response towards antagonistic 
organisms or that they are produced as an indication of a defense response against 

antagonistic microorganisms. From the toxicity test, we see that indigo/indirubin did 

not inhibit growth of the fungi, which suggests that they may be by-products of a 
pathway induced by stress leading to a potent effector. They could also act as the 

detoxification products of some compounds, which might be toxic to S. commune

itself. Accumulation to toxic levels could be prevented by the formation of an 

insoluble compound such as indigo. The possibility could also arise that 

H. fasciculare and the other fungi synthesize inhibitors towards S. commune, which 
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degrades them into indigo and indirubin. The presence of lignin-modifying enzymes 

like lignin peroxidases and/or manganese peroxidases and laccases in S. commune

seemed to increase the degree of decolorization of individual commercial 

triarylmethane, anthraquinonic, and indigoid textile dyes by up to 25% using enzyme 
preparations (Abadulla et al. 2000). This indicated the ability of S. commune phenol 

oxidases to detoxify selected harmful substances. While indigo did not cause 

inhibition of growth, its presence did induce fruiting primodia formation in the other 
fungi, which is indicative of stress and unfavourable growth conditions. Indirubin on 

the other hand, is known as a potent anti-fungal and anti-cancer agent (Leclerc, et 

al., 2001). Indirubin extracted from Wrightia tinctoria leaves exhibit activity against 

dermatophytes such as Epidermophyton floccosum (MIC=6.25 Trichophyton 

rubrum and T. tonsurans (MIC=25 T. mentagrophytes and T. simii (MIC=50 
is also active against non-dermatophytes (A. niger, C. albicans and 

Cryptococcus sp.) within a MIC range of 0.75 25 (Ponnusamy, et al., 2010). 
The indigo, produced in the cytoplasm of the hyphal cells is a by-product of 

tryptophan catabolism and was transported out of the hyphae. Tryptophan is 
transformed to hydroxyanthranilic acids that become the precursor of phenoxazines 

and other nitrogen-containing pigments ( ) such as the 

indigoids. Staining with membrane stain FM4-64 did not show localization of indigo 
within vacuoles present in the pigmented hyphae. Indigo localization could also be 

gap1/ gap1 dikaryon hyphae of S. commune, wherein the production 
of indigo could not be visually observed either in the hyphae or in the media by light 

microscopy. Nevertheless, the presence of indigo could be displayed in some of the 

hyphae using Raman spectroscopy showing that this mutant strain of S. commune

produces indigo. The gene gap1 encodes a GTPase-activating protein for Ras, a 

mutants are those in which the gene has been disrupted thus leading to production of 

phenotypes that are unable to maintain growth orientation and display altered clamp 

connections (Hatakka, 2001). Pigmented strains of S. commune have been shown to 
metabolize radioactive indole into radioactive isatin, indigo and indirubin (Epstein & 

Miles, 1966). It was postulated that a genetic block in the metabolism of tryptophan in 
the pigmented strains brings about the accumulation of indole which is oxidized to 

indoxyl by the fungus and further to isatin by air oxidation. Two molecules of indole 
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will form an indigotin molecule while a molecule of isatin and a molecule of indoxyl 

will produce indirubin (Epstein & Miles, 1966).  

Various studies have reported the production of a variety of indole derivatives by 

S. commune as shown in Fig 24. Indigo, isatin and indirubin were found by Miles 

(1956) and Epstein (1966) respectively, in pigmented mutant strains of S. commune. 
Schizocommunin, was isolated along with indigo, indirubin, isatin, and tryptanthrin, 

from the liquid culture medium in which a culture of S. commune, isolated from the 
bronchus of a human patient with allergic bronchopulmonary mycosis, had been 

grown (Hosoe, et al., 1999). However, in our studies we could confirm the production 

of only indigo and indirubin. The amount of indirubin found was very minute 
compared to indigo. 

In order to keenly observe the interactions and compounds produced, we focused 
our UHPLC-ESI-MS/MS study on the S. commune 12-43x4-39 H. fasciculare 

pairing in liquid CYM media. The cell-free culture broths of S. commune and 
H. fasciculare had no effect 

From this we deduce that in this case mycelial contact is necessary for pigmentation. 

The extraction was performed with methanol-water and the yield of the compounds 
obtained was low. Since the interactions could not be monitored well in the liquid 

cultures, we used instead, solid agar co-cultures of the pairing and modified the 

Indigo IndirubinIsatin

Tryptanthrin Schizocommunin

Figure 24: Structures of the indole derivatives produced by S. commune (Hosoe et 
al. 1999, Uehara, et al.2013)
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extraction solvents to methanol-water-ethyl acetate. Thus, the interaction zone as 

well as the zones at the periphery of either fungus could be sampled easily and their 
metabolite profiles compared. The modified protocol resulted in higher yields of the 

compounds identified. In our studies we detected the production of indigo and 
indirubin which were present in the amounts of 207.92 ± 66.76 pmol and 0.87 ± 0.23 

pmol per cm3 agar respectively. Swack and Miles (1960) obtained average indigotin 

yields of 19.06 - 38.13 nmol/ml by pigmented mutants of S. commune in minimal 
media. Ujor, et al. (2012) conducted similar studies using gas chromatography-time 

of flight-mass spectrometry (GC-TOF-MS) for detection of the metabolites; however 
the presence of indigoids were not reported. GC/MS requires the analytes to be in an 

organic injection solvent and derivatization is often necessary to improve peak shape, 

ionization, and/or volatility, LC/MS however does not. As a result, the primary 
advantage HPLC/MS has over GC/MS is that it is capable of analyzing a much wider 

range of components including compounds that are thermally labile, exhibit high 
polarity or have a high molecular mass (www.agilent.com).  

Although there was a hint of isatin, to date, its presence could not be confirmed by 

MS/MS fragmentation. Optimization of extraction is further needed to increase the 
amounts of metabolites and finally affirm the occurrence of isatin. Indirubin was also 

not detected by Raman spectroscopy due to its presence in a low concentration. The 

standard reference indirubin gave distinct spectra from that of indigo when tested 
with RMS (Fig 25). Indigo, due to its high molecular symmetry and conjugated bond 

system provides strong resonance enhanced Raman signals (Baran, et al., 2010). 

Figure 25: Raman spectra of (A) indigo (B) indirubin and (C) isatin

C 

B 

A 
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Raman microspectroscopy, exemplifies chemical imaging in the sense that it capable 

of non-invasive label-free imaging as presented in this study. Indigo localization could 
even be imaged in the pure culture of gap1/ gap1 mutant dikaryon hyphae of 

S. commune which microscopically did not show any sign of the production of the 
pigment in its hyphae. The study of these interactions (albeit on artificial media) is 

important because they give us a better insight into the working of the micro-

organisms within an environment and their race for space and nutrient resources 
which have great implication in the forest eco system.  

Today, most indigo dye is produced synthetically, and its production generates a 

significant amount of toxic waste. Therefore, biological fermentation by recombinant 
microorganisms may provide a cleaner alternative for large-scale indigo production 

(Murdock, et al., 1993). Indigoids also have the potential to be used for anticancer 
therapy, but also (Kunikata, et al., 2000, 

Leclerc, et al., 2001, Eisenbrand, et al., 2004). Indigo, is uncharged and largely 

insoluble in most solvents. Raman spectroscopy has been shown to be a sensitive 
method to identify indigo even in the presence of pigment impurities (Baran, et al., 

2010). Thus, we have shown that RMS is an efficient tool to identify the presence of 
compounds such as indigo, which have a relatively low solubility in water and organic 

solvents, without extensive sample preparation and measurement time. As second 

technique to analyze fungal interactions without sample preparation LESA-HRMS 
was performed. LESA was previously used to directly screen antibiotics from 

bacterial plates (Kai, et al., 2012). In our study, even though the mycelia covered the 
agar surface, the sample could be directly measured since the ethyl acetate solvent 

used dissolved the mycelium. Therefore, there was no need to scrape the mycelium 

from the agar before extraction and detection of indigo. The minor short-coming that 
isobaric compounds such as indigo and indirubin could not be differentiated by 

LESA-HRMS was overcome by implementing UHPLC-HRMS. Using this technique it 
has been demonstrated that there is about 2 x 105 fold more indigo present in the 

agar compared to indirubin. In combination, LESA-MS as a tool to rapidly extract, 

detect and analyze natural products like indigoids directly from the sample without 
any preparation protocols and UHPLC-HRMS for verification and quantification of 

those metabolites are powerful tools to study fungal interactions in situ.  
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Pigment formation in S. commune-fungal interactions might be a promising area in 

the commercialization of natural pigment and dye production for e.g. textile industry. 
Nevertheless, isolation and identification, as well as optimization of physical and 

chemical parameters of pigment production are still required before up-scaling to 
larger scope of production. 

4.4 IAA metabolism in S. commune

Indole-3-acetic acid has been identified for the first time as a metabolic product of 

wildtype S. commune. The identification of this compound is based upon UHPLC-

ESI-MS/MS with the sensitive LTQ-OrbitrapXL mass spectrometer. We have shown 
that wild type S. commune strains we used 12-43, 4-39 and 12-43 x 4-39 produce 

IAA constitutively, without the addition of tryptophan to the CYM media, and that its 
synthesis increased with the addition of tryptophan. Brian (1957) mentioned that 

none of the 25 fungal species he studied produced more than a trace of auxin without 

added tryptophan, but that auxin was produced by all 25 species with tryptophan. In 
our quantification study, out of the four media that S. commune 12-43 was inoculated 

into, it produced the highest amount of IAA (473.55 ± 3.32 ) in MMNb 
containing 0.25 mM tryptophan after 28 days. Although a large quantity was IAA was 

produced in MMNb, the data showed a large deviation from the mean. This was 

because the IAA values between the replicates varied vastly, which could be due to 
heterogenous growth of the fungi in each of the 3 replicates. Early studies used 

activity assays or qualitative colorimetric techniques to indicate the presence of IAA. 
Lately HPLC, GC and SPE (Solid-phase extraction) procedures have been described 

for separation and detection of IAA (Kim, et al., 2006, Barkawi, et al., 2008). 

However, we have shown that UHPLC-OrbitrapMS is also a sensitive and fast 
method to detect, analyze and quantify IAA. It is not known why a saprophytic wood-

rotting fungus like S. commune would need to produce IAA. In general, pathogenic 
bacteria and fungi are known to produce IAA, but a direct link to pathogenicity has 

not been demonstrated in these pathogens (Rao, et al., 2010). S. cerevisiae

synthesizes and secretes IAA into the culture environment where it is available to 
function as a signal that regulates filamentation. Filamentation is a pathogenic trait 

because it contributes directly to virulence of pathogenic fungi like C. albicans. The 
study suggested that the secondary metabolite IAA is a chemical signal that 

regulates fungal pathogenesis (Rao, et al., 2010). Epstein and Miles (1967) assumed 
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that since IAA was produced in excess in S. commune it did not have a growth 

regulating role. It was postulated that the indigo-producing mutant strains which 
incidently also synthesized IAA, contained a partial genetic block accumulating 

indole. This indole could be converted to IAA or broken down to anthranilic acid. Non-
pigmented strains do not accumulate indole but possess the enzyme which converts 

indole to indole-3-acetic acid (Epstein & Miles, 1966). Experiments with labeled 

indole and IAA showed that when supplied in a small concentration the fungus was 
able to metabolize indole to IAA and indigo, and IAA to indole and indigo (Epstein, 

1966). Richards (1949) reported that IAA caused abnormalities and changes in 
colony morphology usually at high concentrations. S. commune was strongly 

inhibited by a wide range of concentrations of IAA (10-2 to 10-3 M), naphthalene acetic 

acid, 2, 4-D, and 2,4,5-T (Richards, 1949). The inhibition of growth of Aspergillus 

candidus, S. commune and Neurospora tetrasserma by IAA in concentrations of 10-2

to 10-3 M was also reported. Indole, indole-3-acetic acid and indole-3-butyric acid 
were said to be among the most active of the substances inducing laccase formation 

in cultures of Polyporus versicolor (Féhraeus & Tullander, 1956). Laccases in turn 
are known to catalyse reactions involving actively secreted fungal metabolites like 

phenolic and other aromatic compounds (pigments), smaller peptides and organic 

acids, and lignocellulose-derived compounds and metal ions (Guillen, et al., 2000, 
Hammel & Cullen, 2008, Ruiz-Dueñas & Martínez, 2009). A number of studies have 

clearly shown that IAA can be a signaling molecule in microorganisms, in both IAA-
producing and IAA-nonproducing species (Spaepen, et al., 2007). No similarity 

between the well-known effects of IAA on higher plants and the growth response of 

fungi can be said to exist. S. commune produced roughly twice the amount of IAA 
when co-cultured with H. fasciculare than its mono-culture, as did H. fasciculare 

implying that increased IAA production in the fungus is an indication of stress. 

Roberts and Roberts (1939) tested several unidentified soil fungi with the Avena

curvature test and found that only 46 per cent of 39 synthesized auxin on beef 

extract-peptone; none of 15 synthesized auxin on a medium without tryptophan. The 

mechanism of conversion of tryptophan to IAA is not known with certainty in 
S. commune. A summary of intermediates and pathways proposed by the synthesis 

of IAA in plants and microbes is shown in Fig. 26. Although a growth-promoting 
hormone, IAA is toxic at high levels, and is also an unstable compound, which makes 

it plausible to suggest that IAA metabolism may be tightly controlled. Indeed, this 
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seems to be the case as only small amounts of free IAA in plants, bacteria or fungi 

are present, most of it existing in the form of conjugates (Spaepen, et al., 2007). Yet, 
we have found free IAA in amounts of 1.08 µmol/µl after 28 days of cultivation of S. 

commune in liquid culture suggesting that it has no regulatory role. Why it is 
produced then can only be speculated upon. Interestingly the amount of IAA and 

anthranilate doubled in S. commune present in a co-culture with another fungus than 

its axenic culture. This shows that the tryptophan metabolism and in turn IAA 
production is up-regulated during an interaction with non-self mycelia. 

Figure 26: Scheme of IAA pathways and key intermediates proposed for plants and 
microorganisms. Trp, tryptophan; IPA, indole-3-pyruvic acid; IAAld, indole-3-acetaldehyde; 
IAA, indole-3-acetic acid; Tol, indole-3-ethanol; TAM, tryptamine; N-TAM, N-hydroxyl 
tryptamine; IAOx, indole-3-acetaldoxime; IAN, indole-3-acetonitrile; IAM, indole-3-acetamide. 
Enzymes involved in these pathways are: Trp aminotransferase (1), IPA decarboxylase (2), 
IAAld dehydrogenase (3), IAAld reductase (4), Trp decarboxylase (5), flavin 
monooxygenase-like enzymes (6), cytochrome P450 enzymes (7); nitrilase (8); Trp 
monooxygenase (9); IAM hydrolase (10). Possible intermediates or by-products of IAA 
formation thus far reported for fungi are typtamine, indole-3-pyruvic acid, indole-3-
acetaldehyde and indole-3-ethanol. Enzymes for the conversion of intermediates connected 
by dashed arrows are elusive. Tol emerges as a by-product from IAAld in the absence of 
IAAld dehydrogenase activity (Reineke et al. 2008; Spaepen et al. 2007).
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Plants have multiple pathways to synthesize, inactivate, and catabolize IAA (Delker, 

et al., 2008, Lau, et al., 2008, Normanly, 2010). In fungi, IAA biosynthesis was always 
tryptophan-dependent and the amounts of IAA produced increased with increasing 

tryptophan concentrations (Furukawa, et al., 1996, Furukawa & Syono, 1998, 
Robinson, et al., 1998). Time course experiments showed that the amount of IAA in 

media usually reached a peak after several days of growth and then either remained 

constant or declined. (Furukawa & Syono, 1998, Robinson, et al., 1998). Most plant 
pathogenic bacteria produce IAA through indole-3-acetamide (IAM). In this pathway, 

tryptophan is converted to IAM by tryptophan-2-monooxigenase (iaaM), and IAM is 
metabolized to IAA by IAM-hydrolase (iaaH). The capacity to produce IAA through 

the IAM pathway is associated with bacterial virulence and with gall formation (Sciaky 

& Thomashow, 1984, Manulis, et al., 1991, Yamada, 1993, Manulis, et al., 1998). 
The tryptamine (TAM) pathway is prevalent in plants (Bartel, et al., 2001). Many fungi 

can produce auxins in axenic cultures (Gruen, 1959, Buckley & Pugh, 1971). Most 
species use tryptophan to produce IAA, mainly through the indole-3-pyruvic acid and 

tryptamine pathways (Frankenberger & Arshad, 1995, Tudzynski & Sharon, 2002).  

We could show hints of the presence of tryptamine and indole-3-pyruvic acid in the 
culture. But this can be confirmed only after further experimentation in this direction. 

We also showed for the first time that H. fasciculare is capable of synthesizing IAA. 

Epstein and Miles (1967) showed that S. commune mutants that produce the pigment 
indigo also produced IAA which indicated a possible relationship between the 

formation of IAA and indigo. Their study did not detect IAA production by wild type 
strains. Our LC-MS measurement of the culture filtrate of wildtype strains 

S. commune dikaryon 12-43 x 4-39 and monokaryon 12-43 showed a number of 

indolic compounds one of them being IAA, thus showing that wildtype S. commune

strains constitutively produce IAA in detectable quantities, but not indigoid pigments. 

On comparing of the concentrations of indigo, IAA and indirubin in the liquid culture 
of pigmented mutant F15, no correlation between the formation and breakdown of 

the compounds was evidenced. Indole was found to be to be toxic to S. commune in 

a very small concentration (Miles, unpublished observations). Experiments with 
labeled indole and IAA (Epstein, 1966) showed that when supplied in a small 

concentration the fungus was able to metabolize indole to IAA and indigo. This raised 
the possibility that IAA, as well as indigo, were produced by the fungus as a means of 

detoxification of indole. Fungi are known to degrade various xenobionts e.g. indole, 
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but the degradation mechanism and products in S. commune have not been 

completely studied. Addition of 0.02% indole to liquid cultures of 12-43 x 4-39, 
showed an inhibition of growth of the fungi as compared to control cultures. The 

degradation products of indole included IAA, indirubin, indigo and anthranilate. 
Although the indole inhibited the growth of the fungus, nevertheless increased 

concentrations of IAA, indirubin and anthranilate were observed. 
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4.5 Outlook

This research work involved the application of advanced techniques such as 

confocal Raman imaging, CARS microscopy and mass spectrometry to investigate 
the basic metabolic processes in the white-rot fungus Schizophyllum commune.  

Firstly, aspects of nuclear migration and sorting, and chromophores present in 

S. commune were investigated using a range of tools including live-cell imaging with 
Raman microspectroscopy and coherent anti-Stokes Raman scattering (CARS) 

microscopy, and fluorescent microscopy. The presence of previously unknown 

chromophores was revealed. The nuclei could not be located in this study using 
vibrational spectroscopy, as spontaneous Raman microscopy requires high laser 

power and long integration times, limiting use in live specimens and CARS 
microscopy lacks the contrast to image most molecules beyond lipids. The tagging of 

a protein localized in the nucleus with GFP could be the subject of future studies in 

order to monitor nuclear migration in real-time. Since microtubules play a role in this 
process, studies should be conducted on how dynamics of microtubules are coupled 

to nuclear movement. 

The second study comprised of the identification of secondary metabolites produced 
by S. commune during interactions with wood-decay fungi and investigation of their 

role. S. commune being a wood-rotting fungus encounters other competitor 

microorganisms competing for space and the same nutrient sources in the forest 
ecosystem. We developed a fast and less-invasive way to identify, quantify and 

image metabolites of S. commune interacting with competitor species, using the 
pigment indigo as an example. This combination of Raman micro spectroscopy and 

LESA-HRMS (Liquid Extraction Surface Analysis coupled with high-resolution mass 

spectrometry) opens new avenues to investigate the fungal and bacterial 
metabolites directly from the sample plates without extensive preparation. It would 

be interesting to compare the metabolites produced by S. commune during various 
mycelial interactions with wood-decay fungi in for example, deadlock and 

replacement. The metabolomic data combined with transcriptome data from such 

interactions will enable one to paint a larger picture of the genes and metabolic 
pathways involved in such interactions. In addition to diffusible metabolites, the 

profiling of volatile fungal metabolites produced during interactions would make for a 
definitive study. Proton Transfer Reaction- MS (PTR-MS) allows the simultaneous 
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real-time monitoring of volatile (organic) compounds (VOCs). It must be noted that 

the metabolites identified in in vitro studies need not necessarily be present in 
nature; therefore studies involving the fungi in their natural environment must be 

conducted to correctly assess the occurrence of these metabolites. 

Finally, the role of an auxin in wood-degrading fungi, its biosynthesis and 
significance using UHPLC-ESI-MS/MS was investigated. It was shown that wild type 

S. commune strains constitutively produced indole-3-acetic acid. Most fungal 
species use tryptophan to produce IAA, mainly through the indole-3-pyruvic acid and 

tryptamine pathways. We could show hints of the presence of tryptamine and indole-

3-pyruvic acid in the medium, but to be certain, feeding experiments using labeled 
intermediates of the tryptophan dependent pathway need to be conducted in order to 

confirm their presence, and thus, enabling the elucidation of the biosynthetic pathway 
of IAA in S. commune. These intermediates include indole-3-acetamide, indole-3-

pyruvic acid, tryptamine and indole-3-acetamide. Gene expression studies combined 

with metabolite profiling only can truly determine the genetics behind this mechanism.
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5. Summary 

Schizophyllum commune is a wood-rotting fungus that causes white-rot. It belongs to 

the family Schizophyllaceae of Basiodiomycetes and is ubiquitously found world-over. 
The abundance of S. commune can be attributed not only to its prolific outbreeding 

(>23,000 mating types), but also to its superior competition ability. This thesis, 
therefore, focuses mainly on studying (1) secondary metabolites produced by 

S. commune upon interaction with various white-rot fungi, (2) identification of auxins 

synthesized by S. commune and (3) nuclear migration, a step in the life cycle of 
S. commune. It also showcases the various ways in which already well established 

techniques like micro-Raman spectroscopy and mass spectrometry can be effectively 
employed in microbiology.  

(1) From previous studies it was reported that S. commune secreted compounds in 

response to interactions with certain wood-rotting fungi and some antagonistic 
organisms on artificial media. The nature of these compounds and their biological 

activity was unknown, thereby were of interest as they might have potentially anti -

microbial properties. To this end, Raman micro-spectroscopy and mass spectrometry 
 based tool LESA were employed to image, identify, and quantify these secondary 

metabolites. Thus, it was revealed that the pigments, indigo and indirubin are 
produced by S. commune in the zone of contact with basidiomycetes, ascomycetes, 

yeast or bacteria. The fact that the indigo and indirubin were only detected in wildtype  

S. commune due to co-cultivation led to the assumption that it is either a stress 
response or that S. commune detoxifies inhibitors produced by antagonistic 

microorganisms into indigo. They could also be detoxification products of substances 
such as indole which in high concentrations might be toxic to S. commune itself. 

Accumulation to toxic levels could be prevented by the formation of an insoluble 

compound such as indigo. On an ecological note, this work provided a greater insight 
into the metabolite pathways involved in the various reactions that occur during 

fungal interactions.  

(2) The auxin indole-3-acetic acid (IAA) is a phytohormone and is best known for its 
role in plant cell elongation, division, and differentiation. It was reported that indigo-

producing mutant strains of S. commune also synthesized IAA, and postulated that 

there may be a correlation between them in terms of synthesis. Thus, in this study 
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the amounts of indigo and IAA excreted into the media by a pigmented mutant were 

quantified and analyzed showing that there is no evidence to suggest that IAA is 
broken down into indigo and vice versa. On the other hand, it was shown that wild 

type S. commune strains 12-43, 4-39 and 12-43 x 4-39 produce IAA constitutively 
and that its synthesis was augmented by the addition of tryptophan. To test the effect 

of tryptophan (T) and other components on the production of IAA, S. commune 12-43 

was inoculated into the media CYM, CYM-T, MMNb and MMNb-T. After 
quantification, it was found that S. commune produced the highest amount of IAA 

(473.55 ± 3.32 ) in MMNb containing 0.25 mM tryptophan after 28 days. It is 
not known why a saprophytic wood-rotting fungus like S. commune would need to 

produce IAA. There have been indications that IAA can be a signaling molecule in 

both IAA-producing and non-producing species of microorganisms (Spaepen and 
Remans 2007). S. commune produced nearly twice the amount of IAA when co-

cultured with H. fasciculare than its monoculture, as did H. fasciculare, which implied 
that increased IAA production is an indication of stress. The functions of IAA differ 

with changing concentrations and therefore might also act as communication 
molecules. Interestingly the amount of IAA and anthranilate (precursor of tryptophan) 

doubled in the fungi present in a co-culture. This shows that the tryptophan 

metabolism and in turn IAA synthesis is up-regulated during an interaction with non-
self mycelia. 

(3) Nuclear migration is necessary for the dikaryotization process in S. commune, 

which consequently is necessary for mushroom formation. The common techniques 
used to visualize the nuclei in fungi include fluorescence staining. These stains are 

DNA-specific probes which interfere with replication, gradually killing the cells. 

Therefore, chemical imaging was employed using Raman and coherent anti-Stokes 
Raman scattering (CARS) microscopy to monitor nuclear dynamics in vivo. While in 

principle, Raman spectroscopy and its variants would have been ideal tools to study 
nuclear migration; in reality many hurdles were encountered. In order to receive a 

reasonable Raman scattering signal to noise ratio, an integration time of 3 s per point 

had to be applied. However, given that nuclear migration in S. commune occured at a 
rate of 2-3 mm per hour such a long pixel dwell time was orders of magnitude too 

slow to allow real-time measurements. With CARS microscopy, a good enough 
spectral contrast could not be obtained. During the course of this study however, two 

unique chromophores were discovered, one within the hyphae of S. commune and 
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another secreted by it. Although their identity or function could not be established due 

to lack of pertinent references, based on their Raman spectra, some conclusions 
could be drawn. The high signal intensity and limited number of peaks indicated that 

the compounds could be metallo-proteins consisting of chromophores in resonance 
with the 785 nm excitation wavelength. The limited number of spectral peaks also 

suggests that they may be crystalline in nature. 
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6. Zusammenfassung 

Schizophyllum commune ist ein holzabbauender Pilz, welcher eine Weißfäule 

verursacht. Er gehört zur Familie der Schizophyllaceae der Basidiomyceten und kann 
weltweit gefunden werden. Die Vielfalt von S. commune beruht nicht nur auf der 

produktiven Auskreuzung (>23,000 Kreuzungstypen) sondern auch auf seiner guten 
Konkurrenzfähigkeit. Diese Arbeit untersucht (1) die Bildung von 

Sekundärmetaboliten durch S. commune während der Interaktion mit verschiedenen 

Weißfäulepilzen, (2) die Identifizierung von Auxinen in S. commune und (3) die 
Kernwanderung, einem Abschnitt im Lebenszyklus dieses Pilzes. Es wird gezeigt, 

wie die gut etablierten Methoden wie Mikro-Raman-Spektoskopie und 
Massenspektrometrie effektiv in der Mikrobiologie angewandt werden können. 

(1) Es ist bekannt, dass S. commune auf künstlichen Medien als Antwort auf 

Interaktionen mit bestimmten holzabbauenden Pilzen und einigen antagonistischen 
Organismen verschiedene Stoffe abgibt. Deren Natur und biologische Aktivität ist 

unbekannt, aber wegen potentieller antimikrobieller Eigenschaften von Interesse. 

Daher wurden Mikro-Raman-Spektroskopie und das auf Massenspektrometrie 
basierende LESA zur Abbildung, Identifikation und Quantifizierung dieser 

Sekundärmetabolite genutzt. Es wurde gezeigt, dass die Pigmente Indigo und 
Indirubin in der Kontaktzone von S. commune mit Basidiomyceten, Ascomyceten 

oder Bakterien gebildet werden. Indigo und Indirubin wurden nur im S. commune

Wildtyp während der Ko-Kultivierungen gefunden. Dies lässt vermuten, dass es sich 
dabei entweder um eine Stressantwort handelt, oder dass der Pilz Inhibitoren 

anderer antagonistischer Mikroorganismen zur Entgiftung in Indigo umwandelt. Diese 
könnten ebenfalls Entgiftungsprodukte von Substanzen wie Indol sein, welches für 

S. commune in hohen Konzentrationen vielleicht selbst giftig ist. Der Akkumulation 

toxischer Mengen könnte durch die Bildung unlöslicher Verbindungen wie Indigo 
vorgebeugt werden. Aus ökologischer Sicht liefert diese Arbeit einen Einblick in den 

Metabolitweg, der in verschiedene Reaktionen bei pilzlichen Interaktionen involviert 
ist. 

(2) Das Auxin Indol-3-essigsäure (IAA) ist ein Phytohormon und für seine Rolle in 

Zell-Verlängerung, Teilung und Differenzierung bekannt. Es wurde gezeigt, dass 

Stämme von S. commune, die Indigo produzieren auch IAA synthetisieren und ein 
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ähnlicher Syntheseweg postuliert. In dieser Arbeit wurde das durch einen 

pigmentierten Mutantenstamm ins Medium abgegebene Indigo und IAA quantifiziert 
und analysiert. Es gibt aber keinen Beweis, dass IAA zu Indigo abgebaut wird oder 

umgekehrt. Andererseits konnten die Wildtypstämme 12-43, 4-39 und 12-43 x 4-39 
viel IAA produzieren und dessen Synthese durch Tryptophan gesteigert werden. Um 

den Effekt von Tryptophan und anderen Komponenten auf die Produktion von IAA 

nachzuweisen wurden verschiedene Medien mit S. commune 12-43 inokuliert. Mit 
der Quantifizierung wurde gezeigt, dass S. commune nach 28 Tagen in MMNb mit 

Tryptophan die höchste Menge IAA produziert. Noch ist unbekannt, wozu ein 
holzabbauender Pilz wie S. commune IAA produziert. Es gibt Anhaltspunkte, dass 

IAA als Signalmolekül sowohl in IAA-produzierenden als auch nicht-IAA-

produzierenden Spezies von Mikroorganismen vorkommt. In einer Ko-Kultur mit 
H. fasciculare produziert S. commune nahezu die doppelte Menge von IAA als beide 

Monokulturen, was zeigt, dass die erhöhte IAA-Produktion ein Anzeichen für Stress 
ist. Die Funktion von IAA unterscheidet sich mit wechselnden Konzentrationen, 

weshalb es ebenfalls als Molekül zur Kommunikation dienen könnte. 
Interessanterweise ist die Menge von IAA und Anthranilat, einer Tryptophanvorstufe, 

in den Pilzen einer Kokultur verdoppelt. Dies zeigt, dass der Tryptophan-

Metabolismus und die IAA-Synthese während einer Interaktion mit fremdem Myzel 
hochreguliert sind. 

(3) Die Kernwanderung ist in S. commune für die Bildung eines Dikaryons und somit 

für die Fruchtkörperbildung notwendig. Zu den Standardmethoden, welche zur 
Visualisierung der Zellkerne in Pilzen eingesetzt werden, gehören 

Fluoreszenzfärbungen. Diese färben DNA-spezifisch, inhibieren aber die Replikation 

und führen schließlich zum Zelltod. Daher wurden neue chemische 
Darstellungsverfahren mit Raman- und CARS-Mikroskopie eingesetzt um 

Zellkerndynamiken in vivo darzustellen. Obwohl die Raman-Spektroskopie und deren 
verschiedene Varianten für diese Untersuchungen prinzipiell ein geeignetes 

Instrument darstellen, gibt es in der Realität viele Hürden. Um eine auswertbare 

Raman-Streuung mit gutem Signal/Rausch-Verhältnis zu erhalten muss eine 
Integrationszeit von 3 s/Punkt eingesetzt werden. Die Kernwanderung in 

S. commune erfolgt mit einer Geschwindigkeit von 2-3 mm/Stunde, sodass eine 
lange Pixel-Halbwertszeit/Verweildauer um mehrere Größenordnungen zu langsam 

ist um Echtzeit-Messungen durchzuführen. Mit CARS-Mikroskopie kann kein 
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ausreichend guter spektraler Kontrast erreicht werden. Während dieser Arbeit 

konnten zwei einzelne Chromophore detektiert werden, eines innerhalb der 
Pilzhyphe das andere wurde ausgeschieden. Obwohl ihre Identität oder Funktion 

wegen fehlender geeigneter Referenzen nicht geklärt werden konnte waren einige 
Schlußfolgerungen möglich. Die hohe Signalintensität und geringe Anzahl von Peaks 

zeigt, dass es sich bei diesen Verbindungen um Metalloproteine mit Chromophoren 

handeln könnte, in Resonanz mit 785 nm Anregungswellenlänge. Die geringe Menge 
der spektralen Peaks spricht für eine natürliche kristalline Struktur. 
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