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Magic mushrooms are fungi that produce psilocybin, an entheogen with long-term cultural use and a 

Australasia is the centre of origin of wood-degrading magic 

these mushrooms in the Northern Hemisphere. 

Mushrooms ( , ) disperse large 

 et 
al. 2010, Branco et al. 2017, Dabao Sun et al.

for gametes to fuse, or bipolar, controlled at one locus (Coelho
et al.

 et al. 2013, van Diepen
et al.

 et al.
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Fig. 1. Phenotypic diversity of 
A. Ellendale, Tasmania. B. Dover, Tasmania. C.

 Ellendale, Tasmania. E. Victoria (image courtesy of T. Coolhaas). F. G. H. Ellendale, 
Tasmania. I. J. Victoria (image courtesy of T. Coolhaas). K. Victoria. L.
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 (Peterson & Hughes 
1999).

Mushrooms that produce psilocybin, magic mushrooms, 
occupy diverse environmental niches as saprotrophs that 

due to oligomers of psilocin that form when psilocybin is 
 et 

al.
to serotonin receptors, which are the targets hypothesised to 

(Reynolds et al. 2018). The etymology behind epithets of wood-
degrading magic mushrooms, e.g., , ,
and

of psilocybin (Gotvaldová et al. 2022). 

 et al.
2024). The Oregon Psilocybin Advisory Board discouraged 

during a psilocybin experience (Abbas et al. 2021). The cause 
 et al. 2022). 

et al. (2022) and McTaggart et al. (2023a) showed psiH,
a gene in the psilocybin pathway that converts tryptamine into 

 et al. 2017), is duplicated with 
up to three homologs in wood-degrading species of ,
compared to a single copy in . McTaggart et al.

et al. (2022) suggested the symptoms are 

from Australia ( ), New Zealand 
(  and ), and the Northern Hemisphere (P. 
allenii, , and  et al. 2011, 
Gotvaldová et al. 2022). Taxa in the species

diversity of in Australia encompasses 
phenotypes of taxa described in the Northern Hemisphere (Fig. 
1). and behave as invasive taxa 
in the Northern Hemisphere, occurring in planted garden beds 
rather than undisturbed ecosystems, un-recorded before the 

 et al. 2012), and 

northernmost extent to Tasmania, South Australia, and Western 
across 

shapes the genes in the psilocybin pathway. To do so, we used 

reference sequences of and to test 

geographic boundaries and
centre of origin of wood-degrading species of .

We cultured single basidiospores on malt extract agar from spore 
prints of 

South Australia, Tasmania, and Victoria (Australia, Fig. 2A). 
Sampled spore prints were non-uniform, with some received as 

from the same pileus, are listed in Table S1. Cultures are lodged 

to the Australian Genome Research Facility (AGRF, Brisbane, 

AGRF prepared a Nextera Flex 150PE library that was sequenced 

sequenced and assembled from Australia in the current study 
are provided in Table S1.

0.12 (Bolger et al. 2014) and assembled with SPAdes v. 3.12.0 
 et al. 2012). Assembled genomes are accessioned in 

used to annotate all examined genomes using protein models 
from the annotated reference assembly (Reynolds
et al. 2018), BUSCO models for , and Augustus 
models from  et al. 2008). 

 et al. 2015), from 81 genomes of P. 

study (McTaggart et al. 2023a), two genomes of 
 et al.  et al. 2022), and a genome of P. 
 (Reynolds et al.  et al.

2

individuals were visualised using non-pruned SNP data with a 
neighbour net in SplitsTree v. 4.14.8 (Huson & Bryant 2005). 

We used Discriminant Analysis of Principal Components 

in
Australia and the Northern Hemisphere (Jombart et al. 2010). 

2008), and ggplot2 implemented in R (R_Core_Team 2014) were 
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and plot results (ggplot2).
We used the 

 et al.

heat map using in R (R_Core_Team 2014) with code 

et al.

SplitsTree. 

et al.

genes and HD genes (HD1 and ) at pheromone/receptor 
(PR) and homeodomain (HD) loci, were aligned with MAFFT, 

v. 2 (Minh et al. 2020) with a model test (command -m TEST), 

 et al. 2013).

21) to increase the number of SNPs called across these shorter 
 et al. 2011) was used to 

determine FST

ST,

10 000 and 3 500 base pair windows using ggplot2 in R.

psilocybin gene cluster and BLASTp was used to search 
annotated assemblies based on genes in the psilocybin pathway 

 (Reynolds et al.
2018). Amino acid sequences of psilocybin genes annotated 
by FunAnnotate, including psiD, psiM, , psiH (paralog 1), 
psiT1, psiH (paralog 2), psiK, psiR were aligned with MAFFT and 
the homology of the psiH 

of these same genes in the psilocybin pathway were aligned 

with MAFFT, concatenated with FASconCAT-G, and visualised 
with a neighbour net in SplitsTree. FST

We used exonerate (Slater & Birney 2005) for targeted 
psiH genes to avoid errors from automated 

open reading frames. We aligned all paralogs and orthologs 
of the psiH family with MAFFT and searched for a maximum 

psilocybin locus. 

using a BLASTn search against the mitochondrial genome 
(NW_025952838) of the reference assembly 

et al. 2021). SNPs were called from all mitochondrial 

used to call SNPs from the mitochondrial genome to increase 

data.

genomes using the top hit with a BLASTn search of the type 
sequence of 
et al. 2011) (command )

P. allenii, , P. 
, , , and

were 

with  (Bradshaw et al. 2022). We searched for the 

and

A

We included 86 haplotypes from at least 28 separate mushrooms 

not associated with a single pileus. Our sampling covered 12 
sites in eastern Australia (Fig. 2A) and included two reference 
genomes of 

 from the 

SNPs, which was a subset that excluded all sites that contained 
indels or missing data (Fig. 2B, C). Mixed ancestry within sites 

and
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clustered with in 2D plots (Fig. 2B) and had 

P. 

1 555 848 LD-corrected SNPs, including indels (Fig. 2D), and 
194 aligned protein coding genes (76 076 amino acids, Fig. S1) 

genes were congruent. and

 et al.

observed relatedness suggests that haplotypes in clusters 

Tasmania.

of SNPs and genes show that is structured 

geographic boundaries, for example, samples east of the Great 
Dividing Range (which divides the eastern coast of Australia), 

and central Victoria. Full sib haplotypes sampled from one spore 

concatenated  genes at the pheromone/receptor (PR) 
locus and HD1 and genes at the homeodomain locus (HD) 

high diversity given that many samples are siblings. Alleles at 
PR and HD loci were rarely shared among geographically distant 

Crosses between one haploid culture from the Bunya 

could produce mushrooms;

produced and form viable spores.

We used FST

ST was 

were removed (mean FST
mean FST sans South Australian, Tasmanian, 

ST supports 

of
from each other than from the South Australia, Tasmanian, and 

for these two regions (Fig. 4B, E) and was generally low (< 0.2) 

P. 
by comparing aligned, concatenated coding 

psiH gene family (Fig. S3). There were 

psiD 
10, psiK psiM psiR psiT1 psiH1 

coding sequences of psiD, psiK, psiM, psiT1, , psiR and
two paralogs of psiH (psiH1 and ) show that genotypes 

e.g., the 

Shelley sharing three genotypes.
We calculated FST

D index across coding sequence of the psilocybin locus as 

ST did not vary in 
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Fig. 4. P. 
. A–C. Homeodomain (HD) locus (826 289 base pairs).  Pheromone/receptor (PR) locus (122 582 base pairs). A. FST

ST ST

ST
B.

C.
base pair windows across the HD locus
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,
psiT1, and

 had the highest 

We examined gene diversity of the psiH family, annotated with 

psiH1, , and paralogs (Fig. 
S3A). psiH1 formed a strongly supported clade with short branch 
lengths. psiH1, and 
appears to have originated from psiH2. Alternate topologies in 

and
or ambiguity in the alignment and splice sites of pseudogenes. 
All but one ortholog of were considered pseudogenes, 
and only 29 of 76 isolates annotated for 

and

and P. 

in Australia, and 

P. subaeruginosa

type.
region with respect to P. allenii, , , P. 

, and
P. allenii, , and P. 

clustered with samples of from 
Australia, whereas and had unique 

,

to  (Bradshaw et al. 2022) and most sequences 

Fig. 6). These sequences of 

will impact development of natural medicines. Our results 
suggest that  originated in Australasia 

mitochondria and psilocybin loci, and high phenotypic diversity. 
Mushrooms in the species complex were 

weedy taxa, occurring in disturbed rather than natural areas 
 et al. 2012). 

by DAPC. We studied 86 haplotypes across eastern Australia, 

of and . Mushrooms collected from 

support that spreads as a saprotrophic invader 
of garden beds. Genotypes of 

contrasts with , in which genotypes are ephemeral, 

annual plants. 
is one taxon 

rather than a complex of species, supported by evidence from 

invasion event (Gladieux et al. 2015), as and
 share close ancestry with in

complex
. Taxonomic synonyms may be 

in
Europe. However, these taxa have an origin from Australia and 

. Dabao Sun et al. (2023) found 
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Fig. 5. A. psiD, psiK, psiM, psiT1, , psiR and
two paralogs of psiH (psiH1 and 

B. FST

ST C.

psiM, which used a 30-base pair window.
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Fig. 6. P. 
P. allenii, , , P. 

, and and ,
,

which
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Psilocybe cubensis OM276754

BRIP75301

Psilocybe cubensis OP862801

POZ14-1

BRIP74427

BRIP75308

90/–

95/–

100/100

100/100

n=24

n=23

n=3

n=6

n=34

n=2

n=5
n=1

n=1

n=1

n=1

n=6

n=2

n=2

n=3

n=34

n=124

n=2

n=2

n=1

n=1

n=1

n=1

P. subaeruginosa (Australia)

P. allenii (United States)

P. cyanescens (Europe, United States)
P. makarorae (New Zealand)

P. weraroa (New Zealand)
P. cubensis (Australia)
P. cubensis (cultivars/northern hemisphere)

P. azurescens (United States)

South Australia, Tasmania, Victoria
Clifton Hill, Geelong

Bunya Mountains
Ravensbourne

Shelley
Khancoban

GenBank sequencesAustralian populations

had complicated species boundaries because sympatric closely-
related species could be inter-sterile due to reinforcement 

the case of will be needed to determine if any 

Mushrooms produce copious spores that are wind dispersed 

(James et al. 2001, Geml et al. 2008, Li et al. 2020, Zhang et 
al. P. 

on mountain ranges in Australia, may add to 
evidence that mushrooms limited by their available habitat and 
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et al. (2010) found montane 
matsutake were isolated based 

Suillus

 et 
al.
here from haploid genomes, FST
to other taxa, yet, these values vary considerably across species 
of mushroom (Carriconde et al. 2008, Mi et al. 2016, Zhang
et al.

the temporal and geographic scale of the centre of origin.

dominant asexual stages generates near clones, in which clonal 

that maintains species cohesion (Taylor et al.

sites (van Diepen et al. 2013, Peris et al.
of

boundaries may be interrupted given that humans move soils 
and their accompanying microorganisms, and as shown by 
others (Vilgalys & Johnson 1987, Aanen et al.  et 
al. 2003, Moncalvo & Buchanan 2008, Menolli Jr et al. 2022) and 

in Australia, whether from 

psiH. Some haplotypes contained two 
psiH gene family (psiH1 

and ), whereas others contained one (psiH1). One isolate, 
psiH in the 

but a pseudogene in the 
at the base of the clade with several pseudogenes that 
are syntenic with . Analyses of FST

centre of origin of  may be a resource to 
McTaggart et al. (2023a) 

, however, with increased sampling, we show 

Humans have at least 14 types of serotonin receptors; 5-HT2A 

 et al. 1984, Lee & Roth 
2012, Madsen et al. 2019). The suite of tryptamines produced 
by magic mushrooms in the psilocybin pathway may have 

 et al. 2022). We put forward the hypothesis 
psiH may cause 

that agonises peripheral serotonin receptors, such as those 
 et al. 2013).

of origin of contrasts with low diversity in 
(McTaggart 

et al. 2023b).

origin of . Mitochondrial diversity and allelic diversity 

P. 
.

Our study shows that is a widespread 
and invasive mushroom with a centre of origin in Australia. 

determined and excluded for safe clinical use.

of

anonymous reviewers for their improvements to the manuscript.

Assembled genomes are available 

a company that grows magic mushrooms commercially.
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