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ecosystems are rarely documented, but
non-native mushrooms are often moved
to new regions via global trade.
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biodiversity as it invades. GOM has
spread rapidly in North America and will
continue expanding its range.
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SUMMARY

Earth’s biodiversity is in decline, and invasive species are among the greatest threats to local ecosystems.’
While the impacts of invasive plants, animals, and pathogens are increasingly well documented, the impacts
of invasive nonpathogenic microbes are not.2™* The golden oyster mushroom (GOM; Pleurotus citrinopileatus)
is a white-rot wood decay fungus and grows primarily on hardwoods.> GOM is a widely cultivated and prized
edible fungus native to eastern Asia. GOM was imported into North America in the early 2000s and is now sold
in popular mushroom-growing kits. GOM escaped into North American forests around 20107 and is now
rapidly expanding its range. We predicted GOM is changing fungal community composition and lowering spe-
cies richness in the wood it colonizes. We conducted a field survey of fungal communities from dead elm trees
in south-central Wisconsin, USA, and generated metabarcoding data to determine whether fungal commu-
nities and species richness differ when GOM is present. To contextualize GOM’s impacts, we used community
science observations of GOM in North America to map GOM’s range expansion and modeled its potential
future distribution. When GOM is present, fungal community composition significantly changes, and fungal
species richness significantly decreases. GOM has spread quickly and widely in just 8 years, and it is now
found in 25 states and 1 Canadian province. While GOM currently grows in middle and northeastern North
America, our model predicts climate change will make many other parts of the continent climatically suitable,

and GOM will likely continue its range expansion.

RESULTS

Survey data reveal which trees have GOM

To catalog the biodiversity of fungi in trees with or without golden
oyster mushrooms (GOMs; Pleurotus citrinopileatus Singer
[Agaricales, Basidiomycota]), we sampled 26 dead elm (Uimus
spp.) trees, 13 with GOM basidiocarps and 13 without GOM
basidiocarps (Figure 1). Wood shavings were sterilely drilled
from each of three different heights on each of the 26 trees,
resulting in 78 wood samples for metabarcoding. The resulting
data of the 78 wood samples were either analyzed independently
or combined by tree for a tree-level analysis. From this point
forward, we use the word “wood” to reference the data pro-
cessed as individual samples and “tree” to reference the data
combined by tree. The indexed metabarcoding samples gener-
ated a range of 16,274-146,889 (average 72,763) reads, repre-
senting 1-65 (average 13) operational taxonomic units (OTUs)°
per sample and encompassing 321 OTUs in total. We recovered
three (of three) species included in our positive biological mock
community, confirming the detectability of a subset of fungi we
predicted might be in our samples. We recovered 12 (of 12) of

our synthetic mock community (SynMock'°), confirming the ac-
curacy of our amplification protocols and bioinformatics
parameters.

Basidiocarps were an imperfect predictor of GOM absence.
Metabarcoding data revealed the presence of GOM in two
trees without GOM basidiocarps. Because fungi often exist
as mycelia hidden within substrates, our result is not surpris-
ing. In addition, one tree with GOM basidiocarps at its base
did not return any reads of GOM. Either the fungus had not
reached the heights we sampled, or the fungus was missed
in our drilling or molecular processing. Finally, seven of the
15 GOM trees were apparently not fully colonized by GOM.
In these trees, we only detected GOM in one or two of the
three sampled heights. Heights with GOM were different
among the seven trees. For example, one tree only had
GOM detected at a height of 0.3 m, while another tree only
had GOM detected at 2.7 m (Figure S1). We subsequently
defined a tree “with GOM” as a tree from which we found
GOM basidiocarps or detected DNA sequences matching
GOM. Using this definition, 15 of the 26 surveyed trees were
defined as trees with GOM. Although our sample size was
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Figure 1. Basidiocarps of invasive GOMs and sampling scheme
(A) Clusters of GOM growing abundantly along a standing dead snag.
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(B) GOM growing on both halves of a snapped dead elm, and trees with GOM are often broken. Note white spores on foliage under basidiocarps. Photographs by

Aishwarya Veerabahu.

(C) Schematic visualizing our field survey sampling methods and steps of the metabarcoding procedure.

limited to 26 trees, we still observed strong, statistically sup-
ported patterns.

Trees with GOM have fewer fungi and house different
fungal communities compared with trees without GOM
Trees with GOM hosted about half of the fungal species hosted
by trees without GOM (Figure 2A; Poisson generalized linear
model [GLM]; z value = 8.70, p < 0.001). The median number
of OTUs in trees with GOM was 22, and the median number of
OTUs in trees without GOM was 42. Wood with GOM had about
40% of the fungal species richness of wood without GOM
(Figure 2C; Poisson GLM; z value = 13.17, p < 0.001). The median
number of OTUs in wood with GOM was 6, and the median num-
ber of OTUs in wood without GOM was 22.

The fungal community compositions of trees with GOM
were significantly different from the fungal community compo-
sitions of trees without GOM (Figure 2B; adonis; r? = 0.242,
pseudo-F = 7.64, p = 0.0014), with no significant differ-
ences in multivariate dispersion (p = 0.994). In wood, differ-
ences in fungal community compositions were even more
apparent (Figure 2D; adonis; 2 = 0.455, pseudo-F = 63.52,
p < 0.001), and there were significant differences in

multivariate dispersion between wood with and without
GOM (betadisper; F = 17.491, p < 0.001). As validation, we
analyzed fungal community compositions after removing the
GOM OTU from the community data. Differences between
trees and wood with and without GOM remain significant (by
tree: adonis; r° = 0.137, pseudo-F = 3.80, p = 0.034; by
wood: adonis; r? = 0.140, pseudo-F = 11.71, p < 0.001).

The most frequently detected fungal OTUs in trees were
different when GOM was detected (Table S1). A multivariate
GLM revealed 31 fungal OTUs occurred significantly less
frequently in trees with GOM. The same analysis revealed 42
fungal OTUs occurred significantly less frequently in wood
with GOM. Fungal OTUs in wood with GOM showed de-
creases in relative prevalence up to 55% compared with
wood without GOM (Table S2). By contrast, three fungal
OTUs occurred significantly more frequently in wood with
GOM: Armillaria gallica (FJ744699, SH1057489.09FU), Blasto-
botrys farinosus (OL772661, SH1004482.09FU), and Hypo-
creales sp. (EF619703, SH0978047.09FU).

The ecological guilds of fungal communities also differed in
trees and wood with and without GOM. Many of the guilds
from trees and wood with GOM had fewer mean guild members
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Figure 2. Differences in native fungal richness and community composition in trees and wood with and without GOM

(A) Fungal richness by tree: boxplot of the difference in fungal species richness between trees with and without GOM (using operational taxonomic units [OTUs]
as a proxy for species). Trees with GOM had significantly lower fungal species richness than trees without GOM (Poisson GLM; z value = 8.70, p < 0.001).

(B) Community composition by tree: NMDS ordination of the difference in fungal communities between trees with and without GOM (stress = 0.120, k = 3), Raup-
Crick distance. The fungal communities are significantly different when GOM is present (adonis: r? = 0.242, pseudo-F = 7.64, p = 0.0014), with no significant
differences in multivariate dispersion (betadisper: p = 0.994).

(C) Species richness by wood: boxplot of the difference in fungal species richness between wood sections with and without GOM. Wood with GOM had
significantly lower fungal species richness than wood without GOM (Poisson GLM; z value = 13.17, p < 0.001).

(D) Community composition by wood: NMDS ordination of the difference in fungal communities between wood sections with and without GOM (stress = 0.140,
k = 3), Raup-Crick distance. The fungal communities are significantly different when GOM is present (adonis: r*> = 0.455, pseudo-F = 63.522, p < 0.001), with
significant differences in multivariate dispersion (betadisper; F = 17.491, p < 0.001).

For NMDS visualization of communities in wood sections from partially colonized trees, see Figure S1. For ecological guild analyses of these data, see Figure S2.
For listing of the most prevalent species in trees with vs. without GOM and species most affected by GOM, see Tables S1 and S2.

than those from trees and wood without GOM, especially the
saprotrophic guilds (Figure S2).

GOM has spread quickly and widely

As of December 31, 2023, community science observations
recorded GOM in 23 states in the USA and in Ontario, Canada
(Figure 3). In the iNaturalist® and MushroomObserver'! data-
bases, the earliest sightings of “escaped” GOM, i.e., unculti-
vated GOM growing in forests, are single observations in each
of the years 2013, 2014, and 2015. In 2013, the fungus was found
in Athens, New York; in 2014 in Madison, Wisconsin; and in 2015,
at an unspecified location in the state of Ohio (each of these
sightings is near the 42nd parallel, between 91°W and 73°W).
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The total number of North American GOM observations has
increased steadily per year since then, with only 5 observations
in 2016 building to 2,020 observations in 2023 (Figure 3). Using a
convex polygon to estimate range boundaries, the North Amer-
ican range is currently approximately 2 million km?, as of July
2025. GOM has spread in all directions from the sites where it
was originally recorded, and the fungus now spans a range be-
tween 29°N and 47°N and 69°W and 105°W in North America.

GOM may spread even further because of climate
change

A species distribution model (SDM) developed with curated
community science observations and North American climate
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Figure 3. GOM continues to expand its range

Maps of community science observations of GOM per year from iNaturalist
and MushroomObserver databases demonstrate the rapid spread of GOM
over time. Counts (orange dots) are per year, not cumulative. Color coding of
states (yellow = GOM present; white = GOM not present) is cumulative. The bar
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data predicts the fungus will be able to expand beyond its cur-
rent range under the warming climate. Currently uninvaded areas
in North America, including the Appalachian Mountain range, the
Great Plains region, and Alaska, have at least a 50% probability
of being climatically suitable for GOM (Figure 4). Our model per-
formed very well with an area under the receiver operating char-
acteristic (AUC) value of 0.961 with historical climate data and an
AUC of 0.919 with simulated future climate data. In our model,
the monthly minimum temperature variable had a 79% permuta-
tion importance, indicating how heavily the final model depends
on this single variable. The monthly precipitation variable had a
21% permutation importance. Per individual tests of variable
importance, we found monthly minimum temperature contained
the most unique information of all variables, decreased model
performance most when omitted, and contained the most useful
information on its own.

DISCUSSION

GOM appears to be a strong competitor with dramatic impacts
on fungal biodiversity, and our data document a commercially
traded mushroom rapidly proliferating and impacting native
communities after escaping cultivation and establishing in local
forests. Dead trees with GOM house significantly fewer fungal
species than dead trees without GOM, and the kinds of fungal
communities in trees with or without GOM are very different
from each other (Figure 2). We hypothesize the artificial selection
of traits desirable to the mushroom cultivation industry, including
fast growth, increased temperature tolerance, mold resistance,
abundant mushroom production, etc., contributes to the inva-
sive success of GOM.”'* Mechanisms mediating the drops in
species richness and changes in community composition may
include direct interference competition, indirect resource
competition,'® changes in the wood microhabitat and biochem-
istry mediated by GOM decay, '®"'® or a combination of drivers. If
they cannot grow elsewhere, outcompeted fungal individuals
(genets) may die,'° leading to local extinctions of wood-inhabit-
ing species, as well as their unique ecologies and the genetic di-
versity they carry.”®?"

Based on our knowledge of fungal biogeography and fungal
invasions in Wisconsin, we think the fungal communities we
sampled are largely made up of native species; however, we
identified one notable exception: Ophiostoma novo-ulmi, the
non-native causal agent of Dutch EIm disease. The most heavily
impacted native species in our survey (Table S2), Cerrena uni-
color, the “Mossy Maze Polypore,” is an efficient fungal pro-
ducer of therapeutically promising laccase enzymes®>?* and
can have complex symbiotic relationships with woodwasps.”**°
Another impacted species, Nemania serpens, has rich pharma-
ceutical potential because of its hyper-diverse secondary
metabolite gene clusters that differ even between individual iso-
lates.?® It was 41.4% less prevalent in wood with GOM. Another
native GOM-affected fungus in our study, Hypsizygus ulmarius,

chart at bottom right shows the increasing number of observations reported
each year, non-cumulative. We manually curated each community science
observation and excluded observations that were not GOM or were obser-
vations of cultivated (not naturalized) GOM. To compare with observations of
GOM in its native range, see Figure S3.

Current Biology 35, 3994-4002, August 18, 2025 3997
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Figure 4. Models of climatically suitable habitat for GOM in North America demonstrating that there are currently uninvaded areas climat-
ically suitable for the fungus

Two SDMs generated by MaxEnt predict where GOM could establish if it is introduced, based on (A) historical climate data and (B) future climate predictions. Both
models were trained and tested on the same spatially thinned dataset of observations of GOM from iNaturalist and MushroomObserver and two climate variables:
monthly temperature minima and monthly total precipitation. Color scales on the right represent the climatic suitability, with darker colors corresponding to low
suitability and brighter colors indicating high suitability.

(A) Model using historical climate data (monthly minimum temperature and precipitation) from 1970-2000. Training AUC = 0.961, test data AUC = 0.961. Jackknife
test results of climate variable importance are available in Figure S5.

(B) Model using predicted climate simulations for monthly minimum temperature and precipitation for the years 2021-2040, based on “business as usual/worst
case scenario” carbon emissions (Shared Socioeconomic Pathway 5-8.5), simulated by NASA’s “GISS-E2-1-G” model.'*'® Training AUC = 0.925, test data
AUC = 0.919. Jackknife test results of climate variable importance are available in Figure S4. For an approximation of GOM'’s potential biotic niche, see Figure S5.

the “EIm Oyster,” is considered monotypic or a single phylospe-
cies,”” and it represents a distinct pocket of evolutionary diver-
sity. The displacement of these species may be especially
consequential because they are biologically unique fungi and
singular genetic lineages. However, other fungal species appear
to be unaffected by GOM or even to possibly benefit from GOM’s
presence. For example, Armillaria gallica and Blastobotrys fari-
nosus are two fungi detected more frequently in wood samples
with GOM. The guild analysis suggests biodiversity loss is a
feature of both the guilds that are common in a dead wood envi-
ronment, for example, wood saprotrophs, as well as less com-
mon guilds, for example, animal parasites and plant pathogens.
GOM may also have other, yet undocumented, effects on forest
communities and ecosystem processes.

By sampling the same trees at multiple heights, we discovered
GOM’s effects on fungal communities are localized within the
parts of the trees where it is detected, likely reflecting the spatial
scales at which wood-inhabiting fungi interact.” Seven trees ap-
peared to be only partially colonized, with some heights colonized
by GOM and other heights free of GOM. In these wood samples,
the fungal communities at heights without GOM resembled the
fungal communities in wood from trees completely uninfected
by GOM (Figure S1). However, there was no pattern as to which
heights were colonized or uncolonized, suggesting GOM is not
consistently established at any particular height.

Community science-based observations provide a record of
GOM'’s range expansion and increases in abundance (Figure 3).
The proliferation of unique observations of GOM in single areas
over time also documents increases in density. GOM has over-
come abiotic, biotic, and dispersal barriers to become

3998 Current Biology 35, 3994-4002, August 18, 2025

widespread and dominant. Because GOM is a commercial prod-
uct and continues to be moved and grown across North America,
humans may continue to move it to new areas. In 2019 and 2022,
GOM was observed for the first time in Colorado and Texas,
respectively, and the observations were made around 800 and
1,000 km from the nearest established GOM population, suggest-
ing human dispersal. Community science observations will
continue to be vital for monitoring GOM. Our data (Figure 3) are
drawn from observations made through the end of 2023, but as
of June 2025, 4,096 new observations have been made in North
America, including the first records of GOM in Alabama and
Tennessee. Outside of North America, the Global Biodiversity
Information Facility (GBIF) database contains observations of
GOM growing naturalized in Europe and Africa. While community
science databases are subject to bias and unlikely to be complete,
the data are often sufficient for estimates of species distribu-
tions,?®*° especially for well-sampled and conspicuous organ-
isms like GOM.

While GOM is currently found in middle and northeastern
North America as predicted by the historical climate model,
our future climate SDM predicts many more areas in North Amer-
ica are or will become climatically suitable for GOM, for example,
forests in the western plains, Appalachia, Alaska, and small parts
of Mexico, suggesting GOM will continue to expand its range
(Figure 4). The predicted distribution under the current trajectory
of climate warming is much greater than the distribution model
based on historical climates, highlighting that climate change
likely has and will continue to enable GOM’s range expansion.
Unsurprisingly, GOM’s current and predicted ranges share
overlap with the latitudes, climate, and mixed hardwood forest
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ecosystems of GOM'’s native range (Figure S3). Both current and
predicted distributions of GOM likely correlate with climate and
tree species. In our SDM, minimum temperature emerged as a
key influence on climatic suitability. Distributions of wood decay
fungi correlate with minimum temperature data because fungal
metabolism and survival have cold temperature thresholds and
because the tree species they decay also have cold-tolerance-
related geographic distributions.’®*° Wood decay fungi have
affinities for particular tree species.>' While the types of wood
favored by invasive GOM are not yet fully understood or docu-
mented, we observe GOM associating primarily with American
elm and note GOM'’s current distribution is similar to the
distribution of American elm. However, GOM has also been
reported with black cherry, maple, ash, cottonwoods, mulch,
and straw.® The native white-rot fungus Cerioporus squamosus,
the “Dryad’s Saddle” or “Pheasant Back” mushroom, often
co-occurs with GOM on dead elms, and the current distribution
of C. squamosus may help predict GOM’s potential range
(Figure S5). GOM and C. squamosus have highly overlapping
niches: they are both white-rot fungi, generally grow on hard-
wood logs, are found in similar climates, and produce mush-
rooms at similar times of year. Our observation that C. squamo-
sus mushrooms were frequently found alongside GOM raises
the question of whether these two fungi share any synergistic
interactions.

The GOM is aggressively invasive, as suggested by Bruce’ in
their pioneering study documenting the fungus’s escape. It is
spreading rapidly, increasing in abundance, and disrupting
native fungal biodiversity. When the invasive, beetle-cultivated
wood decay fungus Irpex subulatus was directly inoculated
into experimental logs, it also changed fungal community
composition,*? and the similar results across both experimental
and natural contexts suggest invasive wood decay fungi may
often impact local fungal communities. We present GOM as a
literal and figurative bright yellow warning: the globalization of
fungi as popular household products can threaten native biodi-
versity and ecosystem health. In forests where GOM is changing
native fungal diversity, it may also be impacting other kinds of
forest biodiversity reliant on dead wood, for example, birds, or
changing ecosystem dynamics, for example, wood decomposi-
tion.®® As GOM displaces wood-dwelling fungi, it may also affect
the biodiversity and interactions of fungal wood decay commu-
nities, changing the decay rate of wood and resulting carbon
emissions.*~*% As of now, there are no management strategies
available to control its spread.

Global trade directly facilitates non-native species intro-
ductions,® and the commercialization of fungi has become
another opportunity for microbial introductions.’® Areas where
more people buy GOM and then “let it go” into their back-
yards will have higher propagule pressures, and GOM will be
more likely to establish in the areas where it is frequently pur-
chased and grown. Preventing and mitigating the spread of
invasive fungi requires addressing the human component of in-
vasions®'™° by using social impact assessments and commu-
nicating with the stakeholders“®*’ using edible fungi, e.g., busi-
nesses and consumers. Continued research, management
efforts anchored in social theory, and collaborative conversa-
tions about microbial endemism can help prevent similar inva-
sions in the future. The cultivation of local species or

¢? CellPress

development of sporeless mushroom strains could also miti-
gate risks. Conserving fungal biodiversity will be essential to
the preservation of the standing genetic variation needed for
fungi and forests to adapt to changing environments, particu-
larly in the face of global change.
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Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Aishwarya Veerabahu
(veerabahu@wisc.edu).
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Data and code availability

® Fungal community sequence data used to make the figures presented
in this work have been deposited at the NCBI Sequence Read Archive
and are publicly available as SRA: PRINA1042626 as of the date of
publication.

@ All code has been deposited in GitHub and at Zenodo at https://doi.org/
10.5281/zenodo.15426686 and is publicly available as of the date of
publication.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Drilled wood from 26 dead Ulmus trees this paper N/A
Basidiocarps of Pleurotus citrinopileatus this paper N/A
Basidiocarps of Pleurotus pulmonarius this paper N/A
Basidiocarps of Trametes versicolor this paper N/A
Chemicals, peptides, and recombinant proteins

CLS/CTAB Lysis Buffer Lindner and Banik*® N/A

Critical commercial assays

GeneClean Il Kit

MP Biomedicals

SKU 111001601

Deposited data

lllumina reads from drilled wood samples This paper PRJNA1042626
(raw and analyzed data)

Oligonucleotides

Synthetic Mock Community control Palmer et al.™® N/A

Primers for trnL gene; trnL_c (forward): Taberlet et al.* N/A
CGAAATCGGTAGACGCTACG; trnL_d (reverse):

GGGGATAGAGGGACTTGAAC

Primers for ITS region; ITS1F (forward): Ihrmark et al.*® N/A

CTTGGTCATTTAGAGGAAGTAA; ITS7 (forward):

GTGARTCATCGARTCTTTG; ITS4 (reverse):
TCCTCCGCTTATTGATATGC

Software and algorithms

R Studio Version 4.2.2

R Core Team®'

https://www.r-project.org

AMPtk v1.6.0 Palmer et al.™® https://amptk.readthedocs.io/en/latest/

MaxEnt Phillips et al.> https://biodiversityinformatics.amnh.org/
open_source/maxent/

Geneious Prime v2023.1.2 Geneious https://www.geneious.com/

FUNGuild v2.0 Nguyen et al. 2016°° http://www.funguild.org

Code This paper https://github.com/AishwaryaV7/GOM-2024.git

Other

Pleurotus citronpileatus public occurrence data iNaturalist® https://www.inaturalist.org/observations?place_

Pleurotus citronpileatus public occurrence data

WorldClim climate data

Mushroom Observer'"

Hijmans et al.>*

id=97394&subview=map&taxon_id=504060

https://mushroomobserver.org/?advanced_
search=1&q=1p0OzE
https://worldclim.org/data/worldclim21.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fungal community survey

We surveyed the University of Wisconsin-Madison Arboretum, Owen Conservation Park, and Quarry Park in Madison, Wisconsin,
United States for dead elms with and without golden oyster mushroom (GOM; Pleurotus citrinopileatus Singer [Agaricales, Basidio-
mycota]) basidiocarps using a paired sample design. For each tree with GOM we identified, we located a dead elm (Ulmus sp.) lack-
ing evidence of GOM colonization, found in proximity (within a 50 m radius) and of similar decay stage. A total of 13 such pairs
(26 trees) were sampled for fungal community analysis using metabarcoding over the three sites. Wood shavings from these trees
were collected by using a hatchet to reveal a clean section of interior wood and drilling a total of nine 0.8 cm diameter holes approx-
imately 10 cm deep, using an electric battery-operated drill, DNA-sterile drill bits, and DNA-sterile funnels for each height per tree to
collect the wood shavings.>® Three drillings, spaced evenly about the trunk circumference, were taken from each of three heights:
0.3m,1.5m,and 2.7 m(1 ft, 5 ft, and 9 ft) from the base of the tree to capture potential differences in the fungal community at different
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heights and maximize the probability of detecting GOM (Figure 1). Samples from different heights were kept separate to inform future
sampling efforts (see “tree” and “wood” definitions in field survey statistical analyses section) resulting in 78 samples. At the end of
each day of field collection, DNA-sterile cell lysis solution*® (CLS) was added to all samples in a sterile hood to completely submerge
the shavings. Samples were stored at -20°C until prepped for extraction. Control samples included negative field controls for each
tree and lab negative controls for each sampling day.

METHOD DETAILS

Elm identification

To confirm the identity of the dead trees sampled as elms (UImus), we used a combination of DNA identification and morphological
identification when DNA identification was not possible. Genomic DNA was extracted from wood shaving samples using a modified
version of the GeneClean llI Kit (MP Biomedicals, Santa Ana, CA) protocol, following the methods of Lindner and Banik and Jusino
et al.”®® The trnL region of the chloroplast tRNA gene was amplified using trnL-c and trnL-d.*® PCR amplification used the following
reagent volumes and concentrations per 15 pL reaction: 7.88 pL DNA-free molecular grade water, 3 pL. Green GoTaq 5x buffer (Prom-
ega Corporation, Madison, WI, USA)—final concentration 1x, 0.12 pL of 20 mg/mL BSA (New England BioLabs, Ipswich, MA), 0.3 pL
of 10 mM dNTPs (Promega Corporation, Madison, WI, USA)—final concentration 200 pM of each dNTP, 0.3 uL of each 10 pM
primer—final concentration of 0.2 uM of each primer, 0.1 pL of 5uM GoTaq polymerase (Promega Corporation, Madison, WI,
USA)—final concentration of 0.033uM, and 3 pL of extracted template DNA. Thermal cycler parameters were as follows: 95°C
for 3 minutes, then 35 cycles of (95°C for 30 s, 53°C for 60 s, 72°C for 60 s), followed by 72°C for 5 min), then kept at an 8°C
hold. PCR products were gel visualized to confirm amplification. Amplified products were diluted and combined with Sanger
sequencing reagents from the QuantumDye v3.1 kit (SureFire Biosciences, San Diego, CA, USA) using the following reagent volumes:
1.8 pL DNA-free molecular grade water, 2.5 pL 5x QuantumDye sequencing buffer—final concentration 1x, 0.5 pL 5M betaine
(Sigma-Aldrich, St. Louis, MO, USA) —final concentration 0.2 pM, 0.5 pL 2.5x QuantumDye cycle sequencing mix—final concentra-
tion 0.1x, 0.2 pL of each 10 pM primer—final concentration of 0.16 pM of each primer, and 7 pL of diluted PCR product. Products were
terminally amplified in a Sanger PCR reaction under the following conditions: 96°C for 30 s (ramp 1°/s), 50°C for 30 s (ramp 1°/s), 60°C
for 3 minutes (ramp 1°/s), for 31 cycles, then kept at a 4°C hold. Samples were submitted for sequencing at Functional Biosciences,
Madison, WI, USA. Sequences were analyzed using Geneious (Dotmatics Corporation, Boston, MA, USA) and checked against the
NCBI database for identification. For morphological identification of the genus and species of sampled trees, we looked at unique
identifying features including bark color, bark pattern, the layered pattern and coloration of bark cross sections, buttressing
roots, and similarity to trees we molecularly confirmed to be elm. The trees sampled were all confirmed to be elms (Umus sp.),
Ulmus americana (24 of 26 trees) and Ulmus rubra (2 trees), by either DNA-based identification (20 of 26 trees) or morphological iden-
tification (6 trees).

Fungal community sequencing
The fungal community composition of each dead elm with and without GOM was measured using metabarcoding techniques. Sam-
ples were prepared for DNA extraction by incubating for 2 hours in a 65°C water bath. Genomic DNA was extracted from wood
shaving samples using a modified version of the GeneClean llI Kit (MP Biomedicals, Santa Ana, CA) protocol, following the methods
of Lindner and Banik and Jusino et al.*®°°

The partial internal transcribed spacer region (ITS2) was amplified using ITS-7°° and ITS-4° primers modified with lllumina Nextera
v2 adapters (lllumina, San Diego, CA, USA). Initial PCR amplification of the ITS2 region used the following reagent volumes and
concentrations per 15 pL reaction: 7.88 pL DNA-free molecular grade water, 3 pL Green GoTaqg 5x buffer (Promega Corporation,
Madison, WI, USA)—final concentration 1x; 0.12 pL of 20 mg/mL BSA (New England BioLabs, Ipswich, MA), 0.3 pL of 10 mM dNTPs
(Promega Corporation, Madison, WI, USA)—final concentration 200 uM of each dNTP; 0.3 pL of each 10 pM primer—final concen-
tration of 0.2 pM of each primer; 0.1 pL of 5uM GoTaq polymerase (Promega Corporation, Madison, WI, USA)—final concentration
of 0.033u/pL of the reaction; and 3 pL of extracted template DNA. The initial PCR used the following amplification conditions: 94°C
for 3 minutes, then 11 cycles of (94°C for 30 s, 60°C for 30 s, decreasing by 0.5°C/ cycle, then 72°C for 1 min), followed by 26 cycles of
(94°C for 30 s, 55°C for 30 s, and 72°C for 1 min), then held at 8°C. PCR products were gel visualized to confirm amplification. After
initial amplification, samples were dual-indexed by PCR using lllumina Nextera v2 indices (lllumina Inc., San Diego, CA, USA), and the
following reagent volumes and concentrations: 16.13 pL DNA-free molecular grade water; 5 uL Green GoTaq 5x buffer (Promega
Corporation, Madison, WI, USA)—final concentration 1x; 0.5 pL of 10 mM dNTPs (Promega Corporation, Madison, WI, USA)—
final concentration 200 pM of each dNTP; 0.5 pL of each 10 pL primer—final concentration of 0.2 pM of each index primer; 0.2 puL
of 20 mg/mL BSA (New England BiolLabs, Ipswich, MA); 0.17 uL of 5uM GoTaq polymerase (Promega Corporation, Madison, WI,
USA)—final concentration of 0.033 pM; and 2 pL of products from the initial PCR. The second amplification used the following con-
ditions: 94°C for 2 min, followed by 8 cycles of (94°C for 30 s, 53°C for 30 s, then 72°C for 1 min), then 72°C for 5 min. Negative con-
trols were included for each PCR step. Indexed products were then cleaned using Zymo Select-A-Size DNA Clean and Concentrator
spin columns (Zymo Research, Irvine, CA, 264 USA, quantified DNA), quantified using a Qubit Flex Fluorometer and high sensitivity
dsDNA Assay (ThermoFisher Scientific, Madison, WI, USA), and pooled in equal concentrations for lllumina MiSeq (2 x 300bp) v3
sequencing at the University of California Riverside Genomics Core Center.

e2 Current Biology 35, 3994-4002.e1-e4, August 18, 2025



Current Biology ¢? CelPress

In addition to the extracted wood samples and negative controls, a question-specific biological community control (“biomock”)
and a single-copy synthetic mock community control'® (SynMock) were also amplified and sequenced. In addition to helping param-
eterize clustering, SynMock helps to reduce the bioinformatic errors caused by tag-switching in multiplexed samples in metabarcod-
ing. Biomock serves as a question-specific positive control containing known specimens that may be found in the community data, in
this instance: Pleurotus citrinopileatus, Pleurotus ostreatus, and Trametes versicolor. Specimens were collected from forests around
southern Wisconsin and are part of the Center for Forest Mycology Research (CFMR) culture collection. DNA of pure cultures of each
species listed were extracted as described above and Sanger sequenced to confirm identity using unmodified ITS1F°® and ITS4
primers to amplify the ITS region. The PCR conditions used the same reagent volumes and concentrations as described above
and the thermal cycler profile was as follows: 94°C for 3 min, followed by 31 cycles of (94°C for 60 s, 53°C for 60 s, then 72°C for
3 min), then 72°C for 10 min. Samples were combined with Sanger sequencing reagents and terminally amplified as described above.
Samples were submitted for sequencing at Functional Biosciences, Madison, WI, USA. Sequences were analyzed using Geneious
v2023.1.2 (Dotmatics Corporation, Boston, MA, USA) and checked against the NCBI database for identification. DNA of these sam-
ples was quantified and pooled in equal concentrations. SynMock’s composition is described in detail in Palmer et al.'® Both bio-
mock and SynMock were amplified, indexed, cleaned, quantified, and pooled with all samples as described above.

Visualization of range expansion

To document the expansion of GOM’s current distribution, we used occurrence records identified as Pleurotus citrinopileatus Singer
from 2016 - 2023, downloaded from iNaturalist.com and MushroomObserver.com, the two major databases used in North America
for fungal observations, on January 2™, 2024. The records from iNaturalist and MushroomObserver were curated based on visual
evidence of naturalization on coarse-size deadwood, excluding occurrences that were deemed to be cultivated or growing on mulch
in a garden-bed or similar set-up. The remaining occurrences were used to create current range maps of GOM’s occurrence and
spread over the last eight years using R®' with the packages rnaturalearth,’ ggplot2,°° and sf.°' To estimate the size of GOM’s cur-
rent range, we used the “Measure” tool in Google Earth v10.64.0.3% which calculates the square area of a user-defined convex poly-
gon overlaid on North America, which we bounded to include the locations of the outermost observations of GOM.

Species distribution models

To estimate the potential expansion of GOM’s range, we developed a predictive species distribution model (SDM) based on the
observed climatic niche of current occurrences of GOM in North America combined with climate data from the past 50 years. We
used the program MaxenT version 3.4.4°2 as it has been successfully used to model the distribution of macrofungi® and shown to
perform better than some other SDM algorithms when presence-only data are used in conjunction with background data.®* Maxent
is also capable of producing accurate models based on spatially-biased, nonrandom occurrence data by sampling background
points or using pseudo-absence data.

We used curated (see above) North American observations of GOM prior to 2024 from iNaturalist and Mushroom Observer to accu-
rately capture the niche of the naturalized North American strains and train and test our model. Occurrence data was spatially thinned
to 1 datapoint per 20 km radius, yielding 506 data points using the R package spThin®® to avoid oversampling and the biases asso-
ciated with community science data. The occurrence data were randomly assorted such that 75% were used to train the model and
25% were used as test data to assess accuracy of the model. 10,000 background points were sampled to establish the environ-
mental domain. This method for establishing background or absence has been found to yield the highest predictive accuracy for
Maxent and is uninfluenced by sampling bias.®®” Environmental layers were obtained from the WorldClim version 2.1 climate data-
set®” for the period 1970 — 2000 and for the years 2021-2040, based on “worst case scenario” carbon emissions (Shared Socioeco-
nomic Pathway 5-8.5), simulated by NASA’s “GISS-E2-1-G” model.'>'® After filtering out other variables in the dataset that were
highly correlated or did not contribute to the model, we used two variables, monthly precipitation and monthly minimum temperature
at 30 arcsec spatial resolution. The minimum temperature variable was chosen because cold temperatures are a limiting factor for
fungi and cold tolerance determines whether a given species can survive in an area. The variable precipitation was chosen because
moisture is another limiting factor for fungal growth and wetting often serves as a signal for mushroom production. We did not include
data substrate or other biotic variables in the model and focused on predicting the abiotic component of GOM’s niche in North Amer-
ica. For biotic data that may help predict GOM distribution potential, see Figure S5.

The SDM output conveys the relative habitat suitability of areas in North America for GOM given the documented observations
used in our training set. Model performance and predictive power were evaluated by the AUC (area under the receiver operating char-
acteristic curve) values which vary from 0 to 1; values < 0.5 indicate that the model performance is worse than random, 0.5 indicates
performance that is not better than random, 0.5-0.7 indicates poor performance, 0.7-0.9 indicates reasonable or moderate perfor-
mance, and >0.9 indicates high performance.®®

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics

lllumina amplicon sequence reads were processed using AMPtk v1.6.0.'° Sequences were de-multiplexed using the unique index
combinations and the forward and reverse primers were removed using VSEARCH v2.27.0 Sequences less than 125 bases were
discarded and reads greater than 300 bp were trimmed to 300 bp, those less than 300bp were padded with n’s. Sequences were
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denoised with UNOISE3®® and subsequently clustered at 97% similarity into operational taxonomic units (OTUs) with VSEARCH.
After clustering, we used SynMock to account for observed rates of index bleed using the filtering module of AMPtk. We assigned
OTU-level taxonomy using the hybrid taxonomy algorithm in AMPtk based on the UNITE"® database v9.3 (March 2023) and dropped
all non-fungal OTUs from our analysis. Contaminant OTUs identified in control samples were also removed.

Field survey statistical analyses

Analyses were performed in R version 4.2.2°" using the vegan package v2.6-8.”" We conducted all following analysis in two ways:
1) by “tree”, i.e. the combined fungal community from each tree obtained by combining samples from all three heights for each tree,
and 2) by “wood” i.e. the fungal community from each height of each tree, obtained by sequencing drilled samples from each height
independently. Using GOM detection as our independent variable, all analyses tested the differences between tree and wood sam-
ples in which we did and did not detect GOM (“with GOM” and “without GOM”). We defined GOM detection as molecular detection
of GOM sequences in the sample or the presence of GOM basidiocarps anywhere on the tree.

To test for an association between GOM and fungal richness by tree and by wood, we applied a generalized linear model (GLM)
with Poisson distribution, appropriate for count data such as species richness, using the glm function in the base R stats package. We
made a multivariate GLM using the manyGLM function of the mvabund package’? with a cutoff value of p < 0.05 to test for significant
effects of GOM on each detected member of the fungal community in tree and wood samples. To visualize the difference in fungal
species richness between samples with and without GOM, we summed the number of unique OTUs in each sample using specnum-
ber. To visualize the fungal communities with and without GOM in ordination space, we first converted the community OTU-read table
to occurrence (presence/absence) and calculated a Raup-Crick distance matrix using the raupcrick function,”® which has proven to
be appropriate for zero-weighted datasets. We then visualized the dissimilarity between the communities with nonparametric multi-
dimensional scaling (NMDS) using the metaMDS function.”" To test whether the presence of GOM influenced the fungal community
composition, we performed a nonparametric permutational multivariate ANOVA (PERMANOVA) on our Raup-Crick distance matrix,
using the adonis2 function’ in the vegan package. We first ran the PERMANOVAs including the GOM OTU to match the NMDS
visualizations. Next, because the communities in our dataset are labelled by whether they contained GOM, we re-ran PERMANOVAs
omitting the GOM OTU to validate that the changes to the rest of the fungal community hold true even without GOM. We analyzed the
differences in multivariate dispersion between the groups with and without GOM using the betadisper function’® in the vegan pack-
age on our Raup-Crick distance matrices.

To visualize and compare the ecological guild compositions of the OTUs in trees and wood, with and without GOM, we used
FUNGuild®® version 2.0. We then subset the OTUs that received primary guild assignments of the confidence rankings “probable”
and “highly probable”, filtering out “possible” and “unassigned”. Out of 232 total OTUs in trees with GOM (15 trees), we were able to
assign probable and highly probable guild assignments to 103 OTUs (44%). Out of 265 total OTUs in trees without GOM (11 trees),
121 OTUs (46%) received probable and highly probable guild assignments. Out of 191 total OTUs in wood with GOM (34 wood sam-
ples), we were able to assign probable and highly probable guild assignments to 137 OTUs (46%). Out of 295 total OTUs in wood
without GOM (44 wood samples), 151 OTUs (48%) received probable and highly probable guild assignments. Using the curated
OTU subsets from trees and wood, with and without GOM, we tallied the occurrence of primary guilds in each tree and wood sample
and visualized these data as boxplots. We used Wilcoxon rank sum tests to test for significant differences between trees with and
without GOM for each guild and wood with and without GOM for each guild, using the base R stats package.
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Supplemental Figure 1 — Within partially colonized trees, GOM’s impacts on fungal
communities appear local and vary by height, related to Figure 3D. NMDS of community
compositions in HTAS subsamples taken from wood shavings of seven partially colonized trees,
each tree represented by cores drilled at three different heights. Trees labelled with letters (A-G)
and heights labelled with numbers (1, 2, 3). Samples from a single tree sort differently if they are
with or without GOM, for example, compare B1/B2 to B3 or A1 to A2/A3. Gray dots correspond
to all other samples taken from trees in which all cores did or did not have GOM. All points are

plotted in the same ordination shown in Fig 2D.
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Supplemental Figure 2. Comparison of primary fungal ecological guilds present in trees (A)
and wood (B), both with and without GOM. (Related to Figure 2). Boxplots represent the
number of occurrences of each primary guild identified by FUNGuild for OTUs with “probable”
and “highly probable” guild ranking confidence. In trees with and without GOM, differences
between guilds are statistically significant for animal parasites (Wilcox rank sum test: p = 0.015),
plant saprotrophs (p = 0.030), and wood saprotrophs (p = 0.033). In wood with and without
GOM, differences between guilds are significant for plant pathogens (p = 0.015), undefined
saprotrophs (p = 0.002), and wood saprotrophs (p = 0.004).
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Supplemental Figure 3 — GOM’s invasive and native ranges share similarities in latitude,
related to Figure 3. World map of GOM’s invasive and native ranges. Invasive range

observations taken from iNaturalist and MushroomObserver. Native range observations taken

from vouchered specimens.
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Supplemental Figure 4. Jackknife test results of each environmental variable’s
contribution towards the performance metric of the model (area under the receiver
operating characteristic curve; AUC), for the historical species distribution model (Figure
4A) and the future species distribution model (Figure 4B). “Precip” and “prec” refer to
precipitation data, “tmin” refers to minimum temperature data, and “sim” refers to simulated

corresponding to the simulated climate data projected for the future.
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Supplemental Figure 5. North American distribution of Cerioporus squamosus, Dryad’s
Saddle, a native white-rot wood decay fungus often co-occurring with GOM on the same or
similar hardwood substrates. (Related to Figure 4.) The full range of substrates GOM can grow
on has not yet been documented, but because C. squamosus and GOM both grow on multiple
hardwood species, the well-documented range of C. squamosus is a useful indicator of biotic
conditions and forest types where GOM could grow. Such range distributions also help capture
fine-scale suitable habitat types (e.g. dead stands at farm edges, parks, riverbanks) that forest

inventory data may not include. Data obtained from the GBIF database.

Table 1. Top S most common fungal operational taxonomic units (OTUs) detected in 15
trees with golden oyster mushroom (GOM) and 11 trees without GOM. *Because we did not
detect a GOM OTU in one tree with a GOM basidiocarp, this value is not 100%.

Top OTUs: Trees w/ GOM  Prevalence Top OTUs: Trees w/o GOM Prevalence
Pleurotus citrinopileatus 93.3% * Cerrena unicolor 90.9%
Trichoderma pleuroticola 53.3% Trichoderma pleuroticola 81.8%

. Coniochaeta sp.
0, o
Cerioporus squamosus 40% (LC520183|SH0995824.09F ) 81.8%
Armillaria gallica 40% Nemania serpens 63.6%

Cerrena unicolor 40% Phaeocremonium cinereum 63.6%



Table 2. Fungal operational taxonomic units (OTUs) with decreases of 10% or more in

their proportional prevalence in wood with golden oyster mushroom (GOM).

Top OTUs affected by GOM

Species Hypothesis Identifier

Decrease in
prevalence

Cerrena unicolor
Nemania serpens
Coniochaeta sp.
Ascomycota sp.
Phaeocremonium cinereum
Trichoderma pleuroticola
Phialophora americana
Scytalidium cuboideum
Exophiala sp.
Cylindroconidiis aquaticus
Chaetothyriales sp.
Calocera sp.
Coniochaeta sp.
Helotiales sp.
Trichoderma sp.
Helotiales sp.
Herpotrichiellaceae sp.
Colacogloea cycloclastica
Nemania sp.

Cadophora novi-eboraci
Flabellascus tenuirostris
Dactylospora sp.
Sistotrema brinkmanii
Ceratostomella pyrenaica
Leotiomycetes sp.
Ascomycota sp.
Phleogena faginae
Entocybe sp.

Niesslia sp.

Hypsizygus ulmarius
Graphium sp.
Helotiaceae sp.
Biatriospora sp.

KM373256|SH1208469.09FU
AJ390436|SH1033209.09FU
LC520183|SH0995824.09FU
JQ761901|SH1033209.09FU
KF764561|SH1258358.09FU
EF442083|SH0961555.09FU
EU514697|SH1280328.09FU
FN812780|SH1276408.09FU
LC317596|SH1266707.09FU
MH236576|SH1040511.09FU
KT265803|SH1254406.09FU
KP013031|SH0995592.09FU

UDB0399909|SH0906001.09FU

AY557369|SH1276173.09FU
AY154947|SH0961555.09FU
KF800131|SH1276173.09FU
EU041811|SH1089749.09FU
KX611018|SH0906051.09FU
OM262247|SH1033209.09FU
MW804701|SH0963000.09FU
KT716469|SH1329526.09FU
KF274260|SH1023760.09FU
DQ899094|SH1208561.09FU
KT991672|SH1110604.09FU
KY689631|SH0975632.09FU
KF274260|SH1023760.09FU
MK564583|SH1321020.09FU
AB907595|SH1111501.09FU

UDB02241807|SH1078366.09FU

LC096110|SH1086718.09FU
MH283080|SH0987501.09FU

UDB0244624|SH0962969.09FU
UDB01513575|SH0992953.09FU

55.4%
41.4%
40.6%
35.4%
33.3%
25.3%
24.2%
24.2%
20.6%
20.4%
20.0%
20.0%
19.2%
18.4%
18.0%
17.8%
17.8%
15.6%
15.6%
14.7%
14.7%
13.9%
13.3%
13.3%
13.3%
13.3%
12.5%
11.1%
11.1%
10.3%
10.3%
10.3%
10.3%
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