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Summary

Summary

'The basidiomycctc Coprin ils cinereus initiates fruiting body formation in the dark by

localized intense branching in the vegetative aerial mycelium. The resulting hyphal

complex is called a primary hyphal knot and is about 30 urn in diameter (chapter 3).

The primary hyphal knot consists of numerous short hyphae that may twist around eacli

other. It may arise from a single hypha or from two or more neighboring hyphae.

Primary hyphal knots have two developmental potentials. When a light signal is given,

they transform into compact aggregated secondary hyphal knots, which are the first

fruiting body specific structures. In an alternating
light/darkrhythm,secondaryhyphalknotsundergothewholedevelopmentalprocesses,leadingthedifferentiatedprimordiatomaturefruitingbodies.However,whenlightisabsent,primaryhyphalknotsdevelopintomulticellularrestingstructures,calledsclerotia.Twogalectins,Cgl2andCgll,ß-galactosidebindinglectins,areexpressedsynchronouslytotheformationofprimaryandsecondaryhyphalknots,respectively.ExpressionofCgl2increasesduringprimordiumdevelopmentuptothestageofkaryogamyandmeiosis(correspondingtoapproximately5-8nunsizedprimordia).HighexpressionofCgllcorrelateswithhymeniumdifferentiation.Atthepostmeioticstage,bothgalectingenesarenotexpressed.Thetemporalandspatialexpressionpatternsofthecglgenesprovideuswithmolecularmarkerstofollowtheearlyprocessesduringfruitingbodyformation(chapter3).Specificmutationsatbothmating-typelocienableC.cinereushomokaryonAmutBmut(A43mutB43mutpah-l)todevelopmaturefruitingbodieswithoutmatingtoanotherstrain.Wemadeuseofthisself-compatibilityofhomokaryonAmutBmuttogenerateacollectionofdevelopmentalmutants.Mutantsdefectiveinformingprimaryhyphalknots(pkn)orsecondaryhyphalknots(skn)wereidentified(chapter2).ExaminationofgalectinexpressioninthesemutantsindicatesthatCgi2expressionandprimaryhyphalknotformationaretwoindependentbutsynchronousevents(chapter3).Mutant6-031(A43mutB4hnutsknpab-l)isdevelopmentallyarrestedatthetransitionstatefromprimarytosecondaryhyphalknots.Thisdefectiscausedbyasinglemutationinarecessiveallele(sknI).UsingaSIB-sclectionIransformationprocedure,eosmid40-5AwasisolatedfromaC.cinereusgenomicDNAlibrarythatcomplementedthedefect.Theresponsiblecomplementinggene(cfsl)onthiseosmidencodesaproteinhighlysimilartobacterialcyclopropanefituacidsynthases,

a
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specific family of S-adenosyl-methionine (SAM) dependent C-methyltransferases. In E.

coli, this enzyme cataly/es the formation of a cyclopropane ring by transferring a

methyl group from SAM to a m-double bond in the unsaturated fatty acid chains of

membrane phospholipids, thereby modifying the membrane characteristics. The cfsl

allele of mulant 6-031 carries a T to G transversion, resulting in an amino acid

substitution (Y441D) in the C-terminus of the gene product. Computer programs predict

that this region spans the membrane and contributes to enzymatic catalysis. The mutant

cfsl allele was unable to complement the fruiting deficiency in strain 6-031, suggesting

an essential role of gene cfsl in fruiting body initiation in C. cineretis (chapter 4).
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Riassunto

Il basidiomicete Capriatis cincreits inizia la fonnazione del corpo fruttifero al buio

attraverso un'intensa ramiticazione loealiz/ata nel miceJio vegetativo aereo. 11

complesso ifale risultante è chiamato nodo ifale primario ed ha un diametro di circa 30

um (capitolo 3). 11 nodo ifale primario è costituito da numerose ifc corte che possono

awolgersi I'una al Paîtra. Puo originarsi da un'ifa smgola o da due o più ife vicine. I

nodi ifali primari hanno due potenzialità
disviluppo.Quandovienefornitounsegnaleluminoso,sitrasformanoinaggregaticompattidettinodiifalisecondari,chesonoleprimestrutturcspecifichedifruttifiea/ione.Inpresen/adicicligiorno/notte,inodiifalisecondariinizianoPinteroprocessodisviluppo,cheportaiprimordidifferenziatiaeorpifruttifcrimafuri.Inassenzadiluce,invece,inodiifaliprimarisisviluppanoinstrutturcmulticellular!diconserva/ionc,chiamatcsclerozi.Duegalectine,Cgl2eCgll,lectineleganttß-galattosidc,sonoespressosincronicamentealmomentodellaformazionedeinodiifaliprimariesecondaryrispettivamente.l/espressionediCgl2aumentadurantelosviluppodel

primordio
fine»

alio stadio di cariogamia e meiost (corrispondente a primordi della dimensione di circa

5-8 mm). Un elevata espressione di Cgll è correlata con la differenziazione dell'imenio.

Entrambi i geni delle galectine non sono espressi alio stadio postmeiotico. I pattern di

espressione temporale e spaziale dei geni cgi ci forniscono un marcatorc molecolare per

seguire i processi precoci durante la formazione del corpo fruttifero (capitolo 3).

Mutazioni specifiche ad entrambi i loci dei fattori riproduttori mettono in grado

Pomocarion AmulBmut di C. cinereus (A43mut B43mut pab-1) di sviluppare corpi

fruttifcri maturi senza accoppiamento con un a Uro ceppo. Abbiamo utilizzato

l'autocompatibiliîà delPomocarion AmutBmut per generare una collezione di mutanti

dello sviluppo. Sono stati identificati mutanti difettivi della lormazione dei nodi ifali

primari (pkn) o dei nodi ifali secondari (skn) (capitolo 2). L'esame dell'espressione

delle galectine in questi mutanti indica che Pespressione di Cgl2 e la formazione dei

nodi ifali primari sono due eventi indipendenti ma sineioni (capitolo 3).

II mutante 6-03 I (A43mut B43mut skn pab-1) è arrcstato nello sviluppo a Jivello della

transizione da nodi ifali primari a secondari. Questo duetto è causato da una mutazione

singola in un allele recessivo (sknI). IJtilizzando una procedura di trasformazione che

prevede una selezione di tipo SIB, da una libreria d< DNA genomico di C. cinereus c

stato isolate il cosmide 40-5A che complementa il difetto. 11 gene responsabile dell;
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comp!ementazione (cfsl) su questo cosmide codifica una proteina molto similare alle

sintetasi batteriche di acidi grassi ciclopropanati, una specifica famiglia di C-

inetiltransferasi, dipendenti dalla S-adenosil-metionina (SAM). In E. coli, questo

cnzima catalizza la formazionc dcll'anello del ciclopropano mediante il trasferimento di

un gruppo metilico dalla SAM ad un doppio legame in eis nellc catcne di acidi grassi

insaturi dei fosfolipidi di membrana, modiftcando di conseguenza Jc caratteristiche della

membrana. L'allcle cfsl del mutante 6-031 porta una transversione da T a G, risultante

nclla sostituzione di un amminoacido (Y441D) nel terminale carbossilico del prodotto

proteico. Studi sulle banche dati indieano che questa regione attraversa la membrana e

contribuisce alia catalisi enzimatica. L'allele mutante cfsl non ha la capacità di

complcmentarc il difetto di fruttilicazione nel ceppo 6-031, suggerendo un ruolo

cssenziale del gene cfsl nclfinizia/ione del corpo fruttifero
inC.cineieus(capitolo

4).



Chapter 1

Chapter 1

Introduction



V(1 l,J»
1

t



Chapter 1 7

1 Introduction

1.1 Mushrooms and their applications

Fungi are eukaryotic, heterotrophic, absorptive organisms that develop a rather

diffuse, branched, tubular body and reproduce by spore production (Kendrick, 1992).

The number of fungal species estimated on earth is 1.5 million, of which only about

69,000 species are described (Hawksworth, 1991), and 10,000 species are mushrooms

(I-vcndrick, 1992). A mushroom is a macroiungus with a distinctive fruiting body that

can be either hypogeous (underground) or epigeous (above ground), large enough to be

seen with the naked
eyeandtobepickedupbyhand(Hawksworthetal,1995).Mostmushroomsbelongtobasidiomycetcs,othersareascomyectes.Thenaturalhabitatsofmushroomsincludewood,litteranddung,whichcanbeefficientlyconvertedintothebiomassoffruitingbodies(PoppeandHofte,1995).Theabilityofdegradinglignocellulosewaste(WhitefordandThurston,2000)entitlemushroomsasscavengersofforestryandagriculture.Basedontheirapplications,mushroomsaredividedintofourcategories:ediblemushrooms,medicinalmushrooms,poisonou;»mushroomsandnon-definedmushrooms.Datafrom1775studiedspeciessuggestthathalfofthedescribedmushroomspeciesareprimelyedible,approximately18%areofmedicinalvalueand10%arepoisonous(Chang,1993).Somemushroomsareonlyeitheredible(e.g.Agaricushisponts)ormedicinal(e.g.Ganoderma,Coriolus),whileotherspossessbothproperties(e.g.Auricularia,Flammulina,Grifola,Hericium,Lentirnis,PleurotusandTremella)ornoneofthem(Chang,1996).Fruitingbodyisageneraltermforspore-bearingorgan,whichinhigherbasidiomyeetesiscommonlyknownasmushroom.Fruitingbodiesaierichinproteins(Casalicchioetal.,1975),carbohydrates,fibres,unsaturatedfattyacids,vitaminsandminerals,butlowincalories(MilesandChang,1997),lowinnucleicacidsandfreeofcholesterol(BanoandRajarathnam.1988).Thenutritionalprofilemakesmushroomsaverygooddietaryfood.Besidesbeingaculinarydelicacy,somemushroomswereusedasmedicalandtonicattributesintraditionalremedies,particularlyinChina(Yingetal.,1987),Japan,KoreaandRussia(WasserandWeis,1999),wherethepracticeofusingmushroomsasmedicinehadbeenlootedintheveryancientpast.At(liepresenttime,searchingformedicinalsubstancesliommushroomsandstudyingthemedicinalvalueoithesesubstanceshavebecomeamatterofgreatinterest.Anumberofbioactivesubstanceshavebeenidentifiedfronmyceha(Haak-Frendschoetal.,1993;Kawagishi
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et ah, 1996), culture medium and/or fruiting bodies (Kidd, 2000; Kiies and Liu, 2000;

Wasser and Weis, 1999). These substances can stimulate the synthesis of nerve growth

factor, modulate (he immune system, lower the blood pressure, reduce the level of blood

glucose and lipids, inhibit inflammation, inhibit the growth of cancer cells, microbes,

fongi and viruses (Jong and Donovick, 1989; Kiies and Liu. 2000; Wasser and Weis,

1999).

With the recognition of their values in nutrition and medicine, the demand for

mushroom production is increasing all over the world. In fact, the world production of

cultivated mushrooms has expanded tenfold in the lasl fourtyyears(KiiesandLiu,2000).Mostmushroomsareproducedfordietarypurpose,whileothersareusedtoextractmushroom-derivedproducts.Ànumberofpharmaceuticalß-D-glucansandproteoglycansderivedfrommushroomsareusedincancertreatment,e.g.ABMfromAgaricusblazehRefunginfromInonotusobliquité,LentinanfromLentinulaeclodes,SchizophyllanfromSchizophvlhimcommwu,Polysaccharidc-K(PSK)andPolysaccharide-peptide(PSP)fromCoriolusversicolor(Kidd,2000;WasserandWeis,1999).Forlessdefineddietarysupplementsbutwithpotentialtherapeuticvalue,anewterm,"mushroomnutrieeuticals",wascoined.Nutriceuticalsarecxtractablcfromeitherthemyceliumorthefruitingbodyandembodybothnutritionalandmedicinalfeatures(ChangandBuswell,1996).Smallcompanieswerefoundedinrecentyearstoproduceandsellsuchproducts,e.g.dietaiysupplementsmadefromfruitingbodiesofGrifolafrondosa(http://www.ellcsworth.com/).Inaddition,aromaticflavorsusedasnaturalfoodadditivescanbeextractedfrommushrooms,whichserveasanalternativetoplantsinaromaandflavourindustry(Lomascoloetah,1999).Thelastbutnottheleastapplicationofmushroomsistheirfunctionasornamentalsinfloristicarrangements(PoppeandEcungens,1991).Thebroadapplicationinbiotechnologyhasmadeanotableimpactonmushroomproductionandonthediversityofcultivatedspecies.Therecordofmushroomcultivationcanbedatedbackto600A.D.withAuriculariaauriculainChina.For(heworldwidemostproducedmushroomA.bisporm,cultivationwasfirstachievedinFranceintheseventeenthcentury(Chang,1993).Howe\er,themajorachievementinmushroomcultivationwasmadeinthepasttwentyyears(Chang,1993),includingonereportonthesuccessfulcultivationofthegoldenchanterelleCantharelluscibarius(DanellandCamacho.1997)andtworeportsontheformationofimmaturefruilmr;bodiesinthreemycorrhi/alBoletusspp.(Granetti1990,Yamanakaetah,2000).In
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total, 38 species from 26 genera so far can be standardly cultivated (Chang, 1993;

Danell and Camacho, 1997), Only the productions of 11 species have reached

commercial scales (Kiies and Liu, 2000)

A major hindrance in mushroom cultivation is the poor understanding of their

developmental processes, especially at the initial stage. Mushroom formation is a highly

organized process, which requires coordination among genetic, physiological and

environmental factors. Up to now, information regarding fruiting body development

mainly comes from studies on a few species, such as ( 'oprinus cinereus and

Schizophylhim commune (Kiies, 2000; Moore, 1998; Wcssels, 1993; Wessels, 1994).
Formostotherspecies,lessisknownabouttheirbiology.Inmostcases,includingA.bisporus,thesuitableeffectivetoolstostudydevelopmentalprocessesarcstillmissing(StoopandMooibrock,1999),unlikeinC.cinereusandS.commune(Walseretal.,2001).1.2CoprinuscinereusandSchizophylhimcommunearemodelorganismsforstudyingdevelopmentinbasidiomycetesAlthoughneitherofedible(Arora,1986)norofmedicinalvalue,C.cinereus(Schaeff.exFr.)S.F.GraysensuKonr.(Pinto-LopesandAlmeida,1970-1971)hasservedforalmostacenturyasamodelorganismtostudydevelopmentalprocessesinbasidiomycetes(Kiies,2000).Thefungushasarelativelyshortlifecycle,i.e.twoweeks,andcanbereadilycultivatedinthelaboratorybothonnaturalandartificialmedia(MooreandPukkila,1985).Ttisaccessibletoclassicalgeneticsandmolecularbiologytechniques(Pukkila,1993;Walseretal,2001)andhaswellestablishedtransformationsystems(Binningeretal,,1987;Cummingsetal.,1999;Granadoetal.,1997).C.cinereusisasaprophyticfungusandgrowsondunginnature(UljeandNoordeloos,1999).Thescientificnameindicatesbothitsfoodsouice(fromkopro(Gr.)=-dung)anditscolor(fromcims(Lat.)-ash).Inthepast,thisfungushasbeenisolatedundervariousnamesmakingtheanalysisofoldliteraturedifficultanduncertain(Kiies,2000).Forexample,C.cinerea^wasstudiedindetailsbyLewis,Dayandnumerousotherworkersunderthename(,lagopusandC.lagopussensuBuller(Pinto-LopesandAlmeida,1970-1971).IsolatesnamedasspeciesC.delicatulusApinis,C.fimetariusL.exFr,,C.fimetariusL.Fr.\ar,macrorhizusPers.ExFr.andC.macrorhizus

f.
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microsporus Hongo are reported to be interiertile with C. cinereus (Kemp, 1975; Kemp,

1985).

Early systematic work in the Coprinaceae was based exclusively on morphological

characters (Lllje and Noordeloos, 1997; Ulje and TMoordeloos, 1999). The deliquescence

of gills at maturity into inky-looking fluid plus the black spore print aie the main

diagnostic features of Coprinus (Arora, 1986; Ruller, 1909). Due to these unique

morphological and developmental characters, Coprinus was generally regarded as a

monophyletic genus. Only recently, this concept
wasstronglychallengedbycladisticdataobtainedfromsequencesencodinglarge-subunitrDNAgenes(1loppleandVilgalys,1994;HoppleandVilgalys,1999;Moncalvoetal.,2000)andtheinternaltranscribedspacerregions(ITS)ofrDNAgenes(Parketal.,1999a;Parketal.,1999b).DifferentphylogeneticanalysisbasedonthesesequencesstronglysuggeststhatwiththeexclusionoftwospeciesCoprinuscomatus(typespecies)andCoprinussterquilinus,thegenusCoprinusismonophyletic(HoppleandVilgalys,1999).Althoughthecurrentnomenclaturalhierarchy(botanical)forC.cinereusisshownbelow(Ilawksworthetal.,1995),basedondatadiscussedabove,reclassificationandrenamingarerequested(Redheadetal.,2001).Domain:EukaryotaKingdom:FungiPhylum(division):Basidiomycota(lass:RasidiomycetesOrder:Agartcalesfamily:CoprinaceaeGenus:CoprinusSpecies:CopiinuscinereusC.cinereusisaheterothallic(self-incompatible)basidiomycete.Ithasahaplo-dikaryodclifecycle(Fig,I)showinganalternationbetweentwodifferentmycelialstates,thesterilemonokaryonandtheladledikaryon.Themonokaryonisaprimarymyceliumcontaininggeneticallyidentu\ilhaploidnucleiineveryhyphalcell(Hawksworthetal.,1995)andarisesfromthegerminationofabinucleatebasidiosporeorofauninucleateoidium.Themonokanoticbyphaehavesimpleseptawithdolipores(thebarrel-shapedporeinthehyphalseptumofbasidiomyceles),butaudevoidof



Chapter 1 I!

clamp cells. Mating between two compatible monokaryons gives rise to a dikaiyon, a

specific heterokaryon. Hyphal fusion is not followed immediately by nuclear fusion.

Therefore, the dikaryon is binucleate, containing two different haploid nuclei in each

hyphal cell, one from each mating partner. Clamp cells are found above the hyphal

dolipore septa, which contribute to the establishment and maintenance of the binucleate

state in the dikaiyon (Cassellon and Rconomou, 1985; Kües, 2000). Although both

monokaryons and dikaryons are capable of indefinite vegetative growth, dikaiyons are

predominantly found in nature (Bensaude, 1918; Brunswik, 1924; Miles, 1996).

Chlamydospore

Basidiospores

Basidium

Fruitbody

Mating

Monokaryons

Sclerotium fä\ Chlamydospore

Figure 1. The life cycle of C cinetvus [from (Kües, 2000)1

Monokaryon and dikaryon have various developmental potentials and considerable

flexibility in forming several differentiated structures.Rothmycelialstatescanformhaploidmitoticoidia,chlanrydosporesandmulticellularselerotia(Kües,2000;Küesetai,2000b).Theunicellularoidiaareuninucleate,haploidandrod-shapedasexualspores,whicharemainlyformedinaerialmyceliumonthespecializedoidiophoresandoccasionallyinsubmergedmycelia(Brodie,1931;Brodie,1936.Polaketal,1997;Polaketal,2000).Chlanrydosporesaremitosporesfoundidsubmergedmycelia,usuallyhavingvariablefornvwithcondensedcytoplasmenclosedbythickcellwall
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(Anderson, 1971; Rensaude, 1918; Esser, 2000; Kües et al, 1998). Sclerotia are

globular perennial multicellular resting structures formed under severe environmental

conditions in aerial and submerged niycelia (Waters et al, 1975a). Since sclerotia are

formed as alternatives of fruiting bodies on dikaryons (Moore, 1981), their structures

are described in the following in more detail.

A developing aerial Sclerotium has four layers of cells. The outmost laver is made of

thin-walled dead hyphal cells that are loosely attached to the second layer (rind or

cortex). The rind cells are thick-walled and impregnated with dark-biown nielanic

pigments. No dolipore is observed in the septa of rind cells. An intermediate layer

between the rind and the central core (medulla) consists of cells destined
toformeitherrindcellsormedullarycellsinthefinalstagesofmaturation.Thecentralmedullaisamassofbulbousthick-walledcellswithovalorirregularshapes,whichverymuchresemblechlamydospores.InthedevelopingSclerotium,theseinflatedcellsarerandomlyinterspersedbythin-walledcells.Doliporeseptaarepresentmthetransversewallsbetweentwothin-walledcellsandbetweenthin-andthick-walledcells(VolzandNiederpruem,1970;Watersetal,1072;Watersetal,1975a;Watersetal,1975b).ThecoloroftheaerialSclerotiumbecomesdark-brownuponmaturitybythemelani/ationofrindcellwalls(Watersetal,1975b)[forreviewsee(Kües,2000)].Differentfromtheaerialsclerotia,submergedsclerotiaarcpalebrownandofirregularshape.Essentially,asubmergedSclerotiumisamassoflooselyorganizedsubmergedinflatedcells(medulla)enclosedbyathick-walledrinddevoidoflivingcytoplasm(Watersetat.,1975a).ItisthedikaiyonbutnotthemonokaryonofC.cinereusthatdifferentiatesundersuitablelightandtemperatureconditionsintofruitingbodiescomposedofdifferenttissuetypeswithdistinctfunctions.IhemodeoffruitingbodydevelopmentinC.cine}eusisangiocarpic(enclosedhymeniumduringdifferentiation)(Reipiders,1963).TheearlyfruitingprocessesinC.cinereusincludetheformationofhyphalknots,fruitingbodyinitialsanddifferentiatedprimordia.Theoccurenceofkaryogamywithinthebasidium,aspecificcapcell,initiatesthematurationprocesses.Inparalleltotheformationofhaploidmeioticbasidiosporesinayoungfruitingbody,therapitlstipeelongationandcapexpansionleadtotheformationofafullydevelopedmaturefruitingbody(lug.2).Inthefinalstage,gillsofmaturefruitingbodiesautoly/epiogressivelytoliberaleallbasidiosporesintoinkyliquid(section1.3.1)[forreviewsee(Kües,

2000)],
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Mycelium Hyphal Fruitbody Primordium Karyogamy Mature

Knot Initial Meiosis Fruiting body

Spore formation

Figure 2, 1 he pathway of fruiting body de\elopmcnt in C. cinereus [modified from (Bouliannc d al,

2000)1.

The other model organism of higher basidiomycetes, Schizophyllum commune br,, is

a wood inhabiting fungus, belongs to the order Schizophyllalcs (Hawksworth et al.,

1995) and also fruits readily on artificial media under laboratory conditions

(Niederpruem and Wessels, 1969; Wessels, 1993). Like C. cinereus, S commune

alternates during its life cycle between monokaiyotic and dikaryotic niycelia, but
produceschlamydospores(KendnckandWatling,1979)astheonlymitoticreproductivestructure(Rrodie,1936;RaperandMiles,1958).Thefan-shapedfruitingbodies(AlexopoulosandMinis,1979)areformedonthedikaryoticthallus(NiederpruemandWessels,1969).fhemodeoffruitingbodydevelopmentinS.communeisgymnocarpic(exposedhymeniumduringdifferentiation)(Reijnders,1963).Theearlyfruitingstagesincludetheformationofhyphalaggregatesandtinyconcaveprimordi.i(vanderValkandMarchant,1978).Ontheapicalsurfaceoftheprimordium,thehymeniumextendsradiallyandproducesgillscontinuously(NiederpruemandWessels1969).Thedifferentiationofgillsinassociationwiththebasidiosporeformationleadstotheformationofmaturefruitingbody(LeonardandDick,1968).TheincreaseinsizeofS.communefruitingbodiesisbyhyphalproliferation,notbyhyphalinflation(Wessels,1992).Sinesmostmushroomshavewelldevelopedcapsandstipes,thefruitingpathwayofC.cinereusratherthan,Y.communemayidledamoregeneralpictureofmushroomdevelopmentinhigherbasidiomycetes.incontrasttoS.commune,thehighlysynchronousbasidialdevelopmentandthesynchronousnucleardivisioninthebasidium(Lu,196/)makeC.cinereusparticularbsuitabletocomparativecytologicalstudies(PukkibandCasselton,

1991).
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1.3 Fruiting body development in basidiomyeetes

The fruiting body is the most conspicuous emergent structure during the life cycJe of

higher Basidiomyeetes. The majority of species including C. einereus and S. commune

is heterothallic (Webster, 1980) with fruiting bodies usually forming on the dikaryon

(Kües, 2000; Wessels, 1993; Wessels, 1994). Occasionally, the haploid monokaryon of

heterothallic species can also form fruiting bodies. Such monokaryotic fruiting can be

induced bv mutations in certain genes leading to self-fcrtilism (homothallism), by

unusual environmental or nutritional conditions, by mechanical injury and by fruiting

inducing substances (section 1.4). Few
naturalhomothallicspeciessuchasCoprinusheptemerusLange&Smith(Lamoure,1989;T.Y.James,personalcommunication),BolbitiusvitelUnus(Pers.:Fr.)Fr.andLepiotapwcera(Scop.:Fr.)Sing.(Lamoure,1989)fruitandproducenormalbasidiosporeswithoutmatingtoanotherstrainofthesamespecies(primaryhomothallism)(Miles,1996).Inothers,e.g.A.bisporus,thebasidiosporesmostlycontaintwohaploidnucleiofdifferentmatingtype.Thegerminateddikaryoticmyceliumproceedstoformfruitingbodieswithoutmating(secondaryhomothallism)(RaperandRapet,1972).InArmillariamellea(VahlexFr.)Kummer(UllrichandAnderson.1978)andmostotherArmillariaspp.(Guiltauminetal,1991),thehaploidbasidiosporesgerminatetoformhaploidhomokaryons.Compatiblematingspermittheformationoftransientdikaryoticcells,butthetwohaploidnucleisoonfuseinhyphaltipcellstoproduceadiploidnucleus.Theuninucleatediploidclamplessmyceliumisthepersistentvegetativeform(AndersonandKohn,1992).Fruitingbodiesdeveloponsuchdiploidmycelium.Withinthefruitingbody,thedikaryoticclamp-bearingcellsareonlyfoundinthegilltissue(UllrichandAnderson,1978).1.3.1FruitingbodydevelopmentinC.cinerensTheformationoffruitingbodiesinitiatesthesexualreproductionofC.cinereus.Onceadikaryoticthallusisestablished,thefungalcolonyisreadytocommencefruitingbodymoiphogenesisuponenvironmentalstimuli(section1.4.2).Theinitialmorphologicalchangeistoturnaloosemycelialnetworkintoathree-dimensionalaggregatedstructure.Attemptshavebeenmadetorecordthecytologicalchangesoccuringinthisinitialevent,butonlyseveralmorphologicalchangesatsteadyslatesaredocumented,Areal-timedocumentationfollowingasinglehyphahasnot\ctbeenachieved.Inconsequence,thenomenclature^«inpreviousliteratureregardingsubsequent
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stages in fruiting body initiation and maturation are unclear. Different terms have been

used lo describe the same developmental structure. Sometimes, (lie same term refers to

different developmental stages. This situation often causes confusion and makes

comparative reading very difficult. Table 1 gives an overview on how different authors

defined the fruiting stages and an attempt to bring these studies into an agreement. By

reading the original literatures, at the first sight, few similarities are found among

different descriptions of these morphological events. Because of differences in strains,

length and intensity of light illumination, medium composition and temperature, fruiting

structures varied greatly in si/e and their time of emergence was also different from

study to study. In addition, the definitions of a "day" and of developmental stages
arequitevariableamongdifferentauthors(a"day"canbeginatmidnightoratthestartofthelightcycle,thestagesaredefinedbythebeginningorbytheendofamorphologicalevent).Therefore,si/eandtimearenotperfectcriteriatodistinguishonedevelopmentalstructurefromtheother,unlesswithinacarefullydefinedsystem(strain,lightconditions,temperature,humidityandgrowthconditions).TIowe\er,whenbroughtintoacorrecttimescaleusinglight-controlledeventsasreferencepointsbetweendifferentauthors,theconsecutivestepsinfruitingpathwaycorrelatesurprisinglywell('fable1).1.3.1.1DefiningdevelopmentalstagesaslandmarksinfruitingbodyformationKamadaandcoworkersdividedfruitingbodyinitiationintothreestagesstartingwiththeundifferentiateddikaryoticmyceliumasstage0.ThefirstfruitingspecificstructuresreferredtoashyphalknotsandprimoaliaareformedinstagesIandIT,respectively(TakemaruandKamada,1972)Thetermhyphalknotisdefinedasfruitingbodyinitialsof0.2-0.5mmindiameterinwhichnohistologicaldifferentialionintotheprimordialpileusandstipeisdiscernible(KamadaandTsuru,1993;Muraguehietal.,1999).Suchhyphalknotsappearafterlightillumination(MorimotoandOda.1973).Kamada'slightdependenthyphalknotsareclearlydifferentfromthehyphalknotsdescribedbythegroupsofMooreandKües(Kües,2000;Mooreetal.,1979)(fable1).Thehyphalknotsoftheseauthorsarelocalizedhighlybranchedstructures,whichareformedindarknessandrepressedbylight(Bouiianneetal.,2000;Küesetal.,1998;MooreandJirjis,1976;Watersetal.,1975b).Theterm"hyphalknot"'wasoriginallyintroducedbyReijndetsinabroadsense.HedescribedahyphalknotasabundleofhyphaethatcontinuetoadheretooneanotherduringtheexpansionoftissuesReijnders'shyphalknotconsistsofacentralinduction
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hypha and a community of surroundmg hyphae that differentiate in concert. Such

hyphal knots are frequently found in various tissues of primordia and fruiting bodies,

e.g. in stipe, veil and pilcus (Reijnders, 1977).

Matthews and Niederpruem divided the initial steps leading to fruiting body

formation into tour stages. Stage I is the formation of hyphal lattices, which are derived

from localized interaction between secondary and tertiary branches of dikaivotic

hyphae. The up-growth of aerial cells specifically from lattices followed by a general

increase in cell density leads to the formation of primordia (Stage TI) (Matthews and

Niederpraem, 1972). The morphological events occurmg in these two stages clearly

resemble
theformationofhyphalknotsinstudiesbyMooreandcoworkers(Watersetal.,1975b).TnStageIIIofMatthewsandNiederpruem,primordiaundergoregionalcellgrowthandprimitivetissueorganization.Thesi/eofStage111primordiacanbeupto0.7mmindiameter,inwhichinsolublepolysaccharideandproteinareunifotmlydistributed(MatthewsandNiederpruem,1973).fheStage111primordiacorrelatetotheStageThyphalknotsofKamada,totheStage0"carpophoreinitials"ofMooreandtotheinitialsofKües(Table1).AccordingtoMatthewsandNiederpruem,inStageIVhyphalaggregatesdifferentiateintovisiblecapandstipetissues,inwhichcellshavedistinctmorphologyandstainingproperties(MatthewsandNiederpruem,1973).PrimordiaformedinStageIVcorrelatetotheStage11primordiaofKamada(TakemaruandKamada,1972).Mooreandhiscoworkersstudiedtheformationofaerialsclerotia,multicellularhyphalrestingbodiesthatformalternativelytothe(raitingbodyinitials(Moore,1981)whenalightsignalisabsent(Boulianneetal.,2000),Mooreusedaterm"hyphaltuft"(Watersetal.,1975b)or"hyphalknot"(Moore,1981)tonamethestructurethatservesasaprecursorforbothfruitingbodyinitialsandsclerotia.Eventually,ahyphaltu11(orhyphalknot)isaprosenchyma(Greekprostoward,enchyma=mfusion,meaningapproachingotalmostatissue)thatisformedafteraggregatedhyphalgrowth(Moore,1995).Afruitingbodyinitiallessthan0.2mmissolelyanaggregationofhyphae,whilethedifferentiationofstipeandpileusisevidentinaprimordiumof0.8mm.Theshapeofamushroomisclearlyvisibleinaprimordiumol1.2nun(Mooreetal.,1979).Howtosokethisterminologicalconfusionintheinitialstepsoffruitingbodydevelopment?ClcmencondefinedtwotypesofdistinctivenodulesintheinitialstagesduringfruitingbodyformationofPsilocybecvai>escens.ivophyllumtylicolorandA.bisporus(Clémençon,1997).Accordingtohim,anoduleisamonocentricand

knol-likc
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structure of great morphogenetic potential and importance. Clémençon divides such

nodules into primary and secondary types. A primary nodule appears first and is

homoiomeroiis (i.e., composed only of one type of vegetative hyphae). Further growth

of the primary nodule leads to the formation of the secondary nodule, which is

heteromerous {i.e., having a compact core surrounded by loose hyphae). The entire

primary nodule and the core of the secondary nodule are made of dense interwoven

hyphae, with a denser prosenclryma in the secondary nodule (Clémençon, 1997).

If we apply Clémençon's definition of nodules to C. cinereus, the dark dependent

hyphal knot of Moore and Kiies would correspond to the primary nodule and could be

termed as primary hyphalknot.Thelightdependentfruitingbodyinitial,i.e.thehyphalknotofKamada,wouldinsteadcorrespondtothesecondarynoduleandcouldthereforebetermedassecondaryhyphalknot(Table1).Whenkeptindark,theprimaryhyphalknotsareformedonaerialdikaiyoticmycelia(foifurtherdetailsseesection1.3.1.2andchapter3).Undersuitableenvironmentalconditions(light,temperatureandhumidity),theprimaryhyphalknotbecomesmorecompactandformsthesecondaryhyphalknot.Asecondaryhxphalknotisaglobularaggregationofundifferentiatedhyphalmass.Thedifferentiationwithinthesecondaryhyphalknotleadstotheformationofprimordia,inwhichallthestructuraltissuesofcapandstipearediscernible.Theterminologyfollowingthedifferentiatedprimordiauntilthematurefruitingbodiesisrelativelyconsistent(Table1).Thesi/eofprimordiarangesabout1-2mmto0.8-1cm.Whenprimordiareachabout0.8-1cminsize(stageIand2),karyogantyoccurs,quicklyfollowedbymeiosis.Attheendofmeiosis,basidiosporeformationbeginsintheimmatureandslowlyelongatingfruitingbodies.Inparalleltothebasidiosporematuration,stipesrapidlyelongateandcapsexpand,leadingtotheformationofmaturefruitingbodiesjforreviewsee(Kiies,2000)].fhestepfromkaryogamytomaturefruitingbodieslakesplaceapproximatelywithin35hours(Pukkilaetal,1984).ThedurationfromkaryogamytometaphaseIisthesameinallstrainsstudied,buttheinitiationofkatyogamyisinfluencedbystrainbackgroundandlightintensity(Lu,2000).Oncethefruitingbodiesmatured,gilltissuesstarttoautoly/e.Withinafewhours,basidiosporesarereleasedintoinky-coloredllukl(Buller,1931;Kiies,2000).J.3.1.2MoredetailsonprimaryandsecondaivhyphalknotformationIthasbeenproposedthatthesexualdevelopmentofCoprimtsismonocenttic,meaningthatabasidioearpcanarisefromasinglecell(Buller,1931).Aleadingaerial
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hypha produces secondary and tertiaiy branches, Branches of neighboring hyphae

possibly merge by anastomosis (hyphal lusion) to form a distinguishable lattice. The

lattice serves as an active center to produce abundant aerial hyphae, many of which

have a globular or inflated morphology. The continuous coherent growth (Gregory,

1984) of those aerial hyphae in a self restricted manner results in a round aggregation of

tightly woven dikaiyotic hyphae. The time required to produce such aggregations from

the hyphal lattices is about 24-30 h (Matthews and Niederpruem, 1972). The cellular

structure formed at this stage is now referred as primary hyphal knot (Table 1).

The primary hyphal knot has two potentials for further development. The late to

develop into a secondary hyphal knot or a Sclerotium is determined by environmental

factors such as light, temperature, carbon and nitrogen supplies (Moore et al., 1979).

Morphological and genetic evidence show that fruiting bodies and aerial sclerotia are of

the same origin (Waters et al.,
1975b)andshareacommonpathwayofinitiation(Moore,1981).Withthepresenceoflightandambient(ca.25°C)temperature,primaryhyphalknotsaretransformedintosecondaryhyphalknots,Asecondaryhyphalknotisamassofprosenchymatoustissueresultingfromtheaggregatedgrowthofoneoimorehyphaeandtheirbranches(Moore,1995).Thesecondaiyhyphalknotisthefirstfruitingbodyspecificstructure,rangingfrom0.2to0.5mmindiameter.A0.2mmsecondaryhyphalknotisasphericalstructurehavingacoresurroundedbyacoat.Cellsofthecompactcoreareheavilybranched,shortandoutwardlydirected.Thesecellswilldifferentiateintothecapandstipe.Thecoatconsistsofnumerouslargevacuolatedcells,whichwillbecometheveil.Themorphologyandorganizationofcellsina0.5mmsecondaryhyphalknotisverysimilartothoseofthe0.2mmsecondaiyhyphalknot,exceptthatthecellularcollectiveismorecompactandlittleintercellularspaceisleft(Tu,1974;MatthewsandNiederptuem,1973;vanderValkandMarchant,1978).Anastomosiscommonlyoccursbetweenparallelhyphaeinthecore,butisabsentbetweenlargehyphaeoftheouterlayer.Thedenselypackedcellsofthecorearerichinglycogen(MatthewsandNiederpruem,1973)andarecoveredwithlargeamountsofamorphousmucilaginousmaterial(vanderValkandMarchant*1978).Themucilagepossiblyaidstheadhesionofhyphaeptiortofusion.Thecorehyphaehavedoliporesepta,whichareusuallysurroundedbyanadditionalhemisphericalmembranouscap.Theoutercapappearstobeoccasionallyperforated,hu*usuallyitiscontinuouswithparenthosome,orwiththeendoplasmic
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reticulum. Such outer cap has not been seen in the vegetative mycelium of C. cinereus

or in the prtmordium of S. commune (van der Valk and Marchant, 1978).

The helical arrangement of chitin microfibrils is a potential marker to monitor the

histological transition from the primary into the secondary hyphal knot. Chitin

microfibrils are arranged randomly in vegetative mycelium, but helically in the

secondary hvphal knot of 0.5 mm in diameter. Both types of arrangement can be found

in 0.1-0.2 mm secondary hyphal knots (Kamada and Tsuru, 1993). This finding suggests

that the onset of the helical arrangement of chitin microfibrils has begun in 0.1-0.2 mmsecondaryhyphalknots.Thus,itwouldbeveryinterestingtoexaminethearrangementpatternofchitinmicrofibrilsinprimaryhyphalknots.Todistinguishtheprimaryhyphalknotfromthesecondaryhyphalknotorviceversa,thedifferentialexpressionoftwofruitingbodyspecificgalectinscanbeusedasmolecularmarkers.Twogalectins,CgllandCgl2,ß-galactosidesugarbindinglectins,wereisolatedfromawild-typedikaryon(Cooperetai.,1997)andanAmurBnurfhomokaryonofC.cinereus.IntheAtmitBtmuhomokaryon,theexpressionofCgl2andCgllissynchronoustotheformationofprimaryandsecondaryhyphalknots,respectively(Boulianneeta/.,2000)(seechapter3).1.3.1.3FormationofprimordiaThecellulardifferentiationwithinsecondaryhyphalknotsleadstotheformationofprimordia.SincetheprimordiumofC.cinereusformswithinaprosenchymatousmatrix,suchmodeofcarpogenesisistermedendocarpy(Clémençon,1997).Thedevelopmentofdifferentpartsofthefruitingbody,stipe,capandhymenium,initiatesmoreorlessatthesametime(isocarpous)(Reijnders,1986).Thehymeniumarisesinternally,butislaterexposedbyruptureoftheoutermosttissuelayer(veil)duringfurthergrowth(hemi-angiocarpous)(Reijnders,1979).Inprimordiaof0.7mmindiameter,organizationandregionaldevelopment(ifcellsbegintobeevident.Intheupperthirdoftheaggregation(thepre-pileusregion)isanendogenousmassofdenselypackedcells.Inthecentralregion(pre-stipe),cellsappeartohavetakena\erticalorientation.Random!}orientedcellsarefoundinthelowerthirdoftheprimordium.Theapexofthedevelopingpileusandthecellsbelowthestipearerichinglycogen(MatthewsandNiederpmem,1973).Atthisstageofearlyinternaldifferentiation,thewholecomplexisenclosedbyamarginalveilmadeofhyphaewhichoriginatefiomthetopofthepileus(MatthevsandNiederpruem,1973).Veiltellsare
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large, septate and multinucleate and lack clamp connections (Lu, 1974). Already at a

slightly larger size, inside 0.8 mm primordia, tissues that are demarcated into

presumptive stipe and pileus are visible. At this stage, polysaccharide (glycogen) is

most evident in the stipe base and along the edge of the pileus (Moore et al, 1979).

When primordia reach a size of 1.0-1.2 mm, the presumptive stipe, the subhymenium (a

region between stipe and pileus), the pileus and the basal region are clearly visible.

Ridges made up of small closely packed cells are seen on the subhymenium (Lu, 1991;

Rosin and Mooie, 1985b). The deposition of glycogen at the stipe base and edges of the

pileus is now accentuated (Moore et al, 1979). The internal structure of a primordium is

uniformly solid until gills and gill cavities begin to arise, possibly by a process of

programmed cell death (Lu, 1991). Well developed
gilllamellaeandadistinctgillcavityareseenmprimordiaof1.5to3mm.Denseglycogendepositscanbedetectedincellsofthebasaibulbofthestipe(Mooreetal,1979).1.3.1.4Maturationofprimordia(pre-andposi-karyogarny)Gillformation.Thesubhymeniumhastwodomains,aninnergilldomainandanoutergillcavitydomain.Gilldifferentiationisinitiatedbeforetheformationofannulargillcavities,resultingintwotypesofgills,theprimaryandsecondarygills(RosinandMoore,1985b).Inatransversesectionofthecap,gillsareformedasverticalplatesarrangedradiallyaroundthestipe(Moore,1995).Primarygillsareformedfirst.A1.0-1.2mmprimordiumonlycontainsprimarygills,whichareconnectedwiththepileusattheirouteredgeandwiththestipeattheirinneredge(RosinandMoore,1985b).Gillsdevelopoutwards,awayfromthestipe(Moore,1987).Verticalridgesofsmallcloselypackedcellsariseinaregioncorrespondingtotheboundarybetweenthestipeandpileustissues.Thesegroupsofcellsbecomechromophilic,elongatedandformtworadiallyarrangedrowsofoblongcells.Thesepancdrowsrepresentlayersofpoorlydifferentiatedhymeniaandareseparatedbyanannulargillcavitiy.Atthisstage,thehymeniumisdiscontinuousovertheinneredgeofprimarygills(RosinandMoore,1985b).Gillcavitiesmaybecarvedoutbydegeneratingcellsfromtheouterdomain.Thecelldegenerationisassociatedwithmultivesicularstructures,whichcontainelectron-densematerialandvacuolescontainingfibrousresidualbodies(Lu.1991).Thegillcavityelongatescentrifugallytowardstheoutersurfaceofthepileus.Aformativeelementresponsiblefoitheoutwardprogressionofthegillshasbeenpostulatedandtermedas"thegillorgani/er'"(Moore,1995).Agillorganizeristhoughttobifurcate

',o
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be located in the outmost tissues of the gill cavity, and to move radially outwards to

penetrate into undifferentiated pileus tissues. Since the fruiting body cup enlarges

outwardly by the enlarged circumferences, the distance between two gill organl/ers

increase. This enlarged distance between the two gill organizers allows a new organizer

to arise in between them. When a new gill organizer emerges, the margin of a new

secondary gill is formed. Unlike the primary gills that are connected to the stipe, the

secondary gill lias a free edge. Continued outward migration of the parent and daughter

gill organizer generate together a secondary gilt between them (Moore, 1095).

Secondary gills have an enclosed trama, in which the hymenium is continuous over

their inner edge (Moore, 1987).

Hymenium differentiation. The hymenium is made up of dikaryotic hyphae (Lu,

1974). In the young hymenium (2-6 mm primoaha), a palisade
oftightlypackedclub-shapedcells(probasidia)isdispersedamongmuchlargerinHatedcells(cystidia)(RosinandMoore,1985a).InC.cinereus,bothbinucleatebasidiaandbinucleatefacialcystidia(ChiuandMoore,1993)originatefromtheterminalcellsoftramaihyphalbranches(HornerandMoore,1987).Theformationofafacialcystidiuminhibits(heformationofotheronesinthesamehymeniumwithinaradiusofabout30um.Asaresult,onlyabout8%ofthesetramaihyphalbranchesbecomefacialcystidia,andtherestbecomeprobasidia.Inaddition,theinhibitioneffectkeepsthefacialcystidiauniformlydistributedoverthegillsurface(HornerandMoore,1987).Fromtheearlieststageduringhymeniumdifferentiation,facialcystidiaareinsertedintotheoppositehymenium.Asfacialcystidiaextendacrossthegillcavity,theycontactprobasidiaintheopposinghymenium.Consequentlythecontactedprobasidiachangetheircytoplasmicmorphologies,generatinganewcelltypecalled"cystesiutn"(HornerandMoore,1987).Whileprobasidiaproceedtokaryogamyandmeiosis,binucleatesterileparaphyscsactasspacingelementsandariseasbranchesofcellsimmediatelybeneathbasidia(Bui1er,1931;ChiuandMoore,1993).Paraphysesareinsertedintothebasidiallayer.Onceparaphysealinsertioncommences,basidialnumbersdonotincreaseanymore.About75%oftheparaphysealpopulationisinsertedattheendofmeiosis,therestatlaterstagesofdevelopment(RosinandMoore,198'^),Therefore,thedifferentiationofhymeniumfollowsadefinedtemporalsequence;probasidiaandfacialcystidiafirst,paraphysisam1eystesiasecond(Moore,1995)Ofthesefourdifferentiatedcelltypes,onlybasidiaarecommittedtomeiosisandbasidiosporeformation(ChiuandMoore,
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1988b), The facial cystidia project across the gill cavities and hold adjacent gills apart,

thus providing space for basidiospore development (Moore, 1995).

Basidium and basidiospore development, A basidium of C. einereus arises from a

terminal cell of a tramai hyphal branch (Horner and Moore, 1987). Tt enlarges while

being filled with cytoplasm. The cytoplasm of a young basidium (probasidium) is

relatively simple, containing numerous ribosomes, a few vacuoles, mitochondria and

limited endoplasmic reticulum. Later in the profusion stage, the basidial apex enlarges,

glycogen is evident at the basidial base, and free ribosome and lipid droplets accumulate

(McLaughlin, 1982). During the 10-hour period before karyogamy
(Lu,1972),probasidiaaretheonlycellsirreversiblycommittedasmeiocytestocompletemeiosisandsporulation.Incontrasttofacialcystidiaandparaphyses,themajorityofexcisedprobasidiaonlyarrest,butdonotreverttohyphalgiowth.Oncemeiosisisinitiated,thematurationofbasidiaisanautonomousendotropicprocess(ChiuandMoore,1988WDuringmaturation,basidiacontinuetoenlarge,whilekaryogamyandsubsequentmeiosisoccurwithin.Although,ingeneral,thebasidiaatthebottomofthegillsareslightlymoreadvancedintheirdevelopmentthanthoseattheapex,about70-80%ofbasidiaaresynchronousintheirmeioticprocesses(Lu,1967).Inayoungbasidium,apairofhaploidnucleiliesnearthemid-regionofthecell,onefromeachmonokaryoticparent.Atpre-fusionstage,thechromatinappearsdiffusedwhenobservedunderthelightmicroscope(Lu,1967).Asthebinucleatebasidiumdevelops,thetwonucleicomeinclosecontactandfuse(karyogamy)toformasinglelargedumbbell-shapednucleus;subsequently,thediploidnucleusbecomesoval-shaped(KimuraandTakemaru,1955).Afternuclearfusion,individualchromosomesbecomevisible.Twohomologouschromosomesaligninparallel,andpairingoccursbytheformationofthesynaptonemalcomplex.Crossingovermaytakeplaceatthisstage.Spindlemicrotubules(Lu,1967)participateinthefollowingtwomeioticdivisions.Alterthecompletionofthesecondmeioticdivision,atetradofnuclei,equallydistantfromeachother,isformed(KimuraandTakemaru1955)andtheapicalgrowthof(hobasidiumstops(McLaughlin,1973).Fromtheendofmeiosis,ittakesonlyabout18htocompletetheeventsleadingtothedischargeofbasidiospores(Pukkilaetal,1984).First,thesefourmeioticnudebecomemorecompactandelongated,migratingiowardsthetipofthebasidiumSimultaneously,tourstengmatabegintoprojectneartheapexofthebasidium

(fCinmu
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and Takemaru, 1955), which are the renewed tip growth at four restricted loci on the

basidial apex (McLaughlin, 1973). The position and pattern of sterigmata are not fixed

early in basidial development, but rather determined at or |ust before their appearance

on the basidia (McLaughlin, 1982). Sterigmata develop as blunt protuberances, (hen

become tapered and curxed as they enlarge (McLaughlin, 1977). It is not clear whether

the sterigmal wall is a continuation of the basidia! wall (McLaughlin, 1982). Ribosomcs

and other organelles are lacking at the sterigmata tip apex (McLaughlin, 1973), but

vesicles derivetl from Golgi cisternae and containing carbohydrates are present a! the

growing apex (McLaughlin. 1972) and appear to fuse with the plasma membrane,

implying a role in transporting wall materials (McLaughlin, 1973). The processes of

basidiosporogenesis can be divided into four stages: inception, asymmetric growth,

equal enlargement and elongation (McLaughlin, 1977). The cytoplasm becomes more

and more complex: as the development of a basidiospore progresses
(Sundberg,1978)Thefirststage,inception,ischaracterizedbythesphericalenlargementotthesterigmataapextoformamoreorlesssphericalsporeinitial,whichgrowsmoreorlessvertical(paralleltothelongitudinalaxisofthesterigmata).Attheapexontheadaxialsideofthebasidiosporeinitials,anelectronopaquestructure(thehilarappendixbody)appearsneartheplasmamembraneandadjacenttothefuturesiteofthehilarappendix,persistinguntilthesporesarematured.Thishilarappendixbodypredictsthesiteofthehilarappendixthatmaybeinvolvedindischargingbasidiospores(seebelow).Thebasidiosporewallatthisstageisthree-layeredandthin,enclosingasimplecytoplasm(McLaughlin,1977;McLaughlin,1982).Inthesecondstage(asymmetricgrowth),thesterigmatachangetheorientationofgrowthfromtheverticaltotheoblique/longitudinalaxis,resultinginagreaterincreaseinlengththaninwidth.Thehilarappendixappeatsajdacenttothehilarappendixbody.Thewallofbasidiosporesthickensandbecomessix-layered.Small(30-60nm)andbigvesicles(60-100nm)appearinthecytoplasm(McLaughlin,1977;McLaughlin,1982).Microtubulesextendfromthebasidiumintothesterigmata,suggestingthattheymayfunctionasacytoskeletonintheasymmetricgrowthormaydirectthemovementofvesiclesduringsterigmatadevelopment(McLaughlin,1973)Inthethirdstage(equalenlargement),thesphereofabasidiosporeenlargesequallyinlengthandinwidth.Atthebeginningofthisstage,acylindricallayerofroughendoplasmicreticulumappearsatthelowerpartofthebasidiospore.Wallthickensenivatthesporebasewhereperipheralendoplasmicreticulumispresent,suggestingthe

loIc
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of those rough ER in forming enzymes for wall synthesis or expansion. The hilar

appendix body projects further into the spore wall. The spore wall still has six layers,

but the outer three layers are fused. The cytoplasm becomes more complex. Numerous

Golgi vesicles are scattered throughout the basidiospore (McLaughlin, 1974).

Microtubules are abundant in the sterigmata and in the lower end of the spores, but not

associated with the hilar appendix body. Microbodies and mitochondria appear

(McLaughlin, 1977; McLaughlin, 1982) and the spore wall begins to be pigmented

(McLaughlin, 1974).

In the last elongation stage, the orientation of growth shifts from the

oblique/longitudinal back to the vertical axis, thus basidiospores elongate considerably

with little or no increase in width. The peripheral ER disappears at the beginning of this

stage. As the spore elongates, the third wall layer disrupts
andaporecapdevelopsatthesporeapexWallgrowthtakesplaceinthisstage.Microtubulesaredistributedthroughoutthespore,oftenmoreorlessorientedtoitslongaxisandcurvedattheapexundertheporecap.Afullyenlargedsporeis9-10.5umlongand5.5-6.5jimwide(McLaughlin,1977;McLaughlin,1982).Nucleimigrateintothesporesatthisstage(McLaughlin,1977).Nucleiundergoapost-meioticmitosis,givingrisetothematurebinucleatebasidiospore,butitisnotclearwhetherbeforeorafterenteringthebasidiospore(ChiuandMoore,1993;McLaughlin,1977;RajuandLu,1970).Maturebasidiosporesarcballistic-allydischargedby"BulleLsdroplet"whichisformed6hbeforeatthehilarappendix(Bui1er,1922;McLaughlinetal.,1985).Inaphaseofearlyenlargement,thedropletsattainadiameterofabout0.5-1.0pmandpersistforaperiodoftime.Thesecondenlargementisveryrapid,achieving80-100foldincreaseinvolumeatthepointofsporedischarge(McLaughlinetal.,1985).Dropletsatthehilarappendixondischargedsporeshadvolumesof1.66-24.1}tm'andtheircontentsaremainhice-like(McLaughlinandBeckett,1987).BesidesthismodeofsporedischargeinC.c'mereus,themajoricleaseofsporesoccursprobabhviaautolysisofthecap(ItenandMatile,1970;Kites,2000).StipedevelopmentandstipeelongationThestipeofC.cinereuscontainsbothnarrowandinflatedhyphae.Narrowhyphaeareseentobebranchedortobefusedlaterallyvilliothernarrowhyphae.Nobrandlingotfusionisseenbetweeninflatedhyphae.Bothnarrowandinflatedhyphaecanbefoundin3mmprimordia,lua

pre-
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meiotic (likely prckaiyogamic) primordiuni (-- 6 mm) in which the lumen is not yet

developed, the central region of the stipe is exclusively occupied by narrow hyphae. The

proportion of narrow hyphae decreases with time, implying that some of them become

inflated as primordia develop. With the increase in stipe diameter, a lumen develops

centrally throughout most of the stipe. In well-developed stipes (70 mm) of the mature

fruiting body (lumen is fully developed), narrow hyphae are particularly found in

coating the outside of the stipe and fringing the central lumen. Narrow hyphae also fill

the regions at the extreme bases and apices of elongating stipes. In addition, narrow

hyphae are interspersed between the inflated hyphae that are situated between the mid-

cortex and the lumen. Inflated hyphae appear to be evenlydistributedregardlessoftheprimordialageorpositionwithinthestipe(Oatnmadetal.,1993b).InC.cinereus,stipesofthepre-meioticstage(3-8mmprimordia)probablyonlyproliferate,butdonotelongate,sincethelengih/widthratiosofstipeceilsincreaseonlylittle(Hammadetal.,1993a).Stipeelongationishowevermainlyapost-meiolieevent.Themostrapidstipeelongationstarts8hafterkaryogamy(i.e.theendofmciosis)andlastslorapproximately5h(priortosporedischargeandpileusautolysis)(Hanimadetal,1993a).Thestipedoesnotelongateequallyoveritswholelength.Theuppermid-regionisthemostactive/oneofextension(CoxandNiederpruem,1975).Themiddlezoneelongates8.4-foldin15hduringfruitingbodymaturation(KamadaandTakemaru,1977).RapidstipeelongationofC.cinereusisanendotrophicautonomousprocess,sincestipesfromprimordiagreaterthan5mm(pre-karyogamy)canelongatewithoutarequirementforconnectionwiththecaportheparentalmycelium(CoxandNiederpruem,1975;üooday,1974)andthepresenceofexogenousnutrientsoiwater(Gooday,1975).However,althoughnotdependent,thestipeelongationissignificantlyenhancedbythepresenceofthecap(Hammacietal.,1993a).Rapidstipeelongationismainlytheresultofanintercalaryelongationofinflatedcellssituatedbetweenthemid-cortexandthelumen.Thegreatestcellexpansionwasseenintheinflatedcellssituatedbetweenthemid-cortexandthelumen,notattheperipheryofthestipe(Hammadetal.,1993b).Withintheseinflatedcells,thecytoplasmisrestrictedtothecylindricalperipheryhavacuole(Kamada,1994;Mooreetal.,1979).Duringstipecellelongation,thecellwidthremainsalmostconstant(KamadaandTakemaru,1977)Chitinl.iamajorcomponentofthe(cinereusstipe.Chitinmicrofibrilsarcpredominantlyfoundinthewallsofstipecellsinatransverseorientationbothbeforeandafterelongation(Gooday,1975).Duringilipeelongation,thechitinconten«ofthe
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stipe increases at the expense of proteins and glucans rather than glycogen ((îooday,

1975). New chitin microfibrils are dispersed among the pre-existing transverse

microfibrils (Gooday, 1975).

Cup expansion and autolysis, i ap expansion correlates temporally and

proportionally with the rapid stipe elongation (Kites, 2000). Most changes m the shape

of the cap depend on cell expansion (Moore, 1998; Moore et ai. 1979). At the time of

basidiospore pigmentation (ca. 8 h before the basidiospore discharge) (Iten and Matile,

1970), hymenial cells become vacuolated (Iten and Matile, 1970) and glycogen

disappears from the subhymenium tissues (McLaughlin, 1974). As basidiospores mature

(about 14 li after karyogamy), theexpansionofdifferentcelltypesinthecapbeginsimmediately,aswellasinflationofcellsinthestipe(Ilammadetat.,1993a).Unlikeformerlydevelopedfacialcystidia.multinucleatemarginalcystidiaarisefromgilltramawhenprimarygillspullawayfromthecentralstipeasthecapstartstoexpand(ChinandMoore,1993;Lu,1974).Soonafterthefirstbasidiosporedischarge,autolysisinitiates(ItenandMatile,1970)tomakespacefortheliberationofbasidiosporesfromtheinnercapregions(Moore,1998).Likethepigmentationofthesporewalls,theautolysisofgillsproceedsfromtheedgeofthegillclosesttothestipetowardstheouteredgeofthecapandfromthecapmargintowardstheapex(RosinandMoore,1985b).Autolysisiscausedbycellwalldegradationbychkinases(ItenandMatile,1970)andglucanases(Miyakaetal.,1980).NADP-linkedglutamatedehydrogenaseismostactiveattheendoffruitingbodydevelopmentandpossiblyactsinmetaboliccontrolofautolysis(StewartandMoore,1974).Theproductionofthesethreeen/ymesisnotsynchronousintimeandspace.1heproductionofNADP-linkedglutamatedehydrogenasestartsduringmeiosis(Mivakaetal.,1980)andincreasesitsactivityonlyinthepileusduringfruitingbodymaturation(StewartandMoore,1974).Theproductionofchitinasesandglucanasesisobservedafterthecompletionofmeiosis(Miyakaeta/.,1980).Chitinasesarelocatedinvacuolesofgilltissuesandsynthesizedabout?hbeforesporerelease(ItenandMatile,1970).Autolysisaffectsallpileustissues,butnottheouterveilcells(Kiies,2000).1.3.2FruitingbodydevelopmentinotherbasidiomycetesSchizophyllumcommune:S.contenueIt.(Schizophyllales,Schi/ophyllaceae)(Hawksworthetal.,1995)commonKknowas"splitgills"(Kendrick1992)isa
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heterothallic species with mating governed by a tetrapolar breeding system (Raper and

Miles, 1958) (section 1.4.1). The progression of morphological events leading to the

formation of fruiting structures in S, commune can be divided into five stages (Leonard

and Dick, 1968). Stage I involves the local aggregation and upgrowth of randomly

oriented hyphae (van der Valk and Marchant, 1978). Such hyphal aggregates have no

defined regular shape (Leonard and Dick, 1968) and possibly correspond to the primary

hyphal knots of C. cinereiis. Tt is not known whether in S. commune such hyphal

aggregates arise from one or more hyphae. In stage II,
hyphalgrowthbecomesdirectedtotheapicalcenteroftheaggregates.1heapicalcellsarerelativelyshorl,whilecellsattheperipheryaremuchlonger(Wessels,1992),resultingtotheformationofa"hyphaltufrwithregularsubsphericaltocylindricalappearance(Vol/andNiederpruem,1969).The"hyphaltuft"of&communeresemblesthesecondaryhyphalknotof(Icinereiis.ThestructureofstageIIIprimordiaoi>communeissimilartothatofStageII,butwithamacroscopicallyvisibleapicalpit(Vol/andNiederpruem,1969).ThemacroscopicallyvisiblegillsareformedinStageIV,andstageVistheexpansionofthegilledsurface(LeonardandDick,1968).Verydifferentfromthehemi-angiocarpicmodeofC.cinereiis,thehymeniumdevelopmentinS.communeisgymnocarpic(exposedhymenium)duetoitsformationattheapicalsurfaceoftheprimordium(vanderValkandMarchant,1978).Thehymeniumdevelopsearlyonthesurfaceoftheapicalcavity.Foldingofthehymeniumproducesthegills.Younggillsformaspalisadeonthehymenialsurface(Vol/andNiederpruem,1969).Thecavityisthenwidenedbylateralexpansionofthehymenium,whilegillsarecontinuouslyformed.Theedgeofthehymeniumfoldsandproducesthetypicalsplitgills.Theunilateralenlargementtransformsthecup-shapedyoungfruitingbodiesintofan-shapedmaturefruitingbodies(Wessels,1992).Thedifferentiationofthehymeniumgivesrisetobasidia.AbasidiumofScommunearisesasaproliferationfromaterminalhymenialhyphaandenlargeswhilenucleiareundergoingkaryogannandmeiosis(LhrlichandMcDonough,1949).Foussterigmataappearattheendofmeiosis,whilesmallvacuolesappearintheproximalregionsofthebasidia.Withvacuolesincreasinginnumberandinsi/e,fourhaploidnucleimigrateindividuallyintosterigmata.Followingthemovementofthebasidialcytoplasmandthehaploidnucleusintothebasidiospore,anehxlrogen-densehilumarisesinthehilarregiondelimitingthebasidiosporeandsterigmaSoonafteraposl-meiotiemitosis,thebasidiospotobecomesbinucleateandahiia»1-appendixisformedatthedorsalsideoftheslengma.Attheend.basidiospore;,are

baliisticaly
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discharged, probably by the formation of a "Buller's droplet" (Wells, 1965). Different

from C. cinereus gills, no stipe elongation nor cap autolysis occurs during fruiting body

maturation in S. commune. In fact, S. commune only possesses a very underdeveloped

stipe that contains thick-walled cells adjacent to collapsed filaments (Niedcrpruem and

Wessels, 1969). In particular, fruiting bodies have stipes only when grown on an

horizontal surface, whereas they are sessile when grown on inverted or verfiele surfaces

(Volz and "Niedcrpruem, 1969). The fruiting bodies of 5. commune are very long lasting

and can shed basidiospores upon wetting after being kept dry for years (Ainsworth,

1962).

Agaricus bisporus; A. bisporus (Lange) Imbach (Agarieaies, Agaricaceae)

( 1 lawksworth elai,1995),thebuttonmushroom(RoyseandMay,1993),isasecondaryhetcrothallicbasidiomyeetcwithabipolarbreedingsystem(RaperandRaper,1972;Xuetal.,1993).finsorganismpredominantlyproducesbasidiawithonlytwosporesthatcontaintwohaploidnucleiofdifferentmatingtypesandgerminatetoself-fertileheterokaryoticmycelia(Elliott,1985;Miles,1996),Thecellsofthevegetativemyceliumaremultinucleate(ca.6-25nucleipercell).Septalclampcellshaveneverbeenobservedandthereisnoevidencefornuclearmigration,nuclearpairingorconjugatenucleardivision(RaperandRaper,1972).TheculturesubstrateusedforthecommercialproductionoffruitingbodiesofA.bisporusisnormallybasedonnon-sterilecompostedplantresidues.However,A.bisporus(Lange)Sing,formed1-2mmprimordiainaxenieartificialmedia(Wood,1976).Theearlyfruitingbodydevelopmentincludestheformationofhyphalstrandsfromisolatedhyphaeandthede\elopmentofprimordiafromthestrands(Angeli-PapaandByrne,1978).Theseearlyeventscanbedividedintofourstages.Instage1,somehyphaegrowsimultaneouslyinthesamedirectionandfusetothickerhyphae.Athickiiyphaconsistsoftwoorseveralhyphaefusedsidewiseandhaveanaveragediameterof0.7urn.Thesurfaceofthesethickhyphaeisornamentedwithcalcium-richsmallhairystructures.Thinlayersofmucilaginouswebbingmaterialsextendbetweenindividualthickhyphae.Stage2ischaracterizedbytheconsolidationthroughmultihyphaiaggregationofnumeroushyphaeintostructuresusuallycalledstrandstorcords).Withinastrand,somehyphaeappeartobedevoidofcontents,whileneighboringhyphaearefilledwilhcytoplasm.Ahyphalstrandbranchesoccasionallyandthesebranchesincreaseinlengthwithoutanyspecialorientation.Thislossofpolarityingrowthof
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ramifications, together with their lack of adhesion, is the first sign of fruiting body

formation. In stage 3, the microscopic primordial initials are formed, which first appear

as more compact masses in already dense mycelial areas. These A. bisporus initials look

like the secondary hyphal knots of C. cinereus. Numerous short branches are observed

in primordial initials and primordial hyphae appear more turgid than their surrounding

counterparts. In stage 4, these initials appear to recruit hvphal contents from

surrounding mycelia, resulting m a localized thinning of mycelium around them

(Angeli-Papa and Eyme, 1978; Heckman et al., 1989). At the end of stage 4, a round-

shaped primordium with little differentiated hyphaltissuesisformed,whichisenclosedbyauniversalveil.Inthebaseoftheseprimordiaareverticalhyphaeandirregularlyinterwinedhyphae(veiltissue)arefoundattheapex(Angeli-PapaandEyme,1978;UmarandVanGriensven,1997).Later,whenprimordiareachasizeofca.10mm,hyphaewithparallelorientationcanbefoundintheregionwheresubsequentlytheupperpartofthestipedevelopsAtthisstage,captissuealsobecomesvisible.Duetothedifferentiationofcaptissue,thegillsbecomevisible(DeGrootetai,1997).Morphogenesecelldeathoccursduringtheformationofcavitiesbetweenthestipe-hymeniumjunction(UmarandVanGriensven,1997),aswellasduringtheearliermycelialstrandformation(UmarandVanGriensven,1998).Whenprimordiareach15-20mminsize,theshapeoftheA.bisporusfruitingbodyisclearlyvisible(Angeli-PapaandEyme,1978).LikeC.cinereus,thelaststagesoffruitingbodymaturationinvolverapidexpansionofthecapandgillsandrapidelongationofthestipe.UnlikeC.cinereus,therapidstipeelongationinA.bisporusoccursintheuppermostregionbynon-polarcellgrowthandcelldivision(Craigetal.,1977).Flammulinavelutipes;F.velutipes(Agaricales,Tricholomataceae)(Ilawksworthetal,1995),theenokitakeofJapan(Kendrick,1992),isatetrapolarbasidiomycetethatgrowsandfruitsreadilyinculture.Themodeoffruitingbodydevelopmentisangioearpic(Reijnders,1963)andisinitiatedintheaerialmyceliumbytheformationofthe"'knotofhyphae",besetwith"aspergilloidhyphae".Eachoftheaspergilloidhyphaehasaslightlyswollenapex,fromwheteneedle-shapedorfeatherycrystalsradiate.TheknotofhyphaeinF.velutipesresemblestheprimaryhyphalknoiofC.cinereus.Itdevelopsintoashaftthatconsistsofnarrowandmostlyparallelhvphaeboundtogetherinacommonslime.Cystidiado\elopattheapexofthisshaft,eachsecretingadropletofliquid.Astheshaftenlarges,adistinctpileusisformedattheuppeipartofthe
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primordium. At this stage, the whole priniordium is densely covered with cystidia,

particularly on the young cap, and the aspergilloid hyphae are no longer seen. Cystidia

persist and increase in number during later development (Jngold, 1980).

Lentinus edodes: L. edodes (Berk) Sing (Agaricales, Tricholotnataceae)

(Flawksworth et al, 1995) is the shiitake of Japan and the Xiang-gu of China (Kendrick,

1992). The origin of the /.. edodes fruiting body may be multicellular, since two

parental types of mtDNA were once recovered from tissues antl basidiospores of a

single fruiting body arised from the junction /one between the two mating colonies

(Fukuda and Fukumasa-Nakai, 1996). At the beginning of
fruitingbodydevelopment,thewholeoriginallyfluffyvegetativemyceliumdevelopsintoatightaggregatedmat(calledsemi-condensedmycelium).Progressivemycelialcondensationresultsintheformationofathickmembrane-likemycelium(calledcondensedmycelium).Smallprotuberances(immaturefruitingbodies)areformedonthecondensedmyceliumandtheygrowupintomaturefruitingbodies(Takagietal,1988).Tomyknowledge,thecellulareventsinfruitingbodydevelopmentofL.edodesaregenerallypoorlydescribed,exceptforthepost-meioticnuclearbehaviour.Inthebasidia,thefourhaploidnuclei,formedafterkaryogamyandmeiosis,migrateindividuallyintothebasidiospores.Afterapost-meioticmitosis,thebasidiosporesbecomebinucleate.UnlikeC,einereus,fourbasalnucleiofI.edodesmigratebackintothebasidium.Asaresult,thematurebasidiumbearsfouruninucleatebasidiosporesandcontainsfour-residualnucleithatlaterdegenerate(Murakamiandfakemaru,1985).Pleurotusspp.:Pleurotusoslreaius(Jacq.Ex.Fr.)Kummer(Pönales,Lcntinaceae)(lTawksworthetal,1995)isknownastheoystermushroom(Kendrick,1992).Themodeoffruitingbodyformationisgymnocarpic(Rcijnders,1963)LikeintheeaseofL.edodes,literatureonthecellularprocessesoffruitingbodydevelopmentisscarce.InseveralPleurotusspp.,thepost-meioticnucleardivisionoccuisinthebasidium,resultingintheformationofeightnuclei.Fournucleimigrateintothebasidiosporesandtheotherfournucleidegenerateinthebasidium(Clémençon,1997),Volvariellaspp.:Volvariellavolvacea(BullexFr.)Sing.(Agaricales,Pluteaceae)tllawLsworthetal,1995)iscommonlyknownasthepadebstrawmushroom(Kendrick,1992).Ithaslongbeenconsideredasaprimaryhomothallicspecies

with
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model fungus C. cinereus (section 1.3.1). Although fruiting body development appears

not to follow an exact cellular scheme in different basidiomycete species, the initial

steps in most cases are relatively similar with the formation of hyphal knots, which

sometimes are obviously separated into two substages, the primary and the secondary

hyphal knots. Later tissue differentiation in various species seems to follow different

temporal and, most importantly, spatial routes, giving rise to veiy different appearances

of fruiting bodies. Nevertheless, it is likely that the basic molecular processes are the

same among different species. Therefore, unraveling the molecular basis in the model

fungus C. cinereus should help to understand fruiting body development and its

regulations in other mushrooms. Most fortunately, this fungus is readily accessible to a

range of molecular and classical genetic techniques (Walser et al, 2001).

1.4 Regulation of fruiting body development
Thedevelopmentoffruitingbodiesisahighlyorganizedprocess,whichrequirescoordinationamonggenetic,environmentalandphysiological[actors.InC.cinereus,mating-typegeneshavebeenshowntobethemasterregulatorsoffruitingbodyinitiation.Mutationsinmatmg-typegenesandinothergenesactingintheAmating-typepathwayscanresultinself-compatibility(section1.4.1).Lightandnutritionaldepletionarethetwoprimarystimuliforinducingfruiting(sections1.4.2and1.4.3).Lighthasbothinducingandinhibitingeffectsonthedevelopmentoffruitingbodies.Neitherstimulusiseffective,unlessthemyceliumisphysiologicallycompetent(section1.4.4).1.4.1Geneticregulation1.4.1.1Mating-typegenesasmasterregulatorsManyheterothallicbasidiomycetesincludingC,cinereushaveatetrapolarbreedingsystem,inwhichmatingincompatibilityisdeterminedbytwounlinkedmating-typelociAandB(CasseltonandKuc>,1994)Tetrapolarreferstothetactthatfourdifferenttypesofbasidiosporescanbeproducedfrommeiosisintespeelofmating-typespecificity(AxBx,AxBy,A\BxandAyBy,wherexandyrepiesentdifferentmating-typespecificities).BoththeAandtheRlocuscontainseveralmultiallelicgenes.Differentcombinationsbetveenthesegenesdeterminetheestimated12,000matingtypesinnaturalpopulationsAsuccessfulmatingbetweentwomonokaryonsrequires
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that the two mating partners differ at least in one mating-type gene at each locus [for

review see (('asselton and Olesnicky, 1998; Hiscock and Kiies, 1999)|. The

establishment and maintenance of a stable dikaryon are primarily governed by the

mating-type genes (Tymon et al., 1992) [tor review see (Casselton and Olesnicky, 1998

Kiies, 2000)]. Since fruiting bodies usually develop on a dikaiyotic thallus, mating

types genes ultimately also control fruiting initiation [for review see (Kiies and Liu,

2000)]. This postulate has been confirmed when monokaryons were shown to initiate

fruiting body development upon transformation withclonedAandclonedBmating-typegenes(Kiiesetai,1998;fymonetai,1992;U.KiiesandM,Klaus,unpublishedresults).Inparticular,heterologousAgenesinduceprimaryhyphalknotformationintransformedmonokaryonsandtheseprimaryhyphalknotsdevelopintosecondaivhyphalknotsuponlightinduction(Küesetai,1998).HeterologousBgeneshavealsobeenshowntopromotetheformationofprimaryhyphalknots,butdevelopmentdoesnotcontinueevenmlight.However,intransformantscarryingbothheterologousAandBgenes,fruitingbodydevelopmentuptomaturationhasbeenobserved.Morcoveiinitiationoffruitinginthesetransformantsismoreregular,indicatingthatthecoordinationbetweenAandBmatingtypegenesisanimportantfactorforregulatingfruitingbodyinitiation(U.KiiesandM.Klaus,unpublisheddata).TheAmatingtypelocuscontainsthreetofourparalogouspairsofmultiallelicgenes(Pardoetal.,1996)thatencodetwotypesofhomeodomainproteins(ÎJD1andI1D2)differinginthesequenceoftheirDNA-bindingdomains(Kiiesetal.,1994a).Whenmatingcellsfuse,HDIand1ID2ofdifferentspecificityarethoughttoheterodimeri/eviatheN-terminaldomainsinordertogenerateatranscriptionfactorthatpromotestheregulatedexpressionofgenesrequiredfordikaryosis(Banhametal,1995)Heterodimerizationbringstogetherpotentialtrans-activationdomainsattheCterminusoftheHDIproteinandtheessentialHD2DNA-bindingdomain(Asante-Owusuetai.„1996).UnliketheHD1proteins,HD2proteinshavenonuclearlocalizationsignals(Kiiesetal.,1994a;Tymonetal.,1992),suggestingthatheterodimerizationalsoregulatestheentryoftheactivetranscriptionfactorcomplexintothenucleus(Spitetal..1998).ThemultiallelicBmatingtypelocuscontainsthrc-paralogousfamiliesofgenes,bintheyencodealargefamilyoflipopeptidepheromoneswithaconsensusCaaX(Ccysteine,a---aliphaticaminoacid,X=anyaminoacid)motifforisoprenylationatthci<C-terminalends,andpheromonereceptorswith7transmembranedomains,
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respectively. Each family consists of two pheromone genes and one receptor gene

(Halsall et al, 2000; O'Shea et al, 1998). For regulating development, pheromones of

one B mating-type specificity have to be recognized by pheromone receptors of another

B mating-type specificity (Olesnicky et al., 1999; Olesnicky et al, 2000).

Special imitations in both mating-type genes of C. cinereus result in the formation of

Amut Bmut homokaryons. which bypass the control in development by mating-type

genes and therefore form normal fruiting bodies without mating to another strain

(Uaylock et ai, 1980; Swamy et al, 1984). In a C. cinereus
mutantdefectiveintheAmating-typclocus{Amut),aninframefusionbetweenanHD2andanIIDlgenewithinthesame/(locuseonstitutivelyswitchedon,4-controlleddevelopment(Kiiesetal,1994b).InamutantdefectiveintheBmating-typelocus(Bmut),asingleaminoacidchange(Q229P)inthetransmembranedomainVIofreceptorRcb26mconfeisaself-compatiblematingphenotype(Olesnickyetal,1999).Inothercases,mutationsalteredthebindingspecificitiesofpheromonesandpheromonereceptors(Olcsnickvetal,2000).Similarmutationshavebeenshowntoexistinmating-typcmutantsof5.commune{Fowleretal,1998;Kothe,1999)thatarealsoabletoinitiatefruitingbodydevelopmentwithoutmatingtoanotherstrain(Râperetal,1965)1.4.1.2GenesinvolvedinfruitingbodydevelopmentRNApopulationsfluctuateduringfruitingbodydevelopment.TnS.commune,5%ol"mRNAspecificallyaccumulatedandsomeproteinswereonlysynthesizedduringprimordiumformation(DeVriesandWessels,1984;Hogeetal,1982).InC.cinereus,thetranscriptionof7%mRNAshowedbothtemporalandspatialspecificitiesduringfruitingbodymorphogenesis(YasharandPukkila,1985).Suchfluctuationiscausedbythedifferentialtranscriptionofdevelopmentallyregulatedgenes,whichareeitherspecificallyexpressedorinducedduringfruiting.ThisgroupofgenesisnottightlyclusteredingenomesofC.cinereus(YashatandPukkila,1985),&commune(MulderandWessels,1986)andA.aegerita(SalvadoandLabarere,1991).Severalapproacheshavebeenemployedtoclonegenesactinginfruitingbodydevelopment.Foimodelorganismssuchas("".cinereus,largecollectionsofdevelopmentalmutantsareavailable(Cummingsetal,1999;Muraguchietal,1999;U.Kües,etal,inprep\GenescorrespondingtothemutationscanbeisolatedfromspecificmutantshDNAcomplementationifobtainedbytraditionalmutagenesistechniques(UV.X-rav,chemicaloispontaneous),andbyplasmidrescueorspecificPCRtechniquesincaseof
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REMI-mutants. When information about functions of genes is available in other related

organisms, PCR with degenerative primers becomes a powerful tool, e.g. in the cloning

of ras genes from /. edodes (Hori et al., 1991) and C. cinereus (Bottoli et ai., 1999;

Ishibashi and Shishido, 1993), the adenylate cyclase gene cac from C. cinereus (Bottoli,

2001) and (he chitin synthase gene chsl from A. hisponis (Sreenivasaprasad et al,

2000). For species such as A. hisponis and L edodes that only recently became

amenable to genetic manipulations (de Groot et ai., 1998; lîirano er al., 2000), RNA-fingerprinîingbyarbitrarilyprimedPCR(RAP-PCR)(Leungetal.,2000)andexpressedsequencetag(EST)analysis(Ospina-Giraldoetal.,2000)providedasimpleandsensitivemethodtostudydifferentialgeneexpressionandgeneisolation.Molecularanalysisofdifferentiallyexpressedgenesintheirhostsmaybecomepossibleinthefuture,sincemoreefficienttransformationsystemshavenowbeendescribedforbothspecies(ChoiwVal,2000).Table2compilesclonedgenesfrombasic!lomycetesthatareshownorthoughttoplayaroleinfruitingbodydevelopment.Onlyveryfewofthesegenesarespecificallytranscribedinfruitingbodytissues,forexamplethegalectingenesofC.cinereusandsomehydrophobingenesandlaccasegenesofotherbasidiomycetes(Table2).AnalysisofanumberofC.cinereusmutantswithspecificdefectsinfruitingbodydevelopmentshowedthatgenessuchaseln2(MuraguchiandKamada,2000)andefsl(seechapter4)areindeedtranscribedalsoinvegetativemycelium,indicatingthattranscriptionalonecannotbetheonlycriteriatodecidethefunctionofageneinfruiting.Undisputedistheroleofhydrophobinsinfruitingbodydevelopment.TTydrophobinsaresmall,moderatelyhydrophobicproteinsthaihavemolecularmassesaround10kDa.Althoughdifferenthydrophobinssharelittleammo-acidhomology,thespacingpatternbetweensevenoreightconservedcysteinresiduesiswellconserved(Ngetal.,2000)[forreviewsee(Wessels,1997)].Thesecysteinresiduesareimportantforthegeneralstructuresandfunctions.Multiplehydrophobinsarecommontobasidiomycetesandareshowntobeinvolvedindifferentbiologicalprocesses.ThetemporalandspatialtranscriptionpatternsindicatethatdifferenthvdrophobinscontributetothesurfacehydrophobiaWofmorphologicallydifferentstructuresincludingfruitingbodies[foireviewsee(KershawandTalbot,1998;Wessels,1997)).Onthebasisofsimilarityinhydropathypatternsandthesolubilitycharacletisticsofassemblage,hydrophobinsaredividedintotwoclasses.ClassIisinsolublemSDS.classIIissoluble[forreviewsee(Wessels,1997)|.Mostfruitingbodyspecifichydrophobins,HypA/ABll1and



Table 2. Genes (potentially) involved in fruiting body development in higher basidiomycetes
(putative) Function Gene Organism Transcriptional pattern Reference

Substrate utilization / nutritional regulation

I 'icoa^e not named

Hexode transporter LeSir

Fructose 1,6-bisphosphatase LeFhp

a subunit of mitochondrial ATP synthase AtpD

Adenylate cyclase cac

A. bisporus highest before fruiting body development

L. edodes high in vegetative mycelium after cold treatment and in primordia

L. edodes high in mature fruiting bodies A.bisporushighbeforeprimordiumformationC.cinereusconstitutive34,5SignaltransductionBmating-typepheromonesandreceptorsBgenesC.cinereusBgenes5.communeSmallG-proteinCerasC.cinereusLerusL.edodesru,-;!S.commune\:aii'-d::i;,'"asubuni:cpgalC.congregatusAdenylyl-cyclase-associatedprotein,CAPcapL.edodesCAP-interactingprotein14-3-3geneL.edodesMitogcn-activatcdproteinkinaseLcMapKL.edodesnotknown6,7pheromonegenesarehighlytranscribedat12-24haftermating8(duringtheperiodofnuclearmigration)constitutive4,5,9constitutive10notknown50specifictohyphaitipceils11equalinallstagesinfruitingbodydevelopment48notknown49highinprimordiaandyoungfruitingbodies(afterkaryogamy)2TranscriptionalregulationAmating-typchomcodomaintranscriptionAgenesfactorsAgenesAgenesTranscriptionfactorwithaHMGdomainpeelTranscriptionfactorLeNotlXovelwithzinc-fingerandzinc-clustervriAiranscrzptior:factorLeJunDNAbindingproteinwithzinc-clusterpriBC.cinereusconstitutiveC.bilanatusnotdeterminedS.communeconstitutiveC.cinereushighindikaryonandin.-IonorSonmonokaryonsL.edodeshighinprimordiaL.edodeshighinDiirnordiaandyoungfruitingbodies(afterkaryogamy!L.edodeshighinprimordiaandyoungfruitingbodies(afterkaryogamy)L.edodeshighinprimordia1213,15,16172?18219.47



Cell division / wall synthesis

Cyclin B

Chitin synthase

LeClb (2.5 kb) L. edodes

LeClb (2.5/2.2 kbj L.. edodes

chsl A. blsporus

Hyphal aggregation

Aggregation factor with SP/I domain and

Phd finger (transcription factors?)

Hydrophobin

cell C. cinereus

cgl3 C. cinereus

mfhA L. edodes

lfypB/ABH2 A, blsporus

HypA/ABHI A. blsporus

Aa-Pri2 A. aegerita

Lehydl L. edodes

Fbhl P. os treatus

Sc4 S. commune

Sc 7 S. commune

Secondary hyphai knot formation

Cyclopropane fatty acid synthase cfsl C. cinereus

Primordial tissue formation

Cytochrome P450 CypA A. blsporus

Cytochrome
P450eln2C.cinereusAsp-hcmolysinAa-PrilA.aegeritaO-methyltransferaseich!C.cinereusMeiosis/DNArecombinationChromosomalpairingCoUM.ltC.cinereusallstagesinfruitingbodydevelopment2highinmaturefruitingbodies2allstagesinfruitingbodydevelopment20specifictoprimordia(highatkaryogamy-pachytenc)specifictoprimordia(highatkaryogamy-pachytene)specifictomaturefruitingbodies(highinstipe)highinsmallprimordiaspecificinveilsofprimordiaandmaturefruitingbodiesspecifictoprimordiaspecifictoprimordiaspecifictomaturefruitingbodieshighinprimordiaspecifictomaturefruitingbodiesincreaseduringfruitingandhighinprimordiainmeiosishighbeforeprimordiumformation34constitutive35specifictoprimordiaandyoungfruitingbodiesafterkaryogamy36specifictothepileus37hii?nsi-i-5hafterkarvossrnv382122.232122,2324,25262627,2829303132
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IIypB/ABH2 of A. hisporus (De Ciroot et al. 1999; De Groot et al., 1996; Lugones et

al., 1998), Aa-Pri2 from A. aegerita (Santos and Labarere, 1999), Sc4 and Sc7 of S.

commune (Schuren et al., 1993; Schuren and Wessels, 1990), Lehydl and T,ehyd2 of L.

edodes (Ng et al, 2000) belong to the class I hydrophobins. Only Fbhl of P. ostreatus

belongs to the class IÏ hydrophobins (Penas et al, 1998). Immuno-localization studies

suggest that Sc4 of S. commune as well as HypA/ABHl of A hisporus are probably

responsible for the hydrophob icity of the fruiting body surface and line air channels

within fruiting bodies (Lugones et al, 1996; Lugones et al,
1999),InC.cinereus,twogatectins(C'gllandCgl2)thatspecificalhbindtoß-galactosidecarbohydrates(Cooperetal,1997)maybeinvolvedinfruitingbodyspecifichyphalaggregation(Boulianneetal,2000).ExpressionofCgI2andCgllissynchronoustotheformationofprimaryandsecondaryhyphalknots,respectively(Boulianneetal,2000).ExpressionofgalectinsandformationofprimaryandsecondaryIwphalknotsareundertheregulationofAmating-typegenes,lightandnutrition(Bottoli,2001;Boulianneetal,2000;Küesetal,1998)(seechapter3),indicatingalinkbetweenthem.However,genecgllandcgl2aretranscribedhighestinprimordiaatdietimeperiodfromkaryogamytoearlypachytene(Charltonetal,1992).Thishighexpressionisthoughttopreparetheprimordiafortherapidstipeelongation,whichprobablyrequireslargeamountofgalectinstokeeptheelongatingcellsofthestipeattachedtoeachother(Boulianneetal,2000)(seechapter3).OtherproteinsbeingdiscussedtoactinthestructureoffruitingbodiesincludeaputativehemolysinAa-PrilofA.aegerita(FernandezBspinarandLabarere,1997)andMfbAofL.edodes(Kondohetal,1995),possiblyrepresentingaggregationfactors.ThepresenceofahydrophobicN-regionmightallowtheAa-PnlproteintobindtospecificmembranereceptorsandthiscouldcauseaggregationamongsthyphaeinordertoformtheprimordiaofA.aegerita(FernandezLspinarandLabarere,1997).AshortpeptidewithaRGDmotifof/edodesMfbAproteinhasbeenshowntoaggregateS.communehyphae(Yasudaetal,1997),butthegeneralstructureoftheproteinincludesaeysteine-richSETdomainandaPhdfingerthataretypicalfortranscriptionfactors(küesandLiu,2000).Extracellularlaccases(EC110.3.2),atypeofcopper-containingpolyphenoloxidase(Thurston,1994),mightalsocontributetothestructureoffruitingbodiesbyoxidativepolyphenolizationofcellwallcomponentstostrengthencell-to-tvl!adhesion(ZhaoandKwan,1999).Moreover,laccasescanplayaroleinpigmentatio.1ofthefruiting

bodies
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and/or the basidiospores (Zhao and Kwan, 1999). A number of laccase genes have been

cloned from white rot basidiomycetes, e.g. from Pyciioporus cirmabarimis (Eggert et

al, 1998; Temp el al, 1999), Phlebia radiata (Saloheitno et al, 1991), Trametes villosa

(Yaver and Golightly, 1996; Yaver et al, 1996), Trametes versicolor (Jonsson et al,

1995; Ong et al, 1997) and from mushrooms including A. bisporus (Perry et al, 1993),

C. cinereus (Bottoli et al. 1999; Yaver et al, 1999), /. edodes (Zhao and Kwan, 1999)

and P. ostreatus (Giardina et al, 1995). Laecases arc needed for utilizing lignocellulosic

substrates [for
reviewsee(WhitefordandThurston,)000)|andmayplayinthiswayaroleinfruitingbodymorphogenesis[forreviewsee(Thurston,1994)].InA.bisporus(Wood,1980)andLedodes(Ohgaetal,2000),laccaseactivityaccumulatesduringvegetativegrowthinpreciseparallelwiththemycelialmass,butundergoesrapidinactivationshortlyaftertheonsetoffruiting.In,1.bisporus,theleveloflaccasctranscriptswashighestincoloni/edcompostpriortotheonsetofthefruiting,declinedduringthesubsequentfruitingstepsandincreasedagainafterharvestingandduringthesecondflushoffruitingbodyproduction(Ohgaetal,1999).StudiesonC.congregatusrathersuggesttheinvolvementoflaccaseattheinitiallight-requiringstep.Laccaseactivitiesarehigherinculturesgrownatfruitingconditionsthanthosegrownatnon-fruitingconditions,e.g.incompletedarknessorat30°C.Withinthemyceliumofcultures,highlaccaseactivitywaslocalizedtoareaswheresubsequentlyprimordiadifferentiated(Ross,1982b).InS.commune,laccaseactivityincreasesduringfruitinguntilthematurefruitingbodiesareformed,afterwardsdeclinesrapidly(LeonardandPhillips,1973).However,dikaryonsofS.communesynthesizemuchmorelaccaseat30°Cindarknesswhennofruitingbodyisformed(DoVriesetal,1986).InL.edodes,thehighestamountsoftranscriptsforlaccasegeneslaclandIac2weredetectedinthecap(ZhaoandKwan,1999).Inconsistency,veryhighlaccaseactivitywasfoundintheuppermostandpigmentedrindofthepileusandinthestipeofmaturefruitingbodiesIncreasedlaccaseactivitywasassociatedwiththerapidgrowthofnonpigmentedaerialmyceliumandtheformationofpigmentedprimordiaandfruitingbodies(LeatharaandStahmann,1981).fromallthesedata,theroleoflaecasesinfruitingbodydevelopmentremainsobscure,butitisclearthatatleastsomebasidiomycetesregulatelaccaseactivityinrelationtoandduringmorphogenesis(Wood1985).Inmostbasidiomveetes,fruitingisinitiatedbylight(section1.4.2).InC.cinereus(Unoetal,1974)and/,.edodes(Takagietal,1988)lightinducescAMPproductioninparalleltofruitingbodyinitiation.InL.edodes,intracellularcAMPaccumulatediv
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condensed mycelia just prior to the onset of primordium formation (Takagi et al, 1988).

In C. einereus, high amount of cAMP was detected in illuminated mycelia of the

monokaryotic fruiting competent mutant strain ftsc compared to the dark mycelia of

monokaryotic strains fisc and fis" (Uno and Ishikawa, 1982; Uno et al, 1974). High

level of cAVlP was found in normal dikaryons as well as in self-compatible Amut Bmut

strains at (he point of fruiting, but not in semi-compatible common-/! and common-/?

heterokaryons
(Swamyetal,1985).ThesedatasuggestacorrelationbetweenthehighlevelofcAMPandfruitingbodyinitiation.cAMPisthereforethoughttobeanimportantmessagerespeciallyatthelightinducedtransitiontosecondaryhyphalknolformationinC.eitlerem(Bottoli,2001).ThecurrenthypothesisabouthowcAMPactsinsignallinginC.eitleremandotherbasidiomycetesismainlybasedonthecAMPsignallingmodelforpathogenicfungiandtheveastSaccliaromyceseerevisiae(Borges-WalmsleyandWalmsley,2000):externalsignalssuchaslightarethoughttobeperceivedbylightreceptors,whichtransducethesignalstoRASproteinstoformRAS-GTPfromRAS-GDP.In5.eerevisiae,RAS-GTPactivatesadenylatecyclase,theenzymesynthesizingcAMP.BindingofcAMPtotheregulatorysubunilofproteinkinaseA(PKA)causesthedissociationoftheregulatorysubunitfromthecatalyticsubunitsofPKA.Thecatalyticsubunitscanphosphorylatetargettranscriptionfactors,whichinturnregulatetheexpressionofspecificgenes(Borges-WalmsleyandWalmsley,2000).Asthefirststepindirectiontounravelthissignallingpathway,rashomologshavebeenisolatedinC.einereus(Bottolietai,1999;IshibashiandShishido,1993),in/,.edodes[(Horietal.,1991)andin5.commune(accessionnumberAF268471),cgpalencodingforaGproteina-subunithomologinC.congregatus(Kozaketal.,1995),theadenylatecyclasegeneeacinC".einereus(Bottolietal.,1999),genecapencodingaadenylyl-cyclase-associatedproteinandageneforprotein14-3-3thatinteractswithCAPfromL.edodes(Zhouetal.,1998;Zhouetal.2000).cgpalofC.congregatusistranscribedinthelight-receptivehyphaltiptissuesofthedikaryon,supportingitspossibleroleinlight-inducedsignallingtransductionpathway(Kozaketal,1995).CacactivityinC.einereusislightstimulated(Unoetal,1974),butthegeneisconstruitivclytranscribed(Bottolietal,1999),suggestingtheregulationofCatactivityisatthepost-transcriptionallevel(Bottoli,2001).Othercandidatesactinginsignaltransductionpathwaysincontroloffruitingbodyformationincludeanumberofpotentialproteinkinasesandtranscriptionfactors,whosegenesarespecificallytranscribedduringearlprocessesoffruitingbody

development.
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For example, the gene LeMapK for the protein kinase homolog in L. edodes is mainly

transcribed in primordia (Leung et al, 2000) and a number of genes for potential

transcription factors (LeNotl, LeJitti, priA and priB) arc all highly transcribed during

primordium formation (Endo et al. 1994; Kajiwara et al, 1992; Leung et al, 2000).

AtpD, a homolog of a subunit of mitochondrial ATP synthase from A. bisporus (De

(ïroot et al, 1997) and ß-MPP, a homolog of the ß subunit of mitochondrial processing

peptidase from /„.
edodes(Leungetal,2000)arehighlytranscribedbeforeorduringtheformationofprimordia.Therequirementofß-MPPformitochondrialbiogenesissuggeststheparticipationofmitochondriaintheveryenergy-demandingfruitingprocess(Leungetal,2000),MutantcomplementationinC.cmereusdetectedaconstitutivelytranscribedgeneeln2foramicrosomalcytochromeP450homologsactingintissueorganizationoftheprimordialshaft(MuraguchiandKamada,2000).TheanaloggeneCypAfrom.Ihispomswasalsoisolated.Thisgenehoweveristranscribedbeforeprimordiumfoimation(DeGrootetal,1997).AnothergenewithadefinitiveroleinfruitingbodydevelopmentinC.cinereusisichI(MuraguchiandKamada,1998),whosegeneproducthasapotentialS-adenosvl-methioninebindingdomain,suggestingittopossiblyactasamcthyltransferase(KüesandLiu,2000).Mutantswithdefectsinichllackcentrifugallygrowinghyphaltissueswithinthepileus.Thisgeneisspecificallytranscribedinthepileus(MuraguchiandKamada,1998).1.4.1.3GenesforhomokaryoticfruitingFruitingbodyformationinheterothallicbasidiomycetesisnotalwayslimitedtodikaryons.Althoughrarelyoccuringinnature,homokaryoticfruiting(Rsser,1979)hasbeenobservedinseveralspeciesofPorialesandAgaricalesunderlaboratoryconditions(StahlandEsser,1976).Homokaryoticfruitingbypassesplasmogamy,whichisaprerequisitefordikaryoticfruitinginmostbasidiomycetes.Threetypesofhomokaryoticfruitingwereobservedinbasidiomycetes.TypeIistheabortivehomokaryoticfruiting(AUF),whereonlyfruitingintermediatestructuresorneversporulatingfruitingbodiesareformed(Esseretal,1979).TypeIIisthe(ruehomokaryoticfruiting(THF),inwhichhomokaryoticfruitingbodiescontainonlytwo-orfour-sporebearingbasidia,butallbasidiosporeshavethesameMatingtvpeastheparentalhomokaryon(EsserandMeinhardt,1977;Miyakéetal,D80;StahlandEsser,1976;UnoandIshikawa,1971).'type111iscalledthepseudo-honvkaryotiefruiting(PI1F),inwhichfruitingbodiesare
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indistinguishable from the normal dikaiyotic fruiting bodies and basidiospores are of

different mating types (Labarere and Noel, 1992).

Homokaryotic fruiting may occur spontaneously, under stress conditions such as

nutritional deficiency (Gibbins and Lu, 1984) and mechanical injury (Leslie and

Leonard, 1979a), and after exposure to fruiting-inducing substances (section 1.4.5). In

S. commune, spontaneous homokaryotic fruiting, fruiting due to nutritional stress and

fruiting due to mechanical injury are under separate polygenetic controls (Leslie and

Leonard, 1979b). Being under
nutritionalstressforlongperiods,somemonokaryonsofC.cinereuschangeintoamyceliumbearingclampconnectionsFruitingbodiesarisefromthismyceliumandcontainbasidiainwhichtwonucleiundergomorphologicallynormaltneiosis,leadingtotetradbasidiosporesofthesamematingtypeastheirparentalmonokaryon(GibbinsandLu,1984;Walser,1997;U.Kües,personalcommunication).InthestrictestsenseofALUandTL1Ffruiting,hyphaefromalldevelopmentalstagesareuninucleateandclampless(StahlandLsser,1976).Thecontroloffruitingbythemating-typegenesisapparent!}bypassed.Severallocioperatingmsequencehavebeenattributedtothesetwotypesofhomokaryoticfruiting.InS.commune,eitherthefh~locusorthe//Vlocusisrequiredfortheinitiationofhomokaryoticfruiting,whereastheactionofbothlocileadstotheformationoflongstipeswithoutlamellaandspores.Thethirdlocus/?>'isresponsiblefortheformationoffullydevelopedhomokaryoticfruitingbodies,whichdifferinshapefromdikaiyoticfruitingbodies.Theexpressionsofallthreemorphogeneticlociinhomokaryoticfruitingcanbeinhibitedbyafourthlocuscalledst*(Esseret«/.,1979).Inaddition,twofruitinginitiatingalleles(hap-5sp"andhap-6sp")from£.communecanbypassthemating-typecontrolandpromotespontaneousmonokaryoticfruiting(LeslieandLeonard,197%).InthetetrapolarPoiyporuscHiatus(Poriales)(StahlandLsser,1976)andthebipolarAgrocvbeaegerita(Agaricales)(LsserandMeinhardt,1977),onlyasinglelocusffwasfoundtoberesponsiblefortheinitiationofhomokaryoticfruiting.Anadditionallocusß+issubsequentlyrequiredforthecompletionoffruitingbodyformation.Sofar,noneofthesegeneshasbeenclonedfrom5.commune,P.ciliatusorA.aegerita,However,agenefrtlofS.communewasisolatedbychancebytransformingagenomiclibraryintonon-selfmonokaryons(endogenous//•//alleleisdifferentfromthe(ransgene).ThegeneinducedTHFinthesetransformantsand,inaddition,precociousfruitingwithanincreasedsporeproductionindikaryonsof5.commune(HortonandRapeu1991).Genefrtlencodesaputativenucleotide-bindingprotein(HortonandRaper,1995)and

is
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dispensable for dikaryotic truiting. Elevated transcription of the dikaryon-specific

hydrophobin gene sc4 in Afrll homokaryons suggests that fril act as a negative

regulator of dikaryon-expressed genes (Horton et ai, 1909).

Alterations within the mating-type loci also can cause true homokaryotic fruiting.

Tlomokaryons such as strain AmufBmut of C. cinercu\ (Swamy et ah, 1984) and

MATAconMATBu)n strains ot\S". commune (Koltin and Raper, 1968) are self-compatible

due to specific mutations in the A and the B mating-type loci (see chapter 2) and

produce fruiting bodies with identical
basidiosporcs.Spontaneousmating-typeswitchinghasbeendescribedinA.aegerita(LabarereandNoel,1992)andinAgarieusbitorquis,givingrisetoPHFwithfruitingbodiescarryingbasidiosporcsofdifferentmatingtypes(Martine/Carreraetal,1995).InP.ostreafie*,monokaryoticrégénérantsofprotoplastsfromdikaryonsgaverisetofruitingbodieswithsporesofdifferentmatingtypes,butitisnotknownwhethermating-typeswitchingwasthecauseofthiscase(Takeharaetal.,!993).Mutationsoutsideofmating-typegenesbutwithinthemating-typeregulatorypathwayalsocancausespontaneoushomokaryoticfruitingasinthecaseofmonokaryonsllscand5337ofC.cinereus(Muralaeta/.,1998;UnoandIshikawa.1971).Anonsensemutationingenepeelhasbeenshowntoberesponsiblefortheformationofmonokaryoticfruitingbodieshavingfewbutfertilebasidiospores.ThePeelproteinhasaHMGdomainandaputativenuclearlocalizationsignal,suggestingittoactasatranscriptionfactor.Themutationinpeelpromotesalsotheformationofnon-fusedclampcells,suggestingitsdefiniteroletoresideintheJ-regulatedfruitingpathway(Murataetal.,1998).Themolecularmechanismofmostgenesinvolvedmhomokaryoticfruitingisnotknown.However,thetactthatgenefrtl(Hortonet<//.,1999)and//'(EsserandMeinhardt,1977;StahlandEsser,1976)notonlycaninducehomokaryoticfruitingbutalsoenhancetheproductionofdikaryoticfruitingbodiessuggestsapossibleoverlapbetweenmonokaryoticanddikaryoticfruitingpathways(Wessels,1993;Wessels,1994).1.4.2EnvironmentalregulationFruitingbodyformationisaspecificresponseo!thedikaryoticthallustoenvironmentalstimuliwhichincludetemperature,t\):concentration,humidity,moisturecontentofthemedium,pH,presenceofmietobesandlight[forreview

see
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(Kües and Liu, 2000)]. The optimal environmental conditions for vegetative growth and

for the subsequent fructification are usually very distinct.

In general, higher temperature stimulates the vegetative growth, but fruiting occurs at

lower temperature. In C. eiriereus, the mycelium grows fastest at 37°C, but only

temperatures of 25-28°C permit fruiting (Walser,>/ al,, 2001). In F. velutipes, 24-25°C

is optimal for mycelial growth, but fruiting occurs well only at 10-15° (Kinugawa,

1993). For the cultivation of the wood-rotting fungus L. edodes, inoculated logs arc kept

in greenhouses at 10-20°C. Prior to the time for fruiting, logs
arecold-treatedbysoakinginwatertoinduceprimordiumformation(1,eatham,1982).InA,bisporus,stipeselongatemorerapidlyinhighC(V>concentrations,whereascapandgillsexpandandsporesmaturemorerapidlywhenCO;;isremoved(Turner,1977).Exposureof/'velutipesculturestohighCOconcentration(6000ppmfor7days)duringspawnrunningstimulatedvegetativemycelialgrowth,butexposureihinrigfruitinghadaninhibitoryeffectonprimordialfotmation(Kinugawa,1993).LowCO?concentrationmightcausetheformationofmalformedfruitingbodieswithelongatedstipesandreducedpilei(KiiesandLiu,2000).luL,edodes,inadequateaeriationnearthetimeoffruitingmaturationresultsinthelailureofcapexpansion(LeathamandStahmann,1987).SufficientventilationimprovestheyieldoftruitingbodiesinA.mellea(TogashiandTakizawa.1995).Highrelativehumidity(95-90%)isgenerallyinfavoroffruitinginL.edodes(Leatham,1982).InL.edodes,substrateofhighandconstantmoisturecontentisimportantforobtainingagoodmushroomyieldandgoodquality(Ohga,1999a).Theoptimalmoisturecontentforwoodsubstrateis35-60%and60-80%forothersubstrates(KiiesandLiu,2000)./(.melleafruitssynchronouslywithhighyieldontheartificial(yeastextractimaltextract-tglucose)-agarmediumwith66-75%moisturecontent(TogashiandTakizawa,1995).TnF.velutipes,vegetativegrowthoccurswithinawiderrangeofpH(ca.3-11),andapHvaluearound6-7permitsfruiting(Kinugawa,1993).Sawdust-basedsubstratewithpH4.0permitshuitinginLedodes(Ohga,1999b)ThepresenceofmicrobesstimulatesfruitingmAgaricusbyeliminatinginhibitorycompoundsfromthesubstrates(DeGrootetal,,1908).Lighthasbeenmostintensivelystudiedas«modulatingfactorforfruitingbodydevelopment.AlthoughA.bisporuscancompletefruitingbodyformationindependentlyfromlight,mostothermushroomsneedlighth<>fruiting(Hger-Hummel,198011

he
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light requirement regarding dosage and fruiting stage varies widely from species to

species, even among different strains within a species. Fruiting body formation in

Favolus areularius takes place in continuous light. Lentinus tigrinus only needs light for

the maturation of primordia (Eger-Hummel, 1980), but Coprimts stercorarius (Ellis et

al, 1999) and L. edodes (Mohamed et al, 1992a) require two separate light signals for

initiation and maturation. In C. stercorarius, a 2 seconds light exposure is sufficient for

pnmordium formation, whilst
a16hilluminationperiodisneededforfruitingbodymaturation(Ellisetal,1999).InLedodes,30minutesofilluminationleadtoprimordiumformation(Mohamedetal.,1992a;Mohamedetal.,1992b).ContinuouslightinhibitsthedevelopmentolmaturefruitingbodiesinCoprimtscongregatus(DurandandFuruya,1985).LightacceleratestheformationofS.communehyphalaggregatesinstageI-llanddifferentiationofthehymeniumisalsolightdependent(Perkins,1969).HomokaryonAmutBmutofC.einereusneedsalternatingperiodsofdarkandlighttodevelopfullymaturefruitingbodies(Kües,2000;1u,2000).However,otherC.einereusisolatesreadilyfruitincontinuouslight(Madelin,1956a;MorimotoandOda,1973).Duetothelightsensitivitycommonlyfoundinfruitingbodydevelopment,standardfruitingconditionsforC.einereusarceithera12hlight/12hdarkregime(Granadoetal,1997;Muraguchietal,1999;Seitzetal,1996)ora16hlight/8hdarkregime(Lu,2000;Pukkilaetal,1984).TheearlieststageoffruitingbodydevelopmentinC.einereus,theformationofprimaryhyphalknots,needsdarkness(continuouslightinhibitsprimaryhyphalknotformation)(Boulianneetal,2000;Küesetal.,1998).Iflightisabsent,theprimaryhyphalknotsdevelopintoaerialselerotia(Boulianneetal,2000;Moore,1981).Incontrast,thetransitionfromtheprimarytothesecondaryhyphalknotsislightdependent(Boulianneetal,2000;Lu,1974;MorimotoandOda,1^/3).TheeffectoflightinfruitingbodyinitiationislocalinC.einereus(Madelitt,1956a)andinMelanotusspp.(Newman,1968),butnotinC.stercorarius(Ellisetai,1999).InC.einereus,differentiationwithinthesecondaryhyphalknotsrequiresalsoalightsignal.Inthepresenceoflight,Inmeniumdifferentiatesandgivesrisetogills(Lu,19/4).Iflightisabsent,hymeniumdtffetentiationisblocket!andonlymalformediiuttingbodieswithundifferentiatedcapsandelongatedstipes(called'"etiolatedstipes"or"darkstipes")willbeformed(1u1974;MorimotoandOda,1973,Tsusue,1969).Thesamelighteffectwasalsoobsenedm/..edodes,whichonlyformssuch"pseudofautbodies"withoutdifferentiatedcapintheabsenceofasecondlightsignal
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(Mohamed et ai, 1992a). In C. stercorarius, three days of constant light only gives rise

to tall stipes with little or no pileus expansion (Ellis et ai, 1999).

After completion of gill formation in C. cinereus, light is required for the DNA

synthesis at the prekaiyogamy stage, but the light intensity is not critical (Morimoto and

Oda, 1974; Lu, 2000). However, light intensity determines the duration of the nuclear

fusion and the timing of meiotic events Higher light intensity enhances basidia to enter

karyogamy (Lu, 2000), but temperaturealsoplaysaroleinhowreactionsoccuruponlight(Lu,1972;Lu,1974).Followingnuclearfusion,meiosisincertainstrainsofC.cinereusneverproceededbeyondprophase1at28°Cintheabsenceofdarkness(Kamadactai,1978).A3hdarkperiodisnecessaryfornucleitoenterthemeioticmetaphase,butalsothedarkrequirementisstrain,temperatureandlightintensitydependent.Whentemperatureisbelow25°C,evencontinuouslightmightnotarrestmeiosis(Lu,2000).InC.congrcgatus,whennucleiarearrestedinmeiosis,stipeelongationwillnotoccur(RobertandBret,1987).InC.cinereus,theinductionofstipeelongationneedsadark-induceddiffusiblefactorfromthecap(KamadaandTsuji,1979).Oncearapidstipeelongationhasstarted,capexpansionandfruitingbodymaturationinC.cinereusisindependentoflight(TableI).AdarkdependenceinstipeelongationisnotseeninC.stercorarius(Ellisetal.,1999).However,inL.edodes,lightpromotesthepigmentationofprimordiaandonlysuchpigmentatedprimordiaarecapabletoexpandlater(LeathamandStahmann,1987).Moreover,lightisrequiredforthedevelopmentofcapandbasidiosporesinF.velutipes,S.communeandTrametesversicolor(CroanandKim,1997;Perkins,1969).Mostbasidiomycetes,includingC.cinereus(Kertesz-Chaloupkovaeta/..1998;Küesetai,1998)andS.commune(PerkinsandGordon,1969;Yli-Mattila,1991),respondtobluelight(360-490nra).Veiylittlelight(1foot-candleof410-450nmbluelight)isneededforthefruitingbodyinitiationinC.cinereus(Lu,1974).Asfewas2-3s(0.5fimoltn2)ofbluelight(440-470nm)initiateprimordiumformationin(.stercorarius(Ellisetai,1999).In/'.ostreatus,hyphalaggregationduringthefruitinginitialstageisstimulatedbylightinthenear-UV(370nm)andblue(440-450run)region(RiehartzandMacLellan,1987).tnC.congregantsaphotofluenceof5pmoltn2at2.60-280nmissufficientforfruitingbodyinitiation,andtheeffectivenessat280nmkfourtimeshigheithanthatat440nm(Durand.1987)Otherbasidiomycetesac;ondifferentspec!ui,e.g.blueandredlightareehcctivctoMelanomsspp.(Newman,1968)and
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Sphaewbolus stellatus (Ingold and Nawaz. 1967). In Melanotus spp., primordium

formation requires blue or red light. However, mature fruiting bodies are only formed in

blue light and fruiting bodies with abnormal pilei are formed in red light (Newman,

1968). la & stellatus, blue light is essential for uniting body initiation and primordium

development, but the later spore discharge is more accelerated by red than by blue light

(Ingold and Nawaz, 1967). In L. cdodes, the stimulatory wavelength in fruiting is

dependent on the composition of growth medium. Red light (620-680 nm) stimulates

fruiting on media with low calcium content (<40 p.p.m.). Blue light (400-500
nm)inhibitsfruitingwhentheconcentrationofcalciumislowin(hemedium,butstimulatesfruitingonmediumwithhighcalciumcoulent(M30p.p.m.)(LeathamandStahmann«1C)87).Bluelightisalsoresponsibleforprimordiumpigmentationin/,.edodes(TeathamandStahmann,1987).Thetransductionofalightsignalintotheinteriorofcellsisthoughttobeviaphotoreceptors(Ross,1985).ThephotoreceptorresponsibleforUV/blueperceptionhasbeensoughtforwithoutsuccessfordecades.Actionspectra(280-460nm)fordifferentbluelightresponsessuggestthemtobeflavin-typeorcarotene-typephotoreceptors(Durand,1987;Elliott,1994;Yli-Mattila,1991).1.4.3NutritionalregulationCarbohydratesexceptlactoseandgalactosearegoodcarbonsourcesforthegrowthofC.cinereus(Madelin,1956b).Glucoseandothercarbohydrates(acetate,fructose,maltose,mannitol,mannose,xylose,celluloseandstarch)cansupportgrowthofmonokaryonsasthesolesourceofcarbonandenergy(Moore,1969).GlucoseiswidelyusedinallartificialmediaforcultivatingC.cinereus(Bottoli,2001.Walser,1997).Similartothesituationinenvironmentalconditions,nutrientsthatwellsupportvegetativegrowthdonotnecessarilvsupportreproduction.Forexample,therangeofglucoseconcentrationspermitting\egetativegrowthismuchbroaderthantheonepermittingfruiting,andtheiroptimadonotoronlylittleoverlap(Bottoli,2001;Madelin,1956b).2%(w/v)glucoseinhibitsprimaryhyphalknotfondation,butthisrepressionrapidlydiminishesastheglucoseconcentrationreducesIrom2%to1%(Bottoli,2001;Matthewsand"Niederpruem,1972).GlucoseconcentrationalsonegativelyaffectsthedevelopmentfollowingprimaryhyphalknotformationInfact,primordialoccuratthetimewhenglucoseisdepleted(RaoandNiedc.pruom,1969).Developmentisusuallynotcompletelyblockedbutmalformedprimoidia

and
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malformed fruiting bodies will arise, when the glucose concentration is raised after the

step of primary and secondary hyphal knot formation (Bottoli. 2001).

The carbon sources utilized by basidiomycetcs are usually hgnocelluloses. Many

commercial mushrooms such as .< bisporus, F. vehttipes, L, edodes, Pleurotus spp. and

Volvariella spp. are cultivated on a wide variety of inexpensive substrate/wastes

including bagasse, banana leaves, cereal straws, cotton waste, coffee ground, rice bran

and sawdust (Chang and Quimio, 1989; Stamets, 1993). Tt is frequently observed that a

high concentration of nutrients encourages vegetative growth and ihat fruiting may be

stimulated by mechanisms causing
thestopofvegetativegrowth(Miles,1993).Therefore,faiitingbodydevelopmentinA.bisporusisoftenintlucedbycoveringthecompost,whichhasbeencolont/edbyvegetativemycelium,withalayerofmoistpeatandchalkhavingonlylimitednutrients(KiiesandLiu,2000).PrimordiaofCoprimisspp.areusuallyformedinaperipheral/oneoftheculture(Bottoli,2001;Ross,1982a)(seechapter3),butnotallprimordiadevelopintomaturefruitingbodies(Bottoli,2001;Madelin,1956b).Indeed,fruitingbodymaturationmightnotequallyoccurwithinaculture.Theunequaldistributionofmaturefruitbodiesledtothesuggestionthatfaiitingbodiesactedasasink,whichwithdrewnutrientsfromthewholecolony(Madelin,1956b).Glycogen-storagecellswerefoundinsubmergedmyceliaofundifferentiatedcultureinC.cinereus.Uponfruiting,vacuolesappearedintheseglycogen-storagecellsandtheirenlargementresultedinthedepletionofglycogenfromthosecells(Madelin,1960).Thequantitativedeclineofglycogeninthedikaryoticmyceliacoincidedwiththeappearanceofmaturesclerotia(JirjisandMoore,1976),implyingthatglycogenwastransportedtowardssiteswheresclerotiaareformed.Accumulationofglycogeninfruitingbodytissuesisevidentm1mmprimordia(MatthewsandNiederpruem,19/3),initiallyinthestipebaseandsubsequently,withtheprogressionofprimordiummaturation,inthecap(BalyneyandMarchant,1977;Mooreetai,1979).Inthecap,glycogenbecomesconcentratedingillswithinthesubhymenialtissues(McLaughlin,1974).Upto1nigofglycogenisaccumulatedineachyoungfruitingbody,allofv\hichdisappearsasbasidiosporesareproduced(Mooreetai,1979).Itappearsthatglycogensouesasstoragepolysaccharideandabreakdownofglycogenprovidesenergyandcarbonsupplyforbasidiosporesformation.Nopolysaccharidedepositscanbedetectedinspecimensbearingmatinespores(Mooreetal,1979).AUtheseobservationssuggestthatanorganizedtranslocatingroute(mycelium=>stipe=»cap)isusedtosupplythepolysaccharideiorthedevelopmentof
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fruiting bodies. However, the temporal pattern of glycogen accumulation/degradation

was very variable in 23 tested individual fruiting body caps during the period from

karyogamy to sporulation, indicating that the glycogen content was not closely

associated with any single step from meiosis to spore formation (Ji and Moore, 1993).

Glycogen is not the only storage carbohydrate used in basidiomycetes for fruiting: A.

bisporus degrades trehalose to provide energy and carbon supplv for fruiting body

development (Kites and Liu, 2000)

Works in C. cinereus showed that not only the absolute concentration of carbon is

important to decide the initiation of fruiting body development, but also the relative C/N

ratio iscrucial.AC/Nratiopermittingformationofmaturefruitingbodiesrangesfrom10:1to5:1.Aratiobelow5:1maysometimesleadtotheformationoffruitingbodieswithbasidiospores,butthesebasidiosporesdonotgerminate(Bottoli,2001;Madelin,1956b).InA.bisporus,theoptimalC/Nratioincompost(straw,manureandcalciumsulphate)forfruitingisbetween80.1and10:1(KiiesandLiu,2000)ForC.cinereus,theutili/ablenitrogensourcesincludeammoniumandorganicnitrogen,butnotnitrate(Madelin,1956b).C.cinereus,A.bispomsandYolvarieUavolvaceacanutilizeproteinsassolesourceofcarbon,nitrogenorsulphur(Kaliszetal,1986).Theyappeartouseproteinsaseffectivelyasglucosewhenusedasthesolecarbonsource(Kaliszetal.,1986).InC.cinereus,highconcentrationsofaminonitrogenincreasethecolonygrowthratebutblockfruitingbodyinitiationandmaturationatseveraldistinctsteps(primaryandsecondaryhyphalknotformation,primordiumformationandmaturationuptothestageofpostmeioticrapidstipeelongation)(Bottoli,2001).Thenegativeeffectofahighnitrogenconcentrationonfruitingbodyinitiationmaybearesultoftheammoniumexcretedintothemedia(Kaliszetal,1986).However,secretionofammoniafromprimaryhyphalknotsintothemediumpositivelyintluencesfruitingbodyinitiationbyinhibitingprimaryhyphalknotsfrommaturingintosclerotia(MooreandJirjis.1976).Additionofammoniawater(NIL)to5-dayoldC.cinereusculturesinducedprimordiaformationinthedarkat25°C,whileapotatodextrosemediumfreeofammoniaonlyptoducedvegetativemyceliainthedarkordevelopedprimordiauponlightexposure.Thesedatasuggestthattheeffectoflightonfruitingbodvinitiationcanbereplacedbyammoniatreatment(Morimotoetal,1981).Laterindevelopment,applicationofammoniumsaltsinhibitsthedifferentiationofbasidiawithinexplainedgillsegmentsatanylimeduringmeiosisandpiomotestheoutgrowtholvegetativehyphaltipsfromspecificregionsofthe



54 fntroduction

basidium, which are normally involved in active wall synthesis during basidiospore

formation fChiu and Moore, 1988a). The very early outgrowth of stcrigniata from the

basidium is the most sensitive stage to the inhibition by ammonium (Moore et al,

1993)

1.4.4 The mycelial competence in fruiting body initiation

Not every hypha from the entire mycelial thallus is uniformly competent to

differentiate. Under standard fruiting conditions, primordia are mostly initiated in the

peripheral /one in C, cinereus cultures (Bottoli, 2001) (see chapter 3). Following a cold-

shock at 5°C for 24 hr, 3-day old (' cinereus colonies synchronously developed

primoidia in a ring that is 1-5 mminsidethemarginofthecolonyformedatthetimeofthecoldtreatment.Thisobservationsuggeststhatonlyhyphaeofacvilainageareresponsivetothecold-treatment(Tsusue,1969).InC.congregants,myceliumatleast3-dayoldcaninitiatefruitinginresponsetolightonlyinthenewlygrowingperipheralzone.litelightinducible/onemigratesoutwardswiththeperipheralhyphaeasthemyceliumexpands,whilepreviouslycompetentzonesbecomeinactiveandnon-inducible(Ross,1982a).Likewise,fruitingin5*.communecanbeinducedbylightonlyincoloniesthatareafewdaysold(LeonardandDick,1968;Perkins,1969).Afterlightinduction,fruitingbodiesof,S".communeareformedattheedgeoftheculturebehindtheapicalregionofthehyphae,butthefirstfivehyphalcellsintheapicalregionneverrespondtolightforfruiting(RaudaskoskiandViitanen,1982).flomokaryoticfruitingbodiesin5.communeandinhomokaryonAmutBmutofC.cinereuscanlocallybeinducedbymechanicallycuttingintoanestablishedmycelium.Thismechanicalinjuryinducesnewhyphaltipgrowthatthecuts(Granadoetal.,1997;LeslieandLeonard,1979a).fromalltheseobservations,itseemsthatonlyyounghyphaeonanestablishedthallusarecompetentforfruiting.Currently,themolecularnatureofmycelialcompetenceisnotknowninanybasidiotnyeete,exceptthathighlaccaseactivityinthefruitingzoneofC.congregatuswassuggestedtoberesponsibleforattainingmycelialcompetencetoinitiatefruitingbodydevelopment(Ross,1982a).1.4.5SubstancesinducingfruitingmInisidiomycetesSubstancesthatcaninduceorenhancefruitinginbasidiomycetesar-ofdifferentchemicalnatureandhavebeenisolatedhomnearlyallkingdoms(Table3).Insome



Table 3, Substances inducing fruiting 1» basidiomycetes

Substance Source / organism Tester organism Fruiting inducing activity Reference

Fruiting body extraci A. bisporus monokaryon of S. commune homokaryotic fruiting 1

Cell-free extracts Honnodendrum cladosporioides monokaryon of S. commune homokaryotic fruiting 2

Spent agar beneath colonies Phellinus contiguus P. contiguus precocious fruiting 3

Liquid culture filtrate P. contiguus,

P. occidentalis

P. ferruginosus

P. igniarius

P. pint

Trametet versicolor

P. contiguus strain GWR higher production 4

* /"..l~2,C>Vdx'CVtUTlG£ i arroi
Lentinuscladopusprecociousfruiting5("erebrosidesGanodermalueidumdikaryonofC.cinereusprecociousfruiting6(detailsinTable4>S.communeL.edodesdikaryonofS.commune7.XCandidaalbicansCandidadeformansPénicilliumfuniculosumFmicoccumamygdali9,10.11wheatgrainpeaseed12Hirudonipponica\ia>-ph\-,asanguinedNeanthesdiversicolorPheretimaasiatica13CyclicAMPfromfruitingbodyAgaricusspp.C.cinereasmonokaryonfis"ofC.cinereushigherproduction14.15,16dikaryonofC.cinereushyphalknots17



Table 3, - continued

Substance Source / organism Tester organism Fruiting inducing activity Reference

Triterpenoid Saponins Qiallaja P os treatus fruiting body initiation 18

Veratry! alcohol fungal secondary metabolite P. os treatus higher production 19

1 ü-oxo-trans-8-decenoic acid A. bisporus A bisporus stimulated mycelial growth and stipe elongation 20

Pepsin inhibitor (S-Pl) Streptomycei L. edodei precocious fruiting and higher production 21

Anthranitic acid Actinomycctcs strain TA7 Favolus artulanm stipe formation in the dark 22

Cyclootasulfur Streptomyc es albulu s 23

Basidifferquinone Streptomytes strain B-412 24

Papulacandin B

Aculcacin A

glucan synthase inhibitors dikaryonofS. commune precocious fruiting and inhibiting hyphal growth 25

1 yroodtne

Vahnomycin

Digitomn detergent and chitsn synthase

inhibitor

i

Luteinizing hormone-releasing

hormone (LH-RH)

linear peptide hormone

1 iRusmin and Leonard, 1978), 2(Leonard and Dick, 1968), 3(Butlcr, 1995), 4(Butler and Pcarce, 1999), 5(Devi and Swamy, 1993), 6(Vf izushina et ai, 1998), 7(Kawai

and Ikeda, 1982), 8(Kawai, 1989), 9, 10. IKKawai et ab, 1985; Vlatsubara et ai, 1987; Mineki et al.. 1994). 9{Kawai étal., 1985), 10(Mabubara et al.. 1987),
1 KMineki étal., 1994), 12(Kawai et al. 1986). 13(Tanaka et al, 1997), 14(Uno and fshikawa, 1971), 15(Uno and Ishikawa, 1973b), 16(Lno and Ishikawa, 1973a).

'."'.ilioar.dNisJsrpruem. 1969). ;«fVlaga-j. 1999;. 19 -'Suguiniotoétal,2001),20(Mau étal. 1992;. 2\-1 mMïietal, 198!).22fMuraoera/. ï984;.23(Hayashie/
al.. 1985). 24(Azuma«a/., 1990), 25(Oita and Yanagi, 1993).



Chapter 57

cases, the fruiting-inducing activity was found in undefined extracts from fruiting

bodies of basidiomycetes (Rusmin and 1 couard, 1978), from mycelial pads (Leonard

and Dick, 1968), from spent agar beneath the mycelial mat (Butler, 1995) and from the

liquid of a mycelial culture (Butler and Pearce, 1999). In other cases, the active

compounds were purified and their chemical structures were identified (Tabic J).

A group of ccrebrosides belongs to such defined active compounds (Table 3 and 4).

A cerebroside is a glycolipid containing a ceremide and one sugar residue (Fig. 7). The

ceremiclo is a sphingosinc linked to a fatlv acid via
anamidebridge(Stryer,1995).Avarietyofccrebrosidespromotedprecociousfruitingindikaryonsorinducedfruitinginspecificmonokaryoticstrainsof&communeandC,c'mercus(Table3).Sincefruitingnormal!)occursondikaryonsinthesetwofungi,itimpliesthatccrebrosidesactasfruiting-enhancingandfruiting-inducingsubstances.CcrebrosidesthatinduceprecociousfruitinginS.communearcnotspeciesspecific.CcrebrosidesfromGanoJermalucidumalsoinducedprecociousfruitinginC,cinereus(fable3).Inaddition,thechemicallysynthesizedcercbrosidesSchïl(Funakietal.,198b;MoriandFunaki,1984;MoriandFunaki,1985),PenTI(MoriandUenishi,1996),Penïït(AbeandMori,1994)andWhell(MoriandKinsho,1991),having(hesterochemicalstructuresoftheirnaturalcounterparts,werefoundactiveinafruitingbioassaywithS.commune.Thesugarresidueoftheccrebrosidestestedforfruitinginductionisamonoglucoseoraphophocholoine-glucose.ThesphingosincisaC18-sphingadieninewherepositionC-9issometimesmethylated.IngeneralthefattyacidmoietyissaturatedandhydroxylatedatpositionC-2,butthechainlengthvariesfrom15to24carbons('Table4).Theoccurenceofbioactivecercbrosidesinverydifferentsourceorganisms(fungi,plants,animals)impliesthatthecommonstructuresmaybethekeyfactorscontributingtotheiractivities.StructuralcomparisonbetweentheactiveandinactiveformsoffungalandplantcercbrosidesandtheirderivathesindicatsthattheN-acylsphingoidwiththemethylgroupatC-9isanessentialpailofactiveccrebrosides.ThedoublebondatpositionC-8ofthesphingoidinF(trans-)configurationenhancestheactivity.The8Edoublebondandthe9Mecanbesubstitutedbyan8Z(eis-)doublebondwithoutlosingtheactivity.Thesugarresidueisnotnecessary,butasugarmoietywithmorethantwohexoseunitsmayinterferenegativelywiththeactivity.Fattyacidswithachainlengthoflessthan12andwitha2-hydroxygroupshowincreasedactivity.Incontiast,theEdoublebondatpositionC-3ofthefatty;kidhasnoinfluenceonthefruiting

inducing
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Table 4: Bioactive and inactive forms ot different cerebrosides as tested on fruiting body

development in C. cinereus and S. commune

Organism / compound Cerebroside structure Fruiting

inducing

activity

Reference

Sugai Ceremide

Fattv acid Sphingoid

S lommum Schl

Sch 11

G It h 1 5 0

h 16 0

d 19 2

dl8 2

t

4

i

1

Glc h 16 0 dl92(41 81 9Me)

Sch 111 Git h 17 0 (119 2

Sch IV Glc h 18 0 d!9 2

Sch\ Gle h 24 0 dl9 2(tF 8F 9Vie) -

I edoaes L en 1

"

Git
'
h 14 0 '

dl9 2(41 8E 9Mc) +

+

2

\ 1 en 11 Git h 1 s 0 dl9 2(4I 8E 9Mc)

Lcnlll Glc h 16 0 dl9 2(H 8F,9Me)
I en 1\ Git h 17 0 dl9 2(41 8E, 9Me) 4

1 en V Git h 18 0 dl9 2(41 8L 9Vie) 1

1

Len\l Git h 22 0 dl92(4l 8E 9Vie)

1 en \ 11

Leu VIII

Git h 210 dl9 2(4F 8F 9Me)

Git h 24 0 dl9 2(IF 81 ,9Me)

Len I\ Git h 25 0 dl9 2(U 8L 9Vie)

Lcn \ Glc h 26 0 dl9 2(4I 8E 9\1e)

Ganodei ma lue idum Git h 16 0

h 18 0

d!9 2(41 81- 9Vle) 3

Candida albicans Git h 18 0 d19 2(ll 81 9Mc) ^

+

4

Candida deformans Git h 16 0 d!9 2(5L, 97) S

Pénicillium

fumculosum

li iticum

aestn um

(wheat)

Pen 1

Pen 11

Git

Git

h 16 0

h 17 1

d19 2

dl9 2(41 , 8E, 9Mc)

+

f

6
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h

1

i
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Whe IV GLC_
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h 16 0 d!8 ^(41 8L 10F 9Y1e)
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CPG
__

(PC.
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h 18 0

d!8 1 (41)
_

dl8 1 (41)

i

CPG

CPG

_h22_0
li 24 0

d22JS_(41 8Z 11/)

d22 M4I 8Z 11/)

Phei etima astatic

(Annelida)

a CPG

( PG

Jh_22_0__
h 24 0

dl8 1 (41)

dIS 1 (4L)

Legend Glt - glutose \ PC. -

phosphocholome-glutose h 2-h\dio\v iatl> acid, d = dihydio\y
sphingoid, C \ caibot. nunibti ilegtee of unsatutation dl9 "*

( H 8F, 9VIe) = (4F,81 )-9-methyl-4 8-

sphingadienine, L turns /-eis- --ves --no

l(Kawaiandlkeda. 198^ 2(Ka\\ai 1989) XVluushina etat 1° >8) 4(Matsubaia et al, 1987)

5(Mmsk\etal, 1994) < (kawai </<*/ 198*0 7(ka\vait/«/, 19Hi^ S( 1 an tka et al, 1997)
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Figure 3. Structure-acthitv relationship in the fruiting-inducing cetebrosides [from (Kavvai, 1989)|.

activity (Kawai, 1989). All findings in the structutc-bioactivity relationship of

cerebrosides are summarized in Figure 3.

Besides cerebrosides, other substances were also isolated for their ability in inducing

fruiting in basidiomycetes (Table 3), For example, cyclic AMP from different Agaricus

spp. and from certain C. cinereus strains and synthetic cAMP enhanced fruiting in C.

cinereus monokaryotic
strainfis'(UnoandIshikawa,1971;Unoandlshikawa,1973a;UnoandLshikawa,1973b)andsecondaryhyphalknotformationindikaryonsofC.cinereus(RaoandNiederpruem,1969).InF.arcularius,anthranicacid(Muraoetal.,1984),cyolootasulfur(Hayashietal.,1985)andbasidifferquinone(Azumaetal.,1990),isolatedfromsoilactinomycetes,inducedincontinuousdarknesstheformationofincompletefruitingbodiesorlongstipeswithoutpileus,resemblingthe"etiolatedstipe"ofC.cinereus(section1.4.2).[AsinC.cinereus,lightisrequiredforthenormalinitiationanddevelopmentoffruitinginF.arcularius(CroanandKim,1997)].InLentinusclachpns,anoligosaccharidefromcarrotwithapolymericstructurecontainingaromaticresiduesinducedprecociousfruiting(DeviandSwarm,1993).AtriterpenoidsaponinfromtheplantQuillajapromotedfruitingbodyinitiationbyincreasingthenumberofprimordiaandshortenedtheperiodforprimordiadifferentiationinP.ostreatusinadosage-dependentmanner(Magae,1999).lO-oxo-8/decenoicacid(ODA),isolatedDomA.bisporus,stimulatedmycelialgrowthandstipeelongationinthesamefungus(Mauetal,1992).ODAhas

a
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structure similar to the "queen substance", the sex pheromone of honey bees, and to

traumatin. a wound hormone of plants. In J. hisponis it is produced concurrently with

the major mushroom aroma component, l-octen-3-ol, especially when tissues of fruiting

bodies or filaments of the mycelium are damaged or disrupted (Man et al., 1992).

Although many active substances in promoting fruiting in basidiomycetes have been

isolated, the mechanisms of their molecular actions still remain unknown or very

speculative, Cerebrosides may induce precocious fruiting by suppressing DNA

replication or stopping the \egetative
growthofthemycelium,sincetwocercbrosidesisolatedfromG.lucidumspecificallyinhibitactivitiesofimplicativeDNApolymerases(Mi/ushinaetal,1998).Thisassumptionmaybetrue,ifcercbrosidescanpenetrateviablemyceliumcellsandnuclei.However,thishasnotyetbeendemonstratedandanincreasedDNAreplicationisratherexpected,duetothelocalizedproliferationoffruitingbodyspecificcellsduringfruitingbodyinitiation.Structuralchangesofcellwallmaybeanothertriggerforfruiting.Evidencessupportingthishyphothesiscomefrominhibitorsstudies,Glucanandchitinaretwomajorcomponentsoffungalcellwall.Theadditionofglucansynthaseinhibitors(papulacandinBandaculeacinA)andchitinsynthaseinhibitor(digitonin)greatlyshortenedthetimeforfruitingbodyformationinS,commune(OitaandYanagi,1993).InC.cincreus,itisknownthatthefungalcellwallinsecondaryhyphalknotsdiffersfromthatofvegetativehyphalcells(KamadaandTsuru,1993).Membranemodificationwasspeculatedastheexplanationforthefruitinginitiationactivityofsaponins,alsobecauseasaponinfromtheplantGvpsophilainteractedwithcellmembranesandalteredcellmorphologyincoloncarcinomacells(Sungetal,1995).Peptideionophoresthatcanincreasepermeabilityofmembranetoions,e.g.gramicidinS,tyrocidineand\alinomycin,enhancedprecociousfruitinginS.commune(OitaandYanagi,1993).However,surfactantslikeTween80,SDS,tritonXwerenotveiyeffectiveininducingfruiting,fhus.itishardtoattibutethefruitinginducingabilityonlytothesurfactantactivityofsaponins(Magae,1999).InF.arcularius,F.velutipes,L.edodesandP.ostreatus,aSfrepfomyces-pepsininhibitor(S-Pl),aspecificinhibitorofcarboxylproteinase,shoitened(hetimerequiredformaturefruitingbodyformationandincreasedthenumbetoffruitingbodiesperculture(Terashitaetah,1981)WhenS-PIwasaddedto/,,edodescultures,carboxylproteinaseactivityinthemyceliumdecreased,whilemetalproteinaseacti\ityincreased.Theincreasedactivityofinlracellularmetalproteinasema^bethecauseof

the
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accelerated fruiting, since in F, velutipcs the highest activity of intracellar metal

proteinase was observed at the pcrioti of fruiting body formation. Moreover, the

addition of metal proteinase inhibitor prohibited fruiting body formation in F. velutipcs

(Terashitarf«/., 1981).

1.5 Aim of this work

The literature overview on fruiting body development in basidiomycetes showed that

the descriptions of cellular processes during fruiting body development are often

isolated observations. Environmental signals that act
infruitingbodyinitiationandmaturationhavebeenpartiallydescribed.However,onlylittleisunderstoodontheperceptionofthesesignalsandonttieiimolecularandgeneticregulations.C,cinereusappeatstobethebestbasidionrycetetostudyfruitingbodydevelopmentsincethemostintenseedescriptionsofcellulareventsandenvironmentalandgeneticregulationsinfruitingbodydevelopmentarefromthisfungus(Kiies,2000)(chapter1).Inaddition,itisoneofthetwomodelbasidiomyceteswhereclassicalandmoleculargeneticstechniqueshavebeenwellestablished(Walseretal,2001).Themostfascinatingbutlikelyalsothemostdifficultpointtostudyinthefruitingpathwayisthefruitingbodyinitiation.TheaimoftheworkpresentedinthisthesiswastoisolateandcharacterizegenesinvolvedinfruitingbodyinitiationinthebasidiomyceteC.cinereus.Toreachthisgoal,weneededfirsttodefinemorepreciselytheinitialcellularstepsinfruitingbymicroscopicalobservationandtoanalyzetheseinitialstepswithstagespecificmolecularmarkers(chapter3).Thisknowledgehelpedloidentifyagroupofmutantsspecificallydefectiveinfruitingbodyinitiation(chapter2).Fromonemutantcarryingasinglemutationinarecessiveallele,anessentialgeneinvolvedinfruitingbodyinitiationwasisolatedbyusingagenomiclibrarywithSIB-selectiontransformationprocedure.Thisgenewassequencedandthedelectinthemutantallelewasidentified(chapter4).1.6ReferencesAbe,T.andMori,K.(1994)Synthesisof(2S,2,R,3R.4lv,8fc.)-N-2'-ITydroxyoctadecanoyl-l-0-(beta-Pglucopyranosyl)-9-methyl-4,8-sphingadienine(PenIII),cerebrostdeisolatedfromPénicilliumfuiuculosumasthefruitinginduceragainstSchicnhvllimicommune.Biosci.BiotechBiochem,,.^8,1671-1674.
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2 Characterization of mutants defective in fruiting body
initiation

2.1 Abstract

Homokaryon AmutBmut is a specific strain of the basidiomycetc Coprimis cinereus

that, due to mutations in the mating-type loci, produces fruiting bodies without prior

mating to another strain. The homokaryon has therefore been used for creating mutants

in fruiting body development. Early stages of fruiting body development include the

dark-dependent formation of primary hyphal knots and the light-induced transition from

primär}' hyphal knots to the more compact secondary hyphal knots. 550 mutants of

homokaryon AmutBmut with potential defects in these early steps in fruiting were

subjected to a screening program. Mutants with phenotypes that can be influenced by

available nutritional resources were first excluded. Mutants with a stable phenotype on

the artificial YMG/T agar were analyzed for colony
growthcharacteristics,forclampcellformation(indicatorforthefunctionofmatingtypegenes)andfortheirabilitytoreacttolightsignals.50strainswithspecificmutationsinfruitingbodyinitiationwereidentifiedandclassifiedintotwogroups.Agroupof10mutantswasdefectiveinformingprimaryhyphalknots(phi).Theothergroupof40mutantsformedprimaryhyphalknots,butthedevelopmentwasarrestedatthetransitionfromprimarytosecondaiyhyphalknots(skn).Complementationstudiesbetweenthesemutantsidentifiedatleast5and11genesinvolvedintheformationofprimaryandsecondaiyhyphalknots,respectively.2.2IntroductionTheBasidiomyceteCoprimiscinereusisamodelorganismforstudyingfruitingbodydevelopment.Fruitingbodiesnormallyoccuronthefertilethallusofadikaryon.Inthedark,thevegetativemyceliumproducesprimaryhyphalknotsbylocalizedintensebranching,givingrisetosmallloosehyphalcomplexeswithnumerousshorthyphalbranches(seechapter3).Ashortlightsignalinducesthetransformationoftheseprimaryhyphalknotsintosecondaiyhyphalknots,whichareroundcompacthyphalaggregatesofundifferentiatedcells.Afurtherlightsignalstimulatescellulardifferentiationandregionalgrowthwithinthisstructureleadingtotheformationofspecializedcapandstipetissues.Thedifferentiatedstructureiscalledaprimordiutr.

In
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the cap of a young primordium, karyogamy takes place in basidia upon light

stimulation. Karyogamy is immediately followed by meiosis and basidiospore

formation. In parallel, the stipe elongates and the cap expands, resulting in the

formation of a mature fruiting body. Shortly after maturation, basidiospores are released

by cap autolysis [for review see (Kües, 2000)].

Much is known about the environmental and physiological regulation during the

fruiting body formation. Light, temperature, mycelial age and nutrition are identified as

important factors that influence the onset of fruiting body initiation and maturation. The

cellular differentiation within developing and mature fruiting bodies is well dissected by

cytological and histological studies (Kües,
2000;Lu,1991,Moore,1995;McLaughlin,1982;Moore,1998;Moorectal,1979;Rcijnders,1977).Incontrast,geneticstudiesarefarlessadvanced.Earl}geneticstudiesrevealedthatseveialdevelopmentalstepssuchasmeiosis,basidiosporeformation,capexpansionandautolysiscouldoperateindependentlyofeachother(PukkilaandCasselton,1991;lakemaruandKamada,1972).Inordertoisolategenesinvolvedinfruitingbodydevelopment,attemptsweremadetogeneratedevelopmentalmutants.Sincefruitingbodiesnormallydevelopondikaryons,theearliestdevelopmentalmutantsweregeneratedfromfertiledikaryons(LakemaruandKamada,1972).Mostmutationsidentifiedinthesevariantswerethoughttobedominant(TakemaruandKamada,1972).Later,Moore(Moore,1981)pointedoutthatmanyofthesemutationsactuallymightberecessive,sincetheparentalmonokaryonshadsuboptimalgeneticbackgroundsforthedevelopmentoffruitingbodies.However,itisstillverydifficulttoidentifyrecessivemutationsindikaryoticmutants,duetoanimpracticalandwork-intensiveanalysisofLIgenerationsincasebasidiosporesarestillobtained,iffruitingisseverelyimpaired,meioticsporesarenotproducedandclassicgeneticscannolongerofferapossibilitytounravelwhetheramutationisrecessiveordominant.Therefore,thegenerateddikaryoticdevelopmentalvariantsweremostlyleftasideProgressinobtaininggeneticallyaccessiblemutantsinfruilmgbodydevelopmentwasgreatlyfacilitatedbytheisolationofAmutBmuthomokaryons(Pukkila,1993;Swamyetal,1984).Asindicatedbythename,AmutBmu>strainshavespecificmutationsattheAandBmating-typeloci,whichenablesthemtodevelopfruitingbodieswithouttheneedtomalewithanotherstrain(Swamyetai,1984).Theyproducematureandviablebasidiospores,allowingustoperformclassicgeneticanalysisthroughcrosseswithnormalmonokaivons(Liuetal.,1999).AmutBmuthomokaryonscontain
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one type of haploid nuclei. Mutations in such haploid genetic background directly cause

mutant phenotypcs regardless of their dominance (Pukkila, 1993; Swamy et ah, 1984).

Tn addition, Amut Bmut homokaryons produce numerous uninucleate mitotic haploid

spores (oidia) in the aerial mycelium (Swamy et ah, 1984) in a light dependent manner

(Kertesz-Chaloupkova et ah, 1998), which can be used as starting material for

mutagenesis. Collections of developmental variants have been generated by chemical

mutagens (Kanda and Ishikawa, 1986), ultraviolet light (UV) (Muraguchi et ah, 1999)

(J.D. Granado, unpublishes results) and REMI mutagenesis (Cunimings etah,1999;Granadoetah,1997).ForclassicallygeneratedchemicalorUVmutants,onceaspecificpheuotypeisdefined,themutatedDNAsequencecanbeidentifiedbycomplementationthroughtransformationwithasuitableDNAfragment(Pukkila,1993)(seechapter4).InREMImutants,whenthemutationofinterestistaggedbyanintegratedplasmid,themutatedgenecanberecoveredtogetherwiththeintegratedvectorbyplasmidrescuestrategy(Walsetetah,2001)oralternativelybytherecentlydevelopedsemi-randomPCR(Celerinelah,2000;Cunimingsetah,1999).HomokaryonAmutBmut{A43mutHBmutpab-1)wasusedinourlaboratorytoproduce9018mutantsbyREMI-andUV-mutagenesis.ThesemutantswerefirstsubjectedtoastandardfruitingtestonYMG/Tcompletemedium.Intotal,550clonesdefectiveinfruitingbodyinitiationwereidentified(U.Kües,etah,inprep).Sincethemorphologicalchangesduringfruitingbodyinitiationareinfluencedbyexternalandinternalstimuli(Kües,2000;Mooreetah,1979;Wessels,1994),thephenotypcsofthesemutantscanbecausedbyasubtleinterplaybetweengenetic,environmentalandphysiologicalfactors.Inthisstudy,wesetupaseriesoftestsonthese550strainsinordertodefinestablemutantswithspecificdefectsintheinitialstepsofthefruitingbodydevelopmentpathway.2.3Materialsandmethods2.3.SStrains550differentmutantsstrainsofhomokarvonAmutBmut(A43mutB4imutpabl)(Mayc'ah,1991)werefoundinapieuousscreentobedefectivein(lullingbodyinitiation(Granadoetah,1997;U.Kiiev.*/ahinprep.).66ofthesestrainshadapoorviabilit'anddidnotgrowanymorealreistorageat4°Cforfourweekso>at-70°Casfrozenblocks,leaving484strains(267RLMlmutants,216UVmutantsoud1mutant
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isolated after protoplasting and regenerating oidia) for ftuther study. UV mutants arc

indicated by a name consisting of only numbers. RHMT mutants can be recognized by

the initial letter in their names: B stands for restriction enzyme BamRl, E for IvoRI and

P for Pstl that were used in transformation for integration of plasmid pPABl-2 into the

host's genome (Oranado et ai, 1997). The single mutant obtained after protoplasting

and regenerating oidia is called Proto-159.

Since REMl-mutants have integrated plasmid
pPABl-2containingthewild-typepab-fgeneintheirgenome,theyareprolotrophicandkeptonCoprinusminimalmedium(Granadoetai,1997).AUothermutantsareauxotrophicforp-aminobenzoate(PABA)becauseofthepah-1mutationandwerethereforeculturedonYMG/Tcompletemedium(Granadoetah,1997).Mutantswerestoredforshortperiods(uptoamonth)at4°C(workingcultures)andforyearsat-70°Casglycerolstockcultures(Walserclai,2001),2.3.2PhonotypiccharacterizationTheabilitytofruitwastestedbyinoculatingstrainsinthemiddleofYMG/Tagarplates,incubatingthemat37°Cinthedarkforabout5daysuntilthecoloniesreachedtheedgeofthePetridishes(atca.1-2mmdistancefromtheedge)andtransferringthemintostandardfruitingconditions(12h-light/12h-darkregime,25°C,90%humidity)(Granadoetai,1997).Alternatively,40-50goffreshhorsedungweresterilizedin300-mltransparentglassbottlesandwereinoculatedwithca.15piecesofmycelium-containingagar.Thehorsedungculturesweregrownat37°Cinthedarkuntilthemyceliumcoveredthesubstrate.Subsequently,thebottlesweretransferredintostandardfruitingconditions(Kiiesetal.,1998).Coldinductionoffruiting,bodyinitiationwastestedbytreatingYMG/Tcultuiesgrownfor5daysinthedarkaïyCfor2or8hours,andsubsequentlytransferringthemintostandardfruitingcondilionsforfurthergrowth.Foranalyzingoidiaproductionat37°Ghithedarkandinthelight,mutantsweregrownon\IVIG'Tmediumaspreviouslydesctibed(Kertesz-Chaloupkovaetal,1998).Theoidiaproducedbyagivenmutantwerecollectedin10mlofwater(KorteszChaloupkovaetal.,1998).Theopticaldensnvofthesporesuspensionwasmeasuredwithaphotometerat600nm(Polaketal.,1997)andcomparedtothatobtainedfromparallelculturesoftheparentalhomokaryonAmutBmut.
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The presence of the hyphal knots and sclerotia was examined in YMG/T cultures

grown for 7-8 days at 37 °C in the dark with a stercomicroscope (Zeiss Stemi 2000-C)

illuminating the cuitures from below. The formation of ciamp cells on the hyphal septa

and fusion of clamp cells were microscopically analyzed with young hyphae isolated

from the growing edge of YMG/T cultures.

For determining the radial growth rate on YMG/T agar at 37°C in the dark, the

diameter of a fungal colony was measured at day 2 (D2), day 3 (DJ) and day 4 (D4)

after inoculation at a 24-hour interval. The radial growth rate (mm/d) was calculated by

the formula
[(D3-D2)/2+(D4-D3)/2"|/2.2.3.3SouthernhybridizationanalysisofthepPAB1-2ectopicintegrationinREMl-mutantsREMI-mutantsweregrowninliquidminimalmediumat37°Cinthedarkfor4-5daysandtheirgenomicDNAswereisolatedfromlyophili/edmycelium(ZolanandPukkila,1986).GenomicDNAsof/ic/»/FII-gcneratedmutantswereeitherdigestedwithBamlllaloneordouble-digestedwithBamlllISphl.For/scoRl-generatedmutants,EcoRlandEcoRlfPstlwereappliedtodigestgenomicDNAs.ForP.v/I-generatedmutants,PstlorEcoRl+Pstlwereused.Afterseparationon1%agarosegels,DNAsweretransferredontoIlybond-Nnylonmembranes(Amersham)andusedinSouthernhybridizationanalysis(Sambrooketal.,1989).DNAblotswereseparatelyhybridizedwithtwo<x~32PlabelledDNAprobes.Oneprobewasa33kbEcoRl-PsflfragmentofplasmidpPABl-2,containingtheC.cinereuspab-l'gene.PlasmidpTZl9(Pharmacia),thebackboneofplasmidpPABl-2(Granadoeta/.,1997),wasthesecondprobe.2.3.4ComplementationtestMutantswerepair-wisecrossedinallpossiblecombinationsonYMG/Tagarandincubatedfustat37°Cinthedark.AssoonasthecolonyreachedtheborderofthePetridish,platesweretransferredtostandardfruitingconditions(Granadoelai,199?^(seeabove)fortwotothreeweeks.Sizeandlocationoffruitingstructuresinthesecultureswere

recorded
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2.4 Results

2.4.1 Identification of 137 stable mutants defective in fruiting body initiation

One practical advantage of studying fruiting body development in C. cinereus is that

this fungus can develop mature fruiting bodies on artificial medium within a short time

of two weeks (Moore and Pukkila, 1985). In a first screen, mutants of honiokaryon

AmutBmut were tested 2-3 times for fruiting on YMG/T agar. 550 strains did not

initiate fruiting body development, i.e., they failed to form secondary hyphal knots (tJ.

Kites et al., in preparation). 66 of these strains had a poor viability and did not grow any

moie after storage at 4 °C for four weeks or
at-70°Casfrozenstocks,leaving484strains(267REMImutants,216UVmutantsand1mutantisolatedafterprotopJastingandregeneratingoidia)forfurtherstudy.AccordingtothenomenclatureofTakemaruandKamada(TakemaruandKamada,1972),thesemutantswereclassifiedasknotlessclones(hit),sincenoneofthemproducedfruitingbodyinitials,i.e.secondaryhyphalknots(seechapter1fordefinition).InthefirstscreenperformedonYMGTmedium,sclerotiadevelopmentwasalsorecorded,enablingtosubdividethebitmutantsintotwosubclasses(U.Küesetal.,inprep).Mutantsformingsclerotiamusthavepreviouslyformedthemicroscopicallysmall,dark-dependentprimaryhyphalknots,fromwhichsclerotiadevelopbyfurtherincubationinthedark(Watersetal,1975)(seechapter3).Thesemutants(257intotal)werearbitrarilycalledsbimutantsforlackofsecondaryhyphalknotformation.Allothers(227intotal)werearbitrarilyclassifiedaspknmutantsforlackofprimaryhyphalknotformation,althoughthedefinitivemicroscopicalproofwasonlydonelaterforasmallnumberofselectedmutants(seebelow).ffomokaryonAmutBmutofC.ctnereusformsca.5cmmaturefruitingbodiesonYMG/Tmedium.However,thisartificialmediummaynotbeasversatileasthenaturalsubstrate(horsedung)inhelpingthefungustoovercomeminorvariationsinnutritionalregulationoffruitingbodydevelopment.Infact,strainAmutBmutdevelopsca.12cmmaturefruitingbodiesonhorsedungunderstandardfruitingcondition1-Theobservedsizedifferenceofmaturefruitingbodiesformedondifferentsubstratessuggestedthattheuseofnaturalsubstratewouldenableustoselectagainstmutantsthatreactnegativelyindevelopmentinsuboptimalnutritionalconditions.Therefore,all484viablemutantsdefectiveinfruitingbodyinitiationonYMG/Tmediumweresubjectedto•)fruitingtestonhorsedung.Variousphonotypeswereobservedandmutants

were
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grouped according to the maximum developmental stage reached in fruiting body

development (Table 1). 43 of the previously defined pAw mutants (19%) and 77 of the

skn mutants (30%) developed mature fruiting bodies on horse dung (Table 1),

suggesting that they are only slightly defective in nutritional regulation. Many others

[86 of the pkn clones (38%). 141 of the skn clones (55%)] managed to enter the fruiting

pathway, but stopped in development at various stages (Table 1). The fact that a total of

347 knt mutants showed a more advanced development
onhorsedungascomparedtotheformerlytestedYMG'Tmediumdemonstratestheimportantroleofnutritioninregulatingfruitingbodyproduction.Itisinterestingtonotethatmoresknmutantsthanpknmutantsinitiatefruitingbodydevelopmentonhorsedung.WhenfurthertestedforstabilityofthephenotypesonYMG/Tmedium(eachcloneindependentlyforfourtimes),all137knt(69pkn'68skn)mutantsdidnotinitiatefruitingandwerethereforeregardedasstablefruitingbodyinitiationmutants.Table1.Fruitingbehavioroffruitingbodyinitiationmutant,1»ofhomokaryonAmutBinutonhorsedungPhcnotypcasdetlniedonYMG/TmediumpknsktftotalNumberofmutants/phcnotypconhoi-vclungkntpkn6069skn"383068prm271542mat5098148einexpspo7eincxpeincxpspocmspospctp)0otherwttotal2243227317725753120484Phenotypesweredefinedaccordingto1akematuandKamada(1972).knt=knotless,mutantsthatdidnotformsecondaryhyphalknotsprm=pnmordiumless,mutantsthatdidnotproduceprimordiamat-maturationless.mutantsin\\Inchthematurationofprimordiaintofruitingbodiesdidnotoccurein-elongationlcss,mutantsinwhichstipeelongationwasblockedcxp-expansionless,mutantsinwhichthecapdidnotexpandspo-sporclcss,mutantswithwhitecapsbecauseofdefectsmbasidiosporcfoimationother-phenotypesthatdidnotfitanyoftheotherdefinitionswt=•wild-typepkn-=defectivemprimaryhyphalknotformationandskn-defectiveinsecondaryhyphalknotformation.Inthistable,theclassificationaspknandsknwasonlyprelimmatvbasedontheabilityofknotlessmutantsdefinedonWIG/1mediumtoform(skn)ornottofoinisclerotia(pkn).2.4.2112kntmutantshavenormalmating-typepathwaysMating-typegenesof<cincwuscontroltheestablishmentandmaintenanceofastabledikaryonaswellasunitingbodyinitiation(Kiies,2000,Kiiesetal.,1998).In

C.
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cinereus there are two unlinked loci containing the .4 and B mating-typc genes

(Casselton and Olesnicky, 1998; Hiscock and Kiies, 1999), To form a dikaryon, the two

fusing monokaryotic strains need to be different at both loci (A^B?0. In the dikaryon,

fused-elamp cells are found above each hyphal septum as the result of mating-type gene

action. The different A genes control formation of clamp cells, whereas the different B

genes cause clamp cells to fuse with their subapical hvphal cells (Casselton and

Olesnicky, 1998; Kiies, 2000), In Amut Btmit homokaryons, the specific mutation in the

A locus causes expression of clamp cells and the mutation
mtheBlocusisresponsibleforthefusionwiththesubapicalhyphalcell(Swamyetal,1984).Therefore,clampcellscanbeusedasanindicatorfortheactionofthemating-typegenes,andweexaminedthemycelialmorphologyofthe137stablemutantsinfruitingbodyinitiation.Fusedclampcellswerefoundonmyceliaof112ofthemutants.17clonesonlyformednon-fusedclampcellsandthusshouldhavedefectsintheBmatingtypepathway('fable8intheAppendix).8clonesdidnotproduceanyclampcell,suggestingdefect(s)eitherintheAmating-typepathwayormothergenesneededforclampcellformation(Table8intheAppendix).2.4.390kntmutantsperceivelightnormallyThe112mutantswithfusedclampcellswereallanalyzedfortheirabilitytoreacttolight.Constantincubationunderblueorwhitelightrepressesprimaryhyphalknotformation(Kiiesetal,1998),andabluelightsignalisneededforthetransitionfromprimarytosecondaryhyphalknots(Boulianneetal,2000;Kiies,2000).TightalsoregulatesoidiophoreformationandoidiaproductionindikaryonsandhomokaryonAmutBmutofC.cinereus(Kertesz-Chaloupkovaeta/.,1998;Polaketal,1997).Incontrasttothecomplicatedlightrequirementsintheproceedingoffruitingbodydevelopment(Kiies,2000;Lu,1974;Lu,2000),onlyashoitlightexposureissufficienttoinduceoidiaproductioninhomokaryonAmutBmut(kertesz-Chaloupkovaetal,1998).OurpresentworkinghypothesisisthatfruitingbodydevelopmentandoidiationinhomokaryonAmutBmutareunderthecontrolofacommonlightinducedsignallingpathway.Therefore,lightinducedoidiationprovidesuswithaverysimpledetectionsystemtoexaminelightperceptioninfruitingbodyinitiationmutants,expeciallyinthepknmutantswherewecannotfollowlighteffectonprimai3hyphalknotformation.Inconsequence,oidiaproductionwascomparedinallmutant--grownonYMG/Tmediumat27°Cunderconstantdarknessandunderconstantlight.In90mutants,oidia
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production was low in the dark, but enhanced by light. In some cases, the light induced

oidia production reached normal level. These clones therefore appear to have a normal

light perception. 22 other mutants constitutively produced few oidia under both

conditions (Table 8 in Appendix), possibly indicating a light blindness in these strains

However, in this last group of mutants, 2 skn mutants, strains 7-280 andB-0436, did no!

produce sclcrotia under constant light illumination, indicating a normal light control on

sclerotia formation as in the wild-type liomokaryon AnmtBmut.

2.4.4 63 knt mutants have a growth rate similar to the wild-type liomokaryon

AmutBmut

Tn the multicellular fungi, the fundamental growth unit is the hypha, which is a

highly polarized structure that grows only at the tip. I lyphae regularly branch and give

rise to a mycelium
thatformsacolony(Wessels,19')}).Thepolarizedgrowthmoderequirescontinuoussynthesisandtransportofcellwallmaterialstowardsthetipregion(Moore,1998).Therefore,anormalgrowthrateofthefungalcolonyretlectstoacertainextentawellfunctioningprimarymetabolism.Duringthelinearextensionphase,thecolonyofthewild-typestrainAmutBmutgrew7-8mm/dayonYMG/Tagarat37°C,Ofthe90kntmutantswithnormallightperception,63kntgrew4.5-8mm/day,whichissimilartothewildtypeliomokaryonAmutBmut.Othermutantsshowedclearlyreducedgrowthrates,rangingfrom0.5to4.5mm/day(Table8intheAppendix).2.4.547kntmutantsproducedabundantaerialmycelialikenomokaryonAmutBmutThemulticellulatfruitingbodiesofC.cinereusansefromprimaryhyphalknotsintheaerialmycelium(MatthewsandNiederpruem,1972).HomokaryonAmutBmutproducesvigorousmyceliumwithafluffyappearancewhengrownonYMG/Tmediumat37°Cinthedark(Polaket«/.,2000).47clonesofthe63well-growingmutantshadthesameoraverysimilarfluffyappearancewhenfirownunderthesameconditionOtherstrainsshoweddiversemycelialmorphologies,c<;.theyproduceddense,flat,wetorcrusty-lookingaetialmycelia.Sometimestheshapesofthecolonieswereirregular,possiblyduetoirregularhyphalbranchingandtipgrowth('fable8intheAppendix).Adensemorphologymayarisefromincreasedhyphalbranchingandaflatmorphologymaybecausedbythelossorreductionofproducingaerialmycelium.Crusty-lookingmyceliumappearstohaveaninvasivegrowthintothefungalsubstrateand/or

maj
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excrete substances to form a hard crasty colony surface. Colonies with a wet

morphology could be very interesting, since they may have a defect in producing

hydrophobins. I lydrophobins are small cysteine-rich hydrophobic proteins that are

secreted from (lie fungal cell and assemble into a hydrophobic rodlet film covering the

aerial hyphae. In consequence, the aerial mycelium is hydrophobic and water repellent.

In contrast, the absence of any hydrophobins loads to the easily wettable aenal

mycelium (Wessels, 1997).

2.4.6 10 pkn and 40 skn mutants were defective in primary and secondary hyphal

knot formation, respectively.

Originallystartingfrom484mutants,sofarwehaveexcludedstrainswithminordefectsinnutritionalregulationandselected47stablekntmutantswithfunctionalmating-typepathways,normallightperceptionandnormalgrowthcharacteristics.Wealsoselected3otherkntmutants(strains7-280,B-0436andB-2054)thathavexerysimilarcharactcricticsexceptforaconstitutivelylowoidiation(Table8inAppendix).Thisselectionprocedureinprincipleshouldhelpustoidentifymutationsthatarecloselyrelatedtothefruitingpathway.Todefinitivelydescribetheirphenotypes,weexaminedwithastereomicroscopethepresenceofanyfruitingstructuresformedintheaerialmyceliumofthesemutantsgrownonYMG/Tmediumat37°Cinthedarkorinthelight.10strainsdidnotformprimaryhyphalknots,neitherinthedarknorinthelight(listedinTable2).Therefore,these10knotlesscloneswereclassifiedaspknmutantsforlackofprimaryhyphalknots.Theother40mutantsformedprimaryhyphalknotsonlyinthedark(listedinTable3).Inallcases,theprimaryhyphalknotsdevelopedintoselerotiabyextendedincubationindiedark.Noneofthe40mutantswasabletotransformtheprimaryhyphalknotsintosecondaryhyphalknotsunderstandardfruitingconditions.Therefore,these40strainswereclassifiedassknmutantsforlackofsecondaryhyphalknotformation.Intotal,19ofthemutants(3pknt-16sknmutants)arederivedfromUV-mutagenesis,30ofthemutants(7pkn1-23sknmutants)derivedfromREMf-mu1agenesisand1sknmutantfromprotoplastingandregeneratingoidiaofhomokaryonAmutBmut.sknmutantB-0436wasspecial,sinceitwastheonlystrainwherefruitingcouldbeinducedbyacoldtreatmentat5°Cfor2or8hours.Whentransferredtothestandardfruitingconditions,mutant7-275developedattheedgeofculturesrockerieshardaggregatedtumor-likestunturesthatweredescribedbeforelit
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fruiting body initiation mutants of C. cinereus to occur instead of fruiting bodies

jNyunoya, 1979 #532).

2.4.7 Mutant complementation studies

A complementation test, also called cis-tnms test, is a genetic tool to determine

whether two different mutations are in the same functional unit or gene. The test is

based on the principle that a wild-type phenotype is produced when two different

mutations are combined in a diploid or in a heterokaryotte'dikaryotic cell (Suzuki et al,

1986). In Rasidiomyceîes, hyphal fusion (plasmogamy) may occur at any time during

growth (Kemp, 1975), independently of the mating-type genes present in the fusing

hyphae (Buller, 1933). In A mut Bmut homokaryons, the specific mutations in the

mating-type loci overcome the natural incompatibility
betweenendogenousmating-typegeneproducts(HiscoekandKües,1999).Therefore,theformationofdikaryotic-likemyceliumthatcarries(wodifferentnucleiintheirceilsmightbeexpectedwhencrossingtwodifferentmutantsofhomokaryonAmutBmut.Inpioneeringexperiments,fusedclampcellswereobservedinthecontactzonebetweentwoclamplessmutantsofhomokaryonAmutBmut.suggestingthatbothhyphalfusionandnuclearcomplementationoccurredintheintermediaryzone(Liuetai,1999).Therefore,the50selectedmutantswithdefectsinfruitingbodyinitiationwerecrossedinapair-wiseorder.Sincethemating-typepathwaysfunctionnormallyinallthesemutants,oneshouldexpectthatadefectivegeneinfruitingbodyinitiationofonemutantcouldbefunctionallycomplementedinacrossbythewild-typeallelepresentintheothermutant.Inconsequence,genecomplementationshouldallowtheformationoffruitingstructuresatleastinthecontactzonebetweentwocrossedmutantswhenincubatedinstandardIruitingconditions,Fruitingstructuresmayalsodevelopattheouteredgeofthemutantcolonies,iinucleiareabletobypassthecontactzoneandmigratethroughthemyceliumoftheotherstrain.Thissituationistypicalwhencrossingnormalmonokaryonsofdifferentmating-typegenes(CasseltonandOlcsnicky,1998;HiscoekandKües,1999;Kües,2000).Whencrossingthe50fruitingbodyinitiationmutantsinallpossiblecombinations,sixdifferenttypesofinteractionsbetweencolonieswereobserved(Fig.1).Inthefirstthreetypesofinteractions,fruitingbodydevelopmentinitiatedinthecontactzonebetweenthetwocrossedmutants.Intype1,fruitinginitiatedonlyinthiszone(Fig.1).Intype2,fruitingbod1developmentstartedalsoattheouteredgeofoneofthetwo
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mating partners (Fig. 1). In type 3, fruiting body initiation additionally occurred at the

outer edges of both strains (Fig. 1). In the three other types (type 4-6) of interactions,

fruiting initiation did not occur in the contact; zone (Fig. 1 ). Type 4 refers to cases where

fruiting body development did not occur at all (Fig. 1). Type 5 refers to cases where

fruiting initiation was only observed on the outer edge of one colony and type 6 to cases

where fruiting initiated on both colonies (Fig. 1). Generally, fruiting body initiation at

Type 1 Type 2 Type 3

Type 4 Type 5 Type 6

Figure I. Six different types of interactions were observed in crosses between fruiting body initiation

mutants of homokaryon AmutBmut as exemplified with the photos of selected crosses and in schematic

diagrams. The vertical line in the diagrams represents the
contactzonebetweenmatingstrains,blackdotsindicatepositionsoffruitingstructures.
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one or more places in a cross did not guarantee that development proceeded to fruitmg

body maturation. Development could arrest at any stage (s secondary hyphal knots, p.

I Q mm sized pnmordia up to the stage of karyogamy, m: young fiiuliug bodies in

meiosis, f mature fruiting bodies, see fables 6 and 7 in the Appendix) It is interesting

to note that the type 6 pattern is the usual pattern observed when confronting two

colonies of the wild-type homokaryon AmutBmut (not shown)

2.4,8 At least 5 and 11 genes wereidentifiedinprimaryandsecondaryhyphalknotformation,respectivelyMatingtestbetween10phimutantsallowedustoidentify5differentcomplementationgroupsinprimaryhyphalknotformationThesegroupsarerepresentedbymutantsB-0016,7-K11,B-1533,3-127/B-2641and6-M6,respectivelyThesemutantspositivelyinteractedwitheachotherintermsol(ruttingbodyinitiation,butdidnotself-interact(fable2)Incontrast,thephimutantB1057formedpnmordiainthecontact/onewhenconfrontedwithitself(Table6mAppendix)Generally,complementationbetweenpknmutantswasachievedinonly61%ofallcrosses(Table2),notallowinganyfurtherconclusionontheoihexpknmutantsTable2.ComplementationtestbetweenpknmutantsofhomokaryonAmutBmutMutantLightinductionofoidiationMutantCOoo0ÛCOCOm0QCNt—CO5coCMCOCOLOCOCOtoCO+ch4lOochLOoCÛ+B-0016yes,low++-1+7-K11yes,low++•++11-+++B-1533yes++1-»1-+3-127B-2641yesyes++++-t4+++++6-536yes++++V+B-1856yes++++B-1977yes,low++—_+B-2054no,low'+++B-1057yes+++++i1++''no,low''tefetstocasesoflowconstituteeoidiaptoductionNoteCellswithi-denotecomplementationpatternsoftypeMandi6whciefruitingstiuctuicswetedevelopedbyinteiactionsbetweenmutantcoloniesIIktype4patternisindicatedbyablankcellDttieientcomplementationgioupsaieseparatedb\thicklinesAthicklinealsosepaiatestheseitmteiactmamutantNotealsothatmotedetailedlcsultsonthepositionoffruitingbod\itiiliattoiandthemaximumstageicachedcanbloundm1ables6-/intheAppendix
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11 different complementation groups for secondary hyphal knot formation were

identified using the same mating approach. These groups were represented by mutants

Ü-031/P-1429, 13-2018, B-2536, 6-608, B--0436, B-0724, B-0659, B-2521, H 2798, B-

1347, B-1331 (Table 3). Self-interaction was observed in the 5 skn mutants B-2404, 3-

020, 6-500, 4-001 and 7-171 (Table 3). The remaining 23 mutants with poor

complementation could not be assigned to a specific group. In total, complementation

between skn mutants was achieved in 71 % of all crosses (Table 3),

Complementation between the pkn and skn mutants was also not perfectly efficient

(Table 4). Fruiting structures were only observed in 70 % of all crosses between pkn

and skn mutants (Table 4), instead of the expected 100% complementation.
AssumingIhatthislackofcomplementationwasnotalwaysduetoepistaticelfcctsofmutation,thelackofcomplementationincrossesbetweenpknmutauisandlackofcomplementationincrossesbetweenshimutantsinmanycasescannotbebasedondefectswithinthesamecomplémentationgroups.Theself-interactionsobservedinonephiandfiveshtmutants(table2and3)mightpointtothepossibilitythathyphalcontactsinducefruitingorthatthephenotypesofthesemutantswerelessstable.Previously,wedidnotobservethedevelopmentofanyfruitingstructuresinthesesixmutants,whensinglecoloniesofthesemutantsweretestedonYMG/Tmediumforfruiting.Inthefuture,itwouldbeworthwhiletoperformaparallelfruitingtestonthesemutantsbyinoculatingasingleortwoblocksofmyceliumontotheYMG/Tplates.Sincefruitingstructuresdevelopednotonlyincontactzones(type1-3inFig.1),butalsoononeorbothsidesofthematingcolonies(type2-3,5-6inFig.1),weplottedthefruitingstructuresdevelopedinthecontactzonebetweentwomatingmutantsinTable6(Appendix),andthefruitingstructuresdevelopedonthesideofeachcrossedmutantontherowsofTable7(Appendix).Fromthesetwotables,itbecomesobviousthatcomplementationinfruitingbodydevelopmentoccurredinmostcasesinthecontact/oneoftwomatingmutants.Inonly11%ofthesecases,maturefruitingbodiesdeveloped.In12%ofthesecasesyoungelongatingfruitingbodiesinmeiosisweredeveloped.Mostofthetime,developmentstoppedatprimordia(24%).In2%ofthesecases,secondaryhyphalknotsorh\phalaggregateswereformed.Itshouldbenotedthatthesehyphalaggregatesappearedtobedifferentfromnormalsecondaryhyphalknots.Theseresultssuggestthattheremighibefurthermutationspresentinoneorbothofthematingmutantsactingatlaterstagesoffruitingbodydevelopment."Ihis

assumption
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was confirmed for mutant 6-031 that obviously carries an additional defect in

primordium maturation (see chapter 4). However, for our analysis on complementation

groups in primary and in secondary hyphal knot formation, the formation of mature

fruiting bodies is not relevant.

Interestingly, when looking at fruiting body initiation at the outer edges of mating

colonies, a very regular mating behaviour was found for six mutants (pkn mutant B-

0016 and skn mutants B-2536, B-2402. 3-20, 6-M)0, 4-001, see shaded rows in Table 7

in the Appendix). These mutants in nearly every case initiated fruiting body

development a I their outer edges of the colonies,
unlikemostoftheirmatingpartners.Suchamatingpatternmightbetheresultofnucleibelongingtotheirmatingpaititersbypassingthecontact/oneandmigratingthroughthemyceliumofthesemutants.Alternatively,somekindofproduct(s)contributingtofruitingbodyinitiationfromthematingpartnersmightdiffusethroughthemyceliaofthesesixspecialmutants.It!anycase,thesemutantsappeartoreactasrecipients,whereasothermutantsbehavelikedonors.However,itshouldbenotedthatfourofthesesixmutants(strainsR-2402,3-20,6-500,4-001)initiatedfruitingbodydevelopmentattheoutercolonyedgesatbothsidesalsoinself-matings.Inthesefourcases,itisnotclearwhethertheself-reactionisduetoaphenotypicinstabilityorduetoaspecialinteractioncausedbymycelialcontact.2.4.9TheintegrationpatternsofpPABl-2inREMImutantsForlaterrecoveryofmutatedgenes,itisimportanttoknowwhetherthemutationsinREMImutantsofinterestarelinkedtoaplasmidintegrationandhowoftentheplasmidisinsertedintherespectivemutants(Celerinetal.,2000;Cummingsetal.,1999;Liuetal,1999;MuraguchiandKamada,2000).1herefore,weanalyzedthepPABl-2integrationpatterninthe7pknand23sknstableREMImutants.7ofthemutantshadperfectREMIintegrationevents.TheycontainonlyonecopyofpPABl-2thatavasintegratedintotheirgenomesviaarestrictionsite(Bamlll,EcoRJorPsfl)(Fig.2,'fable5)andcanbereleasedbydigestingthegenomicDNAsofthemutantswiththesamerestrictionenzymeusedforintegration.4othermutantshadpPABl-2integratedonlyoncebutinanundefinedway(Fig.2,Table5).Themostfrequentpatternwasfoundin12mutants,wherepPABl-2wasintegratedtwicewithonecaseofoneperfectREMIevent(Table5\Thelast7mutantsshowedmultiplepPABl-2integrations(2ormore)withverycomplicatedintegrationpatterns(Tablei).Insomeofthecasesofmultiple
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Table 4. Complementation between pkn and skn mutants of homokaryon
AmutBmut (for explanations see Table 2)

skn mutant Oidia light induction

pkn mutant

CO

o
o

CQ

^

¥

¥

5
i

CO
CO
m

Cû

CM

CO

"3"
m
CM

CD
CO
m

CD

CD
lO
00

Cû

+

CD

CÛ

4-

m
o

CN

1

1

*

>

t

h-

m
o

ûû

6-031 yes 4 ^ + ¥ 4- ¥

P-1429 yes + ¥ ¥ 4 + 4

B-2018
__ _

B-2536

yes

yes, low

+ + + 4 ¥

+

¥

+ 4

¥

¥

+

1

+

4-

+

+

+

i

4-

+

¥

+

4

+

t-

+

4-

+

+

+

^+ +

6-608 yes +

D-0436

B-0724

B-0659

1, J~" i£L vj iL i

R-2798

no, low

yes

yes

+

+

¥

4-

+

+

+ f 1 +

t

\

+ t-

¥

yes

yes

yes

4-

4

4

+

+

¥

+

+

+ + +

B-1347 +

4

+ + f

B 1331 yes +

4

__

6-207

6-625

_le_s

yes

¥

4

+

+

4-

+

E-0782

7-237

P-2020

6-541

yes, low

yes, low

4

+

+ + 4- +

+

+

4

4- 4

f

+

+

yes +

yes ¥ + \ 4

E-1593

6-430

yes, low

yes

+

4

4

f

¥ + +

__

4-

+ 4- 4

E-1775 yes low f + + + f

7-297

5-057

yes low

yes

.1 +

^

_

+

¥

+

+ +

i

+

5-021 yes 4- + 4-

+

+

+

¥

+

+

+

+ + 4

P-0678

F-2115

yes low

_ _ _

J^§s
_._

+

-1

4-

+ +

+

+

1

4-

L-J686
__ __

F_-1025

l_ yes

yes low

+

+

+

+

. ¥

+

+

+

U+-

+

+

6-529 yes ¥ +

¥

+

+ + + + 4-

00134^
R 1995

yes low

yes

¥

+

¥

+ +

+

4- h h

L-1574 yes, low + + + + + 4 f

Proto-159

D 1741

j/es

yes

4

4-

+

__ -

¥

4

/-280 no, low f

+

+

+ + 4-

+

+

B 2404

3-020

_^ .

J?es_

yes

4-

+

+

4-

¥

+

+

+

4-

+

4-

+ 4

6 500 yes low ¥ 4- + + + + + + 1 +

4 001 yes ^ +

+

+

+

+ 4-

+

+ + + i +

/ 171 yes ¥ f +



100 Chdractcii74tion ot mutanis defective in tiuitine bodv initiation

integrations, a complete pPABl-2 copy was reco\ered in digestion but the analysis did

not allow us to distinguish petfect-RFMI integrations from a tandem integration of two

pPABl-2 copies (Fable 5) In general, the pPABl-2 integration pattern in liuiting body

initiation mutants occurred in a similat frequency as that observed beloie for randomly

analyzed C anerem REMI transformants (Granado et ah 199 7) In addition, the

hybridization patterns oi the ditteient pkn and vä« mutants distinguished all from each

other, indicating random ectopic integrations of theplasmid

fcoRI L(oR\ t /A/I

o
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o
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—1 Ub nkb
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Figure 2, Integration pattern ot plasmid pPABl-2 in REMI mutants ot immokaryon AmutBmut

being detective in fruiting bod> initiation, Genomic DNAs ot mutants wtic digested either with a

single icstitction enzyme oi with two en/vmes as indicated Digested DNA1- weie sepaiated on 1%

agaiose gels and tiansicitcd to nylon tnentbtanes toi Southern hybndization at alysis A 3 "5 kb LcoRl

Pstl tiagment ot PAB1-2 with the i t ineietts pah I l

gene was used as a piolx. fot hvbndi/ation The

examples given in the figuie show a 1i leet RF\1I integration ot pPABl-2 (Da single integration of

pPARl-2 in an undefined way (2), a i asc whete pPABl-2 integrated twice into the genome once

possiblv as a perfect RFM1 mtegiatioa e»ent and once m an undefined way 0), two undefined

integuitions with pPABl-2 (4) multiple mtegiations of pPABl-2 with a possible peitcct RFMI

intcgiation or a tandem intcgiation ( S) and a case of undefined multiple mtegiations (6) At tows matk the

positions ot the endogenous pabl sc,i utte 6 2 kb points to the positions ol t full-length pPABl-2
(lagment and 3 3 kb to the positions ot the pub 1 insert ot pPABl-2 teleasul by 1<<>R\ I P<st\ and

Jamil! Sph\, iespccti\ely
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Table 5. The integration pattern of pPABl-2 in 30 different REMI mutants

Integration patterns

1 insertion perfect RKMI insertion

2 insertions

:2 insertions

undefined

1 possible pet feet RFMI

insertion and 1 undefined

both undefined

1 perfect RFMI insertion

or tandem integration and

I or more undefined

all undefined

pkn mutants

B-1856

B-1533

shi mutants

B-174i,B-252l,

B-2798,F-0782,P-1429,
P 2020

B-0016,B-0659.

B-1057, B-1977,

B-2054, B-2641

N-2018, B-2536, P-0678

B-043d

H-0134,B-0724,
i -1023, h-1574, F-1775

B-1995, B-2404, F-1593

B-1331,1-1686, li-2115,

IM 347

2.5 Discussion

In this study, we identified 10 stable pkn mutants and 40 stable skn mutants of C.

cinereus homokaryon AmutBmut, being defective in fruiting body development at the

stages of primary and secondary hyphal knot formation, respectively. These mutants can

now be used to clone genes acting specifically in the early steps of fruiting body

development. The first gene cloned from one of these mutants is described in chapter 4.

Different approaches can be taken to clone the genes of interest from out specific

fruiting body initiation mutants. In RFMI mutants, if a mutation is tagged by the

insertion of the pPABl-2 piasmid, we can recover in E. coli the plasmid DNA including

Hanking chromosomal DNA regions of the Coprinus mutani These flanking regions

will be used to identify the corresponding wild-type locus in a genomic cosmid library

made from homokaryon AmutBmut (Bottoli et al, 1999) Such an approach has

successfully been employed to isolate genes from RFMI mutants of the basidiomycete

Ustilago maydis (Bolker el a I., 1995), but not yet of C. ciiuieus. Multiple insertions

and/or plasmid rearrangements hindered the DNA recovery ftom a few C. cinereus

RhMI mutant that so far !u\e been looked at (Celenn et al !000; (ïimmings et al,



102 Charack'ii/ation of mutants defective in fruiting body initiation

1999) (J.D. Granado, personal communication), However, a semi-random PCR

technique allowed at least in one case the targeted recovery of tagged mutated

sequences from C. cinercus (Celerin et al, 2000; Cutnmings et al, 1999). In other

cases, plasmid insertions have been shown by genetic analysis to be unlinked to a

mutation of inlet est (TVluraguehi and Kamada, 2000; Polak, 1999). Such untagged

mutations can be isolated by crossing the paba-prototrophic Annit Bmut mutants with

suitable
monokaryons.Oncepresentinanauxotrophicstrainusefulfortransformation,suchuntaggedmutationscanbecomplementedwithagenomiclibrary(Bottolietal,1999)byaSIB-selectiontransformationprocedure[/>.,repeatedsubdivisionof;igenomiclibraryandprogressivelyenrichingforthetransforminggene(AkiusamiLambowit/,1985)).ThesameSlB-selectiontransformationstrategycanbeemployedtoidentifymutatedgenesmpaba-aiKotrophieUVmutantsofhomokaryonAmutBmnt(seechapter4).Animportantquestionnotyetfullyansweredinourgeneticanalysisishowmam,differentgenesaremutatedintheidentified10pknmutantsand40sknmutants.Thecomplementationtestsbetweenmutantsidentifiedatleast5complementationgroup;-,forprimaryhyphalknotformation("fable2)and11forsecondaryhyphalknotformation(Table4).However,whennocomplementationwasobserved,wecannotexcludethathyphalfusionbetweencrossingpartnerswasinefficient.Inthecrossesbetweendifferentpknandsknmutants,wewouldhaveexpected100%complementation,butinreality,only70%ofthecrossesproducedfruitingstructures.Thisresultstronglysuggeststhatthenumberofdifferentgenesidentifiedinthisstudyfromthe10pknand40sknmutantsbycomplementationissmallerthantheactualnumberofgenesaffectedinthesemutants.Hyphalfusioninbasidiomycetesgenerallyoceutsbetweenconfrontedgeneticalb,identicalhomokatyonsanddikaryons(AylmoreandIodd,1984;Kiies,2000;ToddanuAylmore,1985).However,anuclearreplacementreactionusuallyfollowsthefusionbetweentwodifferentunrelatedmonokaryotichyphae,amonokaryoticandanunrelateddikaryotichypha,orevenbetweengeneticallydifferentdikaryotichyphae(AylmoreandTodd,1984;Kiies,2000;ToddandAylmore,1985)Inconsequence,heterokaryotie(dikaryotic)cellswithtwodifferentnucleiarecreatedandgeneticdefectsinthesenucleimightbecomplementedthroughthepresenceoftheothernucleus.Thesituationdifferswhenthetv)hyphaeidenticalinoneorbothmating-typelocimeet.Theystiffuseandthesituationwithtwodifferentnucleiisgeneratedinthefusioncell,but

tin*
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status is very unstable. Usually, there is no or only very poor outgrowth of

heterokaryotic hyphae (Kiies, 2000). Since mating-type controlled self-incompatibility

is overcome in Amut Bmut homokaryons (Casselton and Olesnicky, 1998; Hiscock and

Kiies, 1999), outgrowth of more stable heterokaryotic hyphae with two different mutant

nuclei might be expected upon crossing two different mutants of homokaryon

AmutBmut. Our current experiences from mutants of homokaryon AmutBmut with

defects in clamp cell formation (Liu et al., 1999) and from mutants defective in (raiting

body initiation (this study) suggest that this is sometimes but not always the case.

Complementation
betweenAmutBmuthomokaryonsappearstobeasubtleevent.WhenJewofthecrossespresentedherewererepeated,differentcomplementationpatternsweresometimesobserved,eg.insomeerossescomplementationwasonlyachievedinthisstudy,andinsomecrossescomplementationoccurredinthesecondtimedespiteanegativeresultinthisstudy(G,Ruprich-Robert,personalcommunication).Therefore,carefulexaminationshouldbemadebeforeamutantisselectedforfurtherstudies.Besidescomplementationreactionsinthecontactzoneoftwomutants,inparticularwithsixofthemutants,fruitingstructureswerealsoobservedattheouteredgeofoneorbothmatingpartners.Itispossiblethatthelatteriscausedbyinvasionofnucleifromonematingpartnerintotheforeignmyceliumoftheotherpartner.However,ifAmutBmuthomokaryonsbehaveinmatingeventssimilarlytoawild-typedikaryonthatonlycandonatebutcannotacceptnuclei(Bullerphenomenon)(Kiies,2000;Quintanilha,1937),fruitingbodyformationontheouteredgesofcoloniesisunlikelytheresultofadirectnuclearinteractionbutratheraresultofgeneproductsorsecondarymetabolitesdiffusingthroughthemycelialnetwork.AcknowledgementsPartofthedataaboutfruitingbodydevelopmentonhorsedungwasgeneratedbyID.GranadoandpartofthedataaboutoidiaproductionbyE.Tolak.2.6ReferencesAkins,R.A.andLambowit/A.M.(1985)GeneralmethodtorcloningNeurosporacrassanucleargenesbvcomplementationofmutants.Mol.CellBiol.,5,2272-2278.Aylmore,R.C.andTodd,îvK,(1984)Ilyphalfusionin<oriolusversicolor.InJennings,D.H.andRayer,AÜ.M.(eds.),Theeeolog\andphysiologyofthefungalmycelium.Cambridgeuniversitypress,Cambridge,UK..
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Table 7: Fruiting structures developed on the side(s) of crossed mutant colonies of homokaryon AmutBmut. Data in each row describe the maximal fruitmg

stages (symbols as in Table 6) observed on the colony outer edge of a given mutant (indicated on the row) when crossed with other mutants (on the column).
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3 Microscopic observations on primary hyphai knot

formation and the correlation of galectin expression to

fruiting body initiation

3.1 Abstract

The formation of primary hyphai knots initiates fruiting body development in the

higher basidiomycete Coprimts cinereus. The microscopic three-dimensional structures

are formed in the dark and derived from localized intense hyphai blanching in the aerial

mycelium. A primary hyphai knot can arise from a single vegetative hypha, or from

cooperative interactions between two or more neighboring vegetative hyphae. Two

fungal galectin genes (cgll and cgl?) were differentially expressed at both the

transcriptional and the translational levels during early fruiting body development.

Proteins of these genes were absent in pure vegetative
myceliumExpressionofCgl2proteincoincidedwiththeemergenceofprimaryhyphaiknots,expressionofCgllwiththelight-inducedsecondaryhyphaiknotformation.Thesecondaryhyphaiknotisacompacthyphaiaggregatewithoutanyinternaldifferentialion.Cgl2expressionincreasedwiththeproceedingofpriniordiumdevelopment,whereastheexpressionofCgllwasinducedatthestageofthelight-dependenthymeniumdifferentiationinthepriniordium.Studieswithmutantsdefectiveinprimaryhyphaiknotformation(pkn)showedthatCgl2canbeexpressedintheabsenceofprimaryhyphaiknotsandviceversa,suggestingthatCgl2expressionandprimaiyhyphaiknotformationareindependentfromeachother,althoughlightandtemperatureregulatebotheventsinthesameway.Intwomutantsdefectiveinsecondaryhyphaiknotformation(vÄ-n),strongCgllexpressionoccurredintheabsenceofsecondaiyhyphaiknotformation,showingthaialsothesetwoeventsoccurindependentlyfromeachother.Severalotherpknandsknmutantswerefoundtoha\eanalteredlightand/ortemperatureregulationononeorbothofthegalectingenes.3.2IntroductionAlectinisasugar-bindingproteinorglycoproteinofnonimmuneoriginthatagglutinatescellsand/orprecipitatesglycoconjugates.Thesugar-bindingsite(s)enablesàlectintorecognizespecificmonosaccharidesoroligosaccharides(Goldsteinetal,,1980).lectinsarewidelydistubutedinlivingorganismsincluding,bacteria,viruses,animals,plantsandfungi.Fungallectins,isolatedfromthirteenmushroom

species,
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differ largely in molecular characteristics such as molecular weight, number of subunits,

carbohydrate content and carbohydrate binding specificity (Wang et al, 1998),

Galcctins, or S-type lectins, specifically bind ß-galactosidc sugars in a calcium

independent manner and share sequence homology within the carbohydrate-recognition

domain (CRD) (Barondes et al., 1994). Currently, ten mammalian galectins (Cooper

and Barondes, 1999) and two fungal galectins (Cooper et al., 1997) have been

discovered, each containing one or two highly conserved CRDs made up of about 135

amino acid residues (Hughes, 1999). The identification of galcctins from these two

kingdoms implies that
galectinsperformverybasicbiologicalfunctions(Coopeietal.,1997),sinceanimalsandfungisharedacommonancestorapproximatelyIbillionyearsago(Doolittlccm/.,1996).Membersofthemammaliangalectinfamilyhavebeenshowntomediatecelladhesion,toregulatecellproliferation,totriggerorinhibitapoptosisandtobetequiredforpre-mRNAsplicing(Perilloeta/.,1998).Inanimals,galectinsarefoundonthecellsurfaceandwithintheextracellularmatrix,aswellasinthecytoplasmandthenucleus(Perilloetal.,1998).Infungi,twogalectins,Cgl1andCgl2(eachcontainingoneCRD),wereisolatedfromtheheterothallicbasidiomyceteCoprinuseinereus.Thesegalectinsarelocalizedintheextracellularmatrix,incellwallsaswellasincytoplasmicbodiesandarespecifictothefruitingbodies(Boulianneetah,2000;Cooperetah,1997).FruitingbodydevelopmentinC.einereusisaprocessinvolvingvarioushyphal-hyphalinteractions(Kiies,2000;Moore,1998).Thelocalizationofgalectinsintheextracellularmatrixsuggeststheirinvolvementincellularhyphalinteractions,whichmightbemediatedbytheirabilityofbindingspecificcarbohydrates.TheearlvstagesduringfruitingbodydevelopmentinC.einereusareclassifiedbythreeemergentstructures:theprimaryhyphalknot,thesecondaryhyphalknotandtheprimordium(Kiies,2000)(seechapterI).Theprimaryhyphalknotderivesfromlocalizedintensehyphalbranchingthathappensinthedark(Boulianneetal.,2000;Kiiesetal.,1998).Alightsignalstimulatesthetransformationoftheprimaryhyphalknotintothesecondaryhyphalknot,thelattetbeingthefirstfruitingspecificstructure.Stimulatedbyfurtherlightsignals,regionalgrowthandcellularorganizationwithinthesecondaiyhyphalknotleadtotheformationoftheprimordium,inwhichcapandstipetissuesaredifferentiated.Inthecapofayoungprimordium,lightinduceskaryogamywithinthebasidia.Karyogamyisfollowedb\meiosisandbasidiosporeformation.Inparallel,thestipeelongatesandthecapexpands,givingrisetoamaturefruiting

body
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(Kües, 2000). In this study, we followed galcctin expression by Western blot analysis

through the developmental pathway of fruiting body formation. The early stages in

fruiting body development were more precisely defined and galectin expression was

correlated to these early events.

3.3 Materials and methods

3.3.1 Fungal strains

Strain AmutBmut is a self-compatible homokaryon with mutations in both mating-

type loci that fruits without prior mating to another strain (Swamy et al., 1984). Strains

B-0016, B-1057, B-1533, B-1856, B-1977, B-2054 and B-2641 arc REMI-mutants and

strains 3-127, 6-536 and 7-Kll are UV-mutants of homokaryon AmutBmut
withdefectsinprimaryhyphalknotformation(pkn)(U.Küesetal.,inprep).StrainsB-0134,B-0436,B-0659,B-0724,B1331,IM347,B-1741,B-1995B-2018,B-2404,B-2521,B-2536,B-2798,H-0782,IM025,IM574,E-1593,E-1686,}<1775,E-2115,P-0678,P-1429andP-2020areRFjVII-mutantsandstrains3-020,3-149,4-001,5-021,5-057,6-031,6-207,6-430,6-500,6-529,6-541,6-608,6-625,7-171,7-237,7-279,7-280and7-297areUV-mutantsofhomokaryonAmutBmutdefectiveinsecondaryhyphalknotformation(skn)(U.Küesetal.,mprep).StrainProto-159isasknmutantderivedfromprotoplastingofAmutBmutoidiaandsubsequentregeneration(Granadoetal.,1997;U.Kües,etal,inprep)(seechapter2).Mutantcultureswerestoredat-70°Cin15%glycerol(Walseretal.,2001).Forregrowth,frozencultureswerethawedandtransferredontoYMG/Tagarincaseofpaba-auxotrophicUV-mutantsandstrainProto-159,orontoCoprimtsminimalmediumincaseofpaba-prototrophicREMI-mutants(Granadoetal,1997)."fliesecultureswereusedtoinoculateYMG/'fagarforstudyinggalectinexpression.Allmutantswerealsostoredforthreeyearsat4°C.The4°CcultureswererefreshedbyregrowingonYMG/TorminimalmediaandinoculatedontoYMG/Tmediumtocheckthestabilityoftheirfruitingphenotypes(defectsinprimaryorsecondaryhyphalknotformation)3.3.2MicroscopicobservationoiprimaryhyphalknotformationAfterhomokaryonAmutBmutwasgrownonYMG/Tagaiat37°Cinalight-proofventilatedboxfor5days,aMockofagar(Ix1cm)wascut(Hittocreateanobservationwindow.Cultureswerereturnedintothelight-proofboxandincubatedfortwomore
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days. Processes occurring in primary hyphal knot formation in strain AmutBmut were

observed in one- or twenty-hour intervals and at random time points with a inverse

microscope Axiovert 25 (Zeiss). Mycelium with primary hyphal knots was

photographed with a color chilled 3CCD Camera (Hamamatsu C5810). Digital images

were processed with the computer program Adobe Photoshop 5.5.

3.3.3 Detection of galectin expression under different growth conditions

Uomokaryon AmutBmut was inoculated on YMCr-T agar in the center
ofPetridishes{day0)andincubatedundervariousenvironmentalconditions(TableI).Aerialmyceliumwithorwithoutfruitingstructures(primaryhyphalknots,secondaryhyphalknots,primordiamthest/eofIor8mm)wascollectedandlyophilized,aswellascapandstipetissuesfromthepostmeiotic(ca.2.4cm)andmaturefiuitingbodies.Sahne-solubleproteinswereextractedfromtheselyophil)/edmaterialsandanalyzedbySDKPAGEandWesternblotting(Boulianneetal.,2000).Blotswereincubatedwithgalectin-specificrabbitantiserum(a-Cgl,primaryantibody)andhorseradishperoxidase(HRP)-conjugaledgoatanti-rabbit(secondary)antibodyanddetectedaccordingtothesupplier'sinstructions(Bio-Rad)(Charltonetal.,1992).Alternatively,theywereincubatedwitha-CglandproteinAcoupled-HRP,detectedbyECLchemiluminescence(AmershamLifeScience)(Boulianneetal.,2000).Table1.GrowthconditionsusedtostudygalectinexpressioninhomokaryonAmutBmutConditionI11mIVVVIVII37°Ccontinuousdarknessfor5days,followedby8daysofincubationina12hlight/12hdarkregime'1(L/D)at25°C(thestandardfruitingconditions,(Granadoetilem?))25°C12hhght/12hdarkregime'1(l./D)for/to16days37°Cincontinuousdarkness(D)for5to12days25°Ccontinuousdarknessfor(D)7to15da\s37°Ccontinuouslightb(L)for5to12days25°Ccontinuouslightregime1"(L)for7toEldays37°Ccontinuousdarkness(D)for5days,followedby7daysofexposureincontinuouslight(E)at37°Cb•'lightsource;whilefluoresceintubes(OsiamI40/25Iniveisil-Weilfemissionspectrum295-780nni),lightintensity35-70[iLs'mblightsource:asin'.lightintensity20uFs'm"'Toanalyzegalectinexpressioninphiandsknmutants,theaerialmyceliumofwholeculturesgrowncitherafconditionsIorIIIfor7day»,oratconditionITfor10da>v

{s
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days at 37°C and 5 days at 25°C) were collected and analyzed by SDS-PAGE and

Western blotting with a-Cgl and protein A coupled-lIRT by ECL chemilumincscence

(Boulianne et al., 2000).

3,3.4 Northern hybridization analysis

Total RNAs was extracted with a guanidinium isothiocyanate method (Chomc/ynski

and Sacchi, 1987) from powdered lyophilized C. cinereus AmutBmul mycelium or

tissues of different fruiting stages. 10 jig of total RNAs per sample were used in

Northern hybridization analysis (Ausubel et ah, 2000). Hybridization signals were

produced with a I kb BglW-Shel DNA fragment that was isolated from plasmid pCGLT-

6R, containing the cgll coding region inserted m pBluescnpt KS(-), and labeled with

[a~32P1dCTP (specific

probeactivity:3x10°cpm/ugDNA)byrandomprimedDNAlabeling(BoehringerMannheim).3.4Resultsanddiscussion3.4.1PrimaryhyphalknotsarederivedfromlocalizedintensehyphalbranchingIntheliterature,theformationofprimaryhyphalknotsispoorlydefined(seechapter1).Therefore,wetriedtoobservethisprocessbyfollowingindividualhyphaeindark-grownculturesofhomokaryonAmutBmutunderamicroscopeatone-hourintervals.Atthebeginning,weobservedtheformationofaregularhyphalnetwork(Fig.1a)onthesurfaceoftheplasticPetridish,whereanobservationAvindowwascreated(seeMaterialsandmethods).Branchesappearedatlargedistancesinmoreorlessregularangles(thisstudy;Polaketal.2000;Polaketal,1997)onsomebutnotallcellsofagivenhypha("mainhypha").'Ihesesidebranchestendedtoelongateinonedirectionandoccasionallygaverisetonewbranches(Fig.la).After10hours,severalshorthyphalbranchesemergedmaconfinedareabetweentwomainhyphae(Fig.lbandlc).Unfortunately,thestrongwhitelightsourceofthemicroscope(about12mEs"1m"2)ledtoanarrestindevelopmentofthoseshorthyphae.Inthenext5hours,nofurtherdevelopmentintheconfinedareashowninFig.lborlcwasencountered(notshown).Therefore,wewereconfrontedwiththeproblemthatbluelightrepressesprimaryhyphalknotformationinvegetativemycelium(Kiiesetal.1998).Inaddition,bluelightwasshowntoinduceotdiophoreformationandasexualspore(oidia)production
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Figure 1, Primary hyphal knots are derived from localized intense branching. Primary hyphal knot

formation was observed in cultures of homokaryon AmutBmut as described in Materials and methods: 48

hours after the creation of an observation window, hyphae colonized the agar-frce Petri dish surface by
regular formation of side branches (a), "fen hours later, many short branches appeared in a confined area

between two main
hyphae(b,sectheinsetenlargedinc).Morethanoneshortbranchmaydevelopononehyphalcell(c).Arrowheadsinaandcpointtobranchingpositions.Inotherindependentexperiments,immature(d)andmature(e.f)primaryhyphalknotsweredetectedthreedaysafterthecreationoftheobservationwindow.Notetheshorthyphaeinimmatureandmatureprimaryhyphalknots.Theseshorthyphalcellshaveirregularshapeandpartiallytwistaroundeachother(f).Sizebarinallpictures:0.1mm.(Kertesz-Chaloupkovaetal,1998;Ruesetal,1998;Polaketal,1997).Consistently,inanotherexperiment,usingtwenty-hourintervalsforobservation,furtheradvancedhyphalcomplexeswereseen(Fig.2aand2b),butprimaryhyphalknotdevelopmentwasalsoabortedbythemicroscopiclightemission,instead,lightinducedoidiaproductiononthehyphalcomplex(Fig.2b-2f).Theadditionofayellowfilter(E520LP,Chroma,Zeiss)totheinversemicroscopeeliminatedlightintheUV-bluerangeandimprovedourobservations.Primaryhyphalknotdevelopmentcontinuedinthecultureswellaftermicroscopicinspection(notshown).However,becauseoffastwatercondensationintheobservationwindowduetotemperaturedifferencebetweenthegrowthcondition(37°C)anddielab(ca.20°C),itwasstilldifficulttoobtainconsecutivephotosofthesamedevelopinghyphalcomplex.Therefore,wepresentonlysteady-statepicturesontheformationofprimaryhyphalknots.
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Figure 2. Light illumination inhibits primary hyphal knot formation in the aerial mycelium of a

dark-grown culture and induces oidia formation. A young primary hyphal knot consisting of

numerous short hyphal branches was detected in the aerial mycelium of homokaryon AniutBmut (a and d)

and followed over the time (b and e, twenty hours later; c anil f. twenty five hours later). Due to a light
emission from the microscope, primary hyphal knot development arrested and numerous oidia droplets

developed in the liyphal complex 20 hours later (b and e). After additional 5 hours, oidia droplets fused

into larger spore mass and the surrounding aerial mycelium suffered from desiccation (c and f).

Examples of our observations when using the yellow filter at random time points are

shown in Fig. 3. Nineteen hours after creating the small observation window, vegetative

hyphae formed a hyphal network by regular branching (Fig. 3a). In some conlined

areas, we detected unusual hyphae with abundant short side branches of limited tip

growth (Fig. 3b). 9-12 h later such localized intense branching led to the formation of

hyphal complexes that arose either from just a single hypha (Fig. 3c) or from more than

one neighboring hyphae (Fig. 3d). After other 14 h, inflated hyphae were found within

the hyphal complex (Fig. 3e), which increasetl three-dimensionally. At this stage the
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dimensions of the complex made it difficult to obtain pictures with good résolution (Fig.

3f-3g). After further 10 h, primary hyphal knot formation was basically finished (Fig.

3h).

Figure 3. Morphological changes during primary hyphal knot formation in homokaryon
AmiitBmut. 19 h after creating an observation window, a vegetative hyphal network formed by regular
branching (a). At this time point, many short branches appeared on specific individual hyphac (b). 9-12 h

later, hyphal complexes were generated by intense localized branching that originated either from a single
hypha (c) or from two or more neighboring hyphac (d). After another 14 h, the hyphal complex grew

three-dimensionally (c-g). The dashed box in picture e is twice enlarged in the inset and presents
examples of inflated hyphal cells. After further 10 h, primary hyphal knots were fully matured (h). Size

bar in all pictures: 15 um.
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3.4.2 More observations and aspects related to primary hyphal knots

Based on observations made at 37°C on dark-grown cultures of homokaryon

AmutBmut of different age and with different structures, under the microscope with or

without the yellow filter, we deduce the following:

1) Following observations of Brefeld, Bui 1er claimed that the basidiocarp of C.

stcrcorarius arose from a single cell (Buller, 1933), Other authors (Clcmencon, 1997;

Reijnders, 1963), however, found that primordia (and thus ultimately primaiy hyphal

knots) in a number of t 'oprinus spp., including C, cinereus, originated either from one

hypha (monoeentrie) or from two or more hyphae (polycentric). In cultures of C.

cinereus homokaryon AmutBmut, we also observed nionocentnc primary hyphal knot

formation (Fig. 3b-3c), but polycentric primary hyphal knot formation (Fig. Id-le and

3d-3e) was more frequently observed.

2) Within the aerial mycelium, primaiy hyphal knof appear to develop in more or

less regular pattern (Fig. 4a). Primaiy hyphal knots in homokaryon AmutBmut formed

at distance of 388 ±151 (im (calculated from 237 primars hyphal knots).

3) It takes 1-2 days from the first sign of development (Fig. lb) to obtain a fully

matured primary hyphal knot (Fig. 3). At the onset of primary hyphal knot formation, a

hypha switches from unidirectional growth into localized ramification, which leads to

the production of many short branches with restricted hyphal tip growth (Fig. Ib-lc and

3b). There might be one or more of such short branches per hyphal cell (Fig. lc).

Ramification is confined to an active center, resulting in the formation of a hyphal

complex that expands three-dimensionally in size by repeated branching (Fig. Id-If, 2a,

2d and 3b-3g). At the end, a fully developed primary hyphal knot emerges with a size of

approximately 30 pm m diameter (Fig. le and 3h). Numerous short hyphal branches

within such a primaiy hyphal knot are characterized by cells of irregular shape (Fig, If

and 3e). Hyphal branches within the primaiy hyphal knot partially twist around each

other (Fig. 11). Hyphae anchoring and connecting primary hyphal knots in the aerial

mycelia network can also twist (Fig. 4b-4c), possibly to strengthen the anchoring forces.

4) Developing primary hyphal knots are neither committed to the fruiting program

nor committed to Sclerotium formation (see point 5 below ). When exposed to a strong

light source (microscopic bulb), oidium droplets clearly developed on branches of the

hyphal complex (Fig „>b-2e), indicating that light deteumnes which developmental

program is entered. Primary luphal knot formation needh darkness (Kiies et al., 1998;

this study). The induction of secondary hyphal knot formation needs low light energy (1
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foot-candle of blue light, 410-450 nm) (Llhott 1994 I u, 1974), whereas strong light

lepresses fruiting body initiation but leads to oidia pioduction (Kcrtesz-Olialoupkova el

al, 1998, Kites dal, 1998, this study)

Figure 4 Matuu pnmarv hvplial knots in the aerial imcelium of homokarvon AmutBirtut

eventually develop into scleiotia when cultures are kept in the daik I he o\ei\ie\\ of attial mycelium
shows that pnmaiy hyphal knot iotmation initntcs at itgul u distantes ( i) \eighboimg pnmaty hvph il

knots are sometimes
connectedb>twistedhvplnc(b)Suchtwistedhvphaealsoanchoipnmaivhyphalknotsinthemyeelnlnetwoik(e)\ttettwodavincubationH^7(mthedarkpnmatyhyphalknotsmdseltiotia(compactblownsphciicalstiuctuics)coappcatintheaeiialmycelium(d)Ihepcnpheiyoiavotingseleiotiumtonsistsofmanvshoithyphac(e)whichdisappeaio\eithetime(f)Sizebatinillpictures^0urn5)WhenusingthemicroscopewithyellowhlteitoobservepiunaryhyphalknotIotmationintheîeiialmyceliumofhomokaryonAmutBmut,wenoticedthata(tu?daysthecentralitgionofsomepnmanhvphalknotsturnedintoabrowncompactni\•>(ca30|immcLametu)wheieasthepenphetatlegionwasstillcomposedolsiiitlooselyanangt1btanches(Pig4d)Oveitheu\tfouidays,manyofsuchbio

vu
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structures appeared in the aerial mycelium (Fig. 4e). During this time, the brown colour

became darker and most of the peripheral short branches disappeared (Fig, 41). These

brown structures are known as aerial sclerotia and their formation from aerial hvphal

complexes has been described before (Waters et al., 1975). Genetic data have shown

that sclerotia and fruiting body initiation share the same origin (Moore, 1981). It needs

darkness to turn a primary hyphal knot mto a Sclerotium (Klies et al., 1998), whereas a

light signal is believed to turn a primary into a secondary hyphal knot having more

compact and aggregated structure (Bouhanne et al., 2000; Kües, 2000) (see chapter I).

The transition from a primary into a secondary hyphal knot has not yet been described.

3.4.3 Differential expression of galectins (Cgll and Cgl2) during fruiting
bodydevelopmentatstandardfruitingconditionsTwogalectins(CgllandCgl2)with83%aasequenceidentityweteclonedanddefinedbytheirspecificbindingabilitytoß-galaetosidcsugars(Boulianneetal.,2000;Cooperetal.,1997).ThesetwoproteinscanbeseparatedbySDS-PAGFandbothCglscanberecognizedbya-Cglantiserum(Fig.5b,lane1)(Boulianneetal.,2000).NorthernhybridizationandWesternblotanalysisshowedthattheeglgenesexpressedonlyataverylowlevelinmyceliumreadytoinitiatefruiting,butmainlytranscribedinfruitingbodies.Inparticular,galectinswereproducedingreatquantityduringearlymeioticstagesanddecreasedtoalowlevelattheendofmeiosis(Charltonetah,1992).Thisdifferentialexpressionpatternduringfruitingbodyformationandmeiosispromptedustothoroughlyexaminetheexpressionofgalectinsduringtheentirefruitingbodydevelopmentalpathway.Whengrowninthedarkat37Tfor5days,coloniesofhomokaryonAmutBmutnearlyreachedtheedgeofPetridishes.Atthistimepoint,culturesonlycontainedundifferentiatedhyphae(Fig.5a)andnogalectinwasdetected(Fig.5b,lane2).Toinducefruitingbodyformation,5-dayolddark-grownculturesweretransferredtoa12hour-light/12h-darkalternatingregimeat25°Cforfurthergrowth(GrowthconditionI,Table1),correspondingtothestandardfruitingconditionsusedinourlaboratory(Granadoefa!.,1997).Atday6(oneda\afterthetransfer),primär)hyphalknotsemergedaroundtheinoculuminthecenteroftheplatesandattheedgeofPetridishes.Atday7(twodaysaftertransfer),numuousprimär)'hyphalknotsappearedallover

the
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Figure 5. Western blot analvsis with rabbit a-Cgl antiserum indicates that the galectin genes cgll
and cgl2 are expressed during fruiting bodv development, (a) Homokaiyon AmutBmut was giovvn on

solid Y MO/1 medium at 17 C in constant daik loi 5 days Cultmes v\cic then ttansfcired to 25°C in a 12

h alternating light/dark legime \t day S (top left), the mycelium did not contain any ditfcicntiatcd

stuictines vvhcieas at dav 6 and / pnmaiy hvphal knots were piesent (top i ight) \t day 8 and 9 (bottom

light), secondaiv hvphal knots (initials) and small pumoidia weic seen that matined up to day 11 (bottom
lett) to the stage where katyogamy can be induced I itutinp occuned pnmaiily m an outet Punting /one

(indicated by a dashed line), whereas hvphal knot formation was obsetved ovci the whole mvechum I he

insets illustiatc the mycelial strucUue of the cultuie, photogi aphcd through a stercomicioscope (b)
Analysis of salcctm expiession 1 lie aenal mycelium and tissues vveie haivc sted piotein extiactcd and

sepaiated by SDS PAGt transfert» d to nitiocellulose and piobed with a C 1 antibodies as desenbed bv

Bouhanne et al (2000) I he age ol the cultuie is gi\en above each lain ol the Western blot and the

positions of C gl I and C gl2 aie indicated 1 he total mviclium was hanested horn cultutes at dav v/ (lane

2-4) 1 or oldei cultutes, the mycelium was sepaiated into an innci non hinting /one (i lanes S, 7, 9 11)
and an outet hinting 7one (o lanes 6 8 10 12) Lane I purified galcctms were applied as a maikci (M)
(c) I aige amounts of galectins wen detected in isolated cap (C ) and stipe (S) tissues of maturing (lane 13

14) and matuic hinting bodies (Line Is* 16)

A smallei piotcmotca 12 kDa was also detected in protein samples extiacud horn mycelium containing
pumoidia (lane 6, 8, 10 12) and ttom isolated cap and stipe tissues (lane M 16) This small ptotun icacts

with the hoisciadish-peioxidase-coupled piotein V as well as goat IgG antibodv It binds to a petoxidase-
coupled Sephaiose column but not a laitosvl coupled Sephaiose column suggesting that it might be

another carbohydiate-bmding lectin but not a aalectm (P I Walsei and R ( Hcitossa peisonal
communication)

fungal colonies (fig 5a), but the numbet of pnmary hyphal knots incteised towaids the

edge of the plates and tow.iuU the inoculum in the centei (not shown) Cgl2 was



Chapter 3 125

detected on both day 6 and day 7 in the aerial mycelium of honiokaryon AmutBmut that

contained primary hyphal knots (Fig. 5b, lane 3 and 4). On day 8 and day 9, primary

hyphal knots differentiated into secondary hyphal knots and small priniordia (ca. 1

mm). They were exclusively found at the edge of the plates. The uneven distribution of

primordia made it possible to separate the colony into an inner non-fruiùng /one and an

outer fruiting /one (Fig. 5a). Cgl2 was detected in the non-fruiting area In the outer

fruiting /one, not only C'gl2 but also traces of Cgll were found (Fig. 5b). Up to day 11,

primordia mature to the stage (ca. 5 mm) when karyogamy can be induced bylight(notshown).Duringprimordiamaturation,bothCglsincreasedtheirexpressionwithproceedingtimeanddevelopmentinthefruitingzone,whereastheamountofCgl2inthenon-fruitingarearemainedlow(Fk>.5b,lane6,8,10,12).Onda\12,nieiosiscompletedinthecapofprimordia(nowca.8mminsize),resultingintheformationofyoungfruitingbodieswithbasidiospores(I,Fig.6).Withinthenext24hours(day13).maturefruitingbodieswereformedbyrapidstipeelongationandcapexpansion(I,Fig.6).Whenweseparatelyexaminedthepresenceofgalectinsinisolatedcapandstipetissuesofpostmeioticelongatingyoungfruitingbodies(1-1.5cm)andofmaturefruitingbodies(ca.4.5cm),strongsignalsforbothgalectinswithequalCgl2/CgllratiosweredetectedinallsamplesbyWesternblotanalysis(Fig.5c,lane13-16).EarlierNorthernhybridizationanalysisusingawild-typedikaryon(Charltonetal.,1992)showedthatthetranscriptionofcglgenesdecreaseddrasticallyatthesecondmeioticdivisionanddisappearedattheendofmeiosis.ThesedatawereconfirmedbyourNorthernhybridizationanalysisusingtotalRNAsofhomokaryonAmutBmut(Fig.7).Cgltranscriptswerenotdetectedinvegetativemycelia,notevenaftersaturatingtheexposureofthehybridizedblottoX-iavfilms(Fig.7,laneI).Whenpiunaryhyphalknotswereformedintheaerialmycehum(7daysafterinoculation),averyweakcglsignalwasobtainedafterover-exposuie(Fig.7,lane2inthelowerpanel).StrongsignalsweredetectedintotalRNAsisolatedfromImm-sizedprimordia(Fig.7,lane7).Higheramountsofcgltranscriptsweredetectedin5mm-si/edprimordia(prekaryogamy,Fig.7,lane8)andthe<gltranscriptsweremostabundanttnprimordiaof8mminsize(meiosis,Fig.7,lane9).Thecgltranscriptsbecameundetectableinmaturingfruitingbodiesof1-1,5eminlength,correspondingtotheendofnieiosis(Fig.7,lane10).Likewise,cgltranscriptsweienotpresentinmaturefruitingbodies(Fig.7,lane11).Inaddition,cgltranscriptswet«,notdetectedinsenescentmycehumcontainingscleioUn(Fig.7,lane3),norinmycehumexposedconstantlytolightdmmgandafter
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Figure 6 Morphological differences and developmental processes of homokaryon AmutBmut when grown at different conditions (I to VII, see I able 1)
Numbers on the top lane indicate days after inoculation Under giowth conditions I, II and VI, normal primordia deveiopea, but only in growth conditions I and II they
matured into fully developed fruiting bodies In contrast, under growth condition III and IV, etiolated stipes" with underdeveloped caps were formed Such etiolated

stipes" enlarged m length over the time by proliferation of stipe cells No fruiting body development occurred ander growth conditions V and VII
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Figure 7, Transcription of cgl genes under different growth conditions and in different

developmental stages, lotal RNAs were extracted from 1) purely vegetative mycelium of homokaryon
AmutBmut grown at 37'C in the dark for 4 days; 2) mycelium grown at 37°C in the dark for 7 days that

contained primary hyphal knots; 3) mycélium grown at 37lC in the dark for 10 days containing sclctotia;

4) mycelium grown at 37°C in constant light illumination for 7 days without any differentiated structure;

5) vegetative mycelium grown at 37'C m the
darkfor5days,thenexposedtolightat370foranotherday;6)\ogctativcmyceliumgrownat37°Cin(hedarkfor5days,thenexposedtolightat37°Cforanother2days;7)isolatedprimordiasi/edof1mm;8)isolatedpriniordiasizedof5mm(intheprekaryogamystage):9)isolatedpnmordiasi/edof8mm(inmeiosis);10)isolatedyoungpostmcioticfruitingbodiesof1-1.5cminlengthand11)isolatedmaturefruitingbodiesofca.4.5cminlength.TotalRNAswereseparatedona1.2%formaldehyde-agarosegel.transferredtoHybond-Nnylonmembrane(Amershamlifescience)andhybridi/edwithaVp-labclcd1kbBglU-XhelDNAfragmentofplasmidpCCtlI-6R(containinggenecglI),lo\isuali/ethecgltranscripts,theblotwasexposedtoX-rayfilmsfor2hours(upperpanel)andfor13hours(loweipanel).thevegetativegrowthpliase(Fig.7,lane4-6).Thistranscriptionprofileenforcesonceagaintherelationshipbetweengalectinexpressionandearlystagesoffruitingbodydevelopment.Takenallresultstogether,wefoundthattheonsetofcgl2andcgllexpressiononbothtranscriptionandproteinleveloccurredsynchronouslytotheformationofprimaryandsecondaryhyphalknots,respectivelyBothCglswereexpressedinyoungfruitingstructuresandtheirexpressionincreasedwiththeprogressionoffruitingbodydevelopmentuptothestageofmeiosis.Vhetranscriptionofcglgenesstoppedattheendofmeiosis.However,becauseofahighproteinstability,largeamountsofCgllandCgl2werestillpresentinpostmcioticandmaturefruitingbodies.Theabundantamountofgalectinsintheselaterstructuressuggeststhattheseproteinsaregenerallyverystable.3.4.4EffectsoflightandtemperatureongalectinexpressioninrelationtofruitingbodyformationThe«developmentoffruitingbodiesmC,citwreusisregulated1-hlightandtemperature(Kiies,2000).Theformatio\ofprimaryhyphalknotstakesplacein

the
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dark at both 37°C and 25°C, but tt is repressed by light at 37°C (Kües et al, î 998).

hollowing primary hyphal knot formation, the light-induced development of mature

fruiting bodies was only reported to occur at lower temperature such as 25°C. Light is

essential for the formation of secondary hvphal knots and the differentiation of cap and

stipe tissues within the primordia, especially for the differentiation of the hymenium

within the cap (Lu, 1974; Morimoto and Oda, 1973). The absence of light at (his stages

leads to the formation of so called "etiolated stipes" or '"dark stipes" (Tsusue, 1969),

which
haveasmallundifferentiatedcapandanelongatedstipethroughcellproliferation(Lu,19/4;MorimotoandOda,1973;Muraguchietal,1999)(J.D.Granado,personalcommunication).Moreover,followingtheformationofbasidiainthehymenialtrama,lightisessentialforthemeioticS-phase(6436hbeforekaryogamy,prckaryogamy)andhigherlightintensityenhancesthespeedofbasidiaenteringkaryogamy(Lu,2000).Thecoordinationbetweenlightandtemperaturecontrolskaryogamy.Ihenormalproceedingofkaryogamycanbearrestedbyhightemperature,e.g.35°C.Thefirsttwohoursalthebeginningoftheprckaryogamystageisthelightsensitiveperiod(Lu.1974).Ulisarrest,however,canbeovercomebyeithera10h-darkincubationorbyatemperaturedownshiftto25°(Lu,1972).Incontrasttokaryogamy,adarkphaseisrequiredforthecompletionofmeiosis(Lu,1974;lu,2000).SomeC.einereusstrainsat28°Cneverproceedbeyondprophase1whendarknessisabsent(Kamadaetal.,1978).Whentemperatureisbelow27°C(roomtemperature),evencontinuouslightdoesnotarrestmeiosisinsomestrains(Lu,2000).Thelaterdevelopmentalprocessesincludingbasidiosporeformation,capexpansion,stipeelongationandcapautolysisarelightindependent(Kües,2000).Sincelightandtemperaturesocriticallycontrolfruitingbodydevelopment,andsincegalectinexpressionwasshowntobefruitingbodyspecific,weaskedhow\ariationsoflightandtemperatureconditionsduringcultivationcouldinfluencegalectinexpression.Varyingtemperaturecondition's:asingunvthconditionI(Fig.5and6),homokaryonAmufßmutreadilydevelopedfruitingbodiesingrowthconditionII(alternating12hL/Dcycleat25UC)(Fig.6).Thedifferencebetweenthesetwofruitingpermissivecondition:-liesinthetemperature,atwhichvegetativegrowthtakesplace.Vegetativegrowthwasslowerat25°C\Inconsequence,ittook7daysforthefungalcoloniestoreachtheedgeofPetridishes.Atthistimepoint,thecolonyhadatippledikeappearancethatwasvisibleevenafterOulormationofmaturefruitingbodvs(II,

Fig,
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6). This colony appearance resembles that described in C. congregatus under the same

condition (Ross, 1982). In growth condition II, primordia developed at the edge of the

plates as in growth condition I, but primordia also developed in areas between the edge

and the inoculum. However, mature fruiting bodies appeared only at the edge (Fig. 6).

When mycelium of different age was examined by Western blot analysis using a-C'gl

antiserum, galectin expression followed exactly the same pattern in relation to the

developmental stages reached as that seen under growth condition I (Fig. 5). Cgl2 was

detected first when primary hyphal knots appeared, Cgll with secondary hyphal knot

formation. The expression of Cgl2 and Cgll increased with the progress in secondary

hyphal knot and primordium developmenl (Fig. 5 and 7). The results indicate thai the

température in the range of 25°C~37°C, at which the vegetative mycelium proliferates,

has no decisive influence on the latei galectin expression during fruiting body
formation.Tofurthertesttheinfluenceoftemperatureongalectinexpression,homokaryonAmutBmutwasgrowninthedark(light-proofventilatedboxes)eitherat37X'(growthconditionIII)orat25°C(growthconditionIV).Thedifferencebetweenthesetwogrowthconditionswasonlythetemperatureandthisaffectedthegrowthrateoffungalcolonies.Majordifferencesinrespectofcolon}morphologyandgeneralfungaldevelopmentincludinggalectinexpressionwerenotobserved(Fig.6).Primaryhyphalknotsemergedfirstintheaerialmyceliumafter5and7daysingrowthconditionIIIandIV,respectively.Likeunderfruitingpermissiveconditions(IandII),lowamountsofCgl2weresynchronouslydetectedatthesetimepointsofprimaryhyphalknotformation.Inthefollowing2-5days,additionalprimaryhyphalknotswereformedandCgl2expressionincreased(Fig.8).Possiblyduetoaminorleakageoflightapinholeintheboxesissufficienttoinduce(Lu,Ie)74)-"etiolatedstipes"developedattheedgeofPetridishesinthelastfewdaysunderbothgrowthconditions(IIIandIV,Fig.6).StrongCgl2andweakCgllsignalsweredetectedatbothtemperaturesinmyceliumsamplescontaining"etiolatedstipes"fromouteredges,aswellsasinsamplescollectedfromtheinnerpartsoftheplatescontamtngprimaryhyphalknotsbutbeingfreeof"etiolatedstipes"(Fig.8).TheCgl2Cglllatiodetectedatthestageof"etiolatedstipes"formationwassimilartothatobtainedinImm-si/edprimordiaformedunderfruitingpermissiveconditions(IandII,Fig.5andFig.8).Suchratioremainedconstantevenwhenthedevelopmentof"etiolatedstipes"pioceecled(IIIandIV,Fig.8),indicating
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Imimmo-localization studies showed that gaiectins are only poorly expressed in the

liymenium, but mainly in the outer stipe and veil tissues (Boulianne et al., 2000).

ITymcniuni differentiation runs in parallel lo the enlargement of primordia, which is

mostly due to an increase in sizes of already existing cells (Kites, 2000; Lu, 1074;

Moore, 1098), During the rapid stipe elongation and cap expansion at later stages of

fruiting body development cell \olumes increase up to 100 folds, which in turn

generates tension stress on the stipe-gill conjunction. To maintain the compact

aggregated structure during primordium maturation and to avoid any rupture within the

structure, the outer stipe and cap tissues especially have to endure such
strongforces(Boulianneetal.,2000;Kamada,1094;Moore,1998).Basedontheirfunctionsincell-cellinteractioninanimalsystems(Pcrilloetal.,1998)andtheirsynchronousexpressionstotheearlystagesoffruitingbodydevelopment(Fig.5and7),itislikelythatthefungalgaiectinsalsoactincellaggregation(Boulianneetal.,2000).ThechangingoftheCgl2/Cgllexpressionratiossuggeststhatatthebeginningofprimordiumdevelopment,geneegl2issufficienttoprovideenoughproteinforaggregationandmaintenanceofthestructuralintegrityoftheveryyoungprimordia.However,atlaterstagesoffruitingbodyformationadditionalexpressionofgeneeg/1maybecomenecessarytoquicklyreactonkeepingtherapidlyextendingcellsurfacesofthecapandstipeattachedtoeachotherandtoresistruptureforcesgeneratedduringtheenlargementprocesses.Varyinglightconditions:lightinfluenceongalectinexpressionwastestedwithculturesofhomokaryonAmutBmutgrowninconstantlightfromthemomentofinoculationeitherat37°C(growthconditionV)orat25°C(growthconditionVI).Alsointhelight,weobservedaninfluenceoftemperatureonthegrowthrateoffungalcolonies(Fig.6).Incontrasttodaik-growncultures,primaryhyphalknotswerenotformedat37°Cinthelight.Instead,atday7afterinoculation,liquiddropletsappearedatthesurfaceofthefungalcolonies.Moredropletswereproducedoverthetime(V,Fig.6).Cgllexpressionwasnotobserved,buttracesofCgl2wereonlyoccasionallydetected(onday5andday6afterJminuteexposureofthelabelledWesternblots)(V,Tug,8).ThisresultconfirmedearlieiobservationsbyKitesetal.(Kitesetai,1998)andBoulianneetal.(Boulianneetat,2000)thatlightrepressesprimaryhyphalknotfoimationandgalectinexpression,butitalsoshowedthatthelightsepressionisnotalvvavs100%absolute.
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Interestingly, development of homokaryon AmutBmut in constant light at 25°C

(growth condition VI) was different from that in constant light at 37°C (growth

condition V). In condition VI, primordia sporadically developed randomly on the plates.

These primordia did not develop into mature fruiting bodies (Fig. 6). Following the

development pattern until the stage of primordium formation, the galectin expression

profile in condition VI was identical to that in the fruiting permissive growth conditions

I and II (Fig. 5 and 7). l'he occurrence of fruiting initiation and galectin expression in

constant light at 25°C but not at 37°C indicates that light is less effective on both events

at 25°C. It should be noted that Lu previously reported fruiting body development on a

wild-type dikaryon off. cincreus in constant light at 25°f but notat37°C(Lu,1974),Inthelastsetofexperiments(growthconditionVII),homokaryonAmutBmutwasfirstgrowninthedarkat37°Cfor5daysuntilthemyceliumcoveredtheentireplates,thentransferredtoconstantlightat37°C.Atthepointoftransfer,theseculturesconsistedofvegetativefluffymyceliumbutwithoutanyprimaryhyphalknot(notethatprimaryhyphalknotformationusuallystartsattheendofday5orthebeginningofday6,whenhomokaryonAmutBmutisgrownonYMG/Tplatesat37°Cinthedark).Later,whenkeptinlight,theirmorphologyresembledthaiofculturesincubatedintheconstantlightat37°Cdirectlyafterinoculation(V,Fig.6).Liquiddropletswereproducedonthesurfaceofthecoloniesonday9undergrowthconditionVII,buttolessextentthanthatproducedunderconditionV(Fig,6).Neitherprimaryhyphalknotsnorgalectinexpressionwasdetectedevenafteroverexposure(VII,Fig.8),indicatingthatlightrepressioniseffectiveonalreadyestablishedvegetativemycelium.3.4.5Mutantanalysisshowsthatgalectin(Cgl2andCgll)expressionisindependentofprimaryandsecondaryhyphalknotformationTheinitialprocessesoffruitingbodydevelopment,suchastheformationofprimaryhyphalknots,secondaryhyphalknotsandprimordia,areinteractionsbetweenhyphae.Thecoincidingoccurrenceoftheseearlystructuresandthedifferentialexpressionofthetwogalectins(CgllandCgl2)impliestheinvolvementofgalectinsduringfruitingbodyinitiationandprimordiummaturation,possiblyinhyphal-hyphalinteraction(Boulianneetal.,2000)(seeabove).Tofurtheremphasizetherelationshipsbetweengalectinexpressionandcellulareventsinearlyfruitingbodydevelopment,weexaminedthegalectinexpressionin50differentmutantsofhomokaryonAmutBmut.Thesemutantsweredefectiveinfruitinginitiationeitheratthestageofprimaryhyphalknotformation
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(pkn, 10 strains, see chapter 2) or at the transition to secondary hyphal knot formation

(skn, 40 strains, see chapter 2), All mutants were subjected to three different growth

conditions: i) constant dark at 37°C for 7 days, ii) constant light at 37°C for 7 days or

iii) 12 h-light/12 h-dark rhythm at 25°C for 13 days.

In a general overview, mutants were very variable in respect to galectiu expression at

these growth conditions (see Table 2 and Appendix for detailed results). The expression

patterns of Cgll were more difficult to analyze than those of Cgli, in accordance to the

normal expression of gene cgll at later stages in fruiting body development (Fig. 5 and

9), which none of the mutants
wasabletoreach.27ofthemutants(8pknand19sknmutants,seeTable2andAppendix)neverproducedCgllinalltestedconditions.Notably,intwosknmutants(strains3-020and6-529)Cgllwaswellexpressedat37°Cinthedarkbutnotinthelight(seebelow).Moreover,intwopknmutant(strains6-536andB-2641)and5sknmutants(strains6-031,B-0659,B-0724,B-1995andB-2798),reasonableamountsofCgllweredetectedwhengrownat37°Cinthedarkand/orinthelight,indicatingthatneitherprimarynorsecondaryhyphalknotformationisprerequisiteforCgllexpression.SomeoftheremainingmutantsexpressedCgllintracesat37°Cinthedark,likehomokaryonAmutBmut,whileothersproducedtracesofCgllinthelight(seeAppendix).LiketheexpressionofCgll,productionofCgl2canoccurindependentlyfromprimaryhyphalknotformation.Whengrownat37°Cinthedark,6pknmutants(strains6-536,B-0016,B-1057,B-1856,B-2054andB-2641)hadagalcctmlevelcomparabletothatofhomokaryonAmufBrnutatthestageofprimaryhyphalknotformation(seeAppendix).Incontrast,4pknmutants(strains3-127,7-K11,B-1533andB-1977)and,mostinterestingly,2sknmutants(strainsB-0724andE-1025)didnotproduceCgl2at37°Cinthedark(seebelow),unliketheparentalhomokaryonAmutBmut(Fig.9)andothermutants(Table2).Therefore,primaryhyphalknotformationcanproceedwithoutCgi2productionorwithoutan}othergalectin,sinceneithermutantB-0724normutantEd025producedCgllat37°Cinthedark.Intotal.44mutants(6pknand38skn)producedCgl2at37°t*inthedark.22ofthesknmutantshadacomparable,14strainsanincreasedand2strainsareducedCgl2expression,whencomparedtothewild-typehomokaryonAmutBmut(seeAppendix).Inconstantlightat37°C,allmutantsbutone(strainB-2018,secbelow)producedlessCgl2thaninthedarkat37V(Table2),showingthatlightrepressionwasstillfunctional,althoughitwasnotalwaysasstringentasintheunmuiatedparental

strain
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Primary

hyphal knots
,

AmutBmut B-0724 B-2641 3-127

D T D 7 D L D L

Cgl2 — WÊf ^^

Figure 9. Cgl2 expression is independent of primary h\phal knot formation. In homokaryon
AmutBmut, primary hyphal knots formed in the dark (D) and primary hyphal knot formation was

repressed by light (L). Cgl2 was detected in the dark-giown cultures of wild-type homokaryon AmutBmut

by Western blot analysis, but not in the light-grown cultures. I ike the wild-type strain, the skn mutant B-

0724 formed primary hyphal knots in the dark. However, Cgl2 was detected in the light-grown but not in

the dark-grown cultures of this mutant. In the two phi mutants B-2641 and 3-127, primary
hyphalknotsformedneithermdark-grownnorinlight-growncultures.Nevertheless,astrongCgl2signalwasdetectedinthedark-growncultureofmutantB-2641,butnotinthedark-grownculturesofmutant3-127.Inallcases,strainsweregrownat37Tfor7daysbeforemvceliumwasharvestedforWesternblotanalysis.(seeAppendix).Sinceinthewild-typehomokaryonAmutBmutCgl2expressionandprimaryhyphalknotformationaretightlylinkedandbotharecontrolledbythesameenvironmental(light,temperatureandnutrition)andgeneticregulators(AandBmating-typegenes)(Boulianneetal.,2000;Bottoli,2001;U.RüesandM.J.Klaus,unpublishedresults),mostofthesesknmutantsmighthaveadefectthatisratherspecifictofruitinginitiationthaninoneormoreoftheregulatorypathways-unlessotherdevelopmentalprocessessuchasoidiationarealsoaffected,asforexampleinmutants7-280,B-0436andB-2054(seebelow).ThisviewthatgenesspecifictothefruitingpathwaywillbeaffectedinthegroupofsknmutantswithnormalCgl2expressionat37°Cinthedarkandlightfindssupportfrommolecularanalysisofmutant6-031.Thismutantwasshowntoharboradefectinthestructuralgeneforapotentialcyclopropanefattyacidsynthase(seechapter4).AmongstmutantswithanalteredCgl2antforC'gllexpressionpattern,weexpecttoidentifygenesthatmostlikelyactinregulatorypathwaysoffungaldifferentiation.Themostinterestingofthemutantsarediscussedinthefollowing.Here,wealsoincludeourobservationsongalectinexpressionat25°Cina12h-light/12h-darkregimeandonlightcontrolinoidiation[Note;ForCgl2,wefoundseveralcaseswheretheproteinlevelappearedtobeincreasedateither37°Cinthedarkand/orat25°Cina12h-light/12h-darkregimewhencomparedtothestageofsecondaryhyphalknotformationintheparentalhomokaryonAmutBmut(market!as"yes,high"intheAppendix).

Since
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Table 2, Galectin expression in mutants defective in fruiting body initiation at

37°C in the dark and light

Mutant class Number Cgl2 production Number Cgll production*

pkn 10 Light repressed I Light repressed
I Light induced

4 No Cgll

Light induced 1 No Cgll
No Cgl2 3 No Cgll

skn 40 Light repressed

Light induced

14 Light repressed
2
_„

__ _

y

Constitutive

No Cgll
No Cgll

Constitutive Light repressed
1 Light induced

t No Cgll
No Cgl2 l Light induced

* Most mutants only produced traces of Cgll protein at 37°C in the dark and/or light.

the analysis of galectin expression is already very complex, these in principle interesting

cases were left aside].

1. 3 skn mutants (strains 3-020, 6-500 and 6-529) were found to constitutively

express Cgl2 at 37°C and 25°(\ whereas skn mutant 6-608 expressed
Cgl2wellat37°Cindependentlyofthepresenceoflightandtoalessextentat25°Cinthe12h-light/12h-darkregime.Allthesefourstrainsobviouslylostthelightcontrolingalectinexpression.However,(heirdefectsareunlikelysituateddirectlyinthelightsignallingpathway,sinceprimaryhyphalknotsofthesemutantsformedinthedarkbutnotinthelight.Inaddition,allmutantsstillpioducedoidiainalight-dependentmaimer,likethewild-typehomokaryonAmutBmut(Ivertesz-Chaloupkovaet«/,,1998)Twoofthefourmutants,3-020and6-529,werealsospecialintermsofCgllexpressionduetoanunusualCgllproductionat37°Cinthedark.Fromdataobtainedfromthewild-typehomokaryonAmutBmut(Fig.5and7),weexpectCglltobehighlyexpressedinthelightatlowertemperature(e.g.25°C)andataspecificstage(hymeniun:differentiation)infruitingbodydevelopment(seeabove).WithaderegulatedexpressionofbothCgl2andCgll,weprobablyhit(a)regulatorygenets)actingonbothgalectingenes.2.sknmutantB-2018producedsimilaramountsofCgl2<xl37°Cinthedarkandinthelight,butnotat25°Cma12h-light/12h-darkregime,indicatingadefectinthetemperatureregulationpathway.AsdiscussedaboutthefoinmutanlsinpointI,

mutant
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B-2018 unlikely has a defect directly in the light signalling pathway, since oidiation is

still under light control.

3. Other candidates for defects in temperature control of Cgl2 expression are plat

mutant B-2054 and skn mutants 4-001 and 6-430. Ihey produced Cgl2 well in the dark

at 37°C but not at 25°C in the 12 h-liglit 12 h-dark regime. In contrast, phi mutants 3-

127 and B-1977 did not produce any Cgl2 at 37°C in the dark or light, but were able to

do so at 25°C under fruiting conditions. With the exception of pkn mutant B-2054

having a constltutively low oidia production, light control in oidiation in other four

mutants were normal.

4. Surprisingly, pkn mutant B-1533 did not produce
Cgl2at37°Cinthedark,butproducedconsiderableamountsofCgl2mconstantlightandat25°Cunderfruitingconditions.Thus,theeffectoflightonCgl2expressionseemstobereversedinthismutant.Despiteofformingprimaryhypliaiknots,sknmutantE-1025alsodidnotproduceOgl2at37°CinthedarkbutexpressedtracesofCgl2atinthelightandat25°Cunderfruitingconditions.Therefore,thesetwostrainsmightbelongtothesameclassofmutants.Lightcontrolonoidiationwasnormalinbothstrains.5.sknmutantB-0724didnotproduceCgl2inallconditions,suggestingthaitheegl2geneisnotexpressed.Itcannotbeexcludedthatthisstrainhasadefectintheegl2structuralgene,sinceCgllisexpressed,albeitinaderegulatedway.LowamountsofCgllweredetectedat37°Cinthelightandat25°Cunderfruitingconditions.6.phimutant7-K11producedneitherCgllnorCgl2underallgrowthconditions,implyingthatbotheglgenesarenotexpressed.UnlessthisstraincarriesalargedeletiononaDNAfragmentcarryingbotheglgenes[theyarearrangedintandeminthegenomeofC.cinereus(Boulianneetal.,2000)],thismutantisapotentialcandidateforidentifyingacentralregulatorofgalectinandprimaryhyphalknotformation.7.pknmutant6-536andsknmutants7-280andB-2798constitutive!\expressedCgllunderallgrowthconditions.Insham6-536andB-2798,Cgl2expiessionandoidiationwerestillundernormallightcontrol.Tncontrast,mutant7-280hadalowconstitutiveoidiaproductionandCgl2expiessionwasonlyslightlyrepressedbylightat37°C,suggestingthatthismutantmighthaveadefectinlightregulationofdevelopmental

processes.
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3.4.6 General conclusion: galectins can serve as molecular markers for studying

fruiting body initiation

The initial steps in fruiting body development in ( ". cinereus are poorly understood,

despite the earlier histological and morphological studies on primary and secondary

hyphal knot formation conducted by Matthews and Niederpruem (Matthews and

Niederpruem, 1972; Matthews and Niederpruem, 1973) Primary and secondary hyphal

knots, dark and light respectively dependent structures as defined in this work (see

chapter 1), were formerly referred to as hyphal knots and initials (Kaics, 2000). In this

study, we observed both monocentric and polycentric modes of primary hyphal knot

formation in confined areas within the aerial mycelium. Formation of short hyphae by

intense localized branching is the main principle in primary
hyphalknotformation.Twogenes,cgl2andcgll,weretranscribedandtranslatedsynchronouslytotheformationofprimaryandsecondaryhyphalknots,respectively.Anincreasinggeneexpressioncoincidedwiththedevelopmentofprimordiauptothepremeioticstage.Vegetativemyceliumwasdevoidofanycglgeneexpression(thisstudy)(Boulianneetal.,2000;Charltonetal.,1992),Thetemporalandspatialexpressionpatternsnotonlystronglysuggesttheinvolvementofgalectinsinfruitingbodydevelopment,but,asstatedalreadyintheworkofBoulianneetal.(Boulianneetal.,2000),theyalsoprovideuswithmolecularmarkerstofollowthedevelopmentalprocessesduringtheinitialstepsoffruiting,Cgl2forprimaryhyphalknotformationandCgl1forsecondaiyhyphalknotdevelopment,respectively.Cellularprocessesduringfruitingbodyinitiationarccontrolledbyvariousenvironmentalfactors(Kiies,2000).Ofthese,tempera!ureandlightwerefoundmostimportant(Elliott,1994;Lu,1974).Concludingfromvarioustestedgrowthconditions,theresultsobtainedinthisstudyreinforcedthatfruitingbodydevelopmentisundercontrolofacomplicatedinterplaybetweenlightandtemperature(Klliott,1994;Lu,1974),Theformationofprimaryhyphalknotsisrepressedbylightat37°C(Kiiesetal.,1998)(thisstudy),aswellasCg!2expression(Boulianneetal,2000)(thisstudy).Lowertemperaturesuchas25°CcanoverridethelightrepressiononCgl2expressionandonfruitinginitiation(Lu,1974)(thisstudy).H\memumdifferentiationislightinduced(Lu,1974).SincelittleCgllproteinwasfoundinthedark-grownetiolatedstipeshavingnodifferentiatedhymenium,itislikelythatalsotheCgllexpressionislightinduced.Withthetwogalectinsasaread-outsystem,itwillbepossibletoaccessthedifferentsignalingpathwaysemployedbyenvironmental(actorstocontrolfruiting
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body initiation at a molecular level. As a first step in this direction, galectins were used

to characlcrize defects in mutants blocked in fruiting body development either at the

stage of primary or at the stage of secondary hyphal knot development.
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3.1 Appendix

Table 3. Galectin expression in fruiting body initiation mutants of C. cinereus homokaryon AmutBmut

St-a>n Genotype
Cgl2

37°CD 37°CL 25°C D/L

Cgll

!7°CD 37°C L 25°C D/L

Light induced

oidiation3

Cgl2 expressed in the dark and repressed by light at 37°C, highly expressed during primordium development at 25X D/L

Cgl1 expressed in traces in the dark and repressed by light at 37°C, highly expressed during primordium development at 25°C D/L

AmutBmut wt yes no (trace4) yes, high trace

Cgl2 expressed in the dark and under fruiting conditions, repressed by light
CgH (poorly) expressed in the dark, repressed by light

5-057

B-0134

E-1686

8-1995

B-2641

6-541

B-2404

skn

skn

skn

skn

pkn

skn

skn

yes

yes, high

yes, high

yes, high

yes

yes

yes

no

trace

trace

trace

trace

no

no

yes trace

yes trace

yes trace

yes yes, Sow

yes, tow yes, tow

yes, low trace

yes, low trace

Cgl2 expressed in the dark and under fruiting conditions, repressed by light
CgH expressed in all conditions at a low level

B-2798 skn yes, high trace

no

no

no

no

no

no

no

no

yes, high

no

no

no

no

trace

no

no

yes. low J yes, low yes, low yes. low J

yes

yes

yes, Sow

yes

yes

yes

yes

yes

yes



Cgl2 expressed in the dark but not or only in traces in the light and under fruiting conditions

Cgl1 expressed in traces in the dark but not in the light and under fruiting conditions

4-001 skn yes trace trace trace no no yes

6-430 skn yes, high no no trace no no yes

Cgl2 expressed in all conditions, slightly repressed by light
Cgl1 (poorly) expressed in the dark, repressed by light

6-207

B-0659

6-031

B-1741

E-0782

skn

t'<n

skn

skn

skn

skn

yes yes. low yes trace

•jcc yes, low yes trace

yes, high yes, low yes yes, low

yes yes low yes, low yes, low

yes, high yes low yes, low trace

yes, hsgh yes, tow yes low trace

Cgl2 expressed in all conditions, slightly repressed by light
Cgl1 (poorly) expressed in all conditions

S-536

7-280

pkn

skn

yes

yes

yes, low

yes, low

yes

yes, high

Cgl2 expressed in all conditions

Cgl1 well expressed in the dark and repressed by light

trace

trace

no

trace

trace

no

no

yes, low

trace

3-020 skn yes, high yes yes, high yes no no yes

6-529 skn yes, high yes yes yes no no yes

trace

no

no

no

no

no

trace

trace

yes

yes

yes

yes

yes

yes, low

yes

no, low



Cgl2 expressed in all conditions

Cg!1 pooriy expressed in the dark, repressed by light

6-608 skn yes, high

Cg!2 expressed in ali conditions

Cgi1 expressed in traces in the light

yes yes, low j

6-500 skn yes yes yes

Cgl2 not expressed in ali conditions

CgI1 expressed in the light

B-0724 skn no no no

Cgl2 expressed in the dark and under fruiting conditions, repressed by Sight
Zo'"* not expressed in ai! conditions

B-0016

B-0436

pkn

skn

yes

yes

trace

no

yes, high

5-021 skn yes no yes

7-297 skn yes, high trace yes. high

B-2521 skn yes trace yes

B-2536 skn yes trace yes

E-1593 skn yes no yes

E-2115 skn yes, high no yes

P-2020 skn yes trace yes

B-1057 pkn yes no yes, tow

B-1856 pkn yes trace yes, tow

yes. low

trace no no yes

no trace no yes, low

no yes, low yes, low I yes

no no no

no no no yes

no no no yes, low

no no no yes

no no no yes, low

no no no yes, low

no no no yes

no no no yes

no no no yes

no no no yes

yes, low

no no no no, low
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Cgl2 only expressed m tne fruiting conditions

Cgll not expressed in all conditions

3-127

B-1077

pkn

pkn

no

no

no

no

yes, tow

yes, tow

no

no

Cgl2 not expressed in all conditions

Cgl1 not expressed in all conditions

7-K11 pkn no no no no

no

no

no

no

no

fl0

yes

yes, fow

yesJew

Mutants discussed tn detail in chapter 3 are marked by grey shading
wt wild-type pkn defective in primary hyphal knot ioimation (shaded in dark grey) skn defective in secondary hyphal knot foimation (mutants discussed in

the T^x* are shaded in light giey)
-v t~ n ,«vn > m«>o is u <~ *, .y ab'c co ^nariso'i oi the effect of light on galecti >

^ >n >>-,o "• ar"1 < o
_
vo^'iJi^n

' ra^^s of ( gl2 were occasionally detected in the light-grown mveehum of homokaryon AmutBmut
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4 An essential gene for fruiting body initiation in the

basidiomycete Coprinus cinereus is homologous to

baeterial cyclopropane fatty acid synthase genes

4.1 Abstract

Homokaryon AmutBmut is a specific strain of the basidiomycete Coprinus cinereus

that, due to mutations in the mating-type loci, produces fruiting bodies without prior

mating to another strain. The homokaryon has therefore been used for creating mutants

in fruiting body development. F.arly stages of fruiting body development include the

dark-dependent formation of primary hyphal knots and the light-induced transition from

primary hyphal knots to the more compact secondary hyphal knots. UV mutant 6-031

forms primary hyphal knots, but development arrests at the transition
state.Geneticanalysisindicatesthatthisphenotypeiscausedbyasinglerecessivedefectiveallele(sknf).UsingaSIB-selectiontransformationprocedure,acosmidthatcomplementedthedefectwasisolatedfromagenomicDNAlibrary.Theresponsiblewild-typegene(referredtoascfsl)onthiscosmidencodesaproteinhighlysimilartocyclopropanefattyacidsynthases,aclassofenzymessofarcharacterizedonlyinprokaryotes.Thecfslalleleofmutant6-031carriesaTtoGtransversion,leadingtoanaminoacidsubstitution(Y441D)inadomainsuggestedtobeinvolvedinthecatalyticfunctionoftheprotein.Themutantalleleofcfslwasunabletocomplementthefruitingdeficiencyinstrain6-031,indicatingthatthisgeneisessentialforfruitingbodyinitiationinC,cinereus.4.2IntroductionTheheterothallicfungusC'oprinmcinereusservesasamodelorganismtostudyfruitingbodydevelopmentinhigherbasidiomycetes.Fruitingbodiesnormallyformonthedikaryon(Kiies,2000).However,thepresenceoftwogeneticallydistinctnucleiinthedikaryoticmyceliumisamajordrawbacktoperformgeneticanalysisonfruitingbodydevelopment.Theself-compatiblehomokaryonAmutBmut,havingspecificmutationsinbothmating-typeloei,givesrisetofruitingbodieswilhouttheneedtomatewitlianotherstrain(Swamyct«/.,1984).Thisspecialfeatureprovidesusaneasyaccessiblegeneticsystem.Aseuesofdevelopmentalmutantshavebeengenerated

from
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strain AmutBmut by UV- and REMl-mutagenesis (Granado et ah, 1997; U.Kües, et ah,

in preparation), from which genes can now be isolated.

The development of fruiting bodies is a highly organized process, which requires the

coordination between genetic, environmental and physiological factors. In the dark,

upon nutritional depletion, hyphae locally undergo intense branching to form

microscopic primary hyphal knots. Following a light signal, radial growth ot primary

hyphal knots and hyphal interaction lead to the formation ofcompacthyphalaggregates,secondaryhyphalknots,whicharespecificfruitingbodyinitials.Cellulardifferentiationwithinthesecondaryhyphalknotresultsintheformationofcapandstipetissues.Suchdifferentiatedstructuresaretermedprimordia(ßouliauneetah,2000;Kües,2000;MatthewsandMiederprucm,1972).Intheprimordiumcap,inducedbyafurtherlightsignal,karyogamyoccursinspecializedcells(basidia).KaryogamyisdirectlyfollowedbymeiosisInparallel,thestipeelongatesandthecapexpands,givingrisetoafullydevelopedfruitingbody(Kües,2000;Lu,1974;Mooreetah,1979).Sofar,littleisknownaboutthegeneticdeterminantsthatactinfruitingbodyinitiationandformation.InductionofprimaryhyphalknotsandthemorphologicaltransitionfromprimaryhyphalknotsintosecondaryhyphalknotswereshowntoberegulatedbytheAmating-lypegenes(Küesetah,1998),Agenepeel,encodingan1IMG-boxtranscriptionfactor,likelyactsdownstreamoftheAmating-typegeneproductsandappearstonegativelyregulatefruitingbodyinitiation(Murataetah,1998).Onsetofexpressionoftwogenesencodingfruitingbodyspecificgalectins(ß-galactosidcsugarbindinglectins)correlateswiththeformationofprimaryhyphalknotsandfruitingbodyinitials(Boulianneetah,2000).Inlaterstagesoffruitingbodydevelopment,twogenesinvolvedincapandstipetissueformation(MuraguchiandKamada,1998;MuraguchiandKamada,2000)andfivegenesactinginmeiosis(Celerinetah,2000;GereckeandZolan,2000;Naraetah,1999;Scitzetah,1996;Stassenetah,1997)havebeenidentified.WithinourmutantcollectionderivedfromhomokaryonAmutBmut,weidentifiedtwogroupsofmutantswhosedefectslinktofruitingbodyinitiation.Membersofonegrouparctermedpkn(=primaryknotless^mutants,becausetheydonotformanyprimaryhyphalknotinthedark.Theothergroupofmutantsisattestedatthetransitionfromprimaiyhyphalknotstosecondaryhyphalknots.Therefore,theyarecalleds/w(-secondaryknotless)mutants(U.Küesetal.mpreparation).Inthisstudy,weisolatedagenethatcomplementedthedefectoffruitin»bodyinitiationinthesknUV-murant6-
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031. The predicted gene product is highly homologous to cyclopropane fatty acid

synthases, a class of enzymes so far only characterized in bacteria.

4.3 Materials and methods

4.3.1 Fungal strains, culture conditions and transformation

Strain 6-031 {A43muu B43mut, pahl, sknl) is a fruiting body initiation mutant

generated from homokaryon AmutBmut (A43mut, B43mut, pahl) (May el ai, 1991) by

UV-mutagenesis (U.Kües et ah, in preparation). Monokaryon 5401 [Al(ru), Bl(m)]has

the same genetic background as homokaryon AmutBmut (Maida et al., 1997).

Monokaryon JV6 (A42, B42) is a wild-type
strainunrelatedtohomokaryonAmutBmut(Binningereta!.,1987)Strainswerestandardlygrownat37°ConYMG/Tcompletemediumandminimalmedium(Granadoetal.,199"/)supplementedwithp-aminobenzoatc(PABA,5nig/1)whenrequired.Foroidiainductionofmutant6-031andotherA43mutB43mutstrains,darkgrowncultureswereexposedtolightfortwodays(Kertesz-Chaloupkovaetal,1998).Thenumberofoidiaperplatewasdeterminedbyaspectrophotometeraspreviouslydescribed(Polak,1999).MatingswereperformedonYMG/Tplatesbyplacingtwomycelialblocksofinoculum5mmapart.Torgrowthandinductionoffruitingbodies,matingplateswereincubatedinstandardfruitingconditions(Granadoetal.,1997).RandomlyisolatedbasidiosporesweregerminatedonYMG/Tmediumat37°C(Walseretal.,2000).Progeniesofcross6-031x5401wereanalyzedonminimalmediaforpab-auxotrophy.Presenceofunfusedandfusedclampcells,indicatorsofactivatedAandRmating-typepathways,respectively(Kiies,2000),wasdeterminedunderaZeissAxiophotmicroscope,frequenciesofphenotypicdistributionsinprogeniesweretestedbyaChi-squaremethod.TheFlprogenyofcross6-031xJV6wasanalyzedforfruitingabilitybyindividuallyinoculatingclonesonYMG/Tagar,growingthemfor4daysat37°Cinthedarkandsubsequentlytransferringthemtostandardfruitingconditions.Dikaryonswereidentifiedbylightinducingoidiaproduction,germinatingthesporesonYMG/Tagarandanalyzingpab-auxotrophyonminimalmedium.ForDNAtransformation,oidiawereprotoplastedandtransformedaspreviouslydescribed(Granadoetal.,1997).Whennecessaryforselectingpab-prototrophictransformants,1jigofplaMiiidpPABl-2(Granadoetal.,i^97)wasaddedtoperformcotransformation.Upongerminationonregenerationaj\u(Granadoetal.,

1997),
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transformants were individually transferred onto minimal medium for further growth.

Subsequently, four individual transiormants were inoculated on YMG/T agar per single

Petri dish and grown in the dark at 37°C for 2 days to a colony si/e of 3-3.5 cm in

diameter. To induce fruiting, plates were then moved to standard fruiting conditions for

2 weeks. The number and size of primordia per transformant were scored and

photographed with a color chilled 3CCD Camera (Hamamatsu C5810). Digital images

were processed with Adobe Photoshop 5.5. A small piece of gill tissue from primordia

developed upon transformation with cosmid 40-5A was spread and stained witli

hematoxylin (Lu and
Raju,1970).Rasidiainthestainedgill(issuewereexaminedunderaZeissAxiophotmicroscopeandphotographedasabove.4,3.2DNAandRNAtechniquesAnindexedgenomiclibraryderivedfromhomokaryonAmutBmut(Bottolietah,1999)wastransformedintomutant6-031andscreenedfoteosmidsthatwereabletorestorefruitingabilityinthisstrain,followingaSIB-selcctionprocedure(AkinsandLambowit/,1985).ThepahI'wild-typegeneofC.ciiwreuspresentinthecosmidbackbone(Bottolietal,,1999)wasusedasaselectionmarker.CosmidDNAsfrom60poolsofeach96microtiterdish-arrangedE.coliclones,fromsubpoolsofeach8clonesfollowingtherowsofmicrotiterdish40,andfromthe8individualclonesofthefifthrowinmicrotiterdish40wereisolatedbythemethodofLittle(Little,1987).Cloningwasperformedbystandardmethods(Sambrooketal,,1989).PlasmidswerepropagatedinE,colistrainXL1-Blue(Stratagene).DerivativepSphAofcosmid40-5Aisaligationproductbetweena16kbSphlfragment(13kbgenomicDNA+3kbcosmidbackbone)anda7.5kbSphlfragment(2kbgenomicDNA15.5kbcosmidbackbone)intheirnaturalorder.Notlfragmentsofcosmid40-5AwereclonedintotheNotlsiteofpBCSK(+)(Stratagene)andtestedfortransformationactivityinmutant6-031.ThepositiveplasmidspNotB5andpNotB7containedthesameDNAinsertbutinoppositeorientation.TheinsertinpNotB5wassequencedonbothstrandsbyprimerwalking(Microsynth,Switzerland),SequenceswereassembledwithprogramDNASTARandanalyzedwithÜMIGA2,0,BLAST(NCB1).Thewholesequenceof10526bpwassubmitted(oGeneBank(accessionnumberAI338438),Notethat32bpoftheNotlfragmentoriginatedfromthelinkerofthecosmidbackboneandthereforewasnotincludedinthissequence.ThegeneralcodonusageofC.cinereuswas
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determined from 70 complete protein coding genes comprising 31276 codons (Codon

Usage Database at Kazusa DNA Research Institute, Japan).

pNotB5 and pNotB7 were used to construct the following subclones in pBC SK (+):

pSSmaCS and p5BamCS carry gene arfl on a 1.4 kb NotlSmal and a 3.5 kb Notl-

Bawtil fragment, respectively. pSKcoCS and p5XbaCS contain arfl and a truncated

cfsl gene on a 3.8 kb Notl-EcoM\ and a 5.5 Nofl-Xbul fragment, respectively. p5SpeCS

includes both arfl and cfsl on a 7 kb Spel fragment. p7XbaCS carries truncated cfsl

and kinl copies on a 5 kb Xbal-Notl fragment. p7SpeCS contains a truncated kinl on a

3.5 kb Spel-Notl fragment. Subclones constructed in pBluescript KS (-) (Stratagene)

were as follows: pPvu8.5 contains a 8.5 kb Fvull fragment covering the complete cfsl

gene and the 3' end of kinl. pBam3.5 and pSmaSpe5.5 carry els I on a 3.5 kb BamEl

and a 5.5 kb Smal-Spel insert, respectively. pEco4.4 contains truncated cfsl and kinl

copies on a 4.4 kb EcoRl fragment. Furthermore, the 8.5 kb Pri/ll fragment, 3.5 kb

BamUl fragment and 4.4 kb EcolU fragment were also cloned into pPABl-2 containing

the C. cinereus pabf gene, resulting in pPvu8.5-pab, pBam3.5-pab and pEco4.4-pab,

respectively.

A cut-and-shut strategy using either Ncol or BstEll and plasmid pNotB5 resulted in

pSNcoCS with a deletion in cfsl (Abp 5296-5476) and p5BstCS with a deletion in kinl

(Abp 8502-8619), respectively. An Aatll deletion (Abp 6567-6803) in p5SpeCS yielded

pSSpeAatCS. A Nrul deletion in arfl (Abp 676-972) in p5SmaCS gave rise to

p5SmaCSAar/\ from which the Smal insert was cloned into pSamSpe5.5 to generate

pSSpeCSArtr/, The insertion of a 3.5 kb Spel fragment from pNofB7 at the Spel site in

p5SpeCSAar/'resulted in pNotB5A«/*/! The T to G transversion found in the cfsl allele

of mutant 6-031 was introduced into plasmid p5SpeCS by exchanging a 1 kb PCR

amplified Still -Ndel fragment with the wild-type sequence, giving rise to p5SpeCS/6-

031. Plasmid pNotB5/6-031 distinguishes from pNotB5 by the same T to G

transversion.

Genomic DNA of C. cinereus strains was isolated from powdered lyophili/ed

mycelium (Zolan and Pukkila, 1986). Two overlapping fragment« containing the cfsl

allele of mutant 6-031 were six tunes independently amplified from genomic DNA with

specific primers (a 3.1 kb fragment using primers

5'TCAAuTC(iGGTCUGTACîAACi.V and 5TTTGTTTCGGAGC ITGACTG3' and a

1.1 kb fragment using pumers 5'GGACGCTTCAAGA ! TAGATCT and

5'CTtTGAAGGAATCGCTCl 1G.V) and sequenced using a ABl PRISM DNA
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Sequencing Kit and a Model 373A DNA sequencer (Perkin-Elmer). Sequences of PCR

products separately amplified with the same primer set were identical.

Southern blot analysis was performed with 10 ug of genomic DNA per sample

following basic protocols (Sambrook et al., 1989). Total RNA of strain AmutBmut was

extracted with a guanklinium isothiocyanate procedure (Chomc/ynski and Sacehf

1987) from powdered lyophilized C. cinereus mycelia or tissues of different fruitingstages.poly(A)4RNAwasisolatedwiththeOligotexmRNAMidikit(Qiagen).Persample,10u.goftotalRNAor2.5ugofpoly(A)4RNAwereusedforNorthernblotanalysis(Ausubeleta!,,2000).HybridizationsignalsinSouthernandNorthernblotanalysiswereproducedwithDNAfragmentslabeledwith[a-"PklCfP(specificprobeactivity:108cpm/ugDNA)byrandomprimedDNAlabeling(BochringerMannheim).The5'and3'cDNAendsofthecfslgeneweredeterminedwiththe573'RACKKitofRocheMolecularBioehemicalsfollowingtheinstructionsofthemanufacturer.poly(A)'RNAisolatedfrom5mm-sizedprimordiawasusedforcDNAsynthesis.Inthe5'RACK,acfslspecificprimerspl(5'ACAATGCACAGGAGTACATC3')wasemployedtosynthesizethefirststrandcDNA.Twocfslspecificprimers,sp2(STrCAATGGCATTGAGTCGACTV)andsp3(STAGAœATAGGGTOATCTCCT),wereappliedinsubsequentPCRreactions.Inthe3'RACK,twocfslspecificprimers,sp4(5'GATTTTGCCCTCAAGCCAC3')andsp5(5TAATTCGAGCCTGCCCAG3')wereused.RACKproductswereclonedintopBluescriptKS(-)byT/Acloning(Marchuketai,1991)andsequencedasabovewithaModel373ADNAsequencer.4.3.3ComputeranalysisofproteinsequencesProteomicstoolsprovidedbyKxPaSyMolecularBiologvServer(SwissInstituteofBioinformatics,Geneva)wereusedtoperformproteinpatternandprofilesearches(InterPro),transmembraneregiondetection(TMpredandFMHMM)andsecondarystructurepredication(PSAandPSIpred).HydrophilicityprofilewascalculatedwithGoldman/Kngelman/SteitzparametersinOMTGA2.0.
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4.4 Results

4.4,1 Mutant 6-031 carries a single recessive defective allele in secondary hyphal

knot formation

UV-mutant 6-031 has a growth rate (8 mm/day on YMG/'i agar at 37°C) and a

mycelial morphology indistinguishable from its progenitor strain AmutBmut. kike

homokaryon AmutBmut (Kertesz-Chaloupkova et al., 1998; Swamy et al., 1984), the

mutant forms fused clamp cells at the hyphal septa and produces ca. 109 oidia/platc in a

light-dependent manner, indicating that mating-type genes in mutant 6-031 are not

affected. Mutant 6-031 forms primary hyphal knots in the dark thai mature into sclerotia

when cultures are further kepi in the dark. However, primary hyphal knots do not

develop into secondary hyphal knots in a 12 h light/12 h dark regime at 25 °C with 90°/»

humidity (standard fruiting conditions), suggesting that mutant 6-031 has a specific

defect in
fruitingbodyinitiation{skill).Acrossbetweenstrain6-031andacloselyrelatedwild-typemonokaryon5401gaverisetomaturefruitingbodies,indicatingthatmutant6-031carnesarecessivealleledefectiveinfruitingbodyinitiation.97descendantsofcross6-031x5401withfusedclampcells{A43mutB43mutstrains)weresubjectedtoafruitingtest.34clones(35%)initiatedfruitingbodydevelopment(Liuetal,1999),butonly14clones(14%intotaland41%ofthosethatinitiatedfruiting)developedmaturefruitingbodies.InthecontrolcrossAmutBmutx5401,66outof90descendantswithfusedclampcells(73%)initiatedfruitingbodydevelopmentand50clones(56%intotal,76%ofthosethaiinitiatedfruiting)gaverisetomaturefruitingbodies.Thereductionbyhalf(p"-0.9)ofclonesfromcross6-031x5401initiatingfruitingsuggeststhatmutant6-031containsasingledefectinfruitingbodyinitiation.Amoreextensiveanalysisusingthewholeviableprogenyofcross6-031x5401cametothesameresult(Liuetal.,1999).Forthestudypresentedhere,itisalsoimportanttonotethe;drasticreductioninclonesfromcross6-031x5401thatcompletedfruitingbod\development,whencomparedtothosefromcrossAmutBmutx5401.Thisresultpointstothepresenceofadditionaldefectsinmutant6-0H,affectinglaterstagesoffruitingbodydevelopment.OuraimwastoinvestigategeneticfactorsinvolvedinC.einereusfruitingbodyinitiation.Since,asintheprogenyofcrossAmutBmutx5401,partsoftheprogenyfromcross6-031x5401,forunknownreasons,werenotviablediueta!.,1999)and
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since detects in later stages oi ftuiting body development are not of importance for

studying fruiting body initiation, these defects were not iutthei analyzed

4.4.2 Identification of a cosmid able to restore fruiting bod> initiation in mutant

6-031

A SIB-selection ttansfotmatton strategy (Akins and I ambow it/, 1985) was

employed to isolate horn a genomic hbtary of C c me} eus monokaryon AmutBmut

(Bottoh et al, 1990) DNA sequences that can restoie the hurting ability ot mutant 6

OU In the fast tound ot trans lot mations
usingpoolsof96diffeientcosmids,onetransformantinatotalnumbeiof7948(equivalenttotheanalysisolca45%otthecnttiehbiary)formedprimoidiauptoasi/eof5-8mm(FigI)Pool40thatga\eusetothepositivettanstoimantwasdividedinto12subpoolsInsubsequenttransfotmations,12outof208tiansfoimantsofsubpool40sdeveloped5-8mmsizedpnmotdiaInthefinalroundoftiansfoimationusingindividualcosmids,27outot45testedtransformantsofcosmid40-5AgeneiatedsuchpnmotdiaBasidtawithinthesepiimoidiahadeitheitwodistinctnucleiatthepiekarvogamystage(htg1)otnonucleus(datanotshown)Iigure1.Cosmid40-5ArestoiosthedetectintiuitinginitiationinHit(opiumsuneieusmutant6-031upontransformation.Vivethaimorpholoevotmutant6Oilbetoutiansfoimation(toplctt)andpnmotdiumtoimationatteitidiisfumation(topnçht)PrimoidiaotttansloimantaushownenlargedattinbottomlettTheirbasidia(bottomiight)ateinastageotpitkat>o»\\\\asmuieatedbythepiescneeofthetwonucleiandtheirpositionswithinthebasidia(Kues2000)
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The genetic analysis of cross 6-031 x 5401 suggested that mutant 6-031 harbors

defects in both early and later stages of the fruiting pathway. Therefore, it is possible

that cosinid 40-5A restores only the defect in fruiting body initiation and that

primordium development arrests at a prckaryogamy stage due to an additional defect in

mutant 6-031 at this stage. To test this assumption, descendants from cross 6-031 x

5401 with the genotype A43mut B43mat pabl shü were identified by presence of fused

clamp ceils, pab-auxotrophy
andinabilitytoinitiatefruitingbodyformation.Whencrossedwiththeparentalstrains,18outof82clonesformedmaturefruitingbodieswithmonokaryon5401,butdidnotinitiatefruitingbodydevelopmentwithmutant6-031.16oftheseclonesweretransformedwithcosmief40-5A.Inallcases,transformantsdevelopedprimordia,butinnocasetheywerebiggerthan5-8mm.Thisicsultmightindicatethatthedelectoffruitingbodyinitiationinmutant6-031iscloselylinkedtothepostulateddefectblockingdevelopmentattheprckaryogamystage.Alternatively,presenceofasuppressorgeneoncosmid40-5Aactingininitiationbutnotallaterstepsinfruitingwouldexplaintheobservations.4.4.3Transformationactivitiesofsubclonesderivedfromcosmid40-5ACosmid40-5Awitha40kbsi/edinsertofC.cinereusgenomicDNAwasdigestedwithvariousrestrictionenzymes,anddigestionmixturesweretransformedintomutant6-031.DigestionswithBamUl,NotI,Pvid\orSpJdstillallowedinitiationoffruitingbodydevelopmentinpartofthetransformants,unlikethosewithEcoRl,EcoKV,Kpnl,PstlorXho\.Not!dividescosmid40-5AintothreeC,cinereusgenomicONAfragments(20,10.6and8.9kb,Fig.2)plusanextrafragmentrepresentingthecosmidbackbone(8,c)kb).NotlwaschosentoconstructpBCSK(-t)subclones,whichwerecotranslbrmedwithplasmidpPABl-2intomutant6-031.PlasmidspNotB5andpNotB7containingthesame10.6kbinsertfragment(.Vort-B),restoredfruitingbod>initiation(Fig.2and3).SomesubclonesofthKCcinereusgenomicfragment(pSSpeCS,pSmaSpe5.5,pPvu8.5andpBam3.5)werealsoactiveinfruitingbod}initiation.Howeveuwenoticedquantitativeandqualitativevariationsintransformationactivities,relatedtothelengthoftransformedDNAfmgments(Fig.2).Themosteffectiveconstructswerecosmid40-5AanditsdeletionderivativepSpJiAcarryingtheNotl-BfragmenttogetherwithflankingDNAregions.20-30%transformantsofthesecosmidsinitiatedftuitbodydevelopmentanddevelopedprimordiaupto5-8mminsi/e.Threeplasmid»(pNotB5,pSSpeCSandpSmaSpe\5,containingacommon5.5kbsequence)
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( onittucts Positiv e/total transformants Pi imordhmi si/e

1 II

om\!iiI40-'-\ \"/ 693 14/<1 5-8 mm

pSrlv\ 1 A '119 73/318 1-8 mm

!
pSolBI win 43/442 1-1 mm

* pV-lT 2' 3D2 1-5 mm

p^pOTS
-

,?nl 61,16 4 2 3 mm

ps, ,,Spo< i, 91 29,21? 7 ^ mm

pl\ll8 > 1/1(2 3 ' I3,S "-3 mm (defoi ' d)

pPlPlH 1 -n I ' 128 1 mm

1 1 ,oH i IP n 166 1-1 mm

P \ka( S li W l) ' 79

r Spi-CS n 129

p-Abits ii im 0 ' 111

"KpnCS u lis

pM coCS l< 91

,-\i„if^ H 120

Figure 2. Identification of DNA fragments that restore fruiting body initiation in C. cincreus

mutant 6-031. The three C, ctnerews genomic Not\ fragments (A.R.C) present in cosmid 40-5A arc

shown, as well as the length and position of subfragments present in the cosmid 40-5A derivative pSphA.
The Notl-B fragment and subfragments were inserted into either pBC SK(t-) or pBlucscript KS( t For

transformation we used either 1 jug of cosmid DNA ot lug DNA of pBC SK^4-) or pBlucscript KS(-)
based plasmids plus lug of pPABl-2 for cotransfonnation (experiment setup I). To equalize the absolute

number of DNA molecules possibly acting in fruiting body initiation, either 7 ug of cosmid 40-5A, ? 3 ug

of pSphA or 1 ug/7 kb DNA of pBC SK(+) or pBlucscript KS(-) based plasmids plus 1 ug of pPARI-2
were applied (experiment setup U). Per single experiment, between 32 to 248 transformants were

obtained. Since percentages of transforniants initiating fruiting were comparable between different

transformations of the same DNA construct (not shown), transforniants of different experiments were

added up. Transformation with 1 ug of pPABl-2 and transformation with 1 jig of pPABl-2 plus 1 ug of

pBluccsript KS(-) or pBC SK(4-) served as negative controls, from these control transformations, a total

number of 1909, 215 and 132 transformants were respectively obtained and none of them initiated

fruiting body formation. -, not performed.

induced fruiting body initiation in 5-10 % of the transformants, but the primordia

formed were of a maximal size of only 3-4 mm (Fig. 2 and 3). Normal cap and stipe

differentiation were observed in these primordia (Fig. 3). The reduction in percentage of

transforniants initiating fruiting might relate to the fact that cosmids 40-5A and pSphA

carry the pabl' selection marker, whereas the pBC SK( t-) and pBlucscript KS(-)

constructs need to be cotransformed with the pabl' containing plasmid pPABl-2, In

contrast, this difference in the transformation procedure cannot account for the less

developed primordia obtained when transforming with plasmids pNotB5, pSSpeCS and

pSmaSpe5.5. Moreover, upon cotransformation of plasmids pPABl-2 and pP\u8.5

(having a 5.? kb C. cinereus sequence in common with pNotB5, p5SpeCS and

pSmaSpe5.5), only 1% of transformants developed primordia, which were malfotmed

and just 1-2 mm in si/e (Fig. 2 and 3). In these primordia, we observed gill tissue but

the internal pilais trama tissue was missing (Fig 3). Plasmid pBam3.5 with a 3..) kb

BamUl fragment was the smallest construct regulativ active in cotransformation, with,
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cosmid 40-5A pSphA pVitHS PPvii8 5 pBaml 5

cosmid 40 5A pSphA pNotBs pP\u8S

Figure 3.1 he morphological progress in priniordia development declines when reducing the length
of DMA fragments in transformation. 1 he phenomenon ts indicated by the isolated pnmoidia formed

by the cosmid 40-5A, pSphA p\otB5, pP\u8 5 and pBam3 5 tiansfoimants (top panel) Diflerentiation

ot cap and stipe tissues aie notmal m pnmoidia induced by cosmid 40-5A, pSphA and pNotB5 (lowet
panel) In contiast, the section thtough a pnmotdium induced by plasmid pPvuS

5showsthattheinternalpileustiamaismissing(lowetpanel)1%oftransformantsinitiatingfruitingbutdevelopmentatrestedshortlyaftersecondaryhyphalknotformation(1ig2and})WhensolelytransformingconstructspPvu85-pabandpBam35-pab,containingthepabl"selectionmarketinadditiontothe85kbPviälfragmentorthe35kbBamWlfragment,neitherthetianslormationefficiencyincreasednorthepnmordiadevelopmentimprovedinpositnetransformantsobtained(notshown)Ihedatasuggestthattheobserveddifferencesintransformationefficiencyanddegreeofpriniordiamaturationobtainedwithdifferent(cinoeusfragmentsarenotsimplyaresultofvariationsinthetransformationproceduteThe35kbBamlWfiagmentpiesentinpBam35originatedhornthecentralregionofthe106kbNotl-Btiagment(Fig2)Inatotalo(498clonesobtainedfromcotransformationofpPAB1-2andpbco44,apartialovetlapping44kbEcoRlfragmentonlygaveriseto1trauiormant(02%)abletoinitiatehintingTwomoretransformantswithpnmordiaoutof00testedcloneswereobtainedtiomtransformingmutant6-0il
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with plasmid pEco4.4-pab, containing both the 4.4 kb EcoHl fragment and the C.

cinereiis pabl'' gene. Interestingly, primordia of these tiiree transformants developed to

a size and shape comparable to that of pNotB5 (not shown). Other plasmids carrying C.

cinereiis inserts either from the flanking regions of the 3.5 kb Bamlll fragment or

inserts splitting this fragment in half were all negative in transformation (Fig. 2).

4.4.4 The 3.5 kb Bamlll fragment is linkedtothesknlmutationinstrain6-031Tounderstandthegeneticrelationshipbetweenthepositive3.5kbBamlllfragmentandthefruitinginitiationdefectinmutant6-031,thestrainwascrossedtotheC.cinereiiswild-typemonokaryonJV6.ThesetwostrainshaveadistinctBglllrestrictionfragmentlengthpolymorphism(RFLP)intheDNAregioncoveredbythe3.5kbBamlllfragment(Fig.4),whichprovidesaread-outsystemtofollowinheritanceoftheDNAregionintheprogenyofcross6-031xJV6.46outof588randomlyisolateddescendantsofthiscrossinitiatedfruitingbodydevelopmentonYMG/Tmedium.41ofthesecloneshadtheRFLPpatternofmonokaryonJV6(Fig.4).Bothparentalpatternsweredetectedintheremaining5clones,butanalysisofamating-typelinkedpablallele(Mayetal.,1991)intheiroidiaidentifiedthemasdikaryons(datanotshown).EithertheJV6orthe6-031RFLPpatternwasfoundin30randomlyisolatednon-fruitingclones(Fig.4).Thedatasuggestthatthe3.5kbBamlllfragmentislinkedtothefruitinginitiationdefect(sknJ)inmutant6-031andthatitdoesnotfunctionasasuppressorbutactuallycomplementsthedefectskill.b)>1»mmmn#•**•«*mmm**i^mmmmmmmFigure4.InheritanceottheJV6and6-031Äjffll-RFLPpatternsobtainedforthe3.5kbBamHlfragmentofplasmidpBam3.5intheFtprogenyofcrossJV6\6-031.Thefirsttwolanesshowninfiguresa)andb)representthehybridizationofthe3.5kbBamlUfragmenttogenomicDNAofmonokaryonJV6andmutant6-031Allotherlanesshowthepattctnsofmdi\idualstrainsoftheJV6\6-031progeny,a)AllclonesoftheptogenythatinitiatedfruitinghadtheJVdRFLPpattern,exceptforadikaryonthathadbothpatentaipatterns,b)1heIV6and6-031paifeinsweietandomlyfoundmclonesoftheprogenythatwereunabletoinitiatefruitingbodyformation
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4,4.5 Characterization of the 10.6 kb Notl-B region

The quantitative and qualitative differences in complementation activities with

different plasmids led us to sequence the whole genomic Notl-B region, which is 10526

bp in size. A üeneBank BLAST search with this sequence revealed four potential

coding regions, whose deduced protein sequences showed highest similarities to the

human ADP-ribosylation factor-like protein 2 ARL2 (67% identity and 82% similarity

over a length of 185 aa; accession number P36404), the cyclopropane fatly acid

synthase CFA of Escherichia coli (32% identity and 48%) similarity over a length of 367

aa; accession number P30010), the galacturonosyl transferase Cap IE in Streptococcus

pneumoniae (32% identity and 49% similarity over a length of 91 aa; accession number

L36873) and the C-terminal pan of the kinesin-like protein UNO-104 in (Jaenorhabdifis

elegans (32% identity and 51% similarity over a length of 271 aa; accession number

P23678) (Fig. 5a).

Ä
_P=>

_

km! Constructs Posithe/total transformants Piimordium si/e
3» c:~"~r~~rrrr i

ptSotB'vV»/

p^SpcCSAt/'/

p7NcoCS

p^SpcCSAe//

ps-ßstrs

c) ___ _ _ — X__ _ , _ pNotn^/6 Oil

—_ . .
___$_

pSSpXS Mil I

I?/203 2-3 ipm

5/218 2- S mm

0/100

11 /2V) 2-3 mm

15 / 260 3-4 mm

onis

0 ' 10.1

Figure 5. Gene cfsl is essential for fruiting body initiation, a) Sequence analysis of pNotRS revealed

four potential C. cinereus open reading frames (arfl. cfsl, gltl and kinl), of which one (kinl) is only

partially present on the ,Vo/I-B fragment b) Plasmids containing a deletion (A) in arfl, git I and kinl still

permitted initiation of fruiting body formation when transformed into imitant 6-031. Positive

transformants developed 2-4 mm primordia with a normal morphology. In contrast, a deletion in cfsl
abolished the ability to induce fruiting body formation, c) A T to G transxersion (arrow) was found in the

cfsl allele ofmutant 6-03 I. Plasmids carrying this point mutation did not activate fruiting body formation

in mutant 6-031. Conditions for experimental setups I and 11 were as described in f ig. 2. -. not performed.

A transcription analysis of the entire 10.6 kb Notl-B fragment detected three

transcripts (Fig. 6), correspondit!» in location to the deduced coding tegions for the

ARL2-like protein (gene arfl), lot the potential CFA (gene cfsl) and for the UNO-104

like kinesin (gene kinl). Weak transcripts for arfl were detected in Northern blots of

total RNA. When using poly(A"t RNA to increase the sensitivity, transcripts for arfl,
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(Fig. 6c), When culture forms primary hyphal knots, light enhances cfsl transcription,

which continues to increase from fruiting body initiation to primordial maturation (Fig.

6c). Gene kin I has a 1.7 kb transcript (Fig 6b), which is poorly expressed in all stages

except in primordia at the meiotic stage, just about to undergo rapid stipe elongation and

cap expansion (Fig. 6c).

4.4.6 Gene cfsl is essential for fruiting body initiation and primordia
maturationThetransformationdatashowedinFig.2didnotyetallowtodefinitelyassignthefruitingrestoringabilityofthe10.6kbAo/FRfragmentandthe3.5kbBamUlfragmenttoaspecificgene.Moreover,thehigherfrequencyoftransformantsinitiatingfruitingandthequalitativeprogressinprimordiadevelopmentwithlargerDNAfragmentsindicatethatmorethanoneoftheclonedgenesmaycontributetogetherorsequentiallytofruitingbodyinitiation.Southernblotanalysis,usinggenomicDNAfrommutant6-031andhomokaryonAmutRmutdigestedwithanumberofrestrictionen/ymes(Bamlïï,fcVoRl,

EcoRV,
Hindlll, Kpnl, A'n/l. Pw/11, Seal, Sphl, Sspl Xhol) and tliree

DNA probes that together covered the whole Notl-B fragment (a 4.4 kb \'ot\-Kpnl

fragment, a 3.5 Bamlil fragment and a 3.5 kb Spel-Notl fragment), excluded the

possibility of a large deletion in this region in mutant 6-031, since no difference in band

pattern was observed between the two strains (not shown). Moreover, each probe

detected only single bands (not shown), indicating the single copy nature of all cloned

genes.

Next, we constructed plasmids with deletions within the coding region of arff cfs or

kiul and within the putative gene git I (see Material and methods) and tested them by

transforming mutant 6-031. Only plasmid p/NcoCS, carrying a deletion in cfsl, lost the

ability to restore fruiting body initiation in the mutant (Figure 5b), defining cfsl as the

gene active in fruiting body initiation. Since interruptions within other genes did not

reduce transformation efficiency down to a value of 1% and since primordia formed

were of V5 mm in size (not shown), it is possible that the general chromosomal

environment of gene cfsl rather than the presence of other functional genes influences

cfsl gene expression and accounts for the developmental differences observed in out

transformation experiments.

The final proof that cfsl is an essential gene in fruiting body initiation came from

isolation ol the cfsl allele from mutant 6-031 Two DNA fragments covering the entire

3.5 kb BamUl fragment with cfsl in mutant 6-031 were PCR-amplified and sequenced.
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A single T to G transversion was found in the mutant's cfsl allele, which leads to a

Y441D amino-acid substitution in the C-terminus of the deduced protein sequence (Fig.

7). When introducing ihis T to G transversion into the clotted Notl-B fragment and a

smaller 7 kb Notl-Spel fragment, neither of the two resulting plasmids pNofR5/6-0"U

and p5SpeCS/6T)31 were able to restore fruiting body initiation (Fig. 6c), indicating

that the point mutation is indeed the cause of the inability to initiate fruiting body

formation in mutant 6-031.

4.4.7 The cfsl
geneencodesaproteinhighlysimilartobacterialcyclopropanefattyacidsynthasesThecDNAofthecfIgeneis1776bpinsizewitha66bplongnucleotidesequenceupstreamofthefirststartcodonATGanda300bplongnucleotidesequencedownstreamoithestopcodonTGA.ComparisonofthegenomicDNAandcDN/Ysequencesrevealedanopenreadingframe(ORF)of1407bpinterruptedby10introns(notshown).Theseintronsare53to70bpinsizeandhavethetypicalC,cinercus">'-and3'-splicesitesandbranch-receptorsequences(Seitzetal.,1996).ThepromoterregionofcfslcontainsaCAATelement60-57bpupstreamofthetranscriptioninitiationsite.NoclassicalTATAboxisfound,butanAATAAAAAsequenceis37-30bpupstreamofthetranscriptioninitiationsite.456bpareupstreamtothetranscriptioninitiationsiteinthe3.5kbBamlllfragmenthavingthesmallestsequenceregularlybutinefficientlyactiveintransformation(Fig.2).Thissequenceshouldmediateatleastsomepromoteractivity.Withinthe<'V/codingregion,332bpdownstreamofthestartcodonATGinthesecondexonistheA'roRIrestrictionsiteusedtoconstructplasmidpRco4.4andpbco4.4-pabwith5'truncatedcfslcopies.HomologousrecombinationatthenaturalcfsllocuswithintheC.cinercusgenomemightthereforeexplain(heoccasionaltransformantswithwelldevelopedprimordiaobtainedwiththesetwoplasmids(notshown),ThecfslORIencodesapolypeptideof469aminoacidresidueswithapredictedmolecularmassof52kDa.ThecodonusageofthecfslgeneagreeswellwiththegeneralC.cinercuscodonusage,exceptthatcodonsACG,CCA,CCGandGCGaieunder-represented(0%o,2.1%o,2.1%oand4.3%ocomparedtothegeneralusageof11.4%<>,16.9%o,13.8%oand15.9%o.respectively)andthatcodonsGCUandUACaieover-represented(42.6%nand31.9%0comparedto28.5%,iand13.8%o,respectively

\
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Figure /. Sequence alignment off", cinereus ( fsl (Ct) to bacterial cvclopropane Mt} acid synthases

(Mt, Pp, Ec) and to yeast A24-sterol inethvltransterase I.RG6. Pp protein ylp3 of the (nam bacteiium

Pseudomonas putida (P31049). U ( F-A of the Giam bacteiium E coli (P30010), \ft LIAI ol the

Giam bactetmm \hcobactenum tuberculosis (Q1119S) Sc L RG6 of yeast S tete\isuti (S4J>00V) In

the PRü6 ptotem sequence, ammo acids identical to the < unci eus Ctsl sequence arc shaded in black.

simildi ones in giay Ammo acids in the FRGd sequence that aie identical 01 similai to one 01 moie

bactcnal pioteins aie maiked by dots A line nuuks the stuietuiall} conserved SAM-dcpendent VI läse

fold * indicates those amino acids shown m otluv pioteins to contact S \\1 (1 auman, et «/, 1999). 1 he

open bo y at the (-teiminal ends of the piotcm, indicate i potential tiansmembrane icgions m Ctsl The

lettct I> indicates the ammo acid exchange found in Ctsl ol mutant 6-OM at position Y441
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The Cfsl protein has an overall high identity (25-32% identity and 43-49%> similarity

over the whole protein length) to a number of bacterial cyclopropane fatty acid

synthases (Fig. 7), a special subfamily of the S-adenosyl-L-methionme (SAM)

dependent C-methyltransferases (MTases) (Fauman et ai, 1999). A database search for

related proteins also identified two potential but not yet characterized eukaryotic protein

products from the plant Arahidopsis thaltana (31% identity and
48%)similarityoveralengthof409aa,15%)identityand25%similarityoverthewholeproleinlength;accessionnumberBAB02771.1)andfromthewormC.elegems(32%)identityand48%)similarityoveralengthof323aa,22%identityand38%similarityoverthewholeproteinlength;accessionnumberT18571)(Fig.7).IntheyeastSmcharomvccscercvisiac\themostsimilarproteinisFR.G6,aA24-sterol-C-methyltransferase(31%)identityand48%>similarityoveralengthof236aa;19%)identityand33%similarityoverthewholeproteinlength,accessionnumberS42003;Fig.7).ConsistaitwithafunctionasSAM-dependentmethyltransfcrase,aSAM-bindingmotifispresentinCfslbetweenaa209and338(Fig.7).Proteinprofileprograms(PSAandPSlpred)predictthisicgiontoadoptthetypical6hehces-7strandsconfigurationofSAM-bindingdomains(referredtoasaSAM-dependentMTaseibid)(Faumanetai,1999).AllbutoneaminoacidshowntocontactSAMinstructurallycharacterizedSAM-dependentMTases(Faumanetal.,1999)areconservedinCfsl(Fig.7).ProgramsTMpredandTMHMMbothpredictpotentialtransmembranedomainsintheC-terminusoftheC.einereusCfslprotein(aa435-453andaa437-456),closelybehindtheSAM-bindingmotif(Fig.7).TheY441Daminoacidsubstitutionfoundbysequencinginthelastsecondexonofthecfslalleleofmutant6-031islocalizedinthisregion(Fig.7).Thissubstitutionoverturnsthepredictionof,itransmembranedomainandgivesrisetohigherhydrophilicity(Goldman/EngelmanSteitzprediction)attheC-terminalregioninthemutantprotein(notshown).Overall,thewild-typeCfslproteinappearstobehydrophilicwithoutanylonghydrophobicregion,4.5DiscussionInthisstudy,wecharacterizedtheiirsimutantofthebasidiomyceteC,ci.icreuswithaspecificdefectinfruitingbodyinitiation,atthetransitionstagefromprimarytosecondâtvhyphalknots.Throughmutait'complementation,weclonedgenecfslthat,byhomologytoheterologousgenes,encodesapotentialcyclopropamfatty

acid
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synthase. Consistent with a function in fruiting body initiation, transcription of the cfsl

is low in the dark, but induced by light. The gene is specifically active at the light

dependent stage of secondaiy hyphal knot formation and in subsequent primordiuni

development. When transforming the subcloticd cfsl gene into the fruiting defective

mutant 6-031, we observed quantitative and qualitative differences in complementation

activities with cfsl -carrying DNA fragments of different length. Interruptions within
theopenreadingframesoftheneighboringgenes(arfl,kinlandtheputativegenegitIpresentinthelargeDNAfragments)hadnoeffectonthecomplementationactivityofcfsl,indicatingthatthelikelycauseforthedifferencesintransformationactivityisratherthatthelargerchromosomalenvironmentmayplayaroleinpropercfslgeneexpression.Thetwocfslneighboringgenes,arflandkinl,havealsobeenshowntobedifferentiallytranscribed.Thetranscriptionofarflissomewhatdecreasedattheonsetofcf\lexpressionduringprimaryhyphalknotsformation,andkinlisspecificallytranscribedatsubsequentstagesofpnmordiaformationwhencfsltranscriptionisthehighest.Itispossiblethatthetranscriptionprofilesofarflandkinlinfluencetheexpressionofcfslduringearlyandlaterstagesoffruitingbodydevelopment.Occurrenceofcyclopropanefattyacidsynthasesandtheirproductsinbacteriaandeukaryotes.Cyclopropanefattyacid(CFA)synthaseshavebeenfoundinseveralbacteriawiththeCFAsynthaseofE.colibeingthemostextensivelystudied(Wangetal.,1992).InE.coli,theenzymecatalyzestheformationofacyclopropaneringbytransferringamethylgroupfromSAMtoarà-doublebondintheunsaturatedfattyacid(UFA)chainsofmembranephospholipids.m-9,K)-mefhylenehexadecanoicacid(17CFA),c75-9,10-methyleneoctadecanoicacid(MOA,DHSÀ=dihydrosterculicacid,C19)andcis-\1,12-methyleneoctadecanoieacid(lactobacillicacid.CT9)arecharacteristicbacterialCFAs[forreviewsee(GroganandCronan,1997)]UnlikeE.coli,inthecellenvelopeofMycobacteriumtuberculosiscyclopropanemycolieacids[ranginginsizesfromC60toC90,(Minnikin,1982)1areformedbyfiveCFAsynthases(Glickmanetal,,2000).Cyclopropanemycolicacidsarespecifictoslow-growingpathogenicmycobacteriaandareshowntobenecessaivfoicording,persistenceandvirulenceofMtuberculosis(Glickmanetal.,2000).InE,coli,theCFAsynthaseisnotessentialforgrowthunderanassortmentofexperimentalconditions(GroganandCronan,1986).Howevci,ilwasrecentlyshownthatafunctionofCFAsynthaseistoimprovethesurvivalof?coltcellsinlowpFIenvironment(Chang

and
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Cronan, 1999). In other bacteria such as M. tuberculosis, several Lactobacillus,

Pseudomonas and Xenorhabdus species, Clostridium hotulinus, Halomonas salina,

Lactococcus lactis, Proteus vulgaris and Yersinia enierocolitica, the production of

CFAs are also related to stress conditions. High temperature, high osmolality, high salt,

high ethanol, low nitrogen and low phosphores content and the presence of phenolic

compounds in culture media, low pH, limited oxygen conditions, as well as oxygen

saturation of the medium arc all factors causing an increase in bacterial CFA content

(Bodnaruk and Golden, 1996; Broadbent and Lin, 1999; Couto ct «/., 1996; Evans et at.,

1998; Guillot et ai, 2000; Jacques, 1981; Jacques, 1982; Maheshwari and Nishimura,

1994; Monteoliva et ah, 1993; Ro/es and Peres, 1998; \ alderrama eta/., 1998; Yuan et

al,, 1995). In consequence of CFA production, membrane properties, especially

membrane fluidity, alter with enhanced bacterial stress tolerance (Broadbent and Lin,

1999; Brown et al., 1997; Chang and Cronan, 1999; Couio eta/., 1996; Sajbidor, 1997).

Phospholipids containing cyclopropane fatty acids have a broader transition temperature

range than those containing unsaturated fatty acids, which confers more resistance of

the membrane lipid matrix to environmental pertutbâtions (Perly et ai, 1985).

Cyclopropane-containing membranes enhance stability by suppressing segmental

mobility of hydrocarbon chains, thus providing increased rigidity with respect to

external shock (Dufourc et al, 1983; Dufourc et al, 1984).

CFA-containing phospholipids have been found in a wide variety of Gram1 and

Gram" bacterial species, but only in very few phylogenetically unrelated cukaryotic

organisms. In eukaryotes, the chemical structures of CFAs are far more diverse than in

bacteria. DHSA has been identified in five genera of trypanosomatid protozoa

(Crithidia, Herpetomonas, Leishmania, Leptomonas and Phvtomonas) independent of

whether having endosymbiotic or other microbial associates (Fish et al, 1981). CFA

synthase activity has been demonstrated in Crithidia fa^ciculata (Li et al, 1993) and

Herpetomonas (Hol/ et al, 1983). The plasmodial slime mold Physarum polycephalum

has a unique CFA termed PHYLA (a lysophosphatidic acid composed of cyclic

phosphate and cyclopropane-containing hexadecanoic acid) (Murakami-Murofushi et

al, 1992). Unsaturates! CFAs m the cellular slime mold PoWsphondylium pallidum

(17CFA and lactobacilhc acid) were shown to originate from ingested E. coli that

contain saturated CFAs (Saito and Ochiai, 1998). Mos« interestingly, the saturated

CFAs content in vegetative cells is relatively high, substantially decreasing at the

development transition from amoebae to aggregation-competent cells, while the
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unsaturated CFAs concomitantly increase (Saito and Ochiai, 1998). Cyclopropanated

and brominated CI8 straight-chain unsaturated fatty acids have been isolated from

lichens {Cladonla furcata, Lecanora fruetulosa, l.eptogium saturninum, Parmelia

linetina, P. comtseliadalis, Peltigera canina and Xcmthoria spp.) containing an

ascomycete and either a green alga (Trebouxia spp.) or a cyanobacterium (Nosfoc spp.)

(Rezanka and Dembitsky, 1999), Cyclopropyl hydroxy-eicosanoids were found in the

red alga Constantinea simplex (Nagle and Gerwick, 1990), cyclopropanated CI9

straight-chain fatty acid (cladocroic acid) in the deep water sponge Cladocroce

incurvâta (D'Auria et al., 1993) and cyclopropane containing eicosanoid (C20) in the

Caribbean soft coral Plexaura homomalla (White and Jensen, 1993). CFAs with 17, 18

and 19 carbon atoms occur in females and eggs, but interestingly not in males, ol (he

spirostreptid millipedes Graphidostreptus rumuliporus (Karsch), Ârchispirostreptus

syriaeus, A, gigas and Orthoponts ornatus (Oudc)ans and van der Horst, 1978; van der

Horst et al., 1972). A long chain CFA containing 25 carbon atoms was found in leaves

of the early spring plants snow drop (Galantlnis nivalis F.) and cow parsley (Anthnsus

silvestris Ffoffm. [L.]) (Kuiper and Stuiver, 1972). cv's-9,10-methyleneheptadecanoic

acid (dihydromalvalic acid, CI8) and DHSÀ are reported in roots of the plants Ceiba

pentartdra L. (Malvaceae) and StercuUa foetida F. (Sterculiaceae) (Kaimal and

Lakshminarayana, 1970) and in seeds oil of many plant species, especially in immature

seeds from Malvales (Fisher and Cherry, 1983; Grondin et al, 1997; Yano et al, 1971).

17CFA and DHSA are present in roe and in both immature and mature female and male

hsh Fandulus heteroclitus (F.) (Cosper and Ackman, 1983) [at least some of the CFAs

might originate from the resident bacterial gul population (Cosper et a/., 1984)].

Feeding experiments in rats show that CFA from the diet can be specifically absorbed

by intestinal tissues (Grêler et al., 1979). Ilowe\et, we do not yet know the origin ol the

2,3-methylenehexadexadecanoic acid and 2,3-methyleneoctadecanoic acid from sheep

rumen tissues (Body, 1972), the 17CFA from submitochondrial particles of bovine

heart, mammalian heart and liver tissues (Sakurada et al,, 1999), the eis 3,4-

methyleneoctadecanoic acid (a urinary metabolite of DHSA (Greter et al., 1979) and the

trans- and cis-i -cyclopropane octanoylcarnitines (Libert et al., 1997) from human urine.

The role of cyclopropane fatty acids in eukaryotes. In no case, a specific role for

CFAs in cukaryoles has been identified and their function remains obscure. The stress-

resistance relationship observed in bacteria evoked to attribute the cold-hardiness and
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drought resistance in certain plants (Kuiper and Stuiver, 1972) and desiccation tolerance

in millipedes (particularly in eggs and early larval stages) to the presence of CFAs

(Oudejans et al., 1976; van der Horst and Oudejans, 1978), Accumulation of C
'

17:0

CFA in fluorescent pseudomonads has been correlated with antifungal activity, but

there is no direct evidence for fatty acids acting on fungal growth (Kllis et al, 2000).

Most interestingly, MOA from the human pathogen Helicobacter pylorihasbeenshowntodirectlyactivateproteinkinaseC(PKC1,anenzymeimplicatedinthecontrolofepithelialproliferativeactivityandintheprocessofmalignanttransformation)ingastricepithelialcells,aswellastoenhancehistamine-anddibutyrylcyclicAMP-stimulatedacidsecretioninparietalcellsandinincreasingUNAsynthesisingastricepithelialcells(Beiletal.,1998a;Beileted.,1098b).Incontrast,PHYLPAfromPhvsarumpolycephaluminhibitsproliferationofhumanfibroblastcellsthrougharrestingcelisatthe(.1(1)orG(2)phaseandelicitsanincreaseincAMPinfibroblastcells(Murakami-Murofushietal.,1993).PHYLPAhasalsobeenshowninvitrotoselectivelyinhibitmembersoftheDNApolymerase-«,family(Murakami-IVÎurofushietal.,l(H)5),Nocyclopropanatedmoietyhassofarbeenreportedinhigherfungallipids(Solberg,1989).However,inthebasidiomycetoAgaricusbisporusandotherhigherfungi,theunsaturatedlinoleicacidisthemajorconstituentoffattyacids(Bonzometal.,1999;ByrneandBrennan,1975;Solberg.1989).Therelatedoleicacidisshown\\\R.colitobeasubstratefortheactionofCFAsynthase(Marinarietai,1974).InthisstudywehaveshownthattheC.cinereuscfslgeneissupertluousforvegetativemycelialgrowth,butessentialforfruitingbodyinitiation.Thus,ourstudyforthefirsttimedemonstratesafunctionofCFAsinfungaldevelopmentandoffersapossibilitytostudytheCFAsinrelationtodevelopmentalprocessesineukaryotes.C.cinereusandthedevelopmentalmutantswehavegeneratedprovideaneasysystemtoelucidatemolecularmechanismsofthepotentialCFAsynthaseCfslanditsproducts.Thisresearchbecomesverypromisingsincethephenotypeofmutant6-031islinkedtoaspecificdevelopmentalprocess.ItispossiblethatbytheactionofCis1thephysicalpropertiesofcellularmembranesalterandthatthisisthetriggertoinitiatesexualmorphogenesisinthefungus.Infact,twot\pesofmembraneinteractivecompoundsinduced,infeedingexperiments,fruitingbodydevelopmentinBasidiomycetessuchasPleurotusostreatus,SchizophvllumcommimeandC.cinereus(seechaptei1forre\iewsee(KiiesandLiu,2000).Onetypeofsuchcompoundsaresurfactants,c.<sucroseestersoffattyacids(Magae,1998)and
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plant saponins that stimulate the primordium formation in P. ostreatm in a dosage

dependent manner (Magae, 1999). Others belong to a group of ccrebrosides, which

induce precocious fixating in .V. commune and C, cinereus (Kawai, 1989; Mi/ushina et

al, 1998). Membrane alteration has therefore been postulated to be a stress signal that

promotes the fungus to shift from vegetative to reproductive growth (Magae, 1999).

Protein motifs: the SAM-binding motifund other conserved regions. Within the C.

cinereus Cfsl protein, we identified the most prominent motif, a potential SAM-binding

domain, also referred
toasa"SAM-dependentmethyltransferase(MTase)fold"(Faumanetal,1999).ThismotifhasbeenfoundinalargefamilyofSAM-dependentMTases,whichtransferaC'-unitfromSAMtoeithersulfur(S),carbon(C),nitiogen(N)oroxygen(O)atomsinDNA,RNA,proteinsandlipids(Faumanetal,1999).CFAsynthasesareC-MTasesthat,inbacteria,transferamethylgroupfromSAMtoaCatominunsaturatedmembranelocalizedphospholipids(GroganandGronau,1997).Generally,C-MTasesarerelativelyrarewhencomparedtoO-and"N-MTases(faumanetai,1999).C-MTasesmodifysmallmoleculessuchastryptophanandsterols,actintetrapyrrolesynthesisormethylatemacromoleculesincludingDNAandRNA(Faumanetai,1999).AmongthesevariousC-MTases,plantandfungalA24-sterolC'-MTasearetheclosestrelatedtoCFAsynthases,possiblybecausetheirenzymeactivitiesarebothlinkedtolipidbilayers(Leberetai,1994;TaylorandCronan,1979).LowhomologyisfoundoverthewholeproteinlengthforexamplebetweenRRG6ofS.cerevisiaeandCfslofC.cinereusandthebacterialCFAsynthases,withthehighestconservationintheSAM-bindingmotif(Fig.7).InERG6,directlyupstreamoftheSAM-dependentMTasefoldisasequence(DFYEYGWGSSlHFS)referredtoasregion1thatishighlyspecifictoallA"4-stcrolC-MTase(definedconsensusmotifYHXGWG)and(hathassterolbindingactivity(Nésetal,1999;Nésetal,1998).ThissequenceisnotpresentinC,cinereusCfslandotherbacterial(TAsynthases(Fig.7).Instead,ahighlyconservedsequence(regionI),onlyfoundin(potential)CFAsynthases,occupiesthecorrespondingpositioninthesemembersol(-MTases(Fig.7and8).Consideringthefunctionofregion1inA~4-sterolC-MTaseinsterol-binding,itistemptingtospeculalethattheconservedsequencefoundinallCI->\synthasesisabindingdomain(ortheunsaturated('FAslocalizedwithinthelipidbilaver.InE.coIlCFAsynthaseisasolubleproteinfoundinthecellcytoplasm(hauses
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SAM as a soluble and UFA-containing phospholipid as an insoluble substrate (Taylor

and Cronan, 1979). Free UFAs are not converted by the enzyme (Cronan et ai, 1974;

Thomas and Law, 1966). The substrate C-double bond, positioned at 9-11 carbon units

from the glycerol backbone of the phospholipid molecule (Marinari et ai, 1974;

Ohlroggc et ai, 1976), is located deeply within the hydrophobic core of the membrane

bilayer (Gaily et ai, 1979; Seelig and Seelig, 1980). CFA synthase has been shown to

specifically interact with membranes containing either unsaturated or cyclopropanated

acyl chains (Taylor and Cronan, 1979). Biochemical data suggest that the enzyme gains

access to both inner and outer leaflets of intact UFA-containing phospholipids (Marinari

et ai, 1974). Inhibitor studies with sulfirydryl-modifying reagents and C-terminal

truncation (50 aa) suggest that the C-terminus and especially C354 (Fig. 7) have aroleininteractionwiththemembrane(Wangetai,1992).Mostinterestingly,inmutant6-031wefoundaY441DsubstitutioninthecorrespondingC-terminalregionofCfsl(termedregion11,Fig.8)andwehaveshownthatY441isessentialforCfslfunction.Computerprogramspredictthewild-typeCfslofC,cinereu<>beingacytoplasmicenzyme,liketheCFAsynthaseofE.coli(TaylorandCronan,1979).withtwotransmembranedomainsintheC-terminus.IhissuggeststhattheC-terminusfunctionsinanchoringtheCfslproteintothemembraneand/orrepresentspartofthecatalyticdomain.AcknowledgmentsWeareverygratefultowishtoProf.B.CLuforhelpwiththebasidiumstaining.Prof.1".KamadakindlyprovidedC.cinereusstrain5401.ThisworkwassupportedbytheSwissNationalScienceFoundation(grams31-461940.96,31-461940.96/2and31-59157.99)andtheHTH-Ziirich.
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