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Summary

Psilocybe cyanescens is an invasive but understudied synanthrope in Germany. The ecological and 

social problems connected to this potently psychoactive member of the Strophariaceae required a 

comprehensive study describing its  current  distribution,  specific characteristics and taxonomical 

position as fundament for the prospective handling. This thesis covers diverse biological aspects by 

field investigations, cultivation experiments, microscopical studies, mating experiments and genetic 

fingerprintings.  The  results  revealed  a  genetically  depauperated,  but,  through  anthropogenous 

promotion fast spreading, saprobe. Its lack of allopatric differentiation in Europe as well as North 

America indicates a relatively recent population explosion outside of the unknown natural habitat 

by globalization and urban mulch usage. Furthermore, the taxonomical classification appears to be 

unfinished. A species delimitation to the American relatives P. azurescens and P. allenii proved to be 

difficult.  All  three taxa probably originated from  P. subaeruginosa populations in Australia and 

represent variations of the same species. An ongoing spreading of P. cyanescens in Germany may 

be expected. Sooner or later it will also enter the local forest ecosystems, if not yet done.

Zusammenfassung

Psilocybe cyanescens ist ein invasiver, jedoch kaum erforschter, Kulturfolger in Deutschland. Die 

ökologischen und gesellschaftlichen Probleme im Zusammenhang mit diesem stark psychoaktiven 

Vertreter  der  Strophariaceae  verlangten  nach  einer  umfassenden  Studie,  die  seine  aktuelle 

Verbreitung, spezifischen Merkmale und taxonomische Stellung als Grundlage für den zukünftigen 

Umgang  mit  ihm  darlegt.  Diese  Arbeit  deckt  über  Feldaufnahmen,  Kultivierungsversuche, 

mikroskopische  Studien,  Kreuzungsversuche  sowie  genetische  Fingerabdrücke  verschiedenste 

biologische Aspekte ab.  Die Ergebnisse offenbarten einen genetisch verarmten,  aber  sich durch 

anthropogene  Förderung  schnell  ausbreitenden,  Saprobionten.  Sein  Mangel  an  allopatrischer 

Ausdifferenzierung  in  Europa  sowie  auch  in  Nordamerika  lässt  auf  eine  relativ  kürzliche 

Populationsexplosion ausserhalb des unbekannten natürlichen Habitats aufgrund von Globalisierung 

und urbaner Mulchverwendung schliessen. Des Weiteren erscheint die taxonomische Klassifikation 

unausgereift. Eine Artabgrenzung zu den amerikanischen Verwandten P. azurescens und P. allenii  

erwies sich als schwierig. Alle drei Taxa stammen vermutlich von P. subaeruginosa-Populationen in 

Australien ab und stellen  Variationen derselben Art  dar.  Es  ist  davon auszugehen,  dass  sich  P. 

cyanescens zunehmend in Deutschland ausbreitet und mit der Zeit auch heimische Waldökosysteme 

erschliesst, sofern nicht bereits geschehen.
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Chapter 1: General introduction

CHAPTER 1

General introduction

silocybe cyanescens Wakef.  is  a  barely  studied  species  of  the  Strophariaceae,  which 

contains high amounts of psychoactive alkaloids and seems to be an invasive neomycete in 

Germany.  Its  fast  anthropogenous  distribution  by  mulch  usage  and  private  outdoor 

cultivation has been supposed for decades, but did not earn appropriate attention yet. The following 

pages will present a brief overview of its taxonomical background, historical issues and the state of 

knowledge leading to the aims and hypotheses of this thesis.

P

1.1 Fungi

Fungi  L.  are  eukaryotic,  osmotrophic  organisms  without  plastids  or  a  pseudopodial  phase. 

Similarities  to  animals  can  be  found  in  their  heterotrophic  (chemoorganotrophic,  osmotrophic) 

nutrition, a cell stabilization by chitin  and the glycogen usage as form of energy storage. On the 

other hand, fungi share features like vacuoles and cell walls with the plants  (Alexopoulos et al. 

1996,  Lomako et  al.  2004,  Kirk et  al.  2008). This  separate  kingdom is  divided into the phyla 

Ascomycota Caval.-Sm., Basidiomycota R.T. Moore, Chytridiomycota De Bary, Glomeromycota C. 

Walker  &  A.  Schüssler,  Microsporidia Balbiani,  Blastocladiomycota  Tehler  ex  James  and 

Neocallimastigomycota M.J. Powell (Bruns et al. 1992, Kendrick 1992, Bruns 2006, James et al.  

2006, Hibbett et al. 2007). Fungi imperfecti (Deuteromycotina Kendrick), represented by famous 

genera like Penicillium Link, are no longer formally accepted as a taxon because of their missing 

sexual phase, since the IAPT abolished the dual naming system (McNeill et al. 2012). The total 

number of fungal species is estimated between 1.5 and 5.1 million (Blackwell 2011).

1



Chapter 1: General introduction

1.2 Basidiomycota

The phylum Basidiomycota consists of the subphyla  Agaricomycotina Doweld,  Pucciniomycotina 

Oberw. and Ustilaginomycotina Doweld (Moore 1980, Blackwell et al. 2006, Hibbett et al. 2007). It 

is  characterized  by the  presence  of  basidia,  clamp connections  and a  double-layered  cell  wall. 

Except for some clades of yeasts, basidiomycetes are filamentous fungi. Hyphae (Hooke 1665) are 

microscopic in diameter, branched, tubular and each cell is segmented by dolipore septa. They can 

grow individually  or  collectively  (mycelium),  forming  strands,  rhizomorphs,  stromata,  survival 

structures and fruiting bodies (Sinclair & Lyon 2005, Kirk et al. 2008). Clémençon (1997) described 

four phases of a typical basidiomycete life cycle between basidiospore germination, somatogamy 

(plasmogamy), karyogamy and meiosis. Beside the sexual development, vegetative mycelia may 

produce asexual spores in the homokaryotic phase as well as in the heterokaryotic phase.

1.3 Psilocybe spp.

Psilocybe (Fr.) P. Kumm (Gr. psilos = naked, cube = head) is a genus of the Strophariaceae Singer 

&  A.H.  Smith  family  (order:  Agaricales Underw.,  class:  Agaricomycetes Doweld,  subphylum: 

Agaricomycotina). Fries (1821) mentioned Psilocybe for the first time as a Strophariaceae tribus of 

species with a thin-fleshed pileus, a fugaceous veil and a tough, uniform stipe. Later this tribus was 

raised to generic level (Kummer 1871). Noordeloos (2011) restricted the  Psilocybe genus to the 

monophyletic group containing psychotropic compounds, to avoid any possibility of confusion in 

comparison to the non-bluing resp. non-hallucinogenic Deconica spp. (W.G. Sm.) P. Karst., whose 

morphological similarities only represent homoplasies (Ramirez-Cruz et al.  2013).  Psilocybe s.l. 

comprises nearly 300 species and is distributed worldwide in most biomes (Guzmán et al. 1998, 

Guzmán 2005).  Guzmán (1983,  1995) delimited  18 sections  within  the  genus that  were  based 

mainly on morphological characteristics and not accepted by Singer (1986).

The extensive, interdisciplinary research on this large genus began with the ethnomycological work 

of Heim (1956) and Wasson (1957) in Mexico. Beside taxonomical (Singer & Smith 1958) and 

chemical studies (Hofman et al.  1959), the (re)discovery of "magic mushrooms" as psychedelic 

drugs in western societies accompanied the modern drug controversy represented by Timothy Leary 

and Richard Nixon. Nowadays, the psychoactive alkaloids of  Psilocybe spp., psilocybin, psilocin, 

norbaeocystin  and  baeocystin  (Leung  & Paul  1968,  Jensen  2004,  Konsentka  et  al.  2013),  are 

2
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experiencing  a  revival  in  brain  research  and  the  psychotherapeutic  treatment  of  depressions, 

compulsive disorders, drug addiction and cancer anxiety (Grob et al. 2011, Johnson et al. 2014, 

Kupferschmidt 2014, Tagliazucchi et al. 2014, Tylš et al. 2014, Sakashita et al. 2015). In the pre-

Christian Europe, the cultural usage of hallucinogenic mushrooms was a common practice (Rudgley 

1995). Typical pagan stereotypes connected to the frenzy caused by the consumption of fungi like 

Psilocybe spp. and  Amanita muscaria (L.) Lam. are witches and berserks. The shamanic rituals 

using hallucinogenic experiences for healing and social matters (Metzner 1998) have been replaced 

long ago by the  dogmas  of  monotheism.  Nevertheless,  the primal  belief  system of  shamanism 

proved itself in diverse parts of the world and can also be considered as a fundament of Western 

civilization (Ruck et al. 2011).

1.4 Psilocybe cyanescens

The oldest known representations of hallucinogenic mushrooms in the world have been found on 

painted cave murals in Tassili n´Ajjer (Sahara Desert), dated between 9000 and 7000 B.C. (Lhote 

1968, Samorini 1992). These pictures probably show Psilocybe mairei Singer (1973), a fungus only 

known from North Africa and first described by Maire (1928) as Hypholoma cyanescens R. Maire 

(Akers et al. 2011, Guzmán 2012). When Dennis & Wakefield (1946) described the holotype of P. 

cyanescens, found in the woodland parts of the Royal Botanic Gardens (London, UK) since 1910 

(Shaw & Kibby 2001), they noticed the morphological similarities to P. mairei, but also pointed out 

some differences. In Germany, P. cyanescens has been recorded for the first time by Haas in 1959 at 

the Kniebis ridge in the Black Forest (Krieglsteiner 2003). Since the 1970s, more reports appeared 

in Germany and UK as well as in other European countries like Austria, Belgium, Denmark, France, 

Switzerland and the Netherlands (Gartz 1992, Gartz 1996, Klug-Andersen 1994, Borovička 2008). 

In  the Pacific  Northwest  of the USA, this  potent  psychoactive fungus was first  found in 1962 

(Benedict et al. 1962) and is cultivated in private outdoor patches since the 1970s (Stamets 2000). 

By this time, its known distribution seems to be scattered but worldwide extending all over the 

boreal,  temperate  and  subtropical  regions  of  North  America,  Europe,  Australia,  New Zealand, 

Argentina  and  maybe  also  Iran (Margot  & Watling  1981,  Stamets  1996,  Guzmán et  al.  1998, 

Stamets 2000, Shaw et al. 2004, Asef-Shayan 2010, Noordeloos 2011). The discussion about the 

original  habitat  of  P. cyanescens is  still  ongoing,  impaired  by legal  frameworks  and a  lack  of 

cooperative studies.
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In Europe, Krieglsteiner (1984, 1986) established the P. cyanescens-complex, which also comprised 

Psilocybe  serbica Moser  & Horak  (1968),  Psilocybe  bohemica Šebek (1983)  and  P.  mairei as 

synonyms  for  P.  cyanescens.  In  contrast  to  this  concept,  Borovička  et  al.  (2011)  suggested  a 

separation of P. serbica (P. bohemica) and included  Weraroa novae-zelandiae (G. Cunn.) Singer 

(1958) into the complex. There are also indications that Psilocybe subaeruginosa Cleland & Burton 

(1927)  is  the  same species  as  P.  cyanescens (Ramirez-Cruz  et  al.  2013).  After  Krieglsteiner´s 

publications, the new species  Psilocybe azurescens Stamets & Gartz (1995) and Psilocybe allenii 

Borov.,  Rockefeller  &  P.G.  Werner  (2012)  were  discovered.  Molecular  data  provided  a  close 

relationship  of  both  species  to  P.  cyanescens  (Borovička  et  al.  2011,  Borovička  et  al.  2012, 

Borovička  et  al.  2015).  The  recently  discovered  new  species  Psilocybe  germanica Gartz  & 

Wiedemann (2015) is based on a P. serbica colony in Dippoldiswalde first documented by Gunter 

Redwanz in the context of this thesis and will be discussed in Chapter 2. Be that as it may,  P. 

cyanescens is a subject of regional as well as intercontinental species concepts, which gives an 

impression of how sparse the state of knowledge regarding this group of species really is.

1.5 Aims of the thesis and hypotheses

This thesis is the result of biological basic research on an uncommon organism, embedded in a 

current ecological problematic. As main motivations for the choice of topic, the scientific pioneer 

spirit  and the thrill  of working on an illegal drug should be mentioned. A relatively undefined, 

rapidly spreading species like P. cyanescens seemed an auspicious object of study. The knowledge 

gap  between  classical  fruiting  body  descriptions,  ITS  sequencing  and  the  analysis  of  its 

psychoactive ingredients promised much room for exploratory research.  Former reports of large 

colonies found in public places of German cities added a social relevance, as this fungus could be 

recognized as a potential threat for society. 

First of all, the task was to find and describe  P. cyanescens s.l. colonies in Germany to gain an 

impression of its latest distribution, environmental requirements and invasive potential. Following 

this,  collected samples should be isolated as strains on agar  plates for comparison by different 

mycological laboratory methods. The major objectives were the ecological characterization and the 

taxonomical delimitation of P. cyanescens sensu stricto. This thesis addresses the general questions 

that should help to understand what this alleged neomycete is, where it comes from and how it will  

influence the German ecosystems in the future.
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Based on the state of knowledge and from personal communication with several mycologists, the 

following hypotheses have been stated at the beginning of the study:

     I.     Psilocybe cyanescens still exists in Germany.

     II.   Psilocybe cyanescens is an invasive neomycete in Germany.

     III.  European and American Psilocybe cyanescens are not distinguishable.

     IV.  The Psilocybe cyanescens-complex has to be dissected.

     V.    Psilocybe cyanescens, Psilocybe azurescens and Psilocybe allenii are all different species.
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CHAPTER 2

Field investigations

his study on  P.  cyanescens had  to  start  at  the  zero  point.  An independent  biological 

research requires in situ observations and own collections. Specimens collected by other 

mycologists may allow a faster work process, but immature taxa always entail personal 

interests and the risk of subjective determinations. A field of research like that of  P. cyanescens, 

shared only among a few scientists, is often dominated for decades by their opinions. In addition, 

mycological discussions generally suffer from a changeable taxonomy and unclear characteristics. 

This chapter focuses on relevant German colonies of bluing Psilocybe spp. found between 2013 and 

2015 and thus presents their different morphological and ecological aspects.

T

2.1 Introduction

The locus classicus of  P. cyanescens tellingly is the botanical garden of a metropolis. Dennis & 

Wakefield (1946) described the holotype as follows: Pileus 2-4 (rarely 7.5) cm in diameter, convex 

expanded, smooth, hygrophanous, sticky, maroon when moist, yellowish or ocher (and) rim striped 

when dry, bluing when touched: in juvenile stage cortina delicately snow-white while connected to 

the stipe. Stipe whitish, silky-fibrous, 6-8 cm long, 2.5-5 mm thick, rarely up to 10 cm x 7 mm,  

stiff,  base  thickened  and  often  curved,  slender,  bluing  when  touched  or  dry.  Lamellae  from 

cinnamon to chestnut-black brown, adnate or adnate-decurrent, subdistant, up to 5 mm broad, edge 

paler.  Cheilocystidia lageniform, about 18-20 x 8 µm. Basidia four-spored,  clavate,  8 µm thick 

upside. Spores under microscope yellow-brown, in masses dark, elliptical, one side barely pressed 

down, 10-12 x 6-7 x 5 µm, endued with indistinct germ pore (translated from Latin). 
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This new species showed morphological similarities to Naucoria myosotis (Fr.) P. Kumm. (1871), 

which has meanwhile been named Phaeonematoloma myosotis (Fr.) Bon (1994), but also reminded 

in the blue coloration known from Psilocybe caerulescens Murrill (1923) at that time. 

American mycologists  mainly followed this  morphological  concept  of  P. cyanescens (Singer  & 

Smith 1958, Guzmán 1983, Stamets 1996), but in Europe, some similarities between P. cyanescens 

and indigenous bluing Psilocybe spp. led to an enduring taxonomical discussion (Moser & Horak 

1968,  Šebek  1983,  Krieglsteiner  1984,  Borovička  2008,  Borovička  et  al.  2011).  Meanwhile, 

Krieglsteiner´s  P.  cyanescens-complex  has  been  questioned  and  the  discoveries  of  new bluing 

relatives  opened  additional  issues  (Stamets  &  Gartz  1995,  Borovička  et  al.  2012,  Gartz  & 

Wiedemann 2015). Despite the controversy of P. cyanescens sensu lato, most authors agree with a 

sensu stricto-habitus based on  P. cyanescens Wakef.,  which predominantly is characterized by a 

wavy pileus margin, a robust stipe, an intensive bluing and the presence of pleurocystidia. On the 

face of it, taxonomical discussions focussing on fruiting body morphology are very time-consuming 

and used criteria are at times a bit too subjective.

The vague taxonomy of  P. cyanescens also  impedes  a  clear  ecological  characterization  of  this 

species. At least, all  P. cyanescens s.l. synonyms,  P. cyanescens s.s.,  P. azurescens,  P. allenii,  P. 

weraroa, P. subaeruginosa, P. mairei, P. bohemica and P. serbica  (Krieglsteiner 1984, Borovička et 

al. 2011, Borovička et al. 2012, Ramirez-Cruz et al. 2013), are known to be saprobes preferring 

woody debris. Furthermore, all European and North American  P. cyanescens s.l. fruit in autumn. 

Bluing Psilocybe species seem to be independent from the bedrock, usually grow gregariously and 

can, alternatively to wood chips, also feed on other plant debris like bark, dead herbs, leaves, seeds 

and even compact deadwood. The European P. cyanescens s.s. colonies are distinguished from the 

European P. serbica-complex by their exclusive focus on urban areas, whereas the North American 

P. cyanescens s.s. colonies are sometimes also found in the wild (Stamets 2000, Krieglsteiner 2003, 

Borovička 2008, Borovička et al. 2011). 

This high adaptability combined with the anthropogenous support of globalization and mulch usage 

allowed P. cyanescens to rapidly spread throughout Europe (Gartz 1996, Kreisel 2000, Brown 2001, 

Pyšek  et  al.  2010).  A clear  reconstruction  of  its  distribution  history  in  Europe  appears  to  be 

impossible after one century. The first documented colony was found in a botanical garden (Dennis 

& Wakefield 1946),  which led to  the assumption of  P. cyanescens being an American species, 

12



Chapter 2: Field investigations

introduced to Europe as a neomycete (Singer & Smith 1958, Gartz 1996, Shaw & Kibby 2001, 

Borovička 2005). In this context, the first German instance in the middle of a montane forest in  

1959 (Krieglsteiner 2003) does not fit the mold, in condition that this specimen was a P. cyanescens 

Wakef. After the turn of the millennium, also  P. azurescens had reached the European continent. 

Gminder´s (2001) first reports from Gerlingen (Stuttgart) and Rostock suggested that it occupies the 

same ecological niche in Germany as  P. cyanescens. However, no wild colonies of other foreign, 

related species like P. allenii, P. weraroa or P. subaeruginosa have yet been found in Europe. 

Besides a few publications over the last decades and some descriptions in mycological field guides, 

the  state  of  knowledge  concerning  the  current  situation  of  P.  cyanescens in  Germany  is 

unsatisfactory  as  regards  to  its  potential  distribution  and  ecological  impact.  Therefore,  field 

investigations were necessary to get an own impression. The crucial point was to even find this 

fungus,  otherwise  the  whole  Ph.D.  study  would  have  failed.  In  the  context  of  the  field 

investigations, the hypotheses I and II were addressed, accompanied by fundamental questions like: 

What  is  it?  Where  is  it?  What  does  it  feed  on?  How does  it  influence  our  ecosystems?  Is  it 

apprehended by the society? How does it spread? How do we get rid of it?

Being aware of the political sensitivity of this thematic, the legal framework had to be clarified 

before  the  work  was  able  to  begin.  In  this  connection,  Dr.  Schinkel  (Bundesopiumstelle, 

Bundesinstitut für Arzneimittel und Medizinprodukte, email communication 20.06.2013) referred to 

the BtMG (§ 2 and Appendix I). Within the meaning of the law, the gathering and cultivating of P. 

cyanescens for scientific purposes does not require a special permission, as long as its ingredients 

are not isolated and there is no drug abuse. So there would be no problems in this regard.

2.2 Materials and methods

The field investigations were preceded by a month of intensive emailing, paper advertising and 

literature research, to find as many evidences for  P. cyanescens colonies in Germany as possible. 

Relevant reports then have been collected (Tab. 1) and used as basis for a nationwide search by car 

in the autumn of 2013. Because of their large number, the fructification timeframe and the petrol 

costs,  it  was  necessary to  focus  on  reports  indicating  a  precise  location.  In  2014,  most  of  the 

colonies found have been revisited. Subsequent evidences from 2014 to 2015 have also been traced.
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Tab. 1. List of former P. cyanescens s.l. reports in Germany:
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Tab. 1 continued:
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Tab. 1 continued:

As soon as  a  promising  colony had been  found,  the  species  was  determined  according to  the 

macroscopic fruiting body descriptions of Dennis & Wakefield (1946), Moser & Horak (1968), 

Stamets (2000), Krieglsteiner (2003) and Borovička (2008). Photos that illustrate and prove the 

fruiting bodies as well as the location were taken with a cell phone camera (5.0 megapixels, GT-

i8190,  Samsung, Seoul,  South Korea).  The responsible town offices for public green spaces or 

private owners of the colony locations were not explicitly informed in the year of the findings, to 

save the study objects for a long-termed observation. In the case of a conversation with a passerby, 

the  background  and  the  ecological  problematic  concerning  this  fungus  were  explained  and 

extensively  discussed.  For  each  self-examined  colony, an  assessment  protocol  was  filled  in, 

comprising two topics with several parameters of interest:

A) Environment: date, time (CET), weather (in general), temperature (°C, near-ground), relative 

air humidity (%, near-ground), location (German federal state, town, place), exposure (to sunlight, 

ranks), vegetation (nearby plant species), competitors (nearby fungal species, detected by fruiting 

bodies), substrate (material overgrown by the mycelium, O horizon) and topsoil (A horizon). 

B) Colony:  horizontal  expanse  (m2,  area  of  visible  mycelium),  vertical  expanse  (cm,  depth  of 

visible mycelium into the ground), rhizomorphs (presence of sclerosed hyphal cords), number of 

fruiting bodies, distribution of fruiting bodies (tendency for clustering), vitality of fruiting bodies 

(influence of drought, fungivore damage, etc.), development stages of fruiting bodies (presence of 

young  ones,  senescent  ones,  etc.),  total  heights  of  fruiting  bodies  (mm,  stipe  and  pileus 

summarized), diameters of pilei (mm) and thickness of stipes (mm).
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Therefore,  the  following  materials  were  used:  a  thermo-hygrometer  (Super  Ex  Sensor,  TFA 

Dostmann  GmbH  &  Co.  KG,  Wertheim-Reicholzheim,  Germany),  a  measuring  tape  (5  m, 

BONUS/Max Bahr GmbH & Co. KG, Hamburg, Germany), yardsticks (2 m, BONUS/Max Bahr 

GmbH & Co. KG), a hand spade (WOLF-Garten/MTD Products AG, Saarbrücken, Germany) and a 

cell phone calculator to convert cm x cm into m2. The vertical colony expanse was estimated based 

on digging a few spot tests with a spade. In the case of several, not directly connected colonies at  

the same location, they were evaluated separately. Fruiting body sizes have been measured for adult 

specimens that were representative for the respective colony. 

For most of the locations, a fruiting body was picked up and air dried in a shady room to serve as a 

voucher specimen for the GOET herbarium (collection codes: AG 1-19). In some cases, also fresh 

fruiting bodies were collected and used for dikaryon isolation (Chapter 3.2).

To gain spore prints, first 80 pcs. of small glass flasks (60 ml, SIGMA-ALDRICH Co., St. Louis, 

USA) had to be prepaired by placing cellulose papers at the bottom inside and then sterilizing them 

in an autoclave (HST 6 x 6 x 6, Zirbus Technology GmbH, Bad Grund/Harz, Germany) at 121°C 

and 1.2 bar for 20 min. During the field investigations, the pilei of exemplary fruiting bodies each 

were cut into a 1-euro coin-sized piece with a flame-sterilized knife, placed on top of the bottleneck 

with flame-sterilized tweezers and then incubated for one day with the flask lid closed. Afterwards, 

the pilei were removed and the flasks containing the spores on paper were dry stored in a room 

(dark, 19-25°C) until further usage (Chapter 3).

Substrate  samples  have  been  taken  for  a  C/N-analysis  from seven  colonies  feeding  on  wood, 

namely Bochum, Bremen-Rhododendronpark colony 1, Dissen colony 3, Frankfurt a.M. colony 1, 

Karlsruhe, Schwerin and Wiesenbad colony 2. For comparison, 5-10 decayed wood chips from each 

colony center and 5-10 not decayed wood chips from outside were collected in glass jars. On the 

respective  collection  day,  the  samples  were  dried  in  an  oven  (Memmert  GmbH  &  Co.  KG, 

Schwabach) at 60°C for about 10 h and dry stored in glass jars until the field investigations of the 

autumn 2013 would be finished. Then, the mycelium and dirt were removed by patiently scraping 

off the outer layer (~0.3 mm) of the wood chips with blade and tweezers. Thereby, rubber gloves 

were important to avoid a sample distortion by sweat.  Finally,  0.5 g shavings per sample were 

carved out of the uncovered wood chips and analyzed by the combustion method (vario MAX cube 

CN, Elementar Analysensysteme GmbH, Hanau, Germany).
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2.3 Results

2.3.1 Distribution in Germany

P. cyanescens is still present in Germany. Its characteristic wavy pileus, silky-white stipe (Fig. 1), 

intensive bluing reaction after mechanical injury and dense colonies on mulched patches allowed an 

unambiguous in situ identification. The challenge was rather to find it. Depending on the precision 

of a former locality report, the search sometimes took a few hours until a colony was found, if  

fruiting and still existing at all. Especially the detection of small colonies in parks and forests was 

only a matter of luck, even if they were situated at a wayside (Fig. 2). Their brownish to pale-

yellowish pilei disguised the fruiting bodies very well between leaves and wood chips.  

 
         Fig. 1. P. cyanescens on a graveyard. Bremen, 12.10.14.                     Fig. 2. P. cyanescens in a park. Bremen, 12.10.14.

The  most  reliable  evidences  were  provided  by  mycologists,  regardless  of  whether  they  were 

professional or not. Environment agencies as well as associations for nature conservation were not 

helpful and often seemed surprised when being faced with the  P. cyanescens-problematic at the 

survey stage in the summer of 2013. During the field investigations, the general German society did 

not notice the presence of this fungus, as it was observable in much-frequented places, such as in 

the  playground  of  the  Palmengarten  in  Frankfurt  a.M.,  the  Botanical  Garden  of  the  Hamburg 

University  or  the  zoo  in  Schwerin  (Appendix  I).  Even  the  drug  dealers  of  Berlin-Hasenheide 

ignored the plentiful psychedelics growing behind their backs. A magic mushroom gatherer was 

encountered only one time in Bremen-Rhododendronpark, who was purposely looking out for them. 

Most of the passersby engaged in conversation appeared to be surprised, interested and untroubled.

18



Chapter 2: Field investigations

In 2013, 50  P. cyanescens  spore prints were collected. Altogether, this species was found in 41 

colonies at 22 locations of 19 towns until 2015. Of P. serbica s.l., 9 spore prints from 7 colonies in 5 

locations of 5 towns were collected.  A  Psilocybe semilanceata  (Fr.)  P.  Kumm. spore print was 

additionally gathered  in  Clausthal-Zellerfeld as  a  comparison specimen to  the bluing  Psilocybe 

species. For lack of time, only 71 of the 170 former reports (Tab. 1) could be traced, of which in 

turn  24  successfully  led  to  the  detection  of  a  P.  cyanescens or  P.  serbica s.l.  population.  The 

population of the park Sanssouci in Potsdam had to be splitted into two formal locations due to the 

geographical distance of more than 100 m. Merely the colonies at Hohndorf and Zöblitz were found 

by happenstance.  Melzer´s 2012 report  for Zöblitz pointed to the market place area around the 

church.  One year  later,  these colonies had obviously been removed by gardeners  of  the public 

service, although the fungus had now arisen on the 200 m distant graveyard by infested mulch. 

After the comprehensive spore print collection of 2013, the purpose of the field investigations of 

2014 was predominantly of revisitation and supplementary sampling by direct dikaryon isolation 

from fresh fruiting bodies, as in the case of the colonies of Bielefeld, Bremen-Osterholz no. 2, 

Bremen-Rhododendronpark no. 2, Dippoldiswalde, Dissen no. 5, Leipzig and Wiesenbad no. 1. The 

number of subsequent evidences received in 2014 and 2015 was relatively sparse. An evidence for a 

colony in Erlangen arrived in the autumn of 2015, unfortunately too late for strain isolation and new 

cultivation experiments in the time remaining for this study. For reasons of privacy, the colonies of 

Bersenbrück and Braunschweig were neither evaluated by protocol, nor photographed, nor collected 

for strain isolation. These two locations of P. cyanescens  were only proven by the fruiting bodies 

dried as specimen copies (GOET: AG 9 and 10).

The field investigations revealed a nearly nationwide distribution of P. cyanescens in Germany (Fig. 

3). Evidences or former reports (Tab. 1) were not available only for the federal states Schleswig-

Holstein and Sachsen-Anhalt. This fungus has been found in most of the German climates, from 

cold, montane regions like the Erzgebirge over to dry ones like the Dübener Heide, to the wet, 

planar landscape of North Germany. A distribution up to the high montane and alpine altitudinal 

belts was not observed. The highest P. cyanescens colony was observed on an exposed graveyard in 

Zöblitz, a small Saxon town on a plateau at 600 m above sea level. The colonies of P. serbica were 

focused in the montane regions close to the Czech Republic. For this species, the highest location 

was found in Johanngeorgenstadt, at 780 m above sea level. The distribution areas of P. cyanescens 

and P. serbica seemed to overlap in Saxony.
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Fig. 3. Results of field investigations in Germany 2013-15. Large spots: found colonies of Psilocybe spp. (blue: P. cyanescens, green: 
P. serbica, brown: P. semilanceata). Small spots: P. cyanescens reports of other mycologists since 1959. Fundamental map of 

Germany from wikipedia.org (accessed on 12.11.15).
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2.3.2 Ecological impressions

All the P. cyanescens colonies found were situated in urban areas of German villages and cities. In 

86% of the cases, their habitats were public places like parks or botanical gardens (Fig. 4), whereby 

71% of the park locations had forest-like structures. Each colony was more or less based on small, 

woody plant debris. The majority (77%) grew directly on the mulch layers of patches and paths, of 

both coniferous and deciduous wood species. Bark chips were decayed as well.  The rest of the 

colonies grew on woody litter  components  like single wood chips,  twigs or woody fruit  skins. 

Additionally,  P. cyanescens appeared to recycle other plant debris like leaves or herb sprouts as 

well.  It  has  never  been seen  on compact  deadwood thicker  than  5  cm,  nor  on  living  trees.  A 

relationship to a specific plant species or indications for a mycorrhiza symbiosis at the roots were 

not observed. The five evaluated colonies belonging to the P. serbica-complex used similar habitats 

as P. cyanescens, but were also found in the litter layer of a commercial forest (Fig. 5).

 
        Fig. 4. Land use of P. cyanescens locations in Germany                       Fig. 5. Land use of P. serbica locations in Germany 
                                         2013-15. n=22.                                                                                     2013/14. n=5.

During the field investigations in Germany, many evidences for an anthropogenous distribution of 

P. cyanescens by mulch usage have been observed. For example, the colony in the graveyard of 

Bersenbrück was told to be the result of a transfer of contaminated mulch from a garden in Dissen, 

a town approximately 60 km away, for caring for a grave. Another example was a disposal activity 

in the Botanical Garden of Hamburg University: after gardeners removed a colony somewhere in 

the garden, some mycelial scraps obviously remained on the rakes, which fell down on a mulched 

patch behind the garden shed, where they established a new colony. An improper removal of the 

contaminated mulch, as observed in München and Schwerin, or a simple covering with new mulch, 

as observed in Frankfurt a.M., was not enough to get rid of the fungus in the long term.
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As potential antagonists of P. cyanescens, snails should be mentioned first. Their feeding patterns 

were often observed on fruiting bodies, and for example in Zöblitz, a small slug was caught in the 

act of grazing. Snails seemed to prefer the soft lamellae. The stipe was the last to be eaten. In the 

context of a mycelium cultivation experiment, preinvestigating fresh substrate samples, also mites 

fed on the Psilocybe mycelium. Gnaw marks of mice or other mammals have never been found on 

fruiting bodies. Already senescent and dead, blackish fruiting bodies were consumed by molds as 

soon as the humidity was high enough. 

The  most  frequent  competitors  on  mulched  patches  were Macrocystidia  cucumis,  Psathyrella  

conopilus, Stropharia aeruginosa, Coprinopsis cinerea and Cyathus spp. There was enough woody 

substrate in all patches for both  P. cyanescens and indigenous species. Closely neighboring, and 

nearly direct contact by, mycelia have been observed several times. P. cyanescens did not seem to 

be a very aggressive, fast growing fungus, but its dense mycelium dominated the substrate for years 

once occupied. For example, the colony in Schwerin has obviously existed since 1995 (Tab. 1).

The fructification period observed of P. cyanescens in Germany occurred from the October 04th to 

November  29th.  A colony  of  P.  serbica in  Hohndorf  even  showed  young  fruiting  bodies  on 

December 22nd.  The length of the fructification period and the vitality of the colonies differed, 

depending on the climatic conditions (region, current weather, exposure, microclimate, etc.). For 

instance, the exposed colony in Bad Düben suffered from drought stress (Fig. 6) and was already 

senescent in the late October, whereas the colony in Leipzig-Machern, covered under a deep litter 

layer in a shady forest, still showed primordia formation in the late November.  P. cyanescens was 

able to develop fruiting bodies at 2°C as well as at 23.5°C (Tab. 2).

 
  Fig. 6. P. cyanescens under drought stress. Bad Düben, 30.10.13.  
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2.3.3 Colony characteristics

On mulch layers, the colonies of P. cyanescens were able to reach huge expanses up to 224 m2 and 

thousands of fruiting bodies. From 2013 to 2014, only the colony in Karlsruhe had expanded in 

size. Most of the revisited colonies showed no remarkable change. Some deteriorated because of 

dry weather or human impact. The vertical expanse of the recognizable mycelium into the ground 

was restricted to the layer of organic matter litter and never reached into the humic topsoil. In most 

cases, the mycelium expanse corresponded to the thickness of the respective mulch layer, except for 

the dry, exposed surface of the upper wood chips. It preferred the lower, moist parts of the substrate. 

An average P. cyanescens fruiting body in Germany was 5.8 cm high, had a pileus diameter of 3.5 

cm and a stipe thickness of 3.6 mm (Tab. 3). In very vital colonies on mulched patches, such as  

those from Dissen, Potsdam-Drachenberg and Zöblitz, also fruiting bodies of 10 cm height were 

possible. Once, a group of bluing  P. allenii-look-alike fruit bodies was found in the middle of an 

otherwise typical P. cyanescens colony (Appendix I, Dissen-colony 5). 

Tab. 3. Different parameters to quantify the found P. cyanescens colonies:

The fruiting bodies from Dippoldiswalde, Hohndorf, Johanngeorgenstadt and Simbach a.I.  were 

initially determined as P. bohemica because of their smaller size (Tab. 4), the convex pileus and the 

more greenish than bluish psilocin coloration. Their spore prints were blackish-brown to purple, 

similar  to  those  of  P.  cyanescens.  The  fruiting  bodies  from  Wiesenbad  looked  like  small  P. 

cyanescens with  plate-like,  less  wavy  pilei  and  were  initially  determined  as  P.  moravica var. 

sternberkiana.  At  the  end of  the  field  investigations,  the  colonies  of  these  five  locations  were 

summarized as P. serbica s.l., considering the species complex, to simplify the handling of samples.

Tab. 4. Different parameters to quantify the found P. serbica s.l. colonies:
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Colonies of  P. cyanescens and  P. serbica s.l. on mulch often fruited in dense groups, based on a 

compact mycelium. Especially P. cyanescens fruiting bodies tended to be directly connected at the 

stipe base. For example, one extremely dense colony of about 500 pcs. in Potsdam-Drachenberg 

gave the impression that it could be pulled out of the mulch in one piece. Contrary to the massive  

mulch colonies,  P. cyanescens was also able to develop fruiting bodies when the mycelium was 

restricted to a single wood chip or even a small fruit skin buried in the soil (Fig. 7). The fruiting  

body distribution of a colony depended on the evenness of the woody substrates and its age. It was 

best observable on naked mulch patches and difficult to estimate in deep litter layers. In principle, 

every larger colony consisted of a main group with the most adult fruiting bodies in the center and 

surrounding satellite groups. Temporally staggered fructification within a colony was common.

Classical rhizomorphs with a blackish sclerosed outer cell layer were found neither in P. cyanescens 

nor in P. serbica s.l. colonies. The different colony parts were connected by white, up to 1 mm thick 

hyphal  cords  (Fig.  8).  These  not  sclerosed  but  robust  strands  allowed the  mycelium to  bridge 

distances of up to 8 cm without connecting to the substrate of the soil. Longer distances required 

some kind of plant debris as intermediate stop. Colonies intersected by adverse environments, like 

pebble  pathways  and meadows,  had probably spread by basidiospores  or  translocated,  infested 

wood chips, because there never was a direct connection by vegetative mycelium. In general, there 

emerged the impression of a coherence between hyphal cords and fruiting body development. It has 

been  observed  that  fruiting  bodies  arose  in  a  straight  line,  away  from the  central  group  and 

following a pioneer cord. The bluish psilocin coloration (Chapter 3) was best visible at the biomass 

concentrating fruiting bodies, but also occurred in the near-surface, vegetative mycelium.

 
  Fig. 7. Solitary P. cyanescens on a meadow, growing on a single      Fig. 8. Subterranean hyphal cords of P. cyanescens on mulch. 
                        Tilia pericarp. Bad Düben, 30.10.13.                                                              Bielefeld, 22.11.14.
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2.3.4 Substrate analysis

The substrate analysis suggested P. cyanescens and P. serbica s.l. to be saprotrophic fungi. Single 

hyphae exploiting the substrate, visible as fine,  comprehensive mycelium, were observed on all  

kinds of organic plant debris containing cellulose, hemicellulose and lignin. Chopped deadwood of 

any kind of tree species was preferred, but also the needles of Pinus sylvestris L. and Larix decidua 

Mill. were decomposed to a certain degree. On decayed wood chips, sometimes dark demarcation 

lines  were  visible,  illustrating the competition between different  individuals  within  a  Psilocybe 

colony. After drying and scraping off the outer layer of the wood chips collected, the decayed ones 

were strikingly paler inside than those without mycelium. Moreover, they were much less stable, 

lower in weight and fell apart into fiber-like pieces.

P. cyanescens and P. serbica s.l. mycelia predominantly appeared to decrease the carbon content of 

their woody substrates. In five of seven cases, the C/N ratio of decayed wood was lower than the 

C/N ratio of non-decayed wood. Here, the carbon amount had decreased by 39.7% on average. On 

the other hand, the samples from Bochum and Bremen showed a 43.8% and 24.3% higher C/N ratio 

in decayed wood chips. The samples of the P. cyanescens colony in Frankfurt a.M., which at that 

time had begun to grow on the new mulch recently covered onto it,  contained remarkably high 

carbon amounts. When compared with the others, the samples of this colony gave an impression of 

the difference between fresh and old wood chips.

Fig. 9. C/N ratios of wood chips with and without wood decay by P. cyanescens and P. serbica s.l. (Wiesenbad) mycelium.
One mixed sample out of 5-10 wood chips per aspect and colony analyzed.
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2.4 Discussion

The appearance of  P. cyanescens in Europe within the 20th century, the poor state of knowledge 

about this species and its alleged rapid spreading led to the hypotheses I ("Psilocybe cyanescens still 

exists  in  Germany")  and  II  ("Psilocybe  cyanescens is  an  invasive  neomycete  in  Germany"). 

Questions concerning its current distribution, distinctive fruiting body morphology and ecological 

impact must be answered. 

First,  the  macromorphological  definition  of  P.  cyanescens should  be  discussed,  to  clarify  the 

question of this thesis´ research object. All fruiting bodies found with a wavy, brownish (moist) to 

pale yellowish (dry) pileus, distinctive sizes and a white, bluing stipe fit well into the P. cyanescens 

description of Dennis & Wakefield (1946).  A stipe of length more than 10 cm has never been 

observed, which excludes  P. azurescens (Stamets & Gartz 1995). The  P. cyanescens  s.s. does not 

vary much in its macroscopical features, as already mentioned by Borovička (2005). It is one of 

those fungi that people remember once they have seen it for the first time.  Hence, a small group 

with strikingly convex pilei found inside of a typical P. cyanescens colony in Dissen (colony 5) was 

very surprising and reminded of P. allenii (Borovička et al. 2012). Presumed that these were not just 

any other brown fungi and the blue coloration at the stipe base was the result of psilocin oxidation, 

this group is possibly the first recorded  P. allenii occurrence in Europe. Alternatively,  P. allenii 

could be a rare phenotype of P. cyanescens, caused by a mutation. At this early point, a discussion 

solely based on fruiting body characteristics would rather lead to speculations than certainty.

The  second  morphotype  of  bluing  Psilocybe species  found  on  wood  chips  during  the  field 

investigations in Germany, smaller fungi with a rather convex pileus and a more greenish psilocin 

coloration, was determined as P. serbica s.l., as per the species complex arranged by Borovička et 

al. (2011). Young fruiting bodies of P. cyanescens and P. serbica s.l. are not distinguishable, but the 

differences become increasingly obvious during their development. For example, the umbo in the 

middle of the pileus nearly disappears when a P. cyanescens rises up its margin to become wavy. 

The pileus margin of a P. serbica s.l. often tears open and the umbo remains visible because of an 

intensive blue or green spot  at  the central  point.  Krieglsteiner´s (1984)  P. cyanescens-complex, 

equating P. cyanescens Wakef. with P. serbica Moser & Horak and P. bohemica Šebek, was a good 

concept to imply the similarities and the relationship between these species, but the observations 

provide for a taxonomical separation of P. cyanescens, as suggested by Borovička et al. (2011).
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An interesting, third morphotype found in Wiesenbad complicates the concept of P. serbica s.l., but 

is clearly distinguished from P. cyanescens, due to its smaller size. Its flat pileus, with a distinct 

umbo, sometimes wavy margin and chestnut-brown surface, does not match the chubby form and 

pale  flesh  seen  in  Dippoldiswalde,  Hohndorf,  Johanngeorgenstadt  and  Simbach  a.I.,  that  is 

distinctive for P. serbica, P. bohemica and P. arcana. For that reason, the Wiesenbad colony has first 

been determined as P. moravica, probably P. moravica var.  sternberkiana sensu Borovička (2003, 

2006,  2008),  but  was later  handled as  P. serbica sensu Borovička et  al.  (2011) to  avoid  time-

consuming comparisons and discussions leading away from the thesis topic. 

Another example for the dynamical taxonomy of the bluing Psilocybe species from Europe is the P. 

germanica (Gartz & Wiedemann 2015) currently described, whose holotype is based on the colony 

at Dippoldiswalde (Appendix I). It has been observed since 2013 in the context of this thesis and 

was not morphologically distinguishable from the colonies in Hohndorf, Johanngeorgenstadt and 

Simbach a.I. This new taxon is not very convincing, not least because of the missing molecular 

data. Allegedly distinctive features of P. germanica, such as a stipe enlarged at the pileus, are not 

observed to be regular from personal experience. The thinner diameter and intensive bluing at the 

stipe base presented in figure 4 of the concerned publication were probably just the result of the 

drought stress that this exposed colony is annually subjected to. Therefore, an interpretation of P. 

germanica as another synonym for P. bohemica or P. serbica s.l. is recommended, not least because 

the taxonomical discussion is already suffering from too many not clearly delimited taxa.

Now that  P. cyanescens has been morphologically separated from the indigenous  P. serbica s.l., 

hypothesis I is corroborated.  P. cyanescens still exists in Germany, can be found in most of the 

federal states and actually seems to be spreading, as predicted by Gartz (1996, 2000). Most of the 

reports  collected  (Tab.  1)  concern  the  last  15  years,  although  this  fungus  has  been  known in 

Germany for  nearly six  decades.  Thereby it  is  important  to  consider  the  risk of  confusing the 

species, especially in the case of Saxony and Bavaria, where the areas of  P. cyanescens and  P. 

serbica s.l.  distribution overlap each other. Furthermore, the distribution map presented (Fig. 3) 

only shows the approved and documented locations,  which in  turn are  based on colonies once 

detected by passersby. The fact that P. cyanescens was mainly found in frequented urban areas does 

not exclude the possibility of indigenous or even autochthonous populations somewhere in German 

forests. Thus, the actual distribution of  P. cyanescens should be estimated on the basis of what is 

known. In this regard, a comprehensive networking of mycologists, as in Saxony, is very helpful.
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The discussion of hypothesis II comprises different aspects and first requires defining the terms 

"invasive"  and  "neomycete".  A species  is  denoted  as  invasive  when  it  is  not  indigenous,  but 

reproducing and spreading in the region concerned (Kowarik 1995, Rejmánek 1995). In Germany, 

"neomycete" is the preferred synonym for "fungal alien". Alien taxa have been introduced outside 

of their natural range and outside of their natural dispersal potential after 1500 A.D. (Pyšek et al. 

2009, Pyšek et al. 2010). The general lack of knowledge of fungal biodiversity and ecology leads to 

an under-representation of fungi in invasion ecology and the respective databases (Desprez-Loustau 

et al. 2007, Pyšek et al. 2008, Desprez-Loustau et al. 2010). Especially the non-parasitic fungal 

aliens are under-represented, which stands in disproportionate contrast with their potential impact 

on nutrient cycling and indigenous fungal communities (Desprez-Loustau et al. 2007). In the case of 

P. cyanescens, the question of its natural origin additionally complicates the discussion. There are 

no known colonies in pure natural settings in North America, so Stamets (2000) would not exclude 

the possibility of an introduction from Europe, as with P. magica Svrcek (Guzmán et al. 2008). On 

the other hand, European mycologists suppose just the opposite (Gartz 1996, Shaw & Kibby 2001, 

Borovička 2005). An introduction from Australia is also conceivable (Johnston & Buchanan 1995, 

Stamets 2000, Ramirez-Cruz et  al.  2013), although there is no evidence for a cultural  tradition 

among the aborigines involving the usage of sacred mushrooms (Picker & Rickards 1970).

The field investigations have shown that P. cyanescens can easily colonize Central European forest 

ecosystems,  as  observed  in  the  forest-like  settings  of  Bremen-Rhododendronpark  colony  1, 

Hamburg-Botanischer  Garten  colony  2,  Karlsruhe,  Leipzig-Machern  and  Potsdam-Ruinen 

(Appendix I). Wherever it initially came from was probably a region with a similar climate. The 

vegetation,  in the sense of plant  species,  seems to be of minor  importance.  P. cyanescens is  a 

flexible  saprobe,  able  to  decompose  different  kinds  of  cellulose-containing  plant  debris  of 

deciduous  trees,  coniferous  trees,  shrubs,  weeds,  grasses  and  even  mosses,  if  necessary.  Its 

preference observed for wood and bark chips has been confirmed by other authors as well (Beug & 

Bigwood 1982, Gartz 1992, Stamets 2000, Shaw & Kibby 2001, Krieglsteiner 2003, Noordeloos 

2011).  The  missing  colonization  of  living  trees  and  fresh,  compact  deadwood  leads  to  the 

assumption  that  P.  cyanescens is  a  secondary decomposer  that  follows  weakness  parasites  and 

pioneer saprobes of trees like Trametes versicolor (L.: Fr.) Lloyd and Fomitopsis pinicola (Sw.: Fr.) 

P. Karst. The high C/N ratio of about 240-290 found in wood chips of the colony in Frankfurt a.M. 

is comparable to branch deadwood of Fagus sylvatica L. in the year of its death (Müller-Using & 

Bartsch 2007).  A colonization of  woody substrates  by  P. cyanescens  perhaps requires less  pre-
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degradation by other fungi, a certain element concentration or interior moisture rather than a high 

oxygen availability, as a small chip size provides it. Modern mulch usage in urban areas has the 

advantage of supplying chopped and relatively sterile wood substrate in an environment with few 

fungal  competitors.  According to  Schwarze et  al.  (1999),  the observed bleaching and fiber-like 

consistency of decayed wood suggest that P. cyanescens probably causes a white rot with selective 

delignification. Concerning the C/N analysis (2.3.4), a methodical criticism should be mentioned: 

the usage of in situ wood chip samples involves many unknown but important influential factors, 

such as the tree species or  possible  nitrogen input  by dog excretion.  The results  presented are 

sufficient as a first impression, but in vitro experiments like the DIN EN-113 would be more telling.

Besides small-sized, woody substrates, an optimal habitat for  P. cyanescens also requires drought 

and frost  protection,  provided by a  low exposure  and a  thick  substrate  layer,  which  keeps  the 

humidity. A comparison of a shaded colony (no. 2) and an exposed colony (no. 3) in the botanical 

garden of the Hamburg University on the same day and with the same substrate showed that the  

shaded fruiting bodies are healthier, taller, further developed and have a thicker stipe. The colony 

that most suffered from drought stress and a lack of substrate was the one in Bad Düben. This 

extreme case shows  P. cyanescens to be quite frugal, able to survive in regions with an annual 

rainfall mean of only 550 mm/a (Sächsisches Landesamt für Umwelt, Landwirtschaft & Geologie) 

and independent of mulch. In Leipzig-Machern, a colony covered by leaves remained very vital at 

daily air temperatures near to the freezing point. Maybe P. cyanescens can still be found in January 

in the Atlantic and Subatlantic climates of North Germany, or when isolated under a snow layer.

The fructification period of this species in Germany is probably longer than just the observed time 

span of between October 04th and November 29th,  because in October already senescent and in 

November still very young fruiting bodies have been found, among others. Noordeloos (2011) states 

a phenology from May to November, which seems a bit too early. Stamets (2000) and Gartz (2013) 

point out that fall, especially November, is main fructification time of P. cyanescens in Northwest 

America and Europe. It is probably sufficient when the initiation temperature of 7-13°C (Stamets 

2000)  is  only  reached  at  night,  as  observed  in  the  extraordinarily  warm  October  2014.  The 

fructification occurs in temporally staggered arrangements within a colony. The fungus can thus 

disperse its masses of spores all  autumn long. In the context of the climate change, the higher 

temperatures  and  less  rainfall  in  parts  of  Germany  (Hasselmann  et  al.  2003,  Kölling  & 

Zimmermann 2007) will rather restrict the distribution of P. cyanescens.
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In Germany,  P. cyanescens  has potential  invertebrate antagonists and fungal competitors,  which 

however, do not seem to impair its spreading to a relevant degree. As observed, most of all snails 

are able to cause damage to a colony, but the masses of fruiting bodies and sexual spores easily 

compensate the loss. On mulched patches, the mycelium can grow relatively undisturbed and it 

dominates  the  substrate.  Within  the  mammals  of  the  northern  hemisphere,  there  are  many 

mycophagous taxa like Muridae, Cricetidae, Sciuridae, Suidae and Cervidae. Some even feed on 

Amanita spp., but the consumption of Psilocybe spp. has not been observed yet (Buller 1920, Miller 

& Halls 1969, Fogel & Trappe 1978, Ure & Maser 1982, Kräutler 2009). Kosentka et al. (2013)  

found that evolutionary transitions from muscarine to psilocybin happened between 10-20 million 

years ago in some taxa of the Inocybaceae. Maybe the production of psychoactive substances is an 

elegant  defense  mechanism  to  elude  a  biochemical  co-evolution  of  higher  animals.  Such 

mushrooms  are  not  directly  poisonous,  but  an  intelligent  antagonist  would  still  connect  the 

unpleasant consumption experience with the object or colony location and prospectively avoid it. 

Unlike humans, herbivores, especially small rodents, must always fear predators in the wild and 

therefore probably do not enjoy the vulnerable situation of a "trip". However that may be, it has 

been observed that  in  the Pacific Northwest of America slugs and pill  bugs like to feed on  P. 

cyanescens, as also crows and rodents are supposed to (Alexei Korol, personal communication).

Further spreading of  P. cyanescens in Germany and other European countries is most likely.  In 

urban areas, the globalization, the modern mulch usage and the lacking awareness in society benefit 

its distribution more than the natural dispersal could ever afford. According to the concept of niche 

opportunity (Shea & Chesson 2002), all three main factors contributing to an invader´s success, the 

resources, the natural enemies and the physical environment, are advantageous for P. cyanescens in 

the  new habitats  of  our  cities.  In  Germany,  this  fungus  has  already reached  the  last  stage  of 

biological invasions: a regional spread from initially successful populations (Shigesada & Kawasaki 

1997). An establishment in German forests has possibly already happened somewhere. There have 

been a few relevant reports  (Tab. 1), mainly of colonies introduced by garden waste.  The self-

observed colonies in de facto forests of urban areas, such as in Leipzig-Machern and Potsdam-

Ruinenberg, showed that there are theoretically no ecological barriers hindering  it. From another 

point of view, P. cyanescens could also be an indigenous species which was previously restricted to 

a micro-niche in its natural habitat and therefore inconspicuously rare until mulch usage allowed a 

population explosion, as Stamets (2000) has speculated for American populations. Such a scenario 

is not very likely for a much frequented, extensively cultivated and explored country like Germany.
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Hypothesis II is supported. P. cyanescens is an invasive neomycete in Germany. The results of the 

field  investigations  are  barely  quantifiable  and  therefore  meaningful  inductive  statistics  are 

impossible,  but the observed situation in the context of the current state of knowledge gives  a 

reasonably clear impression. To answer the origin question, as long as no autochthonous colonies in 

natural habitats are found and genetically compared to those in the urban habitats as well as on 

other continents, this discussion will never be resolved with 100% certainty.

Now the question remains, how to deal with this fungus. The Psilocybe localities presented in this 

thesis (Appendix I) conduce the sharing of scientific knowledge and should not be used for the 

purpose of drug abuse. The magic mushroom consumers have already come to appreciate previous 

publications of other authors. For example, Gartz (2013) named the Rhododendronpark in Bremen, 

where already in the year of the book release a private gatherer was met during a field investigation. 

A gardener trying to get rid of a colony should remove the whole of the underground mycelium as 

well as the surrounding substrate layer, then burn it, check the place annually at least and in the best  

case avoid using mulch in the future. The dense, white mycelium is well recognizable by the eye. 

Environment  agencies  should eventually pay attention to  the increasing  P. cyanescens-problem. 

Further  field  research  could  focus  on  tracing  and  documenting  colonies,  so  that  the  known 

distribution of P. cyanescens and P. serbica s.l. in Germany will be updated as often as possible.     
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CHAPTER 3

Mycelial growth

fter studying P. cyanescens in situ in Germany, the next step would be to isolate strains 

and  observe  them in  a  laboratory.  A comparison of  wild  specimens  in  a  controlled 

setting  should  present  a  first  impression  of  the  current  variety  in  this  country. 

Furthermore, it was time to include collections of other mycologists, closely related species and 

specimens from Northwest America into the study. The cultivation of mycelium on agar plates is a 

foundation  for  mycological  research.  It  allows  the  control  of  environmental  parameters,  like 

nutrients, temperature, humidity and light intensity. An observation of the mycelial growth rate on 

agar seemed a fast and simple enough method for a comprehensive sample size. 

A

3.1 Introduction

The mycelial growth rate of P. cyanescens and its close relatives has not been measured before. At 

least for P. barrerae Cifuentes & Guzmán (1981), the growth rates of 3.6 mm/day on corn meal agar 

and 3.9 mm/day on potato dextrose agar are given as potential references for comparison at room 

temperature (Montiel et al. 2008). Stamets (2000) has described the mycelium of P. cyanescens and 

other caramel-capped relatives like P. azurescens on malt agar media as satin-like, white, cottony to 

silky rhizomorphic, radiating outwards in fans and often bruising bluish. He also suggested agar 

media with malt, yeast, potato dextrose, oatmeal and dogfood. Moser & Horak (1968) characterized 

P. serbica s.s.  as quite  fast-growing on natural  and synthetic  media.  Based on studies of other 

Psilocybe spp. (Chang & Mills 1992, Valenzuela & Garnica 2000, Boekhout et al. 2002), it can be 

assumed that P. cyanescens mycelia are heterothallic, with a monokaryotic and a dikaryotic stage. 
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The most  striking mycelial  characteristic  of  P. cyanescens is  the terming blue coloration of  its 

dikaryotic mycelium when accumulated as fruiting body. Hofmann et al. (1958) isolated the closely 

related, psychoactive tryptamines psilocybin and psilocin from a Psilocybe species for the first time. 

Later, also baeocystin and norbaeocystin were described (Leung & Paul 1967, 1968). The fourth 

analogue identified of psilocybin, aeruginascin, only occurs in Inocybe aeruginascens Babos (Gartz 

1989a, Jensen 2004). Psilocin is the dephosphorylated version as well as the hydrolysis product of 

psilocybin and oxidizes  to  a  blue  product  (Horita  & Weber  1961,  Levine  1967).  Therefore,  P. 

cyanescens and  P.  azurescens owe their  epithets  to  the  relative  high  psilocin  contents  of  their 

fruiting  bodies  (Beug  & Bigwood  1982,  Stamets  &  Gartz  1995,  Gartz  1996).  Psilocybin  and 

psilocin are already synthesized in the vegetative mycelium of Psilocybe spp., but the highest levels 

can be found in fruiting bodies and sclerotia (Hofmann et al. 1959, Gartz 1989b, Gartz & Müller 

1989). Gross (2000), however, detected psilocybin and psilocin not before reaching the mycelium 

knot formation stage of P. cyanescens. Bluing vegetative mycelium has already been noticed during 

the field investigations (Chapter 2.3.3). In this context it is of interest to observe the occurrence of a 

bluish mycelium coloration in agar cultures. A distinctive coloration of P. cyanescens, P. azurescens 

and P. allenii strains are expected, but no coloration of P. serbica and P. semilanceata strains.

Through the collected spore prints and by fresh fruiting bodies from the field investigations, a wide 

range of samples for strain isolation was available. Additionally, spore prints of P. cyanescens from 

North America and England, as well as P. azurescens and P. allenii, were provided by Jochen Gartz 

and friends of Alan Rockefeller. Thus, fortunately, the test of hypothesis III and V is possible. The 

hypotheses III, IV and V particularly aim for a comparison between the P. cyanescens from Europe, 

the  P. cyanescens from North America and its confusably close relatives on both continents. For 

this, the mycelial growth rate is a suitable parameter to start with. Samples of the exotic P. mairei, 

P. subaeruginosa and P. weraroa could not be obtained in preparation for the study.

There were no expectations concerning the mycelial growth rate measurements, because they have 

never been done before and the slow colony increase observed during the field investigations is not 

scientifically meaningful. In the best case, there are many interesting differences, even among the 

German collections. In the worst case, the standard deviation of the repetitions is too high for any 

serious interpretation. Further questions connected to the mycelial growth are: What is the optimal 

growth temperature? How does the fungus react to fungicides and different nutrient sources? Are 

there taxonomically relevant patterns in the mycelium? When does it start to form rhizomorphs?
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3.2 Materials and methods

All experiments carried out to observe the mycelial growth were generally structured as having an 

inoculation part and an incubation part. The inoculations took place under the sterile conditions of a 

biological  safety  cabinet  (Holten  Lamin  Air,  Thermo  Fisher  Scientific  Inc.,  Waltham, 

Massachusetts, USA). The mycelia were transferred from one agar plate to another by cutting out a 

biomass-agar-inoculum of 5 x 5 x 5 mm of the young culture margin and placing it upside in the 

middle of the new plate.  Before every work step,  the inoculation needle was dipped into 96% 

ethanol and then flamed with a Bunsen burner. For agar cultures, exclusively Petri dishes of the size 

92 x 16 mm were used.  As standard incubation conditions,  25°C temperature,  95% relative air 

humidity and strict darkness were chosen. These were set by placing the agar cultures into small (37 

x 27 x 13 cm) or large (56 x 37 x 30 cm) plastic boxes with a wet (dH2O) cellulose tissue insert and 

closed lid, which stood in a temperature-controlled dark room. A data logger (DL-120 TH, Voltcraft, 

Conrad  Electronic  SE,  Hirschau,  Germany)  conduced  to  control  the  climate  conditions  in  the 

incubation boxes. Every time a box was briefly opened, the relative air humidity decreased to about 

60% and reached 95±1% again after one or two hours. The agar cultures were always handled and 

incubated upside with closed lid to reduce the contamination risk. Inside the incubation boxes, a 

footing of empty Petri dishes was used to avoid direct contact between the cultures and the wet 

bottom layer affecting the growth by cooling.

All agar culture media were compounded in one-liter bottles, sterilized in an autoclave (HST 6 x 6 x 

6, Zirbus Technology GmbH, Bad Grund/Harz, Germany) at 121°C, 1.2 bar overpressure and steam 

for 20 min,  afterwards cooled down to a hand-hot temperature and then poured (~30 ml/plate). 

Besides the 2% MEA (pH~5.5) for the main series of experiments, also other culture media (Tab. 5) 

were prepared, serving different purposes.

 

Tab. 5. Compositions of agar culture media:
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The haploid, monokaryotic (Chapter 4.3.1) strains were isolated by basidiospore germination. For 

this, spore prints were beaten gently above plates of 2% MEA + antibiotics and incubated for two or 

three days under standard conditions. Tetracycline (10 mg/ml in 70% ethanol) and chloramphenicol 

(20 mg/ml in methanol) served as broad-spectrum antibiotics. Depending on the presence of fungal 

contaminations and the spore content of the print, up to 30 pcs. of barely visible, solitary mycelia 

were cut out of their germination plate and transferred to a new plate (2% MEA + antibiotics) for 

further incubation at about 1 cm distance to each other. After five or six additional incubation days, 

a  sample  of  each  mycelium  was  taken  for  microscopical  (Axioplan  2  Imaging,  Carl  Zeiss 

Microscopy GmbH, Jena,  Germany) clamp cell  control.  Evidentially monokaryotic  mycelia  (no 

clamps) were then separated each to an own plate (2% MEA + antibiotics) and incubated further, 

until the whole plate grew full. In a few cases, also a dikaryon was isolated. Afterwards, the cultures 

have been visually checked for mycelium homogeneity,  sealed with two layers of parafilm and 

stored in cardboard boxes in a cooling chamber (5°C, dark). The strain labeling system used the 

collection´s location name, colony number, fruiting body number, sexual stage and strain number. 

For example, the strain Diss-2-1 Mono 7 is the seventh isolated monokaryon from the spore print of 

the first collected fruiting body of the second colony found in Dissen.

As supplement to the self-collected spore prints from Germany (Chapter 2), spore prints from the 

USA and the UK were also used for strain isolation. Thankfully, Alan Rockefeller and Jochen Gartz 

helped to organize them. Besides the P. cyanescens spore prints collected by Brad Jones (Tillamook, 

Oregon, USA, 2014), Nathan Stewart (Portland, Oregon, USA, 2014), Per Harden (Derbyshire, UK, 

2014), Book Randall (Bellingham, Washington, USA, 2014), Tyler Nelson (Lakewood and Tacoma, 

Washington,  USA, 2014),  Ryan Murphy (Eugene,  Oregon, USA, 2014),  Jochen Gartz (Eugene, 

Oregon, USA, 2000) and Alexei Korol (Seattle, Washington, USA, 2014), also P. azurescens spore 

prints collected by Mikael No-Line (Lacey, Washington, USA, 2014) and Jochen Gartz (Astoria, 

Oregon, USA, 2000), as well as a P. allenii spore print collected by Brad Jones (Albany, Oregon, 

USA, 2014), were received in the winter of 2014/15. In addition, Jochen Gartz provided a German 

P. azurescens spore print from the Krummbachtal (Gerlingen, 2014).

Some dikaryotic strains were directly isolated from fresh fruiting bodies on the day of collection. 

For  this  purpose,  small  pieces  of  the  inner  stipe  plectenchyma  were  placed  on  2%  MEA + 

antibiotics. Besides all such wild strains, the dikaryons obtained by mating experiments (Chapter 5) 

were also isolated and cold stored. In total, the collection comprised 508 strains (Tab. 6).
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Tab. 6. Background and number of Psilocybe spp. strains isolated for growth rate experiments:
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Tab. 6 continued:

Pre-cultivations  were  necessary  to  allow  an  acclimatization  of  the  mycelia  to  incubation 

temperature before the actual growth rate experiments could begin. Thus, the stored cultures were 

removed from the cooling chamber, the inocula transferred onto new 2% MEA plates and then 

incubated for about 10 days at standard conditions.

For the main growth experiment, the mycelial growth rates of all isolated strains (Tab. 6) were 

measured on 2% MEA in three repetitions. For each repetition per strain, an inoculum (5 x 5 x 5 

mm) from the culture margin of the acclimated mycelium was transferred into the middle of a new 

plate, with four prepared axes in 90° angles drawn with a fine permanent marker under the dish 

bottom. After two days of incubation at standard conditions, when the mycelium left the inoculum 

cube to enter the new agar surface and became clearly visible from below through the agar, the first 

growth mark, representing the current mycelium expanse, was set at each axis. Subsequent marks 

were made daily around 8 pm, to avoid the influence of sunlight on the growth performance. 
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Except for the few minutes of lower temperature, lower humidity and electric light influence during 

the daily markings, the cultures were incubated at constant standard conditions in a large plastic 

box. Because of the many samples, the main growth rate experiment had to proceed in a staggered 

arrangement  for  13  months  in  total.  The  growth rate  experiment  of  a  culture  ended  when  the 

mycelium reached the edge of the dish.

The mycelial growth rates were evaluated as horizontal distance (mm) per day by calculating the 

arithmetic mean of the four axes after averaging over five representative days from the half time of 

incubation, in most cases day 8 to 13 or day 10 to 15. Additionally, a protocol with the parameters 

date of beginning bluing (visible by eye), date of beginning yellowing (visible by eye), incubation 

time until dish edge reached (days), growth behavior (evenness of growth rate during the days) and 

mycelial pattern (subjective characterization) was filled out during and after the incubation. Fully 

grown cultures then were photographed without lid from above by a cell phone camera (GT-i8190, 

Samsung, Seoul, South Korea) and mechanically harmed by scraping one half of the mycelium 

surface with a ruler or a slide to induce the psilocin bluing reaction. The unharmed half of the 

mycelium was used for microscopy to search for interesting features, measure hyphal cell sizes 

(Chapter 4) and once again control the presence or absence of clamp connections.

In an additional experiment, this methodology was maintained, but the media YMG and 2% glucose 

were used instead of 2% MEA, to see how the German collections react to a more multifarious and 

a poor nutrition. Therefore, the strains B-1-2 Mono 5, CZ-1-1 Mono 15, Erz-5-3 Mono 29, F-1-1 

Mono 14, HBO-1-1 Mono 6, HHOhl-2-1 Mono 9, KA-1-3 Mono 16, LB Dik 1, M-2-2 Mono 21, 

OL-1-1  Mono 9,  PD-1-1 Mono 11,  PR-1-1  Mono 16,  PAN-1-5 Dik  1 and PAN-1-5 Mono 15 

(Appendix II) were used, representing different locations and species from Germany.

In  two  small  experiments,  the  mycelial  growth  on  2% MEA +  fungicide  and  beech  agar  was 

observed at standard incubation conditions and without repetitions per strain. The only aim was, to 

see whether the fungi are able to grow on these media or not. Exact growth rate measurements on 

the dish bottom were impossible because of the opaque media, so at least some approximate growth 

marks  were  done  every  week  on  the  dish  lid.  For  the  fungicide  growth  experiment,  benomyl 

(DuPont, Wilmington, Delaware, USA) was added to malt agar (Tab. 5) in a concentration higher 

than the manufacturer´s recommendation for gardening. Through the microtubules-binding effect of 

benomyl, important processes like intracellular transport and cell division are impeded.
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As study objects for the fungicide experiment, the strains B-1-2 Mono 5, BO-1-1 Mono 2, C-1-1 

Mono 4, C-1-4 Mono 10, CZ-1-1 Mono 15, Diss-3-1 Mono 7, Diss-3-2 Mono 3, DW-1-1 Dik 1, 

Erz-5-3 Mono 29, Erz-7-3 Mono 6, F-1-1 Mono 14, HBO-1-1 Mono 6, HBR-1-1 Mono 7, HHBot-

3-1 Mono 7, HHOhl-2-1 Mono 9, KA-1-3 Mono 16, LB Dik 1, M-1-2 Dik 1, M-2-2 Mono 21, OL-

1-1 Mono 9, PD-1-1 Mono 11, PR-1-1 Mono 16, PAN-1-2 Mono 2, PAN-1-5 Dik 1, PAN-1-5 Mono 

15 and SN-1-1 Mono 4 were chosen. 

For the beech agar experiment with Fagus sylvatica fibers (length 0.5-1.5 mm), randomly chosen 

dikaryotic strains were cultivated on the following three fiber concentrations: 

2%: Diss-3-2 Mono 2 x Eugene Mono 5 Dik, Erz-4-2 Dik 2 x 35, LB Dik 1 and DW-1-1 Dik 1.

4%: Diss-3-2 Mono 2 x Derbyshire Mono 8 Dik and Diss-3-2 Mono 2 x Lacey Mono 6 Dik. 

6%: SN-1-3 Mono 10 x KA-1-2 Mono 9 Dik, Diss-3-2 Dik 2 x 5, Erz-1-1 Dik 1, PAN-1-5 Dik 11 x 

12 and Erz-7-3 Mono 4 x PAN-1-5 Mono 18 Dik.

A series of growth rate experiments with different environmental conditions was performed to gain 

an impression of the climate requirements of the bluing Psilocybe species. The parameters medium 

(2% MEA), light influence (dark) and strains (BaDü-1-3 Mono 6, Diss-3-2 Dik 2 x 5, Diss-3-2 

Mono 2 x Lacey Mono 6 Dik, Diss-5-1 Dik, DW-1-1 Dik, Erz-1 Dik, Erz-4-2 Dik 2 x 35, LB Dik 1, 

PAN-1-5 Dik 11 x 12 and SN-1-3 Mono 10 x KA-1-2 Mono 9 Dik), as well as the inoculation and 

measurement  methods  (as  described  before),  remained  constant  in  every  experiment.  In  six 

temperature experiments (at 5°C, 10°C, 15°C, 20°C, 30°C and 35°C), the cultures were incubated in 

a small plastic box with a wet cellulose tissue insert (95% relative air humidity). The incubation at 

5°C happened in a  cooling chamber;  10°C, 15°C and 20°C in a wine cabinet with refrigerator 

function; and 30°C and 35°C in an incubator (Memmert GmbH & Co. KG, Schwabach, Germany). 

Two additional experiments focused on the air humidity at 25°C. One was performed in a small 

plastic box, without wet cellulose tissue insert (84-85% relative air humidity), and the other with 

free-standing  cultures  (closed  dish  lids)  in  a  dark  room  (33.5-35%  relative  air  humidity). 

Temperatures and humidities of all experiments were tracked with a climate data logger. Moreover, 

an experiment was done with reduced oxygen supply at standard incubation conditions by sealing 

the Petri dishes with two layers of parafilm.
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The data evaluation was based on the growth rates of the strains, which each were arithmetically 

averaged from the three repetitions per strain, whose growth rates were in turn averaged from the 

four axis means of five representative days solo measured on the bottom of the cultures. Depending 

on the respectively focussed evaluation aspect, as for example location, species or sexual stage, the 

strain data were then averaged further. For a uniform data representation, bar graphs were chosen. 

Descriptive statistics (means, correlations, etc.) and graphs were computerized with the spreadsheet 

application of OpenOffice 3.4.1 (The Apache Software Foundation, Delaware, USA). 

Inductive statistics  were calculated with the program R 3.2.0 (The R Foundation for Statistical 

Computing, Auckland, New Zealand). For statistical analyses of the steady, unconnected growth 

rate data, the non-parametric tests Mann-Whitney (U test), Kolmogorov-Smirnov (K-S test, two-

sample) and Kruskal-Wallis (H test) were chosen (Kolmogorov 1933, Wilcoxon 1945, Mann & 

Whitney 1947, Kruskal & Wallis 1952). The U test uses rank-sums, whereas the more sensitive K-S 

test works with cumulative distributions. The H test is similar to the U test, with the difference that  

it targets more than two groups. In case of normally distributed data, checked with quantile-quantile 

plots, also the parametric t-test (Student 1908) was used.

All  four  tests  basically  state  the  null  hypothesis  (H0)  that  the  data  sets  compared  are  not 

significantly  different.  Thus,  the  alternative  hypothesis  (HA)  implies  a  significant  difference. 

Whether these sets of data are considered as probability distributions, samples from a population or 

groups arranged according to an aspect, depends on the experimental design and the perspective. 

The latter is most practical and has been preferred in this study, for example, to compare the growth 

rates on the media resp. of the groups 2% MEA, YMG and 2% glucose. 

As significance level, 5% was chosen, which provides an appropriate balance between the statistical 

error of the first and the second kind. Significant differences are attained, meaning that the null 

hypothesis is rejected in favor of the alternative hypothesis, when the calculated p-value of a test is 

lower than the significance level.

For the growth rate experiment with different temperatures, also the correlation coefficients Pearson

´s  r (Pearson  1895)  and  Kendall´s  tau (Kendall  1938)  were  calculated,  to  measure  the  linear 

correlation between growth and temperature, whereby a coefficient of +1 would express a total 

positive  and -1  a  total  negative  correlation.  Kendall´s  tau is  a  rank correlation  coefficient  and 

therefore more robust, but likewise less precise with small sample sizes, than Pearson´s r .
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3.3 Results

3.3.1 Macroscopical mycelium characteristics and bluing reaction

The mycelia of  P. cyanescens,  P. azurescens and  P. allenii studied were white, consistently grew 

outwards and looked quite similar. Morphological variations were rather observed between sibling 

strains  from  the  same  fruiting  body.  On  2%  MEA,  the  monokaryons  formed  a  fluffy  aerial 

mycelium leading to ring-, star- or marble-like patterns (Appendix III). The dikaryons tended to a 

more  bundled,  flatter  mycelium with  fan-like  hyphal  expansion.  In  general,  the  P.  cyanescens 

strains from Germany produced a little more aerial mycelium than the P. cyanescens, P. azurescens 

and P. allenii strains from the UK and the USA. The strains C-1-3 Mono 32, Erz-4-2 Mono 30, Erz-

4-2 Mono 34, Erz-4-2 Mono 35, Erz-6-3 Mono 26, M-1-2 Dik 1 and Lacey Mono 8 attracted 

attention by their tough, in four cases also mealy-looking, mycelium. The P. serbica strains DW-1-1 

Dik 1 and Erz-1-1 Dik 1 did not differ from dikaryons of P. cyanescens, P. allenii and P. azurescens 

in macroscopical characteristics, but all other  P. serbica as well as  P. semilanceata strains from 

Johanngeorgenstadt, Simbach a.I. and Clausthal-Zellerfeld clearly distinguished from the typical P. 

cyanescens habitus by a flat, dense, slightly scleroting and often unevenly expanding mycelium. 

On YMG all species and both sexual stages showed distinctly more biomass and hence an increased 

general  coloration.  Furthermore,  the  mycelium secreted  multiple  translucent  exudation  droplets 

(Fig. 10). In contrast to this, the 2% glucose cultures formed almost no aerial mycelium (Fig. 11) 

and even the substrate mycelium consisted of only a sparse biomass with relatively few, loosely 

networked hyphae. 

 
        Fig. 10. P. cyanescens strain PR-1-1 Mono 16 on YMG.             Fig. 11. P. cyanescens strain HBO-1-1 Mono 6 on 2% glucose.
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Mycelial  coloration  during  the  incubation  occurred  in  two color  shades:  yellowish  and  bluish. 

16.9% of all strains on 2% MEA showed a visible yellow to brown coloration. In the case of  P. 

cyanescens and  P. azurescens, it  partially developed on accumulated  parts  of  the central  aerial 

mycelium and not until the second half of the incubation time, whereas most of the dense growing 

P. serbica and P. semilanceata strains were regularly pale yellowish from the beginning. 

On 2% MEA, 16.3% of all strains sooner or later showed a visible bluish (Fig. 12), in combination 

with yellow mycelium also greenish, coloration of the upper aerial mycelium. After the scraping 

test, the amount increased to 84.1%. This coloration mostly occurred immediately or within 5 min 

after mechanical harming and remained for days. Removing the dish lid accelerated the reaction. In 

intensive cases, the blue color, resp. the responsible cell content, leaked out of the mycelium and 

stained the agar.  Scraping tests  on sparse cultures only led to a coloration of the agglomerated 

mycelial clumps or one that was too weak to be perceived by the eye. The biomass-rich YMG 

cultures also showed bluing reactions (Fig. 13), but on 2% glucose, this has never been observed. 

Taxonomical differences in bluing were often indirectly based on the mycelium density and the 

incubation time. For example, 82.4% of the tough P. serbica strains had already blued during their 

lengthy incubation (3.3.2), whereas only 4.3% of the biomass-poor, faster expanding and therefore 

earlier evaluated, American P. cyanescens did so. The sole species studied that never showed any 

bluing, not even after the scraping test, was  P. semilanceata.  P. azurescens and  P. allenii strains 

were not remarkably distinguished from P. cyanescens  in intensity. There was also no difference 

between monokaryotic and dikaryotic strains. The earliest bluing on 2% MEA was observed on the 

strain PAN-1-5 Mono 15 after 8 incubation days, followed by B-1-2 Mono 5 (11 days).

 

      Fig. 12. P. cyanescens strain PD-2-1 Mono 8 on 2% MEA.                      Fig. 13. P. azurescens strain LB Dik 1 on YMG. 
                                                                                                                                               5 min after scraping.
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3.3.2 Mycelial growth rate – strain comparison

The radial mycelial growth rate of  P. cyanescens monokaryons in total averaged a 1.41 mm/day 

arithmetic mean, with a standard deviation of 0.18 mm/day. The incubation time until a Petri dish 

was fully grown amounted to (21-) 29.8 (-51) days. There were nearly no differences between the 

three  repetitions  per  strain  (SD mean:  0.04  mm/day).  A growth rate  comparison of  all  studied 

locations (Fig. 14) showed no influence by the region where a P. cyanescens colony was situated in. 

For example, the data of the relatively slow growing strains from Bad Düben (GER) were closer to 

Seattle (USA) than to the about 120 km distant Berlin (GER). German strains (1.43 mm/day) on 

average grew a bit faster than those from the UK (1.41 mm/day) and the USA (1.36 mm/day), but  

the tests (U test:  p=0.1314, K-S test:  p=0.3527,  t-test:  p=0.1506) of the 37 strains from the USA 

compared to 37 randomly selected strains from Germany did not prove a significant difference.

Fig. 14. Radial growth rates of P. cyanescens on 2% MEA. Monokaryotic strains,
arranged in colony locations. 
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Growth rate comparisons of the two mycelial stages, as well as the different species, showed more 

obvious differences. The dikaryons of P. cyanescens, P. azurescens and P. allenii grew on average 

27.8% faster than the monokaryons,  those of  P. serbica even 69.7%. The taxonomically vague 

isolates Diss-5-1 Dik 1 (2.54 mm/day, P. allenii ?) and Erz-1-1 Dik 1 (1.92 mm/day, P. moravica ?) 

attracted  attention  by  their  relative  fast  growth,  compared  with  other  dikaryotic  strains  of  P. 

cyanescens and P. serbica. Created dikaryons (Chapter 5) did not distinguish from directly isolated 

wild strains. Crossbreeds between  P. cyanescens,  P. azurescens and  P. allenii showed no striking 

differences to pure P. cyanescens, but pure P. azurescens in general grew a bit slower. An inductive 

comparison of the eight  P. azurescens monokaryons with eight randomly selected  P. cyanescens 

monokaryons proved this  difference to  be insignificant  (U test:  p=0.6363, K-S test:  p=0.6272). 

However,  after  the  inclusion  of  eight  randomly  selected  P.  serbica monokaryons  a  significant 

difference manifested (H test: p=0.0007). The slower growth of P. serbica and P. semilanceata was 

obvious (Fig. 15) and led to a monokaryon incubation time of (74-) 99.8 (-135) days. Contrary to P. 

cyanescens, P. azurescens and P. allenii, these two species showed an uneven growth behavior with 

week-long periods of near-stagnation in between and different progressions at the four axes.

Fig. 15. Radial growth rates of all observed Psilocybe spp. and crossbreeds on 2% MEA.
Pale grey: monokaryotic strains. Dark grey: dikaryotic strains.
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3.3.3 Mycelial growth rate – agar media comparison

The mycelial growth rates of 10 P. cyanescens monokaryons on 2% MEA (mean=1.45 mm/day) and 

YMG (mean=1.38 mm/day) were similar, whereas 2% glucose led to a much slower growth (mean= 

0.91  mm/day).  A test  comparison  of  the  data  for  all  14  strains  observed  on  YMG with  their 

respective data for 2% MEA (Fig. 16) showed no relevant difference (U test:  p=0.5047, K-S test: 

p=0.6172). As soon as the 2% glucose data were added, the difference became significant (H test: 

p=0.0012).  Nevertheless,  the  radial  growth  rates  did  not  fully  represent  the  biomass  increase, 

because the YMG cultures formed more aerial mycelium in vertical growth than those on 2% MEA 

(3.3.1). Mycelia on 2% glucose conveyed the impression that this  medium is an uncomfortable 

environment to overcome as parsimoniously as possible, which led to an erratic, uneven and cryptic 

growth behavior of the fungi. Some of these cultures ended in total stagnation after a few weeks. 

Only the P. semilanceata strain CZ-1-1 Mono 15 showed a faster radial growth on 2% glucose than 

on 2% MEA or YMG, but its mycelium biomass was relatively sparse as well.

Fig. 16. Radial growth rates of selected strains on different agar media.
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Most of the cultivations on 2% MEA + fungicide (0.1% benomyl) did not work, but some indicated 

resilience. The mycelia of the inocula were not able to thrive on the agar surface and soon showed 

signs of poisoning-like atrophy as well as a retreat to the inoculum top. After 23 incubation days,  

only the strains Diss-3-2 Mono 3 (P. cyanescens), M-1-2 Dik 1 (P. cyanescens) and DW-1-1 Dik 1 

(P. serbica) could survive and cautiously entered the agar surface. Over time, these three strains 

seemed to deal with the fungicide and hesitantly increased their growth. The strain DW-1-1 Dik 1 

was the most successful, with a colony radius of about 1 mm after 23 days and 20 mm after 71 days. 

The cultures  on beech fiber  agar  showed a reluctant  growth behavior,  similar  to  those  on 2% 

glucose. There were no striking differences between the three tested fiber concentrations. As special 

feature on these cultures, a lot of small, white dots at the hyphae (Fig. 27) should be mentioned.

3.3.4 Mycelial growth rate – temperature, humidity and oxygen influence

The optimal growth temperature for P. cyanescens, P. azurescens and P. serbica was between 20°C 

and 25°C. Their remarkable cold tolerance stood in contrast with their sensitivity to heat. At 5°C, all 

strains were still able to grow on average 0.22 mm/day (13.04% of the maximum growth rate), but 

at  30°C,  only  four  P.  cyanescens and  P.  azurescens strains  survived.  At  35°C,  an  universal 

stagnation was observed. Growth rate and incubation temperature strongly and positively correlated 

from 5°C to 25°C in all  strains  (Pearson´s  r:  mean=0.92,  SD=0.09;  Kendall´s  tau:  mean=0.89, 

SD=0.18) until the growth performance dramatically decreased at higher temperatures. As regards 

to the general relation to the growth temperature, there were no differences among the three species 

studied (Fig. 17, Appendix IV).

P. cyanescens and P. azurescens appeared to be more robust to drought and oxygen deficiency than 

P. serbica. At 85% relative air humidity, the strains of  P. cyanescens and  P. azurescens grew on 

average  7.9%  (SD=30.5%)  slower  than  at  standard  incubation  conditions  (95%  relative  air 

humidity). Those of P. serbica grew 65.8% (SD=8.6%) slower. At 35% relative air humidity, there 

was a similar situation: P. cyanescens and P. azurescens with 4.7% (SD=19.0%) and, on the other 

hand,  P. serbica with 64.3% (SD=23.0%) slower growth. For the evaluation of these cultures, the 

growth rates during later incubation days have been chosen, because the agar emitted too much 

water within the first days after inoculation. After about three weeks, all the free standing cultures 

were dried out and rapidly stagnated. The P. cyanescens and  P. azurescens cultures within sealed 

Petri dishes grew 8.4% (SD=16.8%) slower than those without the parafilm. 
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In the case of P. serbica, the decrease in growth by oxygen deficiency averaged 60.0% (SD=3.0%). 

The very high standard deviations of the latter experiments showed how the single strains react 

differently in these stress situations. 

Fig. 17. Radial growth rates of selected strains at different incubation temperatures.
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3.4 Discussion

The mycelial  growth experiments promised many interesting data with little  effort.  Despite  the 

simple method, some practical aspects should be discussed to ensure more efficient laboratory work 

with bluing Psilocybe spp. in the future. First, about the method for monokaryotic strain isolation: 

Collecting spore prints by clamping pilei under the lid of small glass flasks (Chapter 2.2) turned out  

to be very convenient and relatively sterile in field investigations by backpack, but an insert of 

aluminium  foil,  instead  of  cellulose,  would  have  been  more  favorable.  The  cellulose  inserts 

humidified  in  misty  weather,  increasing  the  risks  for  contamination  and  early  germination. 

Furthermore, many spores remained hanging in the cellulose when the prints were beaten over the 

agar plates. The P. cyanescens fruiting bodies produce a lot of spores. Therefore, it is recommended 

only to use small snippings of dense spore prints for isolation on agar plates. Otherwise, too many 

spores germinate too closely to each other, leading to undesirable matings before the mycelia are 

sufficiently large and visible for transferring. The isolation method by binocular was also tested, but 

appeared too time-consuming and risky regarding contaminations without a safety cabinet.

In a few cases, contaminations in a sparse spore print barely allowed the isolation of one strain per 

collected fruiting body,  as for example,  with BO-1-1, CZ-1-1,  DW-1-1 and OL-1-1. Especially, 

slow growing species like  P. serbica and  P. semilanceata are prone to contaminations during the 

isolation process. The most frequent contaminations were caused by Penicillium spp.,  Aspergillus 

spp. P. Micheli ex Link,  Alternaria spp. Nees,  Rhizopus spp. Ehrenb. ex Corda and  Mucor spp. 

Fresen. On the other hand, personal zeal combined with spore-rich prints like those of C-1-2, Erz-4-

2 and SN-1-3 led to a huge collection of strains, which had to be thinned out later for time reasons. 

Therefore, the list labeling the strains finally used (Appendix II) is not straight numerical.

In contrast  to the self-collected spore prints  from the field investigations in Germany, the ones 

received from the USA and the UK could not personally be checked for a taxonomically correct 

fruiting body determination. The fact that Jochen Gartz and Alan Rockefeller belong to the small 

circle of Psilocybe specialists was a sufficient credit of trust. Gartz´ dry stored spores from Eugene 

(P. cyanescens)  and Astoria  (P. azurescens)  are  dated  from the  year  2000,  which is  interesting 

because they were still able to germinate after 14/15 years. Ito & Nakagiri (1996) showed that the 

mycelium of P. cyanescens can be stored for 15 years, too. They have tested its viability as frozen 

agar cultures in 10% glycerol at -80°C.
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The radial growth rate measurement by itself is not particularly open to faults. Montiel et al. (2008)  

did not even mention the precise methodology of their observations on P. barrerae at this point. The 

method described by Hernández et  al.  (2011),  who did growth rate  experiments  with  Agaricus  

brasiliensis and Agaricus subrufescens Peck, was similar to the one presented in this chapter. While 

performing the daily marks, it is important to hold the cultures against the light to see the mycelium 

front with the first pioneering hyphae. Furthermore, a preferably fine pen should be used. The small  

deviations caused by the subjective handling are adequately compensated by averaging the five 

days. In the case of an uneven growth behavior, as observed on P. serbica strains or on 2% glucose, 

representative days with slow as well as fast rates should be chosen. The statistical tests in 3.3.2 and 

3.3.3 could be considered a typical example for excessive p-value usage (Nuzzo 2014), because the 

figures  already illustrate  the  tendencies  quite  clearly.  Chapter  2  already showed  that  inductive 

statistics are not always the best way to substantiate assertions in the natural sciences.

Within the agar cultures of  P. cyanescens,  P. azurescens and  P. allenii, no taxonomically relevant 

mycelium characteristics  have  been  found. However,  P.  serbica and  P.  semilanceata strikingly 

differed from this group by their relatively flat and tough mycelium. In his appropriate mycelium 

description,  Stamets  (2000)  mentioned  the  term  "rhizomorphic".  This  probably  alludes  to  the 

tendency of hyphal bundling, in particular observed in dikaryotic mycelia. Monokaryons grew more 

passive  and  vertical,  leading  to  a  fluffy  mycelium,  whereas  dikaryons  often  reminded  in  fast 

expanding  freeway networks.  According  to  Boddy (1999)  and  Clémençon  (2012),  the  term in 

question is rather hyphal cords (linear aggregations of hyphae forming behind the mycelial growth 

front)  than  rhizomorphs  (autonomous  organs  with  apical  growth),  at  least  in  the  case  of  agar 

cultures. The cords of all species studied on agar, as well as natural substrate (3.2.2), did not seem 

pigmented  or  sclerosed,  and  there  were  also  no  indications  for  a  remarkable  hyphal  cell 

differentiation  in  an  inner  and  an  outer  layer  under  the  microscope  (Chapter  4).  Nonetheless, 

Clémençon  (1994)  stated  the  possibility  of  rhizomorph  formation  in  P.  serbica (the  specimen 

studied was not P. cyanescens s.s., personal communication with Jochen Gartz) in a cultivation on a 

rice-bark-straw mixture. He described interwoven bundles of thin-walled hyphae, surrounded by a 

membranous,  fissured  bark  composed  of  collapsed,  also  thin-walled  hyphae.  Apart  from  this 

terminological discussion, Chapter 2 pointed out that P. cyanescens and P. serbica obviously belong 

to the group of saprotrophic,  nonresource-unit-restricted fungi (Boddy 1999), which is one of the 

reasons for the fast spreading of P. cyanescens. Wild colonies of P. azurescens and P. allenii have 

not been self-observed within this study, but they probably also belong within this group.
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Psilocin can be visualized as blue coloration in agar cultures of  P. cyanescens,  P. azurescens,  P. 

allenii, as well as  P. serbica, by a scraping test.  Gartz (2013) named psilocin concentrations of 

0.07% for  P. cyanescens fruiting bodies and only 0.01% for  P. bohemica resp.  P. serbica  fruiting 

bodies. Moreover, the P. serbica fruiting bodies observed showed a less bluish, in combination with 

the yellow flesh rather greenish, coloration (Chapter 2.3.3). Therefore, a different intensity of the 

bluing was expected, but the higher mycelium density of P. serbica on agar compensated the lower 

concentrations. The scraping tests for  P. semilanceata were negative, which corresponded to the 

negligible psilocin concentration (Beug & Bigwood 1982, Gartz 1986). Contrary to Gross (2000) 

and according to Gartz (1989b), psilocin was actually already present in the vegetative mycelium of 

the bluing Psilocybe species during the monokaryotic stage.

The  scraping  test  inducing  psilocin  oxidation  appears  to  be  a  quick  and  easy  method  for 

determining the species of the former  P. cyanescens-complex in laboratory work. Its reliability is 

very  high,  presumed  that  the  chosen  medium  provides  enough  nutrition  for  a  biomass-rich, 

discernibly  white  aerial  mycelium  as  a  color  contrast.  YMG  is  especially  recommended.  In 

principle, this test works by the same chemical reaction known by the established fruiting body 

squeezing: by damaging the cell wall, the psilocin content of the hypha gets in contact with oxygen. 

Just like the outer cell layer of an old fruiting body, the upper aerial mycelium on an agar plate 

eventually  becomes  dry  or  senescent  and  the  hyphal  cells  break  up  by  themselves,  thus 

automatically leading to bluing. The predominant bluing of fruiting body stipe bases in nature may 

be explained by the mechanical load of wind pressure and gravity. 

In contrast to the blue one, the yellow mycelium coloration observed in the agar cultures is not 

caused by any cell content, but rather by the cell wall itself. Compressed hyphal biomass, as for  

example the tough, orange cords of ink cap fungi known as ozonium (Link 1809, Buller 1924), 

accentuates the cell wall hue, especially when dry. 

The growth rate comparison of all isolated strains on 2% MEA indicates a differentiation into two 

groups: (A) the faster,  evenly growing species  P. cyanescens,  P. azurescens and  P. allenii, with 

monokaryon growth rates  between 1.2 and 1.5 mm/day, and (B) the slower,  unevenly growing 

species P. serbica and P. semilanceata, with monokaryon growth rates between 0.5 and 0.7 mm/day. 

Between the different P. cyanescens provenances studied, no significant differences in monokaryon 

growth rates have been found and the means for Germany, the UK and the USA only distinguished 
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by maximal 70 µm, which is a trivial amount regarding the measurement method. The dikaryon 

growth rates  gathered  allow comparisons  to  published data  for  other  basidiomycetes  at  similar 

incubation conditions. For example, the slow-growing  P. serbica and  P. semilanceata are mostly 

comparable  to  Armillaria  mellea  (Vahl)  P.  Kumm.,  which  performs  at  0.6  mm/day  on  2.5% 

breadcrumb agar at 22°C (Weitz et al. 2001). P. barrerae, growing at 3.9 mm/day on PDA at 22°C 

(Montiel et al. 2008), and A. brasiliensis, growing at 7.8 mm/day on MEA at 25°C (Hernández et al. 

2011), are much faster than  P. cyanescens.  In general, the species of the  P. cyanescens-complex 

seem to  be  relatively slow-growing saprobes,  which  hints  at  an  ecological  niche  as  secondary 

colonizers (Webster & Dix 1960). In this sense, a growth rate comparison of  P. cyanescens  with 

diverse European competitors (3.2.3) in race tubes (Philippoussis  et  al.  2001, 2002) filled with 

wood chips would be an enriching experiment for further research.

Different nutrition affects the growth behavior of  P. cyanescens, P. azurescens, P. allenii  and P.  

serbica only to a limited extent. An advantageous nutrient supply leads to more aerial mycelium, 

but not necessarily a faster growth of the pioneer substrate mycelium, as is observed by comparing 

of the 2% MEA and the YMG cultures. Radial growth rate measurements on agar do not allow 

direct quantification of the biomass production as it would be possible by dry weight evaluations of 

liquid  cultures,  but  they are  more  practical  when hundreds  of  measurements  need  to  be  made 

(Boddy 1983, Castillo & Demoulin 1997). Neal et al. (1968) showed that  P. cyanescens lacks the 

capacity  to  accumulate  considerable  quantities  of  soluble  nitrogenous  compounds,  thus  the 

guttation  droplets  observed  in  the  YMG  cultures  may contain  excess  nitrogen  in  the  form of 

secondary metabolites, among others.

The bluing Psilocybe spp. are obviously not comfortable with the 2% glucose medium. Besides the 

carbon source maltose, the 2% MEA also contains proteins (López de Odvody 2011) serving as 

nitrogen source, whereas pure D-glucose offers no nitrogen and other important nutrients at all. At 

most, in agar there are some proteins in vanishingly small amounts (USDA 2016). For this reason, 

the  fungi  on  2% glucose  are  eventually forced  to  recycle  their  own biomass  to  enable  further 

advance (Ursula Kües, personal communication). As soon as the nutrient reserves gathered during 

the pre-pre-cultivations were used up,  the mycelia  stagnated or switched to  a  desperate  escape 

behavior,  leading  away  from  the  inhospitable  medium.  Therefore,  2%  glucose  is  useless  for 

standard cultivations. The increased growth rate of P. semilanceata may be interesting, because this 

grassland species belongs to another ecological niche than the wood-rotting, bluing ones. 
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Using fungicide is probably not the best way to deal with saprobes like P. cyanescens. The tested 

benomyl mostly interfered the growth of the mycelia within the observed time interval of two and a 

half months, but 12% of the strains showed resilience. Aside from the fact that benomyl is not 

anymore  used  in  German  agriculture  because  of  resistances  observed,  the  main  problem  for 

gardeners in practice is due to extensive substrate colonization, especially on mulch (Chapter 2). A 

fungicide treatment at the surface may not destroy the mycelium in 10 cm depth and the actually 

colonized area is often  hardly assessable.

P. cyanescens,  P. azurescens and  P. serbica grow best at room temperature (20-25°C), which is 

about 10°C above the observed (Tab. 2) and stated (Stamets 2000) fructification temperatures. Thus, 

the main growth period of these fungi in the temperate zone probably happens during spring and 

summer.  In  the  context  of  the  climate  change,  the  growth  period  before  fructification  may be 

extended into the autumn. The fact that all strains studied in the temperature experiment grew at 

5°C  corroborates  the  suspected  cold  tolerance  of  P.  cyanescens (Chapter  2.4).  It  would  be 

interesting to test different growth temperatures on P. subaeruginosa and P. mairei, which are found 

in  warmer  climates.  If  they  would  still  be  able  to  grow  at  30°C  and  35°C,  this  could  be  a 

taxonomically relevant difference to the other species of the P. cyanescens-complex. 

The results of the drought and oxygen deficiency experiments could be used as arguments for a 

generally better adaptability of P. cyanescens and P. azurescens in comparison to P. serbica, but the 

high standard deviations and partially contradictory data, like 7% slower growth of P. cyanescens 

and P. azurescens at 85% relative air humidity but only 4% slower growth at 35%, disappoint a bit.  

A methodical problem of the drought experiment with free-standing cultures (35%) surely was the 

discrepancy between measured air humidity and actual agar medium humidity. 

Altogether, the growth experiments revealed a lot of interesting aspects and helped to discuss the 

hypotheses III, IV and V. In this chapter, hypothesis III is well supported. European and American 

P. cyanescens are not distinguishable. The slightly slower growth of the American strains was not 

significant  and  the  sparser  aerial  mycelium,  besides  a  relatively  subjective  criterion,  was  also 

observed in the strains from England. Hypothesis IV is also supported, because P. serbica stood out 

by its strikingly slower growth and macroscopically different mycelium morphology. Hypothesis V 

is only partially supported, because P. cyanescens and P. allenii cannot be distinguished. The pure 

P. azurescens strains grew a bit slower, but in crossbreeds, the difference disappeared.
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CHAPTER 4

Microscopical features

ubsequent  to  the  macroscopical  descriptions  of  P. cyanescens in  situ  and in  vitro,  this 

chapter  should  give  an  impression  of  its  microscopical  features.  A  particularized 

mycological study requires them for a basic understanding of the species´ anatomy and 

ecology. In contrast to the field investigations, which are dependent on the fructification period, and 

the strictly controlled growth rate experiments, microscopical observations generally allow a more 

creative methodology and can be performed in parallel to other experiments as a side activity. The 

results presented on the following pages are a summary of the most conspicuous structures found 

under the microscope during two years of laboratory work.

S

4.1 Introduction

In the context of agar  cultivations,  every strain was microscopically checked at  least  twice for 

clamp connections to ensure its respective mycelial stage (Chapter 3.2). As a supplement to the 

growth  rate  experiments,  hyphal  cell  size  measurements  were  planned  in  the  hope  of  finding 

taxonomically  relevant  differences.  Due  to  the  availability  of  ready  slide  preparates,  further 

observations under the microscope stood to reason. As soon as a promising feature was found, 

intensive  literature  research  and  the  design  of  an  appropriate  method  would  follow,  to  obtain 

illustrative pictures and maybe quantify it somehow. For example, some suspicious, solitary cells 

discovered early during a clamp connection check turned out to be conidia, which have never been 

reported before. Hence, a bachelor thesis, entitled "Sporulation of Psilocybe cyanescens" (Sebastian 

Schäfer, 19.11.2015), was supervised for a photo series documenting their developmental process.
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The microscopical fruiting body characteristics presented in the literature partially vary somewhat 

among the authors. Clamp connections are abundant in  P. cyanescens,  P. azurescens,  P. allenii as 

well as P. serbica. The basidiospores of all four species are ellipsoid. P. cyanescens spores measure 

8-14 x 5-8 µm, whereas those of P. azurescens and P. allenii are a bit longer (12-15 x 6.5-8 µm). 

Concerning P. serbica, it is a matter of the taxonomical point of view: P. serbica s.s. is characterized 

by spore sizes similar to those of P. cyanescens, but the spores of P. serbica s.l. are overall strikingly 

longer (9-17.3 x 5.5-7.7 µm) because of P. moravica. In all four species, the basidia have a clavate 

to cylindrical form. The microcharacteristics most discussed are the shape and the frequency of the 

pleurocystidia. One mycologist uses them to argue for a separation of P. cyanescens (more clavate-

mucronate and broadly fusoid,  very abundant) and  P. serbica (more lageniform and lanceolate, 

scarce  to  abundant  or  absent),  the  other  does  so  for  a  separation  of  American  (abundant)  and 

European (absent) P. cyanescens, and the third mycologist does not even mention pleurocystidia in 

connection  with  P. cyanescens anymore,  to  avoid  trouble.  Be that  as  it  may,  they are  clavate-

mucronate  as  well  as  abundant  in  both  P.  azurescens and  P.  allenii,  which  supports  a  closer 

relationship to P. cyanescens than to P. serbica. The size of the pleurocystidia is similar in all four 

species (20-44 x 6-14 µm). Cheilocystidia are described as lageniform and variable, but their neck 

lengths can be used to distinguish P. cyanescens (<10 µm) from P. serbica (>10 µm). Caulocystidia 

do  not  seem to  be  taxonomically  relevant  (Dennis  & Wakefield  1946,  Moser  & Horak  1968, 

Krieglsteiner  1984,  Krieglsteiner  1986,  Guzmán  1995,  Stamets  &  Gartz  1995,  Stamets  2000, 

Krieglsteiner 2003, Borovička 2008, Noordeloos 2011, Borovička et al. 2012).

Apart  from  these  usual  fruiting  body  characteristics  and  the  nodulus  formation  described  by 

Clémençon (1994), the state of knowledge is again sparse, especially concerning the monokaryotic 

mycelia of the P. cyanescens-complex. Therefore, the expectations have to be based on the literature 

about other, more distant relatives like Psilocybe merdaria (Fr.: Fr.) Ricken. Valenzuela & Garnica 

(2000) studied this species´ asexual spores and used the term arthroconidia, which refers to the 

conversion of a pre-existing, determinate hyphal element into a conidium (Kirk et al. 2008). Such a 

thallic conidiogenesis, characterized by coiling hyphae, a rhexolytic secession and not swelling, 

hyaline conidia, seems to be quite common within the genus Psilocybe (Walther & Weiß 2008). 

Furthermore,  microscopical  observations  allow  giving  explanations  about  interesting  structures 

found during the growth experiments (Chapter 3), for example, the tough mycelium of P. serbica 

and the white dots in the beech agar cultures. The rest is purely explorative research.
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4.2 Materials and methods

The main implement for microscopical observations on vegetative mycelia and basidiospores was 

an Axioplan 2 imaging microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). An adaptable 

ColorView II megapixel camera (Olympus Corporation, Tokyo, Japan) combined with the program 

analySIS  (Olympus)  allowed  microphotos  and  distance  measurements  of  the  slide  preparates. 

Because of the fine hyphae,  the objectives 40x and 100x were principally used. Microscopy of 

mycelium was performed by using three different methods of preparation on glass slides (76 x 26 

mm, Thermo Fisher Scientific Gerhard Menzel B.V. & Co. KG, Braunschweig, Germany): 

1.) culture samples, 

2.) agar-slides and

3.) overgrown cover glasses.

Culture samples were the standard preparation method. Here, a small piece of fungal biomass and 

agar was cut out of a Petri dish culture with an inoculation needle, transferred onto a slide, wetted 

with a drop of dH2O and then carefully squeezed by a cover glass (20 x 20 mm, Menzel). By this 

method, at least two biomass samples per culture (from center and margin) of at least one repetition 

of every strain,  cultivated during the main growth experiment on 2% MEA (Chapter  3.2),  was 

extensively observed. In doing so, at minimum five randomly selected,  vital,  vegetative hyphae 

were measured in diameter and septal distance. The cultures of the growth experiments on YMG, 

2% glucose, beech agar and at different temperatures were also examined. 

In addition to this quick, but inelegant method 1, the methods 2 and 3 allowed taking photos of 

mechanically unaffected mycelia, which was important for sensitive structures like conidiophores. 

In method 2 (Fig. 18), a wet cellulose tissue insert was placed in an empty Petri dish (92 x 16 mm) 

with a sterile steel grid as well as a sterile slide placed over it. Then, a small amount of liquid 2% 

MEA was spread all across the slide in a thin layer using a pipette. When the agar had cooled down, 

it was scraped away at the center with a hot spatula to get a microscopy window. After inoculation 

and incubation at standard conditions (25°C, 95% relative air humidity, dark), the slides were ready 

for use. A cover glass and careful insertion were necessary to avoid smearing the microscope lenses. 

The material was sterilized by steam autoclaving  at 121°C and 1.2 bar overpressure for 20 min 

(HST 6 x 6 x 6, Zirbus technology GmbH, Bad Grund/Harz, Germany) or by dry sterilization in an 

incubator at 120°C for 2 h (Memmert GmbH & Co. KG, Schwabach, Germany).
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Method 3 (Fig. 19) offered overgrown cover glasses by placing sterile ones into currently inoculated 

Petri  dish  cultures  with  tweezers.  During  incubation  at  standard  conditions,  the  mycelium 

predominantly exploited the agar but also slowly grew onto the glass. Sooner or later, depending on 

the  biomass  production  of  the  strain  on  the  respective  medium and  how much  mycelium was 

required for the aimed feature, the cover glasses were carefully cut out with an inoculation needle 

and placed upside down onto a slide. Method 3 was adapted for the usage of DAPI (0.5-1 mg/ml, 

Bio-Rad Laboratories GmbH, München, Germany), which is staining proteins, especially the DNA 

of nuclei, at ultraviolet light through a blue filter of the microscope. DAPI checks were carried out 

randomly on at least one spore-born strain per colony or in connection with interesting features.

 

           Fig. 18. Preparation method 2. P. cyanescens strain                    Fig. 19. Preparation method 3. P. cyanescens strain 
                           KA-1-4 Mono 6 on 2% MEA.                                                                B-1-2 Mono 2 on 2% MEA. 

The microscopical fruiting body characteristics, such as basidia and cystidia, were observed during 

a visit to Prague (Academy of Sciences of the Czech Republic), using a Jenaval microscope (Carl 

Zeiss  Microscopy  GmbH,  Jena,  Germany)  with  an  ocular  micrometer.  As  study  objects,  the 

collected and dried specimen copies (Chapter 2.3.1) from Bad Düben (P. cyanescens), Bersenbrück 

(P. cyanescens), Bielefeld (P. cyanescens), Braunschweig (P. cyanescens, leg. Bornstedt), Bremen-

Osterholz (P. cyanescens), Bremen-Rhododendronpark (P. cyanescens), Bochum (P. cyanescens), 

Dissen  (P.  cyanescens),  Erlangen  (P.  cyanescens),  Frankfurt  a.M.  (P.  cyanescens),  Hamburg-

Botanischer Garten (P. cyanescens), Karlsruhe (P. cyanescens), Leipzig (P. cyanescens), Schwerin 

(P. cyanescens), Zöblitz (P. cyanescens), Hohndorf (P. serbica) and Wiesenbad (P. serbica) were 

chosen. Additionally, the dry fruiting bodies from Eugene (P. cyanescens), Astoria (P. azurescens) 

and Krummbachtal (P. azurescens), collected by Jochen Gartz, have been included.
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The evaluation comprised size measurements according to Chang & Mills (1992) as well as shape 

descriptions of the basidia and the three cystidia location types, cheilocystidia (on the edge of the 

gills), pleurocystidia (on the face of the gills) and caulocystidia (on the stipe). Per dry fruiting body, 

6 to 12 gills were removed by tweezers. One half was transferred unharmed onto the slides for 

basidia and cheilocystidia observation, while the other half was cut with a blade at about 0.5 mm 

behind the edge and then crushed into small pieces for pleurocystidia observation without the risk 

of a cheilocystidia-confusion. Following this, a drop of dH2O was added onto each slide preparate 

and pressed down with a cover glass. In some cases, KOH (10%) was used instead of water to test  

for the presence of chrysocystidia. Stipe samples for caulocystidia observation were taken carefully 

from the upper part below the annulus point as well as from the base part of each fruiting body. The  

middle part of the stipes, where the fruiting bodies have been touched for taking during the field 

investigations, was avoided, to obtain samples with a relatively unharmed surface.

Measuring the lengths of basidia, cheilocystidia and pleurocystidia involved a bit of guesswork, 

because their bases are usually obscured in the deeper parts of the hymenium between other basidia, 

basidioles and cystidia. Diameters were measured at the widest point. For basidia, also the length of 

each one representative sterigma was measured and the number of spores per basidium counted, the 

latter preferably on younger basidia with immature spores. For cystidia, the neck length was of 

interest. The middle of the thinning was defined as the starting point of the cystidia necks.

Size  measurements  of  sexual  spores  were  carried  out  using  the  spore  prints  Derbyshire  (P. 

cyanescens), Eugene-1 (P. cyanescens), Diss-3-2 (P. cyanescens), Erz-4-2 (P. cyanescens), Astoria 

(P. azurescens), Lacey (P. azurescens), Oregon (P. allenii), PAN-1-5 (P. serbica) and Erz-7-3 (P. 

serbica). The diameter in face-view was measured at the widest point, right-angled to the length 

axis. The size of asexual spores was measured in samples from agar cultures of the P. cyanescens 

strains B-1-2 Mono 1, B-1-2 Mono 15, BaDü-1-3 Mono 6, Erz-4-2 Mono 2, Eugene-1 Mono 3, F-2-

2 Mono 2, KA-1-4 Mono 6 and the P. allenii strain Oregon Mono 4.

The statistical analysis of quantified results, such as size measurements, was performed similar to 

that of the growth rate experiments (Chapter 3.2), by using OpenOffice 3.4.1 and R 3.2.0. Boxplots 

have  conduced  to  illustrate  the  relevant  extreme  values  of  bigger  samplings.  Bar  graphs  were 

chosen for  smaller  samplings.  U test,  K-S test,  H test  and t  test  examined the  significance  of 

tendencies found in the data.
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4.3 Results

4.3.1 Vegetative mycelium

Spore-born and dikaryotic Petri dish cultures of P. cyanescens, P. azurescens and P. allenii showed a 

uniform hyphal system of predominantly uninflated, tubular, septate, hyaline as well as thin-walled 

hyphae at standard incubation conditions. One exception should be mentioned concerning the term 

"uniform": Among the macroscopically mealy-looking P. cyanescens strains Erz-4-2 Mono 30, Erz-

4-2 Mono 34, Erz-4-2 Mono 35 and Erz-6-3 Mono 26 from Zöblitz (Chapter 3.3.1), also darker, 

thick-walled hyphae with absent or barely detectable septa have been observed. They were less 

frequent than the regular ones and seemed to be some kind of pseudoskeletal resp. fibre hyphae.

In general, the mycelium of P. serbica and P. semilanceata differed strikingly from the other three 

species by its inflated, irregularly formed hyphae in the older, central parts of the cultures. The 

hyphae of the growth front and the fluffy aerial mycelium, which in most of these strains only 

developed during the cold storage (5°C) as an obvious avoidance reaction away from the agar, were 

equal to those of P. cyanescens, P. azurescens and P. allenii. A few P. serbica strains, like DW-1-1 

Dik, macro- and micromorphologically rather resembled P. cyanescens, whereas the strains M-1-2 

Dik 1 (P. cyanescens) and Lacey Mono 8 (P. azurescens) did it vice versa.

The spore-born mycelia of  P. cyanescens, P. azurescens  and P. allenii  were characterized by one 

nucleus per hyphal cell  (Fig. 20)  and the dikaryotic mycelia by abundant, fused clamp cells (Fig. 

21). At transmitted light, the nuclei were difficult to distinguish from vacuoles and smaller droplets.

 
  Fig. 20. Haploid nuclei stained with DAPI. P. cyanescens strain       Fig. 21. Fused clamp. P. cyanescens strain Diss-3-2 Mono 6 x 
              BaDü-1-3 Mono 6 on 2% MEA. Size bar: 10 µm.                          SN-1-3 Mono 11 Dik on 2% MEA. Size bar: 10 µm.
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The bluish psilocin coloration of unharmed cultures (e.g., Fig. 12) was homogenously distributed in 

the hyphae of the aerial mycelium. There were no indications for a connection to a distinctive cell  

type or structure.  The color hue was visible under all  microscope lenses from 10x to 100x, on 

condition that the mycelium preparate was dense enough.

In cultures of P. cyanescens and P. azurescens, hyphal loops have been occasionally observed. They 

were present in both monokaryons and dikaryons. These spiral structures connected the vegetative 

hyphae, which reminded in a roundabout (not shown). In the substrate mycelium, loops were very 

rare and single-layered, whereas the loops of the aerial mycelium seemed to curl up- or downwards 

and were  sometimes  large  enough to  be  recognizable  under  a  binocular.  Aerial  mycelium was 

generally dryer than substrate mycelium, indicated by thinner hyphae in the upper layers (Fig. 22). 

The hyphal cords did not show a sclerosed outer cell layer under the microscope, neither the relative 

young ones taken from agar cultures nor the old ones taken from wild colonies for comparison. Cell 

differentiation  only happened  in  the  form of  hyphae  widening  in  the  cord  center.  The leading 

hyphae tended to form straight cords of parallel growing hyphae, which, especially in the dikaryons 

of  P.  cyanescens,  P.  azurescens and  P.  allenii, accumulated  to  macroscopically  visible  strands. 

Hyphal cord accumulation happened by accruing hyphae (Fig. 23) and new hyphae that followed 

the parental growth direction in a 0° angle immediately after arising. The interlacing and exploiting 

hyphae branched in angles between 50° and 100°. Interlacing hyphae grew straight or changed their 

growth direction because of the proximity of other hyphae. Exploiting hyphae were detectable by a 

more tortuous growth. Anastomoses were present in all five studied species. 

 
  Fig. 22. Topview into the aerial mycelium. P. cyanescens strain      Fig. 23. Small hyphal cord. Substrate mycelium. P. cyanescens
               B-1-2 Mono 15 on 2% MEA. Size bar: 10 µm.                            strain KA-1-4 Mono 6 on 2% MEA. Size bar: 10 µm.
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Hyphal cell sizes did not distinguish among P. cyanescens, P. azurescens, P. allenii, P. serbica and 

P.  semilanceata.  There  also  were  no  size  differences  between  the  media.  The  evaluated  data 

represent the vital hyphae of the substrate mycelium and the lower aerial mycelium. Hyphae of the 

fluffy, upper aerial mycelium were too dry to detect their septa. The numerous monokaryotic strains 

of  P. cyanescens showed a hyphal diameter median of 1.4 µm (Fig. 24). Due to inflated storage 

hyphae in the older mycelium parts, extreme values of up to 4.5 µm were possible. Monokaryons of 

P. azurescens were on average a bit thicker (1.5 µm), but the H test for comparison of all species  

(n=31 per species, randomly selected, except for P. allenii) resulted in a p-value of 0.5857, meaning 

that  there  are  no  significant  differences.  The H test  for  comparison of  all  locations  (n=20 per 

location, randomly selected, except for Astoria) also showed no significant differences (p=0.2859). 

Independent from the species, the dikaryotic Psilocybe hyphae were on average 0.1 µm thicker than 

the monokaryotic ones. Here, the diameter distribution was significantly different (n=50 per stage, 

randomly selected values out of all species, U test: p=0.0059, K-S test: p=0.0119, t test: p=0.0002).

Fig. 24. Hyphal cell size – diameters. Summary of monokaryons per species and dikaryons in general. 
Thick line: median. n: number of distance measurements.
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The  distance  between  two  septa,  in  other  words,  the  hyphal  cell  length,  of  P.  cyanescens 

monokaryons amounted 17.4 µm in median (Fig. 25). Monokaryons of P. azurescens (median=18.2 

µm) and P. allenii (median=18.9 µm) were characterized by slightly longer distances, but as in the 

case of hyphal diameters, the species-specific differences were not significant  (n=12 per species, 

randomly  selected,  except  for  P.  allenii,  H  test:  p=0.0872).  There  were  also  no  significant 

differences between the locations of the collection. However, at least the septal distance comparison 

of the two sexual stages revealed clear tendencies: dikaryons in general showed a higher median 

(36.42 µm) than monokaryons. The hyphal cell elongation after plasmogamy was also expressed by 

the more than twice as high septal distance maximum of the dikaryons (93.19 µm).  Furthermore, 

the standard deviations of monokaryons (6.15 µm) and dikaryons (11.72 µm) differed considerably. 

This obvious data distribution difference was doubtlessly proven as significant by the results of the 

statistical tests (n=50 per stage, randomly selected values out of all species, U test:  p<2.2-16, K-S 

test: p<2.2-16).

Fig. 25. Hyphal cell size – septal distances. Summary of monokaryons per species and dikaryons in general.
Thick line: median. n: number of distance measurements.
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During the microscopical observations of vegetative mycelia growing on agar, two types of inflated 

hyphae have been found: storage hyphae and pseudoscleroting hyphae. P. cyanescens, P. azurescens 

and  P. allenii  were  characterized  by abundant  storage  hyphae  in  the  older  mycelium parts  but 

commonly absent pseudosclerotia.  P. serbica and P. semilanceata, on the other hand, in nearly all 

cases,  showed  both  hyphal  types  and  in  a  more  intensive  manner.  Exceptions,  like  the 

pseudoscleroting  P.  cyanescens strain  M-1-2  Dik  1  and  the  missing  of  pseudosclerotia  on  2% 

glucose plates, indicated a potentially high variation in this anatomical aspect.

The conversion of a regular hypha into a ballooned storage hypha started with a thickening at the 

septa (Fig. 26 A) or vesicular segment swellings (Fig. 26 C). Later, the whole hypha was enlarged 

and unevenly formed. Septal distances and septal diameters did not increase during this process. 

Vesicular swellings were typical for P. serbica and P. semilanceata, but also occurred in the other 

three species every now and then. Frequency and extent of the storage hyphae depended on the 

sexual stage (monokaryons more than dikaryons), the medium (rarer on 2% glucose), the incubation 

time (earliest swellings after four days) as well as the strain. They were absent in the growth front 

and in the aerial mycelium.

Intertwined, short-branched and unevenly formed hyphae without a thickened cell wall, aggregating 

to a tough mycelial crust on the agar surface, were termed as pseudoscleroting. Contrary to storage 

hyphae, the inflated shape of these cells was the result of their growth rather than metabolic reasons. 

In case of a coincident occurence (Fig. 26 D), the two types were difficult to distinguish.

Fig. 26. Inflated hyphae of monokaryons on 2% MEA. A: storage hypha of P. cyanescens strain KA-1-1 Mono 15. 
B: regular hypha of P. cyanescens strain M-2-1 Mono 9. C: vesicular segment swellings of P. serbica strain 

PAN-1-3 Mono 6, D: mycelial crust of P. semilanceata strain CZ-1-1 Mono 15. Size bars: 10 µm.
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The white dots in the beech agar cultures turned out to be masses of interhyphal crystals. Partially,  

the mycelium was not microscopically recognizable because of their density. Crystals were also 

found in cultures on 2% MEA, YMG and 2% glucose, but not macroscopically visible because of 

the white aerial mycelium (2% MEA, YMG) or a lower frequency combined with a transparent 

medium (2% glucose). Under the microscope, all strains on beech agar and 11 of 14 strains on 2% 

glucose showed crystal formation, whereas their detection on 2% MEA and YMG was rather a 

matter of luck.  P. cyanescens,  P. azurescens and P. serbica were evidentially able to excrete such 

crystals.  For  P.  allenii and  P.  semilanceata,  represented  only  by relatively  few strains,  crystal 

findings were pending. They have been observed in monokaryons as well as dikaryons.

The crystals were hyaline structures with an asymmetrical but angular form (Fig. 27). Their smooth 

surfaces reflected light more intensively than the mycelium. They occurred on the outside of the 

respective  hypha,  independent  of  the  segmental  position.  In  dH2O, their  solubility  was  low to 

negative, but after adding a drop of 30% HCl(aq), they disappeared within one minute.

Once, conspicuous stellate cells were observed in the P. serbica strain Erz-7-3 Mono 6 on 2% MEA 

(Appendix V.I). These structures were solitarily and evenly distributed in the vegetative mycelium. 

They were characterized by spiky, crystal-lookalike sharps, arranged as a ball at the hyphal tip and 

reminded of the medieval spiked mace weapon. The hyphae in question were very thin, straight and 

not visibly bottle-shaped.

Fig. 27. Crystals. P. serbica strain PAN-1-5 Dik 1 on 2% glucose. Size bar: 10 µm.
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4.3.2 Fruiting body characteristics

The basidia  observed of  German  P. cyanescens,  American  P. cyanescens,  P. azurescens and  P. 

serbica were four-spored and had a cylindrical to clavate shape. In general, the basidia of these four 

groups  had  a  size  of  20-30 x  6-10 µm and  neither  differed  markedly in  length,  diameter  nor 

sterigmata length from each other  (Fig.  28).  H tests  (n=25) found no significant  differences  in 

basidia lengths (p=0.2578) and sterigmata lengths (p=0.0789), but in basidia diameters (p=0.0005). 

Pairwise  comparisons  using  the  U  test  revealed  significant  differences  between  German  P. 

cyanescens and P. serbica (p=0.0025), American P. cyanescens and P. serbica (p=0.0002) as well as 

American P. cyanescens and P. azurescens (p=0.0115), predominantly stating that the basidia of P. 

serbica are thinner than those of P. cyanescens. Unharmed sterigmata were in general 2-4 µm (max. 

5.9 µm) long. Due to the spore release, they often broke down to about 1-2 µm (min. 0.6 µm). 

Cheilocystidia were very abundant in all four groups. Their shape mostly was lageniform, rarer 

lecythiform or fusoid-mucronate, but generally seemed to be quite variable. The cheilocystidia of P. 

cyanescens (18.8-31.7 x 3.9-10.1 µm) and P. azurescens (19.5-31.9 x 4.3-9.2 µm) tended to be more 

robust and had a shorter neck (max. 12.4 µm), whereas those of P. serbica (22.3-42.4 x 4.3-8.6 µm) 

were more narrowly lageniform and had a  longer  neck (max.  28.7 µm).  H tests  (n=50) of  the 

lengths  (p=0.1794),  diameters  (p=0.1455)  and  neck  lengths  (p=0.6829)  showed  no  significant 

differences  between  German  P.  cyanescens,  American  P.  cyanescens and  P.  azurescens.  An 

inclusion of P. serbica indicated its total cheilocystidia lengths (p=4.083-16) and the lengths of their 

necks (p=7.378-14) to be significantly longer than those of the other three groups (Fig. 29).

   
        Fig. 28. Basidium sizes. P. cyanescens (Germany, USA),         Fig. 29. Cheilocystidium sizes. P. cyanescens (Germany, USA), P. 
  P. azurescens and P. serbica. 25 basidia per species resp. group.      azurescens and P. serbica. 50 cheilocys. per species resp. group.

72



Chapter 4: Microscopical features

The tips of cheilocystidia necks were usually rounded, but occasionally flat or rudimentarily forked. 

In  P.  azurescens,  sometimes  markedly forked  necks  with  two  tips  have  been  found.  All  three 

observed species showed resinous exudations on the apices of their cheilo- and pleurocystidia. The 

occurrence of these vesicular entities varied between the fruiting bodies and appeared to be more 

common in younger ones. These droplets were able to reach diameters up to 15 µm or more. The 

small ones were hyaline and colorless. With increasing size, they became more and more brownish 

or bluish. For example, the fruiting body from Bielefeld (P. cyanescens) showed brown droplets 

with  a  dense,  asymmetrically  structured  content,  whereas  the  fruiting  bodies  from  Leipzig, 

Schwerin and Zöblitz (P. cyanescens) showed intensively blue ones with small black dots inside or 

without  any  substantial  content.  All  of  these  vesicular  apex  entities  were  insoluble  in  water. 

Mechanical treatment smeared them easily, rather excluding the possibility of cellular propagules.

Pleurocystidia were present in German  P. cyanescens, American  P. cyanescens,  P. azurescens as 

well as P. serbica. Their observed abundance varied very much between the fruiting bodies and also 

depended on the preparate quality. For example, the fruiting body from Bochum (P. cyanescens) 

showed many, crowded pleurocystidia, whereas it was difficult to find them at the one from Dissen 

(P. cyanescens) picked in a similar developmental stage. In shape and size means, the pleurocystidia 

of  P. cyanescens (15.2-27.8 x 2.8-9.8 µm),  P. azurescens (20.9-28.9 x 5.6-8.6 µm) and P. serbica 

(23.8-32.3 x 4.5-7.1 µm) did not distinguish remarkably from the respective cheilocystidia. The sole 

noteworthy difference was an on average 1.4 µm shorter neck.

Caulocystidia  were  also  present  in  all  four  groups.  They  did  not  differ  from  cheilo-  and 

pleurocystidia in shape, but their potential size was considerably larger. The biggest caulocystidia 

were found in the fruiting body from Hohndorf (P. serbica), with size maxima of 62.1 x 11.8 µm 

(neck length: 33.2 µm). Caulocystidia were present on the base part, as well as the upper part of the 

stipe, and best observable on young fruiting bodies. In the case of P. cyanescens and P. azurescens, 

they were crowded predominantly in small, dense groups. The stipes of  P. serbica showed more 

abundant caulocystidia. Especially on the upper stipe part, the caulocystidia of P. serbica were very 

abundant, partially comparable in their density to cheilocystidia.

During the whole microscopical  observation,  there was never an indication for the presence of 

chrysocystidia, those cystidia whose contents contain a distinct refractive yellow body. There was 

also no coloration in KOH (10%).
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4.3.3 Sexual spores

A comparison  of  the  basidiospores  of  P.  cyanescens,  P.  azurescens,  P.  allenii and  P.  serbica, 

obtained from eight spore prints, did not show remarkable differences in morphology. The spores 

had a symmetrical or asymmetrical form. Their shape was ovoid, ellipsoid to oblong in face-view, 

ellipsoid to phaseoliform in side-view and spherical to oval in top-view. They were often dented on 

one side, in extreme cases by up to 2 µm. The apical germ pore was present, broad and well visible 

(Fig. 30). The position of the hilar appendage was straight opposing or a bit displaced at the other 

end of the spore. On average, the wall was 0.96 µm thick, varying from 0.74 µm (P. serbica min.) to 

1.36 µm (P. azurescens max.). It was two-layered and had a smooth surface.

The spores of P. cyanescens measured 8.5-12.6 x 5.0-7.3 µm. Those of P. azurescens (10.3-14.6 x 

6.0-7.5 µm), P. allenii (9.9-13.1 x 5.4-7.3 µm) and P. serbica (9.9-14.4 x 5.2-7.1 µm) tended to be a 

bit larger. A calculation of the averaged spore volumes, based on the size means (Fig. 31) and the 

assumption of a 0.5 µm deep dent in side-view, which was subtracted from the face-view diameter, 

led to the following ranking: P. cyanescens (391 µm3) < P. serbica (408 µm3) < P. allenii (428 µm3) 

< P. azurescens (550 µm3). Statistical tests comparing the spore lengths and diameters (each n=14 

per  species,  randomly  selected,  except  for  P.  serbica),  pointed  out  P.  azurescens  spores  as 

significantly different resp. larger. The lengths (H test: p=0.4478) and diameters (H test: p=0.6826) 

of P. cyanescens, P. allenii and P. serbica did not distinguish, but the lengths (U test: p=0.0022, K-S 

test: p=0.0061) and diameters (U test: p=0.0123, K-S test: p=0.1528) of P. azurescens, compared to 

P. cyanescens, predominantly differed in a significant manner.

  
  Fig. 30. Basidiospores of P. cyanescens spore print Erz-4-2.        Fig. 31. Basidiospore sizes. Spore prints Derbyshire, Eugene-1, 

                                         Size bar: 10 µm.                                                Diss-3-2, Erz-4-2, Astoria, Lacey, Oregon, PAN-1-5 and
                                                                                                                            Erz-7-3 used. n: number of measured spores.
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4.3.4 Asexual spores

P. cyanescens and P. allenii proved their ability to produce conidia on agar plates. Conidiogenesis 

has been observed in 9.4% of the monokaryotic  P. cyanescens strains incubated on 2% MEA at 

standard conditions (25°C, 95% relative air humidity, dark). Evidence for conidia formation in the 

monokaryotic  mycelia  of  P.  azurescens,  P.  serbica and  P.  semilanceata, as  well  as  dikaryotic 

mycelia, was generally missing. Moreover, it was not present on 2% glucose and beech agar plates. 

Two of the strains cultivated on different media (Fig. 16) showed conidiogenesis on YMG, but not 

on 2% MEA (Tab. 7). It obviously depended on the amount of aerial  mycelium, which in turn 

depended on the  nutrient  supply by the medium. Conidiophores  have never  been found in  the 

submerged mycelium. The temperature did not seem to have a direct impact on conidiogenesis.

The reliability of conidiogenesis on the same agar medium at constant incubation conditions was 

very high. When one repetition of a strain produced conidia, the others did too. Thus, the massively 

sporulating strains BaDü-1-3 Mono 6 and KA-1-4 Mono 6 were suitable for comprehensive conidia 

observations using all three preparation methods.  

       Tab. 7. List of evidentially conidiogenous strains on agar plates. Incubated in the dark at 25°C and 95% relative air humidity:
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The conidiogenesis of P. cyanescens and P. allenii was thallic, with rhexolytic secession (Fig. 32 A, 

B). Conidiogenous hyphae were more or less coiling (Fig. 32 C), leading to a spherical shape of the  

older conidiophores (Fig. 32 D). Preparation method 2 revealed the conidiophores to predominantly 

grow upwards. During mycelial growth, the condiophores of the aerial mycelium became larger and 

aggregated to a dense, confusing mass (Appendix V.III), sometimes recognizable by the eye. After 

the  conidia  matured,  the  cell  wall  of  the  plasma-free  segments  started  to  destabilize.  Then, 

mechanical influences, like water drift, easily led to a collapse of the conidiogenous hypha. Often, 

the released conidia were still connected for some time in short chains (Fig. 32 E, F). 

In general, there were no morphological differences between the conidia of  P. cyanescens and  P. 

allenii, the colony or the media. They varied from straight to curved and were characterized by a 

cylindrical shape (Fig. 32 G, H). Recently separated conidia often showed angular ends, which later 

became more rotund. All conidia were hyaline, uninuclear and had a thin cell wall, just like the 

hyphae.  Grown-up  cultures,  beaten  above  fresh  2%  MEA dishes,  proved  the  conidia  to  be 

germinable on agar media. The resulting clones were equal to the mycelia of the mother strains.

                   Fig.  32.  Conidiogenesis  of  P.  cyanescens  on  2%  MEA.  A:  conidiogenous  hypha,  strain  BaDü-1-3  Mono  6,
                   DAPI-stained  but  scarce  cell  penetration.  B:  young  conidiophore  of  strain  BaDü-1-3  Mono  6.  C:  young
                   conidiophore   with   coiling   hyphae,   strain   BaDü-1-3  Mono  6,  arrow:  bisecting  cell.  D:  spherical,  older
                   conidiophores  with  intertwined  hyphae,  strain  KA-1-4  Mono  6.  E:  group  of  released  conidia  still  connected
                   to  each  other,  strain  BaDü-1-3  Mono  6,  DAPI-stained.  F:  two  released  conidia  still  connected  to  each  other
                   by   plasma-free   hyphal   segment,   strain   KA-1-4   Mono   6.   G:   released   conidium   with   rest   of   ruptured,
                   plasma-free  hyphal  segment,  strain  KA-1-4  Mono  6.  H:  released   conidium,   strain   BaDü-1-3   Mono   6,
                   DAPI-stained. Size bars: 10 µm.
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Altogether,  the conidia sizes amounted to (1.07-) 2.35 (-4.32) x (0.67-) 0.91 (-1.42) µm. Some 

strongly curved ones with a C-form probably reached lengths up to 10 µm, but had to be excluded 

from the sampling due to the risk of a late fission. The conidia did not swell during maturation and 

after release, even became 35% thinner than the monokaryotic hyphae, whose diameters averaged 

1.4 µm (4.3.1). This difference could be verified as significant, for example, by comparing the 30 

conidia diameters of BaDü-1-3 Mono 6 to 30 randomly selected hyphal diameters of the same strain 

(U test: p=1.79-5, K-S test: p=1.19-5, t test: p=0.08-5). 

Comparisons of conidia diameters and lengths between seven measured locations (Fig. 33), using 

the  H  test  on  each  13  values,  showed  significant  differences  (diameters:  p=0.0345,  lengths: 

p=0.0038). Especially the conidia lengths varied very much within a location as well as in median 

between the  locations.  However,  pointed  two-group comparisons  listed  as  p-values  in  matrices 

(Appendix VI) did not reveal distinctive tendencies or groupings. For example, the conidia from 

Bad Düben, Karlsruhe and Oregon were relatively close in diameters, but different in lengths. Be 

that as it may, the size data did not indicate concrete differences between the German P. cyanescens, 

the American P. cyanescens (Eugene) and P. allenii (Oregon). 

Fig. 33. Conidia sizes of P. cyanescens and P. allenii (Oregon) monokaryons grown on 2% MEA. Strains representing their locations: 
BaDü-1-3 Mono 6, B-1-2 Mono 1, B-1-2 Mono 15, Eugene-1 Mono 3, F-2-2 Mono 2, KA-1-4 Mono 6, Oregon Mono 4,

Erz-4-2 Mono 2. D: diameter. L: length. n: number of measured conidia.
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4.4 Discussion

In respect of the microscopical features, it is important to emphasize that most of the presented 

results only describe the observed mycelia during Petri dish cultivation, which in the case of  P. 

cyanescens,  P. azurescens and P. allenii  were  rarely incubated for longer than six weeks. In this 

respect, the potential mycelial differentiation of these species is not fully represented. For example, 

there  are  no  microscopical  descriptions  of  the  fruiting  body  development  or  other  possible 

hibernating organs beside storage hyphae and pseudosclerotia.

The sizes of vegetative hyphae turned out not to be taxonomically relevant for a differentiation of 

the  Psilocybe spp. studied. A direct comparison to the given diameter of 2-7 µm for  P. merdaria 

(Valenzuela & Garnica 2000) would indicate a smaller cell size of P. cyanescens, P. azurescens, P. 

allenii, P. serbica and P. semilanceata, but this also brings up the question of what specific kind of 

hyphae  this  manuscript  refers  to.  Quantifications  and  terminologically  correct  descriptions  of 

basidiomycetes  mycelia  generally  suffer  from  squishy  definitions  and  confronting  schools  of 

thoughts. For example, some authors do not differentiate between vegetative and generative hyphae, 

or are contradictory concerning other types of classification (Corner 1932, Lentz 1954, Cunningham 

1955, Parmasto 1970, Stalpers 1978, Clémençon 2012, McNeill et al. 2012). Therefore, the terms 

chosen primarily had to be depictive and representative, describing the most important features.

Inflated  hyphae  complicated  the  size  data,  which  is  why  boxplot  graphs  had  been  chosen  to 

illustrate  the  whole  spectrum  of  hyphal  diameters.  Furthermore,  they  were  sometimes  hardly 

distinguishable  from  allocysts,  although  they  never  showed  their  distinctively  heteromorphic 

deuteroplasm (Kühner 1946, Clémençon 2012). Madelin (1960) described the storage hyphae very 

appropriately and there are a lot of similarities between those of Coprinopsis lagopus (Fr.) Redhead, 

Vilgalys & Moncalvo and those of P. cyanescens, such as their absence in aerial mycelium and their 

shapes. The result that monokaryons in this study seemed to tend to form more storage hyphae than 

dikaryons is an example for the methodical impact as mentioned above. Maybe, dikaryons of  P. 

cyanescens develop more and larger storage hyphae than monokaryons while preparing for fruiting 

body development, but this phase was not part of the growth experiments evaluated. The vegetative, 

dikaryotic mycelia of P. cyanescens, P. azurescens and P. allenii, observed in the two or three weeks 

of  incubation,  preferred  to  invest  their  nutrients  into  growth  performance,  aiming  for  the 

establishment of a wide network, as seen in the wild colonies during the field investigations.
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In the case of P. serbica and P. semilanceata, the mycelial crusts, composed of storage hyphae and 

pseudoscleroting hyphae as well, impede an interpretation.  The pseudosclerotium is defined as a 

compacted mass of intermixed substrata, held together by mycelium (Kirk et al. 2008), which is 

often  hard  to  distinguish  from a  sclerotium and  differs  from the  vegetative  mycelium by the 

presence of storage hyphae and by a higher hyphal density (Waters et al. 1975, Clémençon 2012). 

Pseudosclerotia  on  the  agar  surface  were  typical  for  the  central  parts  of  P.  serbica and  P. 

semilanceata cultures, but have sometimes been observed in P. cyanescens, too. Maybe, they were 

an expression of discomfort, because  P. serbica and  P. semilanceata were also relatively slow at 

growing. At this point, the general absence of mycelial crusts on 2% glucose could indeed be a 

counter-argument.  A function as a substrate-keeping, environment-regulating shield layer is also 

well conceivable, for example, to keep the humidity in and mycophagous enemies like mold mites 

out.  Furthermore,  this  could  be  a  defense  mechanism  against  competitive  mycelia,  because 

pseudosclerotium has been found in the barrages between P. cyanescens strains during the mating 

experiments  (Chapter  5.3).  However,  the  formation  of  these  interesting  structures  depended on 

many  different  factors  and  therefore  a  blanket  usage  as  taxonomically  relevant  indicator  to 

distinguish P. cyanescens from P. serbica is not recommended.

The dark, thick-walled hyphae observed in the four strains from Zöblitz (P. cyanescens) might be an 

adaption to  the montane  climate  of  the Erzgebirge or  even the  result  of  crossbreeding with  P. 

serbica,  whose  distribution  area  overlapped  with  that  of  P.  cyanescens in  this  region.  Their 

morphology reminded of skeletal hyphae resp. sclerohyphae, although this type is more common in 

Polyporales Gäum. (Corner 1932, Cunningham 1946, Clémençon 2012). Redhead (1987) provides a 

bridge to the Agaricales, but a sarco-dimitic mycelium type can be excluded, because these hyphae 

were not inflated. The terms fibroid-monomitic and pseudodimitic (Misra et al. 2012) would be a 

good choice to describe the morphology of these strains, however, such hyphal systems are usually 

used to describe fruiting bodies instead of vegetative mycelia.

Species of the  P. cyanescens-complex produce external oxalate crystals when cultivated on agar 

media. Crystals like calcium oxalate occur in plants, animals as well as fungi, and can be detected 

by different methods like coerulein staining or X-ray diffraction (Bracconot 1825,  Matheis 1977, 

Franceschi & Horner 1980, Connolly et al. 1999). Oxalate is a key metabolite playing an important 

role in many metal and mineral transformations mediated by fungi (Gadd 2007, Gadd et al. 2014). 

Calcium oxalate dissolves in 25% HCl(aq) after maximal 15 min (Großfeld et al. 1934) and is nearly 
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indissoluble in H2O (Eisenbrand & Schreier 2006). Insofar, the crystals observed actually could be 

calcium oxalate, nevertheless, the question of the calcium sources has to be answered. The ground 

water from the area around Göttingen is quite chalky, but for media preparation, distilled water has 

been used. All media offer some calcium, at least by the agar, which contains 54 mg/100 g (USDA 

2016). In beech trunk wood, 0.81 g/kg calcium can be found (Weis & Göttlein 2002) and YMG 

contains  calcium pantothenate  from the  yeast  extract.  Furthermore,  there  are  always  undefined 

ingredients in complex media. The media with most crystal formation, beech agar and 2% glucose, 

were characterized by an excess of carbon. So, this nutritional imbalance, probably leading to an 

incomplete oxidation of saccharides, could be the basic reason for the crystal formation. 

The crystal-like structures observed at the hyphal tips in the culture of the P. serbica strain Erz-7-3 

Mono  6  on  2%  MEA were  probably  acanthocytes.  An  acanthocyte  is  a  unique,  stellate  cell, 

produced on a short branch of the vegetative mycelium of Stropharia spp. (Farr 1980, Cortez & da 

Silveira  2008,  Walther  &  Weiß  2008).  The  function  of  acanthocytes  is  considered  a  trap  for 

nematodes (Luo et  al.  2006).  Alternatively,  the structures could have been astrocystidia (Keller 

1985),  which  are  meanwhile  used  as  an  argument  to  separate  the  new genus  Protostropharia 

Redhead, Moncalvo & Vilgalys from  Stropharia spp. (Redhead 2013). Astrocystidia differ from 

acanthocytes by their bottle-shaped hyphal stipe. The observed hyphae in question were rather thin 

and even, so, acanthocytes are more likely. However, the crux is that they were found in a Psilocybe 

mycelium, which has not been reported before. This one strain out of 508, cultivated at 25°C and 

95% relative air humidity in the dark, gives an impression of how rare this feature is. There are no 

hints for any factors that initiate the acanthocytes formation in Psilocybe spp.

Some fruiting body characteristics, such as the cheilocystidia neck length (Borovička 2008), have 

proved to be taxonomically useful and can be substantiated by significant differences. Nevertheless, 

the three species observed,  P. cyanescens,  P. azurescens and  P. serbica, were relatively similar in 

shapes, sizes and abundances of basidia and cystidia. The risk of subjectively influenced results is 

quite high in such evaluations. In general, the results fit the data given by other authors well, but  

contrary to Krieglsteiner (1984, 1986), pleurocystidia are also present in European P. cyanescens 

and the term "clavate-mucronate" (Borovička 2008, Noordeloos 2011) is a little bit misleading. The 

absence  of  chrysocystidia  observed  is  typical  for  Psilocybe spp.  (Ramirez-Cruz  et  al.  2013). 

Cystidia possibly have an excretory function for getting rid of excess psilocybin, or for defense.
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The morphology of basidiospores is an inappropriate characteristic for taxonomical differentiation 

within the  P. cyanescens-complex. Their shape and wall thickness were virtually equal. Ramirez-

Cruz et  al.  (2013) pointed out that  basidiospore walls  of  Psilocybe spp.,  in  most  of their  light 

microscope observations, seemed to consist of two layers, but they were actually three-layered, 

according to Ruch & Motta (1987). Furthermore, they classified P. cyanescens as thick-walled, but 

P. serbica as slightly thick-walled. The measurements showed wall thickness means of 0.93 µm for 

P. cyanescens and 0.87 µm for  P. serbica, therefore the difference was negligible. Thick-walled 

basidiospores have an evolutionary advantage, because they may be more resistant to dehydration 

and UV radiation (Garnica et al. 2007). This is supported by the long-term germinability of the 

spore  prints  from Eugene  and Astoria,  observed  in  the  context  of  strain  isolation  (Chapter  3). 

Concerning size, only P. azurescens has attracted attention by its significantly larger spores. Spore 

size  discussions  offer  much room for  nitpicking,  so  it  would  be  adequate  to  choose a  coarser  

specification, as Ramirez-Cruz et al. (2013) did it with a length of 10-13 µm for P. cyanescens and 

P. serbica. A general basidiospore size of 10-13 x 5-7.5 µm appears to be representative for all four 

species. P. semilanceata has been excluded from this evaluation, because the respective spore print 

from Clausthal-Zellerfeld was too sparse for sufficient sampling.

The  conidiogenesis  type  and  conidia  morphology  of  P.  cyanescens and  P.  allenii were  not 

distinguishable. In the cultures observed of P. azurescens, P. serbica and P. semilanceata, incubated 

at different conditions and on different agar media, there were no indications of conidiogenesis, 

which does not imply that they are not potentially able to do it.  For example, Walther & Weiß 

(2008) successfully induced conidiogenesis of  P. semilanceata by cultivating it on 2.5% MEA at 

room temperature. The detection rate of 9.4% for monokaryotic P. cyanescens strains provides an 

impression of the amount of luck and patience necessary, when the triggers for the conidiogenesis 

of a species are mostly unknown. Nonetheless, it appeared to be more a matter of genotype than of  

environmental conditions, because the conidiogenous strains were quite reliable in sporulation.

At this point, an example from the mating experiments (Tab. 19) may be appropriate: During the 

intra-spore print mating experiments between monokaryotic strains from the fruiting body KA-1-2, 

the conidiogenous strain KA-1-2 Mono 9 was cultivated pairwise with nine non-conidiogenous 

sister strains and each pair was repeated three times. On the side of KA-1-2 Mono 9, in all 27 cases,  

conidiogenesis was present, but never on the side of the other strain and, in case of a compatible 

mating, also never in the resulting dikaryotic mycelium.
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The observed conidiogenesis of P. cyanescens and P. allenii was thallic, with rhexolytic secession 

(Cole & Samson 1979) and, in most cases, coiling hyphae, which fits well in the descriptions of 

related species like  P. mexicana  R. Heim,  P. hoogshagenii R. Heim (Heim & Wasson 1958),  P. 

merdaria (Watling 1971, Valenzuela & Garnica 2000), P. coprophila (Bull.) P. Kumm, P. inquilina 

(Fr.) Bres. and P. semilanceata (Walther et al. 2005, Walther & Weiß 2008). Contrary to P. merdaria  

and P. coprophila, the studied species did not show conidia formation in their dikaryotic mycelia. 

The coiling behavior of conidiogenous hyphae is a conspicuous phenomenon and has already been 

depicted by Brefeld (1889) for  Stropharia semiglobata Quel. It turned out to be very difficult to 

obtain descriptive microphotos of old conidiophores, because of their tortuosity and increased three-

dimensional extent.

Like  the  conidiogenesis  type,  the  arthroconidia  morphology  was  also  similar  to  that  of  other 

Psilocybe spp. known from the literature. Valenzuela & Garnica (2000) found solely uninucleate 

conidia,  which  also  can  be  approved  for  P.  cyanescens and  P.  allenii.  The  small,  intracellular 

droplets mentioned by Walther & Weiß (2008) have not only been observed in the conidia. They 

were also present in the regular hyphae of all species studied and were slightly stained with DAPI. 

Thus, such droplets could be mitochondria or ribosome aggregations. The conidia sizes measured 

were smaller than those stated for related species. Conidia of P. inquilina and P. semilanceata reach 

diameters up to 2.6 µm (Valenzuela & Garnica 2000, Walther & Weiß 2008), whereas the maximum 

for those of P. cyanescens and P. allenii was 1.42 µm. They did not swell during maturation, which 

precludes a transgression of the hyphal diameter.

The  curved  shape  of  many  of  the  arthroconidia  is  the  result  of  hyphal  coiling  during  their 

development and may serve the purpose of reducing the streamlining for a better wind or water 

distribution. Contrary to Walther & Weiß (2008), there were no indications for the Psilocybe conidia 

to be mucoid.  A dispersion by invertebrates, in the sense of Brodie (1931), may be possible in 

combination with exudation droplets (Fig. 10), but the conidiophores and conidia were generally 

dry. The observed masses were not released conidia sticking together, but simply very large and 

many conidiophores (Appendix V.II) intertwining each other because of their growth, leading to 

contact and aggregation. Conidiophores tended to grow upwards and were typically found in the 

aerial mycelium. The absence of conidiogenesis on 2% glucose and beech agar as well as in the 

strains  of  P.  serbica and  P.  semilanceata, was  not  directly  based  on  the  nutritional  supply or 

taxonomical reasons, but rather on the lack of fluffy aerial mycelium in the respective cultures.
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To  sum  up  this  chapter,  it  should  be  mentioned  how  many  surprising  features,  such  as  the 

acanthocytes, can be found during intensive, microscopical observations of a fungus. Furthermore, 

the results enrich the discussion of the hypotheses III ("European and American P. cyanescens are 

not distinguishable"), IV ("The P. cyanescens-complex has to be dissected") and V ("P. cyanescens, 

P. azurescens and P. allenii are all different species"). 

Hypothesis III is corroborated by the results, because there were no relevant differences in any 

observed microscopical feature between European and American P. cyanescens. At most, the lower 

amount  of  evidentially  conidiogenous  monokaryons  from  America  (Tab.  7)  could  be  used  as 

refutation, but this is explainable by the minor strain number and by the extent of aerial mycelium 

in these strains (Chapter 3).

As regards to hypothesis IV, there are pros and cons. P. serbica generally differed from the group of 

P. cyanescens,  P. azurescens and  P. allenii, due to its affection for pseudosclerotium formation. 

There were indeed exceptions on both sides. P. serbica fruiting bodies differed from P. cyanescens 

and P. azurescens by the longer cystidia necks, which proved to be a very useful characteristic. The 

narrower basidium diameter of P. serbica is a rather negligible characteristic. A counter-argument to 

the dissection of Krieglsteiner´s complex is the confusingly similar basidiospore morphology. The 

cell sizes of vegetative hyphae were equal in all studied species, but this characteristic seems to be 

taxonomically irrelevant within a genus, anyway. 

The microscopical  features  mainly disprove hypothesis  V,  but  the  impression  received is  quite 

patchy.  P. cyanescens,  P. azurescens and  P. allenii mycelia showed the same microcharacteristics 

when cultivated on agar plates. Exceptions were the pending conidiogenesis of P. azurescens as well 

as the pending loop and crystal formation of  P. allenii. These results could simply have been a 

matter  of  bad  luck  in  observation.  However,  P.  cyanescens and  P.  allenii had  the  same 

conidiogenesis  type  and  conidia  morphology  in  common  and  P.  azurescens stood  out  by  its 

significantly larger basidiospores, which rather provides a taxonomical separation of P. azurescens 

from the other two species. On the other hand, fruiting body microcharacteristics, like basidia and 

cystidia, were similar in P. cyanescens and P. azurescens. A differentiation of these three species by 

microscopical  features  is  nit-picking.  In  such  situations,  mycologists  may tend  to  a  subjective 

interpretation, so the discussion should be left open at this point.
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CHAPTER 5

Mating experiments

exuality allows the recombination of genetic information within a species by creating a 

zygote. This is true of most fungi as well as of other multicellular organisms. In most 

doctrines of biology, a species is defined as the largest group where two individuals are 

capable of reproducing fertile offspring. In mycology, there are modified concepts replacing the 

species as the unit of evolution, because of distinctive incompatibility systems that work parallel to 

the sexual life cycle. Therefore, an understanding of the fungal mating behavior helps to bridge 

taxonomically relevant knowledge gaps between the classical, relatively subjective fruiting body 

morphology and the progressing, compartmentalized molecular biology.

S

5.1 Introduction

The typical life cycle of basidiomycetes should be explained first to give a basic understanding of 

the studied sexuality: In the presomatogamic phase, a basidiospore germinates and gives rise to a 

vegetative  mycelium,  the  monokaryon  or  homokaryon.  This  grows  through  the  substrate  and 

possibly also spreads by asexual spores, until it meets another one. In case of a compatible mating, 

the  hyphal  cells  unite  by  clamp  cell  formation,  which  ensures  separated  nuclear  migration 

pathways. The fungus continues to grow as vegetative dikaryotic mycelium until the environmental 

conditions initiate the fruiting body development. As soon as the henceforth generative mycelium of 

the fruiting body starts to form basidia, the short diploid phase starts through karyogamy. Finally, 

meiosis introduces the postmeiotic phase,  leading to basidiospores formation (Clémençon 1997, 

Kirk et al. 2008).
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Fungi  which  form  a  dikaryon  through  plasmogamy  of  two  different  homokaryons  are  called 

heterothallic. A homogenic incompatibility system determines such successful mating interactions. 

It prevents mating between strains of the same mating type, promoting outbreeding. Mating types 

are defined either by a bipolar or a tetrapolar mating system. On the other hand, homothallism is the 

ability to reproduce sexually without the mating of two different mycelia. In other words, it means 

selfing and results in inbreeding (Blakeslee 1904, Whitehouse 1949a, Rizet & Esser 1953, Esser 

1962, Raper et al. 1972, Billiard et al. 2012). The potential of a biological species to be able to 

switch  between  homothallism  and  heterothallism  (Ullrich  &  Raper  1975)  as  well  as  the 

understudied mechanisms of homothallism (Wilson et al. 2015) additionally complicate the research 

on fungal sexuality.

The knowledge of multiallelic heterothallism in the Agaricales goes back to the works of Brefeld 

(1877), Kniep (1915) and Bensaude (1917). Mating types are physiological conditions controlled by 

one or two gene loci, formerly called incompatibility factors, and their respective allelic specifities. 

In a bipolar mating system, there is only one mating type locus. In case of different alleles at this 

locus, for example, expressed by its alleles A1 and A2, the two mating mycelia are compatible with 

each other. If they share the same mating type, they are incompatible. In a tetrapolar mating system, 

there also is a second locus,  B, leading to four mating types which segregate in meiosis from a 

dikaryotic  individual,  like  A1B1,  A2B2,  A1B2 and  A2B1.  Each of  the  two unlinked loci  controls  a 

pathway of dikaryon development. A is primarily responsible for the nuclear pairing and the clamp 

cell formation, whereas B regulates the nuclear migration and clamp cell fusion. For a compatible 

mating and thus a successful fruiting body development, the allelic specifities of the mycelia have 

to be different at both loci. If they only differ at one locus, a semicompatible interaction with the 

respective pathway takes place. A high number of allelic specifities may deepen the interpretation of 

a species´ mating behavior and could reveal separated subunits like the  Aα,  Aβ,  Bα and  Bβ loci 

(Kniep 1920, Kniep 1922, Whitehouse 1949b, Raper 1966, Kothe 2001).

What  is  known about  the  mating  behavior  of  Psilocybe spp.?  Boekhout  et  al.  (2002)  stated  a 

homogenic incompatibility system for nine species, which by now have been assigned to the genus 

Deconica.  Furthermore,  a  close  relative  of  P.  cyanescens,  P.  subaerigunosa, evidentially  has  a 

tetrapolar mating system (Chang & Mills 1992). An example for contradictory statements is the 

former  Psilocybe species  Deconica coprophila (Bull.: Fr.) P. Karst., in which not only a bipolar 

(Gilmore 1926, Brodie 1935) but also a  tetrapolar (Vandendries 1937) mating system has been 
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found. Borovička (2005) observed an incompatibility between P. cyanescens and P. serbica s.l. as 

well  as  a  full  compatibility between  P. cyanescens and  P. azurescens.  Contrary to  well-studied 

model organisms like Schizophyllum commune Fr. and Pleurotus ostreatus (Jacq. ex Fr.) P. Kumm., 

the state of knowledge is once again sparse.

An important basic for mating experiments is the fact that  P. cyanescens,  P. azurescens and  P. 

allenii are characterized by four-spored basidia (Dennis & Wakefield 1946, Stamets & Gartz 1995, 

Noordeloos 2011, Borovička et al. 2012), whereas those of  P. serbica s.s. can also be two-spored 

(Moser & Horak 1968). Two-spored basidia serve as an instrument of secondary homothallism, as 

known in Agaricus bisporus (Lange) Imbach (Raper et al. 1972, Kerrigan et al. 1993). 

The results from the previous chapters of this thesis lead to the assumption that  P. cyanescens,  P. 

azurescens,  P. allenii,  P. serbica and  P. semilanceata are heterothallic species with two mycelial 

stages of the vegetative mycelium and abundant, fused clamp connections in the dikaryotic one. 

Multinucleate cells in spore-born strains (De Fine Licht et al. 2005) are not to be expected. In case 

of a tetrapolar mating system in  P. cyanescens  with possibly multiple alleles of both mating type 

loci, a high compatibility rate between the non-related monokaryons from different locations, in 

particular continents, and a low compatibility rate of 25% between sibling monokaryons from the 

same spore print (Kniep 1922, Brunswik 1924, Raper 1966, Kreisel  & Schauer 1987, Lamoure 

1989,  Chang  &  Mills  1992)  are  expected.  P.  serbica and  P.  semilanceata will  probably  be 

incompatible with P. cyanescens. A full compatibility between P. cyanescens and P. azurescens, as 

mentioned by Borovička (2005), would be taxonomically interesting. In this case, the crossbreed 

strains  created  should  be  used  in  a  fruiting  body  cultivation  experiment  to  ascertain  their 

morphological characteristics and to test the mating behavior of their progenies, if any.

The mating experiments mainly aim for a taxonomical positioning of P. cyanescens as regards to the 

other  four  studied  species.  Additionally,  the  sexual  mechanisms  could  give  helpful  hints  for 

ecological and maybe even evolutionary questions, as for example: If P. cyanescens was introduced 

into Europe, is there a genetic bottleneck detectable by a lower number of mating types, compared 

to American strains? The results of this chapter affect all hypotheses of the thesis except for I.

Parallel  to  these  mating  experiments  the  M.Sc.  project  "Mating  experiments  with  Psilocybe 

cyanescens" (15.12.2014) of the student Ulrich von Campe has been supervised, which attended to 

the mating behavior of the P. cyanescens colony found in the zoo of Schwerin (Germany).
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5.2 Materials and Methods

All mating experiments followed the same basic method. They only varied in the arrangement of 

opposing strains. Two haploid monokaryons from the collection in the cooling chamber (Chapter 3) 

were incubated in the same Petri dish, to see how they interact. The focus was on P. cyanescens, but 

the other four species were also included as far as the number of their strains allowed them to.

The inocula (3 x 3 x 3 mm) were transferred from the cold storage cultures into a new 2% MEA 

(Tab. 5) Petri dish (92 x 16 mm) in a biological safety cabinet by using an inoculation needle. An 

inoculum was placed at 3 mm distance to the opposing one and at 1 cm distance to the dish edge.  

Each strain pair was represented by three repetitions. All these six inocula were arranged in the 

same dish by placing the pairs in a triangle to each other. The P. cyanescens, P. azurescens and P. 

allenii cultures then were incubated with closed lid at standard conditions (25°C, 95% relative air 

humidity, dark) in a large plastic box (56 x 37 x 30 cm) with wet (dH2O) cellulose tissue insert for 

two weeks. Within this time, there would be no contact between the pairs, because of the known 

growth rates  of  these  monokaryons.  In  the  case  P. serbica or  P.  semilanceata is  involved,  the 

incubation time was four weeks. Mating experiments between two  P. serbica strains required six 

weeks of  incubation.  To ensure  negative results,  matings  between  P. serbica strains  have  been 

repeated with only one pair per dish placed in the center, incubated for three months.

An Axioplan 2 imaging microscope was used for evaluating the mycelial interactions between the 

opposing strains. Mycelium samples were taken as squeeze preparates from the contact zone as well 

as from each side after incubation, whereby the sampling on the sides of the participating strains 

covered different distances to the contact zone, in order to get an impression of the extent of the 

originated  dikaryon and which  strain  was the  nucleus  acceptor.  According to  Papazian  (1951), 

Raper (1966), Kreisel & Schauer (1987) and Kothe (2001), a compatible mating was indicated by 

the formation of a dikaryon with fused clamps. An only A-regulated (a.k.a. "A-on" or "common-B") 

semicompatible mating was supposed to be detectable by the occurrence of pseudoclamps and a 

barrage in the contact zone. In case of no visible interaction, the strains would be semicompatible 

with a B-regulated mating or completely incompatible. In Schizophyllum commune, a flat, distorted 

mycelium is typical for  B-regulated matings, so this was a potential indicator to look out for. A 

bipolar mating system would only show compatible or incompatible matings by 50:50. All created 

dikaryons were isolated on 2% MEA for further experiments (Chapters 3, 4 and 6).
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Mating experiments require a lot of effort and patience, because every pair has to be extensively 

checked for indices of the different interaction types and repeated twice to be sure about the result.  

The high number of available monokaryons in the collection made an anyone-with-any-conception 

not feasible for one person in a restricted time frame. Therefore, the mating-experiments had to be 

designed straighter, staggered in three purposeful phases:

A) Preinvestigating intra-location matings: In phase A matings between monokaryons from the 

same fruiting  body (C-1-2,  Erz-4-2,  F-2-2,  HB-2-1,  PAN-1-5,  PD-2-1 and PR-1-1)  or  different 

fruiting bodies and colonies from the same location (HHOhl and M) have been tested to get a first  

impression of P. cyanescens´ and P. serbica´s mating behavior within a population. The two fittest 

strains  of  a  spore  print  on  2% MEA,  the  fastest-growing  one  and  the  most  aerial  mycelium-

producing one, were chosen as mating partners to be confronted with at least eight other related 

strains.

B) Extensive intra-sporocarp matings: The second phase served to realize the mating system and 

get tester strains representing the found mating types. Therefore, each strain of a spore print had to 

be confronted with all of its sister strains. As spore prints, B-1-2, Diss-3-2, Eugene-1, KA-1-2 and 

Lacey were chosen. Due to the small number of available monokaryons from Lacey (P. azurescens), 

the minimum amounted to eight strains per spore print. The mating experiments with Eugene-1 

were realized on YMG, instead of 2% MEA, for comparison. In addition to the squeeze preparates, 

the incompatible and semicompatible matings of Diss-3-2 have been repeated using another method 

by placing the opposing strains more distant from each other in a 2% MEA dish with a cover glass 

in between. An overgrown cover glass allows the observation of a mechanically unharmed contact 

zone and, due to the sparser mycelium, easier detectable indicators. After gathering the results, the 

mating schemes were rearranged, to emphasize mating type groupings within a spore print.  

  

C) Inter-location matings:  In the last  phase,  the interactions  between unrelated  P. cyanescens 

strains from geographically separated colonies as well as between P. cyanescens and the other four 

studied species were tested. Therefore, the tester strains from phase B (Diss-3-2 Mono 1, 2, 5 and 6) 

were used as crossing partners for at  least  one monokaryon per location.  In the case of B-1-2, 

Eugene-1 and KA-1-2, there were additional mating experiments of the four tester strains of Diss-3-

2 with four strains representing the compatibility groups found for each of the three fruiting bodies, 
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to exemplarily adjust the mating type labeling and allow a direct comparison to the 4 x 4-mating 

experiments  of  Chang  and  Mills  (1992)  with  P.  subaeruginosa.  Furthermore,  smaller  mating 

experiments with specific arrangements of interest were carried out. One of these conduced toward 

testing the reliability of the mating types defined by the Diss-3-2 tester strains, by doing the test 

between  other  characterized  strains  (Tab.  23).  Another  small  mating  experiment  checked  the 

possibility  of  crossing  P.  azurescens (Lacey)  with  P.  allenii  (Oregon).  Two more  experiments 

observed matings within P. azurescens and P. serbica of different locations. Finally, an experiment 

attended to the uncommon P. cyanescens monokaryons from Zöblitz (Chapter 4.3.1), by testing the 

strain  Erz-4-2  Mono  35  for  compatibility  with  P.  serbica  (Erz-7-3,  PAN-1-5)  and  another  P. 

cyanescens (Diss-3-2) as well.

The mating results for  P. cyanescens from phase A were used to calculate the linear correlation 

between the growth rates (Chapter 3.3.2) of monokaryons and their resulting dikaryons. Maybe this 

correlation gives an impression of how much of the mycelial growth performance is influenced by 

the genetic make-up. Therefore, the arithmetic mean of the growth rates of each two compatible 

monokaryons  was  calculated  with  OpenOffice  3.4.1  and  connected  to  the  growth  rate  of  the 

respective dikaryon. Then the 43 pairs were analyzed for the correlation coefficients Pearson´s  r 

(Pearson 1895) and Kendall´s  tau (Kendall  1938) using R 3.2.0.  In case of a weak correlation 

between the two groups, the p-value of r (Fisher 1915) and tau (Best & Gipps 1974) would answer 

whether this correlation is still significant (HA) or not (H0). The chosen significance level was 5%.

Each mating experiment was documented by macrophotos of the whole Petri dish as well as close 

shots of the single pair repetitions. These photos were taken with a cell phone camera (GT-i8190, 

Samsung, Seoul, South Korea). The presence of microscopical mating type-indicators, such as fused 

clamps  and pseudoclamps,  was  documented  in  the  laboratory notebook for  all  experiments.  In 

important cases, like for the detection of pseudoclamps in Diss-3-2 of phase B or the compatibility 

between  P.  cyanescens  and  P.  azurescens,  microphotos  were  also  taken  with  a  ColorView  II 

megapixel camera and the analySIS program.

The fruiting body cultivation  experiment  was carried out  in  the Laboratory of  Fungal  Biology 

(Institute of Microbiology, Academy of Sciences of the Czech Republic, Prague). As study objects, 

the 12 dikaryotic strains Diss-3-2 Dik 2x5, Diss-5-1 Dik, L-1-1 Dik (pure P. cyanescens), LB Dik 1, 

Astoria Mono 1 x Lacey Mono 9 Dik (pure P. azurescens), Oregon Mono 3x4 Dik (pure P. allenii), 
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Diss-3-2 Mono 2 x Lacey Mono 6 Dik, Diss-3-2 Mono 2 x Astoria Mono 1 Dik, Diss-3-2 Mono 6 x  

Oregon Mono 4 Dik, Diss-3-2 Mono 1 x Oregon Mono 3 Dik, Oregon Mono 3 x Lacey Mono 1 Dik 

and Oregon Mono 4 x Lacey Mono 6 Dik (crossbreeds) were chosen. Each strain was represented 

by ten replicates.

All 120 cultures were incubated in 500 ml bottles, each filled with a mixture of 60 g white rice, 0.5 

g CaCO3 and 100 ml dH2O enriched with 36.8 mg MgSO4*7H2O, 18 mg KH2PO4, 40.4 mg KNO3, 

94.4 mg Ca(NO3)2*4H2O, 2.2 mg FeNaEDTA, 33.5 mg MnSO4*4H2O, 3.8 mg CuSO4*5H2O, 4.4 

mg  ZnSO4*7H2O,  46.5  mg  H3BO3,  150  mg  NaCl  and  1.3  mg  (NH4)6Mo7O24*4H2O.  After 

autoklaving  the  bottles  filled  with  medium at  121°C and 1.5  bar  for  20  min,  they  were  each 

inoculated with three 3 x 3 x 3 mm mycelium-agar-cubes and pre-incubated in a dark room at 25°C. 

For the first week, the lid was closed to minimize the contamination risk; afterwards it was slightly 

loosened and sealed  with  parafilm.  After  20  days  of  incubation,  the  CO2 concentration  of  one 

representative  culture  per  strain  with  a  membrane lid  was  measured  by taking 250 µl  volume 

samples with a 1750 LTN 500 µl syringe (Hamilton Messtechnik GmbH, Höchst im Odenwald, 

Germany), transferring them into exetainer tubes (Labco Limited, Lampeter, UK) filled with helium 

and analyzing them with a Delta V Advanting Isotope Ratio Mass Spectrometer (Thermo Fisher 

Scientific Inc., Waltham, USA). After 24 days, the parafilm was removed and the lid loosed further. 

On day 31, a second CO2 measurement was performed.

After 34 days of incubation, the cultivation conditions were changed to initiate the formation of 

primordia, following the parameters given by Gartz & Müller (1989) and Stamets (2000). In every 

culture, a 1 cm thick casing layer of UV-sterilized, dry soil was added, then this soil was wetted 

with about 50 ml dH2O and the lid replaced with a cellulose tissue. Eight cultures per strain were 

transferred to a table outdoor for a cold shock and covered with a thin wool blanket, being exposed 

to an average temperature of 6.1°C (1.4-17.0°C), an average relative air humidity of 68.3% (45.3-

83.2%), at a day´s length of about 11 h and a slight influence of sunlight for four days. The other 

two cultures were placed in a ground-floor room (about 21°C), avoiding direct sunlight. After the 

cold shock, four of the cultures in question were then also transferred to the room conditions, two 

remained outdoor and the last two were placed into a ventilating fridge with a constant temperature 

of 13°C and poor illumination for 10 h per day by six LED night lights (0.8 W, EverFlourish Europe 

GmbH, Friedrichsthal,  Germany).  All  cultures were kept humid by spraying the soil  layer with 

dH2O twice per week. At day 54, also some pine bark chips were added for a new casing layer.
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5.3 Results

5.3.1 Basics of mycelial interactions 

Fused clamps turned out to be the only reliable indicator for successful mating in experiments that  

use species of the P. cyanescens-complex. Incompatible and semicompatible matings formed a more 

or less clear border in the contact zone (Fig. 34 A). In compatible matings, dikaryotic outgrowth 

and mycelial irregularities (Fig. 34 B) were not always macroscopically visible. Barrages in the 

sense of aggregations (Fig. 34 C) and inhibition zones were very rare and occurred independently of 

the  A-regulated  interaction.  Pseudoclamps  indicated  A-regulated  matings,  but  due  to  their  low 

frequency,  the  detection  in  squeeze  preparates  was  a  matter  of  luck.  P.  cyanescens behaved 

aggressively towards the slower growing P. serbica (Fig. 34 D) and P. semilanceata.

 
Fig. 34. Examples for interactions between monokaryons on 2% MEA. A: incompatibility with clear border, P. cyanescens, M-1-1 
Mono 18 x M-2-2 Mono 3.  B: compatibility with dikaryotic outgrowth,  P. cyanescens, Diss-3-2 Mono 2 x M-1-1 Mono 18.  C: 
incompatibility with barrage (the most conspicuous one during the whole study),  without pseudoclamps,  P. cyanescens,  Erz-4-2 
Mono 12 x 35. D: antagonism, P. cyanescens (left) vs. P. serbica (right), Diss-3-2 Mono 2 x PAN-1-5 Mono 13.
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5.3.2 Intra-location matings with the two fittest strains 

Compatible P. cyanescens strains started to form fused clamps after about five days of incubation, 

when they reached the agar and bridged the 3 mm of horizontal distance. After two weeks, at the 

end of the experiments, the presence of fused clamps was unequivocally verifiable in every sample 

taken from the contact zone. The mating experiments of phase A showed a compatibility rate of 

29.45 % for P. cyanescens (Tabs. 8, 9, 10, 11, 12, 13, 15 and 16). In three mating schemes (Tabs. 10, 

11 and 14), the two fittest strains, chosen as main mating partners, had the same mating type. In  

four mating schemes (Tabs. 12, 13, 15 and 16), they were compatible with each other and therefore 

of contrary mating types. Matings between neighboring colonies were possible (Tabs. 15 and 16).

Dikaryons resulting from compatible matings arose in the contact zone, from where they expanded 

through the mycelium of the acceptor strain. Due to the faster growth of dikaryons, they sometimes 

occurred  as  mycelial  outgrowth at  the  edge after  two weeks of  incubation.  Nonetheless,  fused 

clamps were present on both sides of the border line, reaching up to 4 mm into the area of a partner  

mycelium. Comparisons of samples taken from different distances and positions, however, sooner 

or later allowed a relatively clear determination of a good acceptor strain. In 24 of 39 compatible 

matings within  P. cyanescens,  the acceptor was one of the two fittest  strains.  In the case of  P. 

serbica (Tab. 14), there was an acceptor-dominance of the best growing strains, too.

The correlation coefficients used to set the growth rates of compatible monokaryons in relation to 

those  of  their  dikaryons  only  showed  a  slight  positive  correlation  at  the  breaking  point  of 

significance.  Kendall´s  tau amounted  to  0.182  with  a  p-value  of  0.0914 (H0)  and  Pearson´s  r 

amounted to 0.324 with a p-value of 0.0343 (HA).

Conidiogenous strains often caused satellite mycelia due to conidia falling down from the inoculum 

while transferring it. Therefore, some of the mating experiments had to be repeated. Contaminated 

cultures were useful insofar as they showed how  P. cyanescens  reacts on mold fungi and yeasts. 

Established,  older  P.  cyanescens mycelia  were  able  to  attack  and  finally  overgrow  smaller 

competitors, but the slow growth of the species was a disadvantage when contaminations occurred 

within the first days after inoculation. In a few cases, barrages containing pseudoscleroting hyphae 

(Chapter 4.3.1) developed in the contact zone, which reminded of a defense reaction. This happened 

between compatible strains like PD-2-1 Mono 4 x 14 (Tab. 10) as well as between incompatible or 

semicompatible strains like HBR-1-1 Mono 6 x 11 (Tab. 9) and Erz-4-2 Mono 2 x 26 (Tab. 13).
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5.3.3 Mating types

P. cyanescens showed a tetrapolar mating system. The simple differentiation between compatible 

and incompatible, resp. semicompatible, matings revealed four compatibility groups within a spore 

print (Tabs. 17-20), given by two kinds of compatible pairs. Monokaryotic strains assigned to group 

I were only compatible with those of group II. The same applied for the groups III and IV. For  

example, a strain of group I was never compatible with a strain of group III or IV and also not with 

any other strain of group I. Compatibility groups were initially used as synonyms for mating types, 

until one mating scheme (Tab. 17) would be chosen as standard to adjust the labeling. 

An additional check for the presence of pseudoclamps on overgrown cover glasses between strains 

of  the  spore  print  Diss-3-2  (Tab.  17)  also  indicated  A-regulated,  semicompatible  matings. 

Pseudoclamps mostly occurred solitary at septa close to the contact point between two strains. Their 

unfused growth was expressed by forms like hooks, stunted clamps or sweeping bridges (Appendix 

VII). Apart from the contact zone observations in mating experiments, pseudoclamps were very rare 

to  absent  in  the  vegetative mycelium of  both  mycelial  stages.  A morphological  indicator  for  a 

differentiation between B-regulated and completely incompatible matings was not found. 

Due to the knowledge of compatible as well as  A-regulated matings, the compatibility groups of 

Diss-3-2 were chosen as the standard mating types offering P. cyanescens tester strains. The mating 

type  A1B1 should be represented by the tester strain Diss-3-2 Mono 2,  A2B2 by Diss-3-2 Mono 5, 

A1B2 by Diss-3-2 Mono 1 and A2B1 by Diss-3-2 Mono 6.

In phase B, the compatibility rate amounted to 24.69% for P. cyanescens (Tabs. 17-20) and 21.43% 

for  P. azurescens (Tab. 21). The eight  P. azurescens strains from Lacey were only sufficient for 

determining two compatibility groups, because no partners have been found for Lacey Mono 5, 7 

and  8.  Therefore,  a  tetrapolar  mating  system was  not  doubtlessly  approved  for  P.  azurescens, 

although a bipolar mating system was less likely.

A different nutritional condition, as tested in mating the experiments of Eugene-1 by using YMG 

instead of 2% MEA, did not affect the mating behavior. The increased aerial mycelium in YMG 

cultures merely impeded a clear detection of the border between two monokaryons. The dikaryons 

resulting from compatible matings were more clearly recognizable in the 2% MEA cultures.
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5.3.4 Inter-location matings

The P. cyanescens standard mating types, defined by the matings between monokaryons from the 

fruiting body Diss-3-2, were assigned to strains from other locations by using the tester strains Diss-

3-2 Mono 1 (A1B2), 2 (A1B1), 5 (A2B2) and 6 (A2B1). For example, a confrontation of these tester 

strains with four strains representing the compatibility groups found in Eugene-1 identified group I 

to be the mating type A1B1. Just like Eugene-1 Mono 1 (I), Diss-3-2 Mono 2 (A1B1) was compatible 

with Eugene-1 Mono 5 (II).  Therefore,  compatibility group II  had to  be the mating type  A2B2. 

Compatibility group III turned out to be the mating type A2B1 and group IV was A1B2 (Fig. 35). 

Such adjusting  mating  experiments  with  4  x  4  representative  strains  also  worked out  with  the 

compatibility  groups  of  the  locations  B-1-2  (I=A1B1,  II=A2B2,  III=A1B2,  IV=A2B1)  and  KA-1-2 

(I=A1B1,  II=A2B2,  III=A2B1,  IV=A1B2).  Every tester strain from Dissen always found exactly one 

partner. There was never a compatibility with two or all compatibility groups and, on the other 

hand, there was also never a complete incompatibility. This indicated an absence of more than two 

allelic  specifities  at  the  two  mating  loci.  German  (Diss-3-2)  and  American  (Eugene-1)  P. 

cyanescens were not just able to mate successfully, they actually behaved like siblings. 

Fig. 35. Mating type labeling of Eugene-1 monokaryons. Four strains (blue) representing the found compatibility groups tested 
for compatibility (x) with the four tester strains (blue) from Dissen representing the standard mating types.
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The same mating behavior was observed in strains from all other P. cyanescens locations, regardless 

of whether these locations were situated in Germany, England or North America. There was always 

a strict compatibility rate of 25% with the four tester strains. The frequency of the mating types was 

different.  A2B2, detected by compatibilities with Diss-3-2 Mono 2, was present in 35% of all  P. 

cyanescens strains, whereas for A1B2 it was only half as much. Mating type A1B1 was abundant in 

European P. cyanescens (35%), but relatively rare in the American strains (10%). A2B1, which was 

rare in Europe (14%), but abundant in America (35%), showed another geographical tendency. As 

regards to determining the acceptor, the very dominant Diss-3-2 Mono 1 stood in marked contrast to 

the passive Diss-3-2 Mono 6. P. allenii, represented by the strains Oregon Mono 3 and 4, mated like 

a  P. cyanescens,  with a compatibility rate  of  25%. The five strains  of  P. azurescens,  however, 

showed a compatibility rate of 100% and dominated as acceptors.  P. serbica and  P. semilanceata 

were completely incompatible with P. cyanescens (Tab. 22). 
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The mating types also applied without the tester strains from Dissen. For example, the  P. allenii 

monokaryons Oregon Mono 3 (A2B1) and 4 (A1B2) were compatible with each other (Tab. 23). Just 

like P. cyanescens, P. allenii showed a compatibility rate of 100% with P. azurescens (Tab. 24). This 

high compatibility rate was restricted to the interspecific matings between P. cyanescens / P. allenii 

and P. azurescens. P. azurescens from different locations mated at a lower rate (Tab. 25).
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There were evidences for the Buller phenomenon in P. azurescens. By accident, the dikaryotic strain 

Astoria Dik 2, instead of Astoria Mono 1, was set in a mating experiment with Lacey Mono 8. After 

incubation,  the  contact  zone  showed many hook-formed pseudoclamps.  At  some hyphae,  these 

pseudoclamps accumulated to an intertwined mass (Appendix V.VI.).

P. serbica colonies from different German locations were able to successfully mate with each other 

(Tab. 26), which proved their close relationship to each other, also separating them from the group 

of P. cyanescens, P. azurescens and P. allenii. The morphologically uncommon P. cyanescens strains 

from Zöblitz were not the result of a former crossbreeding between P. cyanescens and P. serbica. A 

representative strain of this group, Erz-4-2 Mono 35, only showed compatibility with P. cyanescens 

(Diss-3-2) and never mated with the strains of the P. serbica fruiting bodies Erz-7-3 and PAN-1-5 

(Tab. 27). Sometimes, the rejection was expressed by narrow inhibition zones (diameter < 1 mm).

5.3.5 Fruiting body cultivation

The initiation of primordia formation and fruiting body development was not successful, regardless 

of whether the cultures were cold-shocked or not. Pure dikaryons of  P. cyanescens,  P. azurescens 

and  P. allenii as well  as crossbreeds did not react to the wide spectrum of tested experimental 

designs, comprising temperatures between 1 and 25°C, relative humidities between 45 and 100%, 

day lengths between 10 and 16 h, light exposures between complete darkness and diffuse sunlight, 

two differently structured casing layers and conditions between the consistency of the laboratory 

and the variations of the outdoor environment.  After a total  incubation period of  126 days,  the 

experiment  had  to  be  aborted  due  to  lack  of  time.  Most  of  the  cultures  showed  a  healthy,  

progressive mycelium throughout the entire term, but about 10% suffered from antagonistic green 

molds, because of senescence in the bottom culture part during the last two months.
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The  CO2 concentrations  in  the  nearly  closed  flasks  of  relative  young  and  sparse  colonies  had 

already amounted to 6.73% on average, after 20 days of incubation. A fast grown culture of Diss-5-

1 Dik even reached 14.85%, whereas one of Oregon Dik 3x4 only showed 1.78%. At day 31, after 

the parafilm has been removed and the lid  loosened further,  the CO2 concentrations were only 

between 0.13 and 0.66%. This still relative high CO2 level led to the decision to replace the lids 

with cellulose tissues, thus providing a virtually non-existent barrier for air exchange. 

Structure and nutritional content of the media affected the mycelial growth. On soil (Fig. 36), the 

cultures tended to form sparsely branched hyphal cords, exploring the barren environment, whereas 

on rice, the mycelium was much denser. Mulch (Fig. 37) elicited both cord formation and aerial 

mycelium similarly. The growth was not remarkably distinguishable in the strains studied. 

 
   Fig. 36. Topview into the flask culture of the crossbreed strain      Fig. 37. Topview into the flask culture of the P. cyanescens strain
     Oregon Mono 3 x Lacey Mono 1 Dik on soil after 54 days.                         Diss-5-1 Dik on pine bark chips after 60 days.

5.4 Discussion

Mating  experiments  are  neither  methodically  complicated,  nor  particularly  prone  to  subjective 

faults. A problem occurs, when the usual indicators found in the literature (Papazian 1951, Raper 

1966,  Kreisel  & Schauer  1987,  Kothe  2001) do not  apply in  practice.  Esser  et  al.  (1974) and 

Meinhardt  &  Leslie  (1982)  already  reported  difficulties  in  differentiating  the  three  types  of 

incompatible  resp.  semicompatible  interaction  in  another  tetrapolar  Strophariaceae,  Agrocybe 

aegerita  (V. Brig.) Singer. In mating experiments within  P. cyanescens, or between P. cyanescens 

and one  of  the  other  species  studied,  obvious  barrages  were  very rare  and atypical  for  the  A-

regulated semicompatibility. Inhibition zones, if this term is applicable here at all, never exceeded a 

diameter of 1 mm. The sole useful indicator of A-regulated semicompatibility was the microscopical 
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detection of pseudoclamps, as in the case of Diss-3-2 (Tab. 17). In a way, the small colony sizes that 

resulted from the method of performing three repetitions in one Petri dish and incubating them for 

two weeks only could be a reason for the absence of macroscopical indicators. On the other hand,  

the repeated mating experiments of P. serbica (Tabs. 14 and 26), with one repetition per Petri dish 

and an incubation period of 12 weeks, were not very expressive, either. A longer incubation period 

for mating experiments with P. serbica turned out to be the right concept, because the slow growth 

and  the  irregularly formed  hyphae  aggravated  the  search  for  clamp connections  in  compatible 

matings.  After  all,  using  macroscopical  indicators  to  determine  the  interaction  types  is  not 

recommended for the P. cyanescens-complex. For this reason, most of the results exclusively rely 

on the microscopically proven presence of clamp connections, additionally ensured by the isolation 

and cultivation of the stable dikaryons created (Chapter 3).

The number of isolated monokaryons from the spore prints of P. azurescens and P. allenii can be a 

reason  for  self-criticism.  For  example,  the  eight  monokaryons  of  Lacey  (P.  azurescens)  were 

insufficient for determining all mating types resp. compatibility groups (Tab. 21) of this fruiting 

body. Kreisel & Schauer (1987) recommend at least 10 strains for this purpose. Another methodical 

problem was the occurrence of satellite mycelia due to conidia falling down from the inoculum 

during the transfer onto the agar plate. The scattered satellite mycelia impeded a clear evaluation so 

that in consequence, the mating experiments in question had to be repeated. 

Molecular structure and organization of the mating-type loci in tetrapolar basidiomycetes are well 

studied on the basis of a few model species, like Ustilago maydis (Persoon) Roussel, Coprinopsis  

cinerea  (Schaeff.)  Redhead,  Vilgalys  & Moncalvo and  S.  commune (Kronstad  & Staben 1997, 

Casselton & Olesnicky 1998). Coelho et al. (2010) and Nieuwenhuis et al. (2011, 2013) tried to 

break and refresh the old paradigms of the basidiomycetes sexuality.  In particular, understudied 

species, such as those of the P. cyanescens-complex, have the potential to surprise. Some examples 

of peculiar mating behavior are the human pathogen Cryptococcus neoformans (San Felice) Vuill., 

which is able to show compatibility between partners of the same mating type (Lin et al. 2005), and 

the mutualists  Termitomyces spp.  R. Heim, whose compatible matings  do not comprise nuclear 

migration (Nobre et al. 2014). A general restriction to only four mating types in a tetrapolar species, 

as observed in  P. cyanescens, has not been reported before and is considered to be very unusual 

(Ursula Kües and Friedhelm Meinhardt, personal communications). Most  Agaricomycetes have a 

high mating type diversity to promote outcrossing (Whitehouse 1949b, Raper 1966, James 2015).
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A comprehensive discussion of the mating behavior first requires a summary of the known facts: P. 

cyanescens,  as  well  as  P.  azurescens,  P.  allenii,  P.  serbica and  P.  semilanceata,  is  a  typical, 

heterothallic  basidiomycete with monokaryotic haplonts born from basidiospores and dikaryotic 

hyphae with fused clamps after plasmogamy. Each basidium bears four basidiospores (Chapter 4). 

Monokaryons from the same fruiting body mate by a tetrapolar incompatibility system (Tabs. 17-

20).  Confusion arose at  the point when mating experiments between  P. cyanescens of  different 

locations continued to show a compatibility rate of 25% (Fig. 35, Tab. 22), which could indicate 

that they belong to the same clone resp. individual (Kreisel & Schauer 1987). The expectations 

rather tended to a higher compatibility rate, like 50-100%, as observed by Chang & Mills (1992) for 

the related species  P. subaeruginosa  in Australia,  or 100%, as observed by Hughes & Petersen 

(2015) for transatlantic matings of Gymnopus confluens (Pers.) Antonin, Halling & Noordel.

The literature does not offer a precedent for such a mating behavior as observed in P. cyanescens, so 

the interpretation has to comprise some speculation.  A giant one-clone network in the sense of 

Smith et al. (1992) can be excluded, not least because of the spatial segregation by the Atlantic 

Ocean and the English Channel. On the other hand, there were no patterns indicating geographical 

races.  Selfing  in  the  sense  of  Giraud  et  al.  (2008)  can  also  be  excluded.  Well,  one  possible 

explanation could be an extremely slight genetic diversity, which in turn would mean that the fast  

anthropogenous distribution of this fungus started from a very small, endemic population. In this 

case, the distribution explosion happened, from an evolutionary point of view, only recently and did 

not provide enough time for the development of multiple alleles or geographical races, yet. Another 

explanation could be found in the mating system itself. Maybe it is affected by mutations (Kniep 

1923) or simply does not promote outcrossing. Since the origin of this fungus is still unknown, an 

anthropogenous impact by private incest cultivation in the past is also imaginable. Further research 

focussing on the size and linkage of the respective mating loci would be interesting.

At  least,  the  frequency of  the  P.  cyanescens mating  types  showed  some kind of  geographical 

tendency, because A1B1 was abundant in the European collections, whereas A2B1 was abundant in the 

American ones. This could be interpreted as a first evolutionary step toward geographical races, or 

as a genetical legacy of the alleged pioneer immigrant into Europe.  Furthermore,  the increased 

compatibility rate of about 30% observed in mating experiments with fit, on agar particularly well-

growing, strains (5.3.2) and the mating type frequency ranking A2B2 > A1B1 > A2B1 > A1B2 found in 

mating experiments with the tester strains (Tab. 22) are possible evidences for natural selection.
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The method used to determine the nuclear acceptor mycelia in compatible matings was sufficient to 

point  out  tendentially  favoured  recipients  like  fit  strains  within  P.  cyanescens (5.3.2)  and  P. 

azurescens when mating with P. cyanescens (Tab. 22), which also could be instruments of selection. 

Lee & Taylor (1993) used the designating term "functionally female" as synonym for acceptor in 

their studies on the ascomycete Neurospora tetrasperma Shear & B.O. Dodge. Ascomycetes allow 

determining acceptors more easily due to their short dikaryotic hyphal stage immediately leading to 

fruiting body formation on the respective side of the agar culture. In the case of basidiomycetes like  

P. cyanescens, it is difficult to distinguish between intrusive dikaryon growth and nuclear migration, 

especially by direct  visual  evidence in living cultures (Snider  1963).  However,  the fertilization 

observed expanded reciprocally within a contact zone of up to 4 mm distance in both directions and 

spread then further in only one of the two confronted monokaryons, which was hence construed as 

the acceptor.

P. allenii did not differ from P. cyanescens  in its mating behavior, which counters a taxonomical 

separation. The two strains from Albany were each compatible with exactly one of the tester strains 

(Tab. 22) and proved the affiliation of their  opposite mating types  by the compatibility among 

themselves (Tab. 23). Furthermore, there was a high compatibility rate with P. azurescens (Tab. 24), 

as also observed in P. cyanescens. To return to the discussion about the P. allenii-lookalike fruiting 

bodies  from Dissen (colony 5) in Chapter 2,  P. allenii could actually be a  rare  mutation of  P. 

cyanescens. The 5-bp difference in the ITS sequences of P. cyanescens and P. allenii (Borovička et 

al. 2012) does not seem to affect the mating system in any way. Anyhow, the issue of  P. allenii 

requires a very accurate fingerprinting (Chapter 6.3.2) as a supplement to the known ITS profile.

P. azurescens differed from P. cyanescens and P. allenii by the presence of other allelic specifities at 

the  mating  loci,  as  for  instance,  A3B3,  A4B4,  A3B4 and  A4B3,  leading  to  a  full  compatibility  in 

interspecific  (Tabs.  22  and 24)  but  not  intraspecific  (Tabs.  21  and 25)  matings.  A full  mating 

compatibility between P. cyanescens and P. azurescens was also observed by Borovička (2005). The 

established doctrine (Whitehouse 1949b, Raper 1966) would probably classify P. azurescens as just 

another population than P. cyanescens / P. allenii, both belonging to the same species. Contrary to 

the comprehensively multiallelic relative  P. subaeruginosa (Chang & Mills 1992), such a species 

concept would suffer from a striking contradiction between the high morphological variability of 

the pilei and the sparse number of mating types in the group of P. cyanescens and P. allenii. 
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Boekhout et al.  (2002) also found interspecific mating compatibility within a group of (former) 

Psilocybe spp.,  but  predominantly  retained  their  taxonomical  separation  due  to  morphological 

characteristics,  RAPD  data  and  the  aspect  of  bridge  strains.  The  idea  of  rare  bridge  strains 

connecting  P. azurescens with  P. cyanescens and  P. allenii can be excluded because of the high 

compatibility rate. There seems rather to be an outbreeding mechanism increasing the frequency of 

successful non-sibling matings (Mather 1942). At this point of the discussion, it would be very 

helpful to know whether the crossbreed dikaryons are able to develop fertile fruiting bodies and 

which  mating  types  are  present  in  their  offspring.  Unfortunately,  the  corresponding  cultivation 

experiments failed, most likely due to the insufficient time frame or any not considered factor.

P. serbica and P. semilanceata, however, clearly showed that they are species different from those 

of  the  previously  discussed  group.  In  accordance  with  Borovička  (2005),  P.  serbica was  not 

compatible with P. cyanescens. The morphologically conspicuous strains from Zöblitz, a presumed 

bridge between the two species (Chapter 4), were solely compatible with  P. cyanescens (Tab. 27) 

and thus  seem to be  just  a  local  anomaly.  The Buller  phenomenon (Buller  1931),  incidentally 

observed in P. azurescens, and for example, also known to occur in Deconica coprophila (Bull.) P. 

Karst  (Kimura  1958),  was  a  potential  error  source  in  mating  experiments  including  P. serbica 

because this fungus is capable of producing two-spored basidia  (Moser & Horak 1968)  and self-

fertile basidiospores from that. Therefore, it is essential to check every spore-born strain for clamp 

connections before starting a mating experiment.

Summarizing the mere two allelic specifities at both mating loci of  P. cyanescens and  P. allenii, 

their outbreeding in confrontation with P. azurescens and the sexual delimitation of this compatible 

group to the European P. serbica, the hypotheses III and IV are corroborated; but the hypothesis V 

has to be rejected in this chapter. Concerning hypothesis II, a theoretical scenario of anthropogenous 

distribution may be allowed, assuming P. cyanescens, P. allenii, P. azurescens and P. subaeruginosa 

to belong to the same species: P. subaeruginosa, characterized by a diverse gene pool in Australia, 

was introduced at sometime to the Pacific Northwest of America, where Stamets & Gartz (1995) 

later  designated  it  as  P.  azurescens.  In  consequence  to  the  colder  climate,  the  mutations  P. 

cyanescens and P. allenii emerged and established. P. cyanescens, in turn, was introduced to Europe 

in the early 20th century, where it spread successfully due to the similar climate. In this respect, the 

scientific progress of understanding this global species proceeded in the opposite direction, starting 

with P. cyanescens in England (Dennis & Wakefield 1946). But why are there no hybrids in nature?

108



Chapter 5: Mating experiments

References

Bensaude M (1917) Sur la sexualite chez les Champignons Basidiomycetes. Comptes Rendus de l´ 
Academie des Sciences (Paris) 165: 286-289.

Best DJ, Gipps PG (1974), Algorithm AS 71: The upper tail probabilities of Kendall's Tau. Journal 
of the Royal Statistical Society, series C (applied statistics) 23: 98-100. 

Billiard S, López-Villavicencio M, Hood ME, Giraud T (2012) Sex, outcrossing and mating types: 
unsolved questions in fungi and beyond. Journal of Evolutionary Biology 25: 1020-1038.

Blakeslee  AF  (1904)  Sexual  reproduction  in  the  Mucorineae.  Proceedings  of  the  American 
Academy of Arts and Sciences 40: 205-319.

Boekhout T, Stalpers J, Verduin SJ, Rademaker J, Noordeloos ME (2002) Experimental taxonomic 
studies in Psilocybe sect. Psilocybe. Mycological Research 106: 1251-1261.

Borovička J (2005) The bluing species of  Psilocybe of the Czech Republic IV. The problem of 
Psilocybe cyanescens Wakef. Mykologie Sborn. 82: 1-21.

Borovička J, Rockefeller A, Werner PG (2012) Psilocybe allenii – a new bluing species from the 
Pacific Coast, USA. Czech Mycology 64: 181-195.

Brefeld O (1877) Botanische Untersuchungen über  Schimmelpilze.  III.  Heft:  Basidiomyceten I. 
Verlag Arthur Felix, Leipzig.

Brodie HJ (1935) The oidia  of  Psilocybe coprophila and the pairing reactions  of monosporous 
mycelia. Canadian Journal of Research 12: 661-667.

Brunswik  H  (1924)  Untersuchungen  über  die  Geschlechts-  und  Kernverhältnisse  bei  der 
Hymenomyzetengattung Coprinus. Botanische Abhandlungen, herausgegeben von K. Goebel 
5: 1-152.

Buller AHR (1931) Researches on fungi. 4th volume. Further observations on the Coprini together 
with some investigations on social organisation and sex in the Hymenomycetes. Longmans, 
Green & Co., London, New York & Bombay.

Casselton LA, Olesnicky NS (1998) Molecular genetics of mating recognition in basidiomycete 
fungi. Microbiology and Molecular Biology Reviews 62: 55-70.

Chang YS, Mills AK (1992) Re-examination of Psilocybe subaeruginosa and related species with 
comparative morphology, isozymes and mating compatibility studies. Mycological Research 
96: 429-441.

Clémençon H (1997) Anatomie der Hymenomyceten. F. Flück-Wirth, Teufen.

109



Chapter 5: Mating experiments

Coelho  MA,  Sampaio  JP,  Gonçalves  P (2010)  A deviation  from the  bipolar-tetrapolar  mating 
paradigm in an early diverged basidiomycete. PLOS Genetics 6: e1001052.

De Fine Licht HH, Andersen A, Aanen DK (2005)  Termitomyces sp. associated with the termite 
Macrotermes  natalensis has  a  heterothallic  mating  system  and  multinucleate  cells. 
Mycological Research 109: 314-318.

Dennis RWG, Wakefield EM (1946) New or interesting British fungi. Transactions of the British 
Mycological Society 24: 141-166.

Esser K (1962) Die Genetik der sexuellen Fortpflanzung bei den Pilzen. Biologisches Zentralblatt 
81: 161-172.

Esser  K,  Semerdžieva  M,  Stahl  U (1974)  Genetische  Untersuchungen  an  dem Basidiomyceten 
Agrocybe aegerita. Theoretical and Applied Genetics 45: 77-85.

Fisher RA (1915) Frequency distribution of the values of the correlation coefficient in samples of an 
indefinitely large population. Biometrika 10: 507-521.

Gartz  J,  Müller  GK (1989)  Analysis  and cultivation  of  fruit  bodies  and mycelia  of  Psilocybe 
bohemica. Biochemie und Physiologie der Pflanzen 184: 337-341.

Gilmore KA (1926) Culture studies of Psilocybe coprophila. Botanical Gazette 81: 419-433.

Giraud T, Yockteng R, Lopez-Villavicencio M, Refregier G, Hood ME (2008) Mating system of the 
anther smut fungus Microbotryum violaceum: Selfing under heterothallism. Eukaryotic Cell 7: 
765-775.

Hughes KW, Petersen RH (2015) Transatlantic disjunction in fleshy fungi III: Gymnopus confluens. 
MycoKeys 9: 37.

James TY (2015) Why mushrooms have evolved to be so promiscuous: Insights from evolutionary 
and ecological patterns. Fungal Biology Reviews 29: 167-178.

Kendall MG (1938) A new measure of rank correlation. Biometrika 30: 81-93.

Kerrigan RW, Royer JC, Baller LM, Kohli Y, Horgen PA, Anderson JB (1993) Meiotic behavior and 
linkage relationships in the secondarily homothallic fungus Agaricus bisporus. Genetics 133: 
225-236.

Kimura  K  (1958)  Diploidisation  in  the  Hymenomycetes.  II.  Nuclear  behavior  in  the  Buller 
phenomenon. Biological Journal of Okayama University 4: 1-59.

Kirk PM, Cannon PF, Minter DW, Stalpers JA (2008) Dictionary of the Fungi. 10 th edition. CABI, 
Wallingford. 

110



Chapter 5: Mating experiments

Kniep H (1915) Beiträge zur Kenntnis der Hymenomyceten. III. Über die konjugierten Teilungen 
und die phylogenetische Bedeutung der Schnallenbildungen. Zeitschrift für Botanik 7: 369-
398.

Kniep  H  (1920)  Über  morphologische  und  physiologische  Geschlechtsdifferenzierung 
(Untersuchungen  an  Basidiomyceten).  Verhandlungen  der  physikalisch-medizinischen 
Gesellschaft in Würzburg 46: 1-18.

Kniep  H  (1922)  Über  Geschlechtsbestimmung  und  Reduktionsteilung  (Untersuchungen  an 
Basidiomyzeten).  Verhandlungen der physikalisch-medizinischen Gesellschaft  in Würzburg 
47: 1-28.

Kniep  H (1923)  Über  erbliche  Änderungen von Geschlechtsfaktoren  bei  Pilzen.  Zeitschrift  für 
induktive Abstammungs- und Vererbungslehre 31: 170-183.

Kothe E (2001) Mating-type genes for basidiomycete strain improvement in mushroom farming. 
Applied Microbiology and Biotechnology 56: 602-612.

Kreisel H, Schauer F (1987) Methoden des mykologischen Laboratoriums. Gustav Fischer Verlag, 
Stuttgart & New York. 

Kronstad JW, Staben C (1997) Mating type in filamentous fungi. Annual Review of Genetics 31: 
245-276.

Lamoure D (1989) Indexes of useful informations for intercompatibility tests in basidiomycetes V. 
Agaricales sensu lato. Cryptogamie Mycologie 10: 41-80.

Lee  SB,  Taylor  JW (1993)  Uniparental  inheritance  and  replacement  of  mitochondrial  DNA in 
Neurospora tetrasperma. Genetics 134: 1063-1075.

Lin X, Hull CM, Heitman J (2005) Sexual reproduction between partners of the same mating type 
in Cryptococcus neoformans. Nature 434: 1017-1021.

Mather K (1942) Heterothally as an outbreeding mechanism in fungi. Nature 149: 54-56.

Meinhardt F, Leslie JF (1982) Mating types of Agrocybe aegerita. Current Genetics 5: 65-68.

Moser M, Horak E (1968) Psilocybe serbica spec. nov., eine neue Psilocybin und Psilocin bildende 
Art aus Serbien. Zeitschrift für Pilzkunde 34: 37-144.

Nobre T, Koopmanschap B, Baars JJ, Sonnenberg AS, Aanen DK (2014) The scope for nuclear 
selection within Termitomyces fungi associated with fungus-growing termites is limited. BMC 
Evolutionary Biology 14: 121.

Noordeloos ME (2011) Strophariaceae s.l. Fungi Europaei 13. Edizioni Candusso, Alassio.

111



Chapter 5: Mating experiments

Nieuwenhuis  BP,  Debets  AJ,  Aanen  DK  (2011)  Sexual  selection  in  mushroom-forming 
basidiomycetes.  Proceedings of the Royal  Society of London B: Biological Sciences 278: 
152-157.

Nieuwenhuis  BP,  Nieuwhof  S,  Aanen  DK  (2013)  On  the  asymmetry  of  mating  in  natural 
populations of the mushroom fungus Schizophyllum commune. Fungal Genetics and Biology 
56: 25-32.

Papazian HP (1951) The incompatibility factors and a related gene in  Schizophyllum commune. 
Genetics 36: 441-459.

Pearson K (1895) Note on regression and inheritance in the case of two parents. Proceedings of the 
Royal Society of London 58: 240-242.

Raper JR (1966) Genetics of sexuality in higher fungi. Ronald Press Co., New York.

Raper CA, Raper JR, Miller RE (1972) Genetic analysis of the life cycle of  Agaricus bisporus. 
Mycologia 64: 1088-1117.

Rizet G, Esser K (1953) Sur des phenomenes d´incompatibilite entre souches d´origines differentes 
chez  Podospora anserina. Comptes Rendus Hebdomadaires des Seances de l´Academie des 
Sciences 237: 760-761.

Smith ML, Bruhn JN, Anderson JB (1992) The fungus Armillaria bulbosa is among the largest and 
oldest living organisms. Nature 356: 428-431.

Snider PJ (1963) Genetic evidence for nuclear migration in Basidiomycetes. Genetics 48: 47-55.

Stamets  P (2000)  Growing  gourmet  and  medicinal  mushrooms.  3rd edition.  Ten  Speed  Press, 
Berkeley.

Stamets P, Gartz J (1995) A new caerulescent  Psilocybe from the Pacific Coast of Northwestern 
America. Integration 6: 21-27.

Ullrich RC, Raper JR (1975) Primary homothallism - relation to heterothallism in the regulation of 
sexual morphogenesis in Sistotrema. Genetics 80: 311-321.

Vandendries R (1937) Les modalites sexuelles des Basidiomycetes. Bulletin de la Societe Royale de 
Botanique de Belgique 70: 66-85. 

Whitehouse HLK (1949a) Heterothallism and sex in the fungi. Biological Reviews 24: 411-447.

Whitehouse HLK (1949b) Multiple-allelomorph heterothallism in the fungi. New Phytologist 48: 
212-244.

Wilson AM, Wilken PM, van der Nest MA, Steenkamp ET, Wingfield MJ, Wingfield BD (2015) 
Homothallism: an umbrella term for describing diverse sexual behaviours. IMA Fungus 6: 
207-214.

112



Chapter 6: Molecular phylogenetics

CHAPTER 6

Molecular phylogenetics

odern biological studies do not cope without genetical data. International research 

coordination networks, for example constructing a phylogeny of the fungi, lead to 

publications with long lists of contributing authors. The connection and evaluation of 

such comprehensive informations in the digital age has accelerated the scientific progress in an 

amazing  extent.  Quality  and  magnitude  of  molecular  analyses  substantially  depend  on  the 

laboratory equipment and the professional handling by the performing scientist. Not least because 

of  the  financial  aspect,  molecular  studies  must  be  prepared  very  well  by  discussing  the  right 

methods, collecting the required materials and internalizing the different steps.

M

6.1 Introduction

In 1978 Daniel Nathans, Hamilton Smith and Werner Arber shared the Nobel Prize in Physiology or 

Medicine for the discovery of restriction enzymes in the 1960´s. Since RFLP (Grodzicker et al.  

1974, Botstein et al. 1980) allowed the first affordable DNA fingerprintings, a wide spectrum of 

molecular marker techniques, such as RAPD (Williams et al. 1990), SSR (Zietkiewicz et al. 1994), 

AFLP (Vos  et  al.  1995)  and  T-RFLP (Marsh  1999)  ensued,  which  nowadays  enjoys  extensive 

application in biology. However, the advantage of a direct analysis of nucleotide sequences is that 

the data obtained are absolutely precise and clear. In phylogeny, especially the conserved rDNA, 

found in the nuclei, mitochondria and plastids (plants) of eucaryotes, is of interest.  The internal 

transcribed spacer (hereinafter ITS) is a non-coding rDNA spacer region, located between the 18S 

rRNA and 28S rRNA genes, whereby the loci ITS1 and ITS2 are separated by the 5.8S rRNA gene 
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(White et  al.  1990, Gardes & Bruns 1993). In molecular systematics,  ITS rDNA sequencing is 

considered as one of the most reliable approaches to identify fungi to species level (Schoch et al. 

2012). Fungal  ITS  sequences  usually  provide  greater  taxonomic  resolution  than  sequences 

generated from coding regions (Anderson et al. 2003). Nevertheless, the disadvantages of ITS, like 

its  high  variability  within  a  species,  led  to  the  establishment  of  the  genes  rpb1 and  rpb2 as 

alternative phylogeny markers (Liu et al. 1999, Matheny et al. 2006, Vetrovsky et al. 2016).

Phylogenetic studies on Psilocybe spp. are not only carried out by mycologists, but also by forensic 

scientists. For example, Lee et al. (2000) differentiated Panaeolus spp. from Psilocybe spp. by the 

length of ITS1. Nugent & Saville (2004) otherwise stated problems with ITS1 in differentiating 

closely related species, and Kowalczyk et  al.  (2015) pointed out that comparisons by ITS2 are 

sufficient  for  identifying  most  of  the  magic  mushrooms at  the species  level.  Further  results  of 

phylogenetic studies on Psilocybe spp. using these common markers can be found in Maruyama et 

al. (2003), Maruyama et al. (2006) and Ma et al. (2014). 

The  state  of  knowledge  regarding  the  molecular  phylogeny  of  the  P.  cyanescens-complex  is 

dominated by Jan Borovička. Sequence data are solely available from GenBank at NCBI (accessed 

on  01.04.16).  Among  the  published  results,  the  ITS  sequences  of  P.  cyanescens  submitted  by 

Matheny et al. (2006), Borovička et al. (2011), Borovička et al. (2012) and Vetrovsky et al. (2016) 

are  all  identical.  Ramirez-Cruz  et  al.  (2013)  perhaps  analyzed  a  P.  azurescens  instead  of  a  P. 

cyanescens by accident, because their P. cyanescens ITS rather resembles the P. azurescens ITS of 

Borovička et al. (2011). P. allenii differs from P. cyanescens by five base pairs within the ITS region 

and is also distinguishable on the basis of SSR profiles, but there are no significant differences in 

the LSU rRNA, translation elongation factor EF-1  ɑ and  rpb2 sequences (Borovička et al. 2012, 

Kallifatidis  et  al.  2014).  rpb1 and  rpb2 data  for  P. cyanescens are  provided by Matheny et  al. 

(2006), Borovička et al. (2012), Ramirez-Cruz et al. (2013) as well as Vetrovsky et al. (2016). 

A comparison of the ITS2 sequences published at GenBank, assuming the potential P. azurescens-

mistake of Ramirez-Cruz et al. (2013), shows a difference of two (sensu Borovička et al. 2012) to 

four (if decoding R=A, M=A and Y=T) base pairs between P. cyanescens and P. azurescens, three 

base pairs between P. cyanescens and P. allenii and one (if decoding R=A, M=A and Y=T) to three 

base pairs between P. azurescens and P. allenii (Appendix VIII). In one way or another, these three 

species are very closely related. A distinction of P. serbica and P. semilanceata to this group by ITS 
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and other molecular markers is much more significant (Borovička et al. 2011, Ramirez-Cruz et al. 

2013, Borovička et al. 2015). Nonetheless, the search for P. cyanescens on NCBI still results in a 

list also including P. arcana, P. bohemica, P. moravica and P. serbica, summarized as subtaxa of the 

P. serbica-complex and separated from P. cyanescens and P. azurescens by Borovička et al. (2011).

Regarding the crossability of  P. cyanescens,  P. azurescens and P. allenii, their slight phylogenetic 

differences stated by other authors and the restricted number of mating types in P. cyanescens and 

P. allenii, the genetic analysis of the collections has to be very precise and profound. The AFLP 

(amplified fragment length polymorphism) technique allows differentiations below the species level 

at high resolution, does not require prior sequence information and is relatively inexpensive. For 

this issue, it is the perfect choice. An AFLP analysis of the  P. cyanescens-complex has not been 

done before and could be an important enrichment for the taxonomical discussion. Furthermore, it 

would be interesting to see where the P. allenii-lookalike P. cyanescens from Dissen (colony 5) is 

allocated and if there are geographical tendencies within P. cyanescens. 

The  AFLP method  is  based  on  PCR amplification  of  selected  restriction  fragments  of  a  total 

digested genomic DNA. The obtained DNA fragments range from 60 to 500 base pairs. In the first 

step, restriction enzymes, usually EcoRI and MseI, digest the DNA and enzyme-specific adaptors 

are ligated to all restriction fragments in one reaction. Then two PCRs, a pre-amplification and a 

selective  amplification,  cull  the  fragments  depending  on  the  primer  combinations.  Presence-

absence-patterns,  which  can  be  visualized  on  denaturing  polyacrylamide  gels  or  via  capillary 

sequencing instruments, act as the results expressing the genetical distance. 

In addition to the AFLP analysis, there should also be an ITS analysis as a reference for comparison 

with the published sequences found on GenBank. A focus on the ITS2 region has to be sufficient. 

The  availability  of  primers  and  sequencing  methods  in  the  respective  laboratory  is  often  a 

delimiting factor when planning such studies. Bias caused by the presence of other eukaryotes are 

not to be expected, because of the usage of in vitro-cultivated, quite pure and several times checked, 

strains  (previous chapters).  Presumably,  both AFLP and ITS2 will  reveal distinctive differences 

between P. cyanescens and P. serbica or P. semilanceata. In the best case, the AFLP data of the P. 

cyanescens collections show a positive correlation between genetical and geographical distance, 

similar to the observations of James et al. (1999) on Schizophyllum commune, or help to trace back 

its history of spreading otherwise. This would affect hypothesis II. 
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The main object of this chapter is to compare a manageable number of representative key strains 

from the molecular genetic point of view. Similar to the mating experiments, the phylogenetics 

predominantly aim for taxonomical questions stated by the hypotheses III, IV and V. Crossbreed 

strains will be analyzed as a supplement. 

6.2 Materials and methods

6.2.1 ITS2 

The ITS analysis was carried out in the Laboratory of Fungal Biology (Institute of Microbiology, 

Academy of Sciences of the Czech Republic, Prague). For this experiment, the monokaryotic strains 

Diss-3-2 Mono 1, Diss-3-2 Mono 2, Diss-3-2 Mono 5, Diss-3-2 Mono 6 (German  P. cyanescens 

tester strains), Eugene-1 Mono 1 (American P. cyanescens), Oregon Mono 3, Oregon Mono 4 (P. 

allenii), Astoria Mono 1, Lacey Mono 1, Lacey Mono 6 and Lacey Mono 9 (P. azurescens) as well 

as the dikaryotic strains Diss-3-2 Dik 2x5, L-1-1 Dik (pure P. cyanescens), Diss-5-1 Dik (P. allenii-

lookalike P. cyanescens), Oregon Dik 3x4 (pure P. allenii), Astoria 1 x Lacey 9 Dik, LB Dik 1 (pure 

P. azurescens), Diss-3-2 Mono 1 x Oregon Mono 3 Dik, Diss-3-2 Mono 6 x Oregon Mono 4 Dik, 

Diss-3-2 Mono 2 x Astoria Mono 1 Dik, Diss-3-2 Mono 2 x Lacey Mono 6 Dik, Oregon Mono 3 x 

Lacey Mono 1 Dik and Oregon Mono 4 x Lacey Mono 6 Dik (crossbreeds) were chosen. 

Each of these 23 strains was incubated as a submerged culture in a small Erlenmeyer flask (50 ml)  

filled  with  20  ml  of  potato  dextrose.  For  that,  two inocula  (~2 x  2  x  2  mm)  per  strain  were 

transferred from the cold stored agar cultures (Chapter 3) into the flasks on a laminar flow clean 

bench (Esco Micro Pte.  Ltd.,  Singapore).  Aluminium foil  conduced as  bottle  cover.  The liquid 

medium was composed of 1 l dH2O, 10 g D-glucose and 2 g potato extract and autoclaved in a 

5075EL (Tuttnauer Europe B.V., Breda, The Netherlands) at 121°C and 1.2 bar for 20 min. The 

incubation took place at 21°C in the dark incubation room of the research group. 

After  five  weeks  of  incubation,  the  mycelium  biomass  was  dried,  out  of  which  DNA was 

subsequently extracted. First, the agar cubes were cut out with a sterile spatula. After discarding the 

liquid medium, the biomass was washed in the flask using dH2O. The subsequent suction filtration 

took place in a clean and sterilized funnel construction with an Isopore Membrane Filter (Merck 

KGaA, Darmstadt, Germany) connected to a small pump (Laboport, KNF Neuberger Inc., Trenton, 
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USA). Then, the aggregated biomass was scraped from the filter into an empty Petri dish and dried 

overnight  at  65°C in  an  incubator  (Model  100-800,  Memmert  GmbH & Co.  KG,  Schwabach, 

Germany), whereby the biomass was protected from airborne contaminations by a half-closed dish 

lid and a cellulose tissue. Following this, for each strain, a dry biomass between 5 and 20 mg was 

weighed out and transferred into an E-cup (2 ml) filled with two zirconium balls and then ground 

into a fine powder at 25 shakes per second for 2 min using a swing mill MM 200 (Retsch GmbH, 

Haan, Germany). The zirconium balls were sterilized with sulfuric acid and washed with sterile 

water before use. Redundant biomass was dry stored at room conditions as a reserve.

The DNA extraction was done by a NucleoSpin Plant II kit (Macherey-Nagel GmbH & Co. KG, 

Düren,  Germany),  according  to  the  manufacturer´s  instructions,  using  the  support  protocol  for 

genomic DNA from fungi for the first steps, followed by the standard protocol for genomic DNA 

from plants. The result of this kit is extracted DNA dissolved in 100 µl PE buffer, which was then 

analyzed for its DNA concentration (ng/µl), DNA-protein-ratio (wavelengths 260/280) and DNA-

secondary  metabolite-ratio  (wavelengths  260/230)  with  a  NanoDrop-1000  spectrophotometer 

(Thermo Fisher Scientific Inc., Waltham, USA). Temporary storage happened at -20°C.

For PCR amplification, the TGradient thermal cycler (Biometra GmbH, Göttingen, Germany) was 

used.  After  an  initial  denaturation  at  94°C  for  5  min,  34  cycles  followed  each  comprising 

denaturation at 94°C for 15 s, primer annealing at 52°C for 1 min and extension at 72°C for 2 min. 

The final extension at 72°C lasted for 10 min and was finalized by a waiting loop at 2°C. The 

reaction volume was 25 µl and consisted of 12.5 µl Combi PPP Master Mix (Top-Bio, s.r.o., Prague, 

Czech Republic), 10.5 µl ultrapure H2O (Top-Bio, s.r.o.), 1 µl DNA extract, 0.5 µl forward primer 

and 0.5 µl reverse primer. The forward primer chosen was gITS7 (Ihrmark et al.  2012) and the 

reverse primer was ITS4 (White et al. 1990), both in the form of tagged versions (Tab. 28).

                                           Tab. 28. Tagged primers and their respective sequences used to amplify ITS2:
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For each strain, these tagged versions of the primers were used in a different combination (Tab. 29) 

so that the respective data can be allocated after sequencing. Furthermore, the PCR was done with 

five repetitions per strain as well as a negative control without any DNA.

                                         Tab. 29. Strain list and primer combinations used to amplify ITS2:

The PCR was followed by a gel electrophoresis check using 1.25% agarose (80 ml TBE buffer, 1g 

agarose, 8 µl ethidium bromide). Per sample, 2 µl of the amplicon were loaded. Loading dye was 

not necessary, due to the master mix. The DNA marker 200-1500 (Top-Bio, s.r.o) served as ladder. 

For all 115 amplicons and the 23 negative controls, a splitting on three electrophoreses, each lasting 

20 min at 80 V, was necessary.

In the next step, the five amplicons of a strain were unified as 115 µl in one E-cup (1.5 ml) and 

purified with the QIAquick PCR Purification Kit (Qiagen N.V., Venlo, The Netherlands), according 

to the manufacturer´s instructions. After DNA binding, washing and elution, this kit results in 50 µl 

of purified amplicon and EB buffer. These samples were subsequently checked by a second gel 

electrophoresis, this time more accurate, with 1% agarose, loading dye and for 40 min. Moreover, 

the  purified  amplicons  were  analyzed  for  their  DNA concentration  using  the  NanoDrop-1000 

spectrophotometer as well as precisely with an Infinite M2000 luminometer (Tecan Trading AG, 

Männedorf,  Switzerland).  The  latter  was  performed  by  using  PicoGreen  dye  (Thermo  Fisher 

Scientific Inc.) and required a DNA concentration of 0.02-0.2 ng/µl (about 900-fold diluted).
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Knowing the DNA concentration of the purified amplicons, the library has been prepared for the 

last step, which is the sequencing. A library is the balanced mixture of all samples to be analyzed 

simultaneously. The benchmark was a volume of 5 µl per sample, aiming for a library of 115 µl in 

an E-cup (1.5 ml) for 23 different amplicons. Depending on the respective DNA concentration, the 

share of an amplicon in the library had to be more or less around 5 µl. An additional concentration 

adjustment regarding different fragment lengths was not necessary. The next-generation sequencing 

was carried out with the MiSeq system (Illumina Inc., San Diego, USA).

Short read sequences were analyzed using the SEED 2.0 pipeline (Vetrovsky & Baldrian 2013, 

www.biomed.cas.cz/mbu/lbwrf/seed/),  including  quality  filtering,  sequence  labeling,  ITS2 

extraction  and  removing  of  chimeric  sequences  among  others.  Operational  taxonomic  units 

(hereinafter OTU) were created by a clustering of quality reads at 100% similarity level. The most  

abundant sequences served as clustering seeds. Clustering was performed across all samples. After 

constructing an OTU table, the relevant sequences were compared with MEGA 4.0.2 (The MEGA 

Team, Tempe, USA). Illustrating figures were created with the table and bar graph functions of 

OpenOffice 3.4.1.

6.2.2 AFLP

The AFLP analysis was mainly carried out at the Department of Forest Genetics and Forest Tree 

Breeding  (Faculty  of  Forest  Sciences  and  Forest  Ecology,  University  of  Göttingen).  As 

representative study objects, the following 13 monokaryotic and dikaryotic strains were chosen: 

Diss-3-2 Mono 5, Diss-3-2 Dik 2x5, Diss-5-1 Dik  (German  P. cyanescens), Derbyshire Mono 4 

(English P. cyanescens), Eugene-1 Mono 1 (American P. cyanescens), Oregon Mono 4 (P. allenii), 

Lacey Mono 6, LB Dik 1 (P. azurescens), Diss-3-2 Mono 2 x Lacey Mono 6 Dik, Diss-3-2 Mono 1 

x Oregon Mono 3 Dik, Oregon Mono 3 x Lacey Mono 1 Dik (crossbreeds), Erz-7-3 Mono 4 x PAN-

1-5 Mono 18 Dik (P. serbica) and CZ-1-1 Mono 15 (P. semilanceata).

These strains were incubated as submerged cultures in Erlenmeyer flasks (500 ml) filled with 200 

ml of 2% malt extract liquid medium. Each culture was inoculated in a biological safety cabinet 

(Holten Lamin Air) with one ~2 x 2 x 2 mm mycelium-agar cube transferred from a cold storage 

culture (Chapter 3) of the respective strain and covered with aluminium foil.  The cultures were 

incubated for two months in a dark room at constantly 25°C. 
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After incubation, the liquid medium was poured away by suction filtration with filter paper in a 

sterile  Büchner funnel  and the residual biomass was transferred into Falcon tubes (50 ml). The 

Falcon tubes were then sealed with parafilm, perforated a few times with a sterile toothpick and 

then lyophilized in a P4K-S freeze-dryer (Dieter Piatkowski e.K., München, Germany) at -20°C in a 

vacuum of 0.05 mbar for three days. The resulting dry biomass was powdered down with mortar  

and pestle, weighed and transferred into E-cups (2 ml). According to Zolan & Pukkila (1986), the 

DNA of 40 mg fungal biomass was extracted using extraction buffer (1% CTAB, 0.7 M NaCl, 50 

mM  Tris  pH  8.0,  10  mM  EDTA,  1%  2-mercaptoethanol),  chloroform-isomylalcohol  (24:1), 

isopropanol,  TE  buffer  (10  mM  Tris  pH  8.0,  1  mM  EDTA),  RNase  A (Qiagen  N.V.),  7.5  M 

ammonium acetate and 96% ethanol. The resultant extract pellet was resuspended in 50 µl dH2O. 

The three steps of AFLP reactions, restriction and ligation, preselective amplification and selective 

amplification followed a method on the basis of Vos et al. (1995) and Gailing & Wuehlisch (2004), 

with slight modifications.  After  each step,  the intermediate products were stored at  -20°C until 

further use. All master mixes were prepared in volumes for 20 samples. Vortexing was done with a 

Vortex-Genie  2  (Scientific  Industries  Inc.,  Bohemia,  USA).  Centrifugation  was  generally 

performed at 13.000 rpm using a 4K15 Benchtop Centrifuge (Qiagen N.V.).  First,  the adapters 

EcoRI+ (5´-AATTGGTACGCAGTC-3´) and EcoRI- (5´-CTCGTAGACTGCGTACC-3´) as well as 

MseI+ (5´-TACTCAGGACTCAT-3´) and MseI- (5´-GACGATGAGTCCTGAG-3´), each 50 pmol, 

had to be prepared by mixing them to be equimolar, heating the two mixtures at 95°C for 5 min and  

then cooling them down at room temperature for about 10 min. 

Restriction and ligation took place in the same reaction by adding 4 µl DNA extract, 2 µl restriction 

master  mix  and  6  µl  ligation  master  mix  per  sample,  followed  by  a  brief  vortexing,  a  brief 

centrifugation (13.000 rpm) and an incubation at room temperature for 24 h. The restriction master 

mix was composed of 0.2 µl T4 ligase buffer (10x), 0.3 µl T4 DNA ligase (1 U/µl), 0.2 µl NaCl (0.5 

M), 0.1 µl BSA (1 mg/µl), 0.4 µl EcoRI (10 U/µl), 0.08 µl MseI (10 U/µl) and 0.72 µl dH2O per 

sample. The ligation master mix was composed of 1 µl T4 DNA ligase buffer (10x), 1 µl NaCl (0.5 

M), 0.5 µl BSA (1 mg/µl), 0.6 µl adapter mixture EcoRI +/- (50 pmol), 0.6 µl adapter mixture MseI 

+/- (50 pmol) and 2.3 µl dH2O per sample. As references for comparison, a negative control without 

DNA and a sample of tomato DNA (100 ng/µl, Life Technologies, Carlsbad, USA) were included in 

the experiment. After one day of incubation, the 12 µl reaction resultant was diluted in 38 µl dH2O, 

briefly vortexed and centrifuged.
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As second step, pre-amplification was done using the primer combination E01/M03 (Tab. 30) and 

the  PTC-200 Peltier  Thermal  Cycler  (MJ Research  Inc.,  Waltham,  USA) for  a  first,  low-level 

selection. The primers are based on a nomenclature according to Keygene N.V. (Wageningen, The 

Netherlands;  see also http://wheat.pw.usda.gov/ggpages/keygeneAFLPs.html,  accessed 21.04.16). 

For each PCR reaction (15 µl), 4 µl of the digested and ligated sample were added to 11 µl of a 

PCR master mix, which was composed of 1.5 µl PCR buffer (10x), 1.5 µl MgCl2 (25 mM), 1 µl 

dNTP (2.5 µM), 0.2 µl E01 (5 µM), 0.25 µl M03 (5 µM), 0.06 µl Taq polymerase (5 U/µl) and 6.49 

µl dH2O. The PCR started with an initial denaturation at 72°C for 2 min, followed by 20 cycles, 

each comprising denaturation at 94°C for 10 s, primer annealing at 56°C for 30 s and extension at 

72°C for 2 min. After a final extension at 60°C for 30 min, the waiting loop took place at 4°C. All  

PCR products were then checked for a smearing pattern between 100 and 1000 bp on a 1% agarose 

gel, by loading 2 µl of the sample mixed with loading dye as well as 2 µl of the GeneRuler 1 kb 

DNA ladder (Thermo Fisher Scientific Inc.) and letting them run at 60 V for 60 min.

In the third step, the selective amplification, 12 different primer combinations have been tested: 

E32/M20,  E32/M21,  E33/M20,  E33/M21,  E35/M20,  E35/M21,  E37/M20,  E37/M21,  E38/M20, 

E38/M21, E41/M20 and E41/M21 (Tab. 30). Each pre-selective amplicon was first diluted by 1:20 

in dH2O, of which 3 µl was added to 12 µl of a PCR master mix, composed of 1.5 µl PCR buffer 

(10x), 1.5 µl MgCl2 (25 mM), 1 µl dNTP (2.5 µM), 0.25 µl E primer (5 µM), 0.6 µl M primer (5 

µM), 0.06 µl  Taq polymerase (5 U/µl) and 7.09 µl dH2O, per sample. The PCR of these 15 µl 

started with a denaturation at 94°C for 2 min, followed by nine cycles comprising denaturation at 

94°C for 10 s, annealing at 65°C for 30 s and extension at 72°C for 2 min, where the annealing 

temperature was stepped down by 1°C in each cycle leading to 56°C in the last one. Then, 24 cycles 

followed, each comprising 94°C for 10 s, 56°C for 30 s and 72°C for 2 min. The final extension at 

60°C lasted for 30 min and the waiting loop took place at 4°C. 

                                             Tab. 30. Primers used for AFLP according to Keygene N.V.:
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After the second PCR, the resultants were again checked on a gel, this time looking out for a bar 

pattern illustrating some of the fragments. Gels were photographed using a Gel Doc 2000 system, 

which included the QuantityOne 4.2.2 program (Bio-Rad Laboratories, Hercules, USA) and a UV 

camera accessory (Chemi S.p.A., Milano, Italy). The primer combination E35/M20 was repeated 

for all strains, from the step of restriction and ligation onward, in order to get an impression of the 

repeatability of the results gained by the AFLP method.

Sequencing was performed with a 3130xl Genetic Analyzer (Applied Biosystems, Waltham, USA). 

Initially, 2 µl of the PCR product were diluted by 1:10 in 18 µl of dH2O and a sequencing master 

mix was prepared. The master mix consisted of 13.25 µl Hi-Di and 0.0155 µl BigDye Terminator 

3.1 (Applied Biosystems) per sample and had to be mixed extensively by vortexing for 2 min. Then, 

2 µl of the diluted PCR product  were added to 12 µl  of the master  mix,  briefly vortexed and 

centrifuged, denaturated at 90°C for 4 min in the thermocycler and analyzed.

The  evaluation  of  the  sequencing  data  expressed  by  electropherograms  was  carried  out  with 

GeneMapper  4.1  (Applied  Biosystems).  Peaks  within  the  marker  range  of  75-450  bp  were 

automatically detected by the following analysis settings: peak amplitude threshold blue: 50, min 

peak half width: 2 points, polynomial degree: 3 points, peak window size: 15 points, smoothing: 

none, and size calling method: local southern. The peak detection results given by the program were 

then manually rectified, for example, by removing double-detections of broad peaks, and converted 

into aligned binary presence-absence patterns of the different strains in a table sheet (OpenOffice 

3.4.1). 

This presence-absence coding was the basis for the quantification of genetical similarity, using the 

Simple Matching band sharing index (Sokal & Michener 1958, Apostol et al. 1993), which defines 

similarity as Sij=(a+d)/(a+b+c+d), whereby Sij is the similarity between two individuals i and j, a is 

the number of bands present in both i and j, b is the number of bands present in i and absent in j, c is 

the number of bands absent in i and present in j and d is the number of bands absent in both i and j.  

The respective genetical distance was calculated as d0=1-Sij. For a summarizing result, the Simple 

Matching Distance matrices of the different primer combinations were arithmetically averaged into 

a mean matrix.  UPGMA dendrograms illustrating the genetical distances were constructed with 

MEGA 4.0.2.
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6.3 Results

6.3.1 ITS2 

The  extracted  DNA of  monokaryons  (mean=437.0  ng/µl)  and  dikaryons  (mean=166.1  ng/µl) 

differed in concentration (Appendix IX). DNA concentrations of the purified amplicons measured 

by the PicoGreen method ranged from 22.8 to 54.3 ng/µl (mean=36.3 ng/µl). The DNA section 

amplified by ITS4 and gITS7 was between 300 and 400 bp long in all 23 strains (Fig. 38).

Fig. 38. Gel electrophoresis of purified ITS4-gITS7 amplicons of the 23 strains. For sample no. see Tab. 29 or Fig. 40. M: DNA 
marker 200-1500. E: practical error by using a low concentrated dye floating out during loading sample 1.

A clustering of the ITS2 amplicon library on MiSeq read out 14671 sequences in total. The three 

most abundant ones in all samples were termed OTU1 (mean=47.81%), OTU2 (mean=19.94%) and 

OTU3 (mean=6.95%).  These OTUs were 220 bp long and contained five SNPs (Fig.  39).  The 

fourth abundant sequence already was negligible (mean=0.42%, max=2.81% in sample 9).

OTU1 A A T T C T C A A C C T T A C C A G C T T T T G T T A G C T T G T G T A A T G G - 40

OTU2 A A T T C T C A A C C T T A C C A G C T T T T G T T A G C T T G T G T A A T G G - 40

OTU3 A A T T C T C A A C C T T A C C A G C T T T T G T T A G C T T G T G T A A T G G - 40
I

OTU1 C T T G G A C T T G G G G G T C T T T T G C C G G C T T C T C T C G A G A T G T - 80

OTU2 C T T G G A C T T G G G G G T C T T T T G C C G G C T T C T C T C G A G A T G T - 80

OTU3 C T T G G A C T T G G G G G T A T T T T G C C G G C T T C T C T T G A G A T G T - 80
I

OTU1 C A G C T C C C C T T A A A T G T A T T A G C C G G C T G C C C G C T G T G G A - 120

OTU2 C A G C T C C C C T T A A A T G C A T T A G C C G G C T G C C C G C T G T G G A - 120

OTU3 C A G C T C C C C T T A A A T G C A T T A G C C G G C T G C C C G C T G T G G A - 120
I

OTU1 C C G T C T A T T G G T G T G A T A A T T A T C T A C G C C G T G G A C G T C T - 160

OTU2 C C G T C T A T T G G T G T G A T A A T T A T C T A C G C C G T G G A C G T C T - 160

OTU3 C C G T C T A T T G G T G T G A T A A T T A T C T A C G C C G T G G A C G T C T - 160
I

OTU1 G C T C T C A A T G G G T T G A A G C T G C T T C T A A C C G T C C G T T T A T - 200

OTU2 G C T C T C A A T G G G T T G A A G C T G C T T C T A A C C G T C C G T T C A T - 200

OTU3 G C T C T C A A T G G G T T G A A G C T G C T T C T A A C C G C C C G T T C A T - 200
I

OTU1 T C G G A C A G C A C A T A A T G A C A - 220

OTU2 T C G G A C A G C A C A T A A T G A C A - 220

OTU3 - T C G G A C A G C A C A T A A T G A C A - 220

Fig. 39. ITS2 sequences of OTU1, 2 and 3. White: SNP. Right side: bp number.
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OTU1 was typical for strains of pure P. cyanescens, pure P. allenii and their crossbreeds (samples 1 

and 11), whereas OTU2 and OTU3 characterized P. azurescens (Fig. 40). In crossbreed dikaryons 

with  P. azurescens (samples 6, 8, 9 and 12), the differently genotyped nuclei led to non-uniform 

results, but also the pure P. azurescens dikaryon from Germany (sample 2) was of an unclear ITS2 

sequence.  The three SNPs distinguishing OTU2 and OTU3 furthermore varied between sibling 

monokaryons from the Lacey spore print (samples 19-21). Combining the results, P. cyanescens and 

P. allenii differed from P. azurescens by two to five SNPs in the ITS2 region (Fig. 41).

Fig. 40. Relative abundances of OTU1, 2 and 3 per strain. Others: the other 14668 clustered sequences.

P. cyanescens A A T T C T C A A C C T T A C C A G C T T T T G T T A G C T T G T G T A A T G G - 40

P. allenii A A T T C T C A A C C T T A C C A G C T T T T G T T A G C T T G T G T A A T G G - 40

P. azurescens A A T T C T C A A C C T T A C C A G C T T T T G T T A G C T T G T G T A A T G G - 40
I

P. cyanescens C T T G G A C T T G G G G G T C T T T T G C C G G C T T C T C T C G A G A T G T - 80

P. allenii C T T G G A C T T G G G G G T C T T T T G C C G G C T T C T C T C G A G A T G T - 80

P. azurescens C T T G G A C T T G G G G G T M T T T T G C C G G C T T C T C T Y G A G A T G T - 80
I

P. cyanescens C A G C T C C C C T T A A A T G T A T T A G C C G G C T G C C C G C T G T G G A - 120

P. allenii C A G C T C C C C T T A A A T G T A T T A G C C G G C T G C C C G C T G T G G A - 120

P. azurescens C A G C T C C C C T T A A A T G C A T T A G C C G G C T G C C C G C T G T G G A - 120
I

P. cyanescens C C G T C T A T T G G T G T G A T A A T T A T C T A C G C C G T G G A C G T C T - 160

P. allenii C C G T C T A T T G G T G T G A T A A T T A T C T A C G C C G T G G A C G T C T - 160

P. azurescens C C G T C T A T T G G T G T G A T A A T T A T C T A C G C C G T G G A C G T C T - 160
I

P. cyanescens G C T C T C A A T G G G T T G A A G C T G C T T C T A A C C G T C C G T T T A T - 200

P. allenii G C T C T C A A T G G G T T G A A G C T G C T T C T A A C C G T C C G T T T A T - 200

P. azurescens G C T C T C A A T G G G T T G A A G C T G C T T C T A A C C G Y C C G T T C A T - 200

Fig. 41. ITS2 sequences of the species. White: SNP. Right side: bp number. M: C or A. Y: C or T.
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6.3.2 AFLP  

The numerous fragments generated by the pre-selective PCR were visible on an agarose gel as a 

smearing pattern, at approximately between 100 and 1500 bp. After the selective PCR, frequent and 

adjacent fragments have also been well illustrated by agarose gel electrophoresis. However, the 

bands were not perceivable and precise enough for a comprehensive comparison of the strains and 

therefore the agarose gels only served as a quick control, supplementary to the sequencing data.

Not  all  primer combinations  proved to be useful  markers  for  a  differentiation of the examined 

strains. The combination E38/M20 only led to 21 peaks overall, and E37/M20, E38/M21, E41/M20 

and E41/M21 did not work out as well. Among the successful primer combinations, the number of 

peaks  ranged  from 78  to  156 (Appendix  XII),  which  is  a  sufficient  data  base  to  quantify  the 

polymorphism. Variations of the primer combination, even if only one nucleotide was changed, 

affected the whole dendrogram, as for example visible when comparing E32/M20 (Fig. 42) with 

E32/M21 (Fig. 43) or E32/M21 with E33/M21 (Fig. 45).

The most significant result of the AFLP analysis was the great genetical distance between the group 

of  P. cyanescens,  P. azurescens and  P. allenii and the group of  P. serbica and  P. semilanceata, 

whereby  the  latter  also  strikingly  divided.  Merely  in  the  primer  combination  E32/M21,  P. 

semilanceata was closer to the other three species than to  P. serbica. In E37/M21 (Fig. 47), the 

situation was reversed. 

The second obvious distinction was the one between P. cyanescens and P. azurescens. Pure strains 

of these two species, regardless of whether they were monokaryons or dikaryons, differed from 

each other by a conspicuous genetical distance in all primer combinations. The crossbreed strain 

Diss-3-2 Mono 2 x Lacey Mono 6 Dik tended more to P. azurescens, except for E32/M21.

P. allenii did not take a distinct position and splitted up between P. cyanescens and P. azurescens. 

The pure  P. allenii strain,  Oregon Mono 4,  was always found on the branch of  P. cyanescens, 

mainly close to the strains from Dissen and Eugene. Diss-3-2 Mono 1 x Oregon Mono 3 Dik, a 

crossbreed of P. cyanescens and P. allenii, also exclusively remained on the branch of P. cyanescens 

and seemed to be closest to the non-German strains Derbyshire Mono 4 and Eugene-1 Mono 1 as 

well as the P. allenii-lookalike, Diss-5-1 Dik. The crossbreed strain Oregon Mono 3 x Lacey Mono 

1 Dik tended more often to P. azurescens than to P. cyanescens.
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Within the pure P. cyanescens strains, there were no obvious geographical tendencies and their fine 

genetical differences strongly varied between the primer combinations. For example, Diss-5-1 Dik, 

a strain isolated from a neighbor colony of Diss-3, was frequently closer to the non-German strains 

than to Diss-3-2 Mono 5 or Diss-3-2 Dik 2x5. However that may be, the AFLP analysis proved to  

be capable of distinguishing fungal individuals. The monokaryon Diss-3-2 Mono 5 and the dikaryon 

Diss-3-2 Dik 2x5, created by crossing with a sibling strain, always showed a relatively low but 

discernible genetical distance. 

Fig. 42. AFLP primer combination E32/M20. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.

Fig. 43. AFLP primer combination E32/M21. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.
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Fig. 44. AFLP primer combination E33/M20. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.

Fig. 45. AFLP primer combination E33/M21. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.
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Fig. 46. AFLP primer combination E35/M21. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.

Fig. 47. AFLP primer combination E37/M21. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.
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Primer combination E35/M20 (Fig. 48) possibly offered the geographically and taxonomically most 

representative branching of P. cyanescens, P. azurescens and P. allenii: A group of pure German P. 

cyanescens from Dissen, a pure P. allenii closest to the P. allenii-lookalike Diss-5-1 Dik, a group of 

pure non-German P. cyanescens from Derbyshire and Eugene, a group of pure P. azurescens and the 

crossbreeds somewhere in between. As regards to the repeatability of AFLP results, the repetition of 

this  primer  combination  led  to  a  very similar  dendrogram with  positions  unchanged (Fig. 49), 

although the number of peaks and the coding patterns (Appendix XII) varied somewhat.

Fig. 48. AFLP primer combination E35/M20. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.

Fig. 49. AFLP primer combination E35/M20 repeated. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata. 
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A dendrogram based on the mean from all seven primer combinations (Fig. 50) summarized the 

AFLP analysis. It confirmed the impression that  P. serbica and  P. semilanceata are much more 

distantly related to  P. cyanescens than  P. azurescens and  P. allenii are. Among these latter three 

species, the genetical distance turned out to be relatively short, but at least between P. cyanescens 

and P. azurescens a distinction was evident.

Fig. 50. All AFLP primer combinations averaged. Simple matching distances visualized as UPGMA dendrogram.
Blue: P. cyanescens. Green: P. allenii. Lila: P. azurescens. Brown: P. serbica. Red: P. semilanceata.

6.4 Discussion

Next-generation  sequencing  allowed  a  faster  analysis  of  the  ITS2  rDNA region  than  Sanger 

sequencing could afford. Nevertheless, the effort-result relation appeared inconvenient compared to 

the  mating  experiments,  which  eventually  expressed  the  same  close  relationship  between  P. 

cyanescens, P. allenii and P. azurescens by simple agar cultivations and microscopy. Such methods 

rather are suitable for big samplings, like the soil communities studied by Buée et al. (2009) and 

Schmidt et  al.  (2013).  The slight ITS2 polymorphism of 5/220 bp, found between the relevant 

OTUs resp. the merely three tested species, did not require inductive statistics or dendrograms. A 

direct comparison of the sequences was already telling. 

The results go well with the sequences found at GenBank. In total,  the region amplified by the 

primers ITS4 and gITS7 must be 352 bp long, as affirmed by gel electrophoresis. The actual ITS2 

region between 5.8S rRNA and 28S rRNA was expected to be 222 bp long (Appendix VIII), two 

more than analyzed.
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OTU1 undoubtedly represents P. cyanescens. It dominated all of the tested P. cyanescens strains and 

is equivalent to the P. cyanescens sequences of Borovička et al. (2011), Matheny et al. (2006) and 

Vetrovsky et al. (2016). OTU2 and OTU3 were typical for P. azurescens. OTU2 corresponds to the 

P. azurescens sequence GU565173 (Borovička et al. 2011) sensu Alan Rockefeller and differs from 

GU565174  by  one  SNP at  position  56.  In  addition  to  previous  studies,  the  newly  found  P. 

azurescens sequence OTU3 extends the four known SNPs of interest by a fifth at position 192. As 

suspected,  Ramirez-Cruz  et  al.  (2013)  rather  studied  a  P.  azurescens instead  of  P.  cyanescens, 

because their sequence fits better with OTU3 (one SNP) and OTU2 (two SNPs) than OTU1 (three 

SNPs). The difference of three SNPs between P. cyanescens and P. allenii stated by Borovička et al. 

(2012) was not observed. Both species were characterized by OTU1. The P. allenii sequences found 

at GenBank were closest to OTU3 (2 SNPs). However, the one fruiting body from Albany does not 

have to be representative. 

The problem with these very fine polymorphisms in the ITS2 region is that they do not indicate 

clear species delimitations. OTU1 (P. cyanescens) differs from OTU2 (P. azurescens) by merely two 

SNPs, OTU1 (P. cyanescens) from OTU3 (P. azurescens)  by at  least  five SNPs, but OTU2 (P. 

azurescens)  from OTU3 (P.  azurescens)  by  three  SNPs.  Korabecna  et  al.  (2003)  refer  to  ITS 

analyses as unsuitable for species identification of clinical fungi due to considerable intraspecific 

variability.  Nonetheless,  their  species  identification  success  rate  of  0.79  in  basidiomycetes  is 

relatively  high  (Schoch  et  al.  2012).  The  ongoing  development  of  new sequencing  techniques 

(Anonymus 2014) and markers maybe allows a more convincing differentiation of P. cyanescens, P. 

azurescens and P. allenii in the future.

The AFLP method showed a better repeatability than expected from its reputation, although the 

peak detection always comprises more or less subjectivity. Objectivity was benefited by evaluating 

the electropherograms only after a break of a few weeks, when the strains corresponding to the 

sample  numbers  had  been  forgotten.  It  may appear  drastic  to  discard  all  primer  combinations 

leading to less than about 50 peaks, but in this task, the taxonomical resolution had to be very fine. 

Using a standard protocol for trees (Gailing & Wuehlisch 2004, Cao et al. 2006, Stefenon et al. 

2006) was risky but successful. AFLP protocols, in general, are quite similar and other studies on 

fungi have already proved that this technique is also applicable for suchlike genomes (Majer et al. 

1996,  Rosendahl  & Taylor  1997).  In  view of  the  relatively low effort  and expense,  the  AFLP 

method is highly recommended for preinvestigations and moleculobiological courses.
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The assertion that AFLP is not suitable for identifying closely related magic mushroom species 

(Linacre et al. 2002, Kowalczyk et al. 2015) has been countered by the results of this study. They 

actually identified single individuals resp. strains and even differentiated between a haplont (Diss-3-

2 Mono 5) and the dikaryon obtained from a crossing of this one with a sibling haplont (Diss-3-2 

Dik 2x5). However, genetic distances require at least two samples and only express their relation to 

each other. A direct species identification of a sample by comparing its sequence with external data, 

as for example in the case of ITS and GenBank, is not possible yet.

A mean dendrogram, averaging the different primer combinations, was necessary to compensate 

their  variation.  Nonetheless,  the  results  of  the  primer  combinations  were  always  quite  clear 

regarding the taxonomical delimitation between  P. cyanescens and  P. azurescens,  whose Simple 

Matching Distance rarely fell below 0.2. An interpretation of the data on the basis of statistical  

decision rules, such as Goodall´s (1967) significance test for the Simple Matching Coefficient, was 

avoided because of method criticism (Johnston 1976) and the specifity of the issue.

The gene pool seems to be very small within P. cyanescens. The connection between genetical and 

geographical distance occasionally loomed, as for example, in clusterings of the German strains 

from Dissen or of the American (Eugene) and the English (Derbyshire) strain, but was distorted by 

P. allenii and unconvincing, after all.  A distribution history in the sense that  P. cyanescens was 

introduced from America, with England as first European stopover, cannot be proved like that.

On the other hand, the AFLP results have undoubtedly proved that P. cyanescens, P. azurescens and 

P. allenii, wherever they originally came from, are much closer related to each other than to the 

European P. serbica. This supports the ITS data of Borovička et al. (2011), as well as Borovička et 

al. (2012), and negates Krieglsteiner´s (1984) P. cyanescens-complex. In fact, the AFLP furthermore 

showed a virtually undetectable difference between the genomes of  P. cyanescens and  P. allenii, 

which  conforms with the  results  of  the  ITS2 analysis  and the  mating experiments.  Subsequent 

research may try to find the exact geneloci responsible for the alleged mutation by comparing pure 

strains of both taxa with special strains like the P. allenii-lookalike P. cyanescens Diss-5-1 Dik. 

In a comparison between the two tested molecular phylogeny methods, the ITS analysis was less 

differentiating than the AFLP method. Despite their intriguing accuracy and comparability to other 

studies, the ITS2 sequences were too variable at the merely five SNPs in question, not allowing a 

clear identification of P. azurescens. The sole doubtless approved species was P. cyanescens.
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The phylogenetic species concept focuses on nucleotide divergence and classifies species as the 

smallest group of populations that can be distinguished by a unique set of genetically determined 

traits (Nixon & Wheeler 1990, Giraud et al. 2008). It performs best, because changes in nucleotide 

sequences occur before those in mating behavior or morphology (Taylor et al. 2000). In the case of 

P. allenii, a fungus that is morphologically but not genetically different to P. cyanescnens, this may 

not apply. P. allenii merged in P. cyanescens in both ITS2 and AFLP data. Its ITS2 sequence did not 

match the one given by the species describers (Borovička et al. 2012). At this point, the question 

arises whether the studied spore print really was from a  P. allenii, indeed. Such a risk cannot be 

excluded  when  working  with  external  samples,  even  if  the  collector  is  a  professional.  This 

possibility is confronted with the mutation-issue connected to the P. allenii-lookalike P. cyanescens 

from Dissen. Furthermore, P. azurescens exemplarily demonstrated the variability of ITS2 within a 

species. When the ITS2 sequences of two sibling strains (e.g. Lacey Mono 1 and 9) vary more than 

between  P.  cyanescens and  P.  azurescens,  a  species  delimitation  is  questionable.  Regarding 

hypothesis V, at least the AFLP data indicated a satisfying differentiation between P. cyanescens and 

P. azurescens.

Hypothesis  III,  however,  is  well  confirmed  by  the  two  methods.  American  and  European  P. 

cyanescens again did not distinguish. Hypothesis IV is also confirmed, but only by the AFLP data, 

because P. serbica was not included into the ITS analysis.
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CHAPTER 7

Concluding discussion

his thesis is a comprehensive monograph examining an invasive neomycete from different 

points of view. The ambitious choice of such an underrepresented and politically sensitive 

Ph.D. topic neither promised financial benefits nor a scientific career, but P. cyanescens 

was obviously spreading in Germany and therefore had to be studied by someone. Furthermore, this 

independent research was very interesting and offered the freedom to try out a wide spectrum of 

biological methods. The constructive cooperations with Jochen Gartz and Jan Borovička, two of the 

few active mycologists working on bluing Psilocybe spp. in Europe, allowed a good assessment of 

the state of knowledge.

T

7.1 Ecology

Two emphases characterize this thesis, an ecological and a taxonomical aspect. The ecological one 

is mainly represented by Chapter 2, additionally enriched by some of the laboratory experiments. 

The taxonomical aspect, on the other hand, pervades all chapters equally and is conceived like a 

pyramid,  founded  on  a  comprehensive  collection  of  508  strains  (Chapter  3).  Towards  the  top, 

delimiting P. cyanescens s.s. more and more ends up in a fine discussion below the species level.

Ecological studies on fungal communities, in general, are very complex and difficult, because of 

their transitory habit, large influence on diverse scales and taxonomical problems (Hudson 1968, 

Dighton et al. 2005). Therefore, the results discussed are kept as simple and meaningful as possible, 

answering the purpose of a comprehensible characterization of this fascinating fungus.
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The ecological  aspect  of  P. cyanescens in  Germany concerns  nature conservation and narcotics 

regulation as well. Most of the colonies have been found on mulched patches in public places of 

cities, within the jurisdiction of the respective urban green space planning offices. Invasive fungi 

have  to  be  observed  and  restricted  (§40,  subparagraphs  1-3,  BNatSchG),  whereby  fungi  are 

considered as plants (§7, subparagraph 2, second en dash,  BNatSchG) and invasive species are 

defined as those, whose appearance beyond their natural distribution potentially endangers the local 

ecosystems, biotopes and species (§7, subparagraph 2, ninth en dash, BNatSchG). Mentions of the 

invasive species in question are missing in the gray and black lists for neobiota of the Bundesamt 

für  Naturschutz,  but  it  can  at  least  be  found  in  the  European  database  DAISIE (accessed  on 

14.05.16).  An  increased  awareness  of  P.  cyanescens would  be  desirable.  Unlike  Anoplophora 

glabripennis Motschulsky, an attentively observed forestry pest beetle also introduced by wood and 

plant imports, this potent hallucinogenic mushroom (Beug & Bigwood 1982) is a direct threat to 

society, according to the western policy. However, Brugmansia spp. Pers. are really poisonous but 

still appreciated.

Once a fruiting body has been picked up, it becomes a matter of the BtMG (§ 2 and Appendix I), in 

which psilocybin-containing fungi are designated as non-tradeable substances. The natural tendency 

of humans to use mind-expanding drugs is hard to prevent by legislation and law enforcement 

(Andersson et al. 2009). P. cyanescens is barely cultivable indoors and therefore private consumers 

often grow colonies in hidden corners of public parks and gardens, an important distribution factor.

Ecological studies can help to find out where an organism initially came from and where it is able to 

expand. The field investigations proved P. cyanescens to be successfully establishing in Germany at 

present. Its fundamental niche (Hutchinson 1957, Begon et al. 2005), in principle restricted to plant 

debris  and a  temperate  climate,  potentially enables  this  synanthrope to  spread to  the  vegetated 

ecosystems and urban green spaces of most of Europe. Besides mulched patches, a particularly high 

vitality was observed in forest-like settings of parks and gardens that provide a certain air humidity, 

a low exposure and small woody debris. Colonies in larger forests were not found in the context of 

this study, but already have been reported in Germany (Tab. 1) and England (Shaw & Kibby 2001). 

The natural niche of this secondary decomposer is supposed to be the organic horizon of the forest 

floor somewhere in the north or south temperate zone. Based on the in situ and in vitro observed 

cold tolerance, as well as heat and drought sensitivity, the original habitat is rather situated in a 

region above the 40th parallel, with a minor continental climate influence.
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Be that as it  may,  an identification of  P. cyanescens´  original  habitat  solely on the basis  of its 

environmental requirements and ecological niche is not possible, because they more or less fit in 

with most regions of the reported distribution area, comprising the Pacific Coast of America from 

Alaska to California, Europe from Sweden to Spain, Argentina, Iran, Australia and New Zealand 

(Margot  & Watling 1981,  Guzmán et  al.  1998, Stamets 2000, Shaw et  al.  2004, Shayan 2010, 

Noordeloos 2011). Even the warmer and dryer regions like Australia, California, Iran and South 

Europe  cannot  be  excluded  in  this  way,  due  to  possible  refuges  in  mountain  ecosystems  or 

rainforests. Furthermore, the taxonomical mixing up with related species, like P. subaeruginosa in 

Australia, and language barriers impede the verification of worldwide finding reports. 

Presumed that  P. cyanescens is a neomycete in Europe,  which appears obvious considering the 

urban distribution and the initial lack of knowledge about this species (Dennis & Wakefield 1946, 

Singer  &  Smith  1958,  Gartz  1996),  but  is  not  100%  certain  without  a  known  autochtonous 

population  abroad,  it  would  undoubtedly be  an  invasive  one.  It  is  reproducing,  spreading  and 

superseding. The populations in Germany are small and scattered yet, although there already seem 

to be first hot spots with spatially divided, numerous colonies like in Sanssouci Park in Potsdam. 

The slow growing but persistent and widely ramified network of hyphal cords, the dense mycelium 

extensively  exploiting  the  substrate  and  the  masses  of  thick-walled  basidiospores  make  P. 

cyanescens colonies resilient towards antagonists like snails, competitive against indigenous fungi 

and hard to remove permanently by gardeners. A further spreading in Germany may be expected.

Anthropogenous distribution, whether by wood and plant imports, mulch usage, garden waste or 

private cultivation, was probably the key for this species´ success in Germany within the last 15 

years. Tracing back its distribution history by following the trade in goods to find out the original  

habitat seems impossible in a globalized world. It would have been important to know more about 

the background of the first documented colony found by Wakefield (Dennis & Wakefield 1946) 

back then. At least in the case of P. azurescens, which was discovered in the Pacific Northwest of 

the USA (Stamets & Gartz 1995) and meanwhile also appears in Germany (Gminder 2001), the 

direction of the spreading is known.
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The  issue  of  German  partition  may  be  relevant  as  regards  to  a  possible  introduction  by 

contaminated wood from the USA. Reports of P. cyanescens findings actually occurred in both West 

and East Germany before 1989. The East German wood requirements were covered by Russian 

imports,  while  the  imports  from  the  USA were  predominantly  restricted  to  grain  and  fodder. 

However, the old Saxon colonies in the Erzgebirge (Tab. 1) can rather be explained by a confusion 

with the indigenous P. serbica, which turned out to be wide-spread around the Czech border.

7.2 Taxonomy

Mycologists have been discussing the original habitat of P. cyanescens for decades now and this is 

always accompanied by new collections, arguments and taxonomical adjustments. Now is the time 

to change the approach and clarify the taxonomical position first, before drawing conclusions about 

distribution and evolution. If P. cyanescens had indeed been anthropogenously introduced to Europe 

from  North  America,  which  is  the  leading  opinion,  then  there  would  not  yet  exist  striking 

differences between the collections from the two continents. If  P. cyanescens had slowly entered 

Europe in a natural way, for example, across the Bering Strait, the allopatric speciation would have 

caused at least some kind of geographical races. 

The species´ origin can also be identified through its relationship to evidentially indigenous taxa 

like  P.  azurescens and  P.  allenii in  North  America,  P.  serbica in  Europe,  P.  subaeruginosa in 

Australia, P. weraroa in New Zealand and P. mairei in North Africa. The latest molecular research 

suggests P. cyanescens to be much closer related to P. azurescens, P. allenii, P. subaeruginosa and 

P. weraroa than to  P. serbica (Borovička et al. 2011, Ramirez-Cruz et al. 2013, Kallifatidis et al. 

2014, Borovička et  al.  2015).  P. mairei,  macroscopically rather resembling  P. serbica (Guzmán 

1983), has meanwhile faded from the spotlight. P. subaeruginosa is not part of this study but very 

interesting, because it shows characteristics of P. cyanescens, P. azurescens and P. allenii as well.

The taxonomical aspect focuses on the respective taxa from North America and Europe. If they are 

considered  as  distinct  species,  how can  they  be  delimited?  Giraud et  al.  (2008)  point  out  the 

confusion between a species definition and species criteria, whereby the latter are only a standard 

for orientation, as for instance the bluing reaction of the fungi in question. In modern biology, there 

is  a  large choice of  species concepts,  according to requirements.  Mayden (1997) identified 24. 

Many of them can be excluded a priori  in this  discussion.  For example,  the ecological species 
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concept is quite inappropriate, because all taxa of the  P. cyanescens-complex adapt to the same 

ecological  niche.  The  three  most  established  ones  are  the  morphological  species  concept 

characterized by the taxonomy of Linné (1758), the biological species concept defined by Mayr 

(1940, 1942) and the phylogenetic species concept (Taylor et al. 2000, Matheny et al. 2006), which 

is  by now preferred among mycologists.  The emphasis  of  the biological  concept  is  not clearly 

implied  by  the  term.  It  is  about  sexuality  and  defines  species  as  metapopulation  lineages.  A 

contradiction between different species concepts is commonly referred to as the species problem.

Now, how should the P. cyanescens-complex of Krieglsteiner (1984, 1986) be handled? A species 

complex  is  a  group  of  closely  related  species  with  unclear  delimitations,  in  most  cases  a 

monophyletic one with a common ancestor. Hörandl et al. (2009) used this term for species which 

are closely related enough for hybridizations. It is not a rank of the nomenclature code. Biologists 

often pool new species in a complex as makeshift when the state of knowledge is yet too sparse. 

Insofar Krieglsteiner´s complex meanwhile may be outdated (Borovička et al. 2011), but it was a 

comprehensible  first  step  for  a  classification  of  P.  cyanescens back  then  regarding  the 

morphological similarities to P. serbica. 

Since the mating experiments showed compatibility among  P. cyanescens,  P. azurescens and  P. 

allenii, at least the biological species concept requires a consideration of intraspecific taxa. The 

International Code of Nomenclature for algae, fungi and plants (McNeill et  al.  2012) states the 

following rank order: species > subspecies > variety > subvariety > form > subform. Variety (Linné 

1751) and subspecies (Ehrhart 1784) are the commonly used taxa below the species level. These 

two ranks are not objectifiable and conduce as a secondary category to distinguish organisms whose 

obvious differences are less distinct than the differences between species and who are capable of 

interbreeding. Races, however, are informal intraspecific ranks defined according to any identifiable 

characteristic  (Rieger  et  al.  1968),  as  for  example,  geographical  races  expressing  allopatry.  In 

biological practice, subspecies, variety, form and race often are mixed up.

The problem of taxonomic inflation (Isaac et al. 2004) should at least be mentioned at this point. 

Even the most rational scientist in the end is just a human and therefore could, intentionally or not,  

see a new species where there is none. Especially genetic divergences and uncommon phenotypes 

in the understudied kingdom of Fungi bear the risk of early misinterpretations. For this reason, 

taxonomical discussions always have to stay open for new arguments.
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P. semilanceata, the lectotype of the genus Psilocybe (Norvell 2010) collected only for comparison, 

can be excluded from the beginning. This tenuous grassland inhabitant may be arranged in the same 

section as P. cyanescens (Guzmán 1995), but the differences became obvious in every chapter and 

no mycologist would ever confuse these two species in the field. Among the taxa studied, it was 

closest to  P. serbica, as for example indicated by the slow growing and dense mycelium on agar 

plates or the AFLP data.

The  first  taxonomically  relevant  characteristic  to  discuss  is  the  distribution  in  Germany.  P. 

cyanescens was found in urban areas of nearly all federal states. P. allenii is probably not present in 

this country yet, but some uncommon fruiting bodies of a P. cyanescens colony in Dissen strongly 

reminded of its morphotype. The P. azurescens population in the Krummbachtal near to Stuttgart 

(Gminder 2001) was not self-observed, but identified by the molecular data of the strain LB Dik 1 

isolated from the spore print provided by Jochen Gartz. P. serbica is present in montane regions of 

East and South Germany, overlapping with the distribution area of P. cyanescens at least in Saxony. 

It  would  be interesting to  know whether  the first  German  P. cyanescens report  in  1959 in the 

Schwarzwald (Krieglsteiner 2003) was a P. cyanescens Wakef. (Dennis & Wakefield 1946) or a P. 

serbica Borov., Obornik & Noordel. (Borovička et al.  2011) as synonym for the  P. cyanescens-

complex of Krieglsteiner (1984, 1986).  

However  that  may be,  P. cyanescens and  P. serbica share the same ecological  niche.  Both are 

typical  forest  floor  saprobes  and showed a high vitality on mulched patches,  where  they were 

capable of producing many fruiting bodies.  The difference is that  P. serbica is known to occur 

naturally in European forests but  P. cyanescens  not (Borovička 2005).  P. cyanescens colonies in 

small, urban forests, like the one in Leipzig-Machern, proved this species to have a high potential  

for entering European forest ecosystems. P. allenii and P. azurescens were not self-observed, but the 

descriptions of Borovička et al. (2012) and Stamets & Gartz (1995) indicate the same niche.

The discussion of macroscopical fruiting body characteristics in situ also has to cope without own 

results for  P. allenii and  P. azurescens. Interestingly, a comparison of the descriptions and photos 

found in scientific publications like Johnston & Buchanan (1995) as well as in internet forums like 

shroomery.org (accessed on 24.05.16), leads to the impression that P. subaeruginosa fruiting bodies 

vary between the characteristics of P. cyanescens (upraised, wavy pileus margin), P. allenii (convex 

pileus) and P. azurescens (distinct umbo). Coming back to what has been observed in this study, the 
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basidiomata  of  German  P. cyanescens and  P. serbica were very similar  when young,  but  well 

distinguishable  when  matured.  According  to  Dennis  & Wakefield  (1946)  and  Moser  & Horak 

(1968),  the  ocher  coloration  merely occurs  on  P.  cyanescens when  dry,  but  is  common for  P. 

serbica. Hence, the psilocin coloration usually is more bluish on P. cyanescens and more greenish 

on P. serbica. The pileus shape is also distinctive. Dennis & Wakefield (1946), continued by Singer 

& Smith (1958), used the term „convex“ for P. cyanescens, whereas „broadly umbonate“ (Johnston 

& Buchanan 1995)  or  „depressed“,  with  reference  to  the  most  commonly wavy pileus  margin 

(Borovička  2008),  would  describe  its  mature  fruiting  bodies  better  and  allow  a  practicable 

delimitation to the considerably more convex and only occasionally wavy ones of P. serbica.

Microscopic fruiting body structures like cystidia and basidia turned out not to be considerably 

different  between  P. cyanescens and  P. azurescens.  Specimens of  P. allenii were not  available. 

Those of P. serbica stood out by their longer cheilocystidia necks, which has already been termed a 

distinctive feature by Borovička (2008). Concerning the basidiospore morphology, a taxonomical 

differentiation of P. cyanescens, P. allenii, P. azurescens and P. serbica was even harder. Solely the 

significant spore length difference between P. cyanescens and P. azurescens is worth mentioning.

Asexual sporulation was only observed in monokaryotic strains of  P. cyanescens and  P. allenii, 

whereby there has been no difference between these two species. In comparison to similar studies 

like  Valenzuela  & Garnica  (2000)  or  Walther  & Weiß  (2008),  the  conidiogenesis  type  and the 

conidia morphology do not seem to be remarkably distinguishable within the genus Psilocybe.

On standard agar media, P. serbica mostly developed a mycelial crust, instead of aerial mycelium, 

which clearly distinguished it from the uniform group of P. cyanescens, P. allenii and P. azurescens. 

There  was  a  minor  difference  regarding  the  amount  of  aerial  mycelium between  German  and 

American collections. Besides the frequencies of the mating types  A1B1 and  A2B1, this is the sole 

distinction between these two P. cyanescens provenances found during the whole study. 

P. cyanescens, P. allenii, P. azurescens and P. serbica are all equal in two characteristics: the bluing 

reaction after mechanical harming and the hyphal cell size. The mycelial growth rate on agar plates, 

however, is more distinctive.  P. serbica grew much slower than  P. cyanescens,  P. allenii and  P. 

azurescens, although Moser & Horak (1968) provided reason to expect another result. P. azurescens 

grew slightly slower than P. cyanescens and P. allenii, which was not in a significant manner, but 

appears interesting considering the parallels to the mating behavior and the molecular phylogeny.
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The observed mating behavior is uncommon, but very meaningful. Altogether, there were only four 

mating types found in P. cyanescens, regardless of whether from Europe or America, and P. allenii. 

In this respect, these collections were absolutely equal. Basidiomycete populations usually increase 

the  outbreeding  in  unrelated  progeny  by  multiple  mating  types  (Raper  1966).  The  observed 

compatibility rate of strictly 25%, however, indicates a low breeding potential within populations 

and possible slowed down outbreeding, and could be explained by a genetic bottleneck of mating 

types in Europe and America. In their own way, the finding of only two alleles per mating type 

locus goes well with the results of other experiments that indicated a very little diversity within P. 

cyanescens and  an  extremely  close  relationship  to  P.  allenii.  P.  azurescens,  characterized  by 

different mating types, bears the potential for an outbreeding relation to the other two taxa. The 

doctrine (Whitehouse 1949, Raper 1966, Kreisel & Schauer 1987) would interpret the compatibility 

between  P. cyanescens,  P. allenii and  P. azurescens as indicator to belong to the same species. 

However that may be, the missing of crossbreed fruiting bodies and their fertile spores (Chapter 

5.3.5), due to the difficult cultivation of these three taxa, is annoying, because it does not allow a 

conclusive statement regarding the biological species concept. In the case of P. serbica, on the other 

hand, the situation is clear. According to Borovička (2005), it was incompatible with P. cyanescens 

and must therefore be considered as another species.

ITS and AFLP analyses revealed interesting parallels to the mating behavior. They showed a closer 

relationship of P. allenii than P. azurescens to P. cyanescens as well. The obtained ITS2 sequences 

approved the collected  P. cyanescens to be the same species as the one studied by other authors 

(Matheny et al. 2006, Borovička et al. 2011, Vetrovsky et al. 2016), although P. allenii (Borovička 

et al. 2012) could not be unequivocally confirmed. This method appeared not all that differentiating, 

at least not for such closely related taxa. The usual 3% ITS sequence difference, required to separate 

species  (Peay et  al.  2008),  is  not  reached  when  extrapolating  the  2  resp.  5  SNPs  between  P. 

cyanescens (OTU1) and  P. azurescens (OTU2 resp. OTU3) on the 220 bp of ITS2 to the ITS1 

region. So, the phylogenetic species concept also suggests a delimitation below the species level.

In the phylogenetic studies, P. cyanescens s.s. once again was characterized by an extremely small 

gene pool. As with the four mating types in the compatibility experiments, it strictly adhered to one 

ITS2 sequence (OTU1) and showed a negligible,  primer-depending AFLP. Differences  between 

American and European collections were not found. As opposed to this, P. azurescens seems to be a 

much more diverse taxon, rather comparable to P. subaeruginosa (Chang & Mills 1992) in a sort.

145



Chapter 7: Concluding discussion

A situation similar to that of  P. cyanescens can be found in  Phytophthora ramorum Werres, De 

Cock  & In´t  Veld.  This  flexible  plant  pathogen  also  occurred  in  both  USA and  Europe  with 

unknown  origin,  is  characterized  by  a  narrow  genetic  diversity  and  already  enters  the  forest 

ecosystems. Contrary to  P. cyanescens, methods like mating experiments and AFLP had at least 

revealed some clades and geographical tendencies for Ph. ramorum (Werres et al. 2001, Werres & 

De Merlier 2003, Ivors et al. 2004, Ivors et al. 2006, Rigling 2011). Comparing a basidiomycete  

with  an  oomycete  may  be  difficult,  but  in  general,  both  species  demonstrate,  how  fast  and 

successful a fungal outbreak can be in a globalized world. Nevertheless, time will show whether 

their small gene pools allow them to keep up with the evolutionary arms race.

As summary of  the taxonomical  facet,  the following ranking expressing the relationship to  the 

German P. cyanescens has to be stated: P. cyanescens USA > P. allenii > P. azurescens > P. serbica 

(Tab. 31). It appears obvious that P. cyanescens is much closer to its American relatives than to the 

European  P. serbica, which has to be considered as another species. Furthermore, American and 

European  P.  cyanescens are  unambiguously  the  same  species.  The  taxonomical  position  of  P. 

cyanescens, P. allenii and P. azurescens is controversial, because the morphological, biological and 

phylogenetic  species  concepts  intertwine each other,  impeding clear  delimitations.  For practical 

reasons,  they may be retained as different  species for now. On the other  hand,  they should be 

designated  as  subspecies  for  the  reason  of  mating  compatibility  alone.  Especially  P.  allenii is 

suspected to be just a rare morphotype or mutation of P. cyanescens. Based on the results discussed 

in this study for P. cyanescens, P. allenii and P. azurescens as well as the state of knowledge about 

P. subaeruginosa and P. weraroa, these taxa will conceivably be summarized as one species sooner 

or later. Regarding this, a P. cyanescens specimen is not recommended as representative lectotype, 

because of the slight genetic and morphological diversity of this taxon.

           Tab. 31. Overview of taxonomically relevant aspects. Ordinal scale based on the similarity to German P. cyanescens. 
            Green: equal. Yellow: similar. Red: different. White: no knowledge. L: knowledge from the literature:
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7.3 Conclusions and perspective

In  consideration  of  the  risky choice  of  topic,  the  field  investigations  in  this  study fortunately 

approved the presence of P. cyanescens in Germany and therewith hypothesis I ("P. cyanescens still 

exists  in  Germany")  at  an  early  stage. Confusions  with  other  fungi  stood  to  reason  less than 

expected. 

Facing hypothesis II ("P. cyanescens is an invasive neomycete in Germany"), the crucial point was 

the question of its original habitat, which is unknown. This flexible and successful synanthrope is 

obviously  not  a  European  species  anyway.  Hypothesis  II  can  be  corroborated  with  a 

comprehensible,  although not absolute,  certainty because of its young distribution history,  close 

relationship to American and Australian taxa as well as the former lack of knowledge in Germany.

The affirmation of hypothesis III ("European and American P. cyanescens are not distinguishable") 

is clear.  P. cyanescens´ low morphological, sexual and genetical diversity does not even allow a 

distinction of geographical groupings. This stands in remarkable contrast to its wide distribution and 

spatial segregation, but appears logical when anthropogenous impacts, as for example globalized 

trade or mulch usage, are assumed. The recent explosive spreading of this psychoactive alien is 

man-made. 

It did not enter Germany by a natural way and can be distinguished from its European relative P. 

serbica by many characteristics, which confirms hypothesis IV ("The P. cyanescens-complex has to 

be dissected"). As far as seen in this study, a hybridization of the two species is not to be expected.

The  assessment  of  hypothesis  V ("P.  cyanescens,  P.  azurescens and  P.  allenii are  all  different 

species") exceeds objectivity and depends on the point of view or the species concept. On the basis 

of the predominant similarities between  P. cyanescens,  P. azurescens and  P. allenii, which are in 

principle only counteracted by different fruiting body morphologies and slight genetical deviations, 

this hypothesis should rather be denied. Be that as it may, evolution is taking its course. Maybe 

sympatric speciation already happens between these three taxa in America and allopatric speciation 

surely will  happen between American and European  P. cyanescens sometime.  Furthermore,  the 

Australian P. subaeruginosa could be the progenitor of this conceivably monophyletic group. This 

would explain why there are no autochthonous but many urban colonies of P. cyanescens known in 

both America and Europe.
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This study on  P. cyanescens in Germany has hopefully enriched the state of knowledge. Many 

different characteristics have been extensively described, compared and discussed. In retrospect, 

most of the hypotheses appear too simple, which is a good sign for the progress accomplished. As 

usual in a scientific work, especially when the object is an understudied organism, more questions 

arose then have been answered. 

Subsequent research should predominantly clarify the relationship of P. cyanescens, P. allenii and P. 

azurescens to  P. subaeruginosa, in the best case also including P. weraroa and P. mairei. For this 

purpose, some international collection exchanges and cheap mating experiments would already be 

sufficient.  A compatibility  between  P.  cyanescens and  P.  subaeruginosa is  well  imaginable. 

Furthermore, a patient mycologist may find out sometime how to reliably induce the fruiting body 

formation  under  laboratory conditions.  The frustration  about  the  missing  results  for  crossbreed 

fruiting bodies and their potential progenies is part of the scientific job, indeed, but such situations 

can  be  avoided  by profound prior  knowledge  of  a  species´  biology and requirements.  Further 

studies on P. cyanescens are always welcome.

The question how to deal with such a potent magic mushroom growing in urban habitats in the end 

has  to  be  answered  by the  authorities  concerned.  A fungus  does  not  care  about  politics.  It  is  

spreading where it can and P. cyanescens will continue to do so. 
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Appendix I
German colonies 2013-15

Bad Düben

 
(30.10.13)

First suspected species: P. cyanescens or P. azurescens

Dates of visitation (weather, temperature, relative air humidity): 
30.10.13 (sunny and dry, 11.8°C, 64.5%)
04.10.14 (sunny and dry, 20.5°C, 53,5%)

Location: Sachsen, Bad Düben, Kurpark, patch and meadow

Exposure: shaded under Symphyotrichum, exposed on meadow

Vegetation: Symphyotrichum spec., Rosa spec., Taxus baccata, grasses, Pleurozium schreberi

Adjacent fungi: none

Surface soil: pebble-sand-mixture

Substrate: Symphyotrichum twigs, fruit skins, single wood chips, sometimes dead Pleurozium

Colony expanse (horizontal): 15.36 m2

Colony expanse (vertical into the ground): up to 3 cm (buried wood chips)

Fruiting bodies: about 80 pcs., scattered; 2013: drought stress, slender stipes and small pilei, 
intensively blue, early senescent; 2014: younger and healthier, but still relatively small, less 

Noticeable expansion within one year: rather recession, in 2014 no fructification in the meadow 

Strains isolated: monokaryons by spore prints, encoded as Bad Düben-1 

Comments: no connecting hyphal cords found between the fruiting bodies spread on the meadow

Specimen copy in GOET herbarium: AG 19



Berlin

 
                               (photo: Hendrik Breitkopf)                          10.11.13

First suspected species: P. cyanescens 

Dates of visitation (weather, temperature, relative air humidity): 10.11.13 (dull sky but dry, 
9°C, 72%)

Location: Berlin, Volkspark Hasenheide, forest edge (mulched)

Exposure: medium shaded (below trees and shrubs, at border to meadow)

Vegetation: Acer platanoides, Quercus spec., Corylus colurna, Cornus mas, Acer campestre, 
Euonymus europaeus

Adjacent fungi: Stropharia aeruginosa, Peziza spec., Mutinus caninus

Surface soil: sand-humus-mixture

Substrate: wood chips, litter, human trash (tissues, ...)

Colony expanse (horizontal): 224 m2

Colony expanse (vertical into the ground): 6 cm (restricted to the mulch layer)

Fruiting bodies: about 1700 pcs., concentrating in two sub-colonies but mycelium everywhere in 
between, healthy

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore prints, encoded as B-1

Comments: 
-surprisingly no evidences for human intervention, much people passing by and drug dealers at 
 every corner
-most fruiting bodies under shrubs, less at the drier, exposed areas and meadow border



Bielefeld

 
(22.11.14)

First suspected species: P. cyanescens 

Date of visitation (weather): 22.11.14 (sunny and dry)

Location: Nordrhein-Westfalen, Bielefeld, private garden, patch (mulched)

Exposure: exposed

Vegetation: Juniperus spec., Rhododendron spec.

Adjacent fungi: Hypholoma fasciculare and Pholiota squarrosa on neighboring trees

Surface soil: humus

Substrate: wood chips, partially bark

Colony expanse (horizontal): 12 m2

Colony expanse (vertical into the ground): 2 cm (restricted to the mulch layer)

Fruiting bodies: about 100 pcs., partially clumped in groups, a bit dry but healthy, mainly old ones

Noticeable expansion within one year: only visited in 2014

Strain isolated: dikaryon by fruiting body flesh, encoded as BI-1

Comments: self-chopped wood chips, so this colony is known to be not imported directly

Specimen copy in GOET herbarium: AG 11



Bochum

 
(16.11.14)

First suspected species: P. cyanescens 

Dates of visitation (weather, temperature, relative air humidity): 
16.11.13 (foggy, 3.5°C, 84%)
31.10.14 (dull sky and dry, 16.5°C, 74%)

Location: Nordrhein-Westfalen, Bochum, Ruhr University, botanical garden, patch

Exposure: mainly shaded below broad-leaved Symphytum plants, a few solitary and exposed

Vegetation: Pinus sylvestris, Rhododendron spec., Symphytum grandiflorum

Adjacent fungi: Ramaria stricta, Macrocystidia cucumis, Psathyrella conopilus, Coprinopsis 
cinerea

Surface soil: pebble-sand-mixture

Substrate: Symphytum remains, a few pine cones and wood chips

Colony expanse (horizontal): 8.68 m2

Colony expanse (vertical into the ground): 2 cm

Fruiting bodies: about 50 pcs., grouped but not in dense clumps, relatively thin, seem unhealthy, at 
both visitations already intensively blue stipes and senescent

Noticeable expansion within one year: none

Strains isolated: monokaryon by spore print and dikaryon by fruiting body flesh, encoded as BO-1

Comments: these puny fruiting bodies with thin, blue stipes and small pilei look similar to those 
from Frankfurt and Bad Düben...all three locations have a sandy, dry soil and a lack of woody 
substrates in common

Specimen copy in GOET herbarium: AG 14



Bremen-Osterholz, colony 1

  
(09.10.13)

First suspected species: P. cyanescens or P. azurescens

Dates of visitation (weather, temperature, relative air humidity): 
09.10.13 (last night rainy, 14.8°C, 84%)
12.10.14 (last days rainy, not measured in place)

Location: Bremen, Osterholz, graveyard, southern part, meadow

Exposure: slightly shaded (open parkland, but at edge of a Taxus bush)

Vegetation: Taxus baccata, Rubus spec., grass, moss

Adjacent fungi: Aleuria aurantia, Mycena spec.

Surface soil: sand-humus-mixture

Substrate: small piece of a twig in the ground

Colony expanse (horizontal): 0.0009 m2 (mycelium restricted to the twig piece and the fruiting 
body)

Colony expanse (vertical into the ground): 2 cm

Fruiting bodies: only 1 pc., young, relatively small, undamaged, slightly bluing at pileus edge

Noticeable expansion within one year: not found again, the fruiting body was removed in 2013

Strains isolated: monokaryons by spore print, encoded as HBO-1

Comments: the sandy soil seemed uncomfortable for the fungus



Bremen-Osterholz, colony 2

 
(12.10.14)

First suspected species: P. cyanescens 

Date of visitation (weather, temperature, relative air humidity): 12.10.14 (last days rainy, 16°C, 
76%)

Location: Bremen, Osterholz, graveyard, northern part, patch (mulched)

Exposure: medium shaded (forest edge, below trees and partially between Hedera helix)

Vegetation: Quercus robur, Ulmus leavis, Taxus baccata, Ilex aquifolium, Hedera helix

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips and litter

Colony expanse (horizontal): 20.25 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: about 500 pcs., partially clumped in groups, very healthy, all stages

Noticeable expansion within one year: only found in 2014, probably overseen in 2013

Strain isolated: dikaryon by fruiting body flesh, encoded as HBO-2

Comments: 
-evidences for human intervention (scrabbled ground), probably fruit bodies removed
-distance to HBO-1 about 200 m

Specimen copy in GOET herbarium: AG 16



Bremen-Rhododendronpark, colony 1

 
(10.10.13)

First suspected species: P. cyanescens 

Date of visitation (weather, temperature, relative air humidity): 10.10.13 (changeable, 13°C, 
64%)

Location: Bremen, Horn, Rhododendronpark, northwestern part, forest floor

Exposure: shaded (forest, between weeds)

Vegetation: Quercus petraea, Ulmus glabra, Fraxinus excelsior, Crataegus spec., Urtica dioica, 
Luzula luzuloides, Geum urbanum, Impatiens glandulifera

Adjacent fungi: Psathyrella candolleana

Surface soil: humus

Substrate: rotting branch and surrounding litter

Colony expanse (horizontal): 0.04 m2

Colony expanse (vertical into the ground): 5 cm

Fruiting bodies: 2 pcs. closely together, wet and healthy, the young one intensively bluing

Noticeable expansion within one year: not found again

Strains isolated: monokaryons by spore print, encoded as HBR-1

Comments: 
-similar pioneer situation as in HBO-1, but much denser mycelium and healthier fruiting bodies 
because of the better environmental conditions (wet, shady, much plant debris)
-young consumer met, asking me if I´m also looking for the magic mushrooms in this place

Specimen copy in GOET herbarium: AG 3



Bremen-Rhododendronpark, colony 2

 
(12.10.14)

First suspected species: P. cyanescens 

Date of visitation (weather, temperature, relative air humidity): 12.10.14 (last days rainy, 18°C, 
68%)

Location: Bremen, Horn, Rhododendronpark, southern part, patch (mulched)

Exposure: shaded (forest, inside Hydrangea macrophylla bush)

Vegetation: Fagus sylvatica, Rhododendron spec., Hydrangea macrophylla

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: mainly litter, a few wood chips

Colony expanse (horizontal): 0.12 m2

Colony expanse (vertical into the ground): 2 cm

Fruiting bodies: 16 pcs., evenly distributed, old ones strongly eroded

Noticeable expansion within one year: only found in 2014, probably overseen in 2013

Strain isolated: dikaryon by fruiting body flesh, encoded as HBR-2

Comments: 
-just like HBR-1, this small colony was overseen by gardeners and private consumers yet 
-distance to HBR-1 about 100 m



Chemnitz

 
(15.10.13)

First suspected species: P. cyanescens 

Dates of visitation (weather, temperature, relative air humidity): 
15.10.13 (rain in the morning, 14.1°C, 74%)
29.11.14 (dull sky, 2°C, 40%)

Location: Sachsen, Chemnitz, botanical garden (NABU), flower box (mulched)

Exposure: medium shaded (trees nearby, between flower pots and weeds)

Vegetation: Lavandula angustifolia, Mentha spec., Taraxacum spec., Epilobium angustifolium

Adjacent fungi: none

Surface soil: humus

Substrate: mainly wood chips, litter

Colony expanse (horizontal): 0.1125 m2

Colony expanse (vertical into the ground): up to 9 cm, but mainly restricted to the mulch layer

Fruiting bodies: 15 pcs., all stages, strongly eroded by snails (2013); 3 pcs., extremely long and 
slender primordia because of thick leaves and brushwood cover (2014)

Noticeable expansion within one year: none, in Nov. 2014 fruiting bodies probably removed by 
gardeners when preparing flower boxes for the winter

Strains isolated: monokaryons by spore prints, encoded as C-1

Comments: seems like a typical young colony anthropogenous founded by mulch usage

Specimen copy in GOET herbarium: AG 4



Clausthal-Zellerfeld

 
(25.09.14)

First suspected species: Psilocybe semilanceata

Date of visitation (weather): 25.09.14 (changeable)

Location: Niedersachsen, Clausthal-Zellerfeld, fertilized cow pasture

Exposure: medium exposed (in grass bulk)

Vegetation: grass, Picea abies forest in 50 m distance

Adjacent fungi: Mycena spec., Psathyrella spec.

Surface soil: humus

Substrate: grass remains

Colony expanse (horizontal): not measured

Colony expanse (vertical into the ground): not measured

Fruiting bodies: 1 pc. in this bulk, but the species can be found all over the meadow

Noticeable expansion within one year: only found in 2014, not relevant

Strains isolated: monokaryon by spore print, encoded as CZ-1

Comments: just for comparison to the species of the P. cyanescens-complex

Specimen copy in GOET herbarium: AG 18



Dippoldiswalde

 
(01.11.13)

First suspected species: P. bohemica, P. serbica or P. arcana

Date of visitation (weather, temperature, relative air humidity): 01.11.13 (dry, 12.5°C, 63%)

Location: Sachsen, Dippoldiswalde, park, patch (mulched)

Exposure: exposed (open parkland)

Vegetation: Ilex aquifolium, Rosa spec.

Adjacent fungi: Macrocystidia cucumis

Surface soil: pebble-humus-mixture

Substrate: mainly wood chips, litter

Colony expanse (horizontal): 57.8 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: more than 1000 pcs., dense but evenly distributed, all stages, 2/5 already dried out 
or senescent, smaller than P. cya., chubby, alkaloid coloration more greenish than bluish

Noticeable expansion within one year: only visited in 2013

Strain isolated: dikaryon by fruiting body flesh, encoded as DW-1

Comments: 
-an obviously different species than P. cyanescens but young fruiting bodies similar looking and  
 prefers the same type of habitats
-this huge colony is known for years and every year the city administration tries to get rid of it 
 unsuccessfully (communication with Gunter Redwanz)
-neighboring patch surprisingly not infested
-Gartz used it as holotype for Psilocybe germanica (2015), after being introduced to this colony
 ...consulting Gunter Redwanz and me, or at least some acknowledgements, would have been nice



Dissen, colony 1

 
(03.11.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
21.10.13 (dry, 20°C, 62%)
03.11.14 (dry, 18°C, 57%)

Location: Niedersachsen, Dissen am Teutoburger Wald, private garden, meadow

Exposure: exposed 

Vegetation: Carpinus betulus, Pyrus communis, Crataegus spec., Rosa spec., Viburnum spec., 
Trifolium pratense, Pleurozium schreberi, grass

Adjacent fungi: Helvella crispa

Surface soil: sand-humus-mixture

Substrate: single wood chips in the ground

Colony expanse (horizontal): 0.1 m2

Colony expanse (vertical into the ground): up to 4 cm, depending on how deep the chip is buried

Fruiting bodies: 4 pcs., healthy, young adults

Noticeable expansion within one year: colony of 2013 removed, but new one occurred nearby in 
2014 (probably further wood chips colonized by spore dispersion), again 4 fruiting bodies

Strains isolated: monokaryons by spore print, encoded as Diss-1

Comments: all five Dissen colonies in the same garden, not directly connected but obviously of the 
same origin



Dissen, colony 2

 
(21.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
21.10.13 (dry, 17°C, 76%)
03.11.14 (dry)

Location: Niedersachsen, Dissen am Teutoburger Wald, private garden, patch (mulched)

Exposure: medium shaded (between hedge and bushes)

Vegetation: Taxus baccata, Buxus sempervirens, Acer palmatum, Alchemilla spec., weeds

Adjacent fungi: Mycena spec., Macrocystidia cucumis

Surface soil: silty-loamy

Substrate: wood and bark chips (birch identified)

Colony expanse (horizontal): 1.3 m2

Colony expanse (vertical into the ground): 2 cm (restricted to the mulch layer)

Fruiting bodies: about 120 pcs. in a dense group, very healthy and large, all stages (2013), about 
50 pcs., younger and smaller than in 2013 although later visited (2014)

Noticeable expansion within one year: none

Strains isolated: monokaryons by spore prints, encoded as Diss-2

Comments: 
-comfortable conditions for P. cyanescens
-the mulch used for all patches was a few years old and came from a local gardening company

Specimen copy in GOET herbarium: AG 8



Dissen, colony 3

 
(21.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
21.10.13 (dry, 17°C, 81%)
03.11.14 (dry)

Location: Niedersachsen, Dissen am Teutoburger Wald, private garden, patch (mulched) and 
bordering to meadow

Exposure: shaded (under bushes)

Vegetation: Rosa spec., different shrubs and weeds

Adjacent fungi: Psathyrella conopilus

Surface soil: silty-loamy

Substrate: wood and bark chips (birch identified)

Colony expanse (horizontal): 9.72 m2

Colony expanse (vertical into the ground): 4 cm (restricted to the mulch layer)

Fruiting bodies: about 350 pcs., evenly distributed, very healthy and large

Noticeable expansion within one year: none

Strains isolated: monokaryons by spore prints, encoded as Diss-3

Comments: hard to keep an overview here



Dissen, colony 4

 
(21.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
21.10.13 (dry, 17°C, 79%)
03.11.14 (dry)

Location: Niedersachsen, Dissen am Teutoburger Wald, private garden, patch (mulched)

Exposure: shaded (between hedge and bushes)

Vegetation: Taxus baccata, different shrubs

Adjacent fungi: none

Surface soil: silty-loamy

Substrate: wood and bark chips (birch identified)

Colony expanse (horizontal): 0.35 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: 14 pcs., loosely distributed, mainly young ones

Noticeable expansion within one year: neighboring patch colonized in 2014 (a few fruiting 
bodies)

Strains isolated: none

Comments: none



Dissen, colony 5

 
(03.11.14)

First suspected species: P. cyanescens or P. allenii

Dates of visitation (weather): 03.11.14 (dry)

Location: Niedersachsen, Dissen am Teutoburger Wald, private garden, patch (mulched)

Exposure: slightly shaded (under small tree)

Vegetation: Rosa spec., Urtica dioica, different shrubs and herbs

Adjacent fungi: Cyathus spec.

Surface soil: silty-loamy

Substrate: wood and bark chips 

Colony expanse (horizontal): 1 m2

Colony expanse (vertical into the ground): 3 cm

Fruiting bodies: 50 pcs., healthy, some with broadly convex pileus (but also bluing stipe, so it must 
be a Psilocybe spec.)

Noticeable expansion within one year: new colony in 2014 or not fruiting in 2013 (overseen)

Strain isolated: dikaryon by fruiting body flesh (an uncommon one), encoded as Diss-5

Comments: small group of morphologically unusual fruiting bodies in the center of the colony, 
reminding in P. allenii



Erlangen

 
(30.10.15)

First suspected species: P. cyanescens 

Date of visitation (weather, temperature, relative air humidity): 30.10.15 (dry, 15°C, 61%)

Location: Bayern/Franken, Erlangen, botanical garden, patch (mulched)

Exposure: shaded (under dense shrubs)

Vegetation: Prunus domestica subsp. syriaca, Rhododendron luteum, Hakonechloa macra, 
Paeonia suffruticosa, Crocus tommasinianus

Adjacent fungi: Ramaria stricta

Surface soil: silty-loamy

Substrate: wood chips, litter

Colony expanse (horizontal): 10 m2

Colony expanse (vertical into the ground): 2 cm

Fruiting bodies: 36 pcs., healthy, a bit dry, loosely distributed in small groups

Noticeable expansion within one year: only visited in 2015

Strain isolated: none

Comments: discovered by Diana Härpfer two weeks ago during a mycological tour in the botanical 
garden...example for a typical situation 

Specimen copy in GOET herbarium: AG 15



Frankfurt a.M., colony 1

 
(03.11.13)

First suspected species: P. cyanescens 

Dates of visitation (weather, temperature, relative air humidity): 
03.11.13 (occasionally rainy, 11°C, 78%)
15.11.14 (dull sky, 13°C, 72%)

Location: Hessen, Frankfurt a.M., Palmengarten, playground (mulched)

Exposure: medium shaded (under trees and shrubs)

Vegetation: Ilex aquifolium, Corylus avellana, Symphoricarpos albus, Hedera helix

Adjacent fungi: Hypholoma spec.

Surface soil: sand

Substrate: mainly wood chips, litter

Colony expanse (horizontal): 1.61 m2 (probably more than indicated by fruit bodies)

Colony expanse (vertical into the ground): 2 cm (restricted to the mulch layer)

Fruiting bodies: 2013: about 80 pcs., one half already dead, other half young (second fructification 
round)

Noticeable expansion within one year: in 2014 new wood chips layed on, no fruiting bodies but 
mycelium still present and already spreading at the bottom of the new mulch layer 

Strains isolated: monokaryons by spore prints, encoded as F-1

Comments: 
-good example of a potential thread for the society
-although the whole playground area is mulched, P. cyanescens prefers the wettest corner (litter, 
shaded)

Specimen copy in GOET herbarium: AG 12



Frankfurt a.M., colony 2

 
                                            (03.11.13)                                                                                           (15.11.14)

First suspected species: P. cyanescens 

Dates of visitation (weather, temperature, relative air humidity): 
03.11.13 (occasionally rainy, 10.1°C, 79%)
15.11.14 (dull sky, 13°C, 72%)

Location: Hessen, Frankfurt a.M., Palmengarten, playground, bamboo bush

Exposure: shaded (inside high bush)

Vegetation: Bambusa spec., Larix decidua

Adjacent fungi: Stropharia aeruginosa

Surface soil: sand

Substrate: Bambusa litter, a few wood chips

Colony expanse (horizontal): 36 m2

Colony expanse (vertical into the ground): up to 5 cm

Fruiting bodies: about 90 pcs., in groups separated by beaten paths, all stages but mainly old ones, 
a bit dry and relatively small

Noticeable expansion within one year:  none

Strains isolated: monokaryons by spore prints, encoded as F-2

Comments: 
-only 20-30 m distance to F-1
-a labyrinth-like bush, where childen play hide and seek



Frankfurt a.M., colony 3

 
(03.11.13)

First suspected species: P. cyanescens 

Date of visitation (weather): 03.11.13 (occasionally rainy)
                                             
Location: Hessen, Frankfurt a.M., Palmengarten, trail (mulched)

Exposure: shady (under trees and large bush)

Vegetation: Quercus spec., Taxus baccata

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips

Colony expanse (horizontal): 0.05 m2

Colony expanse (vertical into the ground): 2 cm

Fruiting bodies: 3 pcs., strongly eroded (not much more left than stipes) or trampled

Noticeable expansion within one year: not found again

Strains isolated: none

Comments: about 100 m distance to F-1



Hamburg-Botanischer Garten, colony 1

 
(05.11.13)

First suspected species: P. cyanescens or P. serbica

Date of visitation (weather, temperature, relative air humidity): 05.11.13 (rainy night, 10°C, 
67%)
                                             
Location: Hamburg, university, botanical garden, tool shed, patch (mulched)

Exposure: medium shaded (between bushes and buildings)

Vegetation: Rhododendron spec., Hedera helix, Prunus spec., different ornamental trees and shrubs

Adjacent fungi: Psathyrella spec.

Surface soil: sand-humus-mixture

Substrate: wood and bark chips

Colony expanse (horizontal): 1.89 m2

Colony expanse (vertical into the ground): 2 cm (restricted to the mulch layer)

Fruiting bodies: 6 pcs., loosely distributed, relatively small, originally probably more but trampled

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as HHBot-1

Comments: 
-good example for unintended anthropogenous distribution (spores or mycelium transferred from  
 the other local colonies by gardening tools)
-visitation on 19.10.14 not possible, because the adjacent Cafe Palme was open (too much attention)



Hamburg-Botanischer Garten, colony 2

 
(19.10.14)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
05.11.13 (rainy night, 9.5°C, 75%)
19.10.14 (sunny and warm, 21°C, 73%)
                                             
Location: Hamburg, university, botanical garden, northwestern part, trail (mulched)

Exposure: shaded (forest)

Vegetation: like in a rain forest

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips, not the adjacent trunk

Colony expanse (horizontal): 0.18 m2

Colony expanse (vertical into the ground): 4 cm (restricted to the mulch layer)

Fruiting bodies: 1 pcs., eroded, other fruiting bodies probably removed by gardeners (2013), 90 
pcs., very large and healthy, in a dense group (2014)

Noticeable expansion within one year: not in expanse, but more fruit bodies in 2014 because not 
yet removed

Strains isolated: failed because of contamination

Comments: seems like a comfortable location for P. cyanescens

Specimen copy in GOET herbarium: AG 7



Hamburg-Botanischer Garten, colony 3

 
(05.11.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
05.11.13 (rainy night, 8.5°C, 75%)
19.10.14 (sunny and warm, 22°C, 62%)
                                             
Location: Hamburg, university, botanical garden, northeastern part, patch (mulched)

Exposure: exposed (open parkland)

Vegetation: Acer negundo, Sorbus spec.

Adjacent fungi: a lot of Psathyrella conopilus, Cyathus spec.

Surface soil: sand-humus-mixture

Substrate: wood chips

Colony expanse (horizontal): 50.6 m2

Colony expanse (vertical into the ground): 2 cm (restricted to the mulch layer)

Fruiting bodies: about 1300 pcs., unevenly distributed with a main group in the center, a bit dry 
and already senescent (2013), about 100 pcs., dry and small (2014)

Noticeable expansion within one year: rather recession, in 2014 maybe too dry for mass 
fructification or fruiting bodies removed by gardeners

Strains isolated: monokaryons by spore print, encoded as HHBot-3

Comments: 
-huge colony at a much-frequented place
-exposed location led to a drought stress situation in the warm October 2014 (compared to the 
shaded, humid and healthy colony 2 at the same day)



Hamburg-Botanischer Garten, colony 4

 
(19.10.14)

First suspected species: P. cyanescens

Date of visitation (weather): 19.10.14 (sunny and warm)
                                             
Location: Hamburg, university, botanical garden, mensa, patch (mulched)

Exposure: exposed (open parkland)

Vegetation: Buxus sempervirens, grass, weeds

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips

Colony expanse (horizontal): 4 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: about 60 pcs., distributed in small groups, mainly young ones, a bit dry

Noticeable expansion within one year: only found in 2014, probably new colony

Strains isolated: none

Comments: 
-in the future probably more colonies occuring in this botanical garden 
-gardening doesn´t seem to help long-dated, it rather benefits spreading



Hamburg-Ohlsdorf, colony 1

 
(05.11.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 05.11.13 (rainy night, 6°C, 
87%)
                                             
Location: Hamburg, Ohlsdorf, Bestattungsforum, parking place, patch (mulched)

Exposure: exposed (patch nearly empty)

Vegetation: Acer pseudoplatanus

Adjacent fungi: a lot of different Cyathus spec.

Surface soil: sand-humus-mixture

Substrate: wood and bark chips (pine indicated)

Colony expanse (horizontal): 0.08 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: 4 pcs., wet and healthy, adult

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as HHOhl-1

Comments: 
-maybe established by someone who visited the botanical garden before (spores at shoe or 
 something like that)
-all four Ohlsdorf-colonies at the same small parking place, but not directly connected (spore 
 dispersion)
-the giant graveyard behind would be a more comfortable habitat, but there no colonies found (yet)



Hamburg-Ohlsdorf, colony 2

 
(05.11.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 05.11.13 (rainy night, 7.3°C, 
78.5%)
                                             
Location: Hamburg, Ohlsdorf, Bestattungsforum, parking place, patch (mulched)

Exposure: slightly shaded (close to a hedge)

Vegetation: Carpinus betulus

Adjacent fungi: Cyathus spec., Hypholoma spec.

Surface soil: sand-humus-mixture

Substrate: wood and bark chips (pine indicated)

Colony expanse (horizontal): 0.2 m2

Colony expanse (vertical into the ground): 5 cm

Fruiting bodies: 51 pcs. in dense groups, wet and healthy, all stages

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryon by spore print, encoded as HHOhl-2

Comments: maybe the oldest of the four colonies



Hamburg-Ohlsdorf, colony 3

 
(05.11.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 05.11.13 (rainy night, 9.5°C, 
71%)
                                             
Location: Hamburg, Ohlsdorf, Bestattungsforum, parking place, patch (mulched)

Exposure: slightly shaded (close to a bush)

Vegetation: Rhododendron spec.

Adjacent fungi: Mycena spec.

Surface soil: sand-humus-mixture

Substrate: wood and bark chips (pine indicated)

Colony expanse (horizontal): 0.025 m2

Colony expanse (vertical into the ground): up to 7 cm into a mouse hole

Fruiting bodies: 13 pcs., most of them in one dense group, wet and healthy, all stages, unharmed

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as HHOhl-3

Comments: 
-only 5 m distance to HH-Ohl-2 
-mouse tunnel below......mice seem to be uninterested in P. cyanescens as food (effect of 
 psychoactive ingredients?)



Hamburg-Ohlsdorf, colony 4

 
(05.11.13)

First suspected species: P. cyanescens

Date of visitation (weather): 05.11.13 (rainy night)
                                             
Location: Hamburg, Ohlsdorf, Bestattungsforum, parking place, patch (mulched)

Exposure: exposed (only stipes covered by Hedera helix and leaves)

Vegetation: Hedera helix, Rhododendron spec.

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood and bark chips (pine indicated), Platanus litter

Colony expanse (horizontal): 0,09 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: 25 pcs., distributed in two dense groups, wet and very healthy, only old ones

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as HHOhl-4

Comments: 
-same patch as HH-Ohl-3, 10 m distance
-maybe better vitality than the other colonies because of the leaves accumulation (drought 
 protection)



Hohndorf

 
 (22.12.14)

First suspected species: P. bohemica, P. serbica or P. arcana

Date of visitation (weather, temperature): 22.12.14 (dull sky, 5°C, 70%)
                                             
Location: Saxony, Hohndorf, roadside, patch (mulched)

Exposure: medium exposed (under tree and Rosa)

Vegetation: Fraxinus excelsior, Rosa spec.

Adjacent fungi: none

Surface soil: humus

Substrate: mainly wood chips, litter

Colony expanse (horizontal): 2 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: about 150 pcs., partially very long stipes (when high leaves layer) and larger than 
a typical P. cyanescens, pileus rim often ripped, chubby, alkaloid coloration more greenish than 
bluish, seem dry, all stages 

Noticeable expansion within one year: only found in 2014

Strains isolated: none

Comments: 
-a conspicuous colony in the middle of a town, but not identified as Psilocybe by the citizens 
-morphologically the same fungus as in Dippoldiswalde and Johanngeorgenstadt
-still young fruiting bodies at the end of the year (long fructification period)

Specimen copy in GOET herbarium: AG 13



Johanngeorgenstadt

(photographic documentation forgotten that day)

First suspected species: P. bohemica, P. serbica or P. arcana

Date of visitation (weather, temperature, relative air humidity): 14.10.13 (dull sky but dry) 
                                             
Location: Sachsen, Johanngeorgenstadt (border to Czech Republic), graveyard

Exposure: slightly shaded (old Aesculus hippocastanum in 10 m distance)

Vegetation: Calluna vulgaris, Lamium galeobdolon

Adjacent fungi: Macrocystidia cucumis

Surface soil: humus

Substrate: litter

Colony expanse (horizontal): 0.075 m2

Colony expanse (vertical into the ground): 3 cm

Fruiting bodies: 7 pcs., loosely distributed, mainly young ones, pileus of the single old one ripped 
at the rim and blue-greenish colour spots on the upper surface

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as Erz-7

Comments: location 780 m above sea level



Karlsruhe

 
(15.11.14)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
27.10.13 (sunny, 17.8°C, 64%)
15.11.14 (changeable, 11.5°C, 75%)
                                             
Location: Baden-Württemberg, Karlsruhe, Schlosspark, forest edge (mulched) 

Exposure: main part shaded (under trees), partially exposed (meadow)

Vegetation: Taxus baccata, Picea abies, Pinus sylvestris, grass, Glechoma hederacea

Adjacent fungi: Psathyrella conopilus

Surface soil: humus

Substrate: mainly wood chips, litter

Colony expanse (horizontal): 30.4 m2  (2013), 57.5 m2 (2014)

Colony expanse (vertical into the ground): 9 cm (restricted to the partially thick mulch and litter 
layer)

Fruiting bodies: about 650 pcs., unevenly distributed with two main groups, a few small satellite-
groups on the meadow, healthy but a bit dry, all stages, only 10 pcs. already moulding (2013), about 
1000 pcs., distribution more evenly than in 2013, healthy, all stages (2014)

Noticeable expansion within one year: yes, the only colony with a verifiable expansion

Strains isolated: monokaryons by spore prints, encoded as KA-1

Comments: 
-the mulch layer is irregularly distributed and probably older than a few years 
-huge colony in a quiet corner of a much-frequented park

Specimen copy in GOET herbarium: AG 5



Leipzig-Machern

 
(04.10.14)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
04.10.14 (sunny and dry, 20°C, 50%)
29.11.14 (foggy, 2°C)
                                             
Location: Sachsen, Leipzig, Machern, Schlosspark, forest behind private garden

Exposure: shaded (beech forest)

Vegetation: Fagus sylvatica, Acer pseudoplatanus, Fraxinus excelsior, forest floor herbs

Adjacent fungi: none

Surface soil: humus

Substrate: forest litter, garden waste

Colony expanse (horizontal): 21 m2

Colony expanse (vertical into the ground): 7 cm

Fruiting bodies: 5 pcs. young and healthy (early October), about 300 pcs., unevenly distributed 
with one main group, exposed tall ones intensively blue stipes and pale-dry pilei, but the ones 
covered under leaves healthy, brownish and all stages (late November)

Noticeable expansion within one year: only visited in 2014

Strains isolated: dikaryon by fruiting body flesh, encoded as L-1

Comments: 
-example for colony development within one autumn
-interesting, how long the fructification period can last, when the colony is protected from frost 

Specimen copy in GOET herbarium: AG 2



München, colony 1

 
(20.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
20.10.13 (sunny and dry, 19°C, 47%)
08.11.14 (foggy)
                                             
Location: Bayern, München, Schloss Nymphenburg, botanical garden, meadow and small patch 
(mulched)

Exposure: exposed

Vegetation: Syringa spec., Taraxacum spec., Trifolium pratense, grass

Adjacent fungi: none

Surface soil: humus

Substrate: wood chips, litter, dead grass

Colony expanse (horizontal): 2.16 m2

Colony expanse (vertical into the ground): 4 cm (depending on the wood chips)

Fruiting bodies: 13 pcs., very loosely distributed, most of them solitary in the meadow (single 
wood chips), relatively small and a bit dry

Noticeable expansion within one year: not found again in 2014 (disappeared or removed by 
gardeners...not even mycelium left)

Strains isolated: monokaryons by spore prints, encoded as M-1

Comments: none



München, colony 2

 
(20.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
20.10.13 (sunny and dry, 16.5°C, 72%)
08.11.14 (foggy)
                                             
Location: Bayern, München, Schloss Nymphenburg, botanical garden, meadow and small patch 
(mulched)

Exposure: slightly shaded (surrounding trees)

Vegetation: Acer saccharum, grass

Adjacent fungi: none

Surface soil: humus

Substrate: wood chips, litter, dead grass

Colony expanse (horizontal): 3.04 m2

Colony expanse (vertical into the ground):  4 cm (depending on the wood chips)

Fruiting bodies: 112 pcs., healthy, a bit dry, all stages

Noticeable expansion within one year: no fruiting bodies found in 2014 (probably removed by 
gardeners), but mycelium still present

Strains isolated: monokaryons by spore prints, encoded as M-2

Comments: 
-very interesting that most basidiocarps developed in the transient area of mulch patch and meadow, 
 where the fungus benefits from both: the wood chips as well as the humidity between the grasses
-about 50 m distance to M-1



München, colony 3

 
(20.10.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 20.10.13 (sunny and dry, 
23.5°C, 51%)

Location: Bayern, München, Schloss Nymphenburg, botanical garden, meadow and small patch 
(mulched)

Exposure: exposed

Vegetation: Sorbus domestica, grass

Adjacent fungi: none

Surface soil: humus

Substrate: wood chips, litter, dead grass

Colony expanse (horizontal): 0.83 m2

Colony expanse (vertical into the ground):  3 cm (depending on the wood chips)

Fruiting bodies: 8 pcs., healthy, a bit dry, only young ones

Noticeable expansion within one year: not visitable in 2014, "no trespassing!"-area because of 
maintenance works

Strains isolated: none

Comments: about 200 m distance to M-2



Oldenburg

 
(06.11.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
06.11.13 (rainy night, 7.5°C, 82%)
12.10.14

Location: Niedersachsen, Oldenburg, botanical garden, meadow next to a mulched patch

Exposure: slightly shaded (Hippophae bush)

Vegetation: Hippophae rhamnoides, Corylus avellana, Lamium galeobdolon, grass

Adjacent fungi: Coprinopsis cinerea, Russula xerampelina, Macrocystidia cucumis

Surface soil: humus

Substrate: two wood chips and a little bit dead grass

Colony expanse (horizontal): 0.0016 m2

Colony expanse (vertical into the ground):  1 cm (depending on the wood chips)

Fruiting bodies: 1 pc., old, wet, strongly eroded 

Noticeable expansion within one year: not found again in 2014

Strain isolated: monokaryon by spore print, encoded as OL-1

Comments: other fruit bodies probably removed by gardeners



Potsdam-Drachenberg, colony 1

 
(10.11.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 10.11.13 (dull sky, 10°C, 
64.5%)

Location: Brandenburg, Potsdam, Park Sanssouci, Drachenberg, spruce plantation (mulched)

Exposure: medium shaded (under small spruces, surrounded by big spruces)

Vegetation: Picea abies, Abies alba, Aegopodium podagraria, Chelidonium majus, Urtica dioica

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips

Colony expanse (horizontal): 210 m2 (half of the plantation visibly infested)

Colony expanse (vertical into the ground): 19 cm (restricted to the thick mulch layer)

Fruiting bodies: countless, maybe about 5000 pcs., unevenly distributed in 12 connected 
subcolonies, very healthy, all stages but mainly old and senescent

Noticeable expansion within one year: only visited in 2013

Strain isolated: monokaryon by spore print, encoded as PD-1

Comments: 
-healthiest and biggest colony of the field investigations 2013/14
-success based on a thick (humidity keeping) mulch layer and rarely frequented locality (only for 
 university staff)
-straight horizontal delimitation at the north side (probably connected to the spruce screen)



Potsdam-Drachenberg, colony 2

 
(10.11.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 10.11.13 (dull sky, 8°C, 78%)

Location: Brandenburg, Potsdam, Park Sanssouci, Drachenberg, path (mulched)

Exposure: exposed

Vegetation: different herbs

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips

Colony expanse (horizontal): 2.03 m2

Colony expanse (vertical into the ground): 3 cm (restricted to the mulch layer)

Fruiting bodies: about 105 pcs., cramped at the border stones because of trampling and drought in 
the middle of the path, distributed in two connected subcolonies, mainly old ones, a bit dry and 
strongly eroded (probably by snails)

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as PD-2

Comments: 
-about 70 m distance to PD-1



Potsdam-Ruinen

 
(10.11.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 10.11.13 (dull sky, 9.5°C, 65%)

Location: Brandenburg, Potsdam, Park Sanssouci, Ruinenberg, forest path

Exposure: shaded (beech forest)

Vegetation: Fagus sylvatica, Acer platanoides, Tilia cordata, Hedera helix

Adjacent fungi: none

Surface soil: sand-humus-mixture

Substrate: wood chips, forest litter

Colony expanse (horizontal): 10 m2

Colony expanse (vertical into the ground): up to 10 cm

Fruiting bodies: about 300 pcs., evenly distributed, mainly young ones, seem to stagnate (often 
black primordia pilei and not much adult ones) compared to the P-Drachen-colonies or later 
fructification period

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore print, encoded as PR-1

Comments: 
-although this colony is situated on the forest floor, it mainly grows on a heap of wood chips 
 below the leaves...so the colony was probably established by this garden waste
-maybe later fructification period than PD because of the forest climate and leaves cover



Schwerin

 
(24.10.13)

First suspected species: P. cyanescens

Date of visitation (weather, temperature, relative air humidity): 
24.10.13 (sunny and dry, 8.5°C, 67%)
26.10.14 (yesterday rainy, 18.5°C, 56%)

Location: Mecklenburg-Vorpommern, Schwerin, zoo, patch (mulched) in front of the gibbon cage

Exposure: medium shaded (between street and bamboo bushes)

Vegetation: Bambusa spec., Metasequoia glyptostroboides, Equisetum spec.

Adjacent fungi: Russula xerampelina, Psathyrella conopilus

Surface soil: sand-humus-mixture

Substrate: wood and bark chips (birch identified)

Colony expanse (horizontal): 7.02 m2

Colony expanse (vertical into the ground): 2 cm (restricted to the mulch layer)

Fruiting bodies: 327 pcs., distributed in two dense main-groups and six small satellite-colonies, 
healthy, mainly old ones (2013), only 40 pcs. found, seem unhealthy, large ones removed (2014)

Noticeable expansion within one year: rather recession because of human intervention

Strains isolated: monokaryons by spore prints, encoded as SN-1

Comments: 
-evidences for human intervention (scrabbled ground), probably by gardeners because the visitation 
 in 2013 caught too much attention 
-just like F-1 and F-2 a good example of a thread for the society (a lot of children passing by)

Specimen copy in GOET herbarium: AG 6



Simbach a.I.

   
(19.10.13)

First suspected species: P. cyanescens, P. serbica, P. bohemica or P. arcana (confusing variety)

Date of visitation (weather, temperature, relative air humidity): 19.10.13 (sunny, 14.5°C, 68%)

Location: Bayern, Simbach a.I., forest, garden waste and forest floor

Exposure: shaded (beech forest)

Vegetation: Fagus sylvatica, Picea abies, Quercus robur, Carpinus betulus, Acer pseudoplatanus

Adjacent fungi: Coprinopsis cinerea

Surface soil: humus

Substrate: wet bottom of the litter layer and brushwood (leaves, twigs, small wood chips)

Colony expanse (horizontal): 21.27 m2 

Colony expanse (vertical into the ground): 4 cm

Fruiting bodies: 158 pcs., unevenly distributed in small groups, healthy but a bit dry, all stages

Noticeable expansion within one year: only visited in 2013

Strains isolated: monokaryons by spore prints, encoded as PAN-1

Comments: starting from the brushwood (garden waste) this colony is spreading into the forest



Wiesenbad, colony 1

 
(04.10.14)

First suspected species: P. moravica var. sternberkiana (reminded in figure 12 of Borovička 2008)

Dates of visitation (weather, temperature, relative air humidity): 
12.10.13 (rainy, 10.5°C, 86%)
04.10.14 (sunny, 8.1°C, 71%)

Location: Sachsen, Thermalbad Wiesenbad, Kurpark, bush (mulched)

Exposure: mainly shaded under high bush, partially exposed on meadow

Vegetation: undefined bush, Urtica dioica, grass

Adjacent fungi: Macrocystidia cucumis, Xylaria spec.

Surface soil: humus

Substrate: mainly wood chips, litter

Colony expanse (horizontal): 24 m2

Colony expanse (vertical into the ground): 8 cm (restricted to the thick mulch layer)

Fruiting bodies: about 450 pcs., evenly distributed, wet and healthy, pilei too small and stipes too 
short for a P. cyanescens, alkaloid coloration often more greenish than bluish

Noticeable expansion within one year: none

Strain isolated: dikaryon by fruiting body flesh, encoded as Erz-1

Comments: 
-all three Wiesenbad-colonies closely together, bot not directly connected by hyphal cords
-location 520 m above sea level



Wiesenbad, colony 2

 
                                            (04.10.14)                                                                                           (12.10.13)

First suspected species: P. moravica var. sternberkiana (reminded in figure 12 of Borovička 2008)

Dates of visitation (weather, temperature, relative air humidity): 
12.10.13 (rainy, 10.3°C, 87%)
04.10.14 (sunny)

Location: Sachsen, Thermalbad Wiesenbad, Kurpark, bush (mulched)

Exposure: shaded (in dense bush)

Vegetation: Spiraea spec., grass

Adjacent fungi: none

Surface soil: humus

Substrate: wood chips

Colony expanse (horizontal): 1.5 m2

Colony expanse (vertical into the ground): 6 cm (restricted to the thick mulch layer)

Fruiting bodies: about 300 pcs., evenly distributed in one dense group, wet and healthy, pilei too 
small and stipes too short for a P. cyanescens

Noticeable expansion within one year: none

Strains isolated: none

Comments: only 1.5 m distance to colony 1, but no mycelium found in the intermediate meadow 
part

Specimen copy in GOET herbarium: AG 1



Wiesenbad, colony 3

 
                                            (04.10.14)                                                                                           (12.10.13)

First suspected species: P. moravica var. sternberkiana (reminded in figure 12 of Borovička 2008)

Dates of visitation (weather, temperature, relative air humidity): 
12.10.13 (rainy, 10.4°C, 87%)
04.10.14 (sunny)

Location: Sachsen, Thermalbad Wiesenbad, Kurpark, bush (mulched)

Exposure: mainly shaded in dense bush, partially exposed

Vegetation: Spiraea spec.

Adjacent fungi: none

Surface soil: humus

Substrate: wood chips

Colony expanse (horizontal): 3.4 m2

Colony expanse (vertical into the ground): 8 cm (restricted to the thick mulch layer)

Fruiting bodies: about 100 pcs., evenly distributed in one dense group, wet and healthy, pilei too 
small and stipes too short for a P. cyanescens

Noticeable expansion within one year: none

Strains isolated: none

Comments: separated from colony 1 and 2 by path (spore dispersion)



Zöblitz, colony 1

 
                                            (13.10.13)                                                                                           (04.10.14)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
13.10.13 (partly cloudy and dry, 11.2°C, 54%)
04.10.14 (dull sky and dry, 12.3°C, 73%)

Location: Sachsen, Zöblitz, graveyard, patch (mulched)

Exposure: medium shaded (between repent Juniperus)

Vegetation: Juniperus spec.

Adjacent fungi: none

Surface soil: humus

Substrate: wood and bark chips (spruce identified)

Colony expanse (horizontal): 2.55 m2

Colony expanse (vertical into the ground): 8 cm (restricted to the thick mulch layer)

Fruiting bodies: 19 pcs., unevenly distributed in groups, already mainly old ones (early October!), 
in 2014 strongly eroded by snails

Noticeable expansion within one year: none, overseen by gardeners in 2014

Strains isolated: monokaryons by spore prints, encoded as Erz-4

Comments: 
-all three Zöblitz-colonies in the same small graveyard
-proof-photo of eroding snail
-location 600 m above sea level --> P. cyanescens can survive in montane regions
-maybe shorter fructification period because of the cold location (the graveyard is very exposed to 
 wind)



Zöblitz, colony 2

 
(13.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
13.10.13 (partly cloudy and dry, 11.8°C, 56%)
04.10.14 (dull sky and dry)

Location: Sachsen, Zöblitz, graveyard, patch (mulched)

Exposure: medium shaded (between repent Juniperus)

Vegetation: Juniperus spec., Taxus baccata

Adjacent fungi: none

Surface soil: humus

Substrate: wood and bark chips (spruce identified)

Colony expanse (horizontal): 0.65 m2

Colony expanse (vertical into the ground): 9 cm (restricted to the thick mulch layer)

Fruiting bodies: 38 pcs., unevenly distributed in one group, healthy but some a bit dry, all stages, 
mainly old ones

Noticeable expansion within one year: not found again in 2014, probably removed by gardeners

Strains isolated: monokaryons by spore prints, encoded as Erz-5

Comments: the field investigations in 2013 caught the attention of the citizens

Specimen copy in GOET herbarium: AG 17



Zöblitz, colony 3

 
(13.10.13)

First suspected species: P. cyanescens

Dates of visitation (weather, temperature, relative air humidity): 
13.10.13 (partly cloudy and dry, 13°C, 47%)
04.10.14 (dull sky and dry)

Location: Sachsen, Zöblitz, graveyard, patch (mulched)

Exposure: shaded (between house, wall, small trees and high bushes)

Vegetation: Tilia spec., Pinus mugo, Taxus baccata, Syringa vulgaris, Rhododendron spec.

Adjacent fungi: Coprinopsis cinerea

Surface soil: humus

Substrate: wood and bark chips (spruce identified)

Colony expanse (horizontal): 1.95 m2

Colony expanse (vertical into the ground): 8 cm (restricted to the thick mulch layer)

Fruiting bodies: about 170 pcs., unevenly distributed in dense groups, from inside to outside 
younger, all stages but mainly old ones and already senescent (intensively blue stipes, blackish 
pilei) in October, very large and healthy

Noticeable expansion within one year: not found again in 2014, obviously completely removed 
by gardeners (even mulch exchanged)

Strains isolated: monokaryons by spore prints, encoded as Erz-6

Comments: 
-seemed to be the mother colony of the others
-interesting, how early the fructification happens up here compared to flatland-colonies



Appendix II
Strain list



Strain list continued



Strain list continued



Strain list continued



Strain list continued



Appendix III
Culture photos (2% MEA)

(up to 3 representative strains per location or mating issue)

Bad Düben (P. cyanescens, GER)

     
            BaDü-1-1 Mono 5                        BaDü-1-2 Mono 3                       BaDü-1-3 Mono 6

Berlin (P. cyanescens, GER)

     
               B-1-1 Mono 9                               B-1-2 Mono 7                            B-1-2 Dik 5 x 15
     

Bielefeld (P. cyanescens, GER)

BI-1-1 Dik 1



Bochum (P. cyanescens, GER)

  
                                        BO-1-1 Mono 2                              BO-1-2 Dik 1

Bremen-Osterholz (P. cyanescens, GER)

    
            HBO-1-1 Mono 5                         HBO-1-1 Mono 6                           HBO-2-1 Dik 1

Bremen-Rhododendronpark (P. cyanescens, GER)

    
            HBR-1-1 Mono 6                         HBR-1-1 Mono 9                         HBR-1-1 Dik 4 x 11

Chemnitz (P. cyanescens, GER)

    
              C-1-2 Mono 2                              C-1-2 Mono 31                           C-1-2 Dik 15 x 21



Dissen (P. cyanescens, GER)

     
            Diss-1-1 Mono 1                          Diss-3-2 Mono 16                           Diss-5-1 Dik 1

Frankfurt a.M. (P. cyanescens, GER)

     
               F-2-2 Mono 2                               F-2-2 Mono 3                               F-2-2 Mono 4

Hamburg-Botanischer Garten (P. cyanescens, GER)

    
         HHBot-1-1 Mono 17                     HHBot-3-1 Mono 7                     HHBot-3-1 Mono 13   

Hamburg-Ohlsdorf (P. cyanescens, GER)

    
         HHOhl-1-1 Mono 16                    HHOhl-2-1 Mono 9                      HHOhl-4-1 Mono 2



Karlsruhe (P. cyanescens, GER)

     
            KA-1-2 Mono 27                          KA-1-3 Mono 16                          KA-1-4 Mono 3

Leipzig-Machern (P. cyanescens, GER)

L-1-1 Dik 1

München (P. cyanescens, GER)

    
            M-1-2 Mono 7                                M-1-2 Dik 1                                M-2-2 Mono 20

Oldenburg (P. cyanescens, GER)

OL-1-1 Mono 9



Potsdam-Drachenberg (P. cyanescens, GER)

     
             PD-2-1 Mono 4                            PD-2-1 Mono 8                             PD-2-1 Mono 9

Potsdam-Ruinen (P. cyanescens, GER)

     
             PR-1-1 Mono 1                             PR-1-1 Mono 9                            PR-1-1 Mono 16

Schwerin (P. cyanescens, GER)

    
              SN-1-1 Mono 4                           SN-1-3 Mono 15                        SN-1-3 Dik 11 x 13

Zöblitz (P. cyanescens, GER)

    
             Erz-4-2 Mono 14                         Erz-4-2 Mono 30                         Erz-4-2 Dik 2 x 25



Interregional crossbreeds (P. cyanescens, GER)

     
    C-1-2 Mono 15 x Erz-4-2 Mono 2 Dik         SN-1-3 Mono 10 x KA-1-2 Mono 9 Dik       Diss-3-2 Mono 5 x BO-1-1 Mono 2 Dik

Krummbachtal (P. azurescens, GER)

LB-1-1 Dik 1

Dippoldiswalde (P. serbica, GER)

DW-1-1 Dik 1

Johanngeorgenstadt (P. serbica, GER)

     
              Erz-7-3 Mono 5                            Erz-7-3 Mono 6                           Erz-7-3 Mono 8



Simbach a.I. (P. serbica, GER)

     
            PAN-1-5 Mono 20                     PAN-1-5 Dik 19 x 15                   PAN-1-5 Dik 19 x 18

Wiesenbad (P. serbica, GER)

Erz-1-1 Dik 1

Clausthal-Zellerfeld (P. semilanceata, GER)

CZ-1-1 Mono 15

Derbyshire (P. cyanescens, UK)

    
           Derbyshire Mono 1                      Derbyshire Mono 2                       Derbyshire Mono 3



Albany (P. cyanescens, USA)

     
         Oregon coast Mono 1                   Oregon coast Mono 2                   Oregon coast Mono 3

Bellingham (P. cyanescens, USA)

     
           Bellingham Mono 2                     Bellingham Mono 3                     Bellingham Mono 4

Eugene (P. cyanescens, USA)

    
            Eugene-1 Mono 2                         Eugene-1 Mono 3                        Eugene-2 Mono 1

Lakewood (P. cyanescens, USA)

    
           Lakewood Mono 2                        Lakewood Mono 6                      Lakewood Mono 10



Portland (P. cyanescens, USA)

    
           Mt. Tabor Mono 5                       Mt. Tabor Mono 6                       Mt. Tabor Mono 10

Seattle (P. cyanescens, USA)

  
                                 Tiger Mt. Mono 2                         Tiger Mt. Mono 3

Tacoma (P. cyanescens, USA)

    
              Tacoma Mono 3                           Tacoma Mono 4                           Tacoma Mono 6

Astoria (P. azurescens, USA)

    
              Astoria Mono 1                              Astoria Dik 1                                 Astoria Dik 2



Lacey (P. azurescens, USA)

     
               Lacey Mono 5                              Lacey Mono 7                              Lacey Mono 8

Albany (P. allenii, USA)

  
                                        Oregon Mono 3                            Oregon Mono 4

Interspecific crossbreeds (P. allenii x P. azurescens, USA)

      
      Oregon Mono 3 x Lacey Mono 1 Dik           Oregon Mono 3 x Lacey Mono 2 Dik            Oregon Mono 3 x Lacey Mono 6 Dik

Intercontinental and interspecific crossbreeds (GER x USA)

    
 Diss-3-2 Mono 5 x Eugene-1 Mono 10 Dik         Diss-3-2 Mono 2 x Lacey Mono 9             Diss-3-2 Mono 6 x Oregon Mono 4 Dik



Appendix IV
Fig. 17 as line graph



Appendix V
Substandard but interesting microphotos

V.I. Acanthocyte, P. serbica strain Erz-7-3 Mono 6 on 2% MEA, size bar: 10 µm.

V.II. Cheilocystidia, P. cyanescens from Bersenbrück, size bar: 10 µm.

V.III. DAPI-stained accumulation of conidiophores in aerial mycelium, 
P. cyanescens strain BaDü-1-3 Mono 6.

 



V.IV. Conidia under transmitted light (left) and DAPI-stained under UV light (right). P. cyanescens strain KA-1-4 Mono 6. 
Cell penetration by DAPI only worked partially. Arrows: Exemplary conidia with one nucleus.

V.V. Mold isolated on 2% MEA from a P. serbica substrate sample (Simbach a.I.),
probably Rhizopus spec.

V.VI. Pseudoclamp aggregation in the contact zone of a monokaryon and a dikaryon.
P. azurescens. Mating experiment Lacey Mono 8 x Astoria Dik 2. Size bar: 10 µm. Dirty lens.



Appendix VI
Conidia sizes compared by significances

Diameter

Length



Appendix VII
Pseudoclamps found in the contact zone between

Diss-3-2 Mono 2 and Mono 6
(bad photo quality, sry)

     

     



Appendix VIII
Sequences of ITS2 from GenBank (01.04.16)

Yellow: in the originial assigned to 5.8S rRNA or 28S rRNA
Blue: difference to P. cyanescens
Green: difference between P. azurescens and P. allenii

Comments:
-Ramirez-Cruz et al. (2013) probably analysed a P. azurescens instead of a P. cyanescens
-codes: R=A or G, Y=C or T, M=C or A, N=totally unsure
-assumed differences (number of bps): cya-azur: 4, cya-all: 3, azur-all: 1

P. cyanescens

>CYA--NR_111478        (Borov et al. 2011)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTCTTTTGCCGGCTTCTC
TCGAGATGTCAGCTCCCCTTAAATGTATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>CYA--GU565176           (Borov et al. 2011)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTCTTTTGCCGGCTTCTC
TCGAGATGTCAGCTCCCCTTAAATGTATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>CYA--HE994444          (Borov, Rockefeller, Werner 2012)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTCTTTTGCCGGCTTCTC
TCGAGATGTCAGCTCCCCTTAAATGTATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>CYA--LN714596           (Vetrovsky, Kolarik, Zifcakova, Zelenka, Baldrian 2016)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTCTTTTGCCGGCTTCTC
TCGAGATGTCAGCTCCCCTTAAATGTATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>CYA--KJ137276            (Matheny, Vizzini, Moreau, Harrower, de Haan 2006)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTCTTTTGCCGGCTTCTC
TCGAGATGTCAGCTCCCCTTAAATGTATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>CYA--KC669285            (Ramirez-Cruz et al. 2013)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTATTTTGCCGGCTTCTC
TTGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTCATTCGGACAGCAC
ATAATGACAAT



P. azurescens

>AZU--GU565174                 (Borovicka et al 2011)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTRTTTTGCCGGCTTCTC
TYGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATT
ATCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTCATTCGGACAGCA
CATAATGACAAT

>AZU--GU565173                 (Borovicka et al 2011)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTMTTTTGCCGGCTTCT
CTYGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAAT
TATCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTCATTCGGACAGCA
CATAATGACAAT

….in the internet forum "shroomery.com" Alan Rockefeller revised the P. azurescens sequence as 
follows: Y=C, R=G, M=C

P. allenii

>ALL--NR_119821               (Borovicka, Rockefeller, Werner 2012)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTATTTTGCCGGCTTCTC
TTGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>ALL--HE994440               (Borovicka, Rockefeller, Werner 2012)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTATTTTGCCGGCTTCTC
TTGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>ALL—HE994441              (Borovicka, Rockefeller, Werner 2012)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTATTTTGCCGGCTTCTC
TTGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>ALL--HE994450                 (Borovicka, Rockefeller, Werner 2012)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTATTTTGCCGGCTTCTC
TTGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT

>ALL--HE994448                  (Borovicka, Rockefeller, Werner 2012)
AATTCTCAACCTTACCAGCTTTTGTTAGCTTGTGTAATGGCTTGGACTTGGGGGTATTTTGCCGGCTTCTC
TTGAGATGTCAGCTCCCCTTAAATGCATTAGCCGGCTGCCCGCTGTGGACCGTCTATTGGTGTGATAATTA
TCTACGCCGTGGACGTCTGCTCTCAATGGGTTGAAGCTGCTTCTAACCGTCCGTTTATTCGGACAGCACA
TAATGACAAT



Appendix IX
NanoDrop-1000 measurements of extracted DNA 

-DNA/proteins (260/280): 1.97-2.23 (mean=2.12)
-DNA/secondary metabolites (260/230): 1.82-2.53 (mean=2.27)

DNA concentrations of the 23 extracted strains. 1-12: dikaryons, 13-23: monokaryons.

Appendix X
Agarose gel electrophoreses ITS4-gITS7

-amplicons before purification
-5 repetitions + 1 negative control per strain
-25 µl loaded
-photos by digicam at UV-light

Gel 1: Strains 1 to 11, 80 V for 20 min, M: Marker Top-Bio 200-1500, F: Fault by accidently also adding DNA to the 
negative control before PCR



Gel 2: Strains 12 to 22, 80 V for 20 min, M: Marker Top-Bio 200-1500

Gel 3: Strains 22 to 23, 80 V for 20 min, M: Marker Top-Bio 200-1500



Appendix XI
Comparison OTUs with Appendix VIII

Neighbour-Joining dendrogram of ITS2, based on 1000 bootstrap replicates.

Comments:

-OTU1 = P. cyanescens of Borovicka et al., Vetrovsky et al. and Matheny et al.

-OTU2 = P. azurescens of Borovicka et al. and P. cyanescens of Ramirez-Cruz et al.

-OTU3 = a new/heretofore unknown P. azurescens genotype



Appendix XII
AFLP data

0/1-codes and Simple Matching distance matrices
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