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Highlights

e Mycena have the largest mushroom genomes hitherto found

e Caused by TE proliferation, novel gene families, duplications,
and enlarged secretomes

e Their genome structures are fit for multiple lifestyles

e Arctic Mycena strain genomes are particularly large,
mimicking Arctic plant genomes
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In brief

Mycena genome sizes and structure do
not follow the expectations from their
supposed saprotrophic ecological
specializations. Instead, they are overall
highly expanded in size in all aspects with
multiple genes enabling them for different
lifestyles. Certain Arctic Mycena strains
have the largest mushroom genomes
hitherto found.
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SUMMARY

Mycena s.s. is a ubiquitous mushroom genus whose members degrade multiple dead plant substrates and
opportunistically invade living plant roots. Having sequenced the nuclear genomes of 24 Mycena species, we
find them to defy the expected patterns for fungi based on both their traditionally perceived saprotrophic
ecology and substrate specializations. Mycena displayed massive genome expansions overall affecting all
gene families, driven by novel gene family emergence, gene duplications, enlarged secretomes encoding
polysaccharide degradation enzymes, transposable element (TE) proliferation, and horizontal gene transfers.
Mainly due to TE proliferation, Arctic Mycena species display genomes of up to 502 Mbp (2-8 x the temperate
Mycena), the largest among mushroom-forming Agaricomycetes, indicating a possible evolutionary conver-
gence to genomic expansions sometimes seen in Arctic plants.

Overall, Mycena show highly unusual, varied mosaic-like genomic structures adaptable to multiple lifestyles,
providing genomic illustration for the growing realization that fungal niche adaptations can be far more fluid
than traditionally believed.

INTRODUCTION

Among Agaricomycetes, a wide range of genomic architectures
has been identified for saprotrophic and biotrophic species.’
Ancestral clades of this class most likely had a genome resem-
bling that of extant wood decayers®° harboring a broad battery
of plant cell-wall-degrading enzymes (PCWDEs) for decompos-
ing plant biomass. White rot fungi later evolved via the emer-
gence of lignin-degrading capabilities, mostly attributable to

Gheck for
Updates

the expansion of class-Il peroxidases (PODs).®° Brown rot de-
cayers evolved mostly from within white rot lineages and have
lost genes for metabolizing lignin, while most biotrophs (ectomy-
corrhizal, lichenized, or parasitic), which are mainly reliant on
their hosts for obtaining carbon, have a greatly reduced reper-
toire of PCWDEs but have in return evolved other strategies
that facilitate symbiosis with plant hosts (e.g., control of plant
immunity by secreted effector proteins).®® The genomes of
biotrophic species, such as rust fungi and ectomycorrhizal
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symbionts, often contain abundant transposable elements (TEs),
leading to an increased genome size."° Litter-decaying sapro-
trophs share enzymatic mechanisms with white rot wood de-
cayers'"'? However, a recent detailed comparison of litter and
soil decayers with white and brown rot decayers'® showed
that they have different gene repertoires related to hemicellulose
and lignin degradation. Overall, they presented high diversity of
PCWDEs, suggesting a high degree of functional versatility.
The observed genomic idiosyncrasies within Agaricomycetes
are consistent with other biological features showing that several
fungal species and genera transgress their known ecological
boundaries'*"” and suggesting that fungal ecological niches
may be far more fluid than the traditional categories sug-
gested.'® Although the genomic blueprints of several fungal life-
styles have been characterized, there are ecologically important
clades whose genomic landscapes remain uncharted.

The genus Mycena sensu stricto'® includes species with
diverse lifestyles. It is one of the largest genera in the Agaricales
with >500 known species and is traditionally believed to contain
major litter decomposers or late-phase degraders of already
softened wood, with various degrees of specialization on grass,
conifer, or broadleaf litter/wood substrates.”*>° They are com-
mon across all climate zones, including polar regions,”* " and
biotrophic interactions have been reported in several species
of the genus. Some species are orchid mycorrhizal symbi-
onts,”®?° endophytes,*°? mycorrhiza-like partners, and para-
sites.'®%® Several Mycena species have also been documented
in the roots of multiple plant host species in temperate and Arctic
regions.>* " Nonetheless, stable isotopic data®’ suggest that
the predominant nutritional mode among most Mycena species
is saprotrophy.

Despite theirimportance in terrestrial habitats, the genomic re-
sources for Mycena species are scarce. A previous study
described the genomes of five Mycena species, with a focus
on genome methylation and bioluminescence-related path-
ways,*® and reported large (+100 Mbp) genomic assemblies
for the sequenced Mycena species. However, overall genomic
trends and possible correlations between gene content and life-
style, particularly their secretome,*® remained to be explored.

In the present study, we sequenced the genomes of 24 My-
cena s.s. species and Atheniella floridula, formerly named
Mycena s.1."° (i.e., 25 new genomes). Ecologically, they repre-
sent six broad decayer categories: wood generalists, broadleaf
wood decayers, grass litter generalists, broadleaf litter decayers,
coniferous litter decayers, and overall litter generalists. Three of
our genomes came from Arctic collections. In our comparative
analysis, we also included the published Mycena galopus
genome'® and 33 additional Agaricomycetes genomes from
wood/litter decayers, ectomycorrhizal symbionts, and para-
sites?® 10495 for a total of 58 fungal genomes included in the
analyses. Thus, whenever we analyze Mycena vs. non-Mycena
in our comparative analyses, the 25 Mycena genomes refer to
those belonging to Mycena s.s. (i.e., our 24 new Mycena s.s. ge-
nomes plus the already published M. galopus). Conversely, our
newly sequenced Atheniella (Mycena) floridula genome is
analyzed with the 33 non-Mycena genomes.

We aimed to understand (1) do Mycena species differ in their
PCWDE repertoire according to their wide ecological niche
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and substrate preferences? (2) What factors —genome duplica-
tions, TE proliferations, novel genes, secretome genes, or
others—are key in driving genomic enlargement and evolution
in this group, and in specific species? (3) Could particular
genome-increasing factors such as TE proliferation be linked
to their biotrophic ability and/or adaptation to oligotrophic envi-
ronments, as described for other organisms®*>°

RESULTS

Mycena genomes, especially of the Arctic strains,
represent the largest mushroom genomes known

We sequenced 24 new genomes using long-read technology
supplemented with RNA sequencing (RNA-seq) for supporting
gene prediction. For a summary of genomic features, see
Table S1. The Benchmarking Universal Single-Copy Orthologs
(BUSCO) values of all genomes were above 90%, suggesting
that the genome assemblies captured most of the conserved,
single-copy genes commonly present in fungi (Figure 1). The
quality of the Mycena genome assembilies varied, as the number
of scaffolds ranged from 118 for Mycena capillaripes to 4,647 for
Mycena leptocephala (Figure 1), with an average of 1,187 scaf-
folds. We found that Mycena species had significantly larger
genomes than all other non-Mycena taxa represented in our
study (two-sample permutation test with 10,000 permutations,
p < 0.0001); the average genome size and the number of genes
of Mycena are approximately 153.9 Mb and 38,739, respectively,
whereas those of the non-Mycena genomes analyzed here were
59.8 Mb and 17,791, respectively (Figure 1). The Mycena species
had the highest number of predicted genes across all analyzed
fungi, with up to 75,904 and 97,030 predicted protein-coding
genes in M. leptocephala and Mycena olivaceomarginata,
respectively (Figure 1). These high gene numbers were obtained
after accounting for potential allelic differences in the hetero-
karyons. We included Atheniella (Mycena) floridula®’ as a repre-
sentative of this genus of former members of Mycena s.I. As it is
now regarded as a member of Porotheleaceae®” or Cyphella-
ceae,”® which are considered to be related to "marasmioid"
fungi, its phylogenetic placement here as more closely related
to Armillaria (Physalacriaceae) than to Marasmius irrespective
of phylogenetic method (Figures 1 and S1) and could merit
further investigation by systematic mycologists.

We found no significant differences in genome size due to the
degree of specialization in their mode of nutrition among narrow
specialists, broader specialists, and generalists in Mycena
(Kruskal-Wallis test, p = 0.126) (Figure S2; Table S2). However,
the differences in genome size between the three species
sampled in the Arctic and the 22 non-Arctic Mycena genomes
were significant when doing two-sample permutation test with
10,000 permutations to correct for the skewedness in sample
sizes (p = 0.0028). This was true also for the differences in TE
content (p = 0.0005), total CAZyme gene copy number (p =
0.0095), and small secreted protein (SSP) gene copy number
(p = 0.0087), which are all tightly correlated to overall genome
size. The Arctic-temperate Mycena differences were also robust
when comparing the three Arctic species with only the 14
temperate Mycena generalist litter decayers for both genome
sizes and TE contents, excluding specialists with smaller
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Figure 1. Genomic features and statistics for 58 Agaricomycete species
Fungal lifestyle in color. The median values are indicated by dotted lines. Genome, genome size; TE content, coverage of TE in the genome; genes, number of
genes; secreted, number of predicted SSPs (see STAR Methods). Scaffolds, number of scaffolds; L50, N50 length; BUSCO, genome completeness. Further

details are provided in Table S6.

genomes (p = 0.0015) and TE content (0.006). To explain this un-
precedented genome expansion, we next evaluated the poten-
tial role of whole-genome duplications (WGDs), loss of genome
surveillance systems, correlation with lifestyle, origins of novel
and duplicated genes, TE bursts, and proximity to and overlap-
ping with coding genes of TEs.

TE proliferation is particularly high in Mycena genomes

A global view of TE coverage in the 58 fungi showed that the
genome coverage of TE was higher in Mycenaceae, Omphalota-
ceae, and Physalacriaceae than in other fungal families, except
for ectomycorrhizal fungi (Figure 2), indicating that TE expansion
occurred in specific lineages. The nuclear genome size showed
similar trends to the number of TE copies (Figure 1). Mycena
species had significantly more repetitive elements than other
Agaricomycetes (Welch two-sample t test, p = 0.001), with on
average 30%-50% of their genomes made up of TEs, whereas,
in other Agaricomycetes, this was 10%-25% (except certain

mycorrhizal species). In particular, the coverage of DNA transpo-
sons significantly contributed to genome size (15% variance ex-
plained; permutational multivariate analysis of variance [PERM-
ANOVA] p < 0.05; see gene size in Figure 2). More specifically,
long interspersed nuclear elements (LINEs) were abundant in
Mpycena species and in a few non-Mycena fungi (Figure 2).
Long terminal repeat (LTR) transposons tended to be evenly
distributed among the 58 fungi. DNA transposons and unclassi-
fied repeats were also more frequent in the Mycena species. The
coverage of LTR retrotransposons and DNA transposons influ-
enced fungal separation (Figure S3A). Notably, Arctic Mycena
species possessed a higher content of DNA transposons
(Figure S3B).

We examined the age of TE insertions in the genomes of 58
fungi (Figure S4). Overall, the 25 Mycena species showed a
sharply left-skewed distribution compared to the rest of the
fungi, suggesting that Mycena species contain younger TEs
(more recently inserted) than the other species. Notably, we
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Figure 2. Distribution of TEs in the 58 genomes

LTR, long terminal repeat retrotransposons; non-LTR, non-long terminal repeat retrotransposons; DNA, DNA transposons; LINE, long interspersed nuclear
element; unknown, unclassified repeated sequences. The bubble size is proportional to the coverage of each TE (shown inside the bubbles). The right bars show
the total coverage per genome. Fungal ecology is indicated by color codes. See Tables S1 and S7.
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Figure 3. DNA transposons near the ends and within the gene spaces

(A) Short gene-repeat distances of Mycena. Mycena species were compared to non-Mycena fungi based on estimated mean distances. Cold-adapted Mycena
species (n = 3, in blue), other Mycena species (n = 22, in red), and the remaining fungi (n = 33, in green). Different letters represent significantly different groups
(Dunn test; FDR-adjusted p < 0.05).

(B) Selected genes containing repeats among Mycena fungi. A high number of repeat elements overlapping genes present in Mycena fungi were selected. The
following TE families were included in the analysis: DNA transposons (DNA), retrotransposons with long terminal repeats (LTR), retrotransposons with long
interspersed nuclear elements (LINEs), retrotransposons with short interspersed nuclear elements (SINEs), rolling-circle/helitron transposons (RC), and un-
classified repeats (unknown). See Table S3.

observed no strong patterns in TE proportions between the
different Mycena ecological groups (Figure 2).

(Figures 3A and S9). We further investigated TEs inserted into the
gene-coding space (TE-overlapping genes). We identified that
the selected TE-overlapping genes were transcribed in Mycena
(Figure S10).

Mycena species might have developed species-specific
transcriptional regulation networks. The fungi showed tran-
scribed genes harboring repeated sequences (Figures S10,
S11, and S12). Most of them are not classified as TEs
(Figures S7B and S8B). Such unclassified repeats in the genes

TE proliferation in proximity to transcription factors

We then determined TE families in proximity to these genes
(Figures S5 and S6). Mycena species contained a large number
of DNA transposons near the end and within the gene space
(Figures S7 and S8). The TE-gene distances of the Mycena species
were significantly shorter than those of the non-Mycena group
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gene content but also in their much lower
proportion of protein-coding genes with a
predicted function (Figure 4A) (i.e., My-
cena species have a disproportionately
lower percentage of genes with known
Pfam/InterPro domains). In species with
large genomes (e.g., M. leptocephala
and M. olivaceomarginata), >70% of the
genes had no known conserved domains.
This suggests that the expansion of the
protein-coding gene repertoire in Mycena
is mostly related to the recently evolved
genes with unknown functions.

Fistulina hepatica

Pterula gracilis
Paxillus involutus

Similarity-based analyses reveal a

P o
L—  Serpula lacrymans
Mutinus elégans

L7 LEHTJ

burst of gene family origin in

possibly function as transcription factor binding sites for signal
transduction and gene regulations (Figure S12C). Also, we
found no obvious evolutionary pattern in the unclassified re-
peats (Figure S13).

Carboxylesterase-related protein (GGGX) is a secreted lipase
with repeat sequences. Some genes coding for zinc-dependent
DNA-binding sites (Zn(2)-C6 fungal-type DNA-binding domain),
tetratricopeptide repeats, which mediate protein-protein interac-
tions in cytoskeleton, and repeats involved in carbohydrate trans-
port and metabolism (major facilitator superfamily; Figures 3B and
S10; Table S3). The cold-adapted species M. olivaceomarginata,
M. leptocephala, and Mycena sp. 59 distinguished themselves by
containing a particularly high number of basic-leucine zipper do-
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Genes without known Pfam/InterPro do-

mains can result from the birth of novel
gene families** and/or spurious gene predictions. To distinguish
between these two scenarios, the predicted proteins were
grouped into similarity-based clusters using Markov clustering.
If the unannotated genes have prediction errors, we expect no
similarity among their sequences; therefore, they should not
form large clusters or gene families. In contrast, most genes
with no known function formed clusters that not only harbored
multiple genes per species but were also conserved across mul-
tiple or all Mycena species (Table S4). These results suggested
that the propensity of genes with unknown functions in Mycena
can be explained by the evolution of novel, functional, and
conserved gene families in this genus. We next analyzed gene
family origins in our Agaricomycetes dataset. Figure 4B shows
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the locations of the gene family origins along the phylogenetic
tree of Agaricomycetes. Most gene families originated early in
the evolution, consistent with their conservation across Agarico-
mycetes. However, we observed an unusually high number of
novel gene families in three basal nodes of Mycena species hav-
ing 1,719, 849, and 1,845 novel gene families, 10-200 times
more than in other genera included in the dataset (Figure 4C).
This clearly indicates that most genes with unknown functions
form gene families that are conserved across the genus Mycena,
excluding the possibility of annotation errors and suggesting that
these are de novo gene families that originated primarily in three
of the basal nodes of the Mycena genus.

We also noted that, in addition to conserved genes with un-
known functions, Mycena genomes harbored a significantly
higher copy number of orphan genes (defined as having no homo-
logs with detectable similarity) than non-Mycena Agaricomycetes
(p = 0.00019, Welch two-sample t test; Figure 4C). This further
supports the propensity for de novo gene births in Mycena. The
number of orphan genes ranges from 2,534 to 16,570. About
45% to 75% of such genes showed the presence of unique
transcripts (see Figure S14). We found the number of orphan
genes were significantly correlated with the genome statistics
(p < 0.05; Figure S15). The genome size was strongly correlated
with such genes (R = 0.92), suggesting the birth of species-spe-
cific genes is associated with the genome enlargement.

N50 and BUSCO scores were also correlated (R = 0.79
and —0.51), indicating there were tendencies of (1) a larger num-
ber of orphan genes leading to higher N50 (i.e., many fragmented
scaffolds) and (2) a smaller number of orphan genes in genomes
giving higher BUSCO scores.

However, the BUSCO score of all Mycena genomes was high
(>94%). The difference in BUSCO is only 5% between the high-
est score with fewest orphan genes (99%; Mycena sanguino-
lenta) and lowest scores with a largest number of orphan genes
(94%; Mycena haematopus).

To assess the function of novel gene families, we identified
MCL (Markov Cluster Algorithm) clusters in which Mycena spe-
cies were overrepresented (Fisher’s exact test) and functionally
characterized them based on InterPro conserved domains. The
results of the enrichment analysis support a rather unspecific
expansion with no clear ecological function among the My-
cena-expanded families. Clusters of genes with unknown func-
tions were common among the Mycena-enriched clusters (green
rows in Table S4). Nevertheless, some functionally relevant genes
were identified among Mycena-enriched clusters. For example,
these overrepresented clusters included a class-Il-peroxidase-
like family (cluster 134), which could be related to wood decay,
multiple kinesin clusters (related to intracellular transport), and
a cluster containing germins (cluster 375), which are plant glyco-
proteins related to the extracellular matrix, mostly functioning in
development and defense. We also detected a cluster of AA10
lytic polysaccharide monooxygenases (LPMOs) (cluster 8,299),
enzymes that primarily act on chitin (or cellulose). Because ger-
mins and AA10 LPMO are not widespread in fungi, it is possible
that they were obtained from Mycena species through horizontal
gene transfer (HGT), similar to that reported in Armillaria.>®
Indeed, Alien Index®° calculations revealed that Mycena species
possess 129-836 genes that showed considerably higher similar-
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ity to Ascomycota proteins across their lengths (80% bidirec-
tional coverage) (Table S5), indicative of potential HGT events.
To more rigorously test the possibility of HGT, we created clus-
ters from the top 50 Ascomycota, Mycena, and non-Mycena
hits of each potentially HGT-derived protein and inferred gene
trees for them. Next we filtered for Mycena proteins for which
the phylogeny supports an origin via HGT (see STAR Methods).
This resulted in an overall 2,562 phylogenetically verified HGT-
derived Mycena genes (31-263 genes/species; Table S5). Most
proteins encoded by HGT-derived genes show the highest simi-
larity to proteins from the Dothideomycetes (811), Sordariomy-
cetes (752), Eurotiomycetes (583), and Leotiomycetes (494)
(Table S5), suggesting that the donor taxon or taxa probably be-
longed to these classes. InterPro domain enrichment analysis
(Fisher exact test, Benjamini-Hochberg-adjusted p < 1e—3) for
HGT-derived genes/proteins showed that Mycena species
acquired several transporters, CAZymes, and proteases from As-
comycota (Table S5), some of them being present in >50% of My-
cena species. A notable protein encoded by an HGT-derived
gene is present in 11 Mycena species and harbors a necrosis-
inducing protein domain (IPR008701) that is reported to be
responsible for necrosis induction on host plants by biotrophic
pathogenic fungi.®" It is noteworthy that eight of these 11 species
that harbor this necrosis-inducing HGT-derived protein are also
found in the category of Mycena cultures that induced poor
growth in the birch hosts they invaded.'®

Gene duplications are rampant in the Mycena

We then reconstructed gene duplication/loss histories using
reconciled gene trees as described previously® to obtain a fully
resolved view of gene family evolution in Mycena and related
Agaricomycetes. The protein-coding gene repertoire and its
evolutionary dynamics in the 58 species showed a clear peak in
the Mycena clade (Figures 4D and S16). This finding indicates
that gene duplication also contributes to the inflation of the prote-
ome of Mycena species. The expansion event started with 23,591
reconstructed ancestral genes in the last common ancestor of the
marasmioid clade (sensu Matheny 2006°° marked with Armillaria,
Gymnopus, and Mycena, as shown in Figure 4D) and expanded to
29,195 genes in the last common ancestor of the Mycena clade
(8,107 gains and 2,503 losses). In the following two nodes
(#2 and # 3 in Figure 4D), the genome was further expanded to
33,542 (4,521 gains and 174 losses) and 42,713 genes (9,701
gains and 380 losses), respectively (Figure S16), which was three
to four times greater than the number of other Agaricomycetes ge-
nomes in the dataset. It is noteworthy that ancestral genomes
expanded by 81% across these three nodes, which raises the
possibility that we see signals of an ancestral WGD spread across
these nodes (see below). Ancestral gene counts remained
approximately at this level in the Mycena clade, with gene
numbers fluctuating between 42,000 and 45,000 genes in the My-
cena clade. We also inferred a large number of more recent gene
duplication events that contributed to the further expansion of
certain exceptionally large Mycena genomes.

No clear-cut evidence for WGDs

It is perplexing that the expansion of protein-coding gene con-
tent localizes to only three nodes in the genus Mycena.
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Therefore, we examined the possibility that the genome expan-
sions were related to an ancient WGD event and subsequent
perturbed genome dynamics. Analyses of dS (synonymous sub-
stitution) values between gene duplicates revealed a second
peak of gene propensity around dS ~ 2 both in highly duplicated
(M. olivaceomarginata, M. leptocephala, Mycena galericulata,
Mpycena polygramma, and Mycena sp.) and not highly duplicated
(Mycena pura and Mycena belliae) (Figure S17); however, this
signal was weaker than in two other cases of documented fungal
WGD events®*®® and was comparable to the pattern in Schizo-
phyllum commune, but not Laccaria bicolor (Figure S17). The
second peak may correspond to the signal of WGD,® with its
lower height compared to Saccharomyces cerevisiae and Phy-
comyces blakesleeanus likely being abundant small-scale dupli-
cations following the potential WGD event. However, in light of all
comparisons, we interpret these patterns as inconclusive for the
presence of an ancient WGD in Mycena, requiring further
research with other methods in the future.

The loss of genomic control mechanisms cannot explain
the genome expansion in Mycena

We hypothesized that Mycena genomes may have expanded
following the potential loss of genes related to the control mecha-
nisms that could maintain TE and/or gene proliferation. To this
end, we examined the presence of genes involved in the DNA
methylation (TE silencing) machinery and RNA-mediated silencing
(quelling and meiotic silencing). Based on an orthology analysis
using gene sequences from the well-characterized model Neuros-
pora crassa as queries, we found that each of the genes appeared
to be conserved throughout the phylogeny of the 58 Mycena and
non-Mycena species (Table S6). The sole exception was sad-1, an
RNA-dependent RNA polymerase, the key component of the
meiotic silencing by unpaired DNA (MSUD) pathway (NCU02178
in Neurospora crassa), which was present in 24 out of 25 Mycena
species and was missing in the other examined Agaricomycetes
(except for two Armillaria species). Thus, Mycena species appear
to retain nearly all genes related to the maintenance of genomic
integrity, suggesting that its genome expansion cannot be ex-
plained by the loss of known components of the machinery that
suppress TE activity and/or proliferation.

Large variation in CAZyme production and secretome
irrespective of ecological specialization
Although comparative genomic analyses suggested nonspecific
genome expansion in Mycena, we assessed whether the known
ecological versatility of the genus correlates with genes playing a
role in organic matter decomposition and/or plant interactions.
Hereafter, we will focus on the secretome, including CAZymes,
in particular, PCWDE, lipases, proteases, and SSPs (Figures 5,
S18, S19, and S20). The predicted secretome of the Mycena
species was considerably larger than that of other fungi, regard-
less of their ecology (Figure 5). These differences correlated with
phylogeny, and PERMANOVA analyses suggested that approx-
imately 50%-55% of the observed variance was explained by
the phylogenetic relationships for secreted CAZymes, prote-
ases, lipases, and SSP (Figure S21).

Across all 58 species, ecology (i.e., the mode of nutrition)
significantly contributed to the distribution of secreted CAZymes

8 Cell Genomics 4, 100586, July 10, 2024

Cell Genomics

(ecology effect was 19%; PERMANOVA p < 0.05; Figure S21).
For the various functional groups (auxiliary activities [AAs], car-
bohydrate-binding domains [CBMs], carbohydrate esterases
[CEs], glycoside hydrolases [GHs], and polysaccharide lyases ]
PLs]) within CAZymes, the effects of ecology on the distribution
of each family ranged from 6% to 21%, but we note that most of
this signal is provided by ectomycorrhizal (ECM) species vs.
others, not separation within Mycena. Thus, our results
confirmed that ectomycorrhizal fungi differed significantly from
other fungal guilds, with a low content of CAZymes, SSPs, li-
pases, and proteases (false discovery rate [FDR]-adjusted
p < 0.05; Kruskal-Wallis and Dunn tests; Figure S22). Among
the six wood/litter decayer categories, only the conifer litter de-
cayers and broadleaf wood decayers were significantly different
from each other (FDR-adjusted p < 0.05; Kruskal-Wallis and
Dunn tests), indicating that ecology has a low predictive value
for extracellular CAZyme composition within Mycena species.

Mycena species displayed a high number of genes encoding
enzymes involved in lignocellulose degradation (Figure 5),
including those involved in decomposing all components of
wood.®”"®° We also identified CAZyme families that are mostly
or exclusively found in Mycena spp. within Agaricomycetes
(GH54, GH67, GH106, GH81, GH5_31, GH32, CBM42, GH5_51,
and GH43_14; Figure S18). The conservation of these families in
Mycena species, but lack thereof in other Agaricomycetes, also
suggests a possibility that these species might have acquired
these genes by HGT.

Ecology-wise analyses of Mycena CAZymes highlighted that
genome size in general is strongly correlated with CAZyme copy
number (Pearson coefficient = 0.835; p < 0.05), with PC1 heavily
influenced by genome size and explaining 18%-49% of the vari-
ance (PERMANOVA p < 0.05; Table S7). For example, this was re-
flected in low CAZyme counts in the small-genome species
M. belliae, Mycena crocata, or M. haematopus, and a high count
in M. leptocephala, M. olivaceomarginata, M. galopus, and My-
cena rebaudengoi, which have larger genomes. In the phyloge-
netic principal-component analysis (PCA) of secreted CAZyme
counts (Figure 6), even as this method applies a correction for
phylogenetic relatedness, the first PC still largely separated My-
cena from non-Mycena, and explained 70.6% of the observed
secreted CAZyme variation among the 58 fungi included in this
study. The second PCA explained only 5.5% and mainly sepa-
rated ECM fungi from saprotrophs, with no clear effect of ecolog-
ical decay guilds. Thus, our findings indicate that substrate ecol-
ogy has low predictive power for CAZyme gene content. The
same pattern was also broadly observed for proteases, lipases,
and SSPs (Figures S23, S24, and S25). Similar to the CAZyme
gene content, ecology also had a low explanatory power for
enzyme activity (Figures S26 and S27). These observations are
consistent with those above, reinforcing the view that secretome
expansion in the Mycena genus has not been shaped by the spe-
cies’ lifestyle/mode of nutrition. Among the Mycena species
analyzed, the most frequent invaders of living plant roots were
generalist litter degraders (Figure S28; Welch two-sample t test,
p =0.02). However, in the secretome analysis, we found no strong
correlation between the number of plant species a Mycena spe-
cies is known to regularly invade®” and the gene counts of
effector-like SSPs or CAZymes, or with other genes and genomic
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Bubble plots (left) show the number of secreted genes for CAZymes, lipases, proteases, and other proteins that were not present in the first three groups. SSPs
are a subcategory showing the number of small secreted proteins (<300 amino acids). The size of the bubbles corresponds to the number of genes. Fungal
lifestyle is indicated by colors. The first bar plots (in the middle) represent the ratio of CAZymes, lipases, and proteases to all secreted proteins (left), and the ratio
of SSPs in the entire secretome (right). The second bubble plot (on the right) shows CAZymes grouped according to their functions, including PCWDEs and fungal
cell-wall-degrading enzymes (FCWDEs); peptidoglycan (i.e., bacterial membrane)-degrading enzymes (BMDEs); trehalose-, starch-, glycogen-degrading en-
zymes (storage); lytic polysaccharide monooxygenase (LPMO); substrate-specific enzymes for cellulose, hemicellulose, lignin, and pectin (plant cell walls); and
chitin, glucan, and mannan (fungal cell walls). The second bar plots (far right) show the total number of genes, including PCWDE, microbial cell wall degrading
enzymes (MCWDEs) and BMDE (left), and the proportions of PCWDE, MCWDE, and BMDE (right)

features (Figure S29). All correlations were insignificant when
excluding the two outlying genomes M. olivaceomarginata and
M. leptocephala.

DISCUSSION
The new data presented here complement genomic resources

of plant biomass-degrading Agaricomycetes, an ecologically
important group of saprobes that recently proved considerably

more heterogeneous than traditional views assumed.®4%47-5
The all-encompassing genome-wide increased size of Mycena
spp. both in terms of assembly size and number of genes en-
coded, and particularly the large number of apparently My-
cena-specific gene families, and the multiple instances of
HGTs make Mycena genomes quite deviant in their structure
from the other Agaricomycetes irrespective of their ecologies.
Our analysis of the secretome of Mycena spp., with its special
emphasis on PCWDEs and its connection to species lifestyles,

Cell Genomics 4, 100586, July 10, 2024 9




¢ CellPress

OPEN ACCESS

CBM1

Ecology

» Ectomycorrhiza
Pathogen

@ Litter decayer
Wood decayer
Broadleaf wood decayer
Broadleaf litter decayer
Grass litter decayer

® Conifer litter decayer

50

N A Mycena
O Oth
25 [ ] er
o
M.olivaceomarginata AA3_2
M.l \A hal
bR e M.metata M.rosella - M.alexandri
M"amo“aAMApo\ ramma A Mycena.sp.
M.gal ygrar ena.sp.
e M.vulgar[sA o OPUSAM /%BM Mﬁ\opeAsA AA

2
: E lb\doh\ace? T
M.sanguinolenta a R.roridus M.crocata
A CBMS50 ey

M.rebaudengoi M.ga\encu\alaA M.epipterygia M pura‘
M.capillaripes M.vitilis
AA1_1
CBM67
-25
* PCt :

showed that Mycena species have a large repertoire of CAZyme
genes that encode enzymes that act on all lignocellulosic com-
ponents of plant cell walls, with similarities to other litter de-
graders, as recently outlined.’® Their genomes also encode a
large set of genes encoding lipases and proteases. These
copy numbers are consistent with the genome expansion of
the genus and indicate that these fungi have robust machinery
to decay organic matter. Nevertheless, the gene copy numbers
of CAZymes were not related to the ecology of the investigated
Mpycena species. These observations could be explained by a
number of factors that are not mutually exclusive: (1) the con-
founding effects of genome expansion may blur true ecology-
related signals, (2) lifestyle may act through the transcriptional
regulation of these CAZyme genes, or (3) bias and subjectivity
in the traditional textbook assignment of species to discrete
lifestyles.

Similarly, compared to other Basidiomycota’® species, My-
cena also showed high interspecific variability in the production
of degrading enzymes, yet again without obvious links to known
substrate preferences. The differences in exocellulase and beta-
glucosidase activity activities are surprising, as all Mycena would
be expected to utilize cellulose as the main plant polymer, regard-
less of substrate preference. The secreted CAZyme gene content
does not correspond to higher enzyme activity either, as would
be expected.”" Biochemically, different CAZyme family members
encode enzymes with the same activity.”” Conversely, individual
enzymes that are products of the same gene may catalyze
several different biochemical activities.”® Overall, Mycena has a
wide genomic potential to decompose lignocellulose and other
biopolymers, and the variation in enzyme activity in Mycena cul-
tures may indicate the ability to efficiently regulate expression
and adapt it to environmental conditions.”* Nonetheless, the
answer to our first research question (1) must be negative,
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Figure 6. Phylogenetic PCA of secreted CA-
Zyme profiles

All 58 species were placed according to the first
and second principal components calculated by
the count of secreted CAZymes, with phylogenetic
distances of the species taken into account. CA-
Zymes with high loadings are shown in red with
arrows. Fungal ecology is in color, and Mycena
and non-Mycena fungi are in different shapes. The
blue circle shows a cluster of Mycena species.

i.e., that even though species do differ in
their PCWDE repertoire, their supposed
ecological niches and substrate prefer-
ences cannot be identified as key deter-
g, mining factors.

P ) Turning to our research question (2)
(what are the main causes of genome ex-
pansions?), other parts of the protein-
coding repertoire of Mycena species
have also expanded notably. The >4,000
novel conserved Mycena-specific gene
families (and the large number of gene
duplications) with unknown functions is
very striking. Such families are known from other fungi, but
(with the possible exception of rust fungi’>"®) usually orders of
magnitude smaller, as in the 400 such families described in the
genus Armillaria.*? Assessing the specific function of Mycena-
specific proteins, in the context of ecological adaptation or other,
will hopefully cast some light on the role of unannotated genes in
fungi. So far, their conservation across the Mycena clade sug-
gests that their role is important.

Furthermore, our data are consistent with an ancestral WGD
event in Mycena in the observed genome expansion patterns,
the very high number of genes, a large number of gene duplica-
tions that affected all gene groups equally, and the rapid expan-
sion of the ancestral genome after the origin of the genus. Unfor-
tunately, however, the confounding effects of likely abundant
subsequent small-scale duplications as also suggested by Fig-
ure S17 makes it very hard to discern such a potential WGD
event conclusively.

The major quantitative cause of the Mycena genome expan-
sion was TE proliferation. This is known to promote both gene
duplications and the emergence of new gene families, in addition
to increasing transcription rates.’’The proliferation of TEs and
gene duplications is a common driving force of genome expan-
sion reported in other fungal groups.®'%*%*? TEs are a key
drivers of rapid shifts in eukaryotic genome size.”® In Mycena,
up to 60% of the genomes were composed of TEs, similar to
the prevalence reported in some highly repetitive genomes of ec-
tomycorrhizal species.” '’ Thus, the answer to research question
(2) is that the main reasons for genome expansions is (1) in-
creases in coding regions containing the secretomes and
PCWDEs, (2) a huge set of novel gene families, and (3) multiple
duplications of existing genes, and particularly an intense TE
proliferation—perhaps all on a background of an ancestral
WGD event.

M.belliae
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In plant-parasitic/associated fungi, genes overlapping or
associated with TEs that are enriched are often direct virulence
factors and effector genes (e.g., SSPs).'>”® In Mycena, the en-
riched genes with overlapping TEs (C66 fungal-type DNA-bind-
ing domains, tetratricopeptide repeats, the major facilitator su-
perfamily, or the basic-leucine zipper domain) instead mainly
have functions as transcription regulation mechanisms,®°%?
perhaps suggesting a more general adaptive difference in gene
regulation/transcriptomics in Mycena in addition to their
genomic peculiarities. TE sequences in genes could bind with
non-coding RNAs, which create complex regulatory networks
of epigenetic control.®® It could be imagined that TE insertions
accumulated in non-coding regions became novel DNA se-
quences with repeated sequences acting as molecule-binding
sites, which were subsequently promoted to new exons over
time. In this way, Mycena fungi would incorporate TEs in the ge-
nomes, building up efficient regulatory networks that add to their
ecological plasticity.

The basic-leucine zipper domain transcription factors (bZIPs)
are particularly pronounced in the TEs of the three cold-adapted
strains collected in the Arctic (Svalbard). In filamentous fungi, the
bZIP factors are known to be key oxidative, temperature-related,
and cell wall integrity stress response factors.®*

Thus, this might suggest that adaptations to stressful, nutrient-
poor environments are a potential driving force for TE-mediated
genome enlargement, which helps answer our research question
(8) on adaptive roles of TE proliferations. Arctic fungi must sur-
vive a short growing season, with extraordinary environmental
stress from frequent exposure to freezing temperatures and
associated hyphal damage. TE proliferation coupled with genes
for rebuilding cell walls and damaged hyphae is one possible
evolutionarily advantageous explanation for the particularly large
genome increases observed in Arctic Mycena. It should be noted
that, while major facilitator superfamily expansion is known to be
a general feature on the kingdom level separating non-flagellated
fungi from the ophistokonts,®® TE proliferation has happened
multiple times independently throughout the fungal kingdom
and appears to be generally non-adaptive, with specific in-
stances of adaptive functions and TE proximity mainly appearing
to be taxon specific.?®” Thus, it should be investigated if a pu-
tative adaptive link between TEs and bZIP transcription factors in
Arctic Mycena is more of a specific response by one particularly
versatile genus with flexible genomes than a general Arctic effect
on Basidiomycetes and mushrooms more widely.

However, irrespective of the possible adaptive explanations, TE
proliferation is the main reason that two of the Arctic strains,
M. olivaceomarginata and M. leptocephala, stand out with ge-
nomes of 501 and 377 Mb, respectively. This is a further TE prolif-
eration on top of the already large and TE-rich genomes of all other
Mycena, which makes those two strains the largest mushroom ge-
nomes hitherto found, two to three times larger than the largest of
the non-Arctic Mycena genomes. This effects bears resemblance
to that in several Arctic plants that have also been shown to evolu-
tionarily advantageously increase in genome size both by associ-
ated TE proliferation and polyploidy in response to environmental
stress.®%89 This is then often associated with speciation and
reduction in effective populations.®>" However, the Arctic My-
cena show no signs ofindependent WGDs/polyploidy (Figure S17),
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and M. olivaceomarginata and M. leptocephala morphospecies
are widely found in temperate regions, suggesting that their effec-
tive population sizes are large. It remains to be seen if temperate
strains of M. olivaceomarginata and M. leptocephala would also
have the extreme genome size of their Arctic counterparts. Recent
research has found that fungi are much more prone to mutations
and TE proliferations in the monokaryotic rather than the dikaryotic
stage.” A non-adaptive reason for the extreme Arctic genome
sizes (and TE proliferations) might thus be that Arctic mushrooms
simply experience a much longer fraction of their lifetime as mono-
karyons waiting for a compatible partner to land, compared to
temperate mushrooms with larger population sizes. Both adaptive
and non-adaptive Arctic effects on Mycena specifically and mush-
rooms more generally should be tested more directly in future
research on Arctic mushroom genomes compared to close non-
Arctic relatives.

While previous studies have suggested that narrower ecolog-
ical specialization conversely often leads to reduced genome
size and gene content,”>°* we found no such significant asso-
ciation between the level of specialization in Mycena and
genome size, however. The exclusively reed-stalk specialist
M. belliae (56 Mb) and the predominantly Fagus-wood decayer
M. haematopus (63 Mb) indeed had the smallest genomes;
however, the conifer litter specialists Mycena rosella (129 Mb)
and Mycena vulgaris (193 Mb) both had larger genomes than
the two most widespread broad generalists M. pura (97 Mb)
and Mycena epipterygia (119 Mb). Similarly, we found no robust
correlations between the number of plant species invaded®’
and the gene counts of SSPs or CAZymes, or other genes
and genomic features.

Finally, Ke et al.*® previously noted that certain gene groups at
the origin of the mycenoid lineage had closer homologs in the As-
comycota instead of the expected Basidiomycota. We further
corroborate this finding by our HGT prediction, which indicated
the unexpected similarity of hundreds of Mycena proteins to
those from Ascomycota. In a recent study in Armillaria,”® multiple
horizontally transferred genes were shown to represent a wide
variety of cellular functions, and, in Mycena, we similarly find
transporters, signaling and membrane proteins, and metabolic
CAZymes and proteases (Table S5). Collectively, these observa-
tions provide evidence for potential HGTs with raw material from
Ascomycota sharing the same ecological habitats, similar to the
recent observations in Armillaria.>® The occurrence of HGT and
the presence of bioluminescence in both Mycena and Armillaria
is a striking correlation, sparking speculations about complex
gene flow patterns between these two genera and certain Asco-
mycota that should be explored in future additional phylogenetic
analyses.

Limitations of the study

While our study does find the Arctic Mycena strains to display the
biggest mushroom genomes found and a significant size differ-
ence compared to the temperate Mycena, we cannot directly
prove that they are larger because of a specific Arctic effect.
Nor can we hypothesize much as to such an effect in mushrooms
more broadly. To do this, more Arctic fungal genomes need to be
sequenced, and preferably in pairs of conspecific strains from
species that occur both in the Arctic and in other climate zones.
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Conclusions

We find that the genomes of the Mycena genus do not conform
to other studied fungal lineages in terms of the effects of their
traditionally perceived saprobic lifestyles, narrowness of spe-
cializations, or propensity to invade plant roots as obvious
driving factors of their genomic content.

Instead, Mycena is chiefly characterized by an uncharacteris-
tic overarching genome expansion on all parts of its genome,
due to TEs, whole novel gene families, and gene duplications,
with no loss of the genes maintaining genomic stability. Further-
more, the genus contains evidence of several HGTs from Asco-
mycetes, including proteins known to induce necrosis in plant
hosts upon invasion by fungi. Several enriched genes with over-
lapping TEs are associated with general transcription regulation
mechanisms, suggesting a corresponding adaptive difference in
the gene regulation/transcriptomics of Mycena, which could be
hypothesized to explain the surprising ecological plasticity of
the genus.

More specifically, and in a convergent evolution with Arctic
plants with huge genomes, Arctic Mycena strains contain the
largest mushroom genome hitherto found with a genome size
of up to 501 Mbp, two to three times the size of the already large
non-Arctic Mycena strains. Unlike the frequent polyploid evolu-
tion in Arctic plants, the expansion in the Arctic Mycena is mainly
driven by further TE proliferation added on top of the already TE-
rich Mycena genomes, and several of those Arctic TE sequences
are inserted into genes related to oxidative, temperature-related,
and cell wall integrity stress response factors.

Our resources and data presented here provide a solid foun-
dation for expanding our knowledge on genome dynamics, novel
and duplicating gene families, secretome composition, PCWDE
evolution in Agaricomycetes, and of adaptation to harsh Arctic/
polar environments. With genomes seemingly fit for different life-
styles, Mycena species provide genomic illustrations for the
growing realization that fungal niche adaptations may be much
more complex and broader than traditionally believed.
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DescTools Signorell et al.*® https://cran.r-project.org/web/packages/DescTools/

ape Paradis et al.*’ https://cran.r-project.org/web/packages/ape

phylobase Hackathon*' https://cran.r-project.org/web/packages/phylobase/

adephylo Jombart and Dray*? https://cran.r-project.org/web/packages/adephylo/

ggplot2 Wickham et al.*® https://cran.r-project.org/web/packages/ggplot2/

regioneR Gel™ https://bioconductor.org/packages/release/

Synteny-Governed Overview
CLC Genomics Workbench
Fasttree

Looney et al.*®

QIAGEN

Price et al.*®

bioc/html/regioneR
https://github.com/ShingoMiyauchi/SynGO
Cat. No: 832021
www.microbesonline.org/fasttree/

(Continued on next page)

Cell Genomics 4, 100586, July 10, 2024  e3


https://github.com/ShingoMiyauchi/PRINGO
https://github.com/laszlognagy/COMPARE
https://mafft.cbrc.jp/alignment/software/
https://bio.tools/notung
https://apolo-docs.readthedocs.io/en/latest/software/applications/raxml/raxml-8.2.12/index.html
https://apolo-docs.readthedocs.io/en/latest/software/applications/raxml/raxml-8.2.12/index.html
https://apolo-docs.readthedocs.io/en/latest/software/applications/raxml/raxml-8.2.12/index.html
http://www.iqtree.org/
https://github.com/davidemms/OrthoFinder
https://busco.ezlab.org/
https://mycocosm.jgi.doe.gov/mycocosm/home
https://github.com/mmcco/RepeatScout
https://www.repeatmasker.org/RepeatModeler/
https://github.com/ShingoMiyauchi/TINGO
https://github.com/smirarab/ASTRAL
https://github.com/TGAC/earlham-galaxytools/tree/master/tools/gblocks
https://github.com/TGAC/earlham-galaxytools/tree/master/tools/gblocks
https://github.com/yongzhiyang2012/WGDdetector
https://github.com/trinityrnaseq/trinity
https://github.com/PacificBiosciences/pb-assembly
http://enews.patricbrc.org/fastortho/
https://www.bioconductor.org/packages/release/bioc/html/PCAtools.html
https://www.bioconductor.org/packages/release/bioc/html/PCAtools.html
https://github.com/vegandevs/vegan
https://cran.r-project.org/web/packages/DescTools/
https://cran.r-project.org/web/packages/ape
https://cran.r-project.org/web/packages/phylobase/
https://cran.r-project.org/web/packages/adephylo/
https://cran.r-project.org/web/packages/ggplot2/
https://bioconductor.org/packages/release/bioc/html/regioneR
https://bioconductor.org/packages/release/bioc/html/regioneR
https://github.com/ShingoMiyauchi/SynGO
http://www.microbesonline.org/fasttree/

¢? CellPress

OPEN ACCESS

Cell Genomics

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

RNeasy Mini Kit QIAGEN Cat. No. 74104

Qubit dsDNA BR assay
Qubit RNA BR assay
RNAse A

Genomic tip

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
QIAGEN

Cat. No. Q32850
Cat. No. Q10210
Cat. No. 12091021
Cat. No. 10223

SMRTbell Template Prep Pacific Biosciences Cat. No. 100-938-900
TruSeq Stranded mRNA HT sample prep lllumina Cat. No. 20020594
HiSeq TruSeq SBS sequencing kits lllumina Cat. No. TG-410-1002
BluePippin System Sage Science Cat. No. BLU0OOO1

RESOURCE AVAILABILITY

Lead contact
Further information on the fungal strains, the laboratory work, and the bioinformatics/statistics can be directed to the lead contact,
Christoffer Bugge Harder (cbharder@bio.ku.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Genomes have been deposited at GenBank and are publicly available from there. Accession numbers are listed in the key re-
sources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We developed cultures by spore dispersion on malt extract agar (MEA) plates overnight, after which the strains were maintained and
grown for harvesting on solid MEA agar medium with ampicillin (100 mg/L) and benomyl (50 mg/L). For DNA extraction, fungi were
incubated in the dark at 20°C for 2-6 weeks, depending on their growth rate prior to harvesting. For RNA extraction, fungi were incu-
bated in the dark at 20°C for 2-4 weeks.

All new cultures were deposited in the Belgian Coordinated Collection of Microorganisms/MUCL at the Université de Louvain, and
the strain numbers are listed in the Key resources table. Further information about each species can be found at the JGI homepage
(https://genome.jgi.doe.gov/portal/).

METHOD DETAILS

DNA and RNA extraction

Harvested mycelia were harvested, ground in liquid nitrogen, and subjected to DNA and RNA extraction. For DNA, we used a phenol/
chloroform protocol (including RNAse A treatment (Thermo Fisher Scientific), as in Skrede et al. 2011.%° After extraction, all samples
were cleaned using Qiagen Genomic tip 100/G columns according to the manufacturer’s protocols (Qiagen, Valencia, CA, USA). RNA
was extracted using the standard protocol of the RNeasy Mini Kit (Qiagen) and B-mercaptoethanol was added to the lysis buffer. The
quantity and quality of the samples were determined by gel electrophoresis, Qubit BR assay kits for RNA/DNA (Thermo Fisher Sci-
entific)), and a NanoDrop 1000 spectrophotometer.

Enzyme analysis

We grew all Mycena s.s. species in triplicate stationary cultures on liquid malt agar at 20°C for 21 days and analyzed their extracellular
enzyme activity as described by.?® All strains used were the same as those sequenced for this study, except for the already
sequenced M. galopus (ATCC)), where we used another strain (M. galopus Telemark).'® We measured activities for the broad CA-
Zyme types endocellulase (with Azo-Carboxymethylcellulose), endoxylanase (with Azo-Xylan from birch), laccase (with ABTS),
Mn-peroxidase (with DMAB and MBTH), as well as the following hydrolases using methylumbelliferol-based substrates: a-glucosi-
dase, a-galactosidase, exocellulase, B-glucosidase, f-mannosidase, N-acetylglucosaminidase, phosphomonoesterase, galacturo-
nidase and B-xylosidase, as well as for the overall lipase and protease activity.
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Genome sequencing and assembly

The 25 new genomes reported in this study were sequenced using the Pacific Biosciences platform (PacBio), assembled with
FALCON,?” and annotated using the JGI annotation pipeline’® aided by the 25 matching transcriptomes. For genome sequencing,
five ng gDNA was used to generate each library, except for M. olivaceomarginata, for which 20 ng gDNA was used. The DNA was
sheared to >10 kb fragments using Covaris g-TUBE, except for the DNA of M. olivaceiomarginata, which was sheared to >20 kb frag-
ments using 26G blunt needles (VWR). The sheared DNA was treated with exonuclease to remove single-stranded ends and DNA
damage repair mix, followed by end-repair and ligation of blunt adapters using SMRTbell Template Prep or Express Kit 1.0 (Pacific
Biosciences). The final library was then purified using AMPure PB beads. The M. olivaceomarginata library was additionally size
selected with BluePippin (Sage Science) at >15 kb cutoff size. For all but five exceptions, the PacBio Sequencing primer was
then annealed to the SMRTbell template library, and the sequencing polymerase was bound to them using the Sequel Binding kit
2.0. The prepared SMRTbell template libraries were then sequenced on a Pacific Biosystems Sequel sequencer using v3 sequencing
primers, 1M v2 SMRT cells, and Version 2.0, sequencing chemistry with 1 x 360 and 1 X 600 sequencing movie run times. For the
5 exceptions (M. capillaripes, M. haematopus, M. leptocephala, M. rosella, and Mycena sp. CBHHK59/15), the PacBio Sequencing
primer was annealed to the SMRTbell template library, and Version P6 sequencing polymerase was bound to them. The prepared
SMRTbell template libraries were then sequenced on a Pacific Biosciences RSIlI sequencer using Version C4 chemistry and 1 X
240 sequencing movie run times.

Transcriptome sequencing and assembly
Sequenced transcriptomes were used to assess the completeness of genome assemblies and to seed and assess genome anno-
tations. All 25 Mycena transcriptomes were sequenced using lllumina RNA-Seq with polyA selection; the reads were assembled
into RNA contigs using Trinity®®

For all but five exceptions, plate-based RNA sample prep was performed on the PerkinElmer Sciclone NGS robotic liquid handling
system using lllumina’s TruSeq Stranded mRNA HT sample prep kit utilizing poly-A selection of mRNA following the protocol outlined
by llluminain their user guide: https://www.illumina.com/products/by-type/sequencing-kits/library-prep-kits/truseq-stranded-mrna.
html, and with the following conditions: total RNA starting material was 1 pg per sample and 8 cycles of PCR was used for library
amplification. For the 5 exceptions (M. galericulata, M. metata, M. olivaceomarginata, M. rosella, and Mycena sp. CBHHK59/15
and stranded cDNA libraries were generated using the lllumina Truseq Stranded mRNA Library Prep Kit. mRNA was purified from
1 ng of total RNA using magnetic beads containing poly T oligos. mRNA was fragmented using divalent cations at high temperatures.
The fragmented RNA was reverse-transcribed using random hexamers and SSilI (Invitrogen) followed by second-strand synthesis.
The fragmented cDNA was treated with an end pair, A-tailing, adapter ligation, and eight cycles of PCR. For all 25 transcriptomes,
the prepared libraries were quantified using the KAPA Biosystem’s next-generation sequencing library gPCR kit and run on a Roche
LightCycler 480 real-time PCR instrument. The quantified libraries were then prepared for sequencing on the lllumina HiSeq
sequencing platform using a TruSeq paired-end cluster kit v4. Sequencing of the flow cell was performed on an lllumina HiSeq2500
sequencer using HiSeq TruSeq SBS sequencing kits v4 following a 2 x 150 indexed run recipe.

Genome annotation

Each genome was annotated using the JGI Annotation Pipeline, which detects and masks repeats and transposable elements and
predicts genes based on transcriptome or nr protein evidence, characterizes each conceptually translated protein with sub-elements
such as domains and signal peptides, chooses the best gene model at each locus to provide a filtered working set, clusters the
filtered sets into draft gene families, discovers higher-order structure structures such as segmental duplications, ascribes functional
descriptions such as GO terms and EC numbers, and creates a JGI genome portal with tools for public access and community-driven
curation of the annotation.”“®

Detecting whole-genome duplication

Whole-genome duplication (WGD) was detected using WGDdetector, '°° a pipeline that discovers WGD in a genome by finding pairs
of paralogs and estimating the rates of synonymous substitutions per synonymous site (dS) between paralogs. A WGD is expressed
as two peaks in the distribution of the dS values compared to a single peak without a WGD. We further explored this by plotting the
distribution of dS values between duplicate pairs of segmental duplications and showed that these are consistent with small-scale
duplication events.®® We ran seven selected Mycena genomes through this computationally intensive pipeline: the three Arctic M. sp,
M. leptocephala and M. olivaceomarginata, the two highly duplicated M. galericulata and M. polygramma; as well as M. belliae and
M. pura with lowest duplication levels.

Tree reconstruction

Orthologous genes among the selected fungi were identified using FastOrtho, with the parameters set to 50% identity, 50%
coverage, and inflation of 3.0."°" The protein sequences used were genome-wide protein annotations from the JGI fungal portal,
MycoCosm." 1,516 orthologous gene clusters containing 87,928 of single copy genes among 58 fungi were identified and aligned
with MAFFT 7.221,"% ambiguous regions (containing gaps and poorly aligned) were eliminated using Gblocks 0.91b,'%® and sin-
gle-gene alignments were concatenated. A phylogenetic tree was inferred with RAXML 7.7.2,"°* using the standard algorithm under
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the PROTGAMMAWAG model of sequence evolution and 1,000 bootstrap replicates. We made additional two different species trees
based on gene trees inferred from orthologous groups using STAG and ParGenes with ASTRAL.%>'%° Orthologous genes groups
were identified with OrthoFinder."'® We confirmed the evolutionary distance of M. floridula from the Mycena group by comparing
three phylogenomic trees using single-copy gene concatenation (RAXML), coalesence (ASTRAL), and multi-gene (STAG)
approaches.

Analysis of Mycena species-specific genes
For correlations between the count of Mycena species-specific genes and genome size and other metrics, orthologous genes were
identified using OrthoFinder."'® We determined species-specific genes from 202,351 orthogroups. Mycena species-specific genes
were counted. Pearson correlation was calculated with variables including the number of species-specific genes, scaffold N50,
genome size, and BUSCO. Custom R scripts were used for the process.

For verifying the presence of transcription in the 24 Mycena species specific genes, they were examined with JGI RNA-seq data
(The 25th species, Mycena pura, had insufficient RNA data for this purpose). Genes showing more than one uniquely mapped read
were counted as transcribed genes. The process was performed with custom R scripts.

Analyses of genome contractions/expansions, cluster enrichment analysis and genome integrity tests

We used the COMPARE method to analyze evolutionary changes in gene family sizes.®” Protein sequences of gene families were
aligned with L-INS-I or auto algorithm of MAFFT (version 7.4.07)'%? and trimmed with TrimAL_1.2rev59 (gt —0.4).""" Gene trees
were inferred with RAxmIHPC-PTHREADS-AVX2 8.2.12 under the PROTGAMMAWAG model, and the estimated branch robustness
was estimated using SH-like support.'%* The gene trees were rooted and reconciled with the species tree using Notung 2.9 with 95%
SH-like support as the edge-weight threshold for topological rearrangements.’ '? Duplication/loss events were mapped onto the spe-
cies tree by Dollo parsimony using the COMPARE pipeline.®?

Identification of horizontally transferred genes
To identify horizontally transferred genes in Mycena species we calculated the alien index®® for each Mycena protein. In order to do
that, we merged the 58 Basidiomycota proteomes with 12 Ascomycota whole proteomes and performed mmsegs analysis (with a
bidirectional query coverage cutoff of 0.8). Hits were assigned to the taxonomic groups of Mycena, non-Mycena Basidiomycota and
Ascomycota. Alien index was calculated as the difference of the bitscore of the best Ascomycota hit and the bitscore of the best non-
Mpycena Basidiomycota hit both divided by the bitscore of the best Mycena hit. Proteins with an alien index >0 were considered as
potentially horizontally transfred proteins.’"®

In order to phylogenetically verify horizontal gene transfer events, we used the following strategy: we extracted the top 50 Mycena,
non-Mycena and Ascomycota hits for each potentially HGT-derived Mycena proteins from the mmsegs results. Proteins showing
>60% similarity were clustered together. Proteins in each cluster were aligned using mafft in L-INS-i mode. Gene trees were inferred
using IQ-tree ''* under the LG + G model. Next we identified nodes of the gene trees that met the following criteria: they show at least
70% bootstrap support, they only contain Mycena proteins, have a sister clade that contains Ascomycota proteins exclusively and
the preceding clade contains at least 70% Ascomycota proteins. Mycena proteins that met these criteria were accepted as horizon-
tally transferred genes. To identify the donor taxa we took the phylogenetically verified HGT-derived Mycena proteins as queries and
performed a similarity search against a target database that contained the original 58 proteomes supplemented with 151 Ascomy-
cota species using mmsegs as above and identified the best hits for each query.

TE-gene distance analysis and transcription levels

We measured the mean TE-gene distances with statistical support by comparing the locations of the observed genes and TEs and
10,000 null hypothesis genome models created by randomly reshuffling the locations of genes. The probability (p value) of the mean
TE-gene distances was calculated using the R package regioneR."'® Across the entire genomic space, the proximity of the coding
genes to repeat elements was calculated. The distance of genes to the nearest repeat elements was defined as the length from the
mid-point of genes to a) the start of nearest repeats downstream, and b) the end of nearest repeats upstream. We used such tactics
to estimate repeat elements located outside genes as well as overlapping genes. The distance of genes to the nearest repeat
elements within 2.5 kb (from the mid-point of the genes) was defined as “close proximity,” and coding genes tend to be smaller
than 4 kb. The process was conducted using the visual pipeline Synteny-Governed Overview.''®

To confirm the presence of transcription in such TE-overlapping genes, we examined the transcription level of TE overlapping
genes for three cold-adapted Mycena species and eight other Mycena species from temperate areas for comparison. Transcriptomic
data were obtained from the JGI Mycocosm. Transcripts were mapped to the genomes and counted per gene using CLC Genomics
Workbench (QIAGEN). Genes mapped with over ten transcript reads were selected.

For an analysis of the unknown TE repeats, we used unknown repeats overlapping genes coding for major facilitator superfamily
domain involved in carbohydrate transport and metabolic pathway. We made a phylogenetic tree with the unknown repeat se-
quences identified from RepeatModeller and RepeatMasker.''”"'® Sequences were aligned with Mafft'®” and a tree was built
with Fasttree.'"?
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Root invasion and species ecologies

We assessed the root invasion ability simply on a scale from 0 to 10 based on the number of ten plant species in a meta-analysis of
Mycena inside plant roots,®” where a particular Mycena species constituted at least 5% of the sample. Species ecologies/lifestyles
were inferred based on multiple sources.?®?"*+120:121 \ycena species were further grouped into the three specialization ranks of
narrow specialists (exclusively/predominantly on one or two species of substrate), broader specialists (exclusively/predominantly
associated with either coniferous, broadleaf, or grass substrates)), and generalists that are regularly found on all three broad sub-
strate types.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparative genomic feature analyses
Statistics of JGI genome assemblies (i.e., N50, number of genes and scaffolds, and genome size) were obtained from the JGI
Mycocosm." Genome completeness with single-copy orthologs was assessed using BUSCO v3.0.2 and basidiomycota_odb9 as
areference, with default parameters.'? The TE coverage of the TE in the genomes was identified using RepeatScout’'” and Repeat-
Modeler.'"® The above information was combined and visualized using the visual-omic pipeline Transposon Identification Nomina-
tive Genome Overview (TINGO)."'*® Secretomes were predicted as described previously.'** We calculated, visualized, and compared
the counts and ratios of total (present in the genome) and secreted CAZymes, lipases, proteases, and SSPs (<300 amino acids) as
subcategories. We calculated the total count of the followings using both all and secreted PCWDE and MCWDEs. Global trends in
ecological groups were evaluated using non-metric multidimensional scaling (NMDS) with counts of total and secreted CAZymes.
The dissimilarities among the ecological groups were calculated, and the relationship was converted into distances in two-dimen-
sional space with the metaMDS function in the R package Vegan 2.5-4."?° We examined statistically significant variables in genomic
features using permutational multivariate analysis of variance (PERMANOVA). The percentage of variance (R2) contributing to
genomic data was estimated for variables including ecological groups, phylogenetic distances, and the genome coverage. Detailed.
The detailed procedures have been previously described.'® The output files generated above were combined and visualized using
the visual-omic pipeline Proteomic Information Navigated Genomic Outlook (PRINGO)."°

We evaluated the associations of genomic features using the R package PCAtools.'?® We statistically tested differences among
various groups using the Kruskal-Wallis test with post hoc Dunn test with the R package DescTools.'?’ For the phylogenetic PCA
(Figure S19), our phylogenomic tree of 58 fungi was imported using the R package ape.'?® The tree and counts of secreted CAZymes
from PRINGO analyses were combined using the R package phylobase.'?® Principal components considering phylogenetic
distances were calculated using the R package adephylo.'*° All R graphical outputs were visualized using ggplot2'®! software.
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