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Zusammenfassung

Zusammenfassung

Coprinopsis cinerea gilt in Thailand als ein spezieller Speisepilz (Hed-cone-noi), der
von kleinen Familienbetrieben auf landwirtschaftlichen Abfallstoffen, wie z.B. auf
Wasserhyazinthe und Stroh produziert und in eingelegter Form vermarktet wird. In der
Wissenschaft wird er als Modelorganismus zu Fruktifizierungsstudien bei
Homobasidiomyzeten (Agaricomycotina) eingesetzt. C. cinerea ist ein heterothallischer
Pilz, in dessen Lebenszyklus das Myzel abwechselnd zwei Stadien einnimmt: das
unfruchtbare, kreuzungsfihige monokaryotische Myzel (Monkaryon) und das
fruchtbare dikaryotische Myzel (Dikaryon), die sich im zweiwochigem Lebenszyklus
abwechseln. Dikaryonten mit zwei verschiedenen haploiden Zellkernen entstehen durch
Verschmelzen zweier kompatibler Monokaryoten mit unterschiedlichen haploiden
Zellkernen. Die Paarung zwischen den beiden Monokaryoten wird {iber
unterschiedliche Allele an den beiden Kreuzungstypgenorte 4 und B kontrolliert. Diese
werden auch fiir die Induktion der Fruchtkorperbildung des Pilzes bendtigt. Gewisse
Mutationen in diesen Genen bewirken eine  Selbstkompatibilitit  von
monokaryontischen Myzelien, die es diesen Mutanten wie z.B. dem Stamm AmutBmut
erlauben, ohne vorherige Kreuzung mit einem anderen Monokaryon Fruchtkdrper
auszubilden. Solche Mutanten sind bevorzugte Stimme fiir Mutagenesen zur Suche von
Entwicklungsdefekten in Fruchtkdrperbildung, da sie nur einen Typ von haploiden
Kernen besitzen.

In  dieser Dissertation  wurde der  morphologische  Prozess  der
Fruchtkorperentwicklung des Stammes AmutBmut hinsichtlich der Lichtregulierung
untersucht. Die Fruchtkorperentwicklung dauert insgesamt sieben Tage. Zuerst werden
kleine Hyphenaggregate gebildet, in denen sich Gewebe fiir Hut und Stiele der Pilze
differenzieren. In den reifen Primordien findet Karyogamie, Meiose und sexuelle
Basidiosporenbildung in bzw. an spezifischen Zellen (Basidien) statt. Die Prozesse der
Gewebeentwicklung, Karyogamie und Meiose, sowie die Bildung von Basidiosporen
werden durch den Tag/Nacht-Rhythmus kontrolliert, d.h. durch Zeiten mit und Zeiten
ohne Licht. In dieser Arbeit wurden bis zur vollstindigen Entwicklung von Primordien
sechs verschiedene Zeitpunkte definiert, bei denen ein Lichtsignal fiir den korrekten
Fortgang des Prozesses notig ist. Sollten Lichtsignale wahrend der Entwicklung z.B.
durch Transfer von Strukturen verschiedenen Alters (1 Tag alt, 2 Tage alt, etc.) in

konstante Dunkelheit fehlen, werden anstelle von Fruchtkérpern elongierte Strukturen
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(,,etiolierte Stiele) gebildet mit langen Stielen und unterentwickelten Hiiten. Je nach
Alter beim Transfer sind die erreichten Entwicklungsstadien der Hutgewebe
verschieden weit, aber bis zu einem Alter von 5 Tagen wird jeweils eine Weiterent-
wicklung des Hutgewebes durch Transfer ins Dunkle blockiert. Gewebe einzelner
Stadien der Fruchtkorperentwicklung und der Entwicklung etiolierte Stiele be1 Wildtyp
und Mutanten wurden eingebettet, geschnitten und die Struktur unter dem Mikroskop
beobachtet.

Vier verschiedene Mutanten wurden untersucht, die in Licht etiolierte Stiele bildeten.
Alle Mutationen waren rezessiv und traten in verschiedenen Genen ( dstl, dst2, dst3
bzw. dst4) auf. Zwei der Mutanten wurden direkt aus AmutBmut produziert. Zwei
weitere kamen aus Japan mit einem anderen genetischen Hintergrund. In einem
umfangreichen co-isogenem Prozess (sieben Generationen, wobei die erste Kreuzung
mit dem Homokaryon AmutBmut und die weiteren Riickkreuzungen mit dem zu
AmutBmut co-isogenen Monokaryon PS001-1 durchgefiihrt wurden) wurden neue
Stdimme mit dem gleichen genetischen Hintergrund wie AmutBmut produziert mit
jeweils einem Gendefekt einer etiolotierten Stielausbildung aus den japanischen Stim-
men. Bildung etiolierter Stiele in co-isogene Mutanten der vier verschiedenen dsz-Gene
wurden morphologisch untersucht und verglichen. Zwei Mutanten (dst/, dst2) waren
defekt in ersten Schritten der Gewebeentwicklung. Sie waren zudem defekt in Licht-
kontrollierter Bildung asexueller Sporen (Oidien) am Myzelium. Die dsz2 Mutante war
zudem defekt in der Unterdriickung von Fruchtkorperbildung im konstanten Licht und
sie bildete auch etiolierte Stiele, wenn sie vollkommen im Dunkeln angezogen wurde
im Gengensatz zum AmutBmut Wildtyp und anderen Mutanten, die mindestens ein
Lichtsignal zur ersten Induktion einer Entwicklung bendtigen. Aufgrund einer
einfacheren Handhabung ist diese Mutante daher besonders interessant fiir Pilzziichter
fiir die Produktion essbarer Pilze, da sie etolierte Stiele under allen Bedingungen (im
Licht, im Dunkeln, bei hoheren und bei niedrigeren Temperaturen) macht. Alle anderen
Stdimme formen etiolierte Stiele nur bei 28°C. Im Gegesatz zu anderen Stdmmen, bei
denen die kurzlebigen Fruchtkorper schnell degenerieren, wenn sie nicht gleich geerntet
und weiter in Lake eingelegt werden, sind etiolierte Stiele langlebig und kénnen daher

frisch an Kunden verkauft werden.

Pilze werden aus verschiedenen Griinden gegessen, u.a. wegen ihres guten

Geschmacks und Geruchs. In Kooperation mit Forschern der Abteilung Forstzoologie

i
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und Waldschutz, insbesondere Dr. Prodpran Thakeow, wurden Odorabgaben wihrend
der Fruchtkdrperentwicklung gemessen. Typische fliichtige Pilzgeriiche (1-Octen-3-ol,
3-Octanon) wurden in groferen Mengen widhrend der frithen Phasen der
Fruchtkorperentwicklung entdeckt. Ebenso konnten fliichtige Sesquiterpene (j3-
Himachalen und Cuparen) wihrend der Reifung nachgewiesen werden. Auch wenn
diese Gerliche angenehm fiir den Verbraucher sind, kénnen sie doch Probleme bei der
Lagerung bereiten. Staubmilben wie z.B. Tyrophagus putrescentiae (Acari: Acaridida)
lassen sich einfach durch diese Diifte anlocken und koénnen dann Lebensmittel
verderben. Labortests mit 7. putrescentiae belegten, dass die beiden C8-Komponenten
1-Octen-3-ol und 3-Octanon die Arthropoden anlocken. Folglich werden Milben auch
von C. cinerea Kulturen angelockt, die dann als Nahrungsmittel genutzt wurden.
Milbenfral bewirkt am angegriffenen Myzel eine immense Erhohung an den vier
volatilen Substanzen (VOCs, ,,volatile organic compounds®). Dies erklart auch die
Milebnaggregation an den FraBstellen in Pilzkulturen, da hier im vegetativen Myzelium
vermutlich eine erhdhte Produktion an VOC:s stattfindet.

Das Verhalten von Milben gegeniiber Myzelkulturen und Fruchtkdrpern wurde
untersucht. Milben fressen das vegetative Myzel, aber nicht Primordien,
Fruchtkdrperstiele und etiolierte Stiele und auch nicht die multizelluldren Sklerotien,
melanisierte aggregierte Strukturen, die zum Fortbestehen der Pilze dienen. Allerdings
werden die Milben von den Hiiten reifer Fruchtkorper angelockt, wo sie die Lamellen
beweiden und die reifen Basidiosporen in sich aufnehmen. Die Tiere verbreiten
Basidiosporen duferlich durch Anheften der Sporen an ihren Korpern, sowie gefressene
Sporen nach Passieren der Verdauungstrakte durch Ausscheiden von Fiakalien. Ausge-
schiedene intakte Basidiosporen in Faekalien konnen auskeimen. Wie hier gezeigt,
dienen Milben daneben auch als Vektoren von Bakterien und, wie in der Literarur
berichtet, auch von anderen Pilzen. Probleme, die bei der kommerziellen
Pilzkultivierung durch Milbenbefall auftreten, sind somit die Kontaminierung des
Materials durch die Fikalien der Milben, sowie die Einbringung anderer schidlicher
Mikroorganismen in die Pilzkulturen. In der kommerziellen Pilzkultivierung miissen

daher gute hygienische Bedingungen herrschen, um einen Milbenbefall zu vermeiden.
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Coprinopsis cinerea in Thailand is a speciality mushroom (hed-cone-noi) that is
grown in small family businesses on agricultural wastes, e.g. on water hyacinths and
straw, and the fungi are offered in pickled form to the customers. In research, it is used
as a model organism to study fruiting body development in the homobasidiomycete
fungi (Agaricomycotina). C. cinerea is a heterothallic species with two distinct types of
mycelia alternating in its life cycle, i.e. the infertile monokaryon and the fertile
dikaryon. Dikaryons with two distinct haploid nuclei in their cells form by fusion of
two compatible monokaryons having different haploid nuclei. Mating between two
monokaryons is controlled by the two mating type loci 4 and B. For a compatible
mating, two monokaryons need to have different alleles at both loci. These are also
needed for induction of fruiting body (mushroom) development. Certain mutations in
the mating type genes cause self-compatibility of monokaryons, allowing such mutants
(e.g. strain AmutBmut) to develop fruiting bodies without prior mating to a compatible
monokaryon. Because strains like AmutBmut contain only one type of haploid nuclei
and developmental mutants are easy to obtain from them, they are preferred strains for
genetic studies in fruiting body development.

In this thesis, the morphological processes of fruiting body development of strain
AmutBmut were followed up with respect to light regulation. Fruiting body
development from start to end takes seven days in which first small hyphal aggregates
will be formed, in which tissues for mushroom cap and stipe will then differentiate.
Once all tissues are fully developed in the fruiting body primordia, nuclear fusion and
meiosis will occur in specific cells (basidia) for the formation of the sexual
basidiospores. The process of tissue development, karyogamy and meiosis and
basidiospore formation is strictly controlled by the day/night rhythm, i.e. by periods
with light and by periods without light. In total, six time points up to primordia
maturation were defined where a light signal is required for progress in development.

When transferring developing structures of different age (1 day-old, 2 days-old, ...) into

constant dark, so-called etiolated, respectively dark stipes are formed, structures with
long stipes and underdeveloped caps. Depending on the age of transfer, the
developmental stage of the cap differs but up to day 5 of development, there will always
be an arrest in development. Structures and tissues were observed under the microscope

after embedding and sectioning them. Structures of etiolated stipes were compared with

v
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similar structures formed by specific mutants in fruiting body development in the
normal day-night rhythm.

Four different mutants forming etiolated stipes under light illumination were
analyzed. Genetic crosses showed that they had all recessive mutations and that the
mutants were defective in different genes (dst/, dst2, dst3 and dst4, respectively). Two
of the mutants were directly produced in the AmutBmut background. Two others were
obtained from Japan and had a different genetic background. In an extensive co-
isogenisation process (seven generations including a first cross with homokaryon
AmutBmut and subsequent backcrosses to the AmutBmut co-isogenic monokaryon
PS001-1), new strains were produced having the same genetic background of strain
AmutBmut but carrying the defective etiolated stipes genes from the Japanese strains.
Four co-isogenic mutants were compared in more detail in etiolated stipe development.
Two of the mutants were defective in early development in light control of tissue
differentiation. These two mutants (dst/, dst2) were also defective in the light-induced
production of asexual spores (oidia) in the mycelium. The ds¢2 mutant furthermore was
defective in repression of fruiting body development in constant light and it formed
etiolated stipes in constant dark unlike all other mutants and strain AmutBmut that
require at least one light signal or alternatively a nutritional signal to induce hyphal
aggregation. This latter ds¢2 mutant is particularly interesting for mushroom production
as it will produce etiolated stipes under all environmental conditions (light, dark, lower
and higher temperature) unlike the other mutants and also the AmutBmut strain that
develop etiolated stipes only in a strict temperature regime at 28°C. For farmers,
cultivation will thus become easier when less restrictive culture conditions are tolerated.
As a further advantage, unlike the wildtype mushrooms that will degenerate within a
day unless boiled and pickled, the etiolated stipes are long lasting and can thus be sold
also as fresh food to the customers.

Mushrooms are eaten by several reasons - one of it is their pleasant taste and odour.
In further experiments performed in cooperation with members of the Forest Zoology
and Forest Conservation, in particular Dr. Prodpran Thakeow, odour development
during fruiting body development was followed up. Typical volatile mushroom odours
(1-octen- 3-ol, 3-octanone) were detected in higher amounts during the earlier stages of
fruiting body development as well as certain volatile sesquiterpenes (f-himachalene and
cuparene) at mushroom maturation. Whilst these odours are pleasant and attractive to

the human consumer, they also may give a problem for hygienic storage of mushrooms.
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Storage mites also called grain or food mites such as Tyrophagus putrescentiae (Acari:
Acaridida) are easily attracted by these odours and may spoil the food. Laboratory tests
with T. putrescentiae proofed that both C8-compounds 1-octen-3-ol and 3-octanone
attracted the arthropods. In consequence, mites were easily attracted to cultures of C.
cinerea which were used as food sources by the animals. Wounding of the mycelium
was shown to dramatically increase the production of the four VOCs (volatile organic
compounds). Mites in fungal cultures were found clustering together in the vegetative
mycelium at places of grazing, possibly due to an increase in the production of VOCs
by possibly the damage caused through the grazing.

The behaviour of mites towards fungal cultures and mushrooms were further
observed. Mites grazed on the vegetative mycelium but they did not attack the fruiting
body primordia, fruiting body stipes and neither etiolated stipes and they also left aside
the multicellular sclerotia, melanized aggregated structures serving for duration.
However, mites were attracted to the caps of maturing fruiting bodies where they graze
on the gills including ingesting the mature basidiospores. Basidiospores were
distributed by the animals externally when attached to their bodies. Basidiospores were
however also internally distributed by the mites. After passing the digestion track of the
mites, faecal pellets were excreted containing many intact basidiospores able to
germinate. In addition, mites were seen to distribute the asexually formed oidia from
the vegetative mycelium to new places. In conclusion, mites act in three different ways
in distributing in fungus. In addition, they are vectors of bacteria as shown in this work
as well as of other fungi as reported in the literature. Major problems in commercial
mushroom cultivation given with mite infestation are thus the contamination of the
material with the abundant faeces that the mites produce as well as the bringing in of
unwanted other micro-organisms that spoil the mushroom cultures. In practice for
commercial mushroom production, good hygienic conditions have to be provided in

order to avoid mite infestation.
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1.1 Abstract

Cultivation of edible and medicinal mushrooms isridwide an increasing
business. In Thailand, mushroom cultivation on agriral wastes and fast growing
pest plants such as water hyacinth can help tdlegtasmall family businesses giving
farmers a good extra income. Next to well-knowrbedmushrooms such as the oyster
fungi (Pleurotusspecies, particularli?leurotus ostreatysand the paddy-straw fungus
(Volvariella volvaceag the inkcapCoprinopsis cinereas a fungus adapted to higher
temperatures by using composts as ecological nigtoegs well in this tropical country
and was therefore introduced to the market in &hdilby governmental and royal
support and by support of the FAO (Food and Agticel Organization of the United
Nations). The fungus easily accepts various kirfdsgoicultural wastes such as straws
as well as the pest plant water hyacinth as substiithin short time, it reliably
produces mushrooms that however need to quicklhaeested, boiled and pickled
because mushrooms Gf cinereaare only short lasting. In this thesis, effectslight
and dark periods on the developmental process wfinig body development are
analyzed to define growth conditions that help takenthe fruiting structures longer
lasting. Incubation in constant dark of early stwmoes of fruiting body development
leads by proliferation of tissue at the base ofritvenal stipe to the formation of special
elongated stipes whereas at the same time capopeveht arrests. These elongated
structures known as etiolated stipes or dark stip#isnot directly autolyse as the
normal mushroom does upon maturation. Productionditions promoting the
formation of etiolated stipes could therefore vemych ease for farmers the cultivation
and promotion ofC. cinereaon the market. However, since normally fully dark
conditions are required for etiolated stipe proghumt this in practice is difficult to
achieve. Luckily, mutants are available that byegendefects produce long-lasting
etiolated stipes also under conditions of lightmination. Four such mutants are
presented in this thesis and their morphologicall aysiological properties are
compared. Another focus in this thesis with potdrgifects on commercial mushroom
production lies on mites that may infest fungaltuds and cause loss of yield by
grazing on the mycelium and present hygienic probl&y contaminating the potential
food with their faeces. Mites of the speciBgophagus putrescentiaatracted in the
laboratory toC. cinerea cultures were therefore observed in this thesisthiair
behaviour with the fungus. Attraction of the mitesthe fungus is likely mediated by

volatile organic compounds (VOCSs). Production of G&during vegetative and sexual
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reproductive development of the fungus was followgdand potential functions of
certain groups of VOCs (eight carbon compoundspanticular 1-octen-3-ol and
3-octanone; sesquiterpenes, in particular cupaagwkp-himachalene) are discussed.
For the success of commercial production of edimsshrooms and their acceptance by
the consumers, the compositions of VOCs emittedthay fruiting bodies play an
important role since they determine the odor of ineshrooms and contribute to the

flavor of the mushrooms.

Key words: Coprinopsis cinerea, Pleurotus ostregtu®olvariella volvacea,

Tyrophagus putrescentiae homokaryon AmutBmut, dikaryon, fruiting body,
mushroom, mushroom cultivation, pests, nutritiotugavolatile organic compounds,
1-octen-3-ol, 3-octanoneéled-cone-noi, water hyacinth, etiolated stipe
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1.2 Introduction to the subject mushroom cultivation

Higher basidiomycetes (Agaricomycotina) have vasieuaological functions. Many
of them are degraders of complex organic materiatduding the difficult to
decompose plant litter and specially also wood.eAbreaking down the complex
organic material, saprophytic fungi take up theritiahts from the surrounding
resources through absorption (Fett et al. 1995z8&¢ al. 2000, Mshandete and Cuff
2007). Distinguished are white-rot fungi that delgréhe lignin in the wood and brown-
rot fungi that in contrast attack the celluloses @ime hemicelluloses in the lignified
plant cell walls (Schwarze et al. 2000, Schmidt 20B0egger et al. 2008). Wood
degraders might be saprotrophic or, less ofterhqugnic. Amongst the pathogenic
basidiomycetes are economical important speciesirmguoot, butt rot and stem rot to
standing trees ultimately resulting in the deathtled trees (Shavand Kile 1991,
Woodward et al. 1998, Kharazipour et al. 2007, Kaésal. 2007). Other higher
basidiomycetes known as ectomycorrhizal speciesengod positive symbiotic
interactions with plants. In the symbiotic ectomyb@al situation, the fungi supply
nutrients and water to the plant roots and bemefihe situation by obtaining carbon-
rich metabolites from the plants being prerequidde fungal sexual reproduction
(Martin et al. 2008). Sexual reproduction in highasidiomycetes occurs in the fruiting
bodies, commonly referred to as mushrooms, whiehtla@ most complex and largest
structures occurring in the fungal kingdom (Moo@98, Kies 2000, Kies and Liu
2000; http://www.ipm.ucdavis.edu/ PMG/PESTNOTES74100.html).

Many mushrooms are edible and/or of medical intg@srchers et al. 1999, Chang
1999, Ruhl and Kies 2007) and therefore are celie@tom the forests. However,
yields of these non-wood forest products are unptaole since very much influenced
by the prevailing environmental conditions, e.gnperature, light and humidity (Pilz
and Molina 2002). Mushroom cultivation under defirmnditions can overcome such
problems. However, cultivation conditions for conmoial production have so far been
established only for a limited group of easy todiarsaprotrophs that grow on plant
wastes from agriculture and forestry (Ruhl et @02). Mushroom production by
myorrhizal species being dependent on their hastsnushroom production might be
promoted in the forests by targeted inoculationtrefes as much as the natural
competitions with other species and the unpredietattimatic conditions allow
(Alexander et al. 2002, Ruhl et al. 2007).
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1.2.1 Production of edible mushrooms

Edible mushrooms present a source of human footdter nutrition in terms of
health. For example, the overall protein concemmnain mushrooms is favourable as
well as the relative distribution of the differearhino acids in the total protein content.
In particular, mushrooms are rich in essential an@nids. In contrast, mushrooms are
low in fat and cholesterol. Furthermore, many mashrs are attributed as medicinal
mushrooms by their content of many known and prigba@ven more unknown
secondary metabolites with positive effects onthe&ither in treatment of illnesses or
in the prevention of bad health conditions (Wass&t Weis 1999, Schmit 2001, 2002,
Wasser 2002; see below). Positive health effeasnat only restricted to the edible
species that for millenia are consumed by humakisl(Bnd Kies 2007) but also toxic
species such as the fly agaric (Michelot avidlendez-Howell 2003, Biziulevicius
2007). In addition, edible mushrooms are very tastg have very pleasant aromas.
Flavors from mushrooms as aroma compounds haveajparent value for the food
industry (Dijkstra 1976, Okamoto et al. 2002, DeHai et al. 2008).

The substrates used for commercial mushroom ctitiivare derived mainly from
vast amounts of agricultural, forestral and somesinmdustrial organic waste materials
since such waste products are cheap and their usageshroom cultivation is a good
solution to the problem of an environmental-frigndisposal with the extra result of a
high value product. The variety of agro-forestrystes reach from straw (wheat, rice,
oat, ...), reed grass, sawdust of different spedpru€e, pine, beech, birch, pine, gum
wood, ...), banana and bamboo leaves, tree bark tentssseveral husk types, some
scrubs, weedy plant such as water hyacinth androtfieviewed by Poppe 2000).
Cultivation of speciality mushrooms (i.e. less ofteultivated and thus unusual
mushrooms not regularly found in supermarkets)ignokellulosic wastes represents
one of the most economically and cost-effectiveanig recycling processes (Poppe
2000, Philippoussis et al. 2001, Obodai et al. 2008ndeel et al. 2005). Furthermore
for economical mushroom cultivation with highesofgrand reliable yields, easy to
handle, low cost technologies are required. Thecbksowledge for this comes
nowadays mostly fronscientific information frommushroom research to which the
mushroom industries have been giving increasedtaitein the recent decades (Ruhl
and Kues 2007).

Worldwide, mushroom cultivation focuses on about dazen species of

basidiomycetes (Chang 1999, Kiues and Liu 2080aricus bisporusnd allies (button
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mushrooms, champignon de Pawrsg the most often cultivated species, followed by
oyster mushroomsP(eurotusspecies) and hiratakedntinula edodes(Ruhl and Kies
2007). Worldwide, mushroom production of the mostpertant species is still
increasing (Table 1) as well as the number of gseitiat were so far successfully taken
into cultivation (Ruhl and Kies 2007). Particularty China, occupying a leading
position in mushroom production and consumptionaf@h2005; Table 2) and being a
country of a strong traditional usage of many dédfe species as medicinal mushrooms
(Chang 1999, Mayell 2001, Chu et al. 2002, ShenRwoygse 2002, Zhou et al. 2007),
cultivation techniques for many new species wereliged in the last years adding up
to about a hundred different species that can naysade grown in commercial
cultivation (Chang 2005, Ruhl and Kies 2007). Anstrige quickly increasing number
of speciality mushrooms are species from the f@tht genusCoprinus (nowadays
divided into the four different gene@oprinus Coprinopsis CoprinellusandParasolg
Redhead et al. 2001). Of the coprini, the shaggyariangus or lawyers” wiGoprinus
comatusis best known as a delicious speciality mushrodlavarroGonzalez2008;
Table 2). For example in Taiwan, the fungus is grofer the formulation of
nutraceuticals and functional foods (Ho and Per@p20sai et al. 2007) - i.e. food that
is not only giving nutrients to the consumer bull aliso contribute to keep good health
and well-being (Chang and Buswell 199&pprinopsis cineredformerly Coprinus
cinereus also known under other names &€gprinus fimetariuandCoprinus lagopus
sensu Buller; common name ink cap mushroom (Redkéead. 2001); Thai names:
Hed-cone-noi or Hed-thoua], the model species @&f liigher basidiomycetes for
laboratory research (Kies 2000), is another edsiplecies that is easy to cultivate
(Navarro-Gonzalez2008) This species (Fig. 1) is eaten in Tanzania, &ndl
Sri Lanka and other developing countries (Mshandmted Cuff 2007, Navarro-
Gonzalez 2008) In some of the developing countries, young fngjtibodies are
regularly collected as a welcome addition to thenches by farm workers from waste
heaps that accumulate on farms growing for exarsisi@l and sugar canes (Navarro-
Gonzale22008)whilst e.g. in Thailand, it is purposely cultivdtby small farmers as an
extra income for the family on agricultural wastesl in particular on water hyacinths
being a fast growing pest plant in Thai rivers (fPasert et al. 1980, Mahujchariyawong
2001, Buranachonbot 2004, Jantarasri 2004, Ruhl kixes 2007).Since mature
fruiting bodies quickly autolyse (Kues 2000, Nawa@onzalez200§, the fungus is

harvested prior to full fruiting body maturatioreésbelow). The harvested maturating
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Table 1 Estimated worldwide mushroom production ofthe most important species in
tons/year (Chang 1999, Kies and Liu 2000)

Species Worldwide production in tons in the year
1981 1986 1990 1994 1997
Agaricus bisporus 900.0 1,227.0 1,420.0 1,846.0 1,955.9
Lentinula edodes 180.0 314.0 393.0 826.2 1,564.4
Pleurotus spp. 35.0 169.0 900.0 797.4 875.6
Auricularia spp. 10.0 119.0 400.0 420.1 485.3
Volvariella volvacea 54.0 178.0 207.0 298.8 180.8
Flammulina velutipes 60.0 100.0 143.0 229.8 284.7
Table 2 The twelve mostly produced mushrooms in Cha (Chang 2005)
Species Production in tons/year
1986 1998 2000 2001 2002 2003
Pleurotus spp. 100 1,020 1,700 2,590 2,647 2,488
Lentinula edodes 120 1,388 2,205 2,072 2,214 2,228
Agaricus bisporus 185 426 637 743 923 1,330
Auricularia spp. 80 491 968 1,124 1,242 1,655
Volvariella volvacea 100 32 112 116 151 197
Flammulina velutipes | 10 189 299 389 506 558
Tremella spp. 50 100 103 114 138 184
Hericium erinaceus 50 28 6 9,5 13 31
Hypsi zygus spp. - 21 84 120 190 243
Pholiota nameko 1 31 48 51 85 172
Grifola frondosa - 10 6 15 37 25
Coprinus comatus - - - 39 157 178
Others* - 664 470 371 464 1,100

*Others include Pleurotus nebrodensis, Pleurotus eryngii, Agrocybe chaxinggu, Dictyophora
spp., Agaricus brasiliensis, Ganoderma spp., Wolfiporia cocos, Lepista nuda, Agrocybe
aegerita, Tricholoma gigangteum, Auricularia fuscossuccinea, Tremella cinnabarina,
Pleurotus citrinopileatus, Pleurotus sapidus, Stropharia rugoso-annulata and Lentinus

giganteus

mushrooms are cleaned, blanched in hot water, guicki a salt brine and offered in
supermarkets in preserving glasses (Fig. 2).

Next to C. cinerea other speciality mushrooms cultivated Thailand include a
temperature-tolerant variety of the oyster mushrd@leurotusostreatus(Thai name:
Hed-gnangrom) and temperature tolerant straindhedfr®leurotusspecies that grow at
25°C (Molloy et al. 2003, Keshri et al. 2003, Vetayporn 2006, Villaceran et al.
2006), the tropical mushrooriolvariella volvacea(common name: paddy straw
mushroom; Thai name: Hed-fang). They are grown maifand in small family
businesses on agricultural wastes (Buranachonk®;28ig. 3 and Fig. 4 Own farm
wastes such as cotton wastes, dried corn stalkgraistied corn cobs and other wastes

from local industries e.g. spent brewers graingabae and sawdust can be also used
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Fig. 1 A dikaryotic strain of Coprinopsis cinerea (Hed-cone-noi, Thailand; photograph by
W. Chaisaena).The culture was grown in a 9 cm in @ Petri-dishaotificial agar medium
(YMGI/T,; Granado et al. 1997). After mycelial growfibr 5 days at 37°C in the dark, fruiting
bodies appeared when cultures were transferred’ fdays at 28°C into standard fruiting
conditions (12 h light/12 h dark and 85-90% hunyid@ranado et al. 1997).

Fig. 2 Young maturating mushrooms from a commercial dikaryotic strain of
Hed-cone-noi Coprinopsis cinerea) pickled in a 50% salt solution in a glass jar asa
product from the Benjamagh company in Thailand soldn a Thai food store;photograph

by W. Chaisaena.Note that the pickled Hed-cone-noi structures emmature primordia as
likely obtained under partially exclusion of lighthe inscription on the glass states as values
for nutrition that the product has low fat, no asgikrol, high mineral content and potassium
and promises the consumers a decrease of bloodupeegrotection against cancer cells by
selenium, improvement of the appetite by glutant,aand decrease of blood sugar as a
preventive action in diabetes.
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Fig. 3 Cultivation of edible mushrooms on lignocelllosic wastes in Thailand.
(A) Coprinopsissp., Hed-cone-noi, Thailand (likelgoprinopsis cinereawas coincidentally
grown on a mixture of bean skins and rice strawdhplant container 10 cm in @ and 9 cm in
height which was made of a mixture of banana filaerd recycled paper and coated with a 1:3
solution of paraffin and glycerol (for details irropluction of pot plant containers see
Kharazipour et al. 2007). Prior to filling into tkentainer, the bean skin-rice straw mixture was
watered by 100 ml of a 2% urea solution and a Kalee was planted into the material
(Chaisaena et al. 2003B)( Volvariella volvacea(Hed-fang) grown on rice straw in a Thai
mushroom farm of Tanapon Bunme a(f@) Pleurotusspp. (Hed-gnangrom) grown on a
mixture of water hyacinth and rice straw in a cidtichamber at the Busgen-Institute in
Gottingen. Photos by W. Chaisaena taken in Thail@)dand B8) and in the laboratory in
Gottingen C).

offering an efficient recycling of the materials twi an added-value
(htt://www.angkor.com/cityrain/Ron/ff/Water%20hyaths%20turning%20a%20weed
%20int0%20a%20winwin%?20situation.htm; Vetayasupo2006). Compared to
temperate countries where without high energy céstelvaceaandC. cinereamay be
grown only seasonally, these species are partigtddradopted to the tropical countries
since preferring high growth temperatures up toC3&hd more and high fruiting
temperatures at 25-28°C. Mushroom cultivation oalsstale with successful low-tech
methods and minimal investment is possible for species why cultivation is so
attractive for small family businesses (Samarawaird Fernando 1973, Mau et al. 1997,
Chiu and Moore 1999, Villaceran et al. 2006).
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Fig. 4 Water hyacinth as cheap, quickly renewableubstrate for mushroom cultivation.
(A) This weedy plant abundantly grows in and therelmchkd waterways in Thailand. The
waterways have constantly to be freed from the n@tevhich as a very efficient way of
recycling can be used for preparing at low costexaellent substrate for growing mushrooms.
(B) Cultivation of Volvariella volvaceain a mushroom bed filled with a mixture of water
hyacinth and rice straw serving as a substrates gimwing mushrooms. Photos by
W. Chaisaena taken in Thailand.

1.2.2 Edible mushroom as resource of nutrition

The nutritional potential of the edible mushroo@scinerea Pleurotus flabellatus
and V. volvaceagrown in Tanzania as domesticated indigenous wpdcigs on
composted solid sisal decortication residues weatyaed by standard procedures such
as atomic absorption spectrophotometry in ordedeti@rmine the proximate chemical
composition of dried fruiting bodies. The resulteowed that the overall nutritional
potential of the three mushroom species are quitel Table 3, 4 and 5). The overall
results indicated that the fruiting bodies of thne¢ive mushrooms from Tanzania have
nutritious qualities similar to other cultivatedogx edible mushrooms and a much
higher protein content than many cereals and vblpstaThe three mushrooms offer
therefore to Tanzania and other tropical developogntries a good diet of high
nutritional value by a highest protein content amdfavourable mineral content
(Mshandete and Cuff 2007).

10
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Table 3. Proximate composition of the three domestated edible wild mushrooms in

Tanzania (after Mshandete and Cuff 2007)

* Values are means = SD from nine determinations

Coprinopsis | Pleurotus Volvariella

cinerea* flabellatus* | volvaceae*
Moisture (% of wet weight) 92 +0.84 93+1.93 91 + 0.64
Dry matter (% of wet weight) 8+0.16 7+1.07 9+ 0.36
Total nitrogen (% of dry weight) 4 +0.06 4.48 + 0.29 6.5+0.04
Crude protein (% of dry weight) 17 £0.25 21 +£0.09 28 £0.16
Crude fat (% of dry weight) 1.0 £0.03 1.3+0.53 3.3+£0.01
Crude fibre (% of dry weight) 6.6 £0.32 11 +0.89 9.8+0.41
Ash (% of dry weight) 13 +0.62 6.1+0.27 10+0.12
Total carbohydrate (% of dry weight) 62 +£0.58 60 £ 0.25 50 + 3.15
NFE (nitrogen-free extract) (% of dry | 56 +0.85 49+1.12 41+29
weight)
Energy (K cal) 313+4.34 302 + 8.65 305 +12.58
Ascorbic acid (mg/100 g dry weight) 55+1.91 33+1.19 48 + 1.55

Table 4. Major mineral content of the three domestiated edible wild mushrooms in

Tanzania (after Mshandete and Cuff 2007)

Mineral (mg/100 g dry matter) Coprinopsis | Pleurotus | Volvariella
cinerea* flabellatus* | volvaceae*
Sodium (Na) 338 £2.30], 686 +3.00 258 £ 2.20
Potassium (K) 3232 £2.60| 1537 +2.401324 + 2.50
Phosphorus (P) 1142 + 3.00] 1616 +2.9(1699 + 2.57
Magnesium (Mg) 36 £2.10 40+1.90 57 +2.30
Calcium (Ca) 214 +£2.60] 120+ 2.50446 +19.00

*Values are means + SD from three different anayse

Table 5 Trace mineral content of three domesticateddible wild mushrooms in Tanzania

(after Mshandete and Cuff 2007)

Mineral (mg/100 g dry matter) Coprinopsis Pleurotus Volvariela
cinerea* flabellatus* volvaceae*
Zinc (Zn) 141 + 3.40 145+ 2.30 68 + 2.20
Iron (Fe) 248 + 2.20 209 + 2.50 426 + 2.40
Manganese (Mn) 14 + 3.10 10 +1.80 52+1.70
Copper (Cu) 23+0.10 22 +£0.20 16 £0.42
Cobalt (Co) Not detected Not detected Not detectg

* Values are means * SD of three different analyses
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1.2.3 Cultivation techniques of the mushroomsPleurotus, Volvariella and
Coprinopsisin Thailand

Throughout growth of mushroom species on the satestr the fungi must be
capable to break down the prevalent organic mddéeaad to convert them into
necessary nutrients. Therefore, the success of eoonth cultivation of mushrooms
very much depends on the growth materials (sulesirahosen. Generally, a mushroom
species might prefer a particular limited rangg@iwth media, although some species
can grow on a wide range of materials (http://wwtkeeorg/attra-pub/mushroom.html).
Mushroom production is basically the end of thegalrife cycle (Kies 2000, Kues and
Liu 2000, Rahl and Kues 2007). Thus, knowledge aloei individual specifics of the
life cycle (Fig. 5), the detailed steps in mushrodavelopment (Fig. 6 and Fig. 7) and
the growth requirements for each species (Tablar6é) prerequisites for successful
commercial mushroom cultivation. The continuous rwrimg of mushroom cultivation
conditions and timely manipulation of the respextienvironmental conditions are
considered an important part of marketing mushrodimscommercial production
(Sanchez 2004, Kitamoto 2006, Ruhl and Kies 2007).

mycelial '
growy 5

e Amordium
fruiting body : formation
formation %

Fig. 5 The basic steps in the life cycle and, acabngly, the main steps in mushroom
cultivation as documented forPleurotus ostreatus on pasteurized wheat straw (Ruhl et al.
2007; courtesy of M. Ruhl).

12
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Pin and button stage Egg stag Elongation stage Cap expansion

Fig. 6 The main stages of mushroom development Wblvariella volvacea. The fungus grew

on a mixture of dried water hyacinth and rice strafter mycelial growth on the substrate from
the added solid spawn sunlight stimulated the petdo of small nodules (hyphal aggregates)
called pin-heads that further develop into thegpid the button stage (young structures being of
white color) and then to the egg stage (being ak daown color). From the egg, at the
elongation stage the mature fruiting body arisesuth stipe elongation and cap opening.
Mature mushrooms have a height of about 6 to 10T¢ra.originally white gills turn brown due
to production of mature basidiospores. The photesewtaken by W. Chaisaena in a Thai
mushroom farm.

A number of different species of mushrooms has bemnmercially grown in
tropical areas which cover also some areas of diilln this countryPleurotusspp
andV. volvaceaare cultivated for large scale sale on the cemiaaket andC. cinerea
for small scale sale on local markets. The marenhfushroom production in Thailand
continues to grow due to the environmental-friequiiyential of waste management and
due to the benefits of the nutrition by mushrooorsobtaining better and keeping good
health (Buranachonbot 2004, Mshandete and Cuff 20071998-2000, there were
governmental and royal Thai programs that succlgsiupported in collaboration with
the FAO (Food and Agriculture Organization of thaitdd Nations) programs of
mushroom production in rural areas particularly digabled persons for sustainable
food production (http://www.fao.org/sd/PPdirect/BB072.htm; ftp://ftp.fao.org/SD/
SDA/SDAR/sard/Mushroom_training_Thailand1.pdf;httpww.miusa.org/publication
s/freeresources/mti/chapterl4).

In some villages in Thailand, growing mushroomsagricultural wastes is the only
income that allows the villagers to stay in thente places and not to migrate for work
into any of the big towns (http://www.gsid.nagoyaajp/project/fieldwork/ofw/
OFW_Report/1999/0FW%20Report%20WG4.pdf). There wdver still much

potential to improve rural mushroom production Badhing more persons the

13
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knowledge required for successful cultivation, hbyrtlier improving techniques
(http://www.gsid.nagoya-u.ac.jp/project/fieldworkkdOFW _Report/ 1999/ OFW%/ 20
Report%20WG4.pdf) and possible also by selectinthéun species and better strains
(RUh!l and Kles 2007). As in other countries (Kied Biu 2000, Riuhl and Kues 2007)
with learning better cultivation procedures, a booihmushroom cultivation started in
Thailand in the late 1980ies that since the stathis century raised slightly further
(Fig. 7), possibly as the result of the governmiesutal royal promotion programmes on
mushroom cultivation. Another major increase in htasm cultivation may come with
new or better establishment of speciality mushrosoth asC. cinereathat currently is
grown only on some farms in Northern Thailand (Ba@honbot 2004).

Mushroom cultivation techniques divide into the geh processes of substrate
selection and preparation, substrate inoculatiooubation for mycelial growth and
incubation for fruiting. The conditions for mycedlgrowth and for fruiting can be quite
distinct. Fruiting occurs often better at lower paratures than the optimal growth and
light is particularly important for proceeding imet right developmental patterns
(Buranachonbot 2004, Ruhl and Kues 2007; http://wangifun.org/English/Pftek;
Table 6 and Fig. 8). Nutrients are other imporfactors that are decisive for the entry

into mushroom development. Nutrients need to be (ld@ore 1998, Kies 2000) and
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Fig. 7 Mushroom production in Thailand according toFAO (http://faostat.fao.org/site/567
/DesktopDefault.aspx?PagelD=567)
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Autol¥sis

Sclerotium

P

Primary Secondary Primordia Karyogamy Meiosis Imature Mature
hyphal hyphal  Stage 1-4 Mature primordia fruiting body fruiting body
knot knot

Fig. 8 Stages of mushroom development i€oprinopsis cinerea on artificial medium
(Granado et al. 1997) as described by Boulianne @l. (2000) andNavarro-Gonzalez
(2008). After mycelial growth at 37°C in the dark, culturesthe mating type-defective, self-
compatible homokaryon AmutBmut were transferrea iBB°C standard fruiting conditions
(12 h light/22 h dark rhythm; 85-90% humidity) hetbeginning of a first light phase. Fruiting
body development starts in the dark by intense diviag at single or a few hyphae of the
vegetative mycelium in order to form loose hyphggr@gates (primary hyphal knots; Liu
2001). If these structures stay further in the dahley will transform into small compact
sclerotia, brown colored duration structures withmelanized rind of small compactly
aggregated cells and an inner medulla of largerenmorless round uncoloured cells. Upon
receipt of a light signal, hyphal cells aggregatenlfy into small round bodies (secondary
hyphal knots). Within these bodies, tissue develamnof stipe and cap starts in order to give
rise to the fruiting body primordia. When kept fgt in the dark, long structures (dark stipes or
etiolated stipes) form with extended stipes andeutheleloped caps. To progress properly in
tissue formation within the fruiting body primordiat least three dark-light changes are
required particularly also for progress in primaryd secondary gill formation. On the outer
surfaces of the gills within the hymenial layeresific cells will differentiate to the basidia in
which karyogamy and meiosis take place. With a rday, another light signal induces
karyogamy within the basidia within the basidiahitihe fully established tissues. In parallel to
karyogamy and the directly following meiosis ane thubsequent basidiospore formation,
within a few hours (from the early evening to mgtmt) the stipe elongates and the cap expands.
However, soon after maturation the cap autolyse®lease the majority of basidiospores in
liquid droplet. Within about 8 to 12 h after capeajng, the mushroom fully collapses (Iten
1970, Moore et al. 1979, Boulianne et al. 2000, d&%akt al. 2003, Kues et al. 2004, Navarro-
Gonzalez200§ further information in Chapter 2 of this thesi$he photos were taken by
W. Chaisaena from cultures a self-compatible st@aprinopsis cinereaAmutBmut from
cultures grown in the laboratory.
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Table 6 Cultivation conditions for some selected nshrooms (after Lelley 1991, Stamets

1993; adopted from Ruhl and Kues 2007)

Volvariella Pleurotus Pleurotus
volvaceae eryngii ostreatus
Mycelial growth
Temperature [°C] 24-35 25-28 24
Relative air humidity [%] 80-95 55-95 85-95
Duration [days] 5-10 28-56 12-21
Primordia formation
Temperature [°C] 27-32 10-17 10-16
Relative air humidity [%] 90-100 90-100 95-100
Duration [days] 4-6 4-5 3-5
Fruiting body maturation
Temperature [°C] 27-32 12-26 10-21
Relative air humidity [%] 85-95 80-90 85-90
Duration [days] 6-10 21-35 4-7
(7-12 days) (7-14 days)
Harvest
Flushes >2 | 2 | 3-4

come from substrates of specific types, often fiwastes (Fig. 5, Fig. 6, Fig. 8). Other
environmental factors influencing fruiting are agthi humidity and ventilation
conditions affecting oxygen and carbon dioxide emtiations (Kues 2000, Rihl and
Kles 2007).

Mushroom cultivation from agricultural by-producisd waste materials such as
palm fibers, banana leaves, water hyacinth, sawdugir cane cotton waste, rice hull,
rice bran, soybean skin straw and shells is moshauical particular in tropical
countries where various types of such wastes adatenin local regions. Mixing the
substrates can be a good solution to overcomeenorih hand variations in the supply
of the different wastes over the time and on tieeiohand to balance out the different C
to N ratios of the substrates in optimal nutrieatscentrations for most efficient
mushroom production. Substrates for mushroom a@ilom needs carefully be
prepared. For example, in case of application r@wstthe material needs to be milled
to a length of about 2 to 6 cm. The straw needbetavatered to gradually give the
substrate the required water content. While in afo@m, during fungal growth and
mushroom production, the humidity of the substrate®ds to be observed and
eventually be adjusted. Straw is particularly uséduthe growth ofV. volvariellaand
Pleurotus species but it can also be mixed with other wa@&hl and Kies 2007,
Fig. 6 and Fig. 9).

16



1. Introduction, Aim of the Thesis and @eat Discussion

L——\_____

Fig. 9 Cultivation of Volvariella volvacea on small scale family businesses in Thailand.

(A) Plastic baskets filled with a substrate of hagkiee straw and hyacinth waste on which the
fungus was grown and in which young mushrooms dgezl. Note the plastic foil that will be
used to cover the pile of plastic baskets in otderegulate light, temperature and humidity
conditions for best mushroom producti¢B) A wooden self-made mushroom bed as another
easy way to cultivate on small scale mushroomsirAgelastic foil is used to regulate light,
temperature and humidity conditiorf€) A shelter for mushroom growth. PhotoA) @nd C)
were taken by W. Chaisaena, the ph@&pwas taken by T. Bunme.

C. cinereacultivated as a local mushroom especially in thartiern parts of
Thailand (mushroom farms locate at the Banthungierict Lampang province in
Northern Thailand) received its local names Hedeeoai from the characteristics of
stipes and cap differentiation or Hed-thoua frora substrates used for growing the
fungus. Growth substrates are based on a variebeanh peels (enriching the protein
value) and mixed with driegater hyacinth waste (water hyacinth leafs, way@cimth
leaf stems and water hyacinth roots) for agriceltwaste recycling (Abo-Bakr et al.
1983, Mahmood et al. 2005, Gunnarsson and Pet@@@n). A special advantage of
this mushroom is that it easily grows on many défe types of agriculture wastes
available in the tropical zone (Fig. 10), combimgth a relatively short life cycle (Kues
2000) and a very high percent yield of mushroondpotion (Buranachonbot 2004).

The potential of advanced laboratory researcll octinerea- being commonly used as
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Fig. 10 A commercialCoprinopsis cinerea (Hed-cone-noi) strain from Thailand was grown

at 28°C in a 12 h light/12 h dark cycle in the lab@tory in flasks on different wetted
substrates.(A) Hackled wheat straw(B) hackled water hyacinth an€) on horse dung, the
natural substrate of the fungus (Kies 2000). Phapits were taken by W. Chaisaena in
Gottingen.

genetic modelspecies to which classical (crossings betwddferent strains) and
modern molecular gene transfer technologiesngfoamation) can be applied (Kies
et al. 2007) - mighdirect improvements in mushroom cultivation in thture.

Easy to obtain resources f@r cinereacultivation in Thailand are agriculture
wastes such as bean skins, bean plant residuemdérafs, type of straws, saw dusts,
rice husks, water hyacinth and other wastes. Hamldbéor Hed-cone-noi cultivation
are available in Thai language (Buranachonbot 20@4tarasri 2004), information on
the method of cultivation was introduced to farm&yghe teachers Anon Euatrakul and
Twach Tapinkgae and a successful mushroom farmamgllad for example by the
farmer Panuwat Chulaotrakul in the Lampang Provintehe North of Thailand
(Buranachonbot 2004} he cultivation requires only small investments ri@wachonbot
2004, Jantarasri 2004), e.g. for plastic basketh @3 shown in Fig. 9A in which the
fungus can be grown on the agricultural wastesmple dark shelters (see Fig. 9 for
different types - the simple ones using plastitsfais covers as shown in Fig. 8A and
Fig. 9B or more solid build hoods as in Fig. 9C)tla¢ prevailing temperatures of
around 25°C. Altogether the different steps of hiagdof substrate preparation, fungal
cultivation and mushroom harvest are quite easy:

i. Substrate preparation: The respective materials f@. cinereacultivation are

crushed into pieces of appropriate sizes and bee into plastic containers or pressed
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into a wooden mushroom bed frame (sized approxignd@@cm x 30 cm x 60 cm). The
matter can be fixed in such a wooden frame simplgtbngs. Since for optimal fruiting

in C. cinerea a certain C-N ratio is crucial (Savoie et al. 29Hues 2000, Kues and
Liu 2000), the prepared material will be soakedhihquid fertilizer solution at 85°C.

The high temperature will help the soaking but asaeduce contaminations in the
substrate with other microbes due to pasteuriziferis. After soaking, the substrate
block needs to cool down below 40°C before fullpwn C. cinereaspawn can be

added.

ii. Inoculation: C. cinereaspawn is usually prepared by inoculation and iation
of cereal grains (usually rye, cotton seed hullmilet) that had previously been steam-
treated for pasteurization of the material. Thewspés added to the freshly prepared
substrate blocks by putting aliquots of the prdtoels 2-3 cm from the surface deep
into the substrate blocks.

iii. Incubation: After inoculation, under the climate in Northern alland, the
spawn develops a thread-like network, the mycelgrowing throughout the substrate
blocks. For optimal growth, cultures in the woodemshroom beds or in plastic
containers will be covered with the plastic shdetprotect the substrate blocks from
dehydration by sun and wind and to keep an optmgi growth temperature and low
amounts of light. Cultures are incubated in sucly ¥ea 3-4 days until the mycelia
completely cover the surface of substrate blocks.thAs time of cultivation, the
substrate blocks should be moved into a cultivatem under controlled temperature,
humidity and light conditions. If not available darkened garage might be used or the
mycelium-overgrown substrate blocks might be mamsal shadow underneath trees.

iv. Fruiting: For induction of fruiting body formation, the plestover should be
opened. For better mushroom vyields, after openirey glastic cover a pure liquid
fertilizer solution may be sprinkled onto the codtst When incubating in a controlled
cultivation room, for optimal yields the tempera&should be kept for 2-3 days still
high at 37-40°C and at a humidity of 75-90%. Thkquired high moisture in the
substrate block is maintained by spraying waterechiwith liquid fertilizers (40 liter of
water: 100 ml of fertilizer) onto the substratedis. Once fruiting structures start to
appear, young immature mushrooms as shown in Figight be picked on daily basis

for up to a month.
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1.3 Aims of the thesis

C. cinereaas an easy to grow fungus with a very short fi@e of about two weeks
which can be genetically manipulated both by ctadsand by molecular genetics
(Walser et al. 2001) is study object of this the€iscinereaserved for over hundred
years as a model fungus to study developmentakpses in the higher basidiomycetes
and is thus of all mushrooms scientifically bestienstood (Kiies 2000). Nevertheless,
the knowledge we currently have on the fruitingdebur of the fungus is still not too
extensive (Kles et al. 200Mavarro-Gonzéalez2008. As reported above, an
economical importance of the fungus is lately gsim countries with tropical-
subtropical climates with cheap labor and vast anwof agricultural wastes (Kues et
al. 2007, RUhl and Kues 2007). This thesis addsegsestions that should help to
further establish commercial mushroom productionCof cinereain the future in
countries like Thailand.

Major research tasks addressed in this thesis were:

I. Observations on tissue formation during the processfruiting body
development in theC. cinereawildtype situation under standard fruiting
conditions in a 12 h light/12 h dark regime andemidcubation in constant
light or in contanst dark (described in Chaptef this thesis)

il. Linking these observation to tissue developmentiset of C. cinerea
mutants forming abnormal fruiting structures duringcubation under
standard fruiting conditions in the 12 h light/12i&rk regime (described in
Chapter 3 of this thesis)

ii. Studying the effects of small animals, here spealiiy mites, grazing on
C. cinereacultures endangering as potential pests commenciedhroom
production (Chapter 4 of this thesis)

iv. Studying the production of volatiles I6y. cinereacultures acting as odour
and flavor components for a good taste of the noawshs but possibly
serving also as attractants to mites being unwaimedushroom cultures
(Chapter 5 of this thesis)
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1.4 Summarizing major results of this thesis and thir general discussion
1.4.1 The process of fruiting body development i. cinerea

The process of fruiting body development of thecsjme strain AmutBmut of
C. cinereaunder standard fruiting conditions (12 h lightih&ark regime at 28°C) over
the time has recently been described by Navarraz@lem (2008) and see Fig. 8. Strain
AmutBmut is a homokaryon that has defects in the tmating type loci (Swamy et al.
1984) that control mating and fruiting body devefgmt (Kies et al. 1998, 2001,
Casselton and Kiies 2007).

Fig. 11 Mushrooms developed (A) on a commercidoprinopsis cinerea (Hed-cone-noi)
strain from Thailand and (C) on dikaryon PS001-1 xPS002-1 (obtained by mating from
monokaryons PS001-2 and PS002-1; see Srivilai 2086d Chapter 3 of this thesis) that
were grown as described in the legend of Fig. 1 artificial YMG/T medium (Granado
et al. 1997) and (B) and (D) microscopic picturesfdiyphae of the strains Hed-cone-noi
and PS001-1 x PS002-1, respectively, with clampdlseat the hyphal septa indicating them
to be dikaryons. The photos were taken by W. Chaigaa in Gottingen.
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The defects in the mating type loci allow the stitai fruit without the need of mating to

another compatible strain (Boulianne et al. 2000e¥K et al. 2007; Fig. 8). In the
normal condition, it is only the dikaryon - the sedary mycelium with two genetically

distinct haploid nuclei in its cells formed aftemtimg of two compatible, i.e. mating

type-different primary mycelia called monokaryonshaving only one type of haploid

nuclei in their cells - that can form fruiting bedi (Kies 2000, Ruhl and Kies 2007;
Fig. 11).

Fig. 12 Etiolated stipes formed on a culture ofCoprinopsis cinerea homokaryon
AmutBmut. After 5 days growth at 37°C in the dark on artdicMG/T medium (Granado
et al. 1997), made up with tap water from Gottingbe plate was transferred to 28°C and first
iluminated for 3 h and then kept for seven daysconstant dark (photographed by
W. Chaisaena in Gottingen).

Fruiting body development i€. cinereais adapted to the light-dark changes in the
normal day-night rhythm and strictly controlled hght and by dark phases that are
required to be given at specific time points in pnecess of development (Kues 2000,
Lu 2000, Navarro-Gonzalez 2008, see Chapter 2isfthesis). If not followed in the
right order, mushroom development might be delayeatrest (Kies 2000, Lu 2000) or
unusual long structures with an underdevelopedrnogght be formed known as dark
stipes or etiolated stipes (Borriss 1934, Tsus®1Bu 1974, Elliott 1994, Muraguchi
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and Kamada 1998). Such structures appear in thereslwhen after the light-induced
initiation of fruiting body development cultureseakept in the dark (Fig. 12). These
long structures are formed by an unusual growthissue material localized at the
primordial shaft beneath the cells forming the estqgd a normal mushroom under the
rhythmic light-dark chances in a day-night regimer@shima et al. 2005).

Unlike normal fruiting bodies that upon maturatiguickly autolyse within a few
hours (lten 1970, Iten and Matile 1970, Navarro-gadez 2008; Fig. 13 and Fig. 14),
etiolated stipes are long lasting (see Fig. 12 @hdpter 2 and 3 of this thesis). Such a
feature can be quite useful for mushroom cultivation the one hand, it prolongs the
shelf life of the food and overcomes for cinereathe need for boiling and pickling the
immature fruiting bodies directly after their hasveand, on the other hand, it can help

to develop mechanical harvesting devices such asikre.g. for commercial picking of

Fig. 13 Fruiting bodies of Coprinopsis cinerea quickly deteriorate upon maturation.

A similar pot plant container as shown in Fig. 3%gtographed in Thailand by W. Chaisaena
at an early morning) infested coincidently byCaprinopsis strain was photographed by
W. Chaisaena in the later afternoon when the mdituiting bodies undergo autolysis.
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Fig. 14 Autolysing fruiting body of the mating typedefective Coprinopsis cinerea
homokaryon AmutBmut cultivated on artificial YMG/T medium (Granado et al. 1997)
under standard growth and fruiting conditions as decribed in the legend of Fig. 1 (A) and
etiolated stipes formed by mutant homokaryons PUK® (B), PUK2-6 (C), PUK3 (D) and
PUK4 (E) under the same conditions of cultivationNote that Fig. B to E are also shown
and further explained in Chapter 3 of this thesisThe photos were taken by W. Chaisaena
in Gottingen.

A. bisporusmushrooms (Chang and Hayes 1978, Sanchez 20@®edrFlammulina
velutipes(Enoki, Enokitake, golden needle mushroom; Fig.id®ommercially grown

in plastic bottles or vinyl bags under dark cormuhii favouring the production of
elongated stipes with small immature pale d@fedhead and Petersen 1999). Also in
this species as iI€. cinerea missing light is responsible for the phenomendn o
formation of elongated stipes (Chang and Hayes ,1$i8mets and Chilton 1983,
Chang et al. 1993, Sakamoto et al. 2002, 2004, )20Die customers buying the
mushroom are used to this look Bf velutipesin the supermarkets determined by
technical reasons and thus economical interestmualh the etiolated-stipe-form does
not represent for the fungus the ideal situatiaquired for spore production, i.e. for
sexual reproduction (Mcknight and Estabrook 1990ckiMght 1992, Haindl and
Monzer 1994, Monzer et al. 1994, Sakamoto et &220n harvesting strong structures
of C. cinerea from sisal waste heaps, African sisal farm workgnobably
unconscientiously make use of the characteristitheffungus that, when kept in the
dark, young fruiting body primordia will transferto such more stable elongated stipes.
The sisal wastes heaps are every day feed withloaegs of sisal waste being placed
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upon the old loads into which mushroom developmead previously initiated by light
signals. In their need to grow to the surface fap enaturation, the young primordia
therefore change their developmental program wiadéd stipe formation resulting in
the growth of a type of root-like structure withire sisal waste (Harkdnen et al. 1993).
In the ThaiC. cinereacultivation, the feature of formation of etiolatstipes is also to
some extend made use of as can be deduced fromelttiely thick and long stipe
structure beneath an underdeveloped mushroom caghen jar with pickled

C. cinerea (Fig. 2), although the mushroom growers are advisgdhe respective

Fig. 15 Slender mushroom structures with small capformed by a commercial strain of
Flammulina velutipes from Thailand. The strain was inoculated on approximately 50 demil
that was immersed overnight in tap water in orderswell after which the material was
autoclaved. The fungal culture was incubated aC26Ader constant light illumination for
about two weeks until the millet was fully overgmowy mycelium. Then, the culture was
transferred into a cold room (4°C and 60% humidityd the dark (interrupted occasionally by
short light periods by people entering the coldmpoApproximately one month after storing in
the cold room, the fresh fruiting structures shamwthe photo were noted in the culture. Within
5 further months of incubation within the cold radime fruiting structures eventually dried out
and collapsed (not shown). The photo was taken bZNgisaena in Gottingen.
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handbooks inC. cinereacultivation to take the plastic foil of the substrdo allow
fruiting body development (Buranachonbot 2004). Arendefined light regime could
indeed result in better to handle structures. Thwgas important in this study to define
for the first time all light and all dark sensitiy@ases during the seven day lasting
process of fruiting body development (Chapter 2haf thesis). It was found that there
were at least six different phases where a lighbadi needs to be given in order to
suppress etiolated stipe formation. When culturegewransferred in early development
into constant dark, resulting etiolated stipes wetatively thin and weak compared to
etiolated stipes that formed when cultures wenestexred at later time in development
into constant dark. In terms of harvesting biggastl strongest etiolated stipes, it
appears best to transfer cultures at day 5 ofirfigidevelopment (containing primordia
of developmental stage 4; compare Chapter 2 of tthésis and Navarro-Gonzélez
2008) into constant dark. Moreover, cultivation twiap water from Goéttingen made
structures longer and stronger (Fig. 12), indicptithhat alteration of nutritional
conditions can further improve growth of etiolattghes (see Chapter 2 of this thesis).
Likewise, Navarro-Gonzélez (2008) reports that plence of certain metal ions (e.g.
copper) can help in the formation of strong etiedastipes and that this can happen
even in the presence of light and at higher tentpe¥a than normally. Japanese
researchers reported previously that addition @fogen can overcome partially the
need for light in induction of fruiting body formah although the respective authors
did not describe whether the structures formed vierthe shape of etiolated stipes
(Morimoto et al. 1981). In another study, Tsusug6d) differentiated between the type
of structures suggesting together with the resafitslorimoto et al. (1981) that media
with higher nitrogen content might favour the fotroa of etiolated stipes. These
results might relate to the advice to the Thai faismto sprinkle the mycelial-grown

substrate irC. cinereacultivation with fertilizer (see above).

1.4.2 Genetic analysis ofC. cinerea mutants with defects in fruiting body
development

An alternative with a great practical use to inflageg the formation of etiolated
stipes duringC. cinereacultivation by environmental conditions are giveyn mutants
that are defective in the normal light-regulatidriraiting body development and there-

fore form etiolated stipes normally under standaniting conditions with a rhythmic
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light-night change of the typical day-night rhytl{ffig. 14 and Fig. 16). Two different
types of mutants of this type have been reportetienliterature. The responsible gene
of the first mutant groupstl, has been cloned and found to encode a proteinhagh
similarity of the blue-light receptor WC1 of the camycete Neurospora crassa
(Terashima et al. 2005). The gene of the secondpgod mutantsdst2 has also been
cloned (reported by T. Kamada on the XXIV Fungaln&e& Conference in
Asilomar/Pacific Grove, CA, March 20-25, 2007 itk entitled “Two genegjstland
dst2 essential for photomorphogenesis during fruitiogly development o€oprinus
cinereus; U. Kiles, personal communication) but the functad the product has not yet
been described in the literature.

Monokaryons containing either a defect in the gésté (A8, B7strain R1428F1#74
with allele dst1-2 or a defect in the gendst2 (A91, B92strain H1-1280F1#5 with
allele dst2-) were kindly provided for this work by Prof. T. K&da. These strains
were of different genetic background hampering reted genetics since other genes
in the genetic background of the strains mightuafice morphological characteristic of
the etiolated stipes formed by the mutants in igat| e.g. the length, width and

strength of the structures (Walser et al. 200Lil&ri2006). Moreover, since the genes

Fig. 16 TheCoprinopsis cinerea homokaryotic mutants PUK2-6 carrying genedstl-2 (see
Chapter 3 of this thesis) and PUK3 carrying genedst3-1 (see Chapter 3 of this thesis) form
etiolated stipes under standard fruiting conditions(Granado et al. 1997)The strains were
grown for 5 days at 37°C in the dark, after whilcbyt were transferred into 28°C at a humidity
of 85-90% into a repeating regime of 12 h lightil2lark. The plate shown iPAY was
incubated for three days at 28°C in normal positaod then for 7 days in up-side-down
position. The plate shown iBY was incubated for three days at 28°C. The medianwhich
the strains were grown were artificial YMG/T medif@ranado et al. 1997) made up with
deionized water.
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are only functional in fruiting and the gene defeare recessive (Terashima et al.
2005), mating them to another monokaryon will nondp a noticeable phenotypic
effect to the fruiting body unless the partner mi@rgon would carry also a defect in
the respective gene. Thus, it was necessary tq lihe mutated genes by suitable
crosses into a homokaryon situation where defecthe two mating type loci allow
fruiting body formation without mating to anothdrasn and, thereby, the phenotypic
expression of recessive genes (Kues et al. 2002ordlingly, theC. cinerea A43mut
B43muthomokaryon AmutBmut (Swamy et al. 1984) was usetthis study for crosses
with the two mutants obtained from Japan and rdsmeanating type-defective
homokaryons were obtained (Chapter 3 of this thesis order to overcome any
negative effects from genes from the backgroundtled two Japanese mutant
monokaryons, six rounds of backcrosses were peddrin this work with selected
dstl- or dstzdefective homokaryons against the AmutBmut co-ésig monokaryon
PS001-1 obtained from P. Srivilai (Srivilai 2008) arder to have co-isogenic strains
that distinguish as much as possible only in thelesd of the defective genes (Walser
et al. 2001, Srivilai 2006). From the last crodse tmating type-defective mutant
homokaryons PUK1-6 (Fig. 14B) and PUK2-6 (Fig. 14@re obtained with either
genedstl-2or dst2-1 The developmental defects in these mutants wedkesl and the
results are described in Chapter 3 of this thesis.

Two other mutants (7K17 and B-1918) forming etiethtstipes under standard
fruiting conditions were obtained by mutagenesiedally in the AmutBmut background
(Liu et al. 1999; J.D. Granado and U. Kles, unpgd). The defects in these two
mutants leading to the etiolated stipe phenotyd&rdd by the genes that were
affected. Complementation tests showed that thectleé genes also differed from
defects in the geneagdstlanddst2 In conclusion, there are at least four differganes
in C. cinereathat control etiolated stipe phenotypes. Crosse® \werformed with the
homokaryotic mutant strains with thst3-1and thedst4-1defects, respectively, against
the AmutBmut co-isogenic monokaryon PSO00-1-1 ineortb eliminate any extra
mutations that might have been generated duringnilteagenesis procedure - the effect
of obtaining multiple mutations during a round ofitagenesis has been noticed before
in C. cinerea(Liu et al. 2006). The developmental defects i tbsulting mating-type
defective homokaryons PUK3 (Fig. 14D) and PUK4 (H4E) carrying either gene
dst3-1or genedst4-1in these mutants were studied and the resultsleseribed in
Chapter 3 of this thesis.
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Genesdstl-2anddst2-1were found to be active at the very early time @felopment
directly after the formation of round hyphal aggresg, known as the secondary hyphal
knots in which tissue differentiation of cap andpetis initiated (Moore 1998,
Boulianne et al. 2000, Liu 2001, Velagapudi 200&Gvatro-Gonzéalez 2008; see
Chapter 2 of this thesis). In contrast, getdst8-1anddst4-1act later in development at
the primordia stages P4 and P5 (see Chapter 3safisis), when all tissues within the
structures are developed (see Chapter 2 of thsisthePrimordia stage P4 is a pre-
karyogamy stage and primordia stage P5 is a stagéhich karyogamy happens that
will later during the day lead into meiosis (Nawaftonzalez 2008). On artificial
YMG/T medium containingyeastand malt extract, glucosend tryptophan (Granado
et al. 1997), mutant PUK4 (Fig. 14E) made the gfesh and largest structures in high
numbers which means that this strain may have adgas for commercial mushroom
production (compare Fig. 14B to E). Structures mbgilemutant PUK3 were also
relatively strong (Fig. 14D) but the numbers ofatdtructures per plate were generally
lower than the numbers achieved with mutant PUK#n(@bservation; however, note
that numbers of structures per plate were not aedlyin detail in this study). In
contrast, mutant PUK2-6 (Fig. 14C) also formed hngimbers of etiolated stipes per
plate (not analyzed in detail). These structuresewsually longer than those formed by
mutant PUK4 but, at the same time, they were mimedsr and softer (see Fig. 14C
and E; not analyzed in detail) why cultivation dii2-6 for commercial mushroom
production might be only second choice. Howeveg, rttutant has the other advantage
that etiolated stipes are formed under all typelsgbt conditions (see Chapter 3 of this
thesis) which could ease the handling of the funiggdarmers in practice. Finally,
mutant PUK1-6 (Fig. 14B) is of all the less favduleastrain for mushroom cultivation
because of the low number of etiolated stipes niigdde strain per plate (not analyzed
in detail). Experiments with media made up with vegter from Gottingen instead of
de-ionized water showed that also the etiolatguestof the mutant homokaryons will
be influenced in structure by media compositiorp Water lead to larger and stronger
structures on all four mutants (see Chapter 3 igfttiesis), an effect which should be
more suitable for a commercial market. Thus, in finieire more efforts need to be
given to nutrient conditions to find the best promlon schemes for the mushroom
growers when using these types of mutants. Regattim usage of tap water, it has to
be noted that there will be local differences ia tompositions and not all tap water

sources might have the same positive effect ongtinening and enlarging the structure
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of the etiolated stipes. In Zurich, for exampletavaeffects on development were never
noted when growing mutant B-1918 but different agaurces and cultivation
conditions (free in the air or in touch with agavere observed to have an effect
(J.D. Granado and U. Kues, unpublished). The efféagar touching on induction of
fruiting body maturation was also seen in this gthior all four types of mutants
(experimental set-up with incubating plates upsiden; see Chapter 3 of this thesis).
Water and/or agar effects were probably also respte for a late induction of
maturation of fruiting body development in mutanii 818 when the strain was grown
in Canada and the USA, respectively (Liu et al.9199oney and Ravishankar 2005).
Induction of maturation of fruiting body developméy turning plates up-side down
takes different times with mutants PUK3 and PUK4ctang comparably fast, mutant
PUK2-6 only after longer periods such as a montkemwthe etiolated stipes stopped to
elongate and mutant PUK1-6 reacting only in exceyt cases (see Chapter 3 of this
thesis). These observations on the stability of thleenotype under various
environmental conditions argue also for mutant PKidr being best in commercial
mushroom production. Studying the physiology oblated stipe formation in the
future will help to set up best conditions for abilag high numbers of strong, long-
lasting structure in commercial mushroom product{@anchez and Moore 1999,
Sanchez 2006). For production of long, slender mg-lasting etiolated stipes in
Thailand, the suitability of local agricultural weas including weedy plant such as the
water hyacinths for commercial production will hatee be tested (Morris 2001). If
successful in high mushroom yields, appropriateeetsing of the unusually shaped
structures with their small caps for the commermalket is required in order to raise
the acceptance as a new type of food. Since inttaduof C. cinereain Thailand as
such has been achieved successfully in the 1980mescan expect that also the new

shape ofC. cinereafood will be considered by the population for comgption.

1.4.3 Pests in fungal cultures

Commercial mushroom cultivation is in constant dang fail by various types of
pests, microbial infections and viruses that migifest the fungal substrate, the
mycelium and/or the fruiting bodies growing on thestrate. As pests to hame, there
are larvae and adults of certain flies and gnats & Zhang 1993, Gao and Zou 2001,
Zou et al. 1993, Mohan et al. 1995, Scheepmakat. et997a, Heard 1998, Jess and
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Kilpatrick 2000, White and Czajkowska 2000, Baale2001, Liu et al. 2002, Jess and
Bingham 2004, Kim et al. 2004, Smith et al. 2006&teire et al. 2007, Jess et al.
2007), beetles and other insects (Bhattacharygh €993, Sato et al. 1998, 1999, Sato
2003), and there are mites (Mukherje and Choud&é4 1Cross and Kaliszweski 1988,
Okabe 1993a,b, Wu and Zhang 1993, Zou et al. 1888,and Zou 2001, Okabe et al.
2001, Bussaman et al. 2006, Kheradmand et al. 200 7springtails (Bhattacharyya
et al. 1993) and nematodes (Tsuda et al. 1996, &&ad Kadota 2003, Tsuda and Futai
2005, Okada et al. 2005). Numerous microbial deseas mushrooms can be caused
by bacteria (Tsukamoto et al. 2002, Sokovic andGmensven 2006), yeasts and molds
(Tsuneda etl. 1997, Chen et al. 1999mar and vanGriensven 1999Krupke et al.
2003, Guthrie and Castle 2006, Largeteau et al62@@ney et al. 2007, Komon-
Zelazowska et al. 2007) and viruses (Revill et1899, Rao et al. 2007, Kim et al.
2008). Avoidance of any of these harmful organismg viruses is a command for any
successful commercial mushroom production. In som&nces, resistant strains may
be available (Tokimoto and Komatsu 1995, Oliviealetl997, Smith et al. 2006a) or be
obtained by breeding efforts through performancewfable genetic crosses between
strains of good quality. However, often such highalgy strains are not at hand or
breeding is a long lasting process (Kues and Lid02&anchez 2004, Fan et al. 2006,
Kitamoto 2006). Thus, most importantly, highest iepgc standards are required in
order to avoid any contamination, to be verified dgneral mushroom cultivation
techniques. Amongst other measures, a high hygistsindard can be achieved by
disposing at once all used up material such astspashroom compost, cleaning all
facilities before starting a new round of mushroouitivation and pasteurizing all new
incoming material (Sanchez 2004, Rihl and Kues RO®Tother important issue is the
inoculum used for the new round of mushroom cultbra Spent mushroom substrate
which still will have much living fungal materiahsuld not be taken by the danger of
bringing in a contamination from the previous aadtion into the fresh substrate.
Instead, fresh spawn needs to be prepared inestedly. Most spawn is made with
mycelium from a stock culture, rather than from eligan obtained by basidiospore
germination. Basidiospores harvested from mushroasna product of meiosis present
a large heterogeneity of the genetic material whidh result in the generation of a
variety of different mushroom strains with diffeteinuiting qualities (Quimio et al.
1990; http://pubs.cas.psu.edu/freepubs/pdfs/UL2DY..p
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So far, few mushroom pests and diseases have beeiedsin thorough detail.
Accordingly, our knowledge on prevention measuned @ieatments once a problem
arises in a mushroom culture is very limited. R&stis and fungizides might be applied
(Freeman 1974Clift and Terras 1991, Savoie et al. 1992, Ali letl&99, Gandhi 1999,
Gandhi et al. 2001, Arora et al. 2003, Bernardale2004, Gea et al. 2005, Chrysayi-
Tokousbalides 2006, Grogan 2006, Royse et al. 2008) times of growing ecological
and health concerns, biocontrol methods might beeldped (Alamidi et al. 1991,
Okabe 1993 a,bWu and Zhang 1993, Narasimhan and Mohan 1995, I§oatnal.
1996, Enkegaard et al. 1997, Scheepmaker et alfal®9Ali et al. 1999, Jess and
Kilpatrick 2000, Gao and Zou 2001, Berndt et al0D20Jess and Bingham 2004, Freire
et al. 2007, Hubert 2004, Smrz 2004, Smrz and Ma2@04). In order to better protect
mushroom cultures and in order to develop bettelogical measures against pests,
microbes and the various types of mushroom dise#isesiature and characteristics of
the relationships between potential threats anchnoesns of interest should be studied.
In this work, after an infestation &f. cinereacultures with mites identified to belong to
the speciedyrophagus putrescentig@ig. 17), the chance was taken to look into the
interaction of this ubiquitous food and house dungé and the fungus. The observations
in this study. together with additional observasionade by Navarro-Gonzalez (2008),
revealed that the animal is specifically attradtethe fungal cultures where it grazes on
the vegetative mycelium and on the basidiospohes|atter of which however are only
ingested but not digested (see Chapter 4 of tleisish Fruiting structures, regardless of
being young developing primordia or stipes of matinuiting bodies or etiolated stipes
are avoided by the animals as were the dark-stamethnized sclerotia, round small
bodies serving in duration of the fungus (see Giraptof this thesis). From this, one
might conclude that in commercial mushroom culisratthe damage by the mites
might not be too severe. However, by the consumptibthe vegetative mycelium
supporting the fruiting structures with water, ments and energy (Moore 1998, Kies
2000) less material will be available for the fuada build up fruiting structures. Thus,
mushroom vyields have to be expected to declinethBrmore, mites invading a
mushroom culture will bring in various types of t&@ and molds (Fermor et al. 1991,
Tsukamoto et al. 2002, Hubert et al. 2003, Fosteal.e2004, Smrz 2004, Bussaman
et al. 2006, see also Chapter 4 of this thesis) dsaally will be harmful to the

mushroom production, e.g. by competing for nutsgby suppressing the growth of the
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EHT = 20.00 kv File No.=3126 Date :17 Nov 200§

Fig. 17 Electron-microscopic pictures (A), (C) andh picture taken with a binocular (B) of
mites that invaded cultures ofCoprinopsis cinerea in the laboratory (see Chapter 4 of this
thesis). The mites were identified from the electron-mickgsic pictures asTyrophagus
putrescentiadoy Dr. Pavel PlasSil from the Forest Zoology anddst Conservation group of the
Blsgen-Institute. Mites were prepared for the eteemicroscopic analysis by Ulrike
Eisenwiener from the same group and the photos ta&sn by Dr. Oliver Eikel. The picture in
(B) was taken by W. Chaisaena with a Stemi 2000-Gdhilar, Carl Zeiss, Goéttingen, Germany
(see Chapter 4 of this thesis).
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cultivated species and its fruiting body productemmd by befouling the mushrooms
(Mohan et al. 1995, Okabe 1999, Reuvill et al. 198@tvani et al. 2007, Komon-
Zelazowska et al. 2007). Moreover, mites themseNi#gollute the mushrooms by the
multitude of faeces they excrete all over the flingeterial, both the vegetative
mycelium and the mushrooms (see Chapter 4 of hleisis) making the mushrooms and
etiolated stipes uneatable as food. Faeces of raresvell-known causes of allergies
(Munhbayarlah et al. 1998, Eriksson et al. 199%9liaA and Platts-Mills 2001,
Hashimoto et al. 2001, Yasuhara et al. 2001, Ortggal. 2004, Ramos et al. 2004,
Hubert et al. 2005, Jeong et al. 2005, Morgan Anidn 2006, Jeong et al. 2007,
Huang and Liu 2007) and other diseadesche et al. 1997Jones 1998, Knight et al.
2000, Asokananthan et al. 2002). Currently, theraa biological measure of how to
keep the mites away from the fungal cultures ducmgpnmercial mushroom production.
However, in some cultures @. cinereainfested with mites anlept unlocked in the
greenhousea secondspeciesof mites occurredthat nourishedfrom the first species

T. prudescentiadP. PlaSil, personal communication). The predatoite has not yet
been identified but it might be the base for depiig an efficient method of biological
control of the spoilage mite. In the literatureerd are already some reports on
establishing a biocontrol of mites by predata@ol(ings 1994,Rasmy and Ellaithy
1988, Asselt 1999, Koveos and Broufas 1999, Kim &wb 2001, Maeda and
Takabayashi 2001, Okabe et al. 2001, Kishimoto 2@&3rvin and Fenlon 2003,
Bussaman et al. 2006, Edgington et al. 2008, Minadt al. 2008), amongst also some
reporting onT. putrescentiagVanhaelen et al. 1978, Smrz 1991, Enkegaard.et a
1997, Franzolin 1999, Duek et al. 2001, Okabe eR@D1, Lee et al. 2005, Palyvos
et al. 2006, Idder and Pintureau 2008). Obsematan the mites described in Chapter
4 of this thesis suggested that they were attrabiedhe mycelium of the fungus
C. cinerea Attraction will have been mediated by some kindvolatile organic
compound (VOC) or a mixture of VOCs. In the liten&, there are reports stating that
the organic compounds cis- and trans-octa-1,5-8iehand some methyl ketones will
attract the specie$. putrescentiagYoshizawa et al. 1970, Vanhaelen et al. 1978,
1980). These compounds are present in cheese (D&yahnd Piggott 1995, Urbach
1997) and can also be detected amongst the VOE€asedl by fungi (Vanhaelen et al.
1978, 1980). Moreover, predatory mites are attchdig VOCs to places that are
infested by other kinds of mites that they useocasl f(Asselt 1999, Hubert et al. 2004,
Skelton et al. 2007). Such VOCs might be generayeithe organisms the first group of
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mites grazes on, most likely indirectly as a resgoaf the mycelium to the unwanted
grazing (Kuwahara et al. 1987, Morino et al. 19Rdther and Steidl 2000) or by the
faeces that the mites excrete (Ortego et al. 2@#hchez-Ramos et al. 2004).
Semiochemicals are certainly important to bring anted arthropods and other small
animals into a mushroom culture but they might dsoused in intelligent way in
protection of a fungal culture, for example by attmg predators. VOCs might be
applied to a to be protected food (Vanhaelen el @r8, Lee et al. 2005, Sung et al.
2006, Tak et al. 2006, Hubert et al. 2008), paldidty also if being a substance reacting
as a repellent to the unwanted invaders. Recehiyfungal volatiles 1-octen-3-ol and
methyl cinnamate have been described to act adlespén cultures ofTricholoma

matsutakgMatsutake) against springtails (Sawahata etC4l8p

1.4.4 Volatile organic compounds (VOCSs) in mushrooroultures

The obviously strong attraction of mites to culturef C. cinereadescribed in
Chapter 4 of this thesis was one reason to stuglgthission of VOCs frorg. cinerea
cultures with vegetative mycelium and from culturesth developing fruiting
structures. The mit&. putrescentiaés known to be attracted by cis-and trans-octa-1,5
dien-3-ols, eight carbon compounds known to be yged by mushrooms (Vanhaelen
et al. 1978, 1980; see Chapter 4 of this thesig).shrprising thereford,. putrescentiae
is a known mushrooms pests (Okabe et al. 2001, adnesind et al. 2007a,b). The
involvement of compounds like cis-and trans-octadien-3-ols in the fungal aroma in
interactions with pests and in reproductive eveats reviewed, as well as the
enzymatic system involved in their biosynthesisi{@nhand Michelot 2005, Combet et
al. 2006). Mushrooms of different species mightedifn VOC production (Ohta 1983,
Rapior et al. 2002, Fons et al. 2006) and, vergretsting, at different developmental
stages, odour production within a given speciesuratergo strong chances (Cho et al.
2006, 2007, 2008, Wood and Levevre 2007). VOCsilpéar discrete developmental
stages of the fungus might yield odours specifjcattractive for mites or also insects
leading them to food sources whilst VOCs can atdoaa repellents helping to protect
the mushrooms from consumptions by animals (Woad. €001, Chiron and Michelot
2005, Sawahata et al. 2008). Since grazing prefesenof T. putrescentiae
discriminated between vegetative mycelium and higihéer structures such as fruiting

body primordia, fruiting body stipes, etiolatedpss and sclerotia (see Chapter 4 of this

35



1. Introduction, Aim of the Thesis and &exl Discussion

thesis), it was an obvious task to follow up VOMauiction during vegetative and
sexual reproductive development of the fungus (€dmapter 5 of this thesis).
Furthermore, VOCs contribute to the attractive odand also the pleasant flavor of
mushrooms making them a delicacy for human consomp{Kinderlerer 1989,
Vandamme 2003, Cho et al. 2007, 2008) which washaneeason to follow up in this
thesis odour production and composition @y cinerea Flavor compounds from
basidiomycetes as well as from ascomycetes inchrdengst other types of VOCs
various kinds of alcohols, terpenes, aldehydesyniest, sesquiterpenes and aromatic
compounds (Sunesson et al. 1995, Wheatley et a¥, ¥orpi et al. 1999, Rosecke and
Konig 2000, Rosecke et al. 2000, Abraham 2001, @kanet al. 2002, Wheatley
2002). By health and food safety concerns, a choicaatural flavor (bioflavor) is
nowadays increasingly considered rather than ussEgehemosynthetic products.
Volatile compounds as secondary metabolites pratiligefungi have not only been
studied in their role in food flavors, but they kaalso been taken advantage of, e.g. in
chemotaxonomic studies, in mild methods of foodsereation and as indicators of
food spoilage (Gatfield 1988, Schnurer et al. 1999)r example, the eight-carbon
compound 1-octen-3-ol has repellent activity totaier animals (e.g. slugs and
collembolas; Wood et al. 2001, Chiron and Miche2005, Sawahata et al. 2008),
helping therefore in longer storation of goods lbgventing the spoilage of food by
bringing in contaminating bacteria and fungi. 1-€»eB-ol at lower concentrations has
been defined to be an attractant to certain mitgsab higher concentrations, the 1-
octen-3-ol acts repellent (Jiang et al. 1997). Mues, as demonstrated with
Penicilium paneumthat produces 1-octen-3-ol as a volatile selfbrtbr, the
compound has an inhibitory effect on asexual spooaidia) germination at high spore
concentrations (fxonidia mi'). However, the negative effect on germination niest
only transient and reversible, why an eventuallyfevaporating volatile is an ideal
solution to the function of a self-inhibitor actimg spore germination (Chitarra et al.
2005).

The most typical fungal odours (FOs) are indeedageright-carbon compounds
such as 1-octen-3-ol and 3-octanone (Thakeow et2@0D7), particularly also in
mushrooms (Ohta 1983, Rapior et al. 2002, Fond. &086, Cho et al. 2006, 2007,
2008, Wood andefevre2007). As 1-octen-3-ol, 3-octanone has been stiowgerve as
an attractant to certain mites whereas higher cdrattons can lead to repellency
(Jiang et al. 1997, Ridsdill-Smith et al. 2002)octen-3-ol and 3-octanone have been
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also identified to be major odour compound€£ircinerea These two compounds have
been detected to increase in production at theréifit developmental stages of fruiting
body development, such as at the developmentakitiam of from the vegetative
mycelium to the hyphal knots (Thakeow 2008 andGlapter 5 of this thesis), being
the first aggregated structures in the processudirfg body development (see Chapter
2 of this thesis). In primordia development, i.euridg stipe and cap tissues
differentiation, at maturation of fruiting body ddgpment and during fruiting body
autolysis, these compounds are also produced Hiffatent concentrations (Thakeow
2008 and see Chapter 5 of this thesis). Moreowerisheown in this thesis, increased
amounts of eight-carbon compounds are produced sigess reaction upon mycelial
wounding (see Chapter 5 of this thesis).

Also in many other basidiomycete fungi, 1-octent3wmas recognised as the
mediator of the mushroom-like aroma (Tressl etl882, Chen and Wu 1984, Mau
et al. 1997, Nidiry 2001, Cho et al. 2008, Thake®d@8; see Chapter 5 of this thesis).
There have been various reports on the 1l-octenf8rolation in mushrooms, e.g. in
Agaricus campestri¢Tress| et al. 1982), iAgaricus bisporugVenkateshwarlu et al.
1999), in Pleurotus pulmonarius(Assaf et al. 1997), inPleurotus florida
(Venkateshwarlu et al. 1999), Molvariella volvacea(Mau et al. 1997), irLentinus
decadeteqMatsui et al. 2003, Akakabe et al. 2005) and_@mtinula edodesnd in
Tricholoma matsutakgAkakabe et al. 2005, Cho et al. 2008). In somstainces,
1-octen-3-o0l was found to be abundantly releasedhe mycelium stage and then
gradually reduced in abundance during fruiting bémtynation (Venkateshwarlu et al.
1999, Wood et al. 2001, Cho et al. 2007, 2008, inbd et al. 2007, Wood and Lefevre
2007, Sawahata 2007). A similar phenomenon wasrebden these species regarding
the abundance of fungal 3-octanone production (stghwarlu et al. 1999, Cho et al.
2007, 2008, De Pinho et al. 2007). Volatile commsuare detected and identified by
analytical techniques, such as gas chromatograpbynaass spectrometry (GC/MS)
(Thakeow et al. 2007, Thakeow 2008; see also Ch&ptd this thesis). Using such
techniques, VOCs have not only been determinedraahf mushrooms but also in
canned and dried edible mushroom and in mushrooadupts (Dijkstra 1976,
Kinderlerer 1989, Venkateshwarlu et al. 1999, Hir&@85, Cho et al. 2007, De Pinho
et al. 2008). 1-Octen-3-ol as a volatile compourthdp one of the most important
flavor components found in mushrooms is a prodidcthe oxidative breakdown of
linoleic acid (Holtz and Schisler 1971, Assaf etl#97, Cruz et al. 1997, Kuribayashi
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et al. 2002). Different pathways from linoleic a¢al1-octen-3-ol have been proposed.
Those are, for example, via an enzymatic hydropdeolyase reaction on (E)127)-9-
hydroperoxyoctadeca-10,12-dienoic acid (9-HPOD)e¢$F et al. 1982) and on
(8E,122)-9-hydroperoxyoctadeca-8,12-dienoic acid (10-HPODWurzenber and
Grosch 1982) and a homolytic cleavage of 10-HPOBn{Ret et al. 2006). Also other
eight-carbon volatiles are reported to be importardducts of the oxidation and
cleavage of the fatty acid linoleic acid and thpseducts are classified as molecules
taking part in a wide range of biological proces&esmbet et al. 2006). Interesting for
industrial flavor production, adding linoleic achd other fatty acids such as hexanoic
acid, octanoic acid, decanoic acid, lauric acid dimdlenic acid to cultures of
basidiomycetes can therefore enhance the producfiomlatile organic compounds.
For example, adding fatty acids into liquid cultwfePiptoporus soloniensienhanced
the production ofy-decalactone as a sweet flavor smell similar t@ita fruits of
peach or apricot (Okamoto et al. 2002).

Other volatile compounds also play a role as flacomponents in the food
industry. The fungu®enicillium roquefortiis for example widely used to produce blue
veined Roquefort, Stilton, Gorgonzola and otheresles by its ability to convert
medium-chain fatty acids to their correspondinghyleketones. Despite, this fungus is
also a widespread contaminant of various food prtedand feeds (Fan et al. 1976,
Kinsella and Hwang 1976). The biosynthesis of dpecrolatiie compounds by
P. roqueforticorrelates with the formation of PR toxin, partasly the production of
some sesquiterpenes, amongistimachalene whose presence therefore can be éaken
volatile biomarker for PR toxin production (Jelerd02). In C. cinerea the
sesquiterepenes cuparene gndimachalene were detected at late stages of rguiti
body development during which spores are producedraleased to the environment
(Thakeow 2008; see Chapter 5 of this thesis). S&spanes can have toxic including
antimicrobial effects and Thakeow (2008) therefpreposed the protection of the
basidiospores by the compounds as a potentialitmof theC. cinereasesquiterpenes
cuparene and3-himachalene, for example a protection against abiat attack.
However, since microbial attacks are unlikely iestd to the short time of the very fast
proceeding fruiting body maturation when the sesgpenes are specifically produced
(Thakeow 2008; see Chapter 5 of this thesis), geption against microbes may not be
a primary target of the occurrence of cuparene [ghinachalene durin@. cinerea

mushroom development.
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Many sesquiterpenes have also cytotoxic effectss@dtaand Weis 1999) and
certain sesquiterpenes in plant essential oilseaem known to have acaricidal effects
(Teles et al. 2007). However, mites are specificattracted to the gills of the
C. cinereamushrooms and they consume the mature basidicspaitBout visible
negative effects on the animals (Navarro-Gonzal82see Chapter 4 of this thesis).
Biologically, the mature basidiospores unlikely cie® major protection by volatile
compounds since the melanisation of the very thirigal spore walls protects them
very well against any physical and biological thse@Heintz and Niederpruem 1970,
1971, McLaughlin and Beckett 1987, Kies 2000). Mwueg, if, as suggested by the
work of Navarro-Gonzalez (2008) and the resultsgméed in Chapter 4 of this thesis,
mites have a function in spore distribution, cerfiaat or after fruiting body maturation
there should not be a production of volatile commusubeing harmful to the animal
vectors when consuming the spores. There is howavesmall window in the
developmental pathway of fruiting body developmethiring the basidiospore
development where a protection by volatiles cowddvery useful: After the transfer of
large amounts of nutrients (glycogen, oils and yfadicids) occurring prior to
incorporation of melanin into the young spore eelll layers (Ji and Moore 1993, Kles
2000), the nutrient-rich immature spores might beedcome food for grazing small
animals such as the mites. Very likely, due tolduking protection in the fungal cell
walls, the immature spores would not only be inggdty the mites as seen with the
mature spores (Navarro-Gonzalez 2008; see Chapiethds thesis) but the immature
spores would likely also be digested. Transientipction of volatiles with toxic and
repellent properties against mites during the fioeee very sensitive period of
basidiospore development would be an efficienttefato ensure spore survival by
promoting avoidance of grazing by the mites. Stigky, cuparene anfi-himachalene
are only produced at a very small period of timethat late stage of fruiting body
formation that covers this oversensitive developnstage in basidiospore production
(Thakeow 2008; see Chapter 5 of this thesis). @tyerelease of VOCs was measured
in time periods of 24 h (Thakeow 2008, see Chaptelrthis thesis). In the future, such
measurements should be performed at shorter tirdgstad to the lengths of the
different specific events occuring during fruitibgdy development (Navarro-Gonzalez
2008; see Chapter 2 of this thesis).
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CHAPTER 2

Effects of light in fruiting body development of

the basidiomyceteCoprinopsis cinerea

| am very much thankful to Dr. Méniddavarro-Gonzalefor her input in this chapter
by helping to define the different developmentalgsts during fruiting courses, by
supplying photos for Fig. 1, by training me in sesing of fruiting structures by razor
blades and by careful tissue analysis of sectidngrimmordia produced by myself in
hand cuts with razor blades and by microtome sestiand by introducing me to
photographing at the microscope. Dr. Andrea Olbkictdly taught me the techniques
of microtome sectioning and of sample preparationif. Dr. Rosemarie Heyser is
thanked for teaching me photographing cultures foding bodies with a digital

camera.
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2.1 Abstract

Fruiting body formation in the basidiomycete furgstudied with the model fungus
Coprinopsis cinerea. This developmental event in the life cycle @fcinerea occurs
after mating of two compatible monokaryons at t&utting dikaryon in a normal day-
night rhythm at temperatures around 25°CThe self-compatible homokaryon
AmutBmut with mutations in thé and B mating type loci develops fruiting bodies
without mating and is thus a genetically attractiain to study since it allows easy
production of mutants in the developmental patheifyuiting body development (for
further information see Chapter 3). In total fromme tfirst step of fruiting body
development (hyphal knot formation) over primordtages 1 to 5 to fruiting body
maturation and basidiospore formation and relets®e,fungus needs seven days. In
order to clarify the general fruiting pattern, tmg of this self-compatible strain was
investigated in time courses of alternating dard kght periods reflecting the normal
day and night chances and in time course whereregltwere transferred at different
points of development into constant dark or intmstant light. Both light and dark
phases were found to influence fruiting developmient at different stages in the
routine of fruiting body development. Dark is negder the formation of the primary
hyphal knots. Light is then needed for inductionfofmation of secondary hyphal
knots, small hyphal aggregates in which tissueetdfiitiation initiates. Light is also
required for tissue differentiation. If light isclking, etiolated stipes will be formed by
elongating the primordial shafts of the young pricha structures that try to push their
underdeveloped caps towards a light source. In, teiba time points up to primordia
maturation were found where in the process ofifrgitn light signal is required. The
timings in between these light signals represeset day-night cycle. Up to completing
tissue development at primordia stage 4, dark [ghaaa be lacking. When cultures
were kept in constant light, development still douéd. When reaching primordia stage
5, there was an arrest in development prior todgeayny. Induction of karyogamy itself
is long known to be a light-depending process tiedds to happen before fruiting
bodies can mature by stipe elongation and cap ogeifione allows the structures to
undergo karyogamy before keeping in constant lighecond essential dark phase
becomes visible during or at the end of meiosig this dark phase is given to the
fungus, incubation afterwards in constant light s further negative influence.

Fruiting bodies will form basidiospores, their capsgl fully open and stipes fully
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elongate before spores are released by autolysriclusion, the day/night rhythm is
required to undergo the developmental process wfirfg body development in the
appropriate morphological sequence. Structures ddriiuring the normal light/dark
rhythm as well as structures formed upon incubattwnperiods in constant dark and
structures formed upon incubation periods in constegght were morphological

analyzed.

Key words: Coprinopsis cinerea, fruiting body development, tissue formation, time
course, light phases, dark phases, primary andndacp hyphal knots, primordia,
normal stipe development, etiolated stipes, prinabishaft, gills
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2.2Introduction

Coprinopsis cinerea is used as a model organism for studying fruitingdyo
(mushroom) development in the higher basidiomyé&iesinerea has two main types of
mycelia, the asexual monokaryon and the sexualrybka formed by fusion of two
compatible monokaryons. Fruiting bodies normallywelep on the dikaryon (Kies
2000). The cytological processes of fruiting-boadywelopment have been described in
its main steps. Fruiting takes place over a peabd days from the start of localized
hyphal aggregation in the vegetative mycelium toiting body maturation and
autolysis (Moore 1998, Kies et al. 200Navarro-Gonzalez22008). Fruiting body
development occurs at 25-28°C and is adapted ttighedark changes of the normal
day-night rhythms. Within dark, only primary hypHadots form, small loosely hyphal
aggregates. Light has been described to be an iamasignal for regulation of the
developmental and physiological processes duringirfg body development. Blue
light is required for production of a compact roungbhal aggregate (secondary hyphal
knot) in which differentiation of cap and stipesties of the mushrooms initiate. Also
tissue differentiation in progressing of fruitingdy primordia development requires
light signals as well as karyogamy and meiosis tidflet place in the basidia on the gills
of the fully established primordia in parallel tawifing body maturation through stipe
elongation and cap expansion. When blue light issmg upon hyphal aggregate
formation, slender elongated structures are formdth underdeveloped caps and
extended primordial shafts (Lu 1974, 2000, Kamadale1978, Kamada and Tsuiji
1979, Kies et al. 1998). These slender structugesaiously known under the names
etiolated stipes (Kies 2000), dark stip@susué 1969 Terashima et al. 2005
pseudorhizal stipe@Blayney and Marchant 1977)yersized stipes (Lu 1974) or long
slender stalks (Morimoto and Oda 1973).

Development of etiolated stipes has however stttk been studied. In screenings
for defects in fruiting body development, some mutstrains were detected that form
etiolated stipes also under a normal dark-lightmeg(Liu et al.1999b, Terashima
et al. 2005, Kies et al. 2007). In order to undemttheir developmental defects, it is
essential to first study the behavior of a wildtypeain under distorted light-dark
regimes.

Homokaryon AmutBmut is a special strain ©f cinerea used for induction of
mutants in fruiting body development (Granado etl8B7). The strain has one type of

haploid nuclei in its cells like a monokaryon (Swaet al. 1984, Kies et al. 2002b).
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However, due to specific mutations in both matiyget loci @43mut, B43mut), it
shows characteristics typical of the dikaryon sashormation of fused clamp cells at
hyphal septa. Furthermore, the strain is self-cdiblgaand gives rise to fruiting bodies
without prior mating to another compatible monokarySwamy et al. 1984, Boulianne
et al. 2000, Walser et al. 2003). This specialuieatogether with the ability to form
unicellular haploid spores (oidia) provides us wath easily accessible genetic system.
Oidia can easily be mutagenized and, upon theimgetion, will form mycelia on
which defects in fruiting are easily detected duéhe single type of haploid nuclei that
is present in those mutated mycelia (Granado el 307, Kies et al. 2004, Walser
et al. 2001). Some of the available etiolated stipgations have been induced in this
strain by UV- and by REMI (restriction-enzyme-medah insertion) mutagenesis
(Liu et al.1999a, Kies et al. 2007). Therefore, bkanyon AmutBmut is used in this
study to define the process of fruiting body depeient, in particular the light
regulated steps in tissue development within deietp primordia, respectively to

define the alternate processes that happen whessamtial light signal is missing.

2.3 Materials and methods
2.3.1 Strains and growth conditions

The self-compatibleC. cinerea homokaryon AmutBmutA43mut, B43mut, pabl)
forms fruiting bodies without prior mating to anethstrain and produces oidia in a
light-regulated manner (Swamy et al. 1984, Mayl.€1291, Kertesz-Chaloupkova et al.
1998). After placing small pieces of mycelium (4xnm) in the middle of 9 cr®
Petri-dishes, the strain was routinely grown on YWM@omplete medium at 37°C in the
dark in ventilated black boxes sized 27x37x13 cmaf@do et al. 1997). After 5 days at
37°C, cultures were fully grown and transferred faduction of fruiting body
development into at 28°C at a high humidity (al®@@f6) in a 12 h light-12 h dark cycle
into a climate chamber (Votsch Industrietechnik GinbBalingen, Germany).
To determine developmental processes in constaki eery day when light switches
on, a subset of 10 cultures were transferred ietdilated boxes for further incubation
under constant darkness. To determine developmertristant light in an other series
of experiment, also every day subsets of 10 plate® transferred into an incubator
Model CU-36L5 (CLF Plant Climatics, Emersacker, @any) providing constant light

at a humidity of 85%. In an other set of experirsemiates were incubated directly
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upon inoculation for 16 days under constant ligithez at 28°C or at 37°C in the
incubator at a humidity of 85%. The light sourcesrevin all instances Osram L36W67
white fluorescent tubes covering also the effectivieie light range (Kertesz-
Chaloupkova et al. 1998, Kues et al. 1998) andeplaibtained in all cases light
intensities of 30-40 HE fs'. Development on plates incubated within dark was
checked daily under red-light since it is blue tighat affects development @ cinerea
(Kertesz-Chalopkové et al. 1998). Regarding indobain dark boxes in constant dark
see also the note at the end of the legend of3Fig.

The fungus was further grown in flasks on freshstowed horse dung (Granado
et al. 1997) for 5 days at 37°C in the dark beforeving into standard fruiting
conditions at 28°C.

2.3.2 Tissue fixation, dehydration and infiltrationwith Roti-Plast and microscopy
Fruiting structures of homokaryon AmutBmut werelected from Petri-dishes for
tissue fixation by paraffin according to Crockettad. (2005). First, structures were
incubated at room temperature (RT) for fixation #h in FAE (per |: 50 ml 40%
formaldehyde, 50 ml 99% acetic acid and 900 ml 7@®hanol), followed by
dehydration in 70% (v/v) ethanol for 2 h, and theneach 30 min at RT in 80% (v/v)
ethanol, 90% (v/v) ethanol, 96% (v/v) ethanol, 96#&) ethanol/isopropanol 1:1 and
isopropanol, respectively. Subsequently, samples weubated for each 30 min at RT
in isopropanol/Roti-Histol 3:1, isopropanol/Rotigdthl 1:1, in isopropanol/ Roti-Histol
1:3 and 3 time in pure Roti-Histol solution (CaltR, Karlsruhe, Germany). In the next
steps for infiltration of paraffin, samples wereubated each two hours in a saturated
solution of Roti-Plast in Roti-Histol (Carl Roth) RT and at 40°C, respectively. The
final two steps were incubations in melted RotisPlat 60°C for 2 h and 12 h,
respectively. Samples were subsequently givennmtallic frames which were filled
up with melted saturated paraffin Roti-Plast. Sasplere cooled down and fixed onto
wood blocks using melted paraffin as glue. Aftergarthe paraffin-embedded samples
were sectioned using a rotation microtome (R. JanthbH, Heidelberg, Germany) at a
section sickness of 12 um. Sections were fixed amascope slides by adding a drop
of water to make the sample planar before fixingZonin at 40°C on a hot plate. Then,
the paraffin was removed from the sections by e&h min incubation in

isopropanol/Roti-Histol 1:3, isopropanol/Roti-Hiktb:1, isopropanol/Roti-Histol 3:1,
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and pure isopropanol, respecttively. Subsequettiy,samples were incubated on the
microscope slides at 40°C over night in an incubafterwards, samples were stained
for 3 min with 0.1% toluidine blue in 0.2 M phospaduffer, pH 7.0 followed by 2 min
incubation at 40°C on a hot plate. A drop of glywerwas added onto the samples
which were then covered by a cover slip. Stone kisigvere given onto the cover slips
over night to make the sample plane and to removeuables. Subsequently, samples
were observed by light microscopy (Carl Zeiss Ms#kapie, Gottingen, Germany,
Axioplan 2 imaging). Digital photographs were takesing a color chilled 3CCD
camera (colorview soft imaging system) for imagecpssing (analysis®, Soft Imaging
System GmbH, Minster, Germany).

Other samples of etiolated stipes were cut longialdnto halves with a sharp razor
blade or vertical to produce cross-sections fronm@rdial shafts, stipes and caps.
These cuttings were observed under a Stemi 200@acidar (Carl Zeiss Mikroskopie,

Gottingen, Germany).

2.4 Results and discussion
2.4.1 Fruiting body development of homokaryon AmutBnut under a normal
day-night rhythm

Fig. 1 shows an overview of the fruiting proceshomokaryon AmutBmut. A first
steps towards fruiting, primary hyphal knot formoati occurs in the dark (Fig. 1A).
Within the aerial mycelium, intense hyphal branghatcurs at defined places yielding
a loose aggregated structure of a diameter of ab@8 mm known as the primary
hyphal knot (Boulianne et al. 2000). When keptHartin the dark, these will transform
into compact dark-stained duration bodies calleteretta (Kies et al. 2002a,
Velagapudi 2006). Genetic evidences suggest thetnatively these primary hyphal
knots will further develop into secondary hyphabta1(Liu et al. 2006, Moore 1998),
compact up to 0.2 mm-sized round hyphal aggregaitgdectenchymatic interwoven
hyphae (Fig. 1A and B) in which tissue developnstatts (Matthews and Niederpruem
1972, Fig. 1C). Induction of secondary hyphal kimstnation requires a light signal at
day 0, the day before their appearance within tkeala mycelium (day 1 in
development). Secondary hyphal knots are thedegstlopmental structures defined to
the fruiting pathway (Boulianne et al. 2000). Aetbktart of day 1 of development, no
tissue differentiation is visible within the secamg hyphal knot (Fig. 1B).

70



2. Effects of light in fruiting body dde@ment of the basidiomyce@oprinopsis cinerea

A

day 0 day 1 day 2 day 3 day 4 day 5 day 6 day 7
| | || || || || || || |

Primary n '

hyphal Secondary
hyphal Primordium
knot Stage 1

knot Stage

~0.03 mm ~0.2 mm ~0.5 mm 1-2 mm - - Mature
PK SK P1 P2 P3 P4 primordium

undergoing
karyogamy

520 MM g ing body
P5 40-45 mm

Autolysis

Fig. 1 The process of fruiting body development imomokaryon AmutBmut. (A) Overview

on the 7 day long developmental pathway. Up toSjastructures shown are as being typical for
the morning when light switches on. The mature pritium undergoing karyogamy has been
harvested shortly before light at day 6 switchestio@ mature fruiting body is from the middle
of the night phase of day 5, and the autolysinghmagm from the morning of day 7 (pictures
were kindly provided by MNavarro-Gonzaléz (B) to (G) Sections through a secondary
hyphal knot §K), developing primordia of stage RY), stage 2R2), stage 3R3), and stage 4
(P4) and a mature primordiunPp) at the stage of karyogamy, respectivélK = primary
hyphal knot.

In the morning on day 2 of development when thétligeriod starts, the now about
0.5 mm sized structure in its interior (see theafuprimordium stage 1 in Fig. 1A) is

clearly demarcated into a zone with the develog@g and a zone with the developing
stipe (see also Fig. 1C). At the lower edges ofdag, gills start to develop as it is
indicated by the darker stained lower cap borddfigh 1A and C. A day later at the
same time (day 3 of development), the 1 to 2 mng Etructure is more oblong by stipe
growth and, on the cap, gills are now clearly toreéeognized (Fig. 1A, primordium
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stage 2; Fig. 1D). It takes two further déys all tissues in the primordium to
mature (primordium stage 3 and stage 4; see Fig.BAand F) until at day 5 of
development, when light induces karyogamy in theidia in the now fully developed
gills (not shown here, but sé¢avarro-Gonzéalez 2008)n the morning of day 6 of
development (Fig. 1A and G), karyogamy is nearlyjnpteted and meiosis will start
soon after (Lu 1974, 2000). At this stage, thesgstiart to slowly separate from the stipe
that starts to elongate by hyphal cell extensioowgin (Fig. 1G). Meiosis and
basidiospore production and maturation follows aber day along with first slow and
then rapid stipe elongation and cap expansion ¥e gi mature fruiting body in the
middle of the night period (Lu 20008lavarro-Gonzalez 20Q0&ee Fig. 1A). Soon after,
cap autolysis starts (Iten 1970, Iten and Matilé@9and in the early morning on day 7
of development, after light was turned on, theqiedscent mushroom releases its black

basidiospores in liquid drops to the ground (Fi).1

2.4.2 Progress in development after transfer of dérent stages of the fruiting body
pathway of homokaryon AmutBmut into constant darkness

Fig. 2 shows a mature fruiting body of homokaryanudBmut on a Petri-dish with
YMG/T agar in comparison with a slender structunattdeveloped on the same
medium after growth for 5 days at 37°C and tranefethe plate to 28°C for 3 h into
light followed by 5 days of incubation in ventildtelark boxes in constant dark. The
slender structure had a poorly developed cap anelamgated stipe-like shaft as
described in the literature for etiolated stipespectively dark stipes (Tsusué 1969, Lu
1974, Kamada et al. 1978, Terashima et al. 2005).

Tests with control plates that were incubated fdags at 37°C in the dark followed
by transfer into 28°C in the dark without being es@d to any light signal demonstrated
that the light signal given for 3 h directly upomrisfer into 28°C was required to
induce etiolated stipes (Fig. 3). Cultures at dagftér transfer into constant darkness
also contained secondary hyphal knots, indicatirag these were induced by the first
light signal given to the culture (Fig. 4A). Obvely, only a selection of structures
continued development into etiolated stipes, pbdgsib expense of the others. Similar
effects have been described before in normal frgibody development (Kies 2000).
A few hundreds of secondary hyphal knots are ndymadduced by light on

freshly grown cultures of homokaryon AmutBmut, ma$twhich soon after abort

12



2. Effects of light in fruiting body dde@ment of the basidiomyce@oprinopsis cinerea

<« Pileus
Etgudimentary pileus
udimentary stipe
<& Stipe
Primordial shaft
T Frimordial
- _4_ shaft -
Fruiting body Etiolated stipe

(Dark stipe)

Fig. 2 Comparison of a normal mature fruiting body of homdkaryon AmutBmut
developed in a 12 h light/12 h dark regime at 28°@vith an etiolated stipe (dark stipe)
formed after setting a short pulse in a culture kepat 28°C in constant dark.According to
Terashima et al. (2005), in the etiolated stipes phimordial shaft, serving in the mature
fruiting body as base holding the structure erectedhe substrate, elongates whilst cap and
stipe remain rudimentary.

development. Only in exceptional cases (usualllegs than 1% of fruiting initiation
events), a structure will mature into a fruitingdigawith basidiospores (Fig. 4B).

Light signals are known to be required for inductiof tissue formation within
secondary hyphal knot&y 1974, 2000, Kamada et al. 1978, Kamada and TSJ}9.
At times, when primary hyphal knots (day 0) or atsxondary hyphal knots (day 1)
were transferred into constant dark (Fig. 3), seue development are to be recognized
in the young caps of the structure differentlyhie tmornings of the following days of
incubation under standard fruiting conditions (FIJ. It was thus an interesting
guestion to observe what will happen when cultiaesater stages of development
would be transferred into constant darkness at ZBf¢ 3). Up to day 5 of incubation,
transfer of structures into the dark caused egdlatipe development of a selection of
structures grown in the transferred plates (Fig.Ib)conclusion, there are at least six
light-sensitive phases during hyphal knot and prareoformation.
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Growth Transfer to 28°C

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
| | | | | |

PK

Fig. 3 Experimental setup of transferring YMG/T plates of homokaryon AmutBmut at
different time points of the normal fruiting pathway into constant dark. All plates were
incubated for 5 d at 37°C to allow growth of thadus before transferring it to 28°C. A subset
of 10 plates was kept in constant darkness withaytexposure to light. Another subset of 10
plates was incubated for 3 h at light before tramsfg them into constant dark. Other subsets
of each 10 plates were kept through full periodd2h light exposure before transferring them
at the beginning of a new light period (about 5 aditer light switches on) into ventilated boxes
into constant dark. A white box labelled with a dayhe upper line of the figure denotes a 12 h
light period and the following black box the da®ripd on a 24 h scale under standard fruiting
conditions. The times of transfer and the maximwwetbpmental stage reached by cultures at
the point of transfer into constant dark are indidaby the photos above. Plates were further
incubated at 28°C until day 5, day 6 or day 7, eetipely, after transfer into constant dark for
evaluation of developmental structures. In betwdhentransfer into boxes and the end of the
experiment, each morning plates were evaluatedrurdelight. Larger structures of etiolated
stipes were first seen on sets of plates on degspectively day 6 and day 7, after transfer into
constant dark. Structures were photographed as rshiowthe figure, which finished the
incubation of different subsets of plates in thpaziment.Thereby, PK denotes primary hyphal
knot, SK secondary hyphal knot, P1 up to P5 pringosthge 1 to 5 as defined in Fig. 1 (P5 =
mature primordium). Note to this experiment andftilwing that it is not fully excluded that
very low levels of light might occasionally haveached the fungus. Due to own fear, that the
fungus might not reach enough oxygen, the lid ef dark boxes used for incubation were
never fully pushed into the fixed close position.
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Fig. 4 (A) Etiolated stipes amongst secondary hyphal knots YMG/T plate of homokaryon
AmutBmut grown for 5 days at 37°C in constant daefore transfer to 28°C with 3 h light
illumination and subsequent incubation up till dayt 28°C in constant darkBY A mature
fruiting body of homokaryon AmutBmut amongst mamyadler abortive structures (secondary
hyphal knots and primordia of different age) in therning on day 7 of total incubation at 28°C
after growth for 5 days at 37°C in the dark and4far into standard fruiting conditions.

Etiolated stipes were harvested from the plates [3g. 5), their average length at
the point of harvest determined and outer morphetogompared (Table 1). The results
show that up to a transfer of day 5 of incubatian28°C into the dark, fruiting
structures are still susceptible to etiolated stpeduction, i.e. up to day 5 of
development after transfer to standard fruitingdibons at 28°C, a light signal is
required to suppress etiolated stipe formation @ndontinue normal tissue develop-
ment (see also Fig. 6). In the morning of day 6netibation at 28°C under standard
fruiting conditions, structures are undergoing kaamy (Navarro-Gonzalez 2008a
light induced event that will only occur once tissdevelopment in the primordia was
completed (Lu 1974, 2000). Simultaneously, onsétasffogamy is required to initiate
cap maturation and stipe elongation (Kies 2000,sKée al. 2004). Furthermore,
although light still influences the speed of sulsed events (particularly the different
steps in meiosis) upon karyogamy, normal fruitiregly development can continue in
the dark (Lu 1974, 2000). The results presented imeFig. 5G show that a transfer into
constant dark after day 5 of incubation at 28°Gtandard fruiting conditions does not

cause anymore etiolated stipe formation. Insteatnal stipe elongation was observed
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Fig. 5 Overview of structures present on YMG/T plags of homokaryon AmutBmut grown
for 5 days in constant dark at 37°C in the dark bedre transferring into standard fruiting
conditions at 28°C. Plates were transferred at day 0 after 3 h illutmmaat 28°C under
standard fruiting conditions into constant da#g,(or on the morning of day BJ, day 2 C),
day 3 D), day 4 E), day 5 F) or day 6 G), respectively, of incubation at 28°C under stadda
fruiting conditions (compare the scheme in Fig. Blates shown undeA] to (D) were
analyzed on day 5 of total incubation at 28°C, gle¢es shown undeE} and £) at day 6 and
day 7 of total incubation at 28°C, respectively.
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Table 1 Characteristics of etiolated stipes

Day of Size Outer morphological description”
transfer of plates | evaluation in cm*
Day 0 Day 5 1.02 +£0.17 Thin, soft, white structungith minute

cap, single hyphae stand up like hairsg at
the lower half of the structure, structure is
difficult to section

Day 1 Day 5 1.02 +0.28 Slightly stronger and widethan
structures from day 0, white in color, cap
slightly more pronounced, single hyphae
stand up like hairs at the lower half of the
structure, sectioning is easier

Day 2 Day 5 1.08 £ 0.27 Again stronger and moif§ ististructure,
tissue more compact, white in color, cap
with outer veil clearly distinguishable,
single hyphae stand up like hairs at the
lower half of the structure, sectioning |is
easy

Day 3 Day 5 1.18+0.24 Similar as structures oy 2labut again
more strong and wide in diameter and the
cap is further developed and pinkish|in
color, more hairy like hyphae on the
lower half of the structure, easy to sectipn

Day 4 Day 5 1.42+0.31 Similar to structures of @abut with an
increase in width diameter and cap further
developed and more intense in color, egsy
to section

Day 5 Day 6 1.44 +0.27 Similar to structures of dabut with an
increase in width diameter and cap further
developed, easy to section

Day 6 Day 7 2.61+£0.50 Abortive fruiting body pally elongated
normal stipe and a normal developed put
unopened cap

* Between 8 and 20 structures were analyzed
* Compare Fig. 5 and Fig. 6

(Fig. 5G) although mature fruiting bodies neverwoed in the experiments reported
here. These results are well in accordance withetitéer observations by Lu (1974,
2000) and Kamada et al. (1978).

Sectionings of etiolated stipes were performed &temnine the inner tissue
structures of the etiolated stipes. In accordanitle the outer observations, structures
on plates transferred on day O of incubation aC28to the dark started only cap tissue
development (Fig. 6), whereas structures transfeateday 1 of incubation at 28°C
formed already primary gills within the cap (Fig. 6tructures transferred on day 2 of

incubation into constant dark possessed secondisy(fgg. 6) that in the normal time
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day 0 day 1 day 2 day 3 day 4 day5 day 6 day 7
|| | || || || || || ||

Primary n

Secondary

hyphal hyphal Primordium Sage 2
Kot knot Stage 1
primordil_Jm Autolysis
undergoing
karyogamy  mature
fruiting body

Transfer into
darkness

Fig. 6 Etiolated stipe formation upon transfer of altures of homokaryon AmutBmut into
constant dark. Plates were transferred at day O after 3 h ill@atam at 28°C under standard
fruiting conditions into constant dark, or on therming of day 1, day 2, etc. up to day 6 of
incubation at 28°C under standard fruiting condisigcompare the scheme in Fig. 3). On top of
the figure, the normal fruiting scheme@dprinopsis cinerea is shown (compare Fig. 1). Below
structures are shown on day/A)(to (E), referring to a transfer at day 1 to 4 after $fanto
standard fruiting conditions, respectively), respety day 6 F), transfer into constant dark at
day 5 of incubation at 28°C) and dayG)( transfer into constant dark at day 6 of incudratt
28°C) of total incubation at 28°C after first grogiunder standard fruiting conditions and then
for defined periods in constant dark. Structuressirown still growing on plates (upper row),
and beneath as longitudinal sections of the uppdrtiae lower part of the structures (second
and third row) and cross-sections through the céfise structures (lower row), respectively.
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course of fruiting body development are visibletie morning at the time point (Fig. 1)
and Navarro-Gonzalez (2008vhen in the experiments reported here the strestu

were transferred into dark. In conclusion, normaVvelopment did not continue but
arrested at this stage whereas etiolated stipetrmitiated in the more basic parts of
the primordia. Similarly for structures transferraal day 4 and day 5 of incubation at
28°C into constant darkness, there was no furtleeeldpment of cap tissues in the
structures of that what was performed to the pofriransfer from light into the dark

(compare Fig. 6 with Fig. 1 ardavarro-Gonzalez 2008)

Looking at the bases of the various structuresietl@pears to be a difference
between all the etiolated stipe structures andbthee of the arrested fruiting body
structure obtained after transfer at day 6 of imtwm at 28°C into constant dark
(Fig. 6). The latter has a darker core within thieldie of the stipe base whereas in
etiolated stipes this core extends evenly alonglehgth of the structures (Fig. 6 and
Fig. 7). Moreover, the base of the aborted fruithagly from day 7 is more round and
broader in diameter as the stipe. This is becausetimordia including the base are
circumvented by a veil (Fig. @Javarro-Gonzalez 200&hat upon maturation will
rupture above the base of the stipe resultingandgr veil less stipes with a larger base.
The pictures suggest that the lower part of theestissue in secondary hyphal knots
and in developing primordia will give rise to etitdd stipe formation by continuous
growth. When following up the inside of an etiothtstipe over its whole length,
nowhere a compact base tissue is obvious (Fig. )l ABe stipe tissue underneath the

cap appears to continue without obvious interruptiato etiolated stipe tissue

Fig. 7 An etiolated stipe from an AmutBmut culture grown for 5 days at 37°C before
transfer to 28°C for first 3 h in light and afterwards till day 5 of incubation at 28°C into
constant dark. (A) Overview of the etiolated stipe before sectioniftpte the veil cells
covering the tip of the etiolated stip®)(Longitudinal section of the etiolated stipe shown i
(A), (C) Enlarged view of the cap, stipe and upper tissfidise etiolated stipe.
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Fig. 8 Etiolated stipe formation upon transfer of YIG/T cultures of homokaryon
AmutBmut at 28°C after light illumination for perio ds longer than 5 days into constant
dark. Exact cultivation periods in dark and overall mation conditions of these plates were
not recorded in a respective protocol of the expent. Pictures were taken and are only shown
here since they demonstrate nicely that only aetutisstructures will develop over the time
into very long structures. Cultivation in the daok the plates over the time was likely
incomplete since fresh formation of secondary hyjhats was observed indicating reception
of a new light signal that is known to be requifedfresh secondary hpyhal knots. Pictures are
shown to demonstrate that new secondary hyphakkioom at the younger end of etiolated
stipes rather than inducing further cap developroéttie already established structure.

(Fig. 7C). Etiolated stipe formation does not std@ size of about 1 to 2 cm as might
be deduced from Table 1. When cultures after getitight pulse at 28°C and transfer
into dark were kept for further days in constankdat 28°C, a subset but not all of the
structures further elongate by several cm in length. 8 shows a set of plates after
longer periods of incubation in dark boxes docunmegnthat not all structure develop

further. This is comparable to the behaviour imfation of large numbers of secondary
hyphal knots and young primordia in cultures unstandard fruiting conditions, most
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of which will abort in development in favour of aw structures that eventually will
mature. The likely reason for such behaviour isrdstricted amount of nutrients which
will be not enough to nourish all structures tdyfulevelop over the time (Kies 2000).
It is further interesting to note that upon recegvanother light signal, etiolated stipes
appear not to mature further but serve as placesdofction for the development of
fresh secondary hyphal knots (Fig. 8A, Elliott 1984dies 2000 and see blow). There
appears to be sense in this when most nutrients afiture are collected in the long
etiolated stipes, thus being at the places wersesjently required for formation of
proper mushrooms when sufficient light is giventhe cultures. Furthermore, light
reacts only at defined places in the culturesaitgioung cell such as found at the edge
of actively growing cultures (Kies 2000). In oldedtures, the freshly grown parts of
etiolated stipes obviously present also such yaatlg that can be reactive on light.

To follow the growth of elongated stipe over thendi in further series of
experiments at day 5 of incubation in dark afteshart light impulse on the day of
transfer to 28°C (day 0), using red-light for hangletiolated stipes were size-marked
with ink in equal steps starting at the cap acewdo the scheme shown in Fig. 9.
Experiments were first performed with etiolatedpet grown in standard YMG/T
cultures but structures were relatively weak ang thot easy to handle. By chance, it
was noticed that YMG/T made up with tap water warech stronger and thus, YMG/T
tap water medium was subsequently used in growtldiest of etiolated stipes.
Structures on plates made with tap water could beked earlier already on day 3 or
day 4 of cultivation in constant dark after tramsfé fully grown plates to 28°C and a
3 h light illumination. First attempts of followingp the daily growth of etiolated stipes
(performed on etiolated stipes grown on YMG/T apkates made up with distilled
water) were restricted on marking the newly devetbpart under red light to finally
consider after two to four days further incubatimmronstant dark to increase in growth.
However, in several instances a difficulty was emtered by the fact that ink marks
were not anymore or only poorly visible due to sgdiair-like hyphal growth at the
older parts of the structures (for examples see &ignd also Fig. 10 indicating the
same phenomenon for structures grown on YMG/T plgdes made up with tap water).
In consequence of this, in a final experiment usfidG/T tap water agar plates both
marking and measuring increase in daily length d@se under red light. Starting with
a total of 99 different young etiolated stipes, esevndividual structures were so

observed on a daily basis up to day 6. The avdragease of the etiolated stipes from
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day 3 to day 4 was 0.79 + 0.32 cm, from day 4 ¥p%14.45 + 0.30 cm, and from day 5
to day 6 1.78 = 0.70 cm, respectively. From thesatdd data, it appears that with
raising length of the etiolated stipes, also th@ltocrease in length per day raises.
Growth of other etiolated stipes could only be daléd up till day 3 (8 individual
structures), day 4 (68 individual structures), @y &b (16 individual structures) of
incubation in constant darkness since they arrastgcbwth on the respective days (see
Fig. 11) supporting the above suggestion that ssimetures give up their development
in favour of others. When taking also these stm@&stunto calculations on average daily
length increases of etiolated stipes, an increaséength of 1.39 + 0.57 cm was
observed from day 3 to day 4 (from a total of 9a&lgred structures) and an increase in
length of 1.58 + 0.64 cm from day 4 to day 5 (frantotal of 23 analyzed structures),
respectively. Possibly, the somewhat larger extentbngth upon longer incubation
relates to an overall rise in strength of the dtmes (for this point of discussion,

compare also Table 1).

Day 6

Day 5 ﬂ
Day 4 ﬂ H i

Day 3 ]

-8

Fig. 9 Scheme for marking etiolated stipesifter growth for 5 days at 37°C on YMG/T tap
water agar plates, Petri dishes were transferre@ fointo light at 28°C and subsequently for
further incubation into constant dark. After thideeys, etiolated stipes were measured in size
and marked under red light on the cap (indicatedray) and at three further equally spaced
positions on the shaft of the etiolated stipeshfliglue). Structures were further incubated at
28°C in constant dark and measured and marked ad@@n24 h (day 4) and 48 h (day 5),
respectively, and finally evaluated at day 6 oétatcubation at 28°C.
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In all cases where further growth of etiolated esipvas observed, the section
marked at the cap to the next neighboured markeasad by several cm, whereas
distances between other marks did not noticeabingé (Fig. 10). The observations
suggest that etiolated stipes grow by proliferatodrtissues above the older parts of
etiolated stipes but below the cap. Terashima .e{28I05) previously reported that
etiolated or dark stipes develop by elongatinglihse (nicely termed by these authors
the primordial shaft) underneath the stipe tishws €longates during normal fruiting
body development (compare Fig. 2) although theyndidgive proof for this statement.

- < i . "' ’

_ o™ S . 1 s ]

Fig. 10 Growth of etiolated stipes of homokaryon AmtBmut over the time. The strain was
grown for 5 days at 37°C in constant dark on YM@i&dium (made up with tap water) upon
which plates were transferred to standard fruitbogditions at 28°C (day 0) and upon 3 h
illumination into constant dark at 28°C into veat#d boxes. At day 3 of incubation at constant
dark, a first set of marks was set by ink undefligdat, upon which the plates were transferred
back for 24 h into constant dark. Marking was répeéan day 4 and 5 of incubation with a
final length evaluation of day 6 of incubation.dtited stipes were finally photographed at day
7 of incubation A), (B). Note in the left plateX), that the first marks from day 5 and some
from day 6 are not anymore visible due to extenkaiey-like hyphal growth. Note also in both
plates the many very small etiolated stipes withi& aerial mycelium that appeared to have
arrested in development.

The results shown in Fig. 10 clearly indicate thider tissues of etiolated stipes will
not proliferate for extension growth. Since the eamwnly pushed forward by newly
established shaft tissue without obvious furtheretigoment (compare also Fig. 7), also
tissues of the cap is not responsible for forwammh of the etiolated stipes. Most
likely the growth zone will be just below the cagpbably at the place where the veil
stops (compare Fig. 7A and C). The marking in tkpeements shown did not
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encompass this region. In future studies, markivaukl therefore present a continuous
line from the tip of the cap down the shaft ovatedined length of the etiolated stipe.
The point of tearing apart of the line should tedlthan where the growth zone exactly

lies.

Fig. 11 The majority of young etiolated stipes arrst early in development over the time in
favor of one or two structures that develop further The plates shown are from the same
experiment than those given in Fig. 10 and theyeve#so photographed on day 7 after transfer
of plates at 28°C into constant darkness.
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2.4.3 Transfer of etiolated stipes into normal fruiing conditions with a 12 h
light/12 h dark regime

Upon development of etiolated stipes, an obviowsstion is whether these develop
further into mature fruiting bodies when returnetbia normal 12 h light/12 h dark
regime. As shown in Fig. 8 and supported by liteatdata (Elliott 1994), it appears
that transfer of etiolated stipes back into norright conditions will not cause
maturation of the cap of the etiolated stipes. Batmew secondary hyphal knots
develop that eventually might develop into nornmaiting bodies (Fig. 12).

To elucidate this question further, subsets of déchtandard YMG/T agar plates of
AmutBmut cultures grown for 5 days at 37°C befoensfer into 28°C and incubating
them for distinct phases under normal fruiting dbads and in constant darkness
according to the different cases shown the schentég. 3 were transferred at day 5
(Fig. 13A to 13E, respectively day 6 (Fig. 13F)daly 7 (Fig. 13G) of total cultivation
at 28°C from constant darkness back into the noddi light/12 h dark regime. In all
instances when transfer into constant darknessri@ezton day 0, day 1, day 2 or day 3
of total incubation at 28°C, etiolated stipes abdrin development and fresh hyphal
knots were produced developing into normal primerdnd at day 7 of normal
mushroom development maturating into the typ{@atinerea fruiting bodies (Fig. 13A
to 13D). Also in the other three sets of plateg there transferred later into constant
darkness such freshly induced primordia occurredesof which subsequently resulted
in normal matured fruiting bodies (Fig. 13E to Gjom later stages in development
[day 5 and day 6 of normal fruiting body developtésee Fig. 1) corresponding to
primordia in the pre-karyogamy stage with fully dmped tissues, respectively to
primordia undergoing karyogamyévarro-Gonzéalez 200Bpne might have guessed
that an interruption of normal fruiting conditiobyg transfer of plates for a defined time
into constant dark would not have had as seveezitsfion aborting fruiting structures,
particularly not when a transfer was performed ay & of normal fruiting body
development. However, judging from the plates shamifrig. 13E and 13G, on the
plates shown there were no such primordia strustorethe plates shown that could
have been followed up in development of etiolatiges after their transfer back into
standard fruiting conditions.

In plates that were transferred at day 4 of tateubation at 28°C into constant

darkness and at day 5 of incubation at 28°C battkthne standard fruiting conditions
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Fig. 12 Fruiting bodies developed on aborted etiotad stipes of Coprinopsis cinerea
AmutBmut in a horse dung culture. Strain AmutBmut was inoculated by transferring agar
pieces (about 2 mm x 2 mm in size) with myaaliisom a fresh YMG/T preculture into a
500 ml flask containing sterilized horse dung. Théure was incubated for 5 days at 37°C in
the dark before transferring into standard fruitbmgpditions at 28°C. Etiolated stipes developed
deeply within the horse dung at the bottom of tlaski These stipes pushed forward to the
surface of the horse dung to obtain enough lighttdomation of proper fruiting bodies. The
fruiting bodies shown here initiated developmentaw structures on aging etiolated stipes.
When fruiting body maturation started, the cultwas transferred over night to room
temperature in the lab to reduce the speed ofirfguibody maturation so that at the next
morning, the structures could be photographed bdtdly maturation and fast autolysis.
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A

Fig. 13 Fruiting body development of homokaryon AmtBmut after transfer of plates kept

at 28°C for defined periods in constant dark for eiblated stipe production back into
standard fruiting conditions. Standard YMG/T plates of homokaryon AmutBmut werewmn

for 5 days in constant dark at 37°C and then temresfl for defined times into standard fruiting
conditions before incubating them in constant @¢darR8°C (compare scheme in Fig. 3; per case
10 different plates were incubated) to develop dstiges. Subsequently, all cultures were
moved from constant dark back into standard frgitbonditions [at day 5 those cultures that
were transferred on day 8), day 1 B), day 2 C), day 3 D) and day 4 K) of incubation at
28°C into constant dark; at day 6 the cultures Wexe transferred at day B)(of incubation at
28°C into constant dark; at day 7 the cultures Wexe transferred at day &) of incubation at
28°C into constant dark]. Three days after trangfeck into standard fruiting conditions,
representative plates from the sets of plates fieenesl at day 0, 1 or 2 of incubation at 28°C
into constant dark (cases)(to (C) were first photographed (in each case the uppehe
respective two pictures shown). Five days afterdfier back into standard fruiting conditions, a
representative plate from the sets of plates tesred at 3 of incubation at 28°C into constant
dark [case )], were first photographed (the upper of the retipe two pictures shown). Six
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days after transfer back into standard fruitingditons, representative plates from the sets of
plates transferred at day 4, 5 or 6 of incubatib@8iC into constant dark [cases) (to (G)]
were first photographed (in each case the upptreofespective two pictures shown). Amongst
the formerly grown etiolated stipes, normally deyald primordia were observed [at least in
casesA) to (E)], some of which matured into fully developed fiy body (in each case the
lower of the respective two pictures; photos takenday 7 after transfer back into standard
fruiting conditions). In the plates shown iB)(and G), no etiolated stipes were seen that would
correspond to the expected developmental age tachieved at the point of transfer. Thus,
from these plates no definite conclusions shouldriaeun.

with 12 h light illumination, an exceptional struot was able to continue tissue
development of the cap of the etiolated stipe tdully established cap with
basidiospores (shown in Fig. 14B in comparison tmamally developed mushroom in
14C). This exceptional event correlated with trangif primordia that in the normal
course of fruiting body development mostly completissue development in the cap
(see Fig. 1A and F and Fig. 3). To describe thdlahla results of the experiment
completely, one further unusual structure shoulaneationed that occurred on a plate
transferred at day 0 into constant dark and atSdafytotal incubation at 28°C back into
standard fruiting conditions (Fig. 14A). This s@@dtructure had a further developed
cap but never matured into a fully developed fngjtbody (Fig. 14A).

In conclusion from the presented data of the erpent, it appears that etiolated
stipes developing from hyphal knots or from veryuyg primordia have not the
potential to turn back into the normal developmemnautine of fruiting body
development. For etiolated stipes carrying primardiaps with fully established
tissues, this question unfortunately is left op@bservations from other unfortunately
not well documented photos suggest that the simatif a transfer into constant
darkness at day 6 of normal fruiting body developiiellowed by a transfer back into
standard fruiting conditions at day 7 might be gutfferent (Fig. 15). It appears that
maturation of fully established primordia undergpialready karyogamy (compare
Navarro-Gonzélez 2008yill be delayed by one day by such treatment ard filly
developed mushrooms will finally be obtained at 8ayf incubation. Such mushrooms
from delayed maturation distinguish from normaliting bodies maturing at day 7
under standard fruiting conditions by extendedlat#al stipe tissue present beneath a
normal looking primordial shaft (Fig. 15). Such extled shafts are known from horse
dung cultures where they are thought to help pgshive cap through the material

towards the surface and light and they were theomeavhy in Japan the fungus
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.

Fig. 14 Fruiting body development of homokaryon AmtBmut after transfer of plates kept

at 28°C for defined periods in constant dark for eblated stipe production back into
standard fruiting conditions. (A) An etiolated stipe with a cap with an unusual pesged
tissue development observed in a culture that waassferred after 3h light illumination into
constant dark up to day 5 of total incubation &2Before shifting the plate back into standard
fruiting conditions. The photo was made 3 daysratfte shift back into the normal fruiting
conditions. Size and structure of the cap corredgpavell with the normal primordium size and
structure at day 3 of fruiting body developmenteslied under standard fruiting conditions (see
Fig. 1, Navarro-Gonzalez 2008)B)( A fruiting body with spores observed at day 3eaft
transfer of a plate back into standard fruitingditans that previously were kept for 4 days in
standard fruiting conditions at 28°C and then foe day up to day 5 of total incubation at 28°C
in constant dark. The arrow points at the exterstedt underneath the normal formed stipe of
the fruiting body. C) For comparison of the fruiting structure, anotipdate of the same
treatment is shown, where fruiting body developmniaitiated newly upon transfer back into
standard fruiting conditions and completed at dagftér transfer back into standard fruiting
conditions. The arrow points at the normally loakprimordial shaft of the fruiting bodies.

was originally calledCoprinus macrorhizus (Kiies 2000; MycoBank Fungal Databases,
Databases,http: //www. mycobank.org). In futures thevelopmental processes that
happen upon transfer of etiolated stipes of differage back into normal fruiting
conditions need still to be studied more thorougtdyverify the impressions on
etiolated stipe development in dark and in standesiding conditions as presented

here.
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Fig. 15 Views on fruiting bodies ofCoprinopsis cinerea homokaryon AmutBmut that
maturated on YMG/T plates after growth for 5 d at 37°C in the dark, transfer into
standard fruiting conditions at 28°C (day 0 to day6, compare Fig. 1), transfer early at day

6 for 1 d into constant dark at 28°C, and transferearly at day 7 back into standard
fruiting conditions on day 8 of development(A) and 8) Views on complete platesC] to
(H) views on single fruiting bodies with elongatedafs beneath the normally looking
primordial shaft and fruiting body stipe, and. enlarged view on a primordial shaft developed
above an etiolated stipe. Note, the cultures shamgrbelieved to be from the same experiment
shown in Fig. 13 and Fig. 14. However, the origifilds documenting the course of the
experiment were lost due to the unfortunate failfr@ computer hard disc. In the future, the
experiment has therefore to be repeated in ordgraof the results of the experiment as
interpreted here.
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2.4.4 Fruiting body development ofC. cinerea homokaryon AmutBmut under
periods of constant light illumination

Fruiting body development &. cinerea homokaryon AmutBmut is adapted to the
light and dark periods in the normal day/night hmgt(Fig. 1, Kies et al. 2004, 2007,
Navarro-Gonzalez 2008The experiments presented so far in this chagitewed that
the length of the dark periods have a decisiveuarfte on the progress of normal
fruiting body development. In the following, expeents are described designed to
detect effects of prolonged light periods on fngtbody development.

Homokaryon AmutBmut was grown on standard YMG/Tigdafor 5 days at 37°C
and subsequently transferred to 28°C under starfdaitcthg conditions into a climate
chamber with 85-90% humidity for further incubatioft the morning of day O of
incubation, a subset of 10 plates was transfemddonstant light illumination at 28°C
into an incubator with 85% humidity. Similarly, @y 1 of incubation at 28°C, at day 2
of incubation at 28°C, at day 3 of incubation at@8and at day 4 of incubation at
28°C, subsets of each ten plates were transferoad $tandard fruiting conditions into
constant light illumination at 28°C and 85% humydibto the incubator. All these
plates were evaluated at day 5 of total incubaioB8°C. Another set of 10 plates was
transferred at day 5 of incubation under standamdirig conditions for 24 h into
constant light illumination at 28°C and 85% humydiito the incubator to be evaluated
at day 6 of total incubation at 28°C. A further eetlO plates was transferred at day 6
of incubation under standard fruiting conditions 24 h into constant light illumination
at 28°C and 85% humidity into the incubator to beleated at day 7 of total incubation
at 28°C. This principal experimental set-up is doeanted in Fig. 16. After the first
evaluation at day 5, day 6 or day 7, respectivallyplates were incubated further in
constant light up to day 16 of total incubation28 C. The light intensity of all light
incubation periods applied was 30-40 PE g1i. After growth at 37°C in constant dark
at the time of transfer into 28°C (day 0), primdryphal knots were noted in the
cultures. The next morning at day 1, all plates badondary hyphal knots. On the
plates that had no dark phase and were kept directionstant light, young primordia
of 1-2 mm in size were also seen (Fig. 16) suggestiat the lack of a dark period
speeded somewhat up the normal development. Prianofda similar developmental
stage were seen in the plates with a dark incubati@ase at the morning of day 2 of

91



2. Effects of light in fruiting body dde@ment of the basidiomyce@oprinopsis cinerea

Growth
at 37°
in dark

Transfer to 28

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9

Constant light 28C

Constant light 37 °C

Fig. 16 Experimental setup of transferring YMG/T plates of homokaryon AmutBmut at
different time points of the normal fruiting pathway into constant light. All plates were
incubated for 5 d at 37°C to allow growth of thedus before transferring it to 28°C. A subset of
10 plates was kept in constant light in an incubatdh 85% humidity without any further
incubation periods in the dark (day O = day of $far). Another subset of 10 plates was incubated
for 1 d under standard fruiting conditions in an@ie chamber at 90% humidity before
transferring them into constant light into the ibator with 85% humidity. Other subsets of each
10 plates were kept through more full 12 h lightfil@ark periods in the climate chamber before
transferring them at the beginning of a new lightipd (about 5 min after light switches on in the
climate chamber) into constant light into the inatap with 85% humidity. A white box labelled
with a day in the upper line of the figure denatek2 h light period and the following black box
the 12 h dark period on a 24 h scale under starfdaitohg conditions. The times of transfer and
the maximum developmental stage reached by culatrd®e point of transfer into constant light
are indicated by the photos above. In additioneach day of incubation under standard fruiting
conditions in the 12 h light/12 h dark rhythm, @resentative structure is shown as observed in
the mornings at the start of a 12 h light periodefEby, PK denotes primary hyphal knot, SK
secondary hyphal knot, P1 up to P5 primordial stab¢o 5 as defined in Fig. 1 (P5 = mature
primordium). Upon a shift from standard fruitingnciitions into incubation in constant light,
plates were further incubated at 28°C in the intubat 85% humidity until day 5, day 6 or day 7,
respectively, for evaluation of developmental stuues after transfer into constant light at 28°C.
In between the transfer into constant light and éhd of the experiment, each morning plates
were also evaluated. Structures were photograpseth@vn in the figure and in Fig. 19 and 20
on days of evaluation. In addition to growing thadus as it is standard in the laboratory for 5
days at 37°C in constant dark, effects of growthhef vegetative mycelium directly in constant
light at the two different temperatures 28°C andCGWere also tested as indicated by the two
lines at the bottom of the figure. Only when growrconstant light at 28°C, the fungus was able
to induce fruiting body development whereas ongalabhcubated under continuous illumination
in constant light at 37°C not even primary or selawg hyphal knots appeared (for further
information, see text).
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Day 5: primordia stage 4 Day 6: mature primordia

0 12 2410 12 24 h
| | | | |

l | I

Prekaryogamy —— e

Spore maturation

i. Asymmetric growth
ii.  Equal enlargement
iii. Spore pigmentation

Nuclear migration
Postmeiotic mitosis

Spore discharge

Fig. 17 Scheme explaining the processes occurring in basidiover the time in fully
established primordia from the prekarogamy stage upto spore formation according to
observations under the microscope made biavarro-Gonzalez (2008)Primordia stage 4
(prekaryogamy stage) with fully established cap afide tissues are obtained under standard
fruiting conditions on day 5 of incubation wheressler standard fruiting conditions karyogamy,
meiosis and spore formation mostly happen in pritidgostage 5 on day 6 of incubation. White
and black boxes in the time scale represent lightdark phases, respectively. The smaller dark
boxes above indicate a period of minimum 2h, retspelg a 3 h where arrest in fruiting body
development induced by cultivation in constanttiighn be released through transferring cultures
into constant dark (after Lu 1974, 2000 and Lu ey 1975).

incubation at 28°C (Fig. 16). Likewise, transfer @¢onstant light at later days of
incubation seems to have a somewhat positive effecthe speed of development
(Fig. 16). Once started, incubation in constanhtligid not block tissue formation in
developing primordia. However, regardless on whidely the transfer into constant light
was done up to day 5 (inclusive), development axadiyt arrested at a stage when the
gills started to separate from the stipe and when dtipe slowly elongated. These
morphological processes are observed under starfdatthg conditions on day 6 of
development when meiosis occurs in the basidia. (E§y Navarro-Gonzalez 2008)
Prolonged incubation under constant illuminationapay 16 of total incubation at 28°C
did not further improve development-under such d@ook, the arrest was permanent in
those plates shifted before or at day 5 of incamatinder standard fruiting conditions
into constant light (Fig. 16 and Fig. 18). Onlytpkincubated for 6 days under standard
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fruiting complete the full fruiting body pathwaydluding formation of basidiospores
(Fig. 16 and Fig. 18).

Lu (1974) and Lu and Jeng (1975) describedQocinerea strains a 2 h-long dark-
dependent period at the meiotic S-phase occurnntheé fungus prior to karyogamy.
Fruiting cultures kept at the required time phastully dark before changing incubation
conditions to constant light illumination were alitedevelop pre-karyogamy primordia
(compare Fig. 17). When this dark period was mgssthere was a permanent arrest in
fruiting body development (Lu 1974, Lu and Jeng3)9Tu (2000) further described that
another 3 h long dark period is required for sontirss including homokaryon
AmutBmut to overcome a light-induced arrest aftgitatene in meiosis | (compare Fig.
17). If the dark period is not given at the appiajertime point at meiosis, development
arrests permanently. Generally, with 16 h light/&ldrk Lu in his experiments used
another light/dark rhythm (Lu 1974, 1982, 2000, &nd Jeng 1975) than many other
researchers (Kamada et al. 1978, Kies 2000, Lid,2R@varro-Gonzalez 200&his
study). Thus, the observations by Lu and colleagares not easy to transfer to the
observations of the experiment described here. Wewethe phenomenon of light-
induced arrests are also recognised in the expetam@mcumented in Fig. 16. Primordia
stage 4 (P4) at day 5 in the normal 12 h light/1@alk rhythm receive the light signal
inducing karyogamy and, subsequently, the matunequdia should be on day 6 in
meiosis | which finishes towards the end of thenmadr12 h light phase of incubation at
day 6 (compare Fig. 1Navarro-Gonzalez 2008)f however subsequently to induction
of karyogamy in primordia stage 4 on day 5 no qarlse at the end of meiosis | on day
6 is given, permanent arrest in development happérish is seen on day 6 in the
experiment described here (Fig. 16 and Fig. 20G, iHgubation for several further days
in constant light did not result in fruiting bodyamration (Fig. 16 and Fig. 18 upper
row). In conclusion, the experiment described reenefirms Lu’s earlier reports on two
dark-dependent, i.e. light-sensitive steps durirgggrocess of fruiting body development
in C. cinerea. As described in the study by Lu (2000), transfiestructures into constant
light after the second dark-dependent light-sersipphase had no negative effect on
fruiting body maturation (Fig. 16 and Fig. 18 lowew). In addition to the experiments
described here, future studies could test whetheropdia that developed under constant
illumination in light to stage 4 or stage 5 will lmble to complete fruiting body

development when transferred back into darkness.

94



2. Effects of light in fruiting body dde@ment of the basidiomyce@oprinopsis cinerea

Fig. 18 Plates from the experimental set-up showmiFig. 16 photographed at day 16 of
incubation at 28°C (upper rows) respectively at day’ of incubation at 28°C (bottom row).
The number of the day indicated on the plates eféhe day of incubation at 28°C at which a
plate was transferred into constant light illumioat Note that plates transferred before day 6 of
incubation under standard fruiting conditions at@8eveloped only mature primordia (see upper
rows) whereas on the plates transferred at day iBaofbation into constant light illumination
formed fruiting bodies that were fully developediautolysing on day 7 of incubation at 28°C
(see lower row).
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/ \ day 4+

day 3+ 6hL
9hL
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~0.5 mm

9-12 mm

Fig. 19 Developmental progress of primordia formatin in AmutBmut cultures that were
transferred directly after 5 days of growth at 37°Cinto constant light at 28°C [transfer at
day O of incubation at 28°C; see (A)] and after onday incubation under standard fruiting
conditions [transfer at day 1 of incubation at 28°C shown in (B)]. Time points of
morphological analysis are given above the phobastie developmental stages reached at these
time points and structure sizes below the photéstoRP5 denote primordia stage 1 to 4 and the
mature primordium as defined in Fig. 1 (P5 = mafomienordium), the letter L the length of a
light phase applied on the day of harvest befootiageing a respective structure. Note that the
outer structure of the primordia (upper rows), itieer tissue distribution (middle rows) and the
development of primary and secondary gills (bottoms) are as in primordia developing under
standard fruiting conditions (compare Fig.1).
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day 4+
10h L

~0.5 mm

Most importantly, however note also that developtalestages occurred about 1 day earlier in
this series of experiments compared to what happeasr standard fruiting conditions (see Fig.
1), an effect caused by longer illumination by tigioted also before by Lu (1982). This effect
could have contributed to the confusion in desimiptof time courses of fruiting body
development inCoprinopsis cinerea found in the literature which makes understanding
process for readers of the literature difficult aanparisons of different reports often impossible
(Kues 2000, Liu 200INavarro-Gonzalez 2008Finally, note that arrest in development occurred
at primordia stage 5 at a time point of first slstipe elongation (Moore et al. 1979, Liu 2001,
Navarro-Gonzélez 2003
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Arrest at a pre -karyogamy stage Arrest in
meiosis

B

day2+3h L day2+3h L day3+7h L day3+6h L day4+9h L day4+8h L day5+3h L day5+3h L

Fig. 20 Sections through primordia harvested on day and day 5 of incubation at 28°C after
transfer of fully grown AmutBmut plates from 37°C according to the scheme shown in
Fig. 16.Sections of primordia harvested on dayA &nd day 5B), respectively from plates that
were transferred at day 2 of incubation at 28°@ inbnstant light. Sections of primordia
harvested on day 4 and day 5D), respectively from plates that were transferreday 3 of
incubation at 28°C into constant light. Sectiongpomordia harvested on day &)(and day 5
(F), respectively from plates that were transferreday 4 of incubation at 28°C into constant
light. Sections of primordia harvested on day& and day 5HK), respectively from plates that
were transferred at day 5 of incubation at 28°© kanstant light. P4 and P5 denote primordia
stages 4 to 5 as defined in Fig. 1 (P5 = maturagndium), the letter L the length of a light phase
on the day of harvest applied before sectioningspective structure. Note that the outer structure
of the primordia (upper rows), the inner tissudriiation (middle rows) and the development of
primary and secondary gills (bottom rows) are agrimordia developing under standard fruiting
conditions (compare Fig. 1 and Fig. 19 A and B)te\also that arrest in development occurred at
primordia stage 5 at a time point of first slowpstielongation [se€eB], (D), and F)] at a time
point of first slow stipe elongation by cell preration observed in a pre-karyogamy stage,
respectively at meiois | at a stage of initial stgdongation by cell inflammation and by first gill
separation from the stipe and tearing the veil fthestipe i), [for more detailed description of
the processes see Moore et al. 1979, Liu 2001 Nendarro-Gonzalez 200&8nd compare also
Fig. 19].
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2.4.5 Growth and fruiting body development of homolkryon AmutBmut under
incubation at constant light at 28°C and 37°C, resgctively

When homokaryon AmutBmut was grown under constight illumination at 28°C,
fruiting body development initiated (Fig. 21A). Slinaumbers of primordia (up to 10)
were formed per plate but development did never ptete. Primordia development
arrested after secondary gill formation at primarsiiage 4 (Fig. 22). This arrest is again
congruent with a need of a dark phase prior todtida of karyogamy in the stage of
meiotic S-phase as reported by Lu and colleagwess gbove). Whether the arrest can be
released by transfer into darkness at an appreptilae point directly after establishing

primordia stage 4 can be tested in the future,ecsmely whether the long continuous

Fig. 21 Fruiting body development initiates in homokaryom#Bmut when grown under
constant light illumination at 28°G\§ but not when grown under constant light illuminatet
37°C(B).

illumination by light is a too strong stress facfor the structures from which they
cannot recover. The low number of primordia peteladicates that the vegetative
mycelium is sensitive to light signals but growth 28°C under constant light
illumination is not too favourable for fruiting sia plates grown previously in the dark
tend to form several hundreds of secondary hyphatskof which an estimated 50 to
100 will start tissue differentiation for furtherripordia development Navarro-
Gonzalez (2008)

When homokaryon AmutBmut was grown under constagitt lillumination at
37°C, fruiting body development never initiated.wwéwer, white cottony hyphal tufts

regularly appeared in the cultures (Fig. 21B). Taection or importance of these
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Fig. 22 Fruiting body primordia of homokaryon AmutB mut grown under constant light
illumination at 28°C. (A) View on the cap of a primordium stage B) fransversal section
through a primordium stage 4 showing complete aagh stipe tissue formationCJ cross-
section through the cap showing that primary andorsgary gills are formed andD)
enlargement of the transversal section showingtimeordial shaft.

hyphal tufts for the fungus is not known but midge considered as a kind of stress
reaction. This idea is supported by observatioas shmilar hyphal tufts appear in very
old cultures of homokaryon AmutBmut but also oni®as monokaryons (e.g. PS002-1
which is co-isogenic to AmutBmut; see Srivilai 20G& room temperature when the
agar aged and became dry (own observations andvalisas by U. Kies, not further

documented). Such structures occur also in cultstesssed by grazing mites (for

further information see Chaptey.5
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2.5 Conclusions

Experiments presented in this chapter show that piteeess of fruiting body
development irC. cinerea underlies a complex pattern of light and dark cantLight
is needed to induce secondary hyphal knot formatiohcan also be a stress factor
when given too much, particularly when applyindhigther temperature (37°C which is
an extra stress factor suppressing fruiting bodlyatron; Lu 1972, 1982, Kies 2000,
Navarro-Gonzélez 2008Park phases are not required to undergo moshefissue
differentiation in the primordia. However, light reeeded for proper continuation of
tissue formation during hyphal knot and primordevelopment at six different time
points. If any one of these are missing, the seagndyphal knots and the developing
primordia will undergo etiolated stipe formation bytgrowth of the primordial shaft
underneath the young stipe and cap tissues. Ektipe formation can be interpreted
as a mechanism of the fungus to search for andotw tpwards a light source in order
to finally obtain enough light to successfully iate and complete fruiting body
development. Later fruiting body development howeweeds two dark phases — one at
the meiotic S-phase prior to the light-induced kaamy and one during or shortly after
meiosis |. Bringing the different light- and dar&rsitive phases together, it is obvious
that the fungus adopted a control in progress weld@pment that followed exactly the
normal day-night phases as it occurs in natures;Tthe day/night rhythm synchronizes
development to finally finish with fruiting body maation around mid-night and spore
release by autolysis in the early morning hoursday 7 (compare also Navarro-
Gonzalez2008). It is tempting to think about a connectadrthis time schedule with
small animals, insects or mites that tend to betraosve in the early morning hours
before the dew will evaporate by wind blow andirgjsemperatures (for examples of
the extensive literature on mites” and insectsviéies in morning hours and in relation
to environmental conditions such as humidity, winldw and temperature e.g. see
references Bergh 2001, Hemmati et al. 2001, Okveir al. 2006, Onzo et al. 2003,
Edington et al. 2007). In this way, the fungal ldgcle can connect to the life style of

small mobile animals. Interrelations ©f cinerea and mites are described in Chapter 4.
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CHAPTER 3

Defects in light-regulation of development in the

basidiomyceteCoprinopsis cinerea

* This work is dedicated to the memory of Katharkartesz-Chaloupkova. Without
her, mutant 7K17 would not have been identified.

| am very thankful to Dr. Prayook Srivilai's coitution of his suggestion and training
me the basic laboratory techniques in geneti€agdrinopsis cinerea. | wish to thank
Martin Ruhl for his kind discussion on how to arsmythe number of oidias with a
heamatocytometer.
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3.1 Abstract

Coprinopsis cinerea is an excellent model fungus to study fruiting Yyod
development in the higher basidiomycetes. Due &xifip mutations in their mating
type genes, self-fertile homokaryons such as stkanutBmut A43mut, B43mut) exist
in which recessive mutations in the pathway oftingi body development can be
studied.Homokaryon AmutBmut initiates and completes frigtinody development in
the normal day/night rhythm at temperatures arol#&C (standard fruiting
conditions). Light as well as defined dark phasesvery important regulators for an
accurate proceeding in the pathway of fruiting bddyelopment including karyogamy,
meiosis and basidiospore formation. As describedhapter 2 of this thesis, when light
IS missing, normal cap and stipe tissue developmeanests in the wild-type
homokaryon AmutBmut in favour of formation of eatéd stipes, also called dark
stipes. Here, four mutant genes are presented ichwtecessive defects cause in
A43mut, B43mut mutant homokaryons production of etiolated stip@esler normal
fruiting conditions. The four analyzed defects aced in four different genes that react
at different time points in the progress of fruitibody development: genestl and
dst2 are early acting at the stages of hyphal knot &ion up to formation of young
primordia (primordia stage 1) whereas geds8 anddst4 act later in development at
primordia stages 3 and 4, respectively. Crossaestthrough matured etiolated stipe
showed that gill development ost3 and dst4 mutants was generally more advanced
than that indst-1 and dst-2 mutants. Unlike genedst3 and dst4, genedstl and
particularly genedst2 cause pleiotrophic effects also on various otightiregulated
phenotypes, such as production of asexual spordm)@nd production of sclerotia,
which are multicellular pigmented resting structurd43mut, B43mut homokaryons
co-isogenic to the wildtype homokaryon AmutBmut &vereated with each one of the

four dst defects to study further the effects by these gggmbest defined conditions.

Key words: Coprinopsis cinerea, fruiting body development, etiolated stipes, dark
stipes, mutants,dst genes, co-isogenic self-fertile homokaryons, askxspore,
sclerotia, day/night rhythm
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3.2 Introduction

Coprinopsis cinerea is used as a model organism to study fruiting body
development in the homobasidiomycete fui@icinerea is a heterothallic species with
two distinct types of mycelia alternating in itgelicycle, i.e. the infertile monokaryon
and the fertile dikaryon (Kies 2000). Monokaryoesnginate from haploid binucleate
basidiospores, the sexual spores forming in thiérfgubodies, or from the uninucleate
haploid oidia, vegetative spores arising on aehgbhae of vegetative mycelium
(Kertesz-Chaloupkova et al. 1998, Kug600). Dikaryons form by fusion of two
compatible monokaryons. Mating between two monakasyis controlled by the two
mating type lociA andB. For a compatible mating, two monokaryons neethaoe
different alleles at both loci (Casselton and Oilggr1998, Casselton and Kiues 2007).

Little is know about regulation of production okthsexual oidia. The monokaryon
produces oidia in high numbers independently ohtligBrodie 1931), whereas in
dikaryons, blue light induces oidia production (ksz-Chaloupkova et al. 1998).
Similarly to the dikaryons, homokaryons being sslfapatible by mutations in the
mating type loci Amut, Bmut) do not form notable numbers of spores in the dhark
upon light induction high numbers of oidia ariseéhe aerial mycelium. The products of
the A mating type locus are responsible for the repoessf oidia formation in the dark
(Kertesz-Chaloupkové et al. 1998, Kietsal. 1998,2000). As dikaryons, suchAmut
Bmut homokaryons are also able to perform the sexuelkeoyith fruiting bodies in
which karyogamy, meiosis and basidiospore developriekes place (Swamy et al.
1984).

Fruiting body development of. cinerea is a process involving various hyphal-
hyphal (cell-cell) interactions and it occurs asspa@nse of the mycelium to
environmental conditions such as light, temperatowenidity and depletion of nutrients
(Moore 1998, Kiues 2000). The process of fruitingypdevelopment is adapted to the
day-night rhythm. Both, the dark and the light pds are necessary for development to
proceed in the correct manner. Neither in condight nor in constant dark, fruiting
bodies will develop. The process appears to st minute loose hyphal aggregates,
primary hyphal knots that develop on the myceliunh@mokaryons and dikaryons in
the dark. These primary hyphal knots will transfommio sclerotia, small compact
bodies with a melanized rind serving for duratisen cultures are further kept in the
dark (Moore 1981, Boulianne et al. 2000, Kies et1&98). Upon a light signal,

overnight somewhat larger secondary hyphal knots (@ in diameter) (Muraguchi
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and Kamada 1998) are generated but normally onlthéndikaryons. Within these
fruiting body initials, tissue development for capd stipe structures initiates to give
rise to fruiting body primordia. This process také$east three days till tissues are fully
established (Boulianne et al. 2000, Kies 2000, gvads al. 2003) but this was up till
recently only poorly described (Buller 1910, Moeteal. 1979). Under proper light and
dark conditions, some steps in tissue formation diffdrentiation within primordia to
obtain the mature fruiting bodies have been desdrliy Buller (1910), Matthews and
Niederpruem (1973), Reijnders (1979), and Moore apdwvorkers (1979, 1998).
Picture catalogs over the whole series of the evienfruiting body development were
now given by Navarro-Gonzalez (2008and in Chapter 2 of this thesis for the
homokaryon AmutBmut that mimics a dikaryon by défen the two mating type loci.

From transfer experiments of cultures from a typitzey-night rhythm into constant
dark it has been shown before that cap tissue andail stipe development arrests in
the dark. Instead, long structures are formed alsljofrom tissue proliferation in the
lower stipe area, the primordial shaft (Terashimale2005, Chapter 2 of this thesis).
These structures with elongated shafts and rudimngstipes and pileus are variously
referred to as dark-stipes (Tsusué 1969, Muragaoki Kamada 1998) or etiolated
stipes (Borriss 1934, Elliott 1994). Etiolated s8pwill be formed when either cultures
that had a light signal for induction of secondayphal knot formation, or cultures that
had a light signal for regulation in tissue diffetiation in secondary hyphal knots or in
primordia stage 1 to stage 3 or in cultures thdtdéght signal to induce karyogamy in
primordia stage 4 were transferred into constantk d@ompare Chapter 2 of
this thesis ). This later step in fruiting body depment is thus also under light control.
Once a fruiting body primordium is fully establish&ith gills and on the gills the
basidia at day 4 of development, a light signakequired to induce karyogamy -
without, the primordia eventually abort (see alspl974, Kamada et al. 1978, Chapter
2 of this thesis). In the normal fruiting body pa#ly, parallel to karyogamy, directly or
indirectly dependent on light, the stipe slowly imsgto elongate and the cap to open
(Borriss 1934, Cox and Niederpruem 1975, Goodayt1&fuen 1982, Kamada 1994,
NavarroGonzalez22008). Transfer of cultures into constant dark ted a light signal
to continue development in primordia stage 5 hasfurther consequence and the
structures will undergo normal stipe development tapfruiting body maturation
(Chapter 2 of this thesis).
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Further light signals control the progress of misiabat follows directly upon
karyogamy. Light can delay development of basidiosgormation (Lu and Jeng 1975,
Miyake et al. 1980) although there are strain-dpedifferences (Lu 2000). Subsequent
basidiospore production occurs in the dark whitgies rapidly elongate and the cap
expands to give a fully developed mushroom in thedie of a night period (Hammad
et al. 1993, Kamada et al. 1976). However, if aelsuare kept in constant light at this
stage, fruiting body development and basidiospamnétion will also complete
(Chapter 2 of this thesis).

A few mutants in light control have been describe@. cinerea that form etiolated
stipes in constant light. Mutants were obtainetlegitoy conventional UV or chemical
mutagenesis or by modern REMI (restriction enzyneshated integration, a technique
involving transformation to integrate plasmids iatgenome at places opened up by the
action of externally added restriction enzymes).tdflons described by Japanese
researchers occurred in two independent getst$ &nddst2; dst = dark stipe). Gene
dstl has been cloned and found to encode a proteitedeta the white-collar | type of
blue light photoreceptors (Terashima et al. 20Qs)ing strain AmutBmut, the above
mentioned homokaryon with defects in the two matypge loci, Kies et al. generated a
mutant collection in fruiting body development (Gaado et al. 1997, Kles, Granado
and Aebi, unpublished). Two mutants were detectid an etiolated stipe-phenotype,
one created by conventional UV mutagenesis and bgn&@EMI (Liu et al. 1999).
A preliminary comparison of these mutants with isgadefective indstl or dst2
suggested them to contain mutations in other ge(les Kamada, personal
communication). Here, we analyse the effect of@¢hasitations on light regulation and
sexual and asexual morphological processes in cosopato the wild type and to the

effects of mutations in gendstl anddst2.

3.3. Materials and methods
3.3.1 Strains and culture conditions

All strains used in this study are listed for a afuioverview in Table 1.
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Table 1 List of Coprinopsis cinerea strains used in this study

REMI-mutant R1428 x 5337

Strain Genotype Type of mycelium, Source/reference
mutagenesis
R1428F1#74 | A8, B7, dst1-2 monokaryon, progeny of Terashima et al.

(2005); T. Kamada

H1-1280F1#5

A91, B92, dst2-1

monokaryon, progeny of REM

mutant H1-1280 x KF2#1

Terashima et al.

(2005); T. Kamada

h;

K17 Ad43mut, B43mut, | self-compatible AmutBmut Granado et al.
pabl-1, dst3-1 mutant obtained by UV unpublished;
mutagenesis K. Kertesz-
Chaloupkova
B-1918 Ad43mut, B43mut, | self-compatible AmutBmut Liu et al. (1999);
pabl-1, ::pabl’, | mutant obtained by REMI JD. Granado
dst4-1 mutagenesis
AmutBmut A43mut, B43mut, | self-compatible homokaryon Swamy et al. (1984
pabl P. Pukkila
Okayama 7 | A43,B43 monokaryon May et al. (1991);
P. Pukkila
GAU1 A42, B42, pabl-2 | monokaryon co-isogenic to Srivilai (2006)
homokaryon AmutBmut
PS001-1 A42, B42 monokaryon co-isogenic to Srivilai (2006)
homokaryon AmutBmut
PS002-1 A3, Bl monokaryon co-isogenic to Srivilai (2006)
homokaryon AmutBmut
PUK1 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst1-2
PUK1-2 A43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst1-2 co-isogenic to AmutBmut
PUK1-4 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dstl1-2 co-isogenic to AmutBmut
PUK1-6 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst1-2 co-isogenic to AmutBmut
PUK2 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst2-1
PUK2-2 A43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst2-1 co-isogenic to AmutBmut
PUK2-3 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst2-1 co-isogenic to AmutBmut
PUK?2-6 A43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst2-1 co-isogenic to AmutBmut
PUKS3 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst3-1 co-isogenic to AmutBmut
PUK4 Ad43mut, B43mut, | self-compatible homokaryon | this study
pabl-1, dst4-1 co-isogenic to AmutBmut
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C. cinerea strain AmutBmut A43mut, B43mut, pabl) is a self-compatible homokaryon
that forms fruiting bodies without prior matingdaother strain and produces oidia in a
light-regulated manner (Swamy et al.1984, May e1891, Kertesz-Chaloupkova et al.
1998). Mutant B-1918A43mut, B43mut, pabl, ::pabl’) is aBamHI REMI-mutant of
homokaryon AmutBmut (Granado et al. 1997, Liu etl&99), mutant 7K17A43mut,
B43mut, pabl) an UV-mutant of homokaryon AmutBmut (Liu et aP9B, Granado
et al., unpublished), GAUA{2, B42, pabl-2), PS001-1442, B42) and PS002-1A3, B1)
are co-isogenic monokaryons to homokaryon AmutB(Buivilai 2006), monokaryons
R1428F1#74 A8, B7, dst1-2) and H1-1280F1#5A01, B92, dst2-1) were kindly
provided by T. Kamada (Terashima et. al 2005) anonokaryon Okayama 7
(May et al. 1991) by P. Pukkila. Strains newly damsted in this work by crosses
described in the results section are PUK43(mut, B43mut, pabl-1, dst1-2) and PUK2
(A43mut, B43mut, pabl-1, dst2-1) came from the F1 generation of the crosses
R1428F1#74 x AmutBmut and H1-1280F1#5. PUK1A23mut, B43mut, pabl-1, dst1-

2), PUK1-4 A43mut, B43mut, pabl-1, dstl-2), PUK1-6 @A43mut, B43mut, pabl-1,
dstl-2) are strains related to homokaryon AmutBmut andrewebtained in a
co-isogenisation process with monokaryon PS00-dradses F2, F4 and F6. Similarly,
PUK2-2 @A43mut, B43mut, pabl-1, dst2-1), PUK2-3 @43mut, B43mut, pabl-1, dst2-1)
and PUK2-6 A43mut, B43mut, pabl-1, dst2-1) were produced in a co-isogenisation
process by backcrossing to monokaryon PS00-2. PAG3mut, B43mut, pabl-1,
dst3-1) and PUK4 A43mut, B43mut, pabl-1, dst4-11) are also co-isogenic strains to
homokaryon AmutBmut. All the strains of the PUKissr are self-compatible
homokaryons with defects in the mating type gehasas homokaryon AmutBmut can
still mate like normal monokaryons with strains ather mating type specificity
(Swamy et al. 1984).

Strains were routinely grown at 37°C on YMG/T coetplmedium with agar from
Serva (Heidelberg, Germany) or on minimal medium MiMventilated black boxes
sized 27x37x13 cm (Granado et al. 1997). Mycelrahwgh rates were determined by
inoculating mycelial pieces in the middle of agéat@s and measuring every day the
increase of the colony radius at 8 different pos#i on the growing colonies by
determining the distance from the middle of theculam to the edge of the colony.
Daily increase was calculated by subtracting thieesafrom day 2 from the values
from day 5 and dividing the result by 3 for the rhenof days considered. Averages

with standard deviations were calculated from tliifférent values obtained.
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Matings were performed at 37°C according to Wadteal. (2001) by placing two
agar plugs (ca. 4 x 4 mm) with mycelium of two drffnt strains in close vicinity in the
middle of 9 cm® Petri-dishes onto agar (usually YMG/T medium). Thenation of
the dikaryon in a genetic cross typically resuttvigorous growth from the margins of
the paired monokaryons with clamp cells formedhat dutgrowing hyphae (Casselton
and Olesnicky 1998, Kues 2000, Walser et al. 208dgordingly, clamp cell formation
was observed under a light microscope (Axioplairm2ging, Carl Zeiss, Goéttingen,
Germany) with squeezed agar samples with mycelrom the margin of the colonies.

For testing fruiting abilities, strains were cuétted for 5 days at 37°C in the dark
before transferring the plates into standard fngittonditions at a high humidity (about
85-90%) in a 12 h light/12 h dark cycle into a gtlowhamber at 28°C (Granado et al.
1997). The light sources were in all instances @st86W67 white fluorescent tubes
covering also the effective blue light range (Kezt€haloupkova et al. 1997, Kies et
al. 1998) and plates obtained in all cases ligtensities of 30-40 pE st
As indicated in the results section, in some irstanfruiting body development was
observed on cultures grown directly after inocolatiat 28°C in a 12 h light/12 d
rhythm under 85-90% humidity and a light intensify80-40 pE nf s™.

Basidiospores were harvested by placing fruitinglybcaps into sterile 1.5 mi
Eppendorf-tubes filled with 1 ml sterile;&. The numbers of basidiospores per fruiting
body cap were determined with a hematocytometee(ffhoma-chamber: 0.100 mm in
deepness and 0.0025 mper 1 small square of the hematocytometer courgieg).
Appropriate dilutions of the resulting spore suspem (about 1®to 10" spores/ml)
were plated onto YMG/T or MM agar for germinatidr3@°C in the dark. After 2 days
of incubation, germinated colonies were transfewatb fresh agar plates for further
cultivation at 37°C in the dark. If required, auxghies of germinated clones were
tested by growing them on MM agar plates. Mutantimgatypes of clones were
detected through microscopy in order to detect AlBmut phenotype formation of
clamp cells or thé43mut, B43mut phenotype formation of fused clamp cells (Kertesz-
Chaloupkova et al. 1998, Kiies et al. 1998). Wildtypating type specificities were
determined by crosses with appropriate strains iferdnt mating types. Strains
carrying a wild typeA mating type locus and ti#43mut mutant locus were detected
through crossings with monokaryon Okayama 7 posgg#se wildtypeB43 specificity
from which B43mut was originally obtained (Swamy et al. 1984, Mawlet1991) such

strains were recognised by the fact thatBd8mut mutation does not lead to a perfect
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look of a dikaryon with fused clamp cells at evegptum and that thB-mating-type-
controlled phenotypes nuclear exchange and migrakimugh the mating partner will
not or, if, only poorly occur (Swamy et al. 1984 esz-Chaloupkova et al. 1998, Kiues
et al. 2001, P. Srivilai and U. Kies, unpublishedeyvations).

Formation of etiolated stipes was observed undandsird fruiting conditions
(Granado et al. 1997, see Chapter 2 of this thesisally with the upper face of the
Petri-dish (lid) localized to the top. In some expents, Petri-dishes with etiolated
stipes were turned up-side down for further incwmatfor 7 days at 28°C under
standard fruiting conditions.

Presence of sclerotia, dark-pigmented (melanizedhd, compact resting bodies
about 0.1-0.2 mm in size (Kues et al. 1998, 208&;aso Chapter 4 of this thesis) were
observed under different cultivation conditions (6MG/T at 37°C in constant dark
and in constant light) 25 days after inoculatiorstins. For estimates of numbers of
sclerotia per plate, a pie slice correspondingrtcemhth of the overall surface was
observed at two different places (at the outsidéhefplate 3.0 cm apart from the centre
of the pie slice, and at the inside of the plate dn apart from the centre). The two
different places represented each a circle of On% im @ under a binocular (Stemi
2000-C binocular, Carl Zeiss, Gottingen, Germanyvhich all sclerotia present were
counted. Differentiation in two circles was donecs& in most cultures, the density of
sclerotia was very high at the outer edges of getorand the density of sclerotia
decreased dramatically with decreasing distancthéocentre of the plate. From the
numbers of sclerotia calculated in the small obsgreircles, total numbers per
complete outer and per complete inner mycelia riegsesponding to the width and
positions of the small observed circles on theifeidhes were calculated. Per analyzed
strain, 5 replications were done and average valitbsstandard deviations calculated.

Oidia formation in the aerial vegetative myceliugnrbutants withdst defects were
tested according to Kertesz- Chaloupkova et aB&),9Clones were grown on YMG/T
at 37°C in constant dark. After 5 days of incubatione set of fully grown plates (5 per
each clone) were further incubated at 37°C in @nmstlark whereas a parallel set of
fully grown plates (5 per each clone) was transféifor 4 days into constant light (light
intensity of 20-25 pE ifs?). Subsequently, the asexual spores from the aerial
mycelium were scraped with a spatular from the agafiace into 10 ml of sterile .
Oidia were separated from mycelial fragment bydtlon through glass wool placed in

a bell shaped funnel. The number of oidia in thetgm was then determined with a
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hematocytometer (type Thoma-chamber: 0.100 mm épiess and 0.0025 rAper 1
small square of the hematocytometer counting aréag number of oidia was

expressed per culture (Petri-dish, 9 cm in @).

3.3.2 Morphological analysis of etiolated stipes bhpand-sectioning with a sharp
razor blade
The inner morphological structure of etiolated etipvas observed after sectioning

the structures with a sharp razor blade as destib€hapter 2 of this thesis.

3.3.3 Photographing

Photographing of cultures, of structures underndatsStemi 2000-C binocular and
under the Axioplan 2 imaging light microscope wase as described in Chapter 2 of
this thesis. Photographs were digitalized for impgeessing (analysis®, Soft Imaging
System GmbH, Munster, Germany) via a color chilB&CD camera (colorview soft

imaging system).

3.4. Results and discussion
3.4.1. Mutations leading to etiolated stipes occued in four different genes

The self-compatible homokaryons 7K17 and B-1918ycacessive defective genes
leading to the formation of etiolated stipes undermal fruiting conditions with
changing light and dark phases following the daghirhythm (Fig. 1A and B).
Monokaryons R1428F1#74 and H1-1280F1#5 known toyctre recessive defects
dstl-2 and dst2-1, respectively (Terashima et al. 2005, T. Kamadarsgnal
communication) have different mating type spediis from the other two strains and,
consequently, dikaryons could be formed throughingatDikaryons resulting from
these crosses as well as dikaryons formed betwdet2BOF1#5 and R1428F1#74
gave rise to fruiting bodies with basidiosporegy(R) indicating that all gene defects
are recessive and that neither homokaryon 7K1/haorokaryon B-1918 are defective
in genedstl anddst2.

In order to determine whether 7K17 and B-1918 caefects in the same or in

different dst genes, the strains were crossed to the co-isqgpairi-1 defective
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Fig. 1 Etiolated stipes formed on YMG/T agar platedy homokaryon AmutBmut mutants
7K17 (A) and B-1918 (B) under standard fruiting comlitions.

Fig. 2 Fruiting body development in crosses of stias with dst defects show genetic
complementation indicating that gene defects are oessive and that defects occur in
different genes.(A) and(B) Cross of strain H1-1280F1#5 x R1428F1#13) ¢ross of strain
H1-1280F1#5 x 7K17,0) cross of strain H1-1280F1#5 x B-181%)(cross of strain
R1428F1#74 x 7K17, andF) cross of strain R1428F1#74 x B-1819. Fruiting body
development occurred on YMG/T plates under stanftaiting conditions.
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A42, B42 monokaryon GAULl in order to isolatpabl-1 defective A42, B42
monokaryons carryingst defects.

Basidiospores from fruiting bodies formed atapective 7K17 x GAU1 dikaryon
were germinated on YMG/T complete medium. Colonmth typical monokaryon
appearance (i.e. containing th2 wildtype locus from GAUL and not the clamp cell-
inducingA43 mutant locus from 7K17; see Swamy et al. 1984nigcelial phenotypes
caused byA43mut) were crossed with thé43, B43 monokaryon Okayama 7 to
determine theiB locus specificity by dikaryon formation that caasgy happen when a
clone carries th®42 locus but not when a clone carries B#8mut locus. Of finally
tested 101 clones, only 25 gave rise to a dikarghffierent to the 1:1 distribution
expected by an equal 1:1 distribution of Bienating type specificities in the progeny.
This unexpected 1:3 distribution of dikaryon forioat versus a lack of a mating
reaction indicates that in UV-mutant 7K17 furtherthedst defect there is possibly
another gene defective which acts in the matingti@a or in germination causing an
under-representation @42 clones in the progeny of cross 7K17 x GAU1 (natHar
analyzed in this study). The 2812, B42 monokaryons that mated with monokaryon
Okayama 7 were subsequently crossed to both hoymkarK17 and homokaryon
B-1918. In total, eight clones carried tbg defect of homokaryon 7K17 since only
etiolated stipes and no normal fruiting bodies wierened on the respective dikaryons
under standard fruiting conditions. In crossesheke clones with homokaryon B-1918,
normal fruiting bodies appeared (Table 2) indiogtihat thedst defects in 7K17 and
B-1918 were in different genes. The defectdst gene in 7K17 was subsequently
calleddst3 (specific alleledst3-1) and the defectivelst gene in B-1918Ist4 (specific
alleledst4-1).

Basidiospores from fruiting bodies formed by a esdwe B-1918 x GAUl
dikaryon were germinated on YMG/T complete mediuon subsequently transfer
colonies with typical monokaryon appearance (i@taining the42 wildtype locus
from GAU1 and not the clamp cell-induci®g3 mutant locus from B-1918) onto MM
medium. In a normal 1:1 distribution, a total of &4donies from the progeny grow on
MM and a total of 53 colonies did not grow, suggesthat in the REMI-mutant B-
1918 thepabl wildtpye gene present in the vector used in REMhsformation
(Granado et al. 1997) has been inserted only omiethe genome of homokaryon
AmutBmut. All pabl auxotrophic colonies were subsequently mated @0A#3, B43

monokaryon Okayama 7 to determine tHgilocus specificity by dikaryon formation.
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In total, 27 of the clones formed a dikaryon witlbmokaryon Okayama 7, indicating
these carried thB42 mating type allele. These clones were subsequertlysed with
homokaryons B-1918 and with 7K17 (Table 2). Inliataven clones carried tllet 4-1
defect of homokaryon B-1918 since only etiolatedest were formed on the respective
dikaryons under standard fruiting conditions. Inosses of these clones with
homokaryon 7K17, normal fruiting bodies appearedb{(& 2) indicating again that the

dst defects in 7K17 and B-1918 were in different genes

Table 2 Crosses performed to determine the distriion of defective dst genes in
progenies of cross B-1918 x GAU1 and of cross 7TKETGAUL, respectively.

A42, B42 Cross A42, B42 progeny | Wildtype fruiting Etiolated stipes
progeny from with analyzed in total bodies on the on the dikaryon
Cross dikaryon
7K17 x GAU1 7K17 25 (100%) 17 (68%) 8 (32%)
B-1918 25 (100%) 25 (100%) 0 (0%)
B-1918 x GAUl1 | B-1918 27 (100%) 20 (74%) 7 (26%)
7K17 27 (100%) 27 (100%) 0 (0%)

A second approach was chosen to confirm that defactour different genes can
lead in C. cinerea to etiolated stipe formation under standard fngjticonditions.
The four strains R1428F1#74, H1-1280F1#5, 7K17 B+i®18 were all crossed to the
AmutBmut co-isogenic monokaryons PS00144%, B42) and PS002-1A3, Bl),
respectively. From these crosségl?, B42 and A3, B1 monokaryons were isolated
carrying either thedstl-2 defect from R1428F1#74, thelst2-1 defect from
H1-1280F1#5, thelst3-1 defect from 7K17 or thdst4-1 defect from B-1918 (Table 3
and Table 4). In the crosses with monokaryon PSQOhe A42, B42 progeny was
always identified by dikaryon formation upon crogsithem with the other parental
strain used in the first mating. Likewise in th@sges with monokaryon PS002-1, the
A3, B1 progeny was always identified by dikaryon formatigpon crossing them with
the other parental strain used in the first matirige resulting dikaryons were incubated
under standard fruiting conditions to observe ingitbody or etiolated stipe formation
(Fig. 3). Since all the defects in the four differelst genes were all shown to be

recessive, dikaryons forming fruiting bodies shoa#dry one wildtype gene whereas
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dikaryons forming etiolated stipes must have twWele$ of a defectivest gene. In most

instances, only subsets of the dikaryons initiabedting (Table 3 and Table 4)

indicating thatthere were genes in the background of the straiwas megatively

influenced fruiting.

Table 3 Crosses performed to generaté42, B42 monokaryons carrying defective dst

genes
A42, B42 Cross with A42, B42 Phenotype of the dikaryons
progeny of progeny Wildtype Etiolated No
Cross analyzed in fruiting stipes | initiation of
total bodies fruiting
R1428F1#74 x| R1428F1#74 29 (100%) 14 (48%) 2 (7% 13 (45%)
PS001-1
H1-1280F1#5 H1- 22 (100%) 13 (59%) 9 (41%) 0 (0%)
x PS001-1 1280F1#5
7K17 x 7K17 37 (100%) 17 (46%) 6 (16% 14 (38%
PS001-1
B-1918 x B-1918 34 (100%) 11 (32%) 19 (56% 4 (12%
PS001-1

Table 4 Crosses performed to generat@3, B1 monokaryons carrying defectivedst genes

A3, Bl Cross with Ad42, B42 Phenotype of the dikaryons
progeny of progeny Wildtype Etiolated No
Cross analyzed in fruiting stipes | initiation of
total bodies fruiting
R1428F1#74 x| R1428F1#74 53 (100%) 18 (34%) 4 (8% 31 (58%)
PS002-1
H1-1280F1#5 H1- 41 (100%) 21 (51%) 19 (46% 1(3%)
x PS002-1 1280F1#5
7K17 X 7K17 51 (100%) 2 (4%) 10 (20% 39 (76%
PS002-1
B-1918 x B-1918 57 (100%) 6 (10%) 21 (37%) 30 (53%
PS002-1
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This observation supports previous observationsthgr researchers (Moore 1981, Liu
et al. 1999, Srivilai 2006) that mixing of diffetegenetic backgrounds by meiosis in
C. cinerea can bring new combinations of genes together thihthder initiation of
fruiting body development of progenies (see alsotl@r case below). Accordingly,
from all the results shown in Tables 3 and 4, dhly data of the crosses with strain
H1-1280F1#5 do allow a further interpretation arkéiges according to the Mendelian
rules. Since in both the crosses with monokaryodORSL and with PS002-1, there was
a clear 1:1 distribution in the tested progeny afmmal fruiting body development and
etiolated stipe development (Table 3 and Table &)dlear that defealst2-1 is neither
linked to theA mating type locus nor to tlieemating type locus.

Fig. 3 Formation of etiolated stipes under standardruiting conditions of dikaryons being
homoallelic for one defectivedst gene. (A) A dikaryon formed by anA3, Bl1, dstl-2
monokaryon (from cross PS002-1 x R1428F1#74) x A% B7, dst1-2 monokaryon
R1428F1#74(B) a dikaryon formed by aA42, B42, dst2-1 monokaryon (from cross PS001-1
X H1-1280F1#5) x thé91, B92, dst2-1 monokaryon H1-1280F1#%C) a dikaryon formed by
an A3, B1, dst3-1 monokaryon (from cross PS002-1 x 7K17) x #8mut, B43mut, dst3-1
homokaryon 7K17, an(D) a dikaryon formed by aA3, B1, dst4-1 monokaryon (from cross
PS002-1 x B-1918) x th&43mut, B43mut, dst4-1 homokaryon B-1918.

Subsequently from each of the crosses document&diles 3 and 4, 2 to 5 clones
from the A42, B42 progeny, respectively from th&3, B1 progeny with a defeatst
gene were selected for performing crosses in akipte combinations between these
strains (Table 5). Resulting dikaryons were tegtedtheir morphological behaviour
under standard fruiting conditions. In all instam@ehere mated clones carried different
dst defects, normal fruiting body development occur(@@ble 5) whereas in all
instances where mated clones carried the identigablefect, etiolated stipes were

formed (Table 5).In conclusion, also this experiment verifies thhere are four
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different genes dstl, dst2, dst3 and dst4) causing etiolated stipe formation when

defective and that the isolated defects in the fmures are recessive.

Table 5 Phenotypes in fruiting of dikaryons formedby crosses betweer3, B1 and A42,
B42 monokaryons carrying defectivedst genes

Genotype

A42, B42, dst1-2

(2 clones tested

A42, B42, dst2-1

(5 clones tested)

A42,B42, dst3-1

(7 clones tested

A42, B42, dst4-1

(5 clones teste

)

A3, B1, dst1-2

(2 clones tested

Etiolated stipes

Fruiting bodies

Fruiting bodies uifing bodies

A3, B1, dst2-1

(5 clones tested

Fruiting bodies

Etiolated stipes

Fruiting bodies uifing bodies

A3, B1, dst3-1

(6 clones tested

Fruiting bodies

Fruiting bodies

Etiolated stipes uifing bodies

A3, B1, dst4-1

(6 clones tested

Fruiting bodies

Fruiting bodies

Fruiting bodies

dHied stipes

3.4.2 Bringing the dstl and dst2 defects into the genetic background of

homokaryon AmutBmut

The dst1-2 and dst2-1 genes were obtained from Prof. T. Kamada withim tw

different monokaryons. For an easy comparison efrttorphological effects of these
defects with those afst3-1 anddst4-1, it was decided to transfer thet1-2 anddst2-1
alleles into amA43mut, B43mut background by crossing R1428F1#74 and H1-1280F1#5
with homokaryon AmutBmut. Basidiospores from fmgi bodies formed on these

dikaryons were germinated on YMG/T platég3mut, B43mut clones were identified

in the progeny by checking for fused clamp celthe hyphal septaAd3mut induces

clamp cell formation at the apical cells at placédsnew septa formation$343mut

fusion of the clamp cells with the subapical hyplalls; Swamy et al. 1984).
44 A43mut, B43mut clones from cross R1428F1#74 x AmutBmut and ABmut,

B43mut clones from cross H1-1280F1#5 x AmutBmut were ifiedt Of the clones of
the R1428F1#74 x AmutBmut progeny, 7 and 14 fordmeding bodies and etiolated

stipes, respectively, when cultivated under stah@asiting conditions after growth on
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Table 6 Crosses performed to transfeidstl-2 and dst2-1 into the genetic background of
homokaryon AmutBmut

A43mut, Cross with A43mut, Phenotype of the dikaryons
B43mut B43mut Wildtype Etiolated No
progeny from progeny in fruiting stipes initiation

Cross total bodies of fruiting
R1428F1#74 x| R1428F1#74 44 (100%) 7(16%)| 14 (32%) 23 (52%)
AmutBmut (day 14+2)* | (day 22+4)*
H1-1280F1#5 X H1-1280F1#5 50 (100%) 20 (40%)| 22 (44%) 8 (16%)
AmutBmut (day 16+2)* | (day 19+3)*

* day refers to the period from the start of exp®mt (inoculation) over 5 days incubation at
37°C in the dark followed by transfer to standardting conditions at 28°C till appearance of
the structures.

YMGI/T plates for 5 days at 37°C (Table 6), and tué tlones of the H1-1280F1#5 x
AmutBmut progeny, 20 and 22 formed fruiting bodaesl etiolated stipes, respectively
(Table 6). Other clones did not initiate any frugtibody development (Table 6), an
effect which is quite commonly observed in progenié C. cinerea strains of very
different genetic background and is explained bgompatible gene combinations
brought together by mating from different monokaiyparents (Moore 1981, Liu et al.
1999, Srivilai 2006, see above). From this expenimteis further interesting to note
that clones undergoing normal fruiting body develept complete fruiting body
development in times comparable or only slightlyetathan the reference strain
AmutBmut (see Chapter 2) whereas development dflagdid stipes occurs in
comparison delayed. This effect was further studigarogenies (Table 6).

Fig. 4 and Fig. 5 show as examples for the sucgkessinsfer of genedst1-2 and
dst2-1 into an A43mut, B43mut background clones PUKIA43mut, B43mut, pabl-1,
dst1-2) and PUK2 A43mut, B43mut, pabl-1, dst2-1) forming on YMG/T plates under
standard fruiting conditions etiolated stipes. Bted stipes are formed under standard
fruiting conditions by the newly created strainskAUand PUK2 as well as by the
mutant homokaryons 7K17 and B-1918. From the capgearance it seems that there
are morphological differences in the formation ¢blated strains by the different
isolates (Fig. 5). Previously in Chapter 2 it waswn that etiolated stipes can show
morphological differences depending on when a wjldt strain (defined here by

homokaryon AmutBmut) is transferred during the path of fruiting body
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Fig. 4 Etiolated stipes formed on YMG/T agar platesunder standard fruiting conditions
by clones PUK1 obtained from cross R1428F1#74 x AnBmut (A) and by PUK2
obtained from cross H1-1280F1#5 x AmutBmut (B).

development into constant dark. Therefore, the estaggwhich a block in normal
development under standard fruiting conditions ogathanging it to etiolated stipe
development could differ by the defects in theat#ht genedstl, dst2, dst3 anddst4.

3.4.3 Co-isogenisation of self-compatible homokarys carrying defectivedst genes
with the self-compatible homokaryon AmutBmut and claracterisation of the
different dst defects in formation of etiolated stipes under stadard fruiting
conditions

Mutations dst3-1 and dst4-1 have been generated in the self-compatible
homokaryon AmutBmut through UV- and REMI-mutagesgsespectively (Granado et
al. 1997, Granado et al., unpublished). Thus, W mutations are already from the
beginning onwards in same genetic background. Hewesince during mutagenesis
procedures often more than one mutation is gerce{fte AmutBmut mutants e.g. see
Liu et al. 1999, 2006, Srivilai 2006 and also tvgrk), newA43mut, B43mut clones
were selected from the F1 progeny of cross 7K15@1®-1 and from the cross B-1918
x PS001-1 that had either the defective gese3-1 (homokaryon PUKS3) or the
defective genelst4-1 (homokaryon PUK4). Strains were identified withiretprogeny
first by a vigorous growth and fused clamp cellthair hyphal septa and then through a
fruiting test under standard fruiting conditionsthg formation of etiolated stipes.

123



3. Defects in light-regulation of dey@ment in the basidiomyce@oprinopsis cinerea

—

Fig. 5 Enlarged views on etiolated stipes formed bthe self-fertile homokaryotic strains
PUK1 (A), PUK2 (B), 7K17 (C) and B-1918 (D) on YMGI agar plates under standard
fruiting conditions. Note that the length of structures and the stagmpfdevelopment appear
to be different between some of the strains.

Homokaryons PUK3 and PUK 4 were cultivated iraial to homokaryons PUK1
and PUK2 for 5 days at 37°C on YMG/T medium andssgjoently transferred into
standard fruiting conditions at 28°C. All cultuneduced etiolated stipes but the time
of appearance and the general look of the strustdiféered between different strains
(Fig. 6).

Since thedstl-2 and thedst2-1 mutations came from another genetic background
than homokaryon AmutBmut, it was possible that tierences encountered in
development of homokaryons PUK1 and PUK2 compawedotmokaryons PUK3 and
PUK4 based on genetic differences in genes otlzar tihe mutatedst genes. In order
to exclude this genetic possibility, co-isogensatprocedures were performed with the
AmutBmut co-isogenic monokaryon PS001-1 and mutBt&1 and PUK2 in order to
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Fig. 6 Etiolated stipes formed under standard fruiitng conditions by homokaryons PUK1
(A), PUK2 (B), PUK3 (C) and PUK 4 (D).Note that after five days of growth at 37°C in the
dark, the PUK1 structure was photographed 11 ddes #&ansfer into standard fruiting
conditions, the PUK2 structures 6 days after tremistto standard fruiting conditions, the PUK3
structures 11 days days after standard fruitinglitmms and the PUK4 structures after 9 days
of transfer into standard fruiting conditions.

obtain dst1-2 and dst2-1 homokaryons, respectively, being as closely rdlate
homokaryon AmutBmut as possible.

PUK1 and PUK2 came originally from the F1 generatiof the crosses
R1428F1#74 x AmutBmut and H1-1280F1#5. Subsequesidyfurther generations
were created by backcrossing to monokaryon PSOQatle 7 and Table 8). In all
cases A43mut, B43mut progeny was selected by microscoping for fusedhplaells
formed at hyphal septa and by subsequent crossis monokaryon PS001-1 and
testing for fruiting body development of the resgtdikaryons. From each generation
up to filial generation F6, suitablé43mut, B43mut homokaryons forming etiolated
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stipes under standard fruiting conditions were ehosfor back-crosses with
monokaryon PS001-1 in order to select furthéBmut, B43mut homokaryons forming
etiolated stipes under standard fruiting conditidhisally, PUK1-6 A43mut, B43mut,
pabl-1, dst3-1) and PUK2-6 A43mut, B43mut, pabl-1, dst4-1) were obtained.

Growth rates of strains were determined (Fig. 7he Twildtype homokaryon
AmutBmut and mutants PUK3 and PUK4 grew faster thhe co-isogenic
monokaryons PS001-1 and PS002-1 and showed signdaith rates comparable to the
dikaryon PS001-1 x PS002-1 in accordance to the tfeat dikaryons ofC. cinerea
grow faster than monokaryons and that homokaryaitts @efects in the mating type
loci behave in growth behaviour like dikaryons (8waet al. 1984, Kies 2000,

Table 7 Co-isogenisation process to introduce gendstl-2 into the homokaryon
AmutBmut background by using crosses with its co-sgenic monokaryon PS001-1

A43mut, B43mut progeny A43mut, Phenotype of the dikaryons

from cross B43mut Wildtype fruiting | Etiolated |No initiation
progeny in bodies stipes of fruiting

total

PUK1 (F1 clone) x PS001-1 38 (100% 15 (39%) 19450, 4 (11%)

PUK1-1 (F2 clone) x PS001-1 47 (100% 8 (17%) 3IBAY 4 (9%)

PUK1-2 (F3 clone) x PS001-1 23 (100% 3 (13%) 1D5%) | 10 (43.5%

PUK1-3 (F4 clone) x PS001-1 32 (100% 1 (3%) 19447 16 (50%)

PUK1-4 (F5 clone) x PS001-1 38 (100% 3 (8%) 19439| 20 (53%)

PUK1-5 (F6 clone) x PS001-1 62 (100% 21 (34%) e8a%) 0 (0%)

Table 8 Co-isogenisation process to introduce gendst2-1 into the homokaryon
AmutBmut background by using crosses with its co-sgenic monokaryon PS001-1

A43mut, B43mut progeny A43mut, Phenotype of the dikaryons

from cross B43mut Wildtype fruiting Etiolated |No initiation
progeny in bodies stipes | of fruiting

total

PUK2 (F1 clone) x PS001-1 44 (100% 3 (7%) 14 (32%)27 (61%)

PUK2-1 (F2 clone) x PS001-1 42 (100% 16 (38%) &) 1 (2%)

PUK2-2 (F3 clone) x PS001-1 35 (100% 10 (28.5%), (4815%)| 8 (23%)

PUK2-3 (F4 clone) x PS001-1 21(100% 2 (9.5%) (4N05%) 9 (43%)

PUK2-4 (F5 clone) x PS001-1 22 (100% 7 (32%) AB6 | 7 (32%)

PUK2-5 (F6 clone) x PS001-1 71 (100% 20 (28%) BI%) 0 (0%)
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Kies et al. 2001). Mutants PUK1-6 and PUK2-6 gravthis test slightly less per day
than homokaryon AmutBmut and mutants PUK3 and PWk#they were both still
faster than the monokaryons PS001-1 and PS002¢ 7F The mycelium of PUK1-6
had a slightly altered appearance compared to haryjok AmutBmut and the other
three mutant homokaryons by forming a more dengefiber aerial mycelium (not
shown). Since the co-isogenisation with six backses to PS001 has proceeded very
far, it is possible that the deviations in growthhviour are due to effects of tts1-2
and thedst2-1 mutations, respectively.

With in total 7 different generations of crossimgthe AmutBmut background (one
time directly to homokaryon AmutBmut, each six tsnga PS001-1), according to the
equation of Leslie (1981): C (n) = 2c (1’2 ¢ (1/2§* with n being the number of
backcrosses performed, C (n) being the average euaflchromosome tips remaining
allogenic, c the haploid chromosome number of gamism which irC. cinerea is 13
(Pukkila and Lu 1985) representing thus 26 chrombpa, the strains should differ
from homokaryon AmutBmut by 0.203 chromosome tidsclw corresponds to only
1.0% of gene difference. Considering that each airpesitive selection was carried out
for the AmutBmut chromosome | carrying th&43mut locus and AmutBmut
chromosome X carrying th&43mut type locus (Muraguchi et al. 2003), an even

smaller number of 0.172 chromosome tips remainifogj@nic in PUK1-6 and PUK2-6
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Fig. 7 Determination of growth rates on YMG/T mediun at 37°C. Growth rates were
measured as described in the material and metloidrs® Further to the wildtype homokaryon
AmutBmut and the mutant homokaryons PUK1-6, PUKRBK3 and PUK4 included for
comparison are the two AmutBmut co-isogenic, matompatible monokaryons PS001-1 and
PS002-1 and the dikaryon resulting from matinghee monokaryons.
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are predicted which corresponds to 0.86 % of gerflereince to homokaryon
AmutBmut. The increase in clones able to initiateéting and the increase towards an
even 1:1 distribution in normal fruiting phenotypersus mutant phenotype “etiolated
stipes” in the higher filial generations (Tablertlalable 8) supports the positive effect
of backcrosses on homogenisation of the genetiemahttowards the AmutBmut
genome.

During the co-isogenisation process, in order ttaioba first impression on its
success, PUK1-2 and PUK2-2 from the filial generatiF3 were chosen for
morphological analysis in comparison to PUK3 anKRBWFig. 8). From different sets
of experiments, structures were harvested fromfolie homokaryons after different
periods of cultivation at those time points thatrevéelieved to mark the maximum
course of development the strains could underge,stihuctures were sectioned for
morphological comparisons (Fig. 8 and Fig. 9). Aligh all structures elongated the
primordial shaft as typical for the formation ofiodhted stipes on the wildtype
homokaryon AmutBmut in the dark (compare Fig. 7Cimapter 2 of this thesis), the
sections appeared to indicate that the morpholbgiants in cap tissue formation in
PUK1-2 and PUK2-2 proceeded less far than thatiK¥and PUK4.

The tissue development in the PUK1-2 and the PUKEZctures corresponded to
the development of primordia stage 2 in the norrmalting body development
(compare Fig. 1 in Chapter 2 of this thesis alarro-Gonzale2008) and the tissue
development in the PUK3 and PUK4 structures todignvelopment of primordia stages
3 and 4, respectively, in the normal fruiting bodigvelopment (compare Fig. 1 in
Chapter 2 of this thesis andavarro-Gonzalez22008). When comparing the cap
structures (Fig. 8 and Fig. 9) with those of etiethstipes formed at the AmutBmut
wildtype strain in the dark, the developmental pesg of the etiolated stipes formed in
light in cultures of PUK1-2 and PUK2-2 were foura le comparable to structures
transferred at day 2 of the normal fruiting bodywelepment into constant dark
(compare Fig. 6 in Chapter 2 of this thesis), teetbpmental progress of the etiolated
stipes formed in light in cultures of PUK3 to bargmarable to structures transferred at
day 3 of the normal fruiting body development ictinstant dark (compare Fig. 6 in
Chapter 2 of this thesis) and the developmentajness of the etiolated stipes formed
in light in cultures of PUK4 to be comparable taustures transferred at day 4 of the
normal fruiting body development into constant décmpare Fig. 6 in Chapter 2 of
this thesis).
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Fig. 8 Etiolated stipes formed under standard fruithg conditions by homokaryons
PUK1-2 (A), PUK2-2 (B), PUK3 (C) and PUK 4 (D).Strains were inoculated onto YMG/T
medium and incubated for five days at 37°C befamdferring into standard fruiting conditions
at 28°C. The structure of PUK1-2 was harvestedys @dter transfer of cultures into standard
fruiting conditions, the structure of PUK2-2 4 dagRer transfer of cultures into standard
fruiting conditions, the structure of PUK3 5 dayteatransfer into standard fruiting conditions
and the structure of PUK4 6 days after transfey gtandard fruiting conditions. Examples of
etiolated stipes are shown before sectioning a$ agetransversal sections and cross-sections
through the caps and the base of the primordidtsshaspectively. From the sections of the
cap, it is clear that the gill formation in the ustiures of PUK3 and PUK4 was further
progressed than in structures shown for PUK1-2RIdH2-2. Also, the base of the primordial
shafts of structures from PUK3 and PUK4 differeahirthose of PUK1-2 and PUK2-2 by an
indentation that is typical for older structuresfiniting body development (mature primordia
that are shortly before or in stipe elongation) amattiolated stipes formed on the wildtype
when structures were transferred at day 5 or dafy @development into constant dark. These
indentations appear to mark the former localisatibattachment of the veil from the cap to the
stipe (see Fig. 1 and Fig. 6 in Chapter 2 of thiesis). Very important for the correct
interpretation of the pictures, one has howevendate that the structures originated from
different sets of experiments performed eitherhi@a year 2004 or in the year 2005 when the
details of the whole developmental progress wdtke Iknown. It is thus possible that the
pictures do mark interims stages in development aotl the end point of maximum
development as believed at the time of harvest.

Since morphological differences were encounterdaiden etiolated stipes formed
by the four homokaryons under standard fruitingdittons (Fig. 6, Fig. 8, Fig. 9), it
was also interesting to observe what would happeenviresh fully grown plates of the

four mutant strains were transferred after a slgint impulse at 28° into constant dark.
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As shown in Fig. 10, compared to structures devetppunder standard fruiting
conditions, progress in tissue development was dessnced in the etiolated stipes
produced in cultures of all mutant homokaryonsratfteir transfer into the dark. In all
cases, development of etiolated stipes in conslankt was comparable to development
of etiolated stipes formed in cultures of homokarysmutBmut treated in the same
way (Fig. 10 and Fig. 11 and Fig. 1 in Chapter 2hed thesis). In conclusion from this
study, all fourdst defects appear to act in development under nofrading body
conditions at a stage later than primary and sesxgnidyphal knot formation (compare
text and Fig. 1 in Chapter 2 of this thesis forther information on these structures
formed early in the pathway of fruiting body devmizent).

To perform a more defined study by growing and obeg strains of nearly
identical genetic background at the same time, tfgphology of etiolated stipes
formed by homokaryons PUK1-6 and PUK2-6 were subsetly compared with their
co-isogenic homokaryons PUK3 and PUK4 (Fig. 1l)iolated stipes formed by
homokaryons PUK1-6 and PUK2-6 under standard frgitconditions differed in
similar way from those of homokaryons PUK3 and PU4. 12 and Fig. 13) as
previously seen in the analysis of homokaryons PQkdnd PUK2-2 (compare Fig. 6
and Fig. 7 to 10). In summary, on YMG/T medium unsi@andard fruiting conditions
etiolated stipes from mutant homokaryon PUK1-6 laadaverage length of 1.4 +
0.6 cm, etiolated stipes from strain PUK2-6 an agerlength of 1.2 + 0.3 cm, etiolated

stipes from strain PUK3 an average lengtiiéf+ 0.2 cm and etiolated stipes from

Fig. 9 Comparison of the underdeveloped caps on elated stipes formed by fresh, fully
grown cultures of homokaryon AmutBmut when transferred after a short light pulse (30
min) for further incubation at 28°C into constant dark (A) with underdeveloped caps
developed on etiolated stipes formed by PUK1-2 (BRUK2-2 (C), PUK3 (D) and PUK4

(E) in YMGI/T cultures incubated under standard fruiting conditions. The arrows in the
photos point to the outer tips of the gills. Stares from PUK1-2, PUK2-2, PUK3 and PUK4
shown in this figure originated from the same sétexperiments than those shown in Fig. 8
and structures were harvested from plates at tie saltural age than the respective structures
of the same strain shown in Fig. 8.
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Fig. 10 Comparison of structures formed by homokargn AmutBmut (A), (F), by mutant
homokaryon PUK1-2 (B), (G), by mutant homokaryon PW2-2 (C), (H), mutant
homokaryon PUK3 (D), (1), and mutant homokaryon PUK4 (E), (J) in YMG/T cultures
transferred after 5 day growth at 37°C in constantdark into standard fruiting conditions

at 28°C (A) to (E) or after a short light pulse (30min) into constant dark at 28°C (F) to (J).
The mature fruiting body of homokaryon AmutBmut wimoin (A) was obtained 8 days after
transfer into standard fruiting conditions and étielated stipe shown irF| after five days of
incubation at 28°C in constant dark. The structstesvn in B) to (E) were from the same set
of experiments harvested at the same time pointea® shown in Fig. 8 and 9. The pictures
shown under K) to (J) were from different sets of experiments. The latad stipe of
homokaryon AmutBmut shown in F was harvested fiagsdafter transfer into constant dark at
28°C, the structure of mutant homokaryon PUK1-2agsdafter transfer into constant dark at
28°C, the structures of mutant homokaryon PUK2ea@s and PUK3 8 days after transfer into
constant dark at 28°C, and the structure of mutantokaryon PUK4 7 days after transfer into
constant dark at 28°C. Also in this comparison iffiecent structures, it has therefore to be
noted that harvested structures did possibly nathreéhe maximum point of development.
Judging from the outer morphology, the structufeswsr in 8) and C) correspond in cap
development to fully developed etiolated stipesried when primary hyphal knots, secondary
hyphal knots or primordia of stage 1 were transfiinto constant dark, whereas the structures
shown in D) and E) correspond in cap development to fully etiolagtigpes formed when
primordia of stage 3 were transferred into constimk (compare Fig. 6 in Chapter 2). When
comparing the structure shown B)(to (E) with those shown in®) to (J), it is to be noted that
at least the cap development of etiolated stipesbiiant homokaryons PUK3 and PUK4 upon
early transfer of cultures into constant were ledganced than cap development of etiolated
stipes formed in cultures under normal fruiting dions. Judging from the outer morphology,
the structures shown iG] to (H) for the four different mutant homokaryons appedse about
the same in cap development as the structure agnsho(F) for the wildtype homokaryon
AmutBmut. The same structures shown undg)y (0 (H) were subsequently sectioned and
presented in Fig. 11.
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Fig. 11 Transversal sections of etiolated stipes rfoed by homokaryons PUK1-2 (A),
PUK2-2 (B), PUK3 (C) and PUK 4 (D) on YMGI/T cultures transferred after 5 day growth

in constant dark at 37°C after a short light pulse(30 min) into constant dark at 28°C.
Structures shown are identical to the structuresvahin Fig. 10 F) to (J). Cap development in
the structures shown iiAf to (C) correspond to etiolated stipes formed when pryntphal
knots, secondary hyphal knots or primordia of stagef wildtype homokaryon AmutBmut
were transferred into constant dark (compare Fign €hapter 2 of this thesis), whereas the
structures shown in) and E) appear to be further developed since they cooresgo
etiolated stipes formed when primordia stage 2 vieresferred into constant dark (compare
Fig. 6 in Chapter 2 of this thesis).

strain PUK4 an average length of 0.9 £ 0.2 cm. Harmhore, etiolated stipes from
homokaryons PUK1-6 and from PUK2-6 had a less ack@map than etiolated stipes
from homokaryons PUK3 and PUK4 and their stipesaweore equally shaped without
an indentation at the base of the stipes as see istructures coming from PUK3 and
PUK4 (Fig. 13). As documented in the legends of. B and Fig. 13, the analysed

Fig. 12 Etiolated stipes formed under standard fruing conditions by homokaryons
PUK1-6 (A), PUK2-6 (B), PUK3 (C) and PUK 4 (D).Cultures of the different mutant
homokaryons were grown for five days at 37°C ingtant dark, after which plates were
transferred into 28°C into standard fruiting coiwlis. Photos of etiolated stipes in the cultures
were taken 14 days (PUK1-6), 3 days (PUK2-6), 8sd@yUK3) and 9 days (PUK4),
respectively, after the transfer of cultures irtemslard fruiting conditions. Note that he photos
taken for PUK1-6 and PUK2-6 were from the one $etxperiments, and the photos taken for
PUK3 and PUK4 from another set of experiments. iBestof etiolated stipes from the same
sets of experiments as presented here are shokig.ith3.
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X 3
Fig. 13 Etiolated stipes formed under standard fruing conditions by homokaryons
PUK1-6 (A), PUK2-6 (B), PUK3 (C) and PUK4 (D).Strains were inoculated onto YMG/T
medium and incubated for 5 days at 37°C beforesteainng into standard fruiting conditions at
28°C. The structures shown were from the sameddetgperiments than those shown in Fig.
12. The structure of PUK1-6 was harvested 14 ddigs &ansfer of cultures into standard
fruiting conditions, the structure of PUK2-6 3 dagRer transfer of cultures into standard
fruiting conditions, the structure of PUK3 8 dayteatransfer into standard fruiting conditions
and the structure of PUK4 7 days after transfey gtandard fruiting conditions. Examples of
etiolated stipes are shown before sectioning a$ agetransversal sections and cross-sections
through the caps and the base of the primordidtssh@&spectively. From the sections of the
cap, it is clear that the gill formation in theustiures of PUK3 and PUK4 is further progressed
than in structures of PUK1-6 and PUK2-6. Also, lizse of the primordial shafts of structures
from PUK3 and PUK4 differ from those of PUK1-6 aRK2-6 by an indentation that is
typical for older structures in fruiting body deepinent (mature primordia that are shortly
before or in stipe elongation) and in etiolateghesti formed on the wildtype when structures
were transferred at day 5 or day 6 of developm@ntéonstant dark. These indentations appear
to mark the former localisation of attachment & #eil from the cap to the stipe (see Fig. 1 and
Fig. 6 in Chapter 2 of this thesis)

etiolated stipes from PUK1-6, PUK2-6, PUK3 and PUi&ne from plates of different
cultural ages. This was because etiolated stipa® i@amed at different days of
development, suggesting again that the differefeatie in light-regulated development
occur at different stages within the pathwayraiting body formation. To document
this further, 20 different plates per mutant homgka as well as 20 plates from the

wildtype homokaryon AmutBmut were observed on daggis after their transfer into
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standard fruiting conditions. Formation of etiothtstipes and/or fruiting bodies was
noted and the average day at which a phenotypeldetd stipe”, respectively a
phenotype “mature fruiting body” occurred (Table A} described in Chapter 2 of this
thesis, homokaryon AmutBmut formed mature fruitibgdies at day 7 = 0 of
cultivation at 28°C under standard fruiting cormtits, homokaryon PUK1-6 etiolated
stipes at day 14 + 2 at 28°C under standard figlidanditions, homokaryon PUK2-6
etiolated stipes at day 3 £ 1 at 28°C under stahffanting conditions, homokaryon
PUK3 etiolated stipes at day 9 £ 1 at 28°C undanddrd fruiting conditions and
homokaryon PUK4 etiolated stipes at day 8 + 1 atC28nder standard fruiting
conditions. Accordingly, in PUK2-6, PUK3 and PUK#g initiation of fruiting body
development was normal and the day of appearandkeoétiolated stipe phenotype
correlated well with a normal tissue developmenthieir cap up to the time point at
which the defect interfere (compare Fig. 13 and Hign Chapter 2 of this thesis).
In contrast, in cultures of PUK1-6, initiation afiiting body development was delayed
by 10 + 2 days as well as the process of etiolstipe formation from secondary hyphal
knots that appeared normal in look. It took 5 +&/slupon secondary hyphal knot
formation to give etiolated stipes with a cap shayvd stage of tissue development that
correspond to stage day 2 in the normal primoréxetbpment (compare Fig. 13 and
Fig. 1 in Chapter 2 of this thesis). Furthermotep daomokaryon PUK4 was special in
behaviour. Although etiolated stipes occurred oy @laf development (Table 9), some
structures finally transferred into fruiting bodiesabnormal shapes (Fig. 14). The base
of the stipes of these fruiting bodies correspogdin the etiolated stipe differed from
the primordial shaft of fruiting bodies from the ldtype homokaryon AmutBmut
(Fig. 14B) in addition to that fruiting bodies ofJR4 produced only few spores of
slightly smaller length (Fig. 15, Table 10). Thishlaviour was also sometimes observed
with the parental strain B-1918 during the perfonoe of this thesis as well in
published work by Lu (2000) and Money and Ravislaank2005). Previous
unpublished work by J.D. Granado and U. Kies incdushowed in contrast that the
phenotype of B-1918 in the laboratory of Microbigyoat the ETH Zurich was 100%
stable under standard fruiting conditions. Only wiagar sources were changed from

Serva to other suppliers, when tap water was sédervation by the project student

134



3. Defects in light-regulation of dey@ment in the basidiomyce@oprinopsis cinerea

Table 9 Time-course of development of etiolated gi&s and/or fruiting bodies in YMG/T
cultures of different mutant homokaryons and the widtype homokaryon AmutBmut after
transfer of 5 days-old fully grown plates from 37°Cinto standard fruiting conditions.

Strains Day of development in standard fruiting condition & 28°C

0|1 2| 3| 4 5| 6/ 74 8§ 9 10 1p 12 13 14 15
AmutBmut > | f
PUK1-6 > | d
PUK2-6 > | d
PUK3 > | d
PUK4 > | d | af

f = normal fruiting body with abundant numbersbtdck spores

af = abnormal fruiting body with few spores

d = etiolated stipes with an elongated primordreft and a rudimentary cap
- start of development up to final stage of depeient

- T —

Fig. 14 Under standard fruiting conditions, thedst4 -1 mutant homokaryon PUK4 can
form one day upon the occurrence of the etiolatedipes abnormal fruiting bodies with an
altered primordial shaft due to the previous etioléed stipe formation. In (A), maturing and
mature fruiting bodies of homokaryon PUK4 on Pdishes are shown and {B) at the left a
fruiting body of homokaryon PUK4 is shown and ae thight a normal fruiting body of
homokaryon AmutBmut for comparison. Note that thdKB mushrooms form only few
basidiospores (compare also Fig. 15).
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Fig. 15 PUK4 fruiting bodies produce abnormal low mmbers of basidiospores that in
addition have only a pale colourCaps of fruiting bodies were transferred into laéterile
water, mixed with the water and a drop of the spsokitions were observed under the
microscope.A) Spores from a cap of PUKB) spores from a cap of homokaryon AmutBmut
and C) spores from a cap of the dikaryon PS001-1 X PSI0ORote that the colour of
basidiospores from mutant PUK4 and from homokarydmutBmut was paler than
basidiospores coming from the dikaryon.

Tina Schéafer in Gottingen) or when Petri dishgson formation of etiolated stipes
were turned upside down making the cap touchirthecsurface of the culture, cultures
gave rise to completion of fruiting body developmedn contrast, washing positive-
acting agars several times with distilled wateopto addition to the YMG/T medium
blocked completion of fruiting body formation upetiolated stipe production. The data
suggested that some kind of metal or mineral effaght contribute to the phenomenon

(U. Kues, personal communication).

Table 10 Basidiospores formed on abnormal fruitingbodies of mutant homokaryon PUK4
compared to its parental homokaryon AmutBmut and aco-isogenic dikaryon PS001-1 x
PS002-1

Strain Amount of Size of basidiospore’
basidiospores Width (um) Length (um)
AmutBmut 2.0x 16 6.86 + 0.36 10.43 £ 0.62
Dikaroyn PS001-1 x PS002-1 2.37x 18 6.19 +0.28 9.28 £ 0.67
PUK4 (dst4 mutant) 1.43 x 10 6.34 + 0.55 8.10 + 1.08

* Each 20 basidigpores were analysed
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3.4.4. Analysis of the fruiting behaviour of mutanthomokaryons under conditions
differing from standard fruiting conditions

Due to the previous observations by other reseesctap water experiments as well
as experiments with turning cultures upside-dowmewgerformed also in this thesis
using mutant homokaryons 7K17, B-1918, PUK1-4 aK®3, PUK3, and PUK4
and, as a control, homokaryon AmutBmuit.

The dst4-1 mutant B-1918 andst3-1 mutant 7K17 both did grow more vigorously
on YMG/T medium made up with tap water (Fig. 168,tBan on medium made up
with distilled water (Fig. 16A, D). Both strainsropleted fruiting body formation under
standard fruiting conditions on medium made up waih water (Fig. 16C, F). Fruiting
bodies had however an abnormal shape with a lodghack etiolated stipe underneath
the normally elongated stipe. Caps were filled vakick spores that upon cap opening
were released by autolysis. Similar results wettaiobd with thedst3-1 mutant PUK3
(not documented) and thist4-1 mutant PUK4 (Fig. 17).

Fig. 16 Mutant homokaryon B-1918 (A) to (C) and muant homokaryon 7K17 (D) to (F)
on YMG/T medium made up with distilled water (A), (D), respectively with tap water (B),
(E) after six days of growth at 37°C in the dark ad seven days after transfer of six-day
old plates into standard fruiting conditions at 28C (C), (F).
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2

Fig. 17 Mutant homokaryon PUK4 grown for five daysat 37°C in constant dark on
YMG/T medium made up with distilled water (A) and tap water (B), respectively, upon
which plates were transferred for 8 days into standrd fruiting conditions at 28°C and
wildtype homokaryon AmutBmut on YMG/T medium made up with tap water (C)
incubated in parallel under the same conditionsNote that on medium made up with distilled
water, mutant PUK4 has an etiolated stipe undehniganormal shaped stipe and it opened up
its light-coloured cap only partially. On medium aeaup with tap water, mushrooms were
stronger with only a very short etiolated stipe anfiilly opened cap being black by abundant
spore production. For comparison, on tap water YMG@gar plates inoculated with
homokaryon AmutBmut, normal shaped fruiting bodieth many black spores appeared that
autolysed already at the time point of photogragh{ 1/5 after the light was switched on at
day 7 of development) unlike the PUK4 structurethefsame age shown ia)(and B).

Also in the case of mutants carrying dstl-2 or a dst2-1 defect [tested:
homokaryons PUK1-4 from the fifth filial generatiomf the AmutBmut
co-isogenisation process performed with PS001-é¢ {sble 7) and PUK2-3 from the
fourth filial generation of the AmutBmut co-isogeaiion process performed with
PS001-1 (see Table 8)] the etiolated stipes werehnstronger, longer and more thick
on YMG/T medium made up with tap water than on medmade up with distilled
water (Fig. 18 and Fig. 19). The etiolated stipePl0K2-3 were longest and strongest
of all (Fig. 19A). The cap of a few etiolated sspaf PUK1-4 developed also further
and opened but within the cap there were only ¥eny spores as judged by the light-
brown colour of the cap (Fig. 18B). The cap of & f& the etiolated stipes of PUK2-3
on YMG/T medium made up with tap water also dewvetbgurther and showed
production of black basidiospores (not photographed

In the set of experiments described in Table 9, di@ryons 7K17, B-1918,
PUK1-6, PUK2-6, PUK3 and PUK4 and in addition theldtype homokaryon
AmutBmut were cultured for 5 days 2°C in constant darkn normal YMG/T medium
made up with distilled wateiSubsequently, plates were transferred into stanttaiting

conditions at 28°CAfter 8 days of incubation @8°C, all mutant homokaryons formed
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Fig. 18 dst1-2 mutant homokaryon PUK1-4 grown for five days at 37C in constant dark

on YMG/T medium made up with tap water upon which pates were transferred into
standard fruiting conditions at 28°C. (A) Strong elongated stipes are formed with bigger
rudimentary caps (photographed after 11 days aflkiaton at 28°C under standard fruiting
conditions) whilst as shown inBf some structures may also complete fruiting body
development as documented by the mushroom witlpamoumal etiolated stipe underneath the
normally elongated stipe and the light brown opeared autolysing cap.

etiolated stipes and homokaryon AmutBmut formedumgatruiting bodies. Plates were
then further incubated for seven day8&fC at standard fruiting conditionblext, plates
were turned upside down and incubated for seves d&38°C understandard fruiting
conditions In plates of homokaryon AmutBmut, likely due tbet limited light
illumination of the agar surface with the myceliuthe formation of small etiolated
stipes was initiated (Fig. 20A). New formation dfotated stipes were also seen in
some plates of the mutants (e.g. see  Fig. 20&)d E). Of the mutant homokaryons,
the etiolated stipes of strains PUK1-6 and PUKZi§.(20B, C) already existing at the
time of turning the plates over were dramaticalgngated unlike structures seen in
cultures of the mutants PUK3 and PUK4 that wereaaly established previously to the
turnover of the plates (Fig. 20D, E). In case oftantt PUK4, however, also in a few
instances matured fruiting bodies were obtaindtiisiseries of experiments (Fig. 20E).
Overall, etiolated stipes on plates of mutant hoanpéns PUK3 and PUK4 had a very
senescent appearance (Fig. 20D, E) which raisesd##ethat turning plates up-side
down at an earlier time point (e.g. directly atteey were fully established) might give
rise to a more advanced development of many morthefstructures as could be
detected in this specific experiment.

In alike turning agar plates up-side-down upon apgece of etiolated stipes in
cultures of mutant homokaryons under standardifigitonditions, fruiting bodies were
relatively easily obtained in cultures of ttk&3-1 homokaryons 7K17 and PUK3 and in
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Fig. 19dst2-1 mutant PUK2-3 grown for grown for five days at 37C in constant dark on
YMG/T medium made up with tap water upon which plats were transferred into
standard fruiting conditions at 28°C. (A) and (B) Strong and very long etiolated stipes are
formed (photographed six days after transfer imdmdard fruiting conditions). The caps were
further developed with well differentiated gill€) to (E) corresponding to a development of
mature primordia in the normal fruiting pathwaytioé wildtype homokaryon AmutBmut (stage
5 primordia; compare Fig. 1 in Chapter 2 of thiesiB). F) shows a cross section through the
upper part of the stipe about 2 cm beneath theacdpG) an enlargement of the base of the
etiolated stipe.
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A

Fig. 20 “ Turning plates upside-down experiment ”.Strains were cultivated on YMG/T
medium for five days in constant dark at 37°C befibansferring them to 28°C under standard
fruiting conditions. Upon formation of fruiting b@$ by homokaryon AmutBmutAj and
etiolated stipes by strains PUK1-B)( PUK2-6 C), PUK3 D) and PUK4 E), plates were
further incubated for seven days in normal way ursdendard fruiting conditions before they
were turned upside-down for incubation for anogeren days at 28°C under standard fruiting
conditions upon which development on the platesevatuated a second time.

the dst4-1 homokaryons B-1918 and PUK4 (Fig. 21) supportimg above given idea
that with improving culture conditions for the wpsidown type of experiments by
putting less stress onto the strains (e.g. beitetehing of drying out) more etiolated
stipes might be forced to finally transform intotora fruiting bodies. In all instances
where maturation of fruiting body development wdsseyved in the upside-down
experiments, the structure of an etiolated stipes wigarly visible underneath the
elongated normal stipe of the mushrooms (Fig. 2i)very few instances, fruiting
bodies were also observed in such experiments fturea of dstl-2 homokaryon
PUK1-3 and in cultures afst2-1 homokaryon PUK2-3 (not photographed).

Both the results from the tap water experiments &otn the upside-down
experiments performed in this thesis suggest agah defects caused in the light
regulation pathway of fruiting body development ¢artially be overcome by adding
extra metals or minerals to the medium. Thus, thppears to be a connection between
the signalling pathways of the environmental sigright and presence of metals and
minerals. In this connection it is interesting totenthat M. Navarro-Gonzalez found

that by copper addition to YMG/T medium, homokaryamutBmut is able to initiate
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Fig. 21 Mutant homokaryons 7K17 (A), B-1918 (B), PKI3 (C) and PUK4 (D) were grown

for five days on YMG/T plates at 37°C in constant drk, after which plates were
transferred into standard fruiting conditions at 28°C and, after formation of etiolated
stipes, were turned upside-down for additional sevedays of incubation at 28°C under
standard fruiting conditions. All plates were turned upside-down 7 days aftemfition of
etiolated stipes, i.e. 14 days after transfer gtémdard fruiting conditions. Note in all cases the
elongated stipes beneath the normal elongatedssiift@e fruiting bodies.

fruiting body development at the unusual highergerature of 37°C with formation of
etiolated stipes in the dark and formation of abmar mushrooms under day/light
conditions at 37°C (Navarro-Gonzéalez 2008).

Fruiting body development of homokaryons PUK1-6,KRL6, PUK3 and PUK4
were finally tested at 28°C also under constartttlijumination (Fig. 22). YMG/T
plates were incubated directly after incubatiorodtsr growth at 28°C. Results were
quite interesting since PUK1-6 gave primordia thate blocked early in development
at primordia stage 1 (Fig. 22D) and PUK3 and PUkdegprimordia that were blocked
later in primordia development at primordia stagend 4. Primordia stages 3 and 4 are
known from work presented in Chapter 2 of this ihde require a dark phase for
further development. Most interestingly, mutant FAJKgave also under constant light
illumination rise to formation of etiolated stip@sig. 22). Their morphology did not
differ from etiolated stipes formed by the mutantonstant dark (Fig. 11) and not from
etiolated stipes formed by the mutant under stahffaiting conditions with alternating
dark/light cycles regardless of whether previougigwn at 37°C in the dark (Fig. 13)
or whether grown at 28°C under standard fruitingdiions directly toward from the
point of illumination (Fig. 23). Unlike cultures ahwere grown at 28°C in constant
light (not shown) or in constant dark (Fig. 24),dan such growth conditions of
alternating dark and light phases, mycelial colsriiave a ringed structure due to the
alternating light and dark phases and/or due ghsliemperature differences caused
locally on the mycelium by temporary heating throufe direct light illumination.
Different from cultures grown at 28°C under constaght illumination, etiolated stipes
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A

Fig. 22 Fruiting body development at 28°C under castant light illumination. YMG/T
plates made up with distilled water were inoculatetth the control homokaryon AmutBmut or
with mutants PUK1-6, PUK2-6, PUK3 and PUK4 and imated at 28°C under constant light
illumination with an light energy 30-40 uETs™*. Homokaryon AmutBmut formed under these
conditions primordia that developed up to stag&pt¢ (C), (compare structures and sections
of structures shown in Fig. 1 in Chapter 2 of tHigsis). Mutant PUK1-6 ) stopped
development at an early primordia stage which, inglfrom the outer morphology, correspond
to primordia stage 1 (compare Fig. 1 in Chaptef thig thesis). Mutant PUK2-6&) formed
abundant numbers of etiolated stipes (compareFts®2). Mutants PUK3 and PUK4 formed
normal primordia arresting at stageR3H) and 4 G;1) respectively, in primordia development;
compare also Fig. 1 in Chapter 2 of this thesis).
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Fig. 23 Etiolated stipes formed by mutant homokaryns PUK1-6 (B), PUK2-6 (C), PUK3
(D) and PUK4 (E) in YMGIT cultures made up with dstilled water that were incubated
dirtectly upon inoculation at 28°C under standard fuiting conditions with alternating
dark and light phases in comparison with the contrbhomokayon AmutBmut (A).

appeared in cultures of all four mutants grown8tC2under light/dark cycles (Fig. 23).
Thereby, the structures formed by PUK1-6 and PUK®2e6e generally longer than the
structures formed by mutants PUK3 and PUK4 that bat shortly elongated
primordial shafts (compare Fig. 23B, C and Fig. 28). The different results from
cultivating at 28°C in constant light and in altating dark and light phases suggest that
there is a complex interplay in regulation of depshent in which also dark phases
have an influence by induction of certain stepdaaelopment (compare also Chapter 2
of this thesis). Finally as another exception corag@do the other mutant homokaryons,
mutant PUK2-6 also formed etiolated stipes of alikerphology when incubated at
37°C in constant dark or in constant light (Fig) BBlike the three other mutants that
never initiated fruiting body development at thigher temperature under constant
illumination and in constant dark (10 plates petantstrain were tested). Furthermore,
mutant PUK2-6 formed etiolated stipes when inoadabn YMG/T plates made up
with distilled water and kept directly at 28°C ianstant dark also for growth without
any in between exposure to a light signal. Plateevevaluated at 8 days of incubation
(not photographed). Cultures of mutants PUK1-6, BU&hd PUK4 incubated in
parallel did not initiate fruiting body developmesiiring the incubation for 8 days at
28°C in constant dark.
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A

Fig. 24 Homokaryon AmutBmut (A) and mutant PUK2-6 @) grown directly upon
inoculation on YMG/T medium made with distilled water at 28°C in constant dark.Note
that the cultures show no ring structure unlikewrels that were grown at 28°C under standard
fruiting conditions.

3.4.5 Other phenotypes influenced by thdst mutations

Kertesz-Chalopkova and colleagues had previousbyseltthat asexual sporulation
in the aerial vegetative mycelium (oidia formatiomdiation) is under light control once
the A mating type pathway is activated. This is alse fiar activation by mutation such
as happened in th&43 mating type locus to givé43mut whilst the mutation thd
mating type locusB43mut, little influences this phenotype (Kertesz-Chaloyk et al.
1998, Kues et al. 1998, 2001). Since another kgbtiated phenotype, oidiation in
dark and light was investigated fa¥43mut, B43mut homokaryons exhibiting the
formation of etiolated stipes under standard fingitconditions (Fig. 26, Fig. 27). Most
interestingly, the testedst3-1 anddst4-1 mutant homokaryons showed a light regulated
control of oidia production comparable to the wija# homokaryon AmutBmut unlike
the dst1-2 and dst2-1 strains. Thedstl-2 homokaryon PUK1-6 showed a very low
increase in production of oidia per plate wherdesdst2-1 homokaryon PUK2-1 was
totally blind (Fig. 26, Fig. 27).

Sclerotia development is another light-regulateafiee in C. cinerea when the
A mating type pathway is activated (Kertesz-Chalowgket al. 1998). Normally,
sclerotia development will happen in aging culturies the dark but sclerotia
development will be repressed whéh cinerea is incubated under constant light
illumination (Kues et al. 1998). In this study, exdtia development was observed in
cultures of thelst1-2 anddst2-1 mutants PUK1-6 and PUK2-6 kept at 37°C for 25 days
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either in constant dark (Fig. 28 and Fig. 29) amatonstant light (not photographed)
and in cultures kept at 28°C for 25 days in cortdight (not photographed). Thost3-1
and dst4-1 mutants PUK3 and PUK4 in contrast formed sclerotidy in the dark.
Under incubation at 37°C in constant dark, theres waclear difference in sclerotia
formation by the four differentist mutants compared to the wildtype homokaryon
AmutBmut and the wildtype dikaryon PS001-1 x PSQ02¥hilst the wildtype strain
both produces some number of sclerotia, dad-2 mutant PUK1-6 and thest2-1
mutant PUK2-6 produced masses of sclerotia andd#t®1 mutant PUK4 and the
dst4-1 mutant PUK4 very few sclerotia (Table 11, Fig.&®&l Fig. 29). At 37°C under
incubation for 25 days under constant light illuation, of all tested five strains
(including homokaryon AmutBmut as control) only mwtt PUK2-6 produced sclerotia,
whereas at 28°C under incubation for 25 days umdestant light illumination, in
addition to mutant PUK2-6, mutant PUK1-6 also prcetiisclerotia.

Fig. 25 Etiolated stipes formed by mutant PUK2-6 ort¥ MG/T plates made with distilled
water at 37°C incubated under constant light (A), C) and constant dark (B).The etiolated
stipes were morphological alike to those structuteseloped by the strain at 28°C under
different types of cultivation (compare Fig. 11 anéig. 13). Note the black spots in the
mycelium shown ir(B) are sclerotia.
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Fig. 26 Oidia suspensions (oidia scrapped from 9 cm @ Petri dish in 10 ml water) from
YMGI/T cultures made up with distilled water grown first at 37°C in the dark until the
whole plates were covered with mycelium before eidr transferring them four 4 days at
37°C into constant light or keeping them for furthe four days at 37°C in constant dark.
(A) Suspensions from left to right: Homokaryon AmutBmuocubated fully in the dark,
homokaryon AmutBmut treated for 4 days with ligidt4-1 mutant B-1918 incubated fully in
the dark,dst4-1 mutant B-1918 treated for 4 days with lighg3-1 mutant 7K17 incubated
fully in the dark,dst3-1 mutant 7K17 treated for 4 days with lighB)(Suspensions from left to
right: dst1-2 mutant PUK1-6 incubated fully in the daudistl-2 mutant PUK1-6 treated for 4
days with light,dst2-1 mutant PUK2-6 incubated fully in the danist2-1 mutant PUK2-6
treated for 4 days with light, homokaryon AmutBnmutubated fully in the dark, homokaryon
AmutBmut treated for 4 days with lighdst3-1 mutant PUK3 incubated fully in the dadst3-1
mutant PUK3 treated for 4 days with liglast4-1 mutant PUK4 incubated fully in the dark,
dst4-1 mutant PUK4 treated for 4 days with light.
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Fig. 27 Comparison of oidia production of mutant hanokaryons with defects in fruiting
with the wild type homokaryon AmutBmut. Oidiation was analyzed by harvesting and
counting spores after incubating on YMG/T cultufes nine days at 37°C in light-proofed
ventilated boxes in constant dark or after tramsfgr5 days old cultures from the dark for a 4
day-long incubation period into constant light @utting to Kertesz-Chaloupkova et al. 1998).
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Fig. 28 Sclerotia development (to be recognized bige small brown spots in the mycelium;
see Fig. 29 for a larger view) in cultures of the Wdtype homokaryon AmutBmut (A), the
wildtype dikaryon PS001-1 x PS002-1 (B), thelstl-2 mutant PUK1-6 (C), the dst2-1
mutant PUK2-6 (D), the dst3-1 mutant PUK3 (E) and the dst4-1 mutant PUK4 (F) after
growth on YMG/T plates (made up with distilled wate) for 25 days at 37°C in constant

dark.
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Fig. 29 Enlarged view on sclerotia development inuttures of the wildtype homokaryon
AmutBmut (A), the wildtype dikaryon PS001-1 x PS002 (B), the dst1-2 mutant PUK1-6
(C), the dst2-1 mutant PUK2-6 (D), the dst3-1 mutant PUK3 (E) and the dst4-1 mutant
PUK4 (F) after growth on YMG/T plates (made up with distilled water) for 25 days at
37°C in constant dark.

Table 11 Sclerotia production on YMG/T plates afterincubation of C. cinerea strains for
25 days at 37°C in the dark.*

Strains Amut Bmut PUK1-6 PUK2-6 PUK3 PUK4
wildtype dst1-2 dst2-1 dst3-1 dst4-1

Sclerotia 3.5x 106+ 2.7 x 16+ 79x10+ [247+126| 7112
per circled area 2.4x16 1.2 x 1d 4.0x 1d
3 cm apart from
the middle of the
plate
Sclerotia 529 + 236 448 + 247 2.4x%9 | 58+57 4+2
per circled area 0.7 x 14

1.5 cm apart from
the middle of the
plate

* Sclerotia were counted in circled areas of 0.5ieri@ at two different positions in the plates —

one being with its center 1.5 cm apart from thediddf a plate, the other being with its center

3 cm apart from the middle of a plate. Per platégrstia were counted in each one area per
distance; per strain, five different plates weralgred for calculating average values and
standard deviations.
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3.5 Conclusions

In this study, four different types of mutantist(-2, dst2-1, dst3-1, dst4-1) were
analyzed that formed elongated etiolated stipesxbgnding the primordial shaft when
mutant cultures were kept at 28°C under standariirfg conditions. Previously in
Chapter 2 it was reported that in the wildtype spblenotypes occur only, when the
wildtype strain is kept for longer periods in camdtdark and it was concluded that
light inhibits such phenotype. The four types oftamis were thus suspected to be
blind. A blind phenotype implies that also othegh-regulated characteristics Gf
cinerea are not anymore underlying such light regulatidhis was clearly found the
mutant carrying defects in gedatl and in genalst2 (Table 12). Next to the defect in
light repression of formation of etiolated stipéisese mutants showed also aberrant
regulation of oidia production and sclerotia pragtut both features known to be under
light control in strains as th&43mut homokaryons where th& mating type pathway
has been actviated (Kertesz-Chaloupkova et al. ,1R08s et al. 1998). The product of
genedstl is known since 2005 when Terashima et al. (20Qfb)jiphed that the gene
encodes a white-collar 1 (WC1)-type of blue lighteptor. This physiological function
fits very well with a control of various morpholagi processes by light. Genetic
analyses showed that all defectsdst genes were recessive and that all four defects
analyzed relate to differemlst genes. Whilstlst2 must be expected to also encode a
product acting generally in the light-control padywof developmental processes, genes
dst3 anddst4 are much more specific (Table 12). The defecigyht regulation by the
dstl anddst2 mutations are early in fruiting body developmettime points of hyphal
knot formations up to the primordia stage 1. Intcast,dst3 anddst4 act at later stages
of development, i.e. at primordia stage 3 and pri@ostage 4, respectively. Work
presented in Chapter 2 of this thesis revealed phagress of development at these
stages does not need dark phases but light isreejuo repress etiolated stipe
formation and, finally in primordia stage 4, fodurction of karyogamy in the basidia
(compare Chapter 2 of this thesis).

Other experiments presented in this chapter ligktiregulation to temperature
regulation as well as to regulation by metals onerals present or absent in the
environment (see the tap water and the turningeplatp-side down experiments).
Altogether, the results show that fruiting body elepment inC. cinerea is regulated
by complex mechanisms in which light has a certitslnot an exclusive role. Signals

from the environment for fruiting body inductionncgenerally be seen as stress signals.
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Table 12 Summary of phenotypes affected by light ithe homokaryon AmutBmut and in

the four types ofdst mutants in an A43mut, B43mut homokaryotic background.

Incubation Amut Bmut PUK1-6 PUK2-6 PUKS3 PUK4

wildtype dst1-2 dst2-1 dst3-1 dst4-3
Development at fruiting bodies dark stipes dark stipes | dark stipes | dark stipes
28°C in standard (2-5/plate) (2-5/plate) (15-20/plate) | (5-7/plate) | (8-10/plate)
fruiting
conditions
Development at only vegetative| only vegetative| dark stipes only only
28°C in constant mycelium mycelium (5-10/plate) | vegetative vegetative
dark mycelium mycelium
Development at abnormal abnormal dark stipes | dark stipes | dark stipes
28°C in constant primordia primordia (15-20/plate),| (8-12/plate) | (15-20/plate)
light (1-5/plate) (15-20/plate), some

some sclerotia|  sclerotia
Development at medium amount high amount of| dark stipes minute minute
37°C in constant of sclerotia sclerotia (rare), amount of amount of
dark high amount sclerotia sclerotia
of sclerotia
Development at only vegetative vegetative dark stipes only only
37°C in constant mycelium mycelium (15-20/plate),| vegetative vegetative
light some mycelium mycelium
sclerotia

Oidiation ++++ ++++ ++++ ++++ ++++
repressed at 37°C
in constant dark*
Oidiation induced ++++ + - ++++ ++++

at 37°Cin
constant light

In conclusion from this postulate, fruiting bodyve®pment is to be seen as a very

complex, but specific stress reaction.

At the start of this work, four differemlst defects were available with monokaryons

R1428F1#74 dstl-1), H1-1280F1#5dst2-1), 7K17 @st3-1) and B-1918 ¢st4-1) but

these differed in the genetic backgrounds by thigirorof generation. Whilst

observations presented in this chapter were therefot always obtained from the same
four co-isogenicdstl-2, dst2-1, dst3-1 and dst4-1 mutant strains, respectively, the

overall observations on strains carrying the sarefedfive gene follow a similar

pattern. Since co-isogenic strains have been pestlulc this study, in the future,

morphological effects due to the differeddt mutations can be studied in a more

targeted and defined way.
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CHAPTER 4

Grazing of the mite Tyrophagus putrescentiae
In cultures of the basidiomycete

Coprinopsiscinerea

Dr. Mdnica Navarro-Gonzéleis greatly acknowledged for her initiative that we
studied together relationships between the fun@ogrinopsis cinerea and the mite
Tyrophagus putrescentiae and her kind help and participation in discussiohghe
work. | appreciate Dr. Prodepran Thakeow for hép e experimental tests of volatile
organic compounds, 1l-octen-3-ol and 3-octanone,attnaction of mites. Ulrike
Eisenwiener and Dr. Pavel Plasil prepared the sssngil mites for scanning electron
microscopy in order to examine the morphology ef aéinthropods and in order to define
their species names. | very much appreciate ipong Thobunluepop and Martin
Rahl for their input in this chapter by helpingtime statistical analysis to evaluate the
results.
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4.1 Abstract

Mites are easily attracted to fungal cultures.his study, the behavior of mites of
the species Tyrophagus putrescentiae (Acari: Acaridida) in cultures of the
basidiomyceteCoprinopsis cinerea were observed. The mites invade cultures of
C.cinerea in order to graze on the vegetative mycelium. Thegve multicellular
structures such as sclerotia and fruiting body prdia, fruiting body stipes and
etiolated stipes aside but they are attracted ¢octdps of maturing caps where they
graze on the gills including ingesting the matumssitiospores. Basidiospores are
distributed by the animals externally when attacteetheir bodies and internally. After
passing the digestion track of the mites, faec#eiseare excreted containing many
spores that are able to germinate. Moreover, thidyspresent evidence that the mites
distribute the asexual spores (oidia) formed irhimgmbers in the aerial mycelium of
monokaryotic strains. Mites were shown in this gttml be attracted by the mushroom
odor compound§-octen-3-ol and 3-octanone. Strain preferencesiie attraction were
tested. Monokaryons appear not to differ from eatier and there was neither a
striking difference between monokaryons and dikasyoHowever, a significant
difference was seen when comparing young and oldeliwyn of the homokaryon
AmutBmut. Mites clearly prefer young mycelium. Fhet to the observation on the
behaviour of T. putrescentiae towards differentC. cinerea strains (monokaryons
PS001-1 and PS002-1, dikaryon PS001-1 x PS002ripkaryon AmutBmut, mutants
PUK1-6, PUK2-6, PUK3 and PUK4), observations onredpction and death of the

animals in fungal cultures are presented.

Key words: Coprinopsis cinerea, Tyrophagus putrescentiae, mold mites, infestation,
green house, allergen, fruiting body, dikaryon, bkaryon AmutBmut, mutants, pests,
volatile organic compounds, 1-octen-3-ol, 3-octanon
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4.2 Introduction

Mites are Chelicerata, belonging to the class @cAnida and the subclass of Acari
(Asselt 1999). Mites are found in nature nourishioiy wide variety of organic
substrates such as litter, mosses, lichens, plant$,fungi, and also as parasites on
some animals. Adult mites have four pairs of legeasure usually less than 1 mm
length, and have no antennae (Rees 2001). Cheramgbtors are found in segments of
the legs (palpi, tarsi, tibiae) with which chemicalles such as volatile organic
compounds (VOCs) are perceived (Debruyne et all1B@ker 1996, and Wijk et al.
2007). Many mites are attracted to a variety ofestgoroducts or food infesting the
resources that the mites feed on such as barlgy,chaese, and poultry food (Hughes
1976) and other grain-storage, as well as mushrg@kabe et al. 2001, Kheradmand
et al. 2007a). Volatile compounds such as C8 comg®and mono- and sesquiterpenes
are attractants (infochemicals) to the mites, arabtige miteTyrophagus putrescentiae
(Vanhaelen et al. 1978a, b, 1980, Skelton et aD7R0T. putrescentiae (Acari:
Acaridida) Schrank is known under different commmames such as storage mite
cheese mite, house dust mite and mould mite, teflpe¢he various economical and
medical problems linked to this species of artbdsp The mite is attracted to grain
storages and to food such as cheese and hambuiisrimoulds and causes allergic and
other negative health reactions in humans due to faecal pellets as well as due to
effects by moulds transferred by them (Stewartlel@91, Abdel-Sater et al. 1995,
Asselt 1999, Franzolin et al. 1999, Okabe et &)12®ubert et al. 2003a,b, 20@mrz
2003, Morgan and Arlian 2006). Environmental circumsesat which the mites
reproduce best (25-28°C, relative humidity of 6Chénidity) are alike those required
for fruiting body development of the mushrod@oprinopsis cinerea (Granado et al.
1997, Sanchez-Ramos and Castafi?085, Sanchez-Ramos et al. 2007, Navarro-
Gonzalez 2008). Under best environmental conditipopulation duplication times of
the mites are as low as 1.75 days (Sanchez-RanmsCastafier®2005) resulting
theoretically in >130000 descendants per mite witbne month (30 days). On
mushrooms, population doubling times of 3.74 dags Agaricus bisporus) and
5.62 days (orPleurotus ostreatus) were measured (Kheradmand et al. 2007b).

Recent studies have shown that there is a closgioeship between the mite,
T. putrescentiae and the basidiomycet€oprinopsis cinerea in their life cycles
(Navarro-Gonzalez 2008)he mite nourishes from both vegetative and mpcbove

structures of the fungus. The mites also ingestagexual and the sexual spores of
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C. cinerea (oidia and basidiospores, respectively). Howewethout digesting them,
the dark-stained basidiospores are packed togethaimbers of up to 400 and more
into faecal pellets surrounded by a peritrophic teme. High numbers of
basidiospores within the faecal pellets germinatesoitable substrate and resulting
monokaryotic hyphae will mate when of different mgt type. The strategy of
enclosing fungal spores into faecal pellets by mhiées ensures the formation of
dikaryons between germinated siblings from a samehmoom and favors thus
inbreeding in a species that otherwise under fpegesdispersal by wind, insects and
other means is outbreeding. The normal outbreesitogtion in this fungus is due to
the development of a mating type system with ov200D different mating type
specificities that is controlled by two unlinkedngéic loci, each with multiple alleles.
For the mites in contrast, packaging of fungal spom faecal pellets and their
subsequent germination is of advantage when latfirgeggs in close vicinity to the
faecal pellets. When the young larvae hatch, theefigl colonies formed after spore
germination offers them directly sufficient frestofl (for further details selgavarro-
Gonzalez 2008).

C. cinerea is an excellent model for the homobasidiomycefaungi that is used for
studying developmental processes by classical avldamar genetic techniques (Kues
2000, Walser et aR001). The investigation of VOCs as marker compsundhe life
cycle of the fungus revealed the emission of typfaagal odour compounds C8
compounds and sesquiterpene (Thakeow 2008, seeaeChbpf this thesishat are
attractive for mites (see above). In this chapterther to the studies presented in
Navarro-Gonzalez (2008)experiments on the interactions between the mite

T. putrescentiae and the fungu€. cinerea are described.

4.3 Materials and methods
4.3.1 Organisms and culture conditions used in thistudy

C. cinerea homokaryon AmutBmutA43mut, B43mut, pabl) is a self-compatible
homokaryon that forms fruiting bodies and oidiaaitight-regulated manner (Swamy
et al. 1984, May et al. 1991, Kertesz-Chaloupkaval .€1998). Mutants co-isogenic to
homokaryon AmutBmut forming etiolated stipes unst@ndard fruiting conditions are
PUK1-6 @A43mut, B43mut, pabl, dstl-2), PUK2-6 @A43mut, B43mut, pabl, dst2-1),
PUK3 (A43mut, B43mut, pabl, dst3-1) and PUK4 A43mut, B43mut, pabl, dst4-1) (see
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Chapter 3 of this thesis) and co-isogenic monokasyare strains PS001-A4@, B42)
and PS002-1A3, B1) (Srivilai 2006). All strains were routinely growon YMG/T
medium (Granado et al. 1997) in the dark after iptasmall pieces of mycelium
(4 x 4 mnf) in the middle of 9 cn® Petri-dishes. Cultures were incubated at 37°C and
75-85% relative humidity in ventilated black boxsized 27x37x13 cfh A dikaryon
was constructed by mating monokaryons PS001-1 a®dOR1 through placing
mycelia plugs of the strains in close vicinity tach other onto fresh YMG/T plates
before incubation at 37°C in the dark (Walser e2@D1). For studying grazing effects
by mites on fruiting bodies and primordia of frogi bodies, fully grown plates of
homokaryon AmutBmut or fully grown plates of théaliyon (obtained by inoculation
of YMG/T plates with the respective strains follaley incubation for 5 days at 37°C
in the dark) were transferred into standard frgitconditions (12 h light/12 h dark,
28°C, humidity of 85-90% set by the computer of chmate chamber) for performance
of fruiting body development (Granado et al. 199i@)some experiments as indicated
in the results section, after growth of mutant PtiKér PUK4 on YMG/T plates and
their incubation at 28°C for seven days under stehdfruiting conditions for
production of etiolated stipes, plates were turngside-down for seven days as
described in Chapter 3 of this thesis before tngathem with mites.

The T. putrescentiae mites used in this study were originally collecfeam infested
cultures of C.cinerea strain PUK1-6. The species was identified by etact
microscopy analysis by Dr. P. PlaSiNgvarro-Gonzalez 2008P. Plasil, personal
communication). Mites were further cultivated bgrsferring three pieces of mycelium
(4 x 4 mnf) with mites and with eggs of mites from infectedtares onto freshly
grown cultures of homokaryon AmutBmut, thereby pigcthem in even distances to
each other and in distances of about 1.5 cm framother edges of the Petri-dishes onto
the agar upon which the Petri-dishes were sealddRarafiim (PECHINEY, Chicago,
USA). Petri-dishes were incubated in a greenhotustb#28°C and 40-70% humidity
(measured as minimum and maximum levels over thmub@ation period by a
hygrometer; average 60% humidity) in containerkegitcovered with paper to reduce
the amount of incoming light to intensities of @2-pE nf s* or the piles of Petri-
dishes were wrapped with aluminium foil to keeghtigway from the animals. Petri-
dishes with mites were kept for cultivation and lijfeocation for 3 weeks up to one
month at 25-28°C and a humidity of 60% in the gréewse. In experiments with
mutants PUK1-6 and PUK4, each 10 plates were eatéd/ for seven days in up-side-
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down position after formation of etiolated stipesd above). For two weeks, all plates
were subsequently incubated without closing theth Warafilm on a pile of three also
not by Parafilm closed plates acting as stock cedtuof mites fed on mycelium of
homokaryon AmutBmut (see below for details on howptepare the stock cultures).
Furthermore, other two plates of such mite stodkuces were deposited for the same
time on top of the pile. The piles were coveredhwatuminium foil and left in the
greenhouse for seven days at 25-28°C and a hunafli9%. Similar pile experiments
with Parafilm unlocked mite stock plates were perfed with also unlocked
AmutBmut cultures and with unlocked cultures of PLJ& and PUK3. In these cases,
plates were cultivated after 5 days growth at 3#®ICseven days in standard fruiting
conditions before transferring them within the pilef mite stock cultures into the
greenhouse at 25-28°C, 60% humidity for incubatdbnp to one month under a cover
of aluminium foil. In all experiments using pile$ plates which were unlocked by
Parafilm, the piles were stored in a metal baskastgal upon a plastic tray (33 cm x 40
cm x 15 cm) which was filled about half with waterorder to block migration of mites
from the bench of the greenhouse into the Pethedis

For observing grazing effects by mites on myceliand on fungal higher order
structures (primordia, fruiting bodies, sclerotiahder more defined conditions,
25 strong, agile, fast moving animals of mature $214.43 £ 32.73 um) were picked
in fast sequence with a fine needle from infecteaehal cultures and placed onto a
fresh YMG/T agar piece (0.6 cm in @) in the middfePetri-dishes with a respective
fungal strain and plates were sealed by Parafiloveied with aluminium foil and
incubated for the times needed in the greenhou2&-28°C and a humidity of 60%.
Observations on the fungal mycelium and structwese made after 14, 21 or 28 days
of incubation after transfer of miteB. putrescentiae was observed under a Stemi 2000-
C binocular (Carl Zeiss Mikroskopie, Goéttingen, any). Digital photos were taken
with a color chilled 3CCD camera (colorview soft aging system) for image
processing (analysis®, Soft Imaging System GmbHn&tér, Germany).

4.3.2 Competition test between different types @. cinerea mycelia
Agar plugs (0.6 cm in @) of freshly grown myceliwhdifferentC. cinerea strains
were taken with a cork borer from the edge of &tyigrowing cultures and transferred

either onto YMG/T agar plates solidified with 1 %aa (experiment 1 and 2) or onto
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water agar solidified with 1 % agar (experimentlB)each experiment, 10 replications
were done for each treatment. In experiment 1, fierdnt agar plugs with fungal
mycelium were positioned in alternating order (miaargon - dikaryon - monokaryon -
etc.) in even distances to each other on a cirdm &part from the center of the Petri-
dish. In experiment 2 and 3, one agar plug with eliyon per strain (2 in total) were
positioned onto agar in a Petri-dish 6 cm apamnfeach other, respectively 3 cm each
apart from the center of the plate. In experimeand 3, 25 mites were in fast sequence
put onto a fresh YMG/T agar plug positioned in theldle of the agar plates, upon
which Petri-dishes were sealed with Parafilm, ceslewith aluminium foil and
incubated in the greenhouse at 25-28°C and 60 %ditynfor 20 h before evaluating
the plates. In experiment 2, plates with mycelighraplugs were first sealed with
Parafilm, wrapped with aluminium foil and incubatied 24 h at 25-28°C and 60 %
humidity in the greenhouse, before a fresh YMG/Braglug was positioned in the
middle of the Petri-dishes onto which in fast seupge 25 mites were transferred.
Directly after, plates were sealed again with Rianafvrapped with aluminium foil and
incubated for 20 h in the greenhouse at 25-28°C @hd@o humidity before further

evaluation of the plates.

4.3.3 Testing effects of volatile organic compound¥OCs) on mites

Typical mushroom odour 8-carbon compounds, 1-o8teh-(>98%, Merck,
Darmstadt, Germany) and 3-octanone (>96%, VWR, Btadi, Germany) were
investigated in attraction tests of mites. 1-oc@enl-and 3-octanone, respectively, were
mixed with paraffin oil (Uvasol, Merck, Darmsta@ermany) at a dilution of 10g/g.
Round pieces (0.6 cm in &) of sterilized filter pgpd 90 mm (Schleicher & Schuell
MicroScience GmbH, Dassel, Germany) were placed/i&/T agar plugs (0.6 cm
in @) positioned 6 cm apart from each other on YM@gar plates (two plugs in total
per Petri-dish), respectively 3 cm apart from tleater of Petri-dishes. On one of the
plugs per Petri-dish, either 20 pl of the 1-octeol/paraffin solution were pipetted or
20 pl of the 3-octanone/paraffin solution wherdaes dther plug on the Petri-dish was
treated as a control onto which 20 pl of the puerafiin oil was pipetted.
Subsequently, 25 mites were transferred in fasiessaze onto a fresh YMG/T agar plug

positioned in the middle of the Petri-dish, sealeith Parafilm, incubated first for
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10 min at room temperature and secondly 20 h a&8%& at 60% humidity in the

greenhouse, before plates were observed undena 3000-C binocular.

4.4 Results and discussion
4.4.1 The origin of mites used in this study and #ir experimental handling and
cultivation

Aging cultures ofC. cinerea are characterised by unpleasant, pungent smelts th
possibly attract mites to the cultures. Accordinghyold plates of mutant PUK1-6 kept
for longer times neglected on a bench in the laboyaperforations in the layer of the
aerial mycelium became obvious in which under thenrs 2000-C binocular mites
were found. Mites and eggs of mites were trandflefm@m infected cultures onto fresh
plates through agar plugs where they proliferatdterw transferring them into a
greenhouse at 25-28°C and 60% humidity. They weeatified by Dr. P. PlaSil as
T. prudescentiae. Initially, mites were kept in Parafilm-closed felishes on a bench in
the greenhouse without any further protection buindy the hotter summer month
when temperatures increased in the greenhouse -&87°€3 with the higher light
illumination through the glass windows of the gieause, it became quickly clear that
mites were negatively influenced by too much ligind the accompanying heat.
Accordingly, Petri-dishes were covered with firsippr and later then by standard with
aluminium foil in order to keep cultures dark ancorder to reflect any light-associated
heat. Moreover, it was observed by Dr. P. Pladil thve technician U. Eisenwiener from
the section Forest Zoology and Forest Conservatidhe Blusgen-Institute of Georg-
August-University of Gottingen that in older culktsrlarger predatory mites invaded the
Petri-dishes through the Parafilm. In order to preavunwanted migration of mites
(from the outer environment into the mite cultubeg also migration of mites away
from the cultures), Petri-dishes should therefaengubated either on flat dishes with a
thick, un-interrupted line of vaseline around thedal cultures in which the invading
and evading mites will stick or the Petri-dishesugt be incubated onto grids kept
above bowls filled with water into which mites willot invade or evade. With
increasing experiences in handling of cultures aésn at later stages in this work the
latter possibility was chosen to protect the celsur
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4.4.2 Grazing of mites in mycelial cultures o€. cinerea

To study the grazing behaviour ©f prudescentiae on the vegetative mycelium of
C. cinerea, each 25 mites were transferred onto a small piyay in the middle of
freshly grown mycelial cultures of different fungstlains (monokaryons PS001-1 and
PS002-1, homokaryon AmutBmut, dikaryon PS001-1 02S1). The mites distributed
randomly over the different sectors of the platesting grazing on the mycelium with
certain preferences for the most outer, i.e. youmggions of the colonies and/or the
most inner, i.e. older regions of the mycelia (Fiyj. Grazing by mites was visible by
perforations in the aerial mycelium revealing thgaraunderneath. Agar was not
recognisably consumed by the mites as well as oleratia (dark, round cellular
aggregates with a melanized rind serving as duratouctures) (Waters et al. 1975,
Kles et al. 2002) that developed manifold overtitine in the aging cultures kept under
dark conditions (Fig. 1 and Fig. 2A to D). Genegralhe mycelium of the monokaryons
PS001-1 and PS002-1 was faster consumed than fthietnmokaryon AmutBmut and
the mycelium of homokaryon AmutBmut was faster coned than that of dikaryon
PS001-1 x PS002-1 (Fig. 1).

When testing in a similar experimental set-up mgtedultures of thedst mutant
homokaryons PUK1-6, PUK2-6, PUK3 and PUK4 formingder standard fruiting
conditions etiolated stipes that typically in wilde strains are only formed after
obtaining an initial light signal with subsequentiltivation in constant dark (see
Chapter 3 of this thesis), the mites distributeendy over the sectors of the Petri-dishes
(Fig. 3). However, in contrast to the experimenithwhe wildtype strains shown in
Fig. 1, preferentially grazing was observed in saime more inner parts of the
cultures, mainly at places where in closer viciratier the time the likely nutrient-rich
etiolated stipes appeared. Nevertheless, the &ltbkstipes were not consumed by the
mites (Fig. 3). Consumed were also not the sclenbiat appeared in the cultures over
the time and not the agar appearing as a surfaea wie mycelial mat was consumed
by the mites (Fig. 2E to H and Fig. 3).

In the experiment shown in Fig. 3, the etiolatepest appeared after infestation of
the plates with the mites. In contrast in the @ateown in Fig. 4, etiolated stipes were
formed prior to infestation of the cultures withetiites. After growth oflst mutants
for 5 days at 37°C, plates were first kept for Fda normal position in standard
fruiting conditions at 28°C and then for 7 furtitays in an up-side-down condition to

allow the already developed etiolated stipes tarawe in strength and length (compare
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for example Fig. 20 in Chapter 3 of this thesispwidver, also these etiolated stipes
were not consumed, as were also not normal frultimdjes induced in some of thst
mutant cultures by turning plates up-side down éexpental set-up of fruiting body
induction indst mutant cultures resulting in normal fruiting bodigvelopment

Fig. 1 Effects of grazing mites on fungal myceliunof Coprinopsis cinerea monokaryons
PS001-1 (A)to (D) and PS002-1 (E) to (H), of homokan AmutBmut (I) to (L) and of
dikaryon PS001-2 x PS002-1 (M) to (PMycelia were grown on YMG/T medium for 6 days
(monokaryons PS001-1 and PS002-1), respectivelgys ghomokaryon AmutBmut and the
dikaryon) at 37°C in the dark until the agar wasered by mycelium. Per strain, 3 different
plates were inoculated with 25 mites each (as destin the methods), upon which they were
transferred into darkened conditions (by coveririthvaluminium foil) into a greenhouse at
25-28 °C and 60 % humidity and observed in paraRdpresentative plates per strain are
shown in the figure. The first plate of each sti@ih, (E), (I) and M), respectively) shows the
freshly grown cultures at the time of transfer lud animals, the neighboured photos the same
plates 14 daysB), (F), (J) and (\), respectively), 21 day<j, (G), (K) and Q), respectively)
and 1 month after infection with the miteB)( (H), (L) and @), respectively). Note the
perforations in the mycelia indicating the placégrazing by the mites which tend to prefer the
outer younger mycelium of the cultures as seenhleyaduter rings of free agar upon longer
incubation and/or the region close to the fungatuli. Note also the formation of dark-brown
stained sclerotia over the time (starting from dagfter infestation with the mites) that were
however neglected by the mites (compare FigA)2¢ (D).
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Fig. 2 Sclerotia and agar are neglected by the mie Sclerotia of strains PS001-RY
PS002-1 B), AmutBmut C), PS001-1 x PS002-Dj, PUK1-6 €), PUK2-6 ), PUK3 G)
and PUK4 () are shown that are left on the agar surface ltwr@s (shown in full in Fig. 1 and
in Fig. 3, respectively) after grazing by mites @nth after infestation.

inclusively basidiospore formation were describagévpusly in Chapter 3 of this

thesis). Note that the plates shown in Fig. 4 weredirectly infested with 25 mites as
in all other experiments described in this chaptart mites were given the free
opportunity to migrate from infested mite stock tatgs into the plates with the
etiolated stipes. As can be seen from the perforatin the mycelial layers in the plates
shown in Fig, 4, mites were attracted from the idetso the cultures.

4.4.3 Grazing of mites in mycelial cultures o€. cinerea with fruiting bodies
Subsequently, multi-cellular structures of homokaryAmutBmut, of dikaryon
PS001-1 x PS002-1 and of the differdstt mutant homokaryons were analysed in more
detail in terms of grazing preferences of miteg (/5 to Fig. 8). In these experiments,
cultures were allowed to produce multicellular stmmes (primordia, fruiting bodies,
etiolated stipes) prior to infection with the mite all cultures, the vegetative
mycelium was easily consumed by the mites - themtte in Fig. 5 that again the
mycelium of homokaryon AmutBmut was faster consurtteah the mycelium of the
dikaryon PS001-1 x PS002-1. The latter has a $jighifferent, somewhat chewing-
gum-like consistency compared to mycelia of theepal monokaryons and the co-
isogenic AmutBmut-type homokaryons and appearg#faster. Due to this different

consistency, the mycelium of the dikaryon PS001AS002-1 might be less preferred
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Fig. 3 Effects of grazing mites on fungal myceliumof Coprinopsis cinerea mutant
homokaryons PUK1-6 (A) to (D) and PUK2-6 (E) to (H)PUKS (I) to (L) and PUK4 (M) to
(P). Mycelia were grown on YMG/T medium for 5 days af@7n the dark until the agar was
covered by mycelium. Per strain, 3 different plateye inoculated with 25 mites each (as
described in the methods), transferred into dartkermnditions (by covering with aluminium
foil) into a greenhouse at 25-28°C and 60 % humiditd observed in parallel. Representative
plates per strain are shown in the figure. The fitate of each straif(A), (E), (I) and M),
respectively shows the freshly grown cultures at the time afhsfer of the animals, the
neighboured photos the same plates 14 {@)s (F), (J) and (), respectivel}, 21 dayd(C,

G, K andO, respectively and 1 month after infection with the mitg®), (H), (L) and P),
respectively. Note the perforations in the mycelia indicatihg places of grazing by the mites
which tend to prefer regions in which etiolategas were forming. Note that etiolated stipes
were neglected by the mites and also the sclefiartiaed in the cultures over the time.
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Fig. 4 Mites avoid grazing on etiolated stipes anftuiting bodies. Plates inoculated with the
dst1-2 homokaryon PUK1-§A) andthe dst4-1 homokaryorPUK4 B), (C), respectively, were
incubated for 5 days at 37°C in constant dark domth tunder standard fruiting conditions at
28°C until etiolated stipes were formed (day 5 rafubation at 28°C). The plates were then
further incubated for 7 days under standard frgitonditions in an upside-down position, upon
which they were installed in between a pile of 2elseold mite stock cultures for free
infestation by mites during a period of seven dafysicubation in the greenhouse at 25-28°C
under a humidity of 60% and shading of the platesdvering them with aluminium foil. None
of the plates in these piles were locked with RlanafPlates were evaluated after 7 days
incubation with the mites in the greenhouse. Patifmns in the mycelial layer are seen
indicating invasion of mites into the cultures @mdzing by these mites.

Fig. 5 Mites feed on the vegetative mycelium @oprinopsis cinerea AmutBmut (A) to (D)

and PS001-2 x PS002-1 (E) to (H) but not on stiped fruiting bodies. Cultures were
inoculated on the middle of YMG/T plates, incubafed 5 days at 37°C in the dark before
transferring them into standard fruiting conditi@i28°C into a 12 h dark/12 h light scheme at
85-90% humidity. After 7 days of incubation at 28t@ature fruiting bodies were grown on the
plates. At this point, plates were infected withr2fies per plate as described in the methods (3
repeats per strain)Representative plates are shown on day 7 of nofmidting body
developmentA) and €); compare Fig. 1 in Chapter 2 of this thesis)alyeprior to infestation
with 25 mites per plate by adding them into the diedof the cultures via a small agar block)
and 14 daysR) and £), 21 daysC) and G) and 1 month after infestation with mitd3) (and
(H), respectively.
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Fig. 6 Multi-cellular structures are avoided in grazing by mites. Plates of homokaryon
AmutBmut @A), (B), the dikaryon PS001-1 x PS002a)( (D), PUK1-6 E), (F), PUK2-6 G),
(H), PUK3 (), (J) and PUK4 K), (L) were photographed after one (each time the leftq)
and two month (each time the right photo) of indidmin a greenhouse after infestation with
25 mites per plate (see methods), respectively.e Nbat only in case ofA) and B),
respectively in case ofZ) and D), the same plate has been photographed at thdiffeoent
time points.

by the mites as food or less easy to degrade. ddere in the cultures which
underwent fruiting body development by incubatioder standard fruiting conditions
(Fig. 4 to Fig. 6), fewer numbers of sclerotia weteserved compared to the cultures
kept most of the time in dark conditions (Fig. 1 R@g. 3). By impression from
observations of the various cultures under the B&800-C binocular it appears that
the mites prefer grazing on mycelial cultures lagkisclerotia and that the mites
proliferated under these conditions in higher nurslfeot further documented).

Whilst the mycelium was however in all cultures soamed over the time, the
fruiting body primordia as well as the stipes dffaliting structures were avoided by
the mites for at least one month of incubation (Big When prolonging incubations for
two months, leaving the animals up to four weeksheut any fresh nutrients,

primordia and stipes of fruiting bodies were séilloided similarly like any etiolated
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Fig. 7 Mites graze on issues of the cap of the fting body. Thedikaryon PS001-1 x PS002-1
was grown on YMG/T medium for 5 days at 37°C instant dark upon which the plate was
transferred to 28°C into standard fruiting condisoAt day 6 of incubation at 28°C at the end
of the 12 h light period (after 11 h of light inatlon), fruiting body development reached the
stage of basidiospore formation which parallelseord rapid stipe elongation (see Navarro-
Gonzalez22008for a description of this stage of developmen)niites were placed at the base
of the elongating stipe and the Petri-dish was /ey a 600 ml glass-beaker in order to avoid
breakage of the upwards protruding fruiting bodytly lid of the Petri-dish. The developing
mushroom was incubated overnight for 12 h with itiees at 25-28°C in the greenhouse at
60% humidity, upon which the still standing mushrowas harvested and checked for mites. In
total, 10 mites were still detected on the mushro@me in A) to (C) three different
enlargements of the cap). All of them moved todhp residing in the groove between the gills
and the stipe formed by tearing apart the gillsnfriihe stipe (see Navarro-Gonzal208 for
further information) allowing entry into the innéissues of the cap. The 15 other mites all
spread into the vegetative aerial mycelium arotnedase of the mushroom stipe in an area of
a radius of about 1 cm and started grazing on dyerlof aerial hyphae in a manner as
documented in Fig. 9A leading to mycelial perfarat.

stipes that appeared in cultures (Fig. 5 and Fi§\8)ilst mites did graze on cap tissues
of mature fruiting bodies (Fig. 7 and Fig. 8A), thavere however also hyphal cells in
the cap giving the pileus shape and shape to & gspectively that were avoided
even under long term of incubation with mites (RB.and C).

4.4.4 Further observations on behaviour of the mitein young mycelial cultures

In order to learn more about the grazing behavmfumites on mycelium, fresh
YMGI/T cultures of homokaryon AmutBmut were infestadth these animals by
allowing them to invade from mite stock culturetoithe by Parafilm unclosed Petri-
dishes upon which they were observed under a S21660-C binocular with the mites.
After seven days of incubation, first smaller pest@ns in the mycelial mat helped to
easily detect the animals under the Stemi 2000f@doilar. Mites were observed to

consume the mycelial mat from its surface intodiection of the agar (Fig. 9A). Once
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Fig. 8 Mites graze on certain issues of the cap tife fruiting body. (A) Plate of thedikaryon
PS001-1 x PS002-1 from the same set of experinaantisose shown in Fig. € and D) after
incubation for two month with mites showing the leeted fruiting body stipes and remnants of
the caps.B) Cap of the mutant PUK4 after incubation for 7 slayith mites. The strain was
grown in three replicates for 5 days at 37°C instant dark, upon which cultures were
transferred at 28°C into standard fruiting condiioMature mushrooms were obtained at day 9
of incubation at 28°C (compare Fig. 14 and table €hapter 3 of this thesis) upon which
cultures were infested by each 25 mites by plathieg onto a fresh agar plug in the middle of
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the plates. Plates were sealed with Parafilm, wedpp aluminium foil and incubated for seven
days at 25-28°C and 60% humidity in the greenhougen incubation with the mites, certain
outer tissues giving the pileus shape and the sbhfiee gills are still present. Note the high
numbers of faecal pellets laid on the surface efddp which were formed by ingesting but not
digesting basidiospores by the mites (further imfation in Navarro-Gonzale2008 and see
below) indicating eager grazing of the mites oriscahd tissues of the capC)(Cap of the
homokaryon AmutBmut after incubation for 7 dayshwitites. The strain was grown in three
replicates for 5 days at 37°C in constant darknuwhich cultures were transferred at 28°C into
standard fruiting conditions. Mature mushrooms wav&ained at day 7 of incubation at 28°C
upon which cultures were treated as described uBjdor the PUK4 plates. Note also here the
high numbers of faecal pellets laid on the surfaicthe cap and on the surrounding agar. The
remnants of the cap of homokaryon AmutBmut appeaerblack than in case of the PUK4 cap
by the much higher amount of basidiospores prodbgdtie fungus.

they reach the agar surface they bore tunnelsemtycelial mat through their grazing
(not shown). The effect of this tunnelling was ttte¢ aerial mycelium could easily be
lifted from the agar by a needle (Fig. 9B) whichswet possible with the undamaged
mycelium being firmly anchored into the agar. Afiemonth of incubation with the
mites, perforations in the aerial vegetative myealiwere manifold. In addition, it
appeared that the mites brought bacteria in thgdunultures that multiplied into a
slimy mass attached to the mycelium (Fig. 9C). Upother aging of the plates, much
of the aerial mycelium is consumed and the mite® alonsumed the submerged
mycelium present in the most upper regions of thee §&ig. 9D). Once this mycelium-
containing agar is also eaten, mites stop to inggst (Fig. 9E).

In similar sets of experiments, mites were alsoeoled in fully grown YMG/T
cultures of thedstl mutant homokaryon PUK1-6 (Fig. 10A) and tdst3 mutant
homokaryon PUK3 (Fig. 10B, C). The behaviour of thiées were as in the cultures of
the homokaryon AmutBmut: Mites started grazing leé tmycelium from the surface
down to the agar (Fig. 10A) or even into the agasspbly in order to consume the
submerged mycelium (Fig. 10B) until all myceliumeiaten from the agar surface and
the upper agar layer with the submerged myceliuign F0C). Upon consumption of all
mycelium, the agar is not anymore further touchiéid.(10C). Note that also in the
cultures of the mutant homokaryons growth of slimagteria on the mycelial surface as
well as on the agar surface was observed (Fig. B0l it is likely that the mites

brought the bacteria with them into the formerlygfungal cultures.
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Fig. 9 Grazing behaviour of mites in the aerial myelium of homokaryon AmutBmut. The
strain was first grown for 5 days at 37°C in constdark followed by 7 days of incubation
under standard fruiting conditions at 28°C, uponicwhplates unlocked by Parafilm were
transferred in piles of also unlocked two weeks olde stock cultures of homokaryon
AmutBmut (two above and three below the non-infédtemokaryon AmutBmut culture) into
the greenhouse at 25-28°C and 60% humidity to bebiated under a cover of aluminium foil
for 7 days ), (B), respectively 1 monthQ), (D), (E) before evaluation of the mycelium with
the mites were done underneath a Stemi 2000-C wliznoc

Fig. 10 Grazing behaviour of mites in the aerial mgelium of mutant homokaryon PUK1-6
(A) and PUK3 (B), (C). The strains were first grown for 5 days at 37°Ccanstant dark
followed by 7 days of incubation under standardtifrg conditions at 28°C, upon which plates
unlocked by Parafilm were transferred in piles tsoaunlocked two weeks old mite stock
cultures of homokaryon AmutBmut (two above and ¢hbelow a plate with a non-infested
mutant homokaryon culture) into the greenhousé&€2&C and 60% humidity to be incubated
under a cover of aluminium foil for 7 days beforaleation of the mycelium with the mites
were done underneath a Stemi 2000-C binocular.
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4.4.5 Further observations on grazing preferencesd behaviour of the mites
To further test the grazing behaviour of mites talgamycelium containing

sclerotia, 8 other agar blocks (0.6 cm in @) wistablished mycelium containing
numerous sclerotia were placed onto a YMG/T agateplith homokaryon AmutBmut
(Fig. 11A, B) grown in 28°C under constant light igpprimordia stage P5 (from the
same experiment presented in Fig. 18 in Chaptef thi® thesis). These agar blocks
with mycelium were harvested from an 1 month-oldt@lof homokaryon AmutBmut
cultivated for the whole period at 28°C in constdatk. Afterwards, the plate (not
sealed with Parafilm) was placed into a pile of risealed plates (two below, three
above) of AmutBmut stock cultures containing popates of mites due to a 4-weeks
incubation in the greenhouse at 28°C of the fulgwn fungus after inoculation with
25 mites on agar blocks as described in the mesieation. The pile of plates was
wrapped into aluminium foil and incubated for 28slan the greenhouse as described
in the method section before further evaluatiorwds found that the mites consumed
most of the aerial mycelium of the fungal cultunet teft the P5 primordia on the
plate aside (Fig. 11A) as well as the sclerotia thathe meantime developed in the

Fig. 11 Mites prefer fresh mycelium for grazing andavoid aged mycelium with sclerotia.
(A) A still young mycelial YMG/T culture of homokaryoimutBmut grown for 16 days at
28°C in constant light (compare Fig. 18 in Chatef this thesis) were taken at the primordia
stage P5 onto which 8 mycelium-covered agar plugs fan aged culture of homokaryon
AmutBmut grown for 28 days at 28°C in constanttiglere placed. Subsequently, the unsealed
plate was placed in between 5 unsealed platesrmobkaryon incubated previously for 4 weeks
with mites for amplification of their populationhe pile of plates was wrapped by aluminium
foil and incubated for 28 days in the greenhous25a28°C and 60% humidity. After 4 weeks
of incubation, the mycelium of the plate was mosiiywsumed but not that of the added agar
plugs.(B) Enlarged view of an agar plug from the aged culafter incubation with the mites
showing the untouched vegetative mycelia with ttierstia that were already present on the
plugs at the time of their transfer on top of thesh culture(C) Enlarged view onto the agar of
the young culture after grazing of the vegetatiweatium by the mites. Note the sclerotia on
the surface of the agar that were avoided by thesmi
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Fig. 12 Primordia and stipes of fruiting bodies areavoided by the mites.Homokaryon
AmutBmut was grown for 5 days at 37°C in constaatkd upon which the cultures were
transferred to standard fruiting conditions at 2&i@ 12 h light/12 h dark regime. At day 7 of
fruiting body development 8 hours after the lightitshed on (autolysed fruiting bodies,
compare Fig. 1 in Chapter 2 of this thesis), 2%emivere placed on a fresh agar plug in the
middle of the Petri dishes, which were then closét Parafilm, wrapped with aluminium foil
and incubated for 2 month in the greenhouse at&8&-2inder 60% humidity before further
evaluation. A) Complete culture showing primordia of stage Reh{pared Fig. 1 in Chapter 2
of this thesis), fruiting body stipes and dark are# basidiospores and faecal pellets.
(B) Enlargement of the same plate showing the agedl fartially dried out primordia.
(C) Primordia of stage P4 from another plate of #nmae age but not yet dried out.

aerial mycelium (Fig. 11C). Most interestingly, thdtes did not attack the 8 agar
blocks with the aged mycelium and the sclerotida Wexre placed on to of the vegetative
mycelium of the fresh culture (Fig. 11 A, B).

Avoidance of primordia in cultures of homokaryon @Bmut were regularly
observed. Fig. 12 shows as examples primordia fstage P4 (compare Fig. 1 in
Chapter 2 of this thesis) that were incubated wittes for 2 month without being
through the animals, even though they must have begving for at least weeks when
the vegetative mycelium was fully consumed. Likenordia, the compact stipes of
fruiting bodies were regularly neglected (Fig. 1289 well as the etiolated stipes
formed in cultures of thaelst mutant homokaryons (Fig. 13). Obviously, the rigid
structures of primordia, fruiting body stipes arttblated stipes supported by outer
dense, hard tissues are not attractive for the @eiand can possibly not be utilized by
them. This alters when such structures soften msistency (Fig. 14). Aging fruiting
body stipes over the time appear to undergo ausolgading to their destabilization.
Degenerating fruiting body stipes collapses andl&e down onto the agar surfaces.
When this happens, mites migrate to the degengraipes and nourish from the

deliquescing stipe material. Occasionally, as laaghey did not further harden due to
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Fig. 13 Etiolated stipes from mutant PUK1-6 are avided by mites until their
decomposition through aging. Cultures of thedstl-2 homokaryon PUK1-6 obtained by
incubating freshly inoculated YMG/T plates for 5ydaat 37°C in constant dark and
subsequently for 11 days at 28°C under standaitihfjuiconditions were infested with 25 mites
on fresh agar blocks placed in the middle of thatgd. Plates were sealed with Parafilm,
wrapped with aluminium foil and incubated for 1) (respectively 28 day®}] before further
evaluation. Etiolated stipes are not consumed r&$ &3 their structure is compact [sBg] put

at places were tissues of the senescent structafes due to degeneration, mites will use the
chance of feeding on the material [see arrowAingointing to a brown softened tissue area].

Fig. 14 Mites graze on softened tissues of the uppgarts of senescent stipes of normal
fruiting bodies. A stipe of a normal fruiting body obtained in aontokaryon AmutBmut
culture grown for 5 days at 37°C in constant dart aultivated for seven days at 28°C under
standard fruiting conditions until fruiting bodywdopment was completed with cap autolysis
at day 7 of development. Subsequently, 25 miteg wansferred with a fresh agar block onto
the middle of the plate, the Petri-dish was sebie@arafilm, wrapped with aluminium foil and
incubated for seven days at 25-28°C and 60% huynidite greenhouse. The upper part of the
stipe collapsed during this time in order to layvddlat the softened degenerating tissues at the
surface of the vegetative mycelium. Using a Ste@0Q@C binocular, mites were observed
grazing on the white floccose mycelium at the ostaface of the stipe (not shown). When the
photo was taken, mites already disappeared dueteftect of the light binocular.
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desiccation, mites may attack also older softetietheed stipes (Fig. 13A) but on
aging primordia we never observed softening ane atiiack.

4.4.6 Consumption of basidiospores by the mites

Mites appear to be specifically attracted by thescaf the fruiting bodies (Fig. 7)
where they consume basidiospores (Fig. 8B, C, T5¢\, B). They have been seen to
ingest basidiospores but not to digest these sgdlagarro-Gonzale2008 Fig. 15).
Spores pass the digestive tract of the about 450lqungy and 210 uM broad mites

(compare Table 1) to be released in faecal spdietp®f a size of about 90 pM x

Fig. 15 Mites do ingest basidiospores but do not giést them in order to release them in
special faecal pellets which on suitable substratdlows germination of the spores thereby
providing mycelium as food for larvae hatching from eggs laid in close vicinity of the
faecal pellets.Mites consuming spores formed on the gills of aay-dld fruiting body cap of
homokaryon AmutBmufA) respectively of thelst4-1 mutant B), releasing spores from the
body in form of faecal pelltes and laying eggs étween C). Note inB, that the formation of
food bolis as a precursor of the faecal pelletshan mites body (Navarro-Gonzal@p08)is
visible by the two round black spots shining thiouge clear body of the animals. Mites
release their faecal pellets containing basidicsp@nd lay their eggs not only on cap tissues
(A), (B) but when moving away from the cap also into thdah vegetative mycelium of the
28 day-old cultures of homokaryon AmutBm@)( (D) and onto the surface of ag&)(Spores

in faecal pellets laid on consumed agar do not get® at 25-28°C in the greenhouse at
a humidity of 60°C but when the faecal pellets badn transferred onto fresh agar plats (
The faecal pellet shown inE] was removed from the original culture of a cudtuof
homokaryon AmutBmut after incubation for 28 dayshwhites at 25-28°C and 60% humidity
in a greenhouse, indicating that the ability ofngieation of the spores remains over longer
time periods. The faecal pellet with the germinadpdres was incubated on YMG/T agar for
48 h at 37°C in the dark prior to taking the photqd.
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Table 1 Size determination of mites, hatched larvaeeggs and faecal pellets

Object Number of Average size
measurements Width (um) Length (um)
Mature mites 11 214.4 £ 32.7 447.7 + 37.3
Hatched larvae 4 78.2+3.4 140.8 £ 8.0
Eggs 21 75.8+5.7 123.5+4.9
Faecal pellets 3 89.7 £ 20.9 99.9+149

100 uM (see Table 1) containing between 200 and gififyes (Navarro-Gonzalez
2008. Faecal pellets are released within the fooduess such as the autolyzing cap
tissues. Next to the faecal pellets the about 75xuM5 uM large eggs (see Table 1)
are ovipositioned (Navarro-Gonzal2@08 Fig. 15A to D). In the closed system of the
Petri-dish on used-up YMG/T agar, the basidiospalesnot germinate (Fig. 15E),
obviously by a lack of nutrients but possibly alspcompounds or enzymes secreted
either previously by the mycelium of the fungus, byr contaminating bacteria (see
below) brought into the cultures by the mites orfgcal pellets from the mites (see
conclusion). However, upon transfer of the faealeps onto fresh medium, there was
germination (Navarro-Gonzale008 Fig. 15F). Mites can fast move (easily 50 cm in
half an hour, Navarro-Gonzal@008 and in nature, it is not unlikely that faecallptd
are laid by migrating mites onto fresh substrateenghthe spores will be able to
germinate. If an egg is ovipositioned close to stadral pellet, the small hatching
larvae (about 140 uM long, 80 uM wide, see Tableslgubsequently supplied with
fresh fungal mycelium for feeding (Navarro-Gonz&€08. Another way of spreading
faecal pellets through mites is by transport thiothgeir bodies - faecal pellets easily

attach to the outer surface of the body as shoviAign16.

4.4.7 Competition tests between different types @&. cinerea mycelia in attraction
of mites

The repeated occurrence of mites in plates stooedldnger periods in the
laboratory and the accumulation of mites observedetneath the cap at the place of
tearing apart gills from the mushroom stipe sugffesste are attractants such as organic
volatile compounds emitted from fungal cells thatve as chemical signals to the
animals (see also Chapter 5 of this thesis). Thezefsome experiments were
performed to determine whether there are prefeserme the animals to specific
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Fig. 16 Faecal pellets attach to the outer surfacef the mites” bodies and are transported
by them in such way (see black spots on the bodiethe mites).

mycelia of the fungus. Round mycelial plugs weréewith a cork borer (6 mm in @)
from the edges of actively growing YMG/T culturadtivated at 37°C and placed onto
fresh YMG/T plates (treatments 1 and 2 in Fig. &7jresh 1% water agar (treatment 3
in Fig. 17). Per plate, either each four plugsvad different strains were positioned at
even spacings onto the agar (treatment 1 of Figofl'eéach one plug of two different
strains were positioned at highest distance to efitér onto agar plates (treatments 2
and 3 in Fig. 17). Compared were either the two skanyons PS001-1 and PS002-1 or
the monokaryon PS001-1 and the dikaryon PS001-5@0P-1 or the monokaryon
PS002-1 and the dikaryon PS001-1 x PS002-1, ragpBc{see experimental setting in
Fig. 17). Each 25 mites were placed onto a freshwier agar plug in the middle of
the plates and, after the plates were sealed vathfifn and covered with aluminium
foil, the mites were allowed for 20 h at 25°-28%tle greenhouse at 60 % humidity to
move within the plates (treatments 1 and 3 in Eif). Plates in treatment 2 were first
incubated for 20h at 25°-28°C in the greenhousg0d humidity before an 1% water

agar plug was 25 mites were added in the middlethef plates, upon which
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Treatment 1

Treatment 2

Treatment 3

Fig. 17 Experimental design for competitive testebetween each two types of mycelia in
attraction of mites that were added to the platesninumbers of 25 on 1% water agar plugs

in the middle of the plates.Combination of strains were as followed: combinatio P1 =
dikaryon PS001-1 x PS002-1; P2 = PS001-1; comlinai P1 = dikaryon PS001- x PS002-1,
P2 = PS002-1; combination 3: P1 = PS001-1, P2 OP3). Mycelial plugs were cut from the
edges of fresh, actively growing fungal culturelicated at 37°C in the dark and transferred in
the respective patters shown in the figure ontshfraggar plates (YMG/T in treatments 1 and 2;
1% water agar in treatment 3). Mites were placed tre agar plates into the Petri dishes either
directly after transfer of mycelial plugs onto thgar (treatments 1 and 3) or after transfer of
mycelium plugs, closing the plates with Parafilnovering them with aluminium foil and
incubating them first for 20 h at 25-28°C at a hdityi of 60 % in the greenhouse. After
transfer of mites to plates, they were sealed Witinafilm, covered with aluminium foil and
incubated for 20 h at 25°-28°C in the greenhouse@®o humidityin order to allow the mites
to walk on the agar. Per treatment and strain coatioin, 10 different plates were analysed.
Plates were incubated with a random distributioRbfand P2 positioned on the left or the right
side in a pile.
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Table 2 Distribution of mites in numbers on myceli& plugs of different strains of
C. cinerea and on the lids of the Petri-dishes at the end dhe experiments explained in
Fig. 17.

Strain Number of mites’

combination Treatment* at plug P1 at plug P2 On the lid of
the Petri-dish

1 1 4751 125+6.4 7854

2 120+ 4.1 10.5+4.4 25%49

3 9.0+5.2 4145 11.9+6.0

2 1 48+4.2 10.3+7.1 9.9+6.7

2 13.2+3.3 11.1+3.1 0.7x16

3 4427 45+3.6 16.1+5.7

3 1 8.7+3.2 11.6+4.4 4.7+5.0

2 118+ 3.1 9.6+4.9 3.6+5.0

3 4.2+3.6 54 +3.9 154 3.3

! Strain combination artdeatment are as explained in Fig. 17

2 Mites were counted per plate at the respectivétipngs) on each 10 different plates
per strain combination and treatment. Averagesstaadard deviations were calculated
with Excell software (Microsoft Office Excell 2003Numbers highlighted in bold
indicate conspicuous cases of an uneven distribudfomites on plugs between two
strains tested (see however the statistical arsapesiformed on these data as presented
in Table 3). Note that for the three different streombinations, alike treatments were
done in parallel but different series of treatmenitshe strains were done in different
days.

the plates were sealed with Parafilm, covered walttminium foil and incubated for
20 h at 25-28°C in the greenhouse at 60 % humiditgrder to allow the mites to
migrate within the plates. Subsequently, mites wrented at positions found in the
plates (Table 2).

In every plate, all the 25 mites were found badkrafthe incubation. Mites were
either detected on the mycelial agar plugs or enpllastic lids of the Petri-dishes but
never on the pure agar surface (Table 2). The nuwiites found in the lids of the
Petri-dishes varied from experiment to experimegtiveen nearly 0% to above 60%
(compare Table 2). It appears that the number tésrfiound in the lids are possible
linked to the type of treatment performed or toitiividual round of experiments (see
Table 2). To answer this clearly, repeats of theesyof all treatments have to be
performed in a single series of experiments andiplys incubation times should be
reduced in such experiments as discussed furthewb@ preference analysis of mites
found in the lid versus mites on mycelial plugse.(an analysis of avoidance of the agar
and/or the mycelium) was not done. That many mitese however found on the
mycelial plugs suggests that these were not avoided is a good argument
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Table 3 Statistical analysis (paired T-test) of prerences of mites to migrate to a specific
C. cinerea strain in the experimental set-ups described in [gi. 17, using the data presented
in Table 2 and the software SX release version 8.0@nalytical software, Tallahassee,
USA)

T* | Number of mites p- Number of mites p- | Number of mites| p-
in strain value in strain value in strain value
combination 1 combination 2 combination 3
P1 P2 P1 P2 P1 P2

1 | 4.745.1| 12.5+6.4| 0.04* 4.8+4.2| 10.3x7.1| 0.10 | 8.7+3.211.6x4.4 0.15
2 |12.0+4.1 10.5+4.4| 0.51|13.2+3.3 11.1+3.1| 0.31 | 11.8+319.6+4.9| 0.31
3 |19.0¢5.2| 4.1+45| 0.08 4.4+27 45+36 091 4.243.64+8.9| 0.59
1T = treatment as explained in Fig. 17
" A p-value < 0.05 was assumed to be statisticaifyificant

for that the plugs had rather an attraction eftacthe animals. Otherwise, one might
have to expect to find a valid number of mites @sdhe pure agar.

Furthermore as seen in Table 2, the distributiomités between the two types of
plugs tested in most instances appeared to be andess even with no preference for
one specific strain. Leaving the mites that migtateo the lid aside (see Table 2), a
statistical analysis was performed on migratiorfgrences of mites to one or the other
of two strains tested. Using A One-Way Analysis \@friance (One-Way ANOVA)
software SX release version 8.0 (Analytical sofeyarallahassee, USA), a statistical
paired T-test confirmed lack of preference of thgemfor any given strain for all but
one of the cases (see Table 3). In two furthers;asere the average values of mites
found at the two different types of plugs were @uiiifferent and thus showed high
standard deviations resulting in statistically repgnificant differences (Table 2 and
Table 3).

Using One-Way ANOVA) software SX release versiod, 8ext the three different
treatments of individual strain combinations wemmpared (Table 4). The analysis
revealed no statistical differences in betweentkiee different treatments of the two
monokaryons PS001-1 and PS002-1 (p-value = 0.26&d;Table 4), an ambiguous
situation for the strain combination dikaryon PSQ0% PS002-1 versus monokaryon
PS002-1 (p-value = 0.0504, Table 4) and a sigmifichfferent situation for the strain
combination dikaryon PS001-1 x PS002-1 versus maryok PS001-1 (p-value =
0.0067, Table 4). Altogether, the statistical respresented in Table 4 for the three
treatments of a given strain combination are howeedlecting three differently
designed situations due to the usages of diffemedia and the different number of

plugs which of course is a reason to be carefuliati® statistical results shown here.
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Table 4 Analysis of Variance (ANOVA) of the three dferent treatments performed in
preference analysis of mites for two individual stains of C. cinerea as described in Fig. 17
with the results presented in Table 2. ANOVA was péormed with the software SX
release version 8.0 (Analytical software, Tallahasg, USA)

Strain Treatment Combined mite number* Significant different
combination p-value’

1 1 -0.3120 £+ 0.4117 b p = 0.0067*
2 0.0600 + 0.2766 a
3 0.1960 + 0.3101 a

2 1 -0.2200 £ 0.3810 b p = 0.0504
2 0.0840 + 0.2490 a
3 -0.0040 £+ 0.1107 ab

3 1 -0.1160 + 0.2305 a p = 0.2054
2 0.0880 + 0.2584 a
3 -0.0480 + 0.2698 a

! Note: combined mite number refers to an analysimites distribution determined by the
formula (1 x number at P1/25) + (0 x number ina&y/ + (-1 x number at P2/25)

1.0 = 100% of mites migrated to P1

-1.0 = 100% of mites migrated to P2

0 = 100% of mites migrated to the lid of the Pdishes

Grouping of a, b was done by LSD tests of mean6.(%) of all-pairwise comparisons of exp1l.
a = statistically alike, b = statistically differten

" A p-value < 0.05 was assumed to be statisticaifyificant

LSD = Least significant difference

Mites when walking on the free agar will leave fet¢éps on the comparably soft
surface that with appropriate contrasting can bev@d up under a Stemi 2000-C
binocular and photographed (Fig. 18A). Thus, ppaty the line of foot steps can be
used to follow up on longer distances the way mitage been taken on the agar.
However, technically it is difficult and tedioussAhown in Fig. 9 to Fig. 11, mites
bring bacteria into fungal cultures. This featua® e made use off when analysing the
walk ways of mites on the fresh nutrients-contagnagar (such as YMG/T complete
medium) in the Petri-dishes. Where mites walketgrgbrolonged incubation, slimy
lines of bacterial colonies were visible regardlesvhether one or more mites were
applied to a plate (Fig. 18B, Fig. 19 to Fig. 2The pictures from YMG/T plates
infested with 25 mites from the experiments exm@dinn Fig. 17 appear to show a
tendency that mites move more or less targetetigartycelial plugs but a difference
between the two types of mycelia were not recodpézé-ig. 19 to Fig. 21). The same
impression is given in addition by walk ways of esitthat moved onto the plastic lids
of the Petri-dishes. Here, walk ways are visible dgar lines when the lids
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Fig. 18 Walk ways of mites are directly visible orthe agar surface by foot step marks (A)
and, after an appropriate time of incubation, by simy lines of bacteria grown on top of the
mites” walk ways.The plate shown inA) originated from treatment 2, strain combination 2
from the experiments explained in Fig. 17 and wasibated for 5 h with 25 mites at 25-28°C
at a humidity of 60 % in the greenhouse prior t@tpgraphing mites” foot steps in close
vicinity to the fresh agar plug in the middle o&tRetri-dish used to transfer the animals onto
the plates. The plate shown iB)(was the same than i) but photographed after 20 h of
incubation with the mites. Note that the photosentaken at different enlargements.

previous to mite migration were clouded by watendmnsation (Fig. 20B). Clearly as
seen in Fig. 21, a single mite can cause the ptmauof such lines of bacteria by
migrating on the agar. Walk ways are not fully igind but mites appear to change
regularly for short distances somewhat the momegritsken direction to another such
as searching for something (Fig. 18A, Fig. 20)haligh an overall main direction
appears to be kept for longer distances (Fig. BEQjure work will have to test the
possible effect of mites being attracted to mytgliags in more detail, possibly with a
lower number of mites per plate in order to avad high bacterial overgrowth of the
walk ways of different animals. Moreover, the limiebacterial growth on the 9 cmin @
sized plate shown in Fig. 20, which reflects theékwd the mites within the 15 min of
incubation (see experimental details in the legen#ig. 20), indicates that an animal
migrated >1 cm in 3 min on the plate. A more extenstudy by Navarro-Gonzalez
(2008) calculated a speed of migration for the niitgutrescentiae of 0.6 cm/min.
Thus, in future experiments an experimental sedgidescribed in the legend of Fig. 20
with a relatively short period of mite incubationigimt be chosen for experiments
designed to determine whether mites are spec¥iaitracted to fungal mycelia and
whether mites might be attracted at the same timater to enter the lid of the Petri-

dishes as documented for the experiments compil@alble 2. The results in Table 2 of
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Fig. 19 Walk ways of mites become easily visible lgrowth of bacteria they distribute on
their route over the agar.(A) A plate from treatment 2 (left plug: PS001-1 x P&Q0 right
plug: PS002-1) andB| a plate of treatment 1 (top plug: PS002-1; neigabgiugs: PS001-1 x
PS002-1)of the experimental set-up explained in Fig. 17tpgaphed after 40 h of incubation
with 25 mites at 25-28°C at a humidity of 60 %tie greenhouse (analysis of mite migration as
given in Table 2 was done in between at 20 h affiation).
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Fig. 20 Walk ways of mites become easily visible oagar by growth of bacteria the
animals distribute on their route over the agar (A)and by clear lines on lids of the plastic
Petri dish clouded by water condensation (B)Plates shown were from combination 2,
treatment 1 (left plug: PS001-1 x PS002-1; righigplPS002-1) of the experimental set-up
explained in Fig. 17 photographed after 40 h ofubation with 25 mites at 25-28°C at a
humidity of 60 % in the greenhouse Note that treepln B8) is the same than shown without
lid in Fig. 19A. The photo shown iBf was taken before opening the lid to make the @hot
shown in Fig. 19A.
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Fig. 21 In order to observe its walking behavioura single mite was positioned onto a fresh
agar plug in the middle of a Petri-dish with YMG/T medium and let run for 15 min on the
plate at 25°C at a humidity of 45%in the dark. Prior to infestation with the mite, a plug of
freshly grown mycelium of dikaryon PS001-1 x PSA0&as inoculated close to the edge of the
Petri dish and the plate was incubated for 24 B78C in the dark. Directly after infestation
with the mite, the plate was closed with Parafiiml &ept in the laboratory for 15 mai 25°C

at a humidity of 45% in the dark during which thitheopod could freely walk within the plate.
The plate was kept in the dark during this timeo afs order to calm down the light-sensitive
mite from the possible light stress exerted onathienal by the two top halogen-light sources of
the Stemi 2000-C binocular during the time of tfaming the mite onto the agar block. Then
after 15 min, the mite was removed from the pltte,plate was closed with Parafilm, wrapped
with aluminium foil and incubated for 20 h at 25°€8at a humidity of 60 % in a greenhouse in
order to allow bacteria to growA] and B8) show the same plate after the 20 h incubation
period from photographed from the top)(and the bottom K), respectively. For better
visualization, the bacterial line was marked witblack line on the lid of the Petri-disiA)|
respectively from the bottom of the plai) (

the experiments from the set-up given in Fig. Igktber with the photos shown in Fig.
19 and the quick walking speed of the mites howsuggest that mites were attracted
to the mycelia and tend to stay there for longaes. When observing the plates of the
experiments described in Fig. 17 under the Stenfi0ZD binocular after 20 h
incubation for determining the positions of all tB® mites on the plates, mites were
observed to graze on the mycelial colonies. Hatethé mycelial carpet by grazing of
mites were clearly visible (compare examples giveRig. 19 and Fig. 22). Note that
the transfer of bacteria onto the mycelial colordasses that the aerial mycelium will
collapse by the growth of the bacteria and willHwedered from further fast growth
away from the plugs onto fresh agar (Fig. 22A and\tes were often found grazing

at mycelium contaminated with bacteria but cursgntt is not clear whether
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Fig. 22 Effects of grazing mites (see arrows) andansferred bacteria on mycelial plugs of
dikaryon PS001-1 x PS002-1 originating from straincombination 1 of treatment 1 as
described in Fig. 17.The photos were taken after 20 h of incubation witites in the
greenhouse as described in the experimental sit-ilne legend of Fig. 17A() A view on the
whole plug shows a hole in the carpet of the aeniadelium in the middle of the plug due to
grazing by a mite (seen enlarged®))(and the collapsed aerial mycelium at the uppkreidge

of the fungal colony which is due to bacterial gtiowand only partially due to grazing by mites
- the place of grazing by a mite is seen by thepshantours of holes in the mycelium at the
lower quarter and at the upper quarter of the dachalgalf-moon-like region of aerial
mycelium. C) View on the side of a plug taken from the agabeaaable to easily photograph it
under a Stemi 2000-C binocular. Note that the fgrgrew over the cut agar surface of the plug
towards the fresh agar surface of the Petri disth #at part of the aerial mycelium was
destroyed by grazing mite (see arrow), respectibglgrowth of bacteria that brought the aerial
mycelium to collapse (lower part of the plug thapears shiny by the slimy bacterial layer
covering the mycelium).

189



4. Grazing of the mit&rophagus putrescentiae in cultures of the basidiomyce®: cinerea

they prefer bacteria contaminated mycelium for comstion (e.g. by support of
bacterial enzymes helping with their enzymes t@slighe chitin-containing fungal cell
walls; in this connection compare references Snirale1991, and Smrz 2003) or
whether the mites brought in the bacteria and dlisequently not move much further
when the bacteria grow and which therefore woulidhena represent a coincidence
unlinked to the direct grazing preference and & @h digestion of fungal hyphae.
Similar negative effects by growth of bacteria oycelial plugs were also seen in a
series of experiments performed with cinerea homokaryon AmutBmut in which
mycelium of different age was supposed to be coetpdFig. 23). Also in this
experiment, 10 different plates were considered/tich mycelial plugs ofC. cinerea
homokaryon AmutBmut were either inoculated on positPl (older mycelium) or
position P2 (fresh mycelium) on the Petri-dish (Beg 23; for further explanation on
the experimental set-up, see Fig. 17 treatmentA%).in the previous experiments,
positions of mites and the numbers of mites peitiposwere determined. Also in this
series of experiments, all 25 mites inoculated qhage were found back at the end of
the experiment. About half of them were found oa lids of the Petri-dishes and the
remaining on the fresh mycelial agar. However,his e£xperiment, the mites on agar
plugs were not evenly distributed (Table 5). A pdifT-test was performed with the

software SX release version 8.0 (Analytical sofeydrallahassee, USA).

Fig. 23 (on next page) Comparison of mycelium of flerent age of Coprinopsis cinerea
homokaryon AmutBmut in attraction of mites in an experimental set-up as given by
treatment 1 in Fig. 17.(A) The P1 positions (top, bottom, outer left, outghtj were occupied
by mycelial plugs from cultures of homokaryon Amaot& grown for 28 days right from the
beginning of inoculation at 28°C in constant lighB85% humidity. The P2 positions in between
were occupied by mycelial plugs of homokaryon AmutB grown for 4 days at 37°C in the
dark. On the 1% water agar plug in the middle, Ztesnwere transferred before plates were
sealed with Parafilm, wrapped with aluminium fafldaincubated for 20h in the greenhouse at
25-28°C at a humidity of 60%. The plate was phapbed after the 20h incubation with the
mites and makes obvious that plugs with fresh niyoeleasily grew onto the fresh agar in
contrast to plugs with old mycelium. Note the baetecolonies indicating walk ways of mites.
(B) An enlarged view on a plug from a young AmutBroulture with mycelium growing from
the plug onto the surface of the YMG/T agar platete the bacterial colonies indicating walk
ways of mites. €) An enlarged view on a plug from an older AmutBnoudture that has
sclerotia on its surface and did not start growitfresh mycelium. Note also here the bacterial
colonies indicating walk ways of mite®)to (F). Side views on separated plugs from a young
AmutBmut culture with mycelium growing from the glover the cut agar surface of the plug
onto the surface of the fresh YMG/T agar plate {poaphed under a Stemi 2000-C binocular).
Note the mites on the plugs and the shiny areasesepting bacterial growth on aerial
mycelium of the fungus.
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Fig. 23(for description see previous page)
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Table 5 Preferences of mites to migrate to myceliurof C. cinerea homokaryon AmutBmut
of a specific age in the experimental set-up desbed in Fig. 17 as treatment 1 as
calculated by averages of number of mites at defideplaces and standard deviation using
Excell software (Microsoft Office Excell 2003)

Number of mites*
P1 (old mycelium) P2 (fresh mycelium) Lid of Petridish
1+1.3333 11.4+4.7422 12.6+5.3789
* 10 different plates were calculated

With an extreme high probability (p = 0.0000), #nealysis showed that mites clearly
prefer the fresh growing mycelium and neglect tlieioone as suggested before from
the experiments presented in Fig. 11.

As in previous experiments, walk ways of mites seanthe YMG/T agar by
bacterial growth in the experiments with young ahder mycelium of homokaryon
AmutBmut suggest that mites are attracted to mgcgliugs since the walks ways
appear not to be random on the plates (Fig. 23A}this study, this was not further
analysed but in the future such spatial orientatibthe mites might be followed up by
a computer-programmed photographic set-up as teschy Kojima et al. (2003) who
used such a set-up to observe the attraction balmawef T. putrescentiae to olfactory
fields presented to the animals on glass platesh Wiuch computer-programmed
photographic set-up one becomes independent frocteded growth on nutrient-
containing medium, although the distances thathmamollow up by such a camera is
restricted by length and would need adjustments theetime in speed of the bacteria
to follow their migration behaviour on Petri-disHe#ly up.

On plates with 1% water agar, unless foot stepg ween, it was not possible in this
work to determine the ways mites took on the serfaicthe agar after leaving the agar
blocks on which they were set to the begin of expents in treatment 3 described in
Fig. 17. After 20 h of incubation at 25-28°C in theeenhouse at a humidity of 60%,
bacterial growth was not visible on respective gdanot shown). Parafilm sealed and
aluminium wrapped plates from the series of expenit®m of treatment 3, strain
combination 1 (P1: dikaryon PS001-1 x PS002-1;P2001-1; see Fig. 17 for further
explanations) were stored for 1 month further ie tireenhouse at 25-28°C at a
humidity of 60%. Even after such long time, veryldi bacterial growth was visible on
the nutrient-lacking agar (note some bacterial wie® of the right plug of used-up

YMG/T medium transferred originally with myceliumrom a fresh culture of
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Fig. 24 A Petri-dish of treatment 3, strain combingéion 1 (P1: dikaryon PS001-1 x PS002-
1; P2: monokaryon PS001-1) of the experimental seip explained in Fig. 17 after 1 month

of incubation with mites in the greenhouse at 25-2& at a humidity of 60%. (A) Allover

on the somewhat dried out agar, spore€agdrinopss cinerea germinated giving rise to small
thin colonies. Note the thin mycelium grown arouhe still with mycelium covered plug of the
dikaryon PS001-1 x PS002-1, indicating that nutdevere supplied for fungal growth from the
YMG/T agar block. In contrast, such thin mycelialgr where not seen around the plug of
monokaryon PS001-1, which was fully free from mye®l due to grazing by the mites and
after 1 month of incubation had some bacterial mie® on top. On top of the agar plug of the
dikaryon, where in contrast vegetative fungal miyeelwas still seen, also numerous by mites
disliked sclerotia are visible explaining why miteded not fully consume the dikaryotic
mycelium. B) A fungal colony that arised on the water agarualdo5 cm apart from the middle
of the plate likely by germination of an oidium. tdathe 15 different mites grazing on the
colony and the small bacterial colonies attachethiédfungal mycelium.Q) Sclerotia in fungal
mycelium found attached to the lid of the Petrixdis
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monokaryon PS001-1 onto the water agar plate!) ithdhe meantime was partially
dried out as it is normal over the time (Fig. 24Kpst obvious at this point was that all
over the plates, oidia, the asexual spores fronfuthgus (Polak et al. 1999, 2001, Kues
et al. 2001), germinated on the water agar (Fig. Bidia of C. cinerea are not
distributed by wind but stay in sticky liquid drepd on the tips of the spore generating
hyphae in the aerial mycelium until insects sucHias come along to which the spores
stick and which distribute them to other placesldRe@t al. 1999, 2001, Brodie 1931).
In experiments performed in student courses witlcehigl cultures ofC. cinerea,
similar observations of an insect-mediated transfehe spores were done on various
types of beetles (P.J. Hoegger, INavarro-Gonzalgaunpublished observations).

In the experiments described here it appearedotret the time mites walked more
happily over the dried and thus hardened surfaae they did at the beginning of the
experiment on the quite soft and humid surfacénefagar. During their walks over the
whole surface of the agar, the mites must haveilliged the fungal spores taken
previously up likely from the transferred YMG/T pk with well-grown aerial
mycelium (Fig. 24A). Mites were attracted for graxito these new fungal colonies
(Fig. 24B) and by the high numbers of mites seerthengerminated fungal colonies
(e.g. 15 in total on the colony in Fig. 24B) it &gped that there was some reproduction
within the mite population (not analysed in detailhpe observations from the plates
support the idea that mites distribute asexual dusgpores in order to provide their
progeny food once larvae hatch from eggs laid by mhites [comparéNavarro-
Gonzalez (2008), Duek et al. (200ahd above for discussion of sexual spores of
C. cinerea and references Hubert et al. (2003a,b, 2004), Steatal. (1991), Abdel-
Sater et al. (1995), Asselt (1999), Franzolin et(3999), Okabe et al. (2001$mrz
(2003) and Morgan and Arlian (2006) from the literatugg fungal distribution of
spores into food stores and reference Brust ands@&1¢10987) who reported a case in
which mites laid their eggs close to eggs from gbathern corn rootworm on which
hatched larvae of the mite use as food source].

Finally in plates of this experiment, sclerotianf@tion was observed on fungal
colonies germinated on the lids of the Petri-disiwbgre no nutrients were available
unless mites left there faecal bodies or other natée.g. egg shells, dead bodies of
adult animals and larvae) that the fungus couldehasged for nutrition after
germination. Otherwise, germination and scleratianfation on the lid, where no other

nutrients were available, must have fully been sufgal by nutritional material present
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in the spores themselves. By their small size (2q4¥6 um; Polak et al. 1999, 2001),
this appears not as likely. As before with sclerotio mites were seen grazing on

sclerotia also not when produced on the lid.

4.4.8 Fungal odour compounds, 1-octen-3-ol and 3taaone, in attraction of mites

Since various experiments described above sughdbtt mites were attracted
specifically to mycelium ofC. cinerea it was of interest to perform experiments with
typical fungal odours. Eight-carbon compounds sagh-octen-3-ol and 3-octanone are
typical fungal odours also produced Ry cinerea (Thakeow et al. 2007, Thakeow
2008; see also Chapter 5 of this thesis). In teediure, at least 1-octen-3-ol have been
described to attract mites of the speciesputrescentiae and Halytedeus instructor
(Vanhaelen et al. 1978a, b, 1980, Jiang et al. 1998re, experiments were performed
to see whether the compounds have effectB. patrescentiae.

In the experiments, in each 10 replications, ei@@mul of an 1-octen-3-ol or a 3-
octanone in a paraffin oil solution at a dilutiohl®® g/g or, as a control, 20 pl of pure
paraffin oil were added on filter paper laid on mduYMG/T agar blocks (@ 0.6 cm)
positioned at the outer edges on YMG/T agar plsiestly before transferring 25 mites
onto small agar plugs in the middle of YMG/T agkatgs (see Materials and methods).

The Parafilm sealed plates were evaluated firsteurad Stemi 2000-C binocular
10 min after mites had been transferred and stordoetween in a dark box in the
laboratory. Four mites in in total 10 plates wevarfd close (i.e. an area of about 1 cm
around the agar block with the filter paper) to duatrol filter (in average 0.4 £ 0.5
mites/plate) in the test with 1-octen-3-ol and B%e to the filter onto which 1-octen-3-
ol was added (in average 3.3 £ 1.2 mites/platewise, 9 mites in in total 10 plates
were found close to the control filter (in aver&g@ + 0.6 mites/plate) in the test with 3-
octanone and 40 close to the filter onto which f#wone was added (in average 4.0
*+ 1.3 mites/plate). Both these data sets and statfipaired T-tests suggest that mites
were attracted to mushroom odor compounds. Thdyevar the 1-octen-3-ol situation
was 0.0001 and the p-value for the 3-octanone tgtuavas 0.0001 (see Table 6).
Subsequently after this first evaluation, the Remagealed and now in aluminium foll
wrapped plates were transferred into a greenhou26-28°C and a humidity of 60%
and plates were further evaluated after 20 h atet ahother extra 20 h (40 h in total)

of incubation in the greenhouse (Fig. 25). Agaextbrial growth indicating walk ways
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Table 6 Statistical analysis of preferences of misefor filters treated with eight - carbon

compounds as determined by average values of mitésund at a defined place and a
standard deviation using Excell software (MicrosoftOffice Excell 2003) and applying
paired T-test with the software SX release versioB.0 (Analytical software, Tallahassee,
USA)

Time of Number of mites/tracks | p-value | Number of mites/tracks | p-value

evaluation | of bacteria on/at filter * of bacteria on/at filter *
after with with
Paraffin | 1-octen-3-ol Paraffin | 3-octanone
10 min 0.4+0.5 3.3+1.2 0.0001t  0.9+0.6 4+1.3 0.000

20 h of 1.1+0.6 5.4+1.3 0.0000% 1.5+0.8 55+14 0.000p*
incubation

* 10 different plates were evaluated

of mites were used as an indication of where mmtegated. After 20 h of incubation,
comparably fewer bacterial growth lines was seerthensides with the control filters
than on the sides with the eight carbon sources g 25A and C). Under the Stemi
2000-C, positions of mites were tried to determBe@mne of the animals were found on
the lid (not properly counted!) but high amountsanfmals were missing and not found
back at this time point. This might be due to ttie animals may have distributed
randomly at this time over the agar surface, mataken as a reaction of searching for
missing food. On the agar surface, by a missingrast) it would be quite difficult to
find the animals if not aggregating at specific ipogs as seen previously at the
evaluation 10 min after adding of the mites onplaes.

Since too many animals where missing in order téop@ a valid evaluation, walk
ways of mites visible by bacterial growth to thdfetient filters (directly or to close
vicinity) were counted and analysed (Table 6). Agdnined by the paired T-test, there
were significantly more walk ways towards the fitevith added 1-octen-3-ol (p-value
= 0.0000) or added 3-octanone (p-value = 0.00@3pectively (Table 6), suggesting a
specific attraction of the mites to the mushrooraratbmpounds.

Following further incubation for an additional 2Gah25-28°C in the greenhouse at
an humidity of 60%, as seen in Fig. 25B and Fido,2ateron there appeared to be no
obvious directional tendency visible in plates lufde set of experiments, regardless of
whether 1-octen-3-ol or whether 3-octanone was é&dB8acterial colonies appeared to
be more randomly distributed at this time pointggesting that mites were visiting
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Fig. 25 Test for attraction of mites by 1-octen-34o(A), (B) and 3-octanone (C), (D).
Paraffin oil solutions with an eight-carbon compduwere added onto the filters shown at the
right and pure paraffin oil solution onto the fikeshown at the left. Plates were evaluated after
20 h with mites at 25-28°C in the greenhouse aumidity of 60%. A, C) and after an
additional 20 h of incubation at 25-28°C in theeagrieouse at a humidity of 60% after the first
evaluation at 20 hB), (D)

places on the agar plates without any obvious pFeée. Bacterial colonies in the walk
ways on the plates distinguished in size. Withigiven walk way they were more or
less even in size. Whether smaller and larger eedobeing seen on the plates are due
to different types of bacteria distributed by thdétes: or whether they are due to
different timings of walking on top of the agar Hemvever not been determined.

In conclusion from the preliminary experiments onsfmroom odor volatile effects
on mites, it appears that as in other cases ofsmitee typical mushroom odor eight
carbon components are used by the mites as a sgydeect them to food sources.
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In the experimental design used here, concentatminvolatiles are however
difficult to control. Thus, in the future one migtihange the experimental set-up to a
T-tube system (T-shape bridge system) or a sinYilaube system in which mites have
the choice to migrate into either a tube at thedef tube at the right in dependence on
attractive or repellent material situated in sncalhtainers at the end of the two tubes of
choice [for further description see (Grostal and Dicke 99&nanvossou et al. 2001,
De Boer and Dicke 2004, Choh and Takabayashi 28k&lton et al. 2007 and Zahedi-
Golpayegani et al. 2007)]. Moreover, such a T-tureY-tube system might be
connected to a computer-programmed photographiapséd obtain further results on

spatial orientation of the mites (Kojima et al. 3D0

4.4.9 Reproduction of mites in fungal cultures

The total populations of mites within a culture éeg on the rates of reproduction
and of the death rate of the animasuichez-Ramaand Castafier@2005, Kheradmand
et al. 2007bSanchez-Ramost al. 2007). Upon infestation @f. cinerea cultures with
originally 25 mature mites, within 14 days an irage in numbers of animals became
obvious, indicating strong reproduction activitiegoparent copulation activities of
mature mites were repeatedly observed in popuktimm Petri-dishes without any
obvious specific environmental conditions regardangsence and absence of abundant
food sources (mycelium) as well as the age of tlyeefium used as a food source
(Fig. 26A, B).

In contrast, female mites laid their eggs usuatigier humid conditions (Fig. 27A to
F), confirming previous reports from the literatuf@anchez-Ramos and Castafiera
2001, 2005, Hart et al. 2007, Kheradmand et al72@)Sanchez-Ramos and Castariera
2007). The process of oviposition was most eadigeoved in the lids of plastic Petri-
dishes. Females discharged their eggs into watglats on the plastic surface which
evapourated within 5 min leaving thin films of m@é behind on the lids of the Petri-
dishes (Fig. 27B, C). A female mite was capabl&ajyoone egg at a time. Some mites
died after finishing the egg laying process or pmgseven during the process of
oviposition. In such cases, the female bodies wepeatedly seen to be detoriated
within a material left behind on the plastic sudafter drying out (Fig. 28A, B). It is
possibly the material that is related to that saker oviposition surrounding the eggs

likely released by the females in order to stiak éggs onto surfaces (see Fig. 27E and

198



4. Grazing of the mit€yrophagus putrescentiae in cultures of the basidiomyce cinerea

Fig. 26 Reproduction of the mite Tyrophagus putrescentiae in Petri-dish cultures.
(A) Copulating mature mites found in older YMG/T cuéisrof homokaryon AmutBmut that
were grown for 5 days at 37°C in the dark, upich plates were first transferred for seven
days to standard fruiting conditions Granado etl@B7) at 28°C in a 12 h light/12 h dark
regime at a humidity of 85-90% and then, after ination of 25 mites onto an fresh water agar
block in the middle of the plate, sealing the plaith Parafilm and wrapping the plate with
aluminium foil, plates were subsequently transirfer 1 month into a greenhouse at a
temperature 25-28°C and a humidity of 60%) Copulating mature mites at®6 water agar
(plate from treatment 3 from the experiment presegnn Fig. 1, strain combination 1) after
inoculation of the plate with 25 mites, seglinwith Parafilm and wrapping it in aluminium
foil followed by two-weeks-incubation in the greenise at 25-28°C at a humidity of 60%.
Note the small lighter-grey spots on the agar serfahown in C) 3-fold enlarged and highly
contrasted for better recognitiotihat represent fungal colonies originating fromngieation of
oidia that were previously likely distributed byetanimals.

Fig. 28B). As a further but still better to be tslled up observation, mites appeared to
lay eggs preferentially in close neighbourhoods retedready one or more eggs were
laid (e.g. see Fig. 27D to F and Fig. 28B).
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Fig. 27 The process of egg laying of the mitdyrophagus putrescentiae as observed on the
lid of a plastic Petri-dish. A YMG/T plate from the experiment presented in Hig, treatment

1 and strain combination 1 was inoculated with 28esnas described in the figure legend,
sealed with Parafilm and wrapped in aluminium fapon which the plate was incubated for 2
weeks in a greenhouse at 25-28°C and a humidi60ef before the observations shown were
done with the lid of the Petri-dish under a SterB0O@C binocular. At this time, mites
undergoing oviposition were easily detected andair the surface of the lid, there were many
eggs. A) From observations made, it appeared that mitefeped laying eggs into the lid that
provided a certain degree of humidity by water @orsd on the plastic surfac®) to (F)
Females laying eggs within a liquid droplet relehf®m their bodiesg), (C) that quickly
evapourates within 5 mirD to (F) leaving a shadow of material behind on the agafiase.
Moreover, it appeared that mites liked to aggretagether when laying eggB)to (F). Upon
oviposition, mites quickly left the place where ytHeid their eggsE), (F). Note in F) [view
turned slightly in clock-wise direction compared[®) and €)] the body of a dead mite placed
at some distance to the freshly laid eggs of the imites that disappeared from the area of
observation. Mites were seen to run away very lbastit can not be excluded that the light
given from theStemi 2000-C binoculanad part in this. Photographing of pictui®) (is
arbitrarily set at 0 min, and pictureS)(to (F) were taken 2 min, 1 min, 1 min and 1 min later,
respectively.
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Fig. 28 Death of Tyrophagus putrescentiae mites in the reproductive state(A) Dead female
mite found attached by a dried material onto théase of the lid of the same Petri-dish shown
in Fig. 27 in which the observations on ovipositware made. The dried material appeared
by look to be that what is released from the fentmdies during laying eggs. An egg in this
case was however not seen but it cannot be excltidgdhere was previously an egg from
which a larvae hatched) Another dead female mite on the lid of the sareei®ish that had
died possibly during or shortly after the egg-layprocess. Note the two eggs next to berthe
destructed body.

Like oviposition of eggs by females, hatching af/ée can also be observed in the
lids of Petri-dishes (Fig. 29A to D). In the obssiens shown here, eggs were
identified under the Stemi 2000-C binocular on lideof the Petri-dish shown in Fig.
27 and Fig. 28 and they were then marked on ther autrface of the lid by a circle
drawn around the egg with a permanent marker, wgooh the Petri-dish with its lids
was incubated for another 24 h under humid conusti®0% humidity to avoid drying
out of the eggs) at 25-28°C. The next day, the egge observed again, some of which
were empty due to hatching of the larvae (not shownone instance, the hatching
process was observed under the Stemi 2000-C baoditte larva came out as quickly
as within 3 min (Fig. 29A to D).
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Fig. 29 Hatching of a larva from an egg in the licof the same Petri-dish shown previously

in Fig. 27 (A) Egg shortly before hatching to which attentionsvemawn by some movement
within the egg, B), (C) the process of hatching within 3 min from a braala pole part of the

egg and D) the empty egg shell. Photographing of pictukg i§ arbitrarily set at 0 min, and
pictures B) to (D) were taken 1 min, 1 min, and 1 min later, respelt.

4.4.10 Death of mites in fungal cultures

As already mentioned above (paragraph 4.4.1), gaghdof mites in cultures was
generally increased when plates were kept at higgmeperature and when plates were
kept in light why dark culture conditions should tigosen with temperatures below
30°C. In cultures where the fungal mycelium was$yfabnsumed during incubation in
the greenhouse at 25-28°C at a humidity of 60%esnéppeared to decease but eggs
may still be there which upon transfer to fresh medwith fresh mycelium may hatch
to subsequently infest the fresh culture (not ferrtbtudied). To test effects of lack of
nutrients better, in ten repeats of the experinaerdund piece of paper towel (about 9
cm in @) was transferred into a Petri-dish and edetivith 5 ml of destilled water.
Afterwards, a round piece of 1% water agar (0.Grcsd) was put into the middle of the
paper and 25 mites were added onto the agar. ™iespivere sealed with Parafilm,
wrapped with aluminium foil and incubated for 1 rtfoim the greenhouse at 25-28°C
and a humidity of 60%. After 1 month of incubatidhe plates were opened and the
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piece of paper towel removed. The plastic surfadethe bottoms of the Petri-dishes
were checked for presence of mites. Only part efrtfite populations were found back
on the bottom of the Petri-dishes (approximatetyger plate). All mites found on the
bottom of the plates were dead, most likely bywstay due to a lack of fresh nutrient
supply. However, dead mites” bodies still were cetepin structure as indicated from
observations under the Stemi 2000-C binocular 30i§).

Fig. 30 Additional causes of death of mitegA) A mite that died within 1 month incubation in
a Petri-dish in which a piece of paper towel wad End wetted by 5 ml of distilled water
before an 1 water agar plug with 25 mites were dauaeo the paper. The Parafiim-sealed plate
was wrapped in aluminium foil and incubated for dnth in a greenhouse at 25-28°C and 60%
humidity. B) A mite that was trapped and died in a slimy mafss bacterial culture that grew
on YMG/T agar on a plate from the experiment désctiin Fig. 17, treatment 2, strain
combination 1. Upon infesting the plate with 25 anijt sealing the plate with Parafiim and
covering it with aluminium foil, within 24 h of ination at 28°c at an humidity of 60% in the
greenhouse, the bacteria likely introduced by titesrthemselves grew into the slimy colony in
which overnight the mite was captured and died.

Death of mites were further observed during thiskmo be caused by bacterial
contamination growing in Petri-dish cultures (FBPB). Mites walking into slimy
colonies of bacteria were captured and possiblyosated within the bacterial cell
masses. The higher the bacterial contaminationsttadarger and faster growing the
bacterial colonies were and how more slimy the isbeiscy of the bacterial colonies
were, the more mites appeared to become more fidstl kn numbers (not further

analysed).
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4.5 Conclusions

The ubiquitous mitel. putrescentiae is most frequently found in food and grain
storages, as well as in beddings and dusts of bausarishing from dead human and
animal skin scales and in mushroom cultivationsrisbing from the fungal biomass.
T. putrescentiae has been reported previously to be attracted bygifuinom
ascomycetous and deuteromycetous genera suclriesophyton, Penicillium and
Alternaria (Duek et al. 2001, Hubert et al. 200@mrz and Norton 2004and by
basidiomycetes such as the mushrodnsisporus and P. ostreatus and Hypsozygus
marmoreus (Okabe et al. 2001, Kheradmand et al. 2007b) argkan in this study and
in the study byNavarro-Gonzéalez (2008)ow also byC. cinerea. The mites are shown
to use the fungi as nutrients. The common enviroriaterequirements of moderate
temperatures and high relative humidities are cwmred to be important factors in the
relationships of mites with the fungi (Asselt 1999jJites were found to be very
sensitive towards environmental conditions and ighdr temperature and lower
humidity and under too much light, populations Df putrescentiae quickly die,
respectively do not reproduce anymore. In contedtpugh best conditions for fruiting
body development of the fungs cinerea is at a temperature range of 25-28% and a
humidity around 85-90% (Granado et al. 1997, Kii@802, conditions at which the
mites apparently feel happy and reproduce (Reela&ed1997, Sdnchez-Ramos and
Castariera2005, Aspaly et al. 2007, Hart et al. 2007, Kheraddh et al. 2007b,
Sanchez-Ramos et al. 200Mavarro-Gonzalez 2008)Yhe optimum conditions for
mycelial growth is at 37°C and vegetative growthtlat and other temperatures
tolerates also lower humidity levels (Kies 2000 pads. communication). The broader
tolerance of environmental conditions will help fila@gus in its survival in its natural
habitats, i.e. in the relatively hot decomposingskealung (Kies 2000), whilst the mites
should be repressed under such conditions in datethem to re-appear once the
microbial metabolic activities in the dung exhaagicomplete consumption of nutrients
that were present in the dung.

The study presented here performed in parallehéovitork of Navarro-Gonzalez
(2008) advanced our knowledge on interactiond oputrescentiae with a fungus with
respect to the pure vegetative mycelia and witpeetsto the fungal sexual and asexual
reproductive structures. The observations on fepdamd attraction to different
morphological structures of the fungus combinedhwvan increasing knowledge on

fungal VOCs acting as attractants or as repell@mwsrds mites and also insects (My-
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Yen 1980, Ruther and Steidle 2000, Thakeow et@)72Thakeow 2008) will help to
understand the ecological relationships betweerdifferent types of organisms in the
natural environment (Dusenbery 1992).

Whilst the work concentrated here on one mite, T.eputrescentiae, and one
fungus, i.e.C. cinerea, evidence for further organismal interactionshe tnterplay of
the two named species came to light. Bacteria steldited by the mites, possibly on
the one hand by their feet as seen from the battuigrowth of the walkways of the
animals (see Fig. 19) as well as on the other Hgntheir faeces§mrzet al. 1991,
Smrz 2003; M Navarro-Gonzaleainpublished observations). Bacteria appear to be
needed in the digestion part of the mites to cbate enzymes for example for chitin
and keratin degradation. In consequence, the preyaliet will influence the type of
bacteria found predominantly in the digestion pafrtthe mites. Typical bacteria
reported in faeces of mites aBerratia marcescens and Alcaligenes eutrophus (Smrz
2003, Smrz and Norton 2004) whereas bacteria ewlxomT. putrescentiae-infected
C. cinerea cultures according to their ITS (internal tranised spacer)-sequences with
about 85% and 88% sequence identity are distaaltitad toOchrobactrum anthropi
and Sphingobacterium multivorum, respectively, bacteria that are associated with
various types of animals including man, often wsihmptoms of illness, and that can
degrade amongst other compounds also chitin (Klean2®07). Without chitinolytic
bacteria, the ingested fungal mycelium with itstiohtontaining cell walls will likely
only poorly or not at all be digested. Without ojgnthe fungal cells, other nutrients,
e.g. the precious trehalose used commonly as aga@ugar in fungi (e.g. see Koide et
al. 2000, Beecher et al. 2001, Shi et al. 2002edr@na et al. 2004, Tsai et al. 2007)
will not easily be accessible. Accordingly, chitiytic bacteria in the mesenchymal
tissues of the mitd. putrescentiae produce also high activities of trehalosem{z
2004).

Bacteria growing in excess in the environment & in this study to eventually
kill the mites (observed also by Mavarro-Gonzalgzunpublished observations). On
the other handC. cinerea reacts upon bacterial overgrowth with laccase peodn and
related to the enzymatic actions of laccases ragicaluction, likely in order to defeat
the bacteria (Ruhl et al. 2007, Kleemann 2007;Nslvarro-Gonzaleainpublished
observations). In this way, it helps obviously tmies in their survivalNavarro-
Gonzalez(2008) showed that the fungus has an advantageighrohe mites by

distribution of fungal spores coming from the samgshroom in faecal pellets, thereby
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favouring inbreeding in an otherwise strongly oa#aling species. This gives much
more genetic flexibility to the fungus in orderadapt as a species best to changing or
maintaining environmental conditions. Distributitige fungal spores through their
faeces has also advantages for the mites. Fem#éts tay eggs next to the faeces and
hatching larvae are supplied directly with suitaioled by the germination of the fungal
spores into fast growing mycelium. In order for thegus to survive, not all mycelium
should be consumed by the mites prior to productdrmushrooms or sclerotia
ensuring sexual or asexual reproduction. In natheepredatory mites observed by Dr.
P. PlaSil and U. Eisenwiener in fungal culturesrgpeommunications) are likely a
mean to keep the fungi-consuming mites into welabeng numbers allowing all
organisms to benefit from each other without ang ohbeing lost from their respective
biotopes.

Next to a broader tolerance of environmental comakt in vegetative growth, the
fungus has however also own means to keep the giigruinumbers of mites lower.
For example, the appearance of multi-cellular sti@racting as duration structures for
asexual reproduction in colonies Gf cinerea (Waters et al. 1975, Kies et al. 2002)
seems to negatively affect the speed of infestinggdl cultures byT. putrescentia,
respectively the speed of fungal consumption byntie. Sclerotia development has
been described to occur under non-favorable enwiesnal conditions in various fungi
that belong to either to the Ascomycetes, the Deutgcetes or the Basidiomycetes.
Usually, they have a high resistance towards chamand biological degradation
(Georgiou 1997). Irsclerotium rolfsii, sclerotia differentiation is accompanied by a
high degree of lipid peroxidation caused by oxwatstress due to adverse fungal
growth conditions (Georgiou 1997, Ellil 1999, Rametsal. 1999, Han et al. 2005,
Ritchie et al. 2006). Moreover, iRenicillium sp. the production of sclerotia is a
consequence of oxidative stress and it is accoradary production of alfatoxins (Han
et al. 2005). Production of aflatoxins from lipiégtadation products (Maggio-Hall et
al. 2005) is seen as a direct consequence of Igaxidation (Jayashree and
Subramanyan 2000). A linkage between sclerotiaafadoxin is also recognized by a
shared nutritional control of their production-puation of both increased after adding
ammonium and urea to minimal medium (Chang and B0@7). Such secondary
metabolites from the fungi resulting in productidrom lipid peroxidation can
negatively influence grazing of small animals omdal mycelium, for example by

avoidance reactions (Rohlfs et al. 2007). We culyedo not know whether any toxic
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compounds acting negatively against grazing arttulepare produced in parallel to
sclerotia development i@. cinerea. In the future, thd. prudescentiae population rates
should therefore be observed in relation to themib@ composition of the sclerotia of
C. cinerea in order to find out whether production of any mgompounds are a reason
for avoidance of the mites of mycelium with scleaobr whether the reduced
production of VOCs in aging cultures (compare Claptof this thesis) just makes the
animal to neglect such mycelium by lack of requisegnal molecules. VOCs from
C. cinerea mycelium expected to react attractive to the Mitputrescentiae are mainly
1-octen-3-ol and 3-octanone (compare Chapter hisfthesis). With mycelial aging
there is a strong decrease in the production aetMOCs (see Chapter 5 of this thesis).
Attraction experiments with small agar plugs codeby freshC. cinerea mycelium
performed in this study (Fig. 18) suggest thatrthites find these due to emissions of
VOCs. There was no preference for a specific typmycelium. Possibly this is also
because the mycelium was damaged when transfetmmdreshly cut mycelial agar
blocks onto fresh agar for the attraction testhhie mites. As shown in Chapter 5 of
this thesis, damaged mycelium produces rapidly Hegrels of VOCs of the C8-
compound types and it is these that are reportédeititerature to be the attractant for
the mites (Vanhaelen et al. 1978a, b, 1980, Jiaafj £997).

As the sclerotia, all developmental stages in tdimg pathway up the mature
fruiting body (see Fig. 1 in Chapter 2 of this tkesire structures that are avoided by
the mites. All these structures are protected bsely aggregated, robust and durable
tissues that shape the respective structures (él@nmed rind in case of the sclerotia
and the outer stipe and cap tissues in case dfutlimg body primordia and etiolated
stipes and, in the final stage of the developmalstp of the stipes of the matured
fruiting bodies). When cultures with such structureere infested by mites, the
mycelium quickly became perforated by grazing tigloll. putrescentiae whereas the
higher order structures remained untouched. HoweélNeputrescentiae feeds on the
fruiting body caps at the stages of maturationaundlysis, thereby ingesting the sexual
basidiospores. Basidiospores@fcinerea are black due to melanization (Kies 2000)
and the melanization likely helps the spores tosphs digestion tract of the mites
without any harm Navarro-Gonzale2008). Mites do transport the basidiospores not
only by attachment on their bodies to new placeésalso by distribution of their faeces.
Faecal pellets contain several hundreds of bagidres that can germinate on suitable

substratesNavarro-Gonzale2008). However, the spores in the faecal pelletsités
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did not germinate in the old agar cultures (see Bg), most likely by lack of nutrients
in the used-up medium or by effects of the pH Hiagnd of vegetative growth periods
at least in liquid cultures are known to increasge the alkaline range of pH 8 to pH 9
(Navarro-Gonzale2008). Faeces of mites have been shown to congaiaus types of
proteases such as trypsin, chymotrypsin, carboxigege A and B, cathepsin B and
aminopeptidase acitivities (Ortego et al. 2000,cBar-Ramos et al. 2004, Morgan and
Arlian 2006). Activities of such digestive proteasaight have an inhibitory effect on
spore germination from the faecal pellets. Howeserce feacal pellets germinate on
fresh medium Navarro-Gonzalez22008), if there is any such postulated protease
inhibition on germination it cannot be very strodgnother more likely explanation for
the lack of germination of basidiospores within faees on used-up medium is the
presence of bacteria that might produce anti-fungampounds. Strains of
S. marcescens for example are said to produce anti-fungal compsu(Xu et al. 2007)
and chitinolytic bacteria attacking fungi often@lsroduce anti-fungal compounds (De
Boer 1988).
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CHAPTER 5

Volatile pdoiction during

development @oprinopsis cinerea

| greatly appreciate Dr. Prodpran Thakeow for hérdkco-operation in the
identification of volatile organic compounds (VOGanitted during development of
Coprinopsis cinerea by training me to analyse VOCs with a GC/MS andtéaching
me how to transfer and present GC/DC data in chiognams in the Excell
programme. | very much appreciate rhristof Kohler for his advice on how to
present the results curvediagrams.
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5.1 Abstract

Emission of volatile organic compounds (VOCSs) dgriruiting body development
of Coprinopsis cinerea was examined in glass vials under standard figuitoanditions
(28°C, 85-90 % humidity, 12 h light/12 h dark regjmafter previous growth of the
cultures at 37°C. Cultures @. cinerea homokaryon AmutBmut were grown on agar
slants of YMG/T complete medium in 60-ml vials wilbosely closed septum-caps
allowing aeration. By headspace (HS) analysis, V@@se collected under passive
sampling with solid phase microextraction (SPMEjdentify the VOCs emitted during
the different stages in fruiting body developmein€ocinerea. Rapid identification and
characterization of volatiles were accomplishedubyng gas chromatography and mass
spectrometry (GC/MS). Four odorous compounds weeatified: the C8-compounds
l-octen-3-o0l and 3-octanone and the sesquiterp@r@snachalene and cuparene,
respectively. The C8-compounds were produced ihgrigmounts during early stages
of fruiting body development and their productiogcrbased when the fruiting bodies
maturated. In contrast, only tiny amounts of thegséerpences were detected during
early stages of fruiting and their production iraged at the stage of fruiting body
maturation. Moreover, this study shows that inteetjetative mycelium of various
C. cinerea strains produced only low amounts of the C8-compsuand tiny amounts
of the sesquiterpenes whereas wounding causesratitancrease in the production of
all four VOCs. Similarly, maceration of fruiting g stipes leads to a strong increases
in production of the VOCs.

Key Words: Coprinopsis, Basidiomycetes, glass vial, odorous compoundstirfg
body VOCs, GC/MS (gas chromatography/mass speetrgin SPME (solid phase
micro extraction), abundance, TIC (total ion cutyei©8-compounds (carbon eight-
compounds), 1-octen-3-ol, 3-octanone, sesquitegsgirnimachalene, cuparene
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5.2 Introduction

Edible mushrooms are known to evapourate specifloro that make them
appetizing and attractive as addendums for thentpkiod (Kinderlerer 1989, Pfeil and
Mumma 1993, Schnirer et al. 1999). Back to the 49%6searchers attempted to
determine the potential of natural flavors fromiting body (mushroom) production
(Sugihara and Humfeld 1954). Eventually, the maitatie flavor compounds of edible
mushrooms such a¥olvariella volvacea or Tricholoma matsutake as well of the
vegetative fungal mycelium of edible species wenentl to be 1-octen-3-ol and other
related eight-carbon aliphatic oxygenated compouiMisu et al. 1997, Nidiry 2001,
Wu et al. 2005, Combet et al. 2006, Cho et al. 22008). Other VOCs described from
mushrooms includg-anisaldehydes as sweet flavor compoundBl&aurotus ostreatus
(Okamoto 2002) as well as myrcene being a sexuahdie of mites (Krings et al.
2008), various sweet, floral, green and citrus commgls inT. matsutake (Cho et al.
2008), sulfur compounds in the garlic mushrobtarasmius alliaceus (Rapior et al.
1997), various types of terpenes that occur inispexpecific distributions (Breheret
et al. 1997) or benzaldehydes and aliphatic alel{lawabe and Morita 1993).
Production of volatile organic compounds (VOCSs) evdollowed up by using an
electronic nose system Agaricus species and other homobasidiomycetes and found to
discriminate the analysed species (Keshri et @d320Moreover, production of VOCs
can differ during development or even between stipd cap tissues of the same
mushroom (Cho et al. 2008). In the mycorrhizal asgmeteTuber borchii, synthesis of
specific VOCs is observed during fruiting body depenent. At a particular stage of
maturation, 1l-octen-3-ol, aromadendreadarnesene and other terpenoid compounds
were detected giving particular information on pess in the life cycle of. borchii
(Zeppa et al. 2004, reviewed in Thakeow et al. 2007

Here, the production of VOCs through the life cyofethe model basidiomycete
Coprinopsis cinerea is analysedC. cinerea is an easy to culture species that fruits
easily in the laboratory and completes it whole &f/cle within two weeks (Kies 2000,
compare Chapters 2 and 3 of this thesis). Techypifmal determination of production of
VOCs, volatiles need to be sampled without any rottmmtaminating compound and
analysed for rapid identification and characteraraby using gas chromatography and
mass spectrometry (GC/MS) (e.g. see Keshri et @881 2001). It was therefore
necessary to establish a suitable method allov@nginerea to grow and fruit in

specific vials that could serve in volatile samglivOCs released during fruiting body
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development of cultures in glass vials were therestigated by GC/MS in cooperation
with P. Thakeow from the former Institute of For@stology and Forest Conservation

(now section Forest Zoology and Forest Conservatidhe Blisgen-Institute).

5.3 Materials and methods
5.3.1 Strains and growth conditions

The self-compatibl€. cinerea homokaryon AmutBmutA43mut, B43mut, pabl-1)
forming fruiting bodies without mating to anothdrasn (Swamy et al. 1984, Kertesz-
Chaloupkova et al. 1998, Boulianne et al. 2000) wsed in this study on fungal VOCs
as well as its co-isogenic monokaryons PSO00P42,(B42) and PS002-1A3, Bl)
(Srivilai 2006), the dikaryon PS001-1 x PS002-Infed by mating of these two strains
and the mutants UFO1A43mut, B43mut, pabl-1, eln) (Srivilai 2006) and PUK1-2
(A43mut, B43mut, pabl-1, dst1-2), PUK1-6 @43mut, B43mut, pabl-1, dst1-2), PUK2-2
(A43mut, B43mut, pabl-1, dst2-1), PUK2-6 @43mut, B43mut, pabl-1, dst2-1), PUK3
(A43mut, B43mut, pabl-1, dst3-1) and PUK4 A43mut, B43mut, pabl-1, dst4-1)
(Chapter 3 of this thesis).

For determinations of VOCs during fungal developtstrain AmutBmut was first
grown on 9 cm in @ Petri-dishes with YMG/T mediuth4@6 yeast extract, 1% malt
extract, 0.4% glucose, 0.01% tryptophan, solidifogdaddition of 1 % agar; Granado
et al. 1997) under standard culturing (5 days a€3i the dark) and fruiting conditions
(12 h light/22 h dark rhythm, 28°C, 85-90% humijliffcranado et al. 1997, see
Chapters 2 and 3 of this thesis). Subsequentlgsglals were chosen in order to avoid
any VOCs that might be emitted from the plasticai®t AmutBmut was inoculated on
YMG/T agar slants in 60-ml glass vials having anuer of 2.4 cm (CS-
Chromatographie Service GmbH, Langerwehe, Germavig)s were loosely closed
with septum-caps allowing aeration during growthtloé fungus. If not otherwise
mentioned, 20 ml agar medium was used to produeeagfar slants within the glass
vials. Upon filling the agar into the tubes, thegre/laid down onto a support (Fig. 1A)
in an angle of 13 degree to allow by solidificatiohthe agar under formation of a
surface of agar being 11 cm in length. In experimemhere 10 ml of medium was
used, the agar surface length was 8 cm. Myceligdp(4 mm x 4 mm) from YMG/T
pre-cultures serving as inoculi were placed ated#ifit positions onto the surface of

YMGI/T slants according to the need of experimeriiew 20 ml agar was used, plugs
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Fig. 1 Horizontal and vertical incubation of Coprinopsis cinerea homokaryon AmutBmut
grown on 20 ml YMG/T agar slants in glass vials fist for 5 days at 37°C followed by
incubation for about 13 to 21 days (horizontal incbation; (A) or 17 to 21 days (vertical
incubation; (B) in standard fruiting conditions at 28°C until fruiting body development
was completed.Note that the septum-caps of the vials were onbséty closed to allow
oxygen supply for the fungus. Furthermore, not¢ ttia supply shown inX) was also used for
the preparing agar slants by cooling down afténjlwarm liquid agar into the vials.

were either deposited 1.5 cm apart from the outéioin of the agar surface, or directly
in the middle of the agar surface or 1.5 cm aparhfthe upper top of the agar surface;
when 10 ml was used, plugs were either depositedr. apart from the outer bottom
of the agar surface, or directly in the middle loé tagar surface (3 cm apart from the
outer bottom) or 1.5 cm apart from the upper tophefagar surface (4.5 cm apart from
the outer bottom). Vials were first incubated faher 5 days (20 ml agar experiments)
or 4 days (10 ml agar experiments) at 37°C in #mik defore they were transferred into
standard fruiting conditions (12 h light/12 h dahnkthm, 28°C, 85-90 % humidity) into
a climate chamber. Vials were incubated throughioeiexperiments either horizontally
or vertically (Fig. 1A and B) to define the bestyna fruiting body development within
the narrow glass vials. Respective developmenggest in the fruiting body pathway
were defined by outer morphological characteristiss described earlier (Navarro-
Gonzélez, 2008; see also Chapter 2 of this thd&)experiment, 3 to 5 different vials
were analysed. Upon optimizing the growth and iingitconditions in the glass vials,
these optimized conditions were adopted also foEMExsts of other strains (see above).

A final experiment with strain AmutBmut on 10 mlaagslants in vials were performed
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with incubating the fungus in an incubator (Ernsthi&t jun., Laborgeratebau,
Gottingen, Germany) first for four days at 37°Cconstant dark and then for 7 days
under fruiting conditions (28°C, 12 h light/12 hrklahythm). Moisture was kept high
by putting a 60 x 30 cm sized container into thmubator and filling it with water to a

level of about 2 cm for evaporation of humidity.

5.3.2 Volatile organic compounds (VOCs) sampling bysolid phase micro-
extraction (SPME) and gas chromatography/mass spacmetry (GC/MS)

VOCs emitted during fungal development into thedsgace of the glass vials were
collected by SPME (solid phase micro extractioningis85 xm CarboxefM/Poly-
dimethylsiloxane (PDMS) StableFIek fibre type (Supelco, USA) housed inside a
metal needle. Before usage, fibres were cleanedstaniized by exposing the SPME
needles into the injection port of a gas chromatpigrat 250°C for 5 min. Note, that in
this study either one of two GCs of the model HRB@8, Agilent Technologies, Paolo
Alto, USA at the section Forest Zoology and For€sinservation of the Bisgen-
Institute of the Georg-August-University of Gottergwere used which in this thesis
are arbitrarily called no. 1 and no. 2 since theghdly differ in the retention-times of a
given compound: Within the GC no. 1, a GC columrs waparated in two capillaries,
one leading to a mass spectrometer, the other ®BAd® (electroantennogram) setup
(for measurements with insect antennae). In canima&C no. 2, no EAG setup was
installed and therefore, the flow conditions welightly different altering somewhat
the retention time of the spectrums. In both GQdatle compounds were detected

with a 5973 mass spectrometer, Agilent Technologies

After cleaning for capturing volatiles emitted byfumgal culture, SPME needles
were then aseptically inserted through the septth®fcaps of the glass vials which
directly beforehand were tightly closed (Fig. 2pedles were kept for exactly 24 h in
the vials (in exceptional cases for 3 h as mentoimethe results) for subsequent
chemical analysis of compounds bound. Each tubeowlystested once for emission of
VOCs. To follow up the complete fungal developméptthway, per day new cultures
were treated with cleaned and sterilized SPME msed®er developmental stage to be
analysed, three different vials were treated wiiM& needles. Per day, each three
vials with YMG/T agar without fungi were used in rpel for control.
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SPME device

septum -capped wial

!f agar-zlant vial

Fig. 2 SPME volatile sampling method. A needle with a SPME fibre (85um
CarboxeiM/Polydimethylsiloxane (PDMS) StableFI¥xfibre type) is injected with the help of
a SPME device for a fixed time into the headspdaegiass vial in whiclCoprinopcis cinerea
grow on an YMG/T agar slant. Diagram modified frdmakeow (2008).

Analysis of VOCs was performed with either onehd two MS-coupled HP 6890N
GCs at the section Forest Zoology and Forest Ceasen of the Blisgen-Institute of
Georg-August-University of Goéttingen. The colummredigor compound separation was
every time a non polar type, HP-5MS column (Agildréchnologies, Paolo Alto,
USA), 30 m x 0.25 mm in &, 0.34n film thickness. The volatile-loaded SPME fibres
were inserted into the injection port (28) upon which the desorbed volatiles were
run through thecolumn with helium as a carrier gas flow rate of 1.0 ml mih

The temperature programme started &tC4theld for 1.5 min, heated with a rate of
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6.0°C min to 200C and held at this temperature for 5 min. The MS wperated in
the scan mode in a range of 20-300 amu (atomic maiss), a source temperature of
230°C, and El (electron ionization) mode at 70 A\preliminary interpretation of the
chromatograms were carried out by matching masstrspeith Enhanced Chemstation
version D00.00.38 (Agilent Technologies, Paolo AltSA), the Mass Spectral Search
library of the National Institute of Standards ahdchnology (NIST, Gaithersburg,
USA), and the database of Massfinder version 3fface together with the library
“Terpenoids and Related Constituents of Esse®i#” (Hochmuth, Konig, Joulain,
Hamburg, Germany). The interpretation was confirdgevaluating mass spectra and
retention times with those of authentic standaréike quantification of major
constituents was done by five-point calibrationstéindard compounds and evaluation

of peak areas in the selected ion monitoring mode.

5.4 Results and discussion
5.4.1 Defining best conditions for fruiting ofC. cinerea on glass vials

First, VOC sampling tests were performed with stramutBmut grown on normal
9 cm in @ Petri-dishes (YMG/T medium, 5 days at@ifi the dark) undestandard
fruiting conditions (12 h light/12 h dark rhythnB°Z, 85-90% humidity; Granado et al.
1997, see also Chapters 2 and 3 of this thesi®.s€ptum-caps were slightly opened
and the SPME needles were inserted inside thesplai@vever, upon GC/MS analysis
high levels of contaminants were encountered thettevbelieved to come from the
plastic material of the Petri-dishes. Accordingljpe standard set-up of fruiting
experiments witlC. cinerea was not applicable and new growth and fruitingditbons
free of contaminating VOCs had to be determined.

Subsequently, glass vials were chosen in ordevtedaas much as possible any
VOCs that might be emitted from plastics. It hadvleer to be noted that also the
septum-caps of the glass vials were emitting soamgaeninating VOCs why first an
empty vial had to be tested. Subsequently in SPMge@ments with YMG/T agar
slants with and without fungi, background VOCs cognfrom the septum-cap were
then neglected and just VOCS coming from the agat fiom the fungus were
compared with each other. In a first larger seexjperiments for determination best

fruiting conditions in glass vials for detection ®MOCs during the fruiting body
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developmentC. cinerea homokaryon AmutBmut was grown on 20 ml YMG/T medium
in glass vials in a vertical direction (compare.Hig) with loosely closed caps, thereby
using and comparing three different positions otudation (top, middle, bottom of the

agar slant). For each type of inoculation, fivdetént tubes were prepared. All tubes
were grown for 5 days at 37°C before transferrirept into standard fruiting conditions

(Fig. 3 and Fig. 4). Initially, there was no magbfference in development between the
different types of inoculations in glass tubes amdPetri-dishes over the time up to
primordia stage 4 (compare Chapter 2 of this thag®n which development in all

glass vials arrested (Fig. 3 and Fig 4). At a laige (day 17 of incubation under
standard fruiting conditions), finally mature mustims were observed in cultures,
likely from newly formed primordia (Fig. 3 and Fig). Comparison of the different

types of inoculation (top, middle, bottom of theaaglant) suggested that inoculation in
the middle could be best (Fig. 4). Primordia depetb always closely around the
inoculum when positioned at the top or at the nadofl the agar slant (Fig. 4A, B, D

and E). However, when the inoculum was positionedha top of the agar slant,

primordia easily aborted as a consequence of beatipper region in the tubes easily
dried out due to the slim agar layer (Fig. 4A and\When the inoculum was placed in
the middle of the agar slant, the growth of myaeliaccurred rather evenly over the
agar slant (Fig. 4B) and developing mushrooms madigh air space to grow up to the
septum-cap (Fig. 4E). When the inoculum was plaatetthe bottom of the agar slant,
mycelial growth on the glass walls was encounténgaarallel to the process of slowly

covering the agar surfaces by the growing mycel{gig. 4C). Primordia development

started at various places with favouring primomlighe top of the agar slant to develop
further, although they also easily aborted due ngind out of the thin agar layer

beneath (Fig. 4F).

In a second larger set of experiments of growingirstAmutBmut on YMG/T agar
slants in glass vials, therefore only the middl@cpl of inoculation was further
considered. In this second experiment, horizontal @ertical positions of the glass
vials during incubation were compared with eacteots well as different amounts of
agar medium (10 and 20 ml) combined with a diffengeriod of time for growth at
37°C (see scheme shown in Fig. 3). Generally, fudgaelopment up to completion of
fruiting body development was faster in horizomt&lubation, regardless of the amount
of medium used. Horizontal cultivation conditionere therefore chosen for all tests of

VOC emissions during fruiting body development (betow). When using 10 ml of
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Fig. 3 Scheme explaining the progress in fruiting d&dy development in initial experiments

of keeping theCoprinopsis cinerea strain AmutBmut in a glass vial allowing a low leel of
aeration through a loosely closed capThe broader black and white line at the top of the
figure and the row below with the various symbals developmental stages present the time
course of events that is normally observed on fdethies filled with 25 ml YMG/T plates
under standard growth and fruiting conditions (canepChapter 2 of this thesis) - dark phases
in this time course are indicated by black boxeas$ laght phases by non-filled boxes above the
symbols. The next three lines document by abbrievistthe progress in development over the
time for the fungus when grown in glass vials conitgg 20 ml YMG/T agar slants that were
incubated in vertical direction throughout the expent but inoculated at different positions on
the agar slant. The last four lines compare thgness of development over the time of the
fungus in a set of experiments where the vials wather kept horizontal and vertical
throughout the incubation period and where eitleor210 ml of YMG/T medium and different
times of vegetative growth at 37°C were used. Aubt®ns used for inoculation and
incubation conditions: T, M, and B, inoculatiortla top, the middle and the bottom of the agar
slant, respectively; V and H, vertical and horizbribcubation, respectively (see Material and
methods). Abbreviations used for developmental etadP’K, primary hyphal knot; SK,
secondary hyphal knot; P1 to P5, primordia stage drimordia stage 5, respectively (compare
Fig. 1 in Chapter 2 of this thesis). Mature fruitibodies are indicated by the mushroom
symbol, in cases of cultivation in glass vials bg mushroom symbol within a container.
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Fig. 4 Comparison of effects of the place of inocation on YMG/T agar slants on fruiting
body development of strain AmutBmut in glass vials(A) and D): inoculation at the top of
the agar slant;®) and E): inoculation at the middle of the agar sla@®) @nd §): inoculation

at the bottom of the agar slants. Upon inoculattbe, cultures were first grown for 5 days at
37°C before transferring into standard fruiting @ditions (compare lines 3 to 5 in the scheme
given in Fig. 3). The culture shown i)Y was photographed on day 10 of cultivation after
transfer into standard fruiting conditions, thetartéds shown ing), (C), (D) and £) on day 12

of cultivation after transfer into standard frugiconditions, and the cultures shown ) on
day 17 of cultivation.

agar and an incubation period for 4 days at 37t@, pathway of fruiting body
development was identical to that commonly seeReini-dishes with obtaining mature
mushroom seven days after transfer into standartinig conditions (Fig. 3 and Fig 5).
Fig. 5 and Fig. 6 document in photographs that uhdezontal incubation mushrooms
can mature with basidiospore formation. The fregyeof primordia formation was
better with only 10 ml agar (Fig. 5A and B), prolyabecause these tubes were only 4
days incubated at 37°C unlike the tubes with 2Gagdr that were 5 days incubated at
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Fig. 5 Fruiting body development during horizontal cultivation in slant YMG/T agar
cultures. (A), (C): 20 ml agar and 5 days growth at 37°C prior émsfer into standard fruiting
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conditions; (B), (D) to (G): 10 ml agar and 4 dayswth at 37°C prior to transfer into standard
fruiting conditions) in 60 ml glass vials with lcgg closed septum-caps allowing aeration. In
every case, the inoculum was positioned in the haidaf the slants. A) Homokaryon
AmutBmut stopped development at primordia stageofpare Fig. 1 in Chapter 2) probably
due to desiccation of the agar beneath at dayddilt¥ation under standard fruiting conditions
(photographed in the morning at the start of thktlperiod). B) Primordia of stage 5 grown on
10 ml agar on day 6 of cultivation under standardtihg conditions (photographed in the
morning at the start of the light period) - note thigher number of primordia that were likely
formed by the shorter incubation time at 37°C cagi$éess desiccation of the agar beneah. (
At day 13 of incubation under standard fruiting dibions, in 3 out of 5 tubes a mushroom
developed following new primordia formation (phataghed in the morning at the start of the
light period). D) At day 7 of development, mature mushrooms wergenked in 5 out of 5
tubes filled with 10 ml agar (photographed in thermmng at the start of the light period)(
Maturating fruiting bodies photographed at the ehdhe light period at day 6 of cultivation
and £) and G) mature fruiting bodies with basidiospores at @ayf incubation under standard
fruiting conditions (photographed in the mornindha start of the light period).

37°C. With 20 ml agar in the glass vials, matunaiting bodies were obtained on
day 13 of incubation after new primordia formatiarsome but not all inoculated tubes
(Fig. 5A and C) whereas in all tubes containingyd) ml medium, mature mushrooms
appeared already at day 7 of incubation under atdnfiluiting conditions (Fig. 5D to
G, Fig. 6 A and B). Therefore, after a first seteaperiments using cultures in glass
vials with 20 ml YMG/T agar, finally all further ession of VOCs experiments were
performed with only 10 ml of YMG/T agar. Furtherrapithe established cultivation
conditions with 10 ml YMG/T agar in glass vials wikbosely closed caps leading to
reliable fruiting of homokaryon AmutBmut (4 daysogith in the dark at 37°C, 7 days
growth under standard fruiting conditions) werecassfully tested on mutants of the
homokaryon having defects in fruiting body devel@mt As on Petri-dishes (compare
Chapter 3 of this thesis), mutants PUK1-2, PUKRRK3 and PUK4 formed etiolated
stipes after mycelial growth for 4 days at 37°C dnel transfer of the glass vials to
standard fruiting conditions (Fig. 6C to F), whereautant UFO1 being defective in
stipe elongation formed under such conditions dfucing dumpy mushrooms with
short stipes (Fig. 6G and H) as seen previously dee the strain on Petri-dishes
(Srivilai et al. 2005, Srivilai 2006, Kies et a0®).
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Fig. 6 Fruiting body development on 10 ml agar in lgiss vials with loosely closed capéA)
Homokaryon AmutBmut at the end of the light peraidiay 6 of cultivation after transfer into
standard fruiting conditions an&) in the morning at the beginning of the light phad day 7

of incubation under standard fruiting conditionfieTsame structures as in Fig. 5 E and F are
shown but from another view for better comparisathwstructures developing on agar slant
cultures with various mutant strain€)(Mutant PUK1-2 at day 5 of incubation after tramsf
into standard fruiting conditionsDj mutant PUK2-2 at day 5 of incubation after transhto
standard fruiting conditions, an&) mutant PUK3, ) mutant PUK4 and@) and H) mutant
UFO1 at day 7 of incubation after transfer intonderd fruiting conditions. Note that it}

that the same culture shown B)(was photographed through the opening of the glds=s
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5.4.2 Identification of VOCs of homokaryon AmutBmut emitted during fruiting
body development in glass vial cultures.

Emissions of VOCs were determined in the year 20@&first set of experiments of
cultures of homokaryon AmutBmut which were grownathml YMG/T slant agar in
glass vials in horizontal positions. After five daycubation at 37°C in the darkness,
the cultures were transferred into standard frgitconditions (12 h light/12 h dark
rhythm, 28°C, 85-90% humidity). All VOCs emitted Isgrain AmutBmut during
fruiting body development were sampled by usingSRME technique as described in
Materials and methods and the sampled VOCs werseguiently analysed by GC/MS.
Fig. 7 shows the results of this analysis in fornG&-chromatograms for some of the
developmental stages in fruiting body developmewtd that the process of fruiting
body development in the glass vials was not ashsgmous as described in Chapter 2
for fruiting body development in Petri-dishes - d€6g. 1 of the respective chapter;
further information in the legend of Fig. 7). VO@sre detected throughout the whole
fungal development but in changing amounts.

C8-compounds (identified by P. Thakeow as 1l-oct@h-&nd 3-octanone, personal

communication), being typical mushroom odour commusu (Ohta 1983, Rapior
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Fig. 7 Emissions of VOCs as sampled during the press of fruiting body development of
homokaryon AmutBmut grown prior to transfer into a climate chamber with standard
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fruiting conditions (12 h light/12 h dark, 28°C, 8590% humidity) for 5 days in glass vials
on 20 ml YMG/T agar slants at 37°C in horizontal maner and as analysed by GC/MS
(model HP 6890N gas chromatograph and 5973 mass sppemeter, Agilent Technologies,
Paolo Alto, USA, GC no. 1 at the section Forest Ztagy and Forest Conservation of the
Busgen-Institute of the Georg-August-University of Gottinger). In each case, a
representative curve from one of three parallelsueaments per developmental stage is shown.
Note that every curve in this graph originated franother glass vial due to the fact that the
vials had to be fully closed for 24 h for the measoents and since this might have negatively
affected subsequent periods of measurements. Rer pioint, three different vials were
analysed and the three respective curves obtaieretinpe point were comparable to each other.
Thus, only one representative curve per time pisirkhown in this figureCurve 1: VOCs
emitted from the mycelium of homokaryon AmutBmudrfr hour 9 at day 1 after transfer into
standard fruiting conditions (obviously day 5 ofalcincubation) to hour 9 at day 2 after the
transfer (obviously day 6 of total incubatio@urve 2: VOCs emitted from cultures containing
primordia stage 2 of development from hour 9 likatyday 8 after transfer into standard fruiting
conditions (day 12 of total incubation) to hour 9day 9 after the transfer up to primordia
stage 3 (day 13 of total incubatio@urve 3: VOCs emitted from cultures containing primordia
stage 3 of development from hour 9 at day 9 aftersfer into standard fruiting conditions (day
13 of total incubation) to hour 9 at day 10 aftes transfer up to primordia stage 4 (day 14 of
total incubation).Curve 4: VOCs emitted from cultures containing primordiagstad of
development from hour 9 at day 10 after transfew standard fruiting conditions (day 14 of
incubation) to hour 9 at day 11 after the transferto primordia stage 5 (stage of meiosis;
day 15 of total incubation)Curve 5: VOCs emitted from cultures containing older st&ge
primordia being in the stages of meiosis |l anthatbeginning of rapid stipe elongation from
hour 9 at day 13 after transfer into standard ifrgiconditions (day 17 of total incubation) to
hour 9 at day 14 after the transfer (day 18 ofltwteubation) including the developmental
stages of fruiting body maturation and finally thatolysis of the fruiting body (for details of
VOCs emitted throughout this time period, compdase &ig. 8).Curve 6: Fruiting bodies after
cap autolysis (occurred in this tube likely in therning at day 12 of incubation) from hour 9 at
day 14 after transfer into standard fruiting coiotis (day 18 of total incubation) to hour 9 at
day 15 after the transfer (day 19 of total inculrgti C8 = peak at about 11.8 and 11.9 min
representing C8-compounds (1-octen-3-ol and 3-octarespectively); SQ = peak at about
23.7 and 23.8 min representing sesquiterpefvdafachalene and cuparene, respectively); note
that the peaks at 15.5 and 16.5 min are volatilgagninations also found in non-inoculated
YMGI/T controls (not shown). The sampling of the VO®as performed by the author of this
thesis and the GC/MS analysis and interpretatioR.bjhakeow. Note that time values given in
this figure for the experiment were adjusted frohe thotes in the laboratory book of
P. Thakeow since no own record for the experimsravailable. Note also that the normal,
7-day lasting time course of fruiting body devel@mnofC. cinerea (see Fig. 1 in Chapter 2 of
this thesis) is not followed up in regular termisTwas likely due to the at this time point (in
July 2005) not yet perfectly established growthditbons within the 20 ml glass vials so that
the events in fruiting body development were pdgdidss synchronized than expected. Also,
because of water condensation at the round glads @nd because of still low levels of
experience with defining stages in fruiting bodyvelepment at the time point of the
experiment, assignments of developmental stagelstmaj have been perfect. It is possible that
arrest in development and restart of developmerthbyformation of new structures has been
overlooked by lack of experiences at the time (y205) of performance of the experiment.
Moreover, since mycelial age plays an importang tial synchronized initiation of fruiting -
basically for best results, freshly growing mycktips are required that just reach the outer
edge of the available still soft agar surfaceh# latter is too dry, or if the mycelium is oldér a
the point of transfer, either no fruiting will beduce or fruiting at irregular places and times
(U. Kies, personal communication and own obsema}io
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et al. 2002, Fons et al. 2006 Cho et al. 2006, 22008, Wood and Lefevre 2007) were
detected throughout the development (at about 44d811.9 min in the GC/MS curves
shown in Fig. 7), within cultures with vegetativeyeelium in which hyphal knot
formation started (red line 1 in Fig. 7) throughohe whole process of fruiting body
development up to maturation and autolysis of tifg bodies (curves 2 to 6 in
Fig. 7). The height of the peaks possibly indicaeslight decrease in later stages of
fruiting body development, i.e. when the fruitingdtes matured, were mature and
when they autolysed (see orange and pink curvesdS6ain Fig. 7 and see Fig. 8).
However, such conclusion has to be taken with oausince for every measurement,
another fresh tube had to be taken and as canebersé&ig. 7, the peaks indicating the
background VOCs coming from the septum-caps ofube (peaks at 16.5 min) vary in
height although for every measurement an equal iasetaken (always 24 h).

In contrast to the C8-compoundB;himachalene and cuparene (identified by
P. Thakeow, personal communication), being antiofied sesquiterpenes (Abad et al.
1996, Jeld HH 2002, 2003, Ho and Chein 2006), were detectdygl during later stages
of fruiting body development (at 23.7 min and 2818\, respectively, in the orange and
pink curves 5 and 6 in Fig. 7 and in the curve ghawFig. 8). These sesquiterpenes
were emitted at comparably high amounts during 2hén period from the start of
maturation of a fruiting body in the glass vial ifpordia stage 5 undergoing in the
basidia the meiosis Il in parallel to the startfa$t stipe elongation, a process that
judged from the outer appearance of the maturegodia occurred approximately at
the hour 9 of day 13 of incubation in the glasdsviander fruiting conditions), over
maturation of the fruiting body (that should hawewred approximately at the end of
day 13 and the start of day 14 of incubation urfideting conditions) to autolysis of the
fruiting body (that occurred during the followingonming hours up to the hour 9 of day
14 of incubation under fruiting conditions), (orangurve 5 in Fig. 7 and Fig. 8).
During a 24 h period subsequent to the rapid asiolgf a mushroom’s cap, these
compounds were still detected in a glass vial celwith an autolysed fruiting body,
but apparently at much lower amounts (pink curve Big. 7).

Fig. 9 presents a final summary of the resultshaf €xperiment together with the
results obtained from further GC chromatograms staiwn in Fig. 7. Of the C8-
compounds, it is mainly the mostly produced 3-oatenthat changes in amounts over
the time [maximum of about 350000 TIC (total ionrremt)] encountered during

primordia development (stages 2 and 3, Fig. 7 agd® whereas the less produced
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Fig. 8 Gas chromatogram of VOCs emitted by a cultur of homokaryon AmutBmut with a
first maturating, then mature and finally cap-autolysing fruiting body grown on a

20 ml YMG/T slant agar (period in this specific exgriment: day 13 to day 14 after
transfer of the cultures into standard fruiting conditions). A representative curve from one
of three parallel measurements is shoWms curve is an enlarged view on the results presk
by curve 5 in Fig. 7 (for experimental details #amtext to Fig. 7). VOCs emitted from cultures
containing older stage 5 primordia being in thgasaof meiosis Il and at the beginning of rapid
stipe elongation from hour 9 at day 13 after trangito standard fruiting conditions to hour 9
at day 14 after the transfer including the develeptal stages of fruiting body maturation and
finally the autolysis of the fruiting bodyhe different retention times characterised the fou
mainly occurring VOCs as the C8-compounds 1-octeh-§11.8 min) and 3-octanone
(11.9 min) and the sesquiterpenes (B@jmachalene (23.7 min) and cuparene (23.8 min). The
analysis of this curve was performed together Witihhakeow.

1-octen-3-ol (maximum of about 200000 TIC) encotedan the vegetative mycelium
lacking still any fruiting structures (Fig. 7 andyF9) shows only a smaller decrease in
production with the proceeding in fruiting body eé&pment. After cap autolysis, there
was for about the next 10 days no major change8itd@npound emission but finally,
in the very old cultures (days 23 to 34 of incubbatunder standard fruiting conditions),
the level of emitted C8-compounds dropped furtivea tvery low abundance of 5000
TIC in case of 1-octen-3-ol and 10000 TIC in cak®-octanone, respectively (Fig. 9).
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Fig. 9 Comparison of emission of the C8-compoundsdcten-3-ol and 3-octanone over the
time with progress in fruiting body development ofhomokaryon AmutBmut that after
growth in glass vials on 20 ml YMG/T agar slants fo5 d at 37°C in the dark was
incubated under standard fruiting conditions (d1 =day of transfer into standard fruiting
conditions). 1-Octen-3-ol and 3-octanone emissions were colleeteh time over 24 h (each
time from hour 9 of incubation in light from oneydt the following day up to hour 9) and
measured by GC/MS. Averages of values from threallphmeasurements per developmental
stage are shown. For further details on the exmaripsee legend of Fig. 7 and Fig. 8. Curves 1
to 6 in Fig. 7 correspond to the values given fbr2dcurve 1), d8-9 (curve 2), d9-10 (curve 3),
d10-11 (curve 4), d13-14 (curve 5) and d14-15 (ewsy of incubation under standard fruiting
conditions at 28°C and 85-90% humidity during ahlBght/12 h dark cycle. The encircled
label fb marks specifically the time period duringpich the mature fruiting body occurred.
Note that the analysis shown in the figure obtaifiecth GC/MS curves as presented in Fig. 7
has been performed together with P. Thakeow.

Subsequently in February 2007, emissions of VOG@®Bnflhomokaryon AmutBmut
were determined during fruiting body developmentldnml YMG/T agar slants in
glass vials that were horizontally incubated (Fi§). In parallel, a Petri-dish with
YMG/T agar was inoculated in the established waymgare Chapter 2 and Fig. 1
therein for standard inoculation and incubation dittons for fruiting body
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Fig. 10 Emissions of VOCs as sampled during the peess of fruiting body development of
homokaryon AmutBmut grown prior to transfer into standard fruiting conditions (12 h
light/12 h dark, 28°C, 80-90% humidity) for 5 daysin glass vials on 10 ml YMG/T agar
slants at 37°C in a horizontal manner and as analgsl by GC/MS (model HP 6890N gas
chromatograph and 5973 mass spectrometer, AgilentéChnologies, Paolo Alto, USA, GC
no. 2 at the section Forest Zoology and Forest Cazrwation of the Blisgen-Institute of the
Georg-August-University of Géttingen). In each case, a representative curve from one of
three parallel measurements per developmental &af@wn.Despite the different amount of
agar, the experimental set-up was similar thanrdest for the experiments in Fig. 7. However,
the process of fruiting body development after gfanfollowed the normal 7-day scheme as
previously established on Petri-dishes (compare Figh Chapter 2 of this thesis). Per time
point, three different vials were analysed andefegry time period, the three respective samples
behaved similar in the GC/MS analysis. Thus, peetpoint, only one representative sample is
shown.Curve 1: VOCS emitted from the mycelium of homokaryon Ammmg from hour 9 at
day 1 after transfer into standard fruiting coratis to hour 9 at day 2 after the transfer during
which secondary hyphal knots will have been dewadopn the mycelial maCurve 2: VOCS
emitted from the cultures of homokaryon AmutBmudnfr hour 9 at day 2 after transfer into
standard fruiting conditions to hour 9 at day 3.this time of incubation, primordia of stage 1
will have been presenCurve 3: VOCS emitted from the cultures of homokaryon AmutBm
from hour 9 at day 3 after transfer into standauwitihg conditions to hour 9 at day 4. At this
time of incubation, primordia of stage 2 will halyeen presentCurve 4: VOCS emitted from
the cultures of homokaryon AmutBmut from hour @ay 4 after transfer into standard fruiting
conditions to hour 9 at day 5. At this time of ibation, primordia of stage 3 will have been
presentCurve 5: VOCS emitted from the cultures of homokaryon AnmatB from hour 9 at
day 6 after transfer into standard fruiting cormfis to hour 9 at day 7. At this time of
incubation, one primordium per vial matured intdully established fruiting body on which
subsequently the cap autolyzed. The label C8 idigloee marks the peaks at about 9.6 and 9.8
min representing C8-compounds (1-octen-3-ol andttdrmne) and the label SQ marks the
peaks at about 21.8 and 21.9 min representing segupnes {-himachalene and cuparene);
note that the peaks at 14, 15 and 23 min are camééions also found in non-inoculated
YMG/T controls (not shown). Note further that thalues in min in this experiment differed
from those obtained in the previous one shown q Fiand Fig. 8 due to the change in the
GC/MS machine.
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development on agar plates) to have a better dooftrthhe fruiting events. Inoculated
vials were incubated for 4 days (due to the smallpar surface compared to Petri-
dishes) and control Petri-dishes respectively fatays (inoculated therefore one day
earlier) at 37°C in the dark before transferringnthinto standard fruiting conditions
(12 h light/12 h dark, 28°C, 85-90% humidity). Thise, the fruiting process in the
vials followed obviously exactly the same pathwéwart that which was regularly
observed in Petri-dishes and which was also agaatessfully reassessed in this
experiment with the control plates. Accordinglylldaing the transfer from 37°C into
28°C at standard fruiting conditions (12 h lighti2lark, 85-90 % humidity), mature
fruiting bodies were obtained in the glass vialshmi 7 days of incubation. Although
not checked in detail, all the required developrakstages prior to maturation should
thus have been executed at the time points to pected from the normal time course
as presented in Fig. 1 in Chapter 2 of this thdsis.VOC measurements, each three
vials were analysed per developmental stage (rehk events occurring per 24 h time
period) under the assumption that for every of thme points considered, the
developmental processes in all three vials analysached the stages as expected from
normal proceeding of fruiting body development.

Although more contaminations of VOCs were encowuten this second series of
experiments making the analysis more difficult, theerall results were similar as
before (compare Fig. 7 and Fig. 10). Also in theosel set of experiments, mainly 4
different volatiles were detected during the prece$ fruiting body development,
namely 1-octen-3-ol, 3-octanonps;himachalene and cuparene. C8-compounds were
produced to a larger extend in the beginning of pgrecess of fruiting body
development up to primordia stage 3 after whichelveas a comparably sharp decrease
in production of these compounds (Fig. 10). Thisrelase was in the second set of
experiments obviously more sharp than in the &sgieriment and it appeared to occur
at a somewhat earlier stage (compare Fig. 7 and1®ig however, note that in the
experiment shown in Fig. 7 the appearance of tfierdnt developmental stages spread
over a longer time period which could have resuited misleading conclusion). As in
the previous experiment presented in Fig. 7, prodnof the sesquiterpenes increased
in later, easily to recognize stages of developnaemning the time period in which the
fruiting body maturated, in which the fully maturéditing body established and in
which the cap of the mushroom autolysed (compage Fand Fig. 10). Future studies

will have to repeat the experiments - as deduced fiem the presented experiments
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best with 10 ml agar in the vials - whereby soufesontaminations of VOCs however
need to be better avoided. Unfortunately, the mredsothe extra contaminations in the
second set of experiment is not known. Compareithedfirst experiment where vials
were incubated in the a climate chamber at the &iidgstitute used by standard for
fruiting experiments o€. cinerea, the set of vials in the second set of experimemie
cultivated in an incubator (Ernst Schatt jun. Lajeétebau, Gottingen, Germany). It is
possible that emissions in this incubator were rf@son for the unwanted extended
range of background VOCs.

5.4.3 Comparison of VOCs emissions by mycelia @f cinerea cultures with respect
to wounding

Emissions of VOCs by the mycelium of monokaryon®®S1 and PS002-1 and
their respective dikaryon PS001-1 x PS002-1 anboohokaryon AmutBmut and the
related mutants PUK1-6 and PUK2-6 forming etiolastgpes under normal fruiting
conditions were compared when unwounded and whameex. To this purpose, all
strains were inoculated onto the middle of 10 ml W agar slants in glass vials
(3 vials per strain and treatment). The glass wiadee horizontally incubated at 37°C in
the dark for four days. After this time, the myoef of all cultures had covered most of
the agar surface leaving only a small agar surfaea (about 5 mm in width) at both
ends of the agar slants still free for further gleWwOC sampling was performed for 18
hours overnight from day 4 to day 5 of incubatidhe SPME fibres used for VOC
sampling were taken from the vials and the vialsawecubated for three further hours
at 37°C in the dark, thereby leaving the septum-casely open. Afterwards, the
mycelium mats were scratched with a sterile laneedle, upon which the septum-caps
were tightly closed and SPME needles were presseddh the cap in order to collect
for a period of 3 h at 37°C the VOCs released lgyftingal mycelia. Collected VOCs
were analysed on a GC model HP 6890N gas chronatbhdiGC no. 2 at the section
Forest Zoology and Forest Conservation of the Biidgstitute of the Georg-August-
University of Goéttingen) and the coupled 5973 magsectrometer (Agilent
Technologies, Paolo Alto, USA). The results of thasalyses are presented in Fig. 11,
Fig. 12 and Table 1. Before wounding, all straiheveed emission of the mushroom-

odour C8-compunds (1-octen-3-ol and 3-octanone)hviwas clearly visible in the
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Fig. 11 (A) and (B)For description see the legend on p. 242.
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Fig. 11 Emissions of VOCs by healthy and by woundedultures of Coprinopsis cinerea.
Glass vials with 10 ml YMG/T agar slants were inated in the middle of the agar with either
the monokaryon PS001-A), the monokaryon PS002-B), the dikaryons PS001-1 x PS002-1
(C), the homokaryon AmutBmutDy, the etiolated stipe mutant PUK1-E)(or the etiolated
stipe mutant PUK2-6K) and the vials were incubated in horizontal marioed days at 37°C

in the dark with loose caps, upon which the capeeviightly closed for 18 h during which
VOCs from the unwounded mycelial cultures were dathpt 37°C in the dark by SPME fibres
as described in the methods. After sampling, tips egere loosened and the cultures incubated
for 3 h at 37°C in the dark. Then, the mycelium wasinded by scrapping the mycelial surface
with a lancet needle, upon which the caps werectijréightly closed and VOCs were sampled
for 3 h at 37°C in the dark by SPME fibres as dbscrin the methods. VOCs were analysed
by GC/MS analysis as described (GC model HP 68988 dhromatograph and 5973 mass
spectrometer, Agilent Technologies, Paolo Alto, U&X no. 2 at the section Forest Zoology
and Forest Conservation of the Busgen-InstitutthefGeorg-August-University of Goéttingen
was used). Per strain, representative curves froenad three parallel measurements of vials
with mycelium in the intact and in the wounded stage shown. The retention times for the
C8-compounds 1-octen-3-ol and 3-octanone (marketamdiagrams by C8) were 9.6 and 9.8
min, respectively and the retention times for thegsliterpenes (marked in the diagrams by SQ)
B-himachalene and cuparene were 21.8 and 21.9 espectively. Circles were introduced into
the diagrams to make better obvious peaks correspgrio either 3-octanone or peaks
corresponding to the sesquiterpenes. The analf/siese curves was performed together with
P. Thakeow.

9007
[]1-Octen-3-ol
800 ]
B 3-Octanone
S E 700
S 2 [ R-Himachalene
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Strain
Fig. 12 Increase in emissions of VOC&y wounded cultures of different Coprinopsis
cinerea strains compared to intact cultures.Increases in emissions of VO@ere calculated

from the average values of three parallel treatmastlisted in Table 1 and as described in the
footnote of Table 1.
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Table 1 Abundance of VOCs (in TIC, total ion currert) emitted from fungal cultures with
intact mycelium and after wounding as measured by G/MS analysis (compare Fig. 11)
and calculated as averages from three parallel tréments

Culture of strain Abundance of VOCs (TIC)
C-8 compounds Sesquiterpenes
1-Octen-3-ol 3-Octanone |B-Himachalene | Cuparene
PS001-1 | Intact 6.84x10°+ 6.71 x 16+ 4.30 x 16+ 1.05 x 10+
2.98 x 16 3.66 x 16 9.87 x 16 5.05 x 10
Wounded| 2.21 x 16+ 1.14 x 16+ 1.67 x 16+ 252 x 10+
3.21x 10 7.22x16 2.45x 16 3.06 x 10
Increase*| 194.16 fold 101.86 fold 23.32 fold 14.33 fold
PS002-1 | Intact 4.76 x 16+ 3.85x 16+ 1.51 x 16+ 4.65 x 10+
4.23 x 16 3.28 x 16 2.03x 10 6.12 x 10
Wounded| 1.70 x 16+ 6.75 x 10+ 3.36 x 10+ 6.19 x 10+
5.6 x 10 2.23x 10 5.58 x 10 8.22 x 10
Increase*| 214.26 fold 105.11 fold 13.35 fold 7.99 fold
Dikaryon | Intact 9.49 x 16+ 5.78 x 16+ 3.55x 16+ 8.92 x 16+
PS001-1 x 7.23x 16 6.07 x 16 5.75 x 10 1.3x 10
PS002-1 | Wounded| 2.27 x 16+ 9.10 x 10+ 5.03 x 106+ 1.09 x 16+
5.22 x 16 3.75 x 10 3.42 x 10 8.04 x 10
Increase*| 143.58 fold 94.40 fold 8.50 fold 7.32 fold
AmutBmut | Intact 2.24x 16+ 9.66 x 10+ 5.31 x 16+ 2.46 x 10+
2.18 x 16 6.52 x 16 3.49 x 16 7.25x 16
Wounded| 1.59 x 16+ 3.60 x 10+ 8.49 x 16+ 2.20 x 16+
5.93 x 10 1.04 x 10 2.69 x 16 1.37 x 16
Increase*| 426.92 fold 221.50 fold 9.60 fold 5.37 fold
PUK1-6 Intact 9.64 x 16+ 1.08 x 16+ 1.40 x 16+ 5.49 x 16+
8.01x 10 8.11x 16 7.30 x 16 4.42 x 16
Wounded| 1.28 x 16+ 1.98 x 10+ 4.09 x 16+ 9.66 x 10+
9.03 x 10 1.10 x 10 3.00 x 16 586 x 1¢
Increase*| 800.02 fold 109.68 fold 17.50 fold 10.56 fold
PUK2-6 Intact 8.37 x 16+ 3.46 x 16+ 4.43 x 16+ 4.86 x 10+
2.53x 16 7.03x 16 2.26 x 10 3.00 x 14
Wounded| 4.20 x 16+ 3.15x 10+ 2.38 x 10+ 5.34 x 10+
5.78 x 10 3.24 x 16 3.72x 16 1.55 x 10
Increase*| 301.39 fold 54.70 fold 3.23 fold 6.58 fold

* Increase in VOC production was calculated by diivij the value after wounding with the
value before wounding and multiplying the resultddy in order to adjust the different time
periods of measurements.

GC/MS diagrams (Fig. 11), However, as deduced faaiculations of the Agilent
computer programme Enhanced Chemstation versionOD(BB, there was also some
low level of emission of the sesquiterperfiesimachalene and cuparene (see Fig. 12
and Table 1). Strikingly, after wounding, the amisuof emitted C8-compounds raised
dramatically in all cultures tested by about 5800 fold (Fig. 11, Fig. 12 and Table 1).
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Fig. 13 Diagram showing that the six testedCoprinopsis cinerea strains (monokaryon
PS001-1 and PS002-1, dikaryon PS001-1 x PS002-1pmwokaryon AmutBmut and its
mutants PUK1-6 and PUK2-6) were alike in their oveall behaviour in emitting the four
VOCs 1-octen-3-ol, 3-octanone, R-himachalene and pmarene from intact and from
wounded mycelium. TICs from averages values are stvm as calculated in each case from
three parallel measurements (compare Table 1).

Also the amounts of the emitted sesquiterpghkanachalene and cuparene increased
after wounding, but by lower factors of about 28(Fig. 11, Fig. 12 and Table 1). The

graph in Fig 13 nicely demonstrates this — as carsden from the presentation, the
overall behaviour of all the six different stratested with respect of emitting increased
amounts of the four different VOCs 1-octen-3-olp@®anone,p-himachalene and

cuparene after wounding were the same.

5.4.4 Wounding effecemissions of VOCdrom fruiting body stipes of C. cinerea
Wounding was seen to have a clear effect on draaitincreasing the emissions

of 1-octen-3-ol, 3-octanon@;himachalene and cuparene from the vegetative noyoel

(Fig. 11 to Fig. 13, Table 1). In a further finadperiment in this thesis, the effect of

wounding on an aggregated structure was tested.ttisy six different stipes of
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Fig. 14 Emissions of VOCs by macerated stipes ofuiting bodies of Coprinopsis cinerea
homokaryon AmutBmut. A representative curve from one out of three parafieasurements
is shown. Six different stipes from autolysing fing bodies were separated at day 7 of fruiting
body development (compare Fig. 1 in Chapter 2 of thesis), macerated in a sterile glass
beaker and 0.6 g of the macerate (correspondingoripmately to two full stipes) was filled
into a glass vial for VOC sampling for 3 hours &G in the dark and subsequent VOC
detection by GC/MS analysis (GC model HP 6890N gasomatograph and 5973 mass
spectrometer, Agilent Technologies, Paolo Alto, Y& no. 2 at the section Forest Zoology
and Forest Conservation of the Blisgen-InstituteGaforg-August-University of Goéttingen) as
described in Material and methods (for further ietsee text of chapter 5..4.4). The retention
times for the C8-compounds 1-octen-3-ol and 3-amtanmarked in the diagrams by C8) were
9.6 and 9.8 min, respectively and the retentioresinfor the sesquiterpenes (marked in the
diagrams by SQP-himachalene and cuparene were 21.8 and 21.9 espectively. Circles
were introduced into the diagrams to make bettarionls peaks corresponding to either
3-octanone or peaks corresponding to the sesqertesp The analysis was performed at the
same time than the analysis of intact and woundgbtative mycelium presented in Chpater
5.4.3. The analysis of these curves was performgetiher with P. Thakeow.

autolysing fruiting bodies of homokaryon AmutBmurgwn on a Petri-dish under
standard cultivation and fruiting conditions: afteoculation incubation for 5 days at
37°C in the dark, then transfer of the plate inB8@ and 85-90 % humidity in a 12 h
light/12 h dark regime) was separated from thedaft tissue in the morning of day 7 of
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development (two hours after the light period s@rin the fruiting pathway as
following up under standard fruiting conditionsgdeig. 1 in Chapter 2 of this thesis).
The stipes were macerated in a sterile beakerlliarsing a lancet needle and three
samples of each 0.6 g of the macerate (correspgragiproximately to two full stipes)
were transferred into a glass vial that was tightbsed with a septum-cap for detection
of VOCs with the help of a SPME fibre and GC/MS lgsia as described in the
Material and methods. The glass vials were incub&te three hours at 37°C in the
dark with the SPME fibres injected into the glagds/through the septum-cap. Fig. 14
shows representatively the sampled VOCs from orieobthe three analysed parallel
macerate samples. Although not fully comparableesinegetative mycelium and a
complete mushroom were analysed over 24 h duringhadn structure maturated into a
fruiting body and a mature fruiting body was tramsly present which within a few
hours autolysed (the stage labelled in Fig. 9 froaiting body maturation to cap-
autolysis), respectively during which vegetativecelium with an autolysed fruiting
body was analysed (the stage labelled in Fig. & Witlay after cap autolysis) a much
higher amount of all for types of VOCs were emittedm the macerated stipes
(Table 2). There was an approximate 1000 fold eseeof emission of both C8-
compounds 1-octen-3-ol and 3 octanone, respectiaety an approximate 100 fold
increase of emission of both sesquiterpgiidgmachalene and cuparene, respectively,
upon massively injuring the stipe tissues. That thgher emission of VOCs might not
just be the result of degradation of dead cellofaterial is seen in Fig. 15 that shows
active mycelial growth on the macerated stipe netafter two days of incubation at
room temperature of the glass vials after takingtbe SPME fibres and loosening the
septum-caps of the glass vials. In the future, omght repeat the result with the
macerated stipes but, for better comparison, irallghrundamaged stipes should be

analysed isolated from the vegetative mycelium.
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Table 2 Abundance of VOCs (in TIC, total ion curren) emitted from macerated stipes in
comparison with VOCs (in TIC) emitted from intact cultures at the stages from fruiting
body maturation to cap-autolysis and from intact cltures 1 day after cap autolysis,
respectively (compare Fig. 7 to 9) as calculateddm three parallel treatments per sample

type.

Sample Abundance of VOCs (TIC)
C-8 compounds Sesquiterpenes
1-Octen-3-ol 3-Octanone |p-Himachalene | Cuparene
Macerated stipes* 7.67 x 10+ 5.99 x 10+ 5.84 x 10+ 9.05 x 10+
2.90 x 10 9.60 x 16 2.47x16 2.62x16

Intact culture at the | 1.51 x 10*® | 2.50 x 16*3 1.35x 10** | 1.35x 10*°
stages from fruiting
body maturation to
cap-autolysis*

Intact culture 1 day| 1.70x 10*° | 2.64 x 10*3 1.35x 10*° | 1.33 x 16*3
after cap autolysis*
*1 Averages in VOC production over 3 h of samplingeiwere calculated from three parallel
samples, upon which the values were divided by itworder to obtain a value that would
correspond to the VOCs emitted by just one stipe.

*2 Averages in VOC production over 24 h of samplingetwere calculated from three parallel
samples, upon which the values were divided bytediglorder to obtain a value that would
correspond to the amount of emissions of V@@sng 3 h.

*3 Values are only deduced from one curve but thegevedso divided by eight in order to
adjust for the different sampling times.

Fig. 15 Glass vials with 0.6 g of macerated stipe aterial of homokaryon AmutBmut
incubated with loosened septum-caps for 2 days abom temperature after the SPME
fibres used for VOC sampling as described in the & of Chapter 5.4.4 have been taken
out from the septum-cap.(A) New mycelium was generated on the surface of mbakstipe
material.(B) The same vial is shown photographed from behingvstgthe brown macerated
stipe material attached to the glass surface sodexdiby a ring of fresh mycelium that grew out
of the material.
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5.5 Conclusions

Target of this study was to determine VOCs emitthating fruiting body
development in order to see whether there are fspecmpounds that mark specific
points in development such as the time point dfation of fruiting body development
or the time point of fruiting body maturation. Tioid end, first the best conditions for
fruiting body development of. cinerea on YMG/T agar slant cultures in 60 ml glass
vials had to be determined that allowed sampliny©Cs from the culture without a
large contaminating background. 10 ml agar slamé€ulated in the middle with the
fungus and incubated in horizontal manner turnedt@ie best. The technical details
for rapid analysis of emission of VOCs during fingf body development d@f. cinerea
by GC/MS analysis as a qualitative and a relativengjitative method has recently been
described by Thakeow (2008). Quantitative statemaemith respect to an exact
molecular amount of an emitted compound is howeterently not possible since
further analyses with pure reference compounds astamdard will have to be
performed.

In this study and the study of Thakeow (2008), frhra major peaks in GC/MS
chromatograms the C8-compounds 3-octanone andeh-8ebl and the sesquiterpenes
B-himachalene and cuparene were identified as maatiles compounds of
C. cinerea. The C8-compounds were high in amounts at thenb@gy of fruiting body
development and decreased at later stages ohfyuiody development during fruiting
body maturation and kept low in amounts after ingitbody autolysis. In contrast the
sesquiterpenes occurred in increased amounts gr Isilages of fruiting body
development at the stage of maturation and aftaunai@on. Currently, it is however
not clear whether they come from the mycelium, frtwa fruiting bodies or from both.
In the future, developing primordia and after pridia maturation the maturating
fruiting bodies need to be analysed in separatech feithout vegetative mycelium.
Strikingly, after sufficient nutrients have beemnsported into the primordia, later
stages in development (e.g. fruiting body maturgtican occur independently from a
connection of the structures to a vegetative myoel{Gooday 1974, Lu 1974, Moore
1979, Kies 2000).

The C8-compounds identified in this study and bykédow (2008) to be emitted
from mushrooms are well-known typical fungal odo(F©s). 1-octen-3-ol recognised
as a mushroom-like aroma (Vanhaelen et al 19784980, Tressl et al. 1982; Mau
et al. 1997; Nidiry 2001, Sawahata and Shimano P08 found to be abundantly
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released in the mycelium stage of the fumgichothecium roseum and Tricholoma
matsutake and it was found in these species to be graduatlyeed in amounts during
fruiting body formation. A similar phenomenon wdsserved regarding the occurrence
of 3-octanone. There have been reports on thednrel formation, e.g. igaricus
campestris (Tressl et al. 1982), iPleurotus pulmonarius (Assaf et al. 1997), in
Volvariella volvacea (Mau et al. 1997), irLentinus decadetes (Matsui et al. 2003) and
in Lentinula edodes andT. matsutake (Akakabe et al. 2005).

For the production of these odours, different patysvfrom linoleic acid to
1-octen-3-ol have been proposed. For example, aopgdoxide lyase enzymatic
reaction on (1H,127)-9-hydroperoxyoctadeca-10,12-dienoic acid (9-HP(Djessl
et al. 1982) and on EB1272)-9-hydroperoxyoctadeca-8,12-dienoic acid (10-HPOD)
might occur (Wurzenber and Grosch 1982) or a hotiwlgleavage of 10-HPOD
(Combet et al. 2006).

In plants, the analogous 6-carbon (C6) containioghmounds produced from
a-linolenic and linoleic acids by actions of lipoxypses, hydroperoxide lyase are
known as green leave volatiles (GLVs) (Visser 1% 8tanaka 1993) are believed to
function as intra- and interplant volatile sign@4atsui 2006). However, it is not fully
established whether the C8-compounds have simuactions in the mushroom.
Recently, it was found that 1-octen-3-ol in theaasgcetePenicillium paneum plays an
important role in conidia germination as a volastdf-inhibitor (Chitarra et al. 2005).
Such reports on the mushrooms are so far missiogieMer, in this study it was shown
that wounding of the mycelium or of fruiting bodiyustures causes an increase in the
emission of the C8-compounds. Subsequently to heaageration, hyphal cells from
stipe material were able to grow out quickly. Frtrase observations, it rather appears
that the C8-compounds do not have a negative effetingal growth o€. cinerea.

C8-compounds are prime candidates for mediatingispespecific interaction
between fungi and insects (Faldt et al. 1999; Thaket al. 2007, 2008). 1-Octen-3-ol
has been shown to attract mites (Vanhaelen etZ8d, %, 1980) and insects such as the
phorid fly pest,Megasdlia halterata (Pfeil and Mumma 1993). For 3-octanone, in the
literature there are reports that they act as a#nés for Tyrophagus putrescentiae
(Vanhaelen et al 1978a ). In chapter 4 of thesid | showed for both compounds an
attractant effect on the mif€. putrescentiae. It is possible that the mites use these
compounds to identify mycelium @. cinerea as food sources. Upon grazing on the

mycelium, which is of course a type of woundingduleed from experiments presented
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in this chapter (Fig. 11 and Fig. 14, Table 1 amdbl& 2), one might expect that the
production of the C8-compounds might increase dise to grazing of mites. As a
consequence, when the VOCs act as attractant, lomddsfind mites in the fungal
cultures clustered together in groups at placegrafing and not randomly distributed
in the culture as single individuals. Such an dffgas indeed repeatedly observed in
mite-infestedC. cinerea cultures and is documented in Fig. 10 and FignZ2hapter 4.
An aggregation effect by mites within the myceliean be of advantage when grazing
on the aerial mycelium in which in the intact sedghe mites cannot easily move.
In contrast, once a hole is generated in the deegetative mycelium by mites’s
grazing, movement becomes easier for the miteswatidthe edges of the damaged
mycelium, there is then an easier to attack surfacgrazing of the mites (compare
Fig. 22, Fig. 23 in Chapter 4 of this thesis). tagtingly, in the literature it is described
that whenT. putrescentiae is feeding on nematodes, mites of the same speces
quickly attracted to the feeding site (Bilgrami 299However, there are other reasons
for mites to aggregate, for example aggregatioeséisading the partners for sexual
reproduction (Muzaffar and Jones 2005). The deneitylocal densities of mites
determines their reproduction rates but availgbildf food sources and other
endogenous factors such as humidity and temperatsceplay a role (Ferguson and
Joly 2002).

Aggregation by mites might not only be influenced\WOCs being emitted from
food sources as suggested in this study, but rthemsselves produce VOCs acting as
pheromones inducing aggregation of the animals #Rpy 992, Mizoguchi et al. 2005,
Raspotnig 2006, Yoder JA 2007). Amongst the VOcBngcas pheromones are
sesquiterpenes such as monoterpenes citronellofaandsol, and isoprenoids (Regev
and Cone 1975, 1980, Royalty 1992, Kappers 200&neSplant sesquiterpenes (e.g
isoprenoids) have also been shown to act as atractto mites Rhytoseiulus
persimilis). In Chapter 4 of this thesis in Fig. 7 it waswhdhatT. putrescentiae mites
are specifically attracted to the places wheredies of the maturating and mature
mushrooms were previously attached to the fruitindy stipe. Interestingly, during the
progress of these developmental stages, the segupne$-himachalene and cuparene
were detected in increased amounts. As C8-compowesjuiterpenes are prime
candidates for mediating species specific intepadbetween fungi and insects (Faldt et
al. 1999; Thakeow et al. 2007, 2008). There apfmebe no literature reports on effects

of the two detected compounfishimachalene and cuparene and attraction of mites.
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Future studies similar to those performed in Chapteith the C8-compounds 1-octen-
3-ol and 3-octanone (see Fig. 25 and Table 6 inpténal) need to show therefore
whether these sesquiterpenes might act as atttactan

It was found however in the literature that cupargpe sesquiterpenes from a
mycelial culture ofFlammulina velutipes proved to have an antimicrobial activity
against the fungu€lodosporium herbarum and against the bacteriecillus subtilis
and Staphylococcus aureus (Ishikawa et al. 2001). Additionall\3-himachalene, as a
component in essential oils afigna mungo and Chamaecyparis obtusa, showed
antimicrobial activity as well (Abad et al. 1996n&h and Tripathi 1999, Ho and Chein
2006, Yang et al. 2007). Thakeow (2008) therefopecslated that the two
sesquiterpenes were produced during late stagisitrig body development in order
to protect the basidiospores formed at fruiting yoodaturation in the cap against a
microbial attack. However, since the basidiospoaes well protected by dense,
melanin-pigmented spore wall layers (McLaughlimletl985) they resist easily various
adverse environmental conditions. This includesigp@ionsumed by mites and passing
the digestive tract of the animals. Basidiosponmesexcreted in intact form in faecal
pellets by the mites and the fully functional sgoeasily germinate from the pellets
(see Fig. 15 in chapter 4 of this thesis and Nav&wonzalez 2008). An extra protection
by anti-microbial compounds appears therefore netessary. Proposing that the
production of the sesquiterpenes during the staxebasidiospore maturation and
basidiospore release from the caps by autolyss iachttraction of mites serving in
spore distribution appears to be a more attradtiymthesis for a potential function of

B-himachalene and cuparene in the life cycle offtingus.
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