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e The genomes of ectomycorrhizal (ECM) fungi have a reduced number of genes encoding
Carbohydrate-Active EnZymes (CAZymes), expansions in transposable elements (TEs) and
small secreted proteins (SSPs) compared with saprotrophs. Fewer genes for specific peptidases
and lipases in ECM fungi are also reported. It is unclear whether these changes occur at the
shift to the ECM habit or are more gradual throughout the evolution of ECM lineages.

e We generated a genomic dataset of 20 species in the ECM lineage Inocybaceae and com-
pared them with six saprotrophic species.

¢ Inocybaceae genomes have fewer CAZymes, peptidases, lipases, secondary metabolite
clusters and SSPs and higher TE content than their saprotrophic relatives. There was an
increase in the rate of gene family evolution along the branch with the transition to the ECM
lifestyle. This branch had very high rate of evolution in CAZymes and had the largest number
of contractions. Other significant changes along this branch included expansions in transpor-
ters, transposons-related genes and communication genes such as fungal kinases.

e There is a high concentration of changes in proximity to the transition to the ECM lifestyle,
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Introduction

Fungi serve important roles for nutrient recycling such as degrad-
ing complex organic matter and facilitating nutrient uptake by
plants. The latter function is performed in a mutualistic relation
called mycorrhiza (Lebreton ez al, 2021). Ectomycorrhiza
(ECM) is the dominant mycorrhizal type among stand-forming
trees in terrestrial ecosystems, and ¢. 60% of all trees on Earth
depend on this symbiosis (Steidinger ez 4/, 2019). ECM fungi
have evolved independently from saprotrophic ancestors in mul-
tiple lineages through convergent evolution (Brundrett & Teder-
500, 2018; Sheikh et al., 2022).

Carbohydrate-Active enZymes (CAZymes), peptidases and
lipases are integral to fungal metabolism, enabling them to utilize
efficiently a wide range of substrates for energy, growth and facili-
tate adaptation to various habitats (El-Gendi et 4/, 2021). Their
diverse functions support fungal ecological roles in nutrient cycling,
decomposition and environmental interactions (Tlaskal ez a/, 2021;
Corbu ez al.,, 2023). These enzymes are also major components of
the fungal secretome, playing a key role in organic matter decompo-
sition and symbiosis development (Alfaro ez al., 2014; Venkatesh
et al, 2021). Other components of the secretome include small
secreted proteins (SSPs) and secondary metabolites (SMs), which
meditate fungal interactions with their hosts and environment
(Martin ez al., 2008; Pellegrin ez al., 2015; Lofgren ez al., 2021).

© 2024 The Author(s).
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which correspond to the identified key changes for the gain of this lifestyle.

Comparative genomic studies have revealed characteristic
genomic features common in several ECM lineages, such as
reductions in the number of genes encoding CAZymes, espe-
cially lignocellulolytic enzymes such as cellulases and hydrolases
(Kohler ez al., 2015; Miyauchi et al., 2020). However, individual
ECM fungal genomes have also retained unique sets of
CAZymes, for example endoglucanases, pectinases and oxidore-
ductases/laccases, suggesting diverse capabilities of ECM lineages
to degrade plant materials from litter and soil (Kohler ez al,
2015). Lower gene content of specific peptidases (serine pepti-
dases) and lipases (versatile lipases) in the genomes of ECM
fungi as compared to saprotrophs has also been reported (Bar-
riuso & Martinez, 2017; Muszewska et al, 2017). Other
ECM-related changes include an increase in transposable ele-
ments (TEs) and expansions of symbiosis-induced SSPs (Kohler
et al., 2015; Peter et al., 2016; Hess et al., 2018). However, it is
yet unclear, how general these patterns of evolution are for the
ECM lineages. A few studies, based on single lineages of ECM
fungi, have indicated that some of the ECM-related genomic
changes, for example contractions in CAZymes and expansions
in TEs, have occurred before the transition to ECM in the sapro-
trophic ancestors as a pre-adaptation for this mutualistic lifestyle
(Hess ez al., 2018; Looney et al., 2022). Despite the recent pro-
gress in the ECM fungal genomics, it is not well-known whether
the ECM-linked genomic changes occur at the transition to the
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ECM habit or are part of a trend before and/or after the
transition.

To identify when the changes have occurred in relation to the
transition to ECM, it is important to choose a fungal group
with a long evolutionary history as ECM since changes may
accumulate slowly and gradually. Additionally, including a
well-supported saprotrophic sister outgroup is important to pin-
point the branch in the phylogeny with the transition to the
ECM lifestyle. Similarly, a diverse lineage is needed to be able to
break up long branches and avoid inference of branch-specific
changes as part of a general trend. Hence, we chose Inocybaceae
lineage for our investigation.

Inocybaceae is a diverse lineage of ECM fungi, with over 1050
estimated species (Matheny ez al, 2006; Matheny & Kudzma,
2019). It has an estimated origin around the Cretaceous—Paleogene
boundary (Matheny et al, 2009; Ryberg & Matheny, 2012;
Sheikh er al, 2022), and the relationship with the sister taxon
(Crepidotaceae) is well-known (Matheny ez al., 2009). The Crepi-
dotaceae species are predominantly wood saprotrophs, cosmopoli-
tan in distribution and are relatively easy to culture (Singer, 1986;
Aime, 1999). However, Inocybaceae is notoriously difficult to cul-
ture from both sporocarp tissues and single spores (Fries, 1982),
and to circumvent this issue for genomic analyses, we used DNA
extracted directly from sporocarp samples in this study. This also
decreased the processing time per sample. To further facilitate
handling of samples, we preserved the specimens by desiccation
instead of freezing in liquid nitrogen like other genomic studies of
mushroom-forming fungi (Chang ez al., 2019; Looney ez al., 2022;
Wu et al., 2022). While RNA extraction is not possible from the
dried sporocarps, they are easier to transport and store, which
simplifies the overall fieldwork and makes it less critical to do the
laboratory work immediately after the fieldwork.

To resolve what evolutionary processes acted and what evolu-
tionary events occurred before, at and after the origin of the
ECM symbiosis, we performed comparative genomic analyses of
20 species of Inocybaceae and six saprotrophic outgroup species
(two of those from Crepidotaceae). We present the first extensive
genomic study of Inocybaceae and introduce a method that
enables genomic data extraction from dried sporocarps. Our ana-
lyses identified the rapidly evolving ECM-related gene families in
relation to the transition to the ECM in Inocybaceae. Because of
their major importance in fungal metabolism and direct connec-
tion to nutritional mode, we focused on CAZymes, peptidases
and lipases for gene family evolution analyses and revealed
changes in evolutionary rates in these gene categories before, in
close proximity to, and/or after the transition to the ECM life-
style. In addition, we compared the gene content of major com-
ponents of the secretome between ECM and saprotrophic
species.

Materials and Methods

Fungal material, DNA extraction and sequencing

We generated sequence data for 19 Inocybaceae genomes so that
each of the four genera present in the north temperate region are
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represented by at least two genomes. As the Inocybe sensu stricto is
the most species-rich genus, most genomes (13) were generated
for this genus. Additionally, we sequenced two genomes from the
Inocybaceae’s sister lineage Crepidotaceae. All fungal material
used for genome sequencing was sampled fresh and thereafter
dried using a food dehydrator for later DNA extraction, except
Crepidotus cessati (Rabenh.) Sacc., which was obtained as dried
material from the Herbarium GB in Sweden. Mallocybe terrigena
(Fr.) Vizzini e al. sequenced in Bahram et 4l (2018) was also
added to the ingroup, while four other genomes, that is Agaricus
bisporus (J.E. Lange) Imbach, Panaeolus papilionaceus (Bull.)
Quél., Gymnopilus junonius (Fr.) P.D. Orton and Hypholoma
sublateritium (Fr.) Quél., were retrieved from the JGI Myco-
Cosm (Grigoriev er al., 2014) database (https://mycocosm.jgi.
doe.gov) and added as distant outgroups. This resulted in a
dataset of 26 genomes (Supporting Information Table S1).

DNA was extracted from the lamella (spore-bearing structure;
20-50 mg) to capture high amount of total DNA using the
Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research,
Irvine, CA, USA) and following the manufacturer’s instructions.
Tissue was taken from only one sporocarp per species to avoid
intraspecies genetic variation, except for C. calolepis, where two
sporocarps from the same collection were used to obtain suffi-
cient amount of DNA for genome sequencing. DNA libraries for
each sample were prepared using PCR-free TrueSeq from the
total DNA, and all samples together were sequenced on one lane
of Illumina HiSeq X (PE 150 bp insert size) by the Sci-Life
Laboratory in Uppsala, Sweden.

Quiality check, contaminants filtering and assembly

Raw genomic reads of the sequenced samples were quality-
checked using FasTQC 0.11.8 (Andrews, 2010) and adapters
trimmed using TRIMMOMATIC 0.36 (Bolger e al, 2014). To
extract reads of the target genome, the median coverage and GC
content of the Kmers were used to identify reads sourcing from
contaminants such as bacteria using Kmer spectra in the Kmer
Analysis Toolkit (KAT) 2.4.2 (Mapleson et al, 2017) with
default settings. The reads outside the expected GC and the reads
with low coverage were filtered out using the Kat filter function
in the KAT, and the remaining reads were assembled using the
haplotype-aware assembler SPADES 2.4.2 (Prjibelski ez al., 2020)
in the metaspades mode. Bacterial contaminations in the assem-
blies were further assessed using the blobplots function and
removed using the workflow A in Brosroors 1.1.1 (Laetsch &
Blaxter, 2017).

Contamination from other fungi was identified first, based on
low coverage of contigs and then confirmed by Brast 2.10.1+
(Altschul ez al, 1990) searches of the entire assemblies against
GenBank’s nucleotide (nt) database. The mitochondrial contigs
were detected by Blast searches of the assemblies against the mito-
chondrial genome of Laccaria bicolor (Maire) P.D. Orton and
were confirmed by the relatively low GC content of the contigs.
The reads, comprising the contigs from contaminants or mito-
chondria, were removed from the total reads. This final set of fil-
tered reads was assembled, and the assemblies were improved by
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polishing with Pion 1.22 (Walker ez 4l, 2014) in one round.
verified by BLASTing the

re-assembled assemblies against a custom-made database contain-

Contaminant removal was
ing ribosomal large subunit sequences from common contami-
nants and expected target species. Completeness of the assemblies
were assessed by Busco 4.1.4 (Simao ez al., 2015) using the data-
set basidiomycota_odb10. To evaluate the potential loss of genes
from the target genome due to the filtration process, the Busco
scores of the assemblies before and after the filtration were com-

pared.

Annotation

Gene predictions and annotation of all assemblies, including the
downloaded outgroups, were performed with the FUNANNOTATE
pipeline 1.8.4 (Palmer & Stajich, 2019). Transcriptomes of four
closely related fungal species (C.versutus as C. cesatii in the data-
base, Hebeloma cylindrosporum Romagn., Cortinarius austrovene-
tus Cleland and L. bicolor), retrieved from the MycoCosm (JGI)
database, were used to facilitate protein prediction. Specific
protein-coding genes such as CAZymes were annotated by the
DBCAN2 pipeline 2.0.11 (Yin et 4/, 2012), which predicts the dif-
ferent classes (Glycoside Hydrolases, Carbohydrate-Binding
Modules, Polysaccharide Lyases, Auxiliary Activities, Carbohy-
drate Esterases, Glycosyl Transferases) of CAZymes. Secretomes
were annotated using the pipeline described by Pellegrin ez al.
(2015). Secondary metabolite gene clusters (SMCs) and pepti-
dases were annotated using annotate function in the funannotate
pipeline with antiSMASH and MEROPS databases, respectively.
Lipases were annotated by BLASTing the predicted protein
sequences of all samples against the Lipase Engineering (LED)
database (http://www.led.uni-stuttgart.de) at Evale = 1070
off and classified into three major classes of lipases, that is GX,
GGGX and Y according to the LED database.

cut-

Phylogenomic analysis

The orthologous genes, both single-copy and orthogroups, in the
26 genomes were identified using phylogeny-based orthology
inference approach implemented in ORTHOFINDER 2.5.2 (Emms
& Kelly, 2019), with DIAMOND for sequence similarity search
and local alignment (Buchfink ez 4l, 2015) and DendroBLAST
algorithm for gene tree inference (Kelly & Maini, 2013). Each of
the resulting single-copy orthologous gene sets were aligned using
Marrr 7.407 (Katoh & Standley, 2013) with -auto option, and
the ambiguous/poorly aligned regions were removed using
-automated] option in TRIMAL 1.4.1 (Capella-Gutiérrez et al.,
2009) and were then concatenated into a supermatrix. A Maxi-
mum Likelihood (ML) phylogeny was constructed using
IQ-TRreE 2.0 (Nguyen ez al., 2015) with -testmerge option and
1000 rapid bootstrap iterations. ML gene trees were also obtained
using [Q-Tree with -mfp option. Branch support values for each
gene tree were calculated in IQ-Tree using SH-aLRT (Guindon
et al., 2010) with 1000 replicates. The ML gene trees were used
to infer a species tree using the coalescent-based method
implemented in ASTRAL ITI 5.7.7 (Mirarab & Warnow, 2015).

© 2024 The Author(s).
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To further estimate the support for our obtained topology, we
counted the total number of individual gene trees, which sup-
ported the monophyly of genera within Inocybaceae, as well as
the relationships between these genera proposed by Matheny
et al. (2020) and the relationships between the genera as derived
from our concatenated and Astral analyses. In cases where discre-
pancies were found between our analyses and Matheny
et al. (2020), we tested differences in the tree length and support
values of the gene trees, which either supported or did not sup-
port the monophyly of the group in question. Using a randomi-
zation test, we compared the mean tree length and support values
for the relationship supported by the fewest trees to 1000 random
draws of an equivalent number of gene trees from the total pool
of relevant gene trees (i.e. those containing the taxa needed to
infer the relationship).

The estimation of divergence times was done on the ML phy-
logeny with R8s 1.81 (Sanderson, 2003), using a penalized likeli-
hood method. Cross-validation was performed to identify the
best smoothing parameter value, and the tree was calibrated by
fixing the age of the Inocybaceae crown group to 89.9 million
years ago (Sheikh ez al, 2022). Even though there is uncertainty
associated with this age estimate, we did not include confidence
intervals in the analysis. These intervals would also be approxi-
mate, and there is no intrinsic way of incorporating the uncer-
tainty into the downstream analyses.

Comparative genomic analysis

The number of total and secreted CAZymes, peptidases, lipases,
SSPs and SMCs was counted and compared between the gen-
omes. In addition, gene family evolution was estimated using
CAFE 4.0 (Han et al., 2013) and with branch-sets defined to iden-
tify changes in relation to the transition to ECM (Fig. 1). The
branch between the stem and crown node of Inocybaceae is
referred to as the branch with the transition to the ECM. The
branches from the root of the tree leading up to the stem node of
Inocybaceae are referred to as pre-ECM branches. The branches
within the Inocybaceae clade are referred to as the ECM
branches. The analyses were conducted in two sets. The first set
was performed with all identified orthogroups, in order to inves-
tigate the overall evolution of gene families. To identify rapidly
evolving orthogroups at each branch-set, the orthogroups were
sorted according to the P-value of the changes occurring along
each branch-set. In addition, to test whether there has been any
rate change associated with transition to ECM, the branches of
the tree were divided into three categories, as above, the transi-
tion branch to ECM, and ECM branches, but the third category
with all non-ECM branches (including the pre-ECM branches;
Fig. 1). The ML of the gene family evolution was estimated in
CAFE under a model with the same rate for all branches
(one-rate model), all combinations of the same rate between two
of the rate categories and different rate for the third (two-rate
model), and different rate for all branch-sets (three-rate model).
For the three-rate model, ML estimation was repeated multiple
times to ensure convergence on a single optimum. The one-rate
model, the two-rate model with the lowest likelihood score and
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Inocybaceae
(Ectomycorrhizal-ECM)

ECM branches

Transition branch to ECM

Pre-ECM branches

Non-ECM branches

the three-rate model were compared with a likelihood-ratio test
(LRT) using the ‘scipy.stats’ module from the SciPy library in
Python (Virtanen et al., 2020).

In the second set of the comparative analyses, we analyzed the
CAZyme, peptidase and lipase gene families. The one-rate,
two-rate and three-rate models (as mentioned in the previous sec-
tion) were compared. Furthermore, we assessed probability of the
observed difference in ML score between the models and the fit
of the three models to our dataset through simulations conducted
in CAFE. This was done by generating 1000 simulated datasets
for each of these gene categories, based on the one-rate, two-rate
and three-rate models. Thereafter, the three models were opti-
mized on each of the simulated datasets in all gene categories.

Results

Phylogeny of Inocybaceae

A total of 339 single-copy orthologues were identified and a
concatenated alignment of 183 927 amino acid positions was
compiled. The ML tree based on the concatenated alignment
and the Astral tree yielded identical topologies (Figs 2a, S1).
All the branches in the tree had 100% bootstrap support based
on the concatenated alignment, and local posterior probability
(Ipp) values were 1.00 in the Astral analysis except for the
branch, clustering I asterospora and I oblectabilis, which had a
lpp support of 0.98. Quartet supports from the Astral analyses
were, as expected lower, showing the conflict between gene
trees. The monophyly of Inocybaceae had a quartet support of
89% (Fig. 2a). The relationship of Inocybaceae and Crepidota-
ceae had 87% quartet support. All the genera in Inocybaceae
had strong quartet support (> 93%; Fig. 2a). However, the
placement of the Mallocybe branch within the Inocybaceae got
a quartet support of only 53%, and many branches within /no-
cybe had lower support.
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Crepidotaceae
(Saprotrophs)

Other outgroups

Fig. 1 Representation of the branch-sets used in
the phylogeny of Inocybaceae, Crepidotaceae
and other outgroups. Non-ectomycorrhizal
(ECM) branches represent the ancestral and
saprotrophic outgroup branches and are colored
in brown or blue. Pre-ECM branches represent
the branches from the root of the tree up to the
stem node of the ECM and are colored in blue.
Transition branch to ECM is represented by
purple color. The ECM in-group branches are
colored in green.

The analysis of individual gene trees also showed that the vast
majority support the genera in Inocybaceae as monophyletic. /n0-
cybe was the genus where the least number of gene trees indicated
that it is monophyletic (88%). Our phylogeny indicates that the
Mallocybe is sister to the rest of Inocybaceae instead of sister to
Inosperma as inferred by Matheny ez al. (2020). Only 68 (20%)
of the gene trees in our analysis indicate monophyly of Mallocybe
with Inosperma while the rest (266 trees; 80%) indicate nonmo-
nophyly. The gene trees, supporting the sister-relationship of the
two genera, had no significant difference in tree length or clade
support compared to the overall population of gene trees.

Genomic features

The filtration of contaminants, such as bacteria and other fungi
such as Ascomycetes, resulted in the removal of 11-55% of the
total reads depending on the sample (Table 1). We noticed that
the assemblies of some of the heavily contaminated samples, with
the presence of both bacterial and fungal contaminants, had high
Busco scores (up to 97%) initially with high count of duplicates
(up to 15%). These scores dropped significantly after filtration of
the contaminants from the assemblies, resulting in improved
duplicate counts of ¢. 1% (Table S2). However, heavily contami-
nated samples lost more Busco genes in the process than samples
with low contamination (Table S2).

The genome assemblies from the Inocybaceae species were in
the range of 27-51 MB and the two Crepidotaceae species had
assembly sizes of 48 and 54 MB. Inocybe petiginosa had the smal-
lest assembly size (27 MB) while Pseudosperma bulbosissimum
(51 MB) from the ECM fungi and C. cesatii (58 MB) from the
saprotrophs had the largest assembly sizes (Table 1). The median
Busco completeness was 94.5%, with a median of only 2% dupli-
cated genes (Table 1). The total number of predicted
protein-coding genes ranged from 8615 in 1. petiginosa to 17 563
in C. calolepis. Smaller assemblies were noticed to have smaller
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Fig. 2 The Maximum Likelihood (ML) Phylogeny and genome features of Inocybaceae and outgroup species. (a) The ML phylogenomic tree based on 339
single-copy orthologues, in which all nodes got 100% bootstrap support in the ML analysis. The quartet score support, received from the Astral analysis,

> 50 is displayed above the branches. The taxa are color coded according to the lifestyles: green for the ECM and brown for saprotrophs (b) Genomic
features: Number of genes encoding secreted Carbohydrate-Active enZymes; peptidases; lipases; small secreted proteins; secondary metabolite gene
clusters. The scale bar represents average number of nucleotide substitutions per site.

number of total protein-coding genes (Brunner Munzer test,
P < 0.01). The percentage of masked TEs in the genomes of Ino-
cybaceae were higher (7—21%) than the Crepidotaceae species
(3—4%; Table 1). The total secretome was smaller in the ECM
species as compared to all the saprotrophic outgroups (Table S3),
and there are fewer genes in each gene category of CAZymes,
peptidases, lipases, SSPs and SMCs in the genomes of the ECM
species than the saprotrophs (Fig. 2b), though the number of
SMCs in Crepidotaceae is similar to Inocybaceae species com-
pared with distant outgroups. The comparison using the total
gene repertoire in each of the gene categories above showed the
same pattern (Table S3). The number of genes encoding SSPs
were in the range of 155-259 in the genomes of the ECM species
and 338-496 in all saprotrophic species (Table S3). The SSPs
constitute 39 to 53% of the total secretome in our ECM species
and 37 to 53% in all saprotrophic species.

The total number of orthogroups in the whole dataset, with both
the ECM and all outgroup species included, were 17 428. The
number of orthogroups in the Inocybaceae species were 13 689,
which comprised 2269 (17%) core orthogroups (present in all Ino-
cybaceae species), 9762 (71%) accessory orthogroups (present in at
least two species) and 1658 (12%) species-specific orthogroups.

Rapidly evolving gene families

The first part of our CAFE analysis, based on orthogroups in the
whole dataset, highlighted rapidly evolving orthogroups at each
branch-set, that is pre-ECM branches, transition branch to ECM
and the ECM branches (Tables 2, S4). We found 137 significantly
large contractions or expansions on the three branch-sets (Fig. S2).
The pre-ECM branches showed contractions in gene families with

© 2024 The Author(s).
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Pfam domains associated with genes responsible for lignocellulose
degradation, such as gloxal oxidase, as well as expansions in gene
families related to transposons including retrotransposon gag pro-
tein and associated with protein interactions, such as F-box genes.
The transition branch to the ECM showed the largest number of
significant changes, characterized by expansions in gene families
related to transport proteins (e.g. coatomer), repeat-related pro-
teins (e.g. hAT transposon superfamily and tetratricopartite
repeats), interaction-related proteins (e.g. BIZ/POZ) and signal-
ing proteins (e.g. pheromone alpha receptor). Subsequently, the
ECM branches after the transition were dominated by the expan-
sions in various types of repeat-related proteins (e.g. KDZ transpo-
and WD repeat-containing domain), polysaccharide
deacetylases, fungal protein kinases, NACHT repeat domains and
other gene families as the most significant changes.

The three-rate model with different rates for all branch-sets had
a slighdy but significandy (2 < 0.001) higher ML (—134 233)
(Table S5) than the two-rate model with same rate for non-ECM
branches and the transition branch (—134 246). This was also in
line with the parameter estimates for the three-rate model, which
estimated the highest rate for the ECM branches (0.0046), and
similar rates for the non-ECM branches and the transition branch
(0.0014, respectively, 0.0019). This is consistent with a rate shift
along the transition branch and higher rate of gene family evolu-
tion in the ECM state than non-ECM state (Table S5).

sases

Large number of CAZyme gene family contractions along
the transition branch to ECM

Inocybaceae genomes have fewer CAZymes (Fig. 2b), both in
total genome and the secretome. In addition, they do not have

New Phytologist (2024) 244: 219-234
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Table 2 The top 10 orthogroups with highly significant changes, that is lowest P-values (P « 0.001) along the three branch-sets used in the analyses, that
is pre-ECM (pre-Ectomycorrhizal) branches, transition branch to ECM, and ECM branches.

No. of
significant
Orthogroups P-value changes Pfam Description Function/putative function
Pre-ECM branches
OGO0000056 4.54E—-04 (+4%) PF03732 Retrotransposon gag Transposition (Casacuberta et al., 2007)
protein
0OG0000118 2.59E-03 (+3%) PF07999 Retrotransposon hot spot Regulation of gene expression (Bernardo
protein etal., 2020)
0OG0000139 2.59E-03 (+3%) NA Hypothetical Protein -
OG0000305 3.11E-03 (—4*) PF09118 Glyoxal Oxidase Lignin degradation (Wohlschlager et al., 2021)
OG0000006 7.73E-03 (+4%*) PF01926 50S Ribosome Binding Regulation of cellular processes (Chakraborty
GTPase etal., 2022)
OGO0000055 7.86E-03 (+3%) PF12937 F-box protein Protein—protein interactions (Kipreos &
Pagano, 2000)
Transition branch to ECM
OG0000121 7.37E-04 (+3%) NA Hypothetical Protein -
OG0000124 7.37E-04 (+3%) PF0O4053 Coatomer transport protein ~ Transport (Thompson & Brown, 2012)
OG0000149 7.37E-04 (+3%) NA Hypothetical Protein -
OG0000150 7.37E-04 (+3%) PF05699 hAT transposon superfamily ~ Transposition (Rubin et al., 2001)
OG0000153 7.37E-04 (+3%) PF09261 Alpha mannosidase Cleavage of mannose oligosaccharides (Van
Petegem et al., 2001)
OG0000189 7.37E-04 (+3%) PFO0651 BTB/POZ protein domain Protein—protein interactions (Wen et al., 2000)
OG0000193 7.37E-04 (+3%) PF02076 Pheromone A receptor Signaling (Turra et al., 2015)
0OG0000202 7.37E-04 (+3%) NA Hypothetical Protein -
0OG0000206 7.37E-04 (+3%) PF13374 Tetratricopeptide repeats Protein—protein interactions (Blatch & Lassle, 1999)
0G0000214 7.37E-04 (+3%) PF13191 AAA ATPase domain Regulation of cellular processes (G. Zhang
etal., 2021)
ECM branches
OG0000021 1.57E-06 (+5*) NA Hypothetical Protein -
OG0000018 2.60E—-06 (—5*) NA Hypothetical Protein -
OG0000174 3.60E—06 (+4%) PF01522 Polysaccharide Deacetylase ~ Fungal cell wall modifications (Xu et al., 2020)
OG0000137 8.57E—-06 (+4%) PF18803 KDZ transposases Transposition (lyer et al., 2014)
OG0000372 9.73E-06 (+3%) PF05729 NACHT Domain Regulation of cellular processes (MacDonald
etal., 2013)
0OG0000840 9.73E-06 (+3%) NA Hypothetical Protein -
OG0000169 3.74E-05 (+3%) PF17667 Serine/Threonine Fungal Signaling (Nagarajan et al., 2022)
Protein Kinase
OG0000379 3.74E-05 (+3*) PF10294 Lysine Methyltransferase Regulation of gene expression (Lukinovi¢
etal., 2020)
0G0000482 3.74E-05 (+3%) NA Hypothetical Protein -
OG0000025 5.84E—-05 (+4*) PFO0400 WD containing repeat Regulation of cellular processes (van Nocker &

domain

Ludwig, 2003)

The plus sign represents expansions, minus sign represents contractions, asterisk and P-values represent significant changes in the gene families were

generated using CAFE analysis. NA, not applicable.

higher number of, and sometimes completely missing, genes in
most of the different classes of CAZymes compared with all the
saprotrophic species (Fig. 3a). The genes encoding enzymes act-
ing on crystalline cellulose such as cellobiohydrolases (GH6 and
GH?7), involved in the oxidation of lignocellulose (e.g. AAS,
AA12, AA16 and CEI16), acting on hemicellulose (e.g. CEl,
CE2 and GHI11), pectin (e.g. CE12 and PL4) and lignin (e.g.
CE15) are totally absent in the genomes of Inocybaceae (Table 3)
as compared to all the saprotrophic relatives. None of the Inocy-
baceae genomes have the GH32 invertase gene, coding for the
enzyme, which helps in the conversion of sucrose into glucose
and fructose (Table S6).

The Inocybaceae genomes have retained a wide range of gene
copy numbers encoding laccases and laccase-like enzymes, for

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.

example AAl (1-5) and AA3 (4-11); xylanases, for example
GH10 (0-7); polygalacturonases, for example GH28 (0-2);
mannanases, for example GH92 (0-2); and lytic polysaccharide
oxygenases, for example AA9 (0-3). Cellulose binding modules
such as CBM1 and CBM2 are also present in lower copy num-
bers in Inocybaceae genomes (1-5 and 0—4, respectively). Inocy-
baceae species have similar gene copy numbers of chitinases, for
example GH18 (5-12) and xylogucosyltransferases, for example
GH16 (7-11) as all the saprotrophic species (9-17 and 11-18,
respectively) (Table S6). Most Inocybaceae and Crepidotaceae
species have only one (range 0-2) copy of class II lignin degrad-
ing PODs (AA2), as compared to the other included taxa, which
have at least two but usually many more of these genes

(Table S6).

New Phytologist (2024) 244: 219-234
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Fig. 3 Heat map of the gene copy numbers in different gene categories in Inocybaceae and outgroup species. The taxa are color coded according to their
lifestyles: green for the ECM and brown for saprotrophs. (a) CAZymes, the gene copy numbers of different classes of Carbohydrate-Active Enzymes, that is
Auxiliary Activities (AA), Carbohydrate-Binding Modules (CBM), Carbohydrate Esterases (CE), Glycoside Hydrolases (GH), Glycosyltransferases (GT),
Polysaccharide Lyases (PL) (b) Peptidases, the gene copy number of different classes of peptidases, that is Aspartic Peptidases (AP), Cysteine Peptidases
(CP), Metallopeptidases (MP), Serine Peptidases (SP), Threonine Peptidases (TP), Protein Inhibitors (PI) (c) Lipases, the gene copy number of different
classes of lipases, that is GGGX, GGX and Y (d) Secondary Metabolites, the number of gene clusters in selected classes of secondary metabolites, that is
Polyketide Synthases PKS/PKS-like, non-ribosomal peptide synthetases NRPS/NRPS-like and terpene synthases.

New Phytologist (2024) 244: 219-234 © 2024 The Author(s).
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Table 3 Distribution of selected Carbohydrate-Active Enzymes (CAZymes) in the analyzed 26 genomes.

CAZyme gene families

Species AA1 AA3 AA8 AA9 AA12 CBM1 CBM2 CE1 CE12 CE15 CE16 GH6 GH7 GH10 GH28 GH92 PL4
Inocybe ochroalba 2 8 0 1 0 4 1 0 0 0 0 0 0 0 0 1 0
Inocybe lilacina 2 9 O 1 0 B 3 0 0 0 0 0 0 1 1 1 0
Inocybe geophylla 2 7 0 1 0 2 1 0 0 0 0 0 0 0 1 0 0
Inocybe seucica 3 13 0 1 0 3 2 0 0 0 0 0 0 0 1 1 0
Inocybe fuscidula 3 11 0 1 0 3 1 0 0 0 0 0 0 0 0 1 0
Inocybe flocculosa 3 7 0 2 0 4 2 0 0 0 0 0 0 0 0 1 0
Inocybe nitidiscula 4 9 0 2 0 2 4 0 0 0 0 0 0 1 0 1 0
Inocybe glabripes 4 6 0 1 0 4 4 0 0 0 0 0 0 1 2 1 0
Inocybe corydalina 3 7 0 B 0 4 3 0 0 0 0 0 0 1 0 1 0
Inocybe lanuginosa 4 5 0 0O O 2 0 0 0 0 0 0 0 0 0 1 0
Inocybe oblectabilis 3 0 0 2 0 5 2 0 0 0 0 0 0 1 1 0 0
Inocybe asterospora 5 7 0 2 0 5 2 0 0 0 0 0 0 0 2 2 0
Inocybe petiginosa 5 10 0 2 0 1 0 0 0 0 0 0 0 1 1 1 0
Pseudosperma rimosum 4 9 0 0 0 2 1 0 0 0 0 0 0 0 0 1 0
Pseudosperma 4 9 0 2 0 2 4 0 0 0 0 0 0 1 0 1 0
bulbosissimum
Inosperma erubescens 2 5 0 2 0 3 2 0 0 0 0 0 0 1 1 0 0
Inosperma cervicolor 1 4 0 0 0 2 0 0 0 0 0 0 0 0 0 1 0
Inosperma bongardii 1 4 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0
Mallocybe terrigena 3 5 0 1 0 3 0 0 0 0 0 0 0 0 0 0 0
Mallocybe dulcamara 4 5 0 2 0 4 0 0 0 0 0 0 0 0 0 1 0
Crepidotus cessati 11 18 1 10 O 30 8 1 3 1 4 4 3 4 5 9 1
Crepidotus calolepsis 14 26 6 8 3 35 10 3 1 1 2 5 3 3 1 6 1
Hypholoma 13 26 1 6 1 35 8 2 1 2 3 1 4 6 2 4 1
sublateritium
Gymnopilus junonius 9 30 1 19 1 52 9 1 0 4 4 4 6 7 6 2 0
Panealous 9 22 3 23 3 98 24 5 4 4 5 2 1 16 2 4 2
papilionaceus
Agaricus bisporus 11 34 1 7 1 23 4 1 2 1 1 1 1 1 3 5 1

Ectomycorrhizal and saprotrophic species are shaded differently with lighter shade for the ECM and darker shade for the saprotrophs. AA, Auxiliary
Activities; CBM, Carbohydrate-Binding Module; CE, Carbohydrate Esterases; GH, Glycoside Hydrolases; PL, Polysaccharide Lyases.

The CAFE analysis showed contractions in the largest number
of CAZyme gene families (76) along the transition branch to
ECM, compared with the other branches of the tree (median 13;
Fig. 4a). However, the median number of gene families that con-
tracted were 22 along the branches before the transition and a
median of 10 contractions after the transition to the ECM in
Inocybaceae. On the other hand, there were expansions only

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.

in four gene families at the transition branch and a median of six
expansions in the other branches of the tree (Fig. S3a). The com-
parison of models with different rates for different branch-sets
showed that the three-rate model fit the data best with the highest
rate for the transition branch to ECM and the lowest rate for the
outgroup branches (2= 0.001 compared with both one- and
two-rate models; Fig. 5; Table S5). However, the simulations

New Phytologist (2024) 244: 219-234
www.newphytologist.com
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Fig. 4 Gene family contractions in Carbohydrate-Active enZymes (CAZymes) (a), peptidases (b) and lipases (c) in Inocybaceae and outgroup species. The
size of the bubbles is proportional to the number of gene family contractions in those branches and summarized at the nodes. The color of the bubbles
represents the gene categories. The taxa in green shades are the ectomycorrhizal and brown are saprotrophs. All trees are annotated on the basis of results
from CAFE analysis using best-fitting model on the respective datasets of CAZymes, peptidases and lipases, that is three-rate, two-rate and two-rate
model. Branches are colored based on the best-fitting model, with branches with the same rate having the same color.

showed that the observed data were not likely to be generated by
any of the tested models (P = 0.001; Fig. 5a).

Gradual decrease in peptidase gene family sizes

The Inocybaceae genomes have fewer genes coding for total and
secreted peptidases as compared to all saprotrophic species
(Fig. 2b; Table S3), except A. bisporus, which has similar content
of total peptidases as some Inocybaceae species. The total number
of peptidases in ECM species range from 228 in M. terrigena to
311 in I oblectabilis. Crepidotus cesatii and Crepidotus calolepis
have 409 and 430 peptidases, respectively. The secreted pepti-
dases are in the range of 33—58 in species with ECM ecology and
in the range of 94—127 in saprotrophs. Serine peptidases such as
$33 and S09X were specifically found to be in lower copy num-
bers in genomes of ECM species as compared to saprotrophs
(Fig. 3b; Table S7).

The CAFE analysis revealed that the contractions in peptidases
have been gradual, with only a slow increase in the number of
gene family contractions from 14 on the branch leading to the
MRCA of Inocybaceae and Crepidotaceae to 17 on the transition
branch to ECM in Inocybaceae. This is unlike the large number
of contractions (76) in CAZymes along the same branch of the
phylogeny (Fig. 4b). There is no noticeable change in the number
of peptidase gene family expansions (Fig. S3b). The comparison
of models with different rates for different branch-sets showed
that the two-rate model, with different rates for ECM branches

New Phytologist (2024) 244: 219-234
www.newphytologist.com

and non-ECM branches including the transition branch to
ECM, is the simplest model that cannot be rejected (P = 0.001
vs one-rate model; P = 0.897 vs three-rate model; Fig. 5;
Table S5). On the basis of simulations, we can reject the one-rate
model (P = 0.001) to explain the observed data, but not by the
two-rate (P = 0.085) or three-rate models (P = 0.103; Fig. 5b).

Lower suite of lipase genes in the ECM fungi

While both the ECM and saprotrophic fungi possess a limited set
of lipase genes compared with other gene categories, the sapro-
trophic species have a higher number of both the total and
secreted lipases than the ECM species (Table S3; Fig. 2b). The
ECM species . bongardi has the lowest number with five genes
for secreted lipases, whereas the saprotrophic species P. papiliona-
ceus has the highest number with 35 genes in this study
(Table S8). ECM species have lower number of genes from the
GGGX and GX classes compared with saprotrophs (Fig. 3c).
Within the GGGX class, ECM species have consistently lower
number of Candida rugosa-like lipases (AbHO03), and in the GX
class, they have lower number of filamentous fungi lipases
(AbH23). There is no clear pattern in the other families in these
classes (Table S9).

The CAFE analysis for lipases did not reveal any clear discern-
ible pattern of gene family contractions and expansions associated
with the transition to ECM (Figs 4c, S3¢c). The comparison of
models with different rates for different branch-sets showed that

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.
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Fig. 5 Simulation results obtained from the CAFE analysis for three datasets (a) Carbohydrate-Active enZymes (CAZymes), (b) peptidases and (c) lipases.
The first row of each dataset shows the frequency distribution of the log likelihood values and the second row shows the likelihood ratios of the different
model comparisons. The first histogram of each dataset shows the log likelihood values of data simulated under the one-rate model, followed by the two-
rate and the three-rate model. The first histogram in the second row of each dataset shows the comparison of one-rate vs two-rate models, followed by
one-rate vs three-rate models and two-rate vs three-rate models. P-values are the probability of observing higher Maximum Likelihood (ML) estimates,
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respectively, higher difference in estimated ML scores.
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the two-rate model with higher rate (0.013) for the transition
branch and the ECM branches, and lower rate (0.005) for the
non-ECM branches was the best-fitting model among the two-
rate models and was significantly better than the one-rate model
(P =10.001). This two-rate model could not be confidently
rejected compared with the three-rate model (that implies the
highest rate (0.031) at the transition branch), but the P-value was
still low (P = 0.091 based on LRT; but 0.339 based on simula-
tions), which may be due to a lack of power to discern that level
of difference (Table S5). On the basis of simulations, we can
reject the one-rate model (P = 0.001) to explain the observed
data, but not by the two-rate (P = 0.577) or three-rate models
(P = 0.454, Fig. 5¢).

Similar number of SMCs in ECM and closely related
saprotrophs

The number of SMCs is lower in Inocybaceae species as com-
pared to the distant saprotrophic outgroups (Fig. 2b; Table S3).
Specifically, there are fewer non-ribosomal peptide synthases
(NRPS)/NRPS-like gene clusters in most Inocybaceae species,
typically ranging from two to three gene clusters, with the excep-
tion of I asterospora, I. cervicolor and I. fuscidula, which have six
to seven NRPS-like SMCs. The closely related Crepidotaceae
species similarly have one to three of these gene clusters, but the
more distant saprotrophic outgroups typically have between eight
to 10 gene clusters (Fig. 3d).

All sampled species, except I lilacina, have zero to three poly-
ketide synthases (PKS)/PKS-like gene clusters. Inocybe lilacina
stands out with the highest count of five PKS/PKS-like gene clus-
ters when compared to all other genomes included in this study.
The terpene synthases (TS) gene clusters in Inocybaceae species
range from four to 11. The number of TS gene clusters in Crepi-
dotaceae, like other SMCs, show minimal differences from that
of Inocybaceae species, while most of the distantly related out-
groups possess a noticeably larger number of TS gene clusters.

Discussion

The use of sporocarp tissues for whole-genome sequencing has
facilitated sampling of many obligate biotrophic fungal groups,
which are otherwise uncultivable, for comparative genomic stu-
dies (Bahram er al, 2018; Chang e al, 2019; Looney
et al., 2022; Wu er al., 2022). However, sporocarps can harbor
diverse communities of bacteria and fungicolous fungi (Maurice
et al., 2021), leading to additional genomes in the sequencing
data (Bahram ez al,, 2018; Chang ez al., 2019). We noticed that
the presence of fungal contaminants in the assembly could inflate
the overall Busco scores with an increased number of duplicates.
We therefore ensured that our fungal assemblies were
contaminant-free by careful and thorough filtering of nontarget
sequence reads and were able to recover near complete assemblies
for our target species with a median Busco completeness of
94.5%, and only 0—4% of gene duplicates (which is within the
range/lower than other studies) (Hess ez al, 2018; Wu
et al., 2022).
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Our phylogenomic analyses confirm that Inocybaceae is
monophyletic and the sister lineage of Crepidotaceae. The main
genera within Inocybaceae are well-supported, and the topology
obtained here is largely in agreement with previous inferences
(Matheny er al, 2009; Ryberg ez al., 2010). However, the posi-
tion of Mallocybe in our tree disagrees with recent topologies (e.g.
Matheny ez al., 2020), emerging as a sister clade to the rest of
Inocybaceae, as in Matheny et a/. (2006), rather than as the sister
clade to Inosperma. We found no systematic bias in terms of tree
length or support values between the gene trees showing
Inosperma and Mallocybe as monophyletic vs nonmonophyletic,
suggesting that our results are not due to biases associated with
fast-evolving genes or poor resolution, and strengthening our
inference that Mallocybe is sister to the rest of Inocybaceae.

The assembly size and total number of protein-coding genes of
Inocybaceae species are small compared with most other ECM
species (Kohler er al, 2015). However, it is within the expected
average fungal genome size of 30-50 MB (Mohanta &
Bae, 2015), except for a few assemblies. Both the average assembly
size and total gene content of these species are similar to those of
H. cylindrosporum, which is a closely related species and that has
the smallest ECM genome reported to date (Doré er al., 2015).
Interestingly, I. petiginosa with the smallest genome size in Inocy-
baceae and with few predicted genes and SSPs has a narrow ECM
host range, primarily associating with Fagus and occasionally Quer-
cus. Specialist fungal pathogens tend to exhibit smaller genomes
and gene content, shedding genes not needed in their constrained
lifestyle (de Man ez al., 2016; Schuelke ez al, 2017), and the same
process may be active in the lineage of 1. petiginosa. We found that
the Busco gene loss in the filtration process, mainly affected two
heavily contaminated samples (Table S2). The remaining samples
showed minimal changes in Busco genes after the filtration.
Hence, filtration appears to have a small effect on protein-coding
areas of the assemblies but could affect repeat regions with deviat-
ing GC-content and coverage. The overall smaller assemblies could
therefore be due to multiple repeat regions being collapsed owing
to the use of short-read sequencing or the strict filtering scheme
employed in this study. However, our results are congruent with
other studies showing that small genomes in general carry a small
number of genes (Hess ez al., 2018).

The most significant changes in the transition branch to ECM
include expansions in genes encoding coatomer transporters,
pheromone alpha receptors, tetratricopeptides and BTB/POZ
domain proteins (Table 2). All these genes are either directly
related to symbioses with plants or are abundant in the genomes
of plant symbiotic fungi. The coatomer transporters play an
important role in the accurate transport of proteins and proper
functioning of the secretory pathway (Thompson &
Brown, 2012) and have been found to be highly expressed in
symbiotic roots (Song ez al., 2015). The pheromone alpha signal-
ing receptors, as shown in fungal pathogens, are used to receive
chemical stimuli from host plants (Turra ez 4/, 2015). Tetratrico-
peptide and BTB/POZ domain proteins, involved in the
regulation of gene expression, have been found to be substantially
abundant in arbuscular mycorrhizal fungi (Miyauchi et al,
2020). These gene families may add to the list of promising
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candidate genes important for the transition to the ECM and
should be studied in other ECM lineages for further evolutionary
insight.

Among the highly significant changes in the ECM branches after
the transition to the symbiotic lifestyle were expansions in different
types of repeat-related proteins (e.g. KDZ transposases and WD40
repeats), NACHT domain, polysaccharide deacetylases and com-
munication genes such as serine/threonine protein kinases (Table 2).
WDA40 repeats, involved in protein—protein interactions, are also
expanded in the ECM Cenococcum geophyllum (Peter et al., 2016).
KDZ transposases have been linked to lineage-specific gene family
expansions in L. bicolor (Iyer et al., 2014). The overall increase in
gene family evolution within the ECM branches could also be a
consequence of the heightened transposon activities. Fungal poly-
saccharide deacetylases evade plant immunity by converting chitin,
a conserved component in the fungal cell wall and prime target of
the plant defense system, into chitosan (Xu et 4/, 2020; Rizzi
et al., 2021). This modification prevents detection of the fungal cell
wall by the plant surveillance system while preserving its integrity
(Xu ez al., 2020). This may be a strategy used by some ECM fungi
to infiltrate, develop and grow within plant tissues, possibly redu-
cing the need for SSPs (Ryberg et al, 2022), which could then
partly explain the low set of SSP genes in the Inocybaceae genomes.
Serine/threonine and tyrosine kinases have previously been found to
be highly expressed in ECM fungi as compared to free-living sapro-
trophs and suggested to play a role in signaling pathways during
early ECM fungal-plant interactions (Martin ez al, 2001). The
continued evolution of these signaling-related kinase proteins after
the transition to ECM may be a consequence of continued adapta-
tion to new hosts.

Our results show that Inocybaceac share the common
CAZyme signatures with other ECM species, with a complete
absence of certain CAZymes targeting cellulose, hemicellulose,
pectin and lignin, for example GH6, GH7 and GH32, but also
retention of some sets of plant cell wall degrading enzymes (a
subset of CAZymes), for example AA3, AA9 and GH28 (Kohler
et al., 2015; Miyauchi ez al., 2020; Lebreton ez al., 2021). How-
ever, CBM1 is absent in most other ECM species, but like C. geo-
phyllum and L. bicolor, Inocybaceae species have retained a few
copies of these genes (Kohler et al, 2015; Peter et al., 2016;
Miyauchi ez al, 2020). Inocybaceae species may utilize these
mycorrhiza-induced CAZyme genes for cell-wall remodeling dur-
ing the formation of symbiotic structures such as hartig net and
mantle (Zhang ez al., 2018).

Serine peptidase families such as S33 (prolyl aminopeptidase)
and S09X (glutamyl endopeptidase) are suggested to be a marker
of saprotrophy (Muszewska ez al, 2017) and are particularly
reduced in Inocybaceae genomes. Given that some fungal serine
peptidases trigger host plant immune responses (Figueiredo
et al., 2018), the lower repertoire of these saprotroph-specific
peptidases in the ECM fungi might be a way to evade host
immune reactions (Pellegrin ez al., 2015).

Lipases are reported to be under-represented in the fungal secre-
tome (Pellegrin ¢t al, 2015). The lower gene counts of filamentous
fungal lipases (abH23) and versatile lipases (abHO03) in Inocybaceae

is similar to previous observations in the ECM as compared to
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saprotrophs (Pellegrin ez al, 2015; Barriuso & Martinez, 2017).
However, we observed a smaller suite of the total and secreted
lipases in the ECM compared with saprotrophs, which contrasts
with previous findings (Pellegrin ez al, 2015; Miyauchi ez al., 20205
Wu et al., 2022), but this could just reflect the generally smaller
number of genes in Inocybaceae. The higher content of versatile
lipases in saprotrophs is attributed to their broader substrate range,
unlike the more specific substrates utilized by ECM fungi (Barriuso
& Martinez, 2017). Furthermore, it has been proposed that numer-
ous fungal lipases along with CAZymes have a potential role in eli-
citing the host plant immune responses (Piombo ez 4., 2023).

Like other biotrophic fungi, Inocybaceae have fewer SMCs
compared to saprotrophs (Spanu, 2012; Pellegrin et al, 2015;
Peter ez al., 2016; Looney et al., 2022). As observed previously,
Inocybaceas sister taxon Crepidotaceae have a similar smaller
number of SMCs, indicating that it may be a common pre-
adaptation to lose SMCs (Miyauchi er al, 2020; Looney
et al., 2022). Inocybaceae species particularly possess fewer
NRPS/NRPS-like SMCs, and certain well-characterized NRPS
genes are implicated to directly activate plant defense-related
genes (Vinale er al, 2012). There are also speculations on the
possible role of NRPS/NRPS-like secondary metabolites in host
specificity in the ECM fungi (Lofgren et 2/, 2021). Though most
of the Inocybaceae species show some level of host specificity, the
three species with highest number of NRPS/NRPS-like genes do
not stand out as particularly host-specific compared to others.
More knowledge about the specificity level in these species is
needed to draw definite conclusions.

The orthogroup based analyses indicate that there is a general
shift in gene family evolution along the transition branch to
ECM, this could be driven at least partially by increased transpo-
son activity. The higher rate of evolution in ECM branches seem
to mainly lead to losses of genes coding for peptidases and
CAZymes. For CAZymes, the rate is additionally much higher at
the transition branch to ECM, and most of these changes are also
contractions. The rapid decrease in this branch is probably driven
by selection, but it is unclear whether it reflects a shift toward a
new equilibrium driven by the cost of maintaining unnecessary
genes and/or loss of genes that could trigger plant defenses; or it
is mainly drift from a state with many genes, initally maintained
by selection, to a subsequent drop to a lower level, which is then
sustained by selection (Miyauchi er a/, 2020; Lebreton
et al., 2021). However, as our simulations show that none of the
tested models fit the CAZymes dataset well, further models
should be tested and we caution against routine use of the default
model in CAFE assuming that it is an adequate fit. Our results
indicate that the rate of evolution is elevated for lipases within
the ECM branches as well, and possibly an even higher rate at the
transition branch to the ECM. Nevertheless, the current dataset
lacks sufficient statistical power to confidently discern a rate
change of that magnitude at a single branch.

Conclusion

Inocybaceae genomes show the common molecular signatures of
ECM basidiomycetes. The rate of overall gene family evolution
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increases in close proximity to the transition to the ECM habit.
The evolution of CAZymes, possibly also lipases and some specific
gene families is also higher around the actual transidon. Taken
together, it appears that in addition to the widespread losses of
CAZymes, the loss or otherwise tight control of saprotrophic speci-
fic peptidases, lipases and secondary metabolite genes, all of which
could have possible roles in triggering the host plant immune
responses, may be key for the transition to the ECM lifestyle.
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