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Summary

e Ectomycorrhizal (EcM) symbiosis, a ubiquitous plant—fungus interaction in forests, evolved
in parallel in fungi. Why the evolution of EcM fungi did not necessarily increase ecological
opportunities for explosive diversification remains unclear. This study aimed to reveal the driv-
ing mechanism of the evolutionary diversification in the fungal class Agaricomycetes, specifi-
cally by testing whether the evolution of ECM symbiosis in the Late Cretaceous increased
ecological opportunities.

¢ The historical character transitions of trophic state and fruitbody form were estimated based
on phylogenies inferred from fragments of 89 single-copy genes. Moreover, five analyses
were used to estimate the net diversification rates (speciation rate minus extinction rate).

e The results indicate that the unidirectional evolution of ECM symbiosis occurred 27 times,
ranging in date from the Early Triassic to the Early Paleogene. The increased diversification
rates appeared to occur intensively at the stem of EcM fungal clades diverging in the Late Cre-
taceous, coinciding with the rapid diversification of ECM angiosperms. By contrast, the evolu-
tion of fruitbody form was not strongly linked with the increased diversification rates.

¢ These findings suggest that the evolution of EcM symbiosis in the Late Cretaceous, suppo-
sedly with coevolving EcM angiosperms, was the key drive of the explosive diversification in

Agaricomycetes.

Introduction

An understanding of what triggers explosive diversification has
been a central topic in evolutionary biology since Darwin. A
burst of diversification occurs when speciation is facilitated by
new ecological opportunities, particular environments, and ecolo-
gical niches not filled by competing taxa (Simpson, 1953; Schlu-
ter, 2000; Losos, 2010). Ecological opportunities become
available in a number of ways, such as through the evolution of
key morphological or functional traits, dispersal into a new habi-
tat, and mass extinction of competing lineages (Yoder
et al., 2010; Stroud & Losos, 2016). In the absence of competing
taxa, these events can lead to geographic expansion, which may
promote allopatric speciation and decreased extinction. There
has recently been an increasing interest in the role of ecological
opportunities in the evolutionary origin of biodiversity.
Coevolutionary interactions are one of the most important fac-
tors that create new ecological opportunities for rapid diversifica-
tion (Thompson, 1994; Yoder & Nuismer, 2010; Althoff
et al., 2014; Hembry et al., 2014; Hembry & Weber, 2020).
For instance, the evolution of plant defenses and insect counter-
defenses is known to create new ecological opportunities for
both plants (the creation of antagonist-free space) and insects
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(novel food resources) because the continuous escalation of these
traits is likely to increase their respective geographic ranges
and thus opportunities for allopatric speciation (i.e. escape-and-
radiate; Ehrlich & Raven, 1964; Thompson, 1994; Janz, 2011).
Although past studies on coevolutionary diversification have
focused on antagonistic interactions, the evolution of mutualistic
interactions is also considered to be an important driver for
increased diversification rates in many organisms (Thomp-
son, 1994; Yoder & Nuismer, 2010; Hembry et al., 2014).

The evolution of ectomycorrhizal (EcM) symbiosis is consid-
ered to be an important evolutionary innovation for both plants
and fungi. EcM symbiosis is a ubiquitous mutualistic relationship
between plants and fungi in temperate and tropical forest ecosys-
tems that is crucial for survival and growth of both host plants
and EcM fungi (Smith & Read, 2008; Tedersoo et al., 2010).
Approximately 6000—7000 plant species are involved in EcM
symbiosis (Tedersoo & Brundrett, 2017). Most are dominant
tree species in temperate and tropical forests, such as those
belonging to Pinaceae, Fagaceae, Betulaceae, Dipterocarpaceae,
and Myrtaceae (Tedersoo & Brundrett, 2017). The EcM sym-
biosis also evolved multiple times independently in fungi (Teder-
soo et al., 2010; Tedersoo & Smith, 2013). The number of
fungal species involved in EcM symbiosis is ¢. 20 000—-25 000;
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most of these belong to Basidiomycota, specifically to the class
Agaricomycetes (Rinaldi ez al, 2008; Tedersoo et al, 2010;
Tedersoo & Smith, 2013). Recent studies showed that local
dominance of EcM trees can be maintained by positive plant—soil
feedback in EcM trees (Kadowaki er 4/, 2018; Liang
et al., 2020). Moreover, large-scale biogeography of EcM fungi is
reported to be associated strongly with that of host plant species
(Sato et al., 2012; Polme et al., 2013; Tedersoo et al., 2014; van
der Linde ez al, 2018). These ecological and biogeographic stu-
dies indicate a strong coevolutionary relationship between EcM
plants and fungi.

An important challenge in this field is to explore what causes the
explosive diversification of EcM fungal lineages. Recent phyloge-
netic studies of Agaricomycetes, the fungal class comprising many
EcM fungi and mushroom-forming fungal lineages, have shown
that extremely rapid diversification probably occurred in the stem
of several EcM fungal clades, but not in any another EcM clade,
suggesting that evolutionary diversification of fungal lineages in
Agaricomycetes cannot be explained by the evolution of EcM sym-
biosis alone (Sinchez-Garcia & Matheny, 2017; Sato &
Toju, 2019). Other studies suggest that the evolutionary diversifi-
cation could have been caused by another factor, the evolution of
pileate-stipitate and pileate-sessile (i.e. agaricoid) fruitbody forms
(Varga et al, 2019; Sanchez-Garcia et al, 2020). However, the
character-dependent diversification models used in these studies
might oversimplify the driving mechanism of evolutionary diversi-
fication, and how the evolution of different fruitbody forms could
have created new ecological opportunities remains unknown.
Another explanation is that available EcM plants changed substan-
tially through time, which might have led to a temporal heteroge-
neity of ecological opportunitdes created by the evolution of EcM
symbiosis (Sato & Toju, 2019). In other words, the EcM fungal
lineages diverging in the Late Cretaceous might have had opportu-
nities to coevolve with EcM angiosperms (e.g. the development of
host recognition systems and repression of plant defenses; Martin
et al., 2016), resulting in their expanding into novel niche spaces
and the subsequent rapid diversification. However, this hypothesis
has never been tested in Agaricomycetes, and thus, how the timing
of coevolutionary innovations can influence evolutionary diversifi-
cation in Agaricomycetes remains to be investigated. Overall,
further studies are required to elucidate the evolutionary origin of
biodiversity in Agaricomycetes.

This study aims to unravel the driving mechanism of explosive
diversification in Agaricomycetes, with special emphasis on test-
ing the hypothesis that the evolutionary diversification was driven
by the evolution of EcM symbiosis in the Late Cretaceous. To do
this, there is a need to address limitations in previous studies,
such as phylogenetic uncertainty, bias caused by confusing cryp-
tic species, and use of oversimplified models. In this study, the
historical character transitions of trophic state and fruitbody form
were estimated based on molecular phylogenetic trees inferred
from fragments of 89 single-copy genes. Moreover, five different
approaches, in four of which incomplete taxon sampling was cor-
rected on the basis of the relative richness of fungal operational
taxonomic units (OTUs), were used to estimate the temporal
dynamics of net diversification rates (i.e. speciation rate minus
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extinction rate). Based on the results of these analyses, this study
tested the hypothesis that the acquisition of EcM symbiosis in
the Late Cretaceous, specifically with coevolving angiosperms,
facilitated rapid diversification of Agaricomycetes.

Materials and Methods

Taxon sampling

From 2005 to 2021, specimens of 213 macrofungal species were
collected from forests in Japan. Small sections of fruitbodies were
removed and stored in 99.5% ethanol for molecular analysis, and
the remaining sections were dried and preserved as voucher speci-
mens. Dried specimens were deposited in the herbarium at Kyoto
University (KYO). DNA samples were also obtained from the spe-
cimens deposited in the mycological herbarium of the National
Museum of Nature and Science (TNS) and culture collections of
the Tottori University Fungal Culture Collection (TUFC).

In addition to 213 new species, 34 reported species (Sato &
Toju, 2019) were included in the analysis. The genome sequences
of 129 species, including the outgroups (Calocera cornea (Batsch)
Fr. and Cryptococcus neoformans (San Felice) Vuill.), were
obtained from the National Center for Biotechnology Informa-
tion (NCBI) and the Joint Genome Institute (JGI) MycoCosm.
In total, 376 species were subjected to the molecular phylogenetic
analyses (Supporting Information Table S1).

DNA sequencing procedure

DNA experiments were performed for the 213 newly collected spe-
cies. Total DNA was extracted from the tissues of dried basidiomes
using the cetyltrimethylammonium bromide (CTAB) method, as
described previously (Sato & Murakami, 2008). A two-step PCR
was performed using the samples, as described previously (Sato
et al, 2017). In the first step, fragments of the 104 single-copy
genes, ribosomal internal transcribed spacer (ITS) region, and ribo-
somal large subunit (LSU) region were amplified using the primers
listed in Table S2. The primers were designed to contain Illumina
sequencing primer regions and 6-mer Ns. The Illumina sequencing
adaptors plus 8-bp identifier indices (Hamady ez al., 2008) were
added in subsequent PCRs using a forward and reverse fusion pri-
mer. The PCR conditions for the first and second steps were as
described previously (Sato ez al, 2017).

After an equal volume of the respective PCR products was
pooled, amplicons were purified with a 0.8 x volume of AMPure
XP beads (Beckman Coulter, Brea, CA, USA). Then, 450-600-bp
long amplicons were excised using 2% E-Gel SizeSelect (Thermo
Fisher Scientific, Waltham, MA, USA). The amplicon libraries
were sequenced by 2 x 300-bp paired-end sequencing on the
MiSeq platform using MISEQ v.3 Reagent Kit (Illumina, San
Diego, CA, USA) according to the manufacturer’s instructions.

Bioinformatic analyses

BCL2FastQ v.1.8.4 (Illumina) was used for converting the base
calls into forward, index1, index2, and reverse FastqQ files. FASTQ

New Phytologist (2024) 241: 444-460
www.newphytologist.com

44

a5UBD17 SUOWWOD dAIEaID 3(qedi|dde ay) Aq pausenoh are saive YO ‘asn Jo sajn. oy Ariqi]autjuQ A3]IAA UO (SUO T IPUOD-pUE-SWIBYW0D A3 1M Arelq 1 BUlUuo//Sd)y) SUORIPUOD pue swid | aU}88s *[£20z/2T/L0] uo Arelqiauluo A8 ‘ueder aueiyooD Aq SS06T Ydu/TTTT OT/I0p/wod A8 |1m Areiqiputiuo ydu//sdiy wouy pspeojumod ‘T ‘72



i Teb

files were demultiplexed using the FAsTQ command of CLAIDENT
v.0.2.2019.05.10 (Tanabe & Toju, 2013). The resultant
29717 186 reads were deposited into the DDBJ Sequence Read
Archive (Accession no.: DRA014552). Subsequent processing of
the sequencing reads was performed using CLAIDENT, as described
previously (Sato ez al., 2017).

Molecular phylogenetic analyses

Removal of nonorthologous sequences and identification of exon—
intron boundaries were performed as described previously (Sato
et al., 2017). The third codon positions were removed to avoid the
risk of substitution saturation. Sequences of 10 single-copy genes
(FG740, FG866, MS400, FG621, FG821, FG735, FG487,
FG692, FG708, and MS485) were not used for subsequent ana-
lyses because only a few samples could be sequenced. Sequences of
five single-copy genes (FG556, FG507, FG863, MS241, and
FG665) were removed because their congruence with other loci
was not strongly supported by ‘Congruence among distance
matrices (CADM) test (Campbell ez 4/, 2011), which was per-
formed using ‘CADM.global’ in the APE package (Paradis
et al, 2004) of R v.4.0.2 (R Development Core Team, 2020).
Thus, 89 single-copy genes were phylogenetically analyzed.

Molecular phylogenetic analyses based on the maximum likeli-
hood (ML) method were performed on the concatenated
sequences of 89 loci using RAXML v.8.2.4 (Stamatakis, 2006).
The searches were repeated 93 times using random sequence
addition to generate starting trees. For the analysis, the concate-
nated data set was partitioned by gene and codon position (178
partitions). Parameters of the GTR Gamma model were esti-
mated separately for each partition according to model selection
by the Akaike information criterion (AIC); the smallest AIC
value indicates the most appropriate model given the data using
the Kakusan4 program (Tanabe, 2011). The outgroups (i.e. C.
cornea and C. neoformans) were used for rooting the ingroup.
Bootstrap support (BS) values were calculated from 500 standard
bootstrap replications, as implemented in RAXML.

Bayesian molecular clock analysis was performed using BEAST
v.2.6.6 (Bouckaert ez al., 2014) with an uncorrelated lognormal
relaxed clock using seven fossil calibration points (Table S3). The
analysis comprised 10 simultaneous runs, sampled at every
100 000" generation for 50 million generations with an initial
10% burn-in, assuming a Yule speciation model for the tree
prior. The most appropriate substitution models for 188 parti-
tions were selected by Kakusan4. The final log and tree files were
combined in BEAsT2 LoGCOMBINE (Bouckaert et al., 2014), and
the convergence of independent runs and effective sample size
(ESS>100) were checked in TRACER v.1.6. TREEANNOTATOR
v.1.6.1 was used to sum the trees after burn-in for the 50%
majority-rule consensus ‘maximum clade credibility tree’ with

‘mean heights’ for node heights.

Estimation of historical patterns of states

Historical patterns of trophic states (i.e. EcM vs non-EcM) and
fruitbody types (agaricoid vs nonagaricoid) in phylogenies were
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inferred using stochastic mutational mapping (SIMMAP; Boll-
back, 2006). Ancestral states were evaluated across nodes of the
Bayesian ultrametric tree by generating 1000 stochastic character
maps with the ‘make.simmap’ function of PHYTOOLS v.1.0-3 in R
package (Revell, 2012). For an illustrative purpose, the functions
‘setMap’ and ‘densityMap’ of PHYTOOLs were also used. The
trophic state and fruitbody type of each taxon were identified on
the basis of the FUNGALTRAITS database (Polme et al, 2020;
Table S1). For agaricoid fruitbody, two definitions were used
defined as both of pileate-stipitate and pileate-sessile (agaricoid
s.l.) or pileate-stipitate only (agaricoid s.s.). Trophic states were
identified at the species level for fungal genera for which different
trophic states were known (see details in Methods S1).

Estimation of OTU richness

To estimate OTU richness (i.e. a proxy for species richness) of
respective taxa in Agaricomycetes, ITS sequences of Agaricomy-
cetes with sequence lengths ranging from 400 to 1200 bp were
obtained from the NCBI database. To reduce the effect of base-
calling errors, sequences with >1% of their total length being
ambiguous bases (N) were excluded. A total of 176 020 sequences
were clustered into OTUs at sequence identity <97 using CLAL
DENT (30991 OTUs). The ITSx software (Bengtsson-Palme
et al., 2013) was also used to extract OTUs that included sequences
of fungal ITS1 regions (29 666 OTUs). After taxonomic assign-
ment of the OTUs using CLAIDENT was complete, OTU richness
for each fungal taxon was inferred based on the number of acces-
sions and observed OTU richness using INEXT in R (Hsich
et al., 2016; Table S4). The obtained values were used in subse-
quent analyses for estimating net diversification rates.

Estimation of net diversification rates

In this study, net diversification rates (i.e. speciation rate minus
extinction rate) were evaluated. However, the methodologies
used for estimating diversification rates are controversial (May &
Moore, 2016; Moore e al., 2016; O’Meara & Beaulieu, 2016;
Rabosky ez al., 2017; Meyer & Wiens, 2018; Rabosky & Benson,
2021). To reduce methodological artifacts, five types of methods
were used.

First, evolutionary diversification was inferred using Bayesian
Analyses of Macroevolutionary Mixtures (BAMM), which uses the
Reversible Jump MCMC method to detect variation in diversifica-
tion rate over time and between lineages (Rabosky et al, 2014).
The function ‘setBAMMpriors’ in the R package BAMMTOOLS
(Rabosky er al, 2014) was used to generate a prior block that
matched the scale of the data. Then, BAMM was applied to the
Bayesian ultrametric tree with eight chains for 25 000 000 genera-
tions, sampling every 10 000® generation. BAMM was applied not
only to the ultrametric tree obtained in this study but also to the
megaphylogeny (i.e. tree no. 8) obtained by Varga er al. (2019). To
address incomplete and biased taxon sampling, taxon-specific sam-
pling fraction for each fungal taxon (Table S5) was incorporated in
the analysis using three schemes (see details in Methods S1). This
study focuses on the method using estimated OTU richness to
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address numerous cryptic species and synonymous species in Agari-
comycetes (Hawksworth, 2001; Sato ez al, 2020; Cao et al, 2021).
Incomplete taxon sampling was also corrected using the stochastic
polytomy resolving program TACT (Chang ez al, 2020) by placing
the unsampled taxa onto the background tree (called the output
tree; hereafter, “TACT tree’). For the previous megaphylogeny,
only the TACT method was used (called as the Varga TACT tree,
hereafter). After assessing the convergence and adequate ESS
(> 100) of all parameters using TRACER, the BAMMTOOLS package
was used to remove 20% burn-in and plot the net diversification
rate through time. Among the distinct rate shift configurations
(1513, 1412, and 3041 in the original tree, TACT tree, and Varga
TACT tree, respectively), the configuration of rate shifts with the
highest posterior probability was plotted using the ‘getBestShift-
Configuration’ function of BAMMTOOLS.

Second, the temporal trend of net diversification rates was cap-
tured by modeling evolutionary diversification using stepwise
AIC (MEDUSA; Alfaro ez al., 2009) program, a stepwise AIC
algorithm that fits a series of birth-death models to ultrametric
trees. This program integrates divergence times obtained from
the phylogenetic tree with taxonomic richness data to detect
clade-specific diversification processes and, thus, is likely to be
more robust for incomplete taxon sampling than BAMM analysis
(Alfaro ez al., 2009; Chang et al., 2020). Here, the ‘medusa’ func-
tion of GEIGER v.2.0.7 in R (Pennell et al, 2014) was used to
detect diversification rate shifts. Taxon-specific sampling fraction
was incorporated in the analysis using three schemes as described
in the BAMM analysis.

Third, evolutionary diversification was evaluated using the
method-of-moments estimator (Magallon & Sanderson, 2001),
in which net diversification is estimated through the relationship
between clade age and contemporary species richness. This
method is superior in terms of the robustness of incomplete taxon
sampling in phylogenies (Moore et al, 2016; Meyer &
Wiens, 2018; Chang e al., 2020). To avoid the artifacts caused
by the occurrence of cryptic and synonymous species, estimated
OTU richness (Table S4) was used as a proxy for contemporary
taxon richness. The stem and crown ages of each fungal taxon
were calculated based on the ultrametric tree obtained with
BeasT2. Then, the net diversification rates of respective fungal
taxa were estimated using the ‘bd.ms’ function of GEIGER, based
on crown age, stem age, and mean of crown and stem ages. This
study focused on net diversification rates calculated based on the
mean of crown and stem ages to examine the relationship
between historical character changes and diversification rate
shifts. Notably, the estimated net diversification rates appeared to
have a strong negative correlation with clade ages when low &
values (i.e. extinction rate as a fraction of speciation rate) were
used (Fig. S1). Because the overestimation of diversification rates
in younger clades is a known problem (Rabosky & Ben-
son, 2021), extremely high & values (0.9, 0.99, and 0.999) were
used in this study to reduce overestimation bias.

Fourth, the DR statistic (Jetz er al., 2012), an approach to
inferring recent speciation rates for all tips in phylogeny (tip
rates), was used. This analysis was performed to address the issue
that deep temporal trends in diversification rate shifts could not
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be reliably identified by the phylogeny of extant species (Louca &
Pennell, 2020), because estimates of tip rates are known to be
relatively robust to this issue (Louca & Pennell, 2020). The origi-
nal tree was used in this analysis, for which taxon-specific sam-
pling fraction was not incorporated. Similarly, the net
diversification rates of all tips were calculated for the original tree
of this study using the ‘getTipRates’ command of the BAMM-
TOOLS package. The tip rates were regressed against the focal
states, including the trophic state (EcM with the Late Cretaceous
origin, other EcM, and non-EcM) and fruitbody form (pileate-
stipitate, pileate-sessile and nonagaricoid), using the ‘Im’ function
in R. Thereafter, the AIC values were compared.

Last, the impact of focal binary traits on net diversification rates
was assessed using the binary state speciation—extinction (BiSSE)
and Hidden State Speciation and Extinction (HiSSE) models. The
BiSSE model is widely used, but simplistic assumptions may cause
spurious assignments of diversification rate differences between
focal characters (Rabosky & Goldberg, 2015). The HiSSE model
addresses this problem by assuming the existence of unobservable
(hidden) characters that could impact diversification rates (Beaulieu
& O’Meara, 2016). These models were applied to the original and
TACT trees of this study and the Varga TACT tree using the ‘his-
se.old’” and ‘hisse.null4.0ld’ functions of the HIsSE package of R
(Beaulieu & O’Meara, 2016). For the Varga TACT tree, appar-
ently misidentified taxa were precluded from the analysis using
‘drop.tip’ function of APE in R. For the original tree, the state-
specific sampling fractions calculated based on estimated OTU
richness (Table S1) were used to address incomplete taxon sam-
pling. For TACT trees, species belonging to the genera in which
EcM and non-EcM fungi were mixed were precluded. Then, four
models were tested: a character-independent diversification model
(Vasconcelos et al, 2022) with two (CID-2) or four (CID-4) hid-
den states, a BiSSE model, and a HiSSE model with four hidden
states. In these models, the net turnover rates (speciation rate plus
extinction rate) were allowed to change according to the state,
whereas the net eps rates (extinction fraction) were set to be equal
to simplify the model. The focal characters were the presence or
absence of EcM symbiosis and agaricoid fruitbody (two defini-
tions). The character-transition models, all rate different (ARD),
equal rate (ER), and unidirectional evolution toward EcM (UD)
were included. Consequently, the AIC values of 17 models were
compared. Thereafter, a likelihood ratio test was performed to test
the null hypothesis that both of turnover and eps rates did not
change according to the focal state (i.e. equal net diversification
rates). Furthermore, to visualize the relationship between ancestral
character and net diversification rate, the Bayesian MCMC imple-
mentation of the most appropriate model was run for the ultra-
metric tree, using the REVBAYES software (Hohna er al., 2016; see
details in Methods S1).

Results

Phylogenetic relationships in Agaricomycetes
Maximum likelihood (Fig. S2) and Bayesian (Fig. S3) trees

inferred from fragments of 89 single-copy genes provided useful
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information about the phylogenetic relationship of the Agarico-
mycetes. The orders Cantharellales, Sebacinales, and Auricular-
iales were sisters to the clade comprising the remaining fungal
orders with 88% BS. Phallomycetidae, the clade comprising the
orders Gompales, Hysterangiales, Geastrales, and Phallales, was
monophyletic and sister to Trechisporales with 95% BS. Agarico-
mycetidae, a clade comprising Agaricales, Atheliales, Amylocorti-
ciales, and Boletales, was monophyletic with 75% BS. The orders
Polyporales, Thelephorales, Russulales, Corticiales, and Gloeo-
phyllales formed a moderately supported clade (BS = 69%). Most
fungal orders in Agaricomycetes were recovered as monophyletic
with high BS (100%, 100%, 100%, 100%, 100%, 100%, 100%,
99%, 99%, 94%, and 84% BS for Sebacinales, Auriculariales,
Phallales, Hymenochaetales, Thelephorales, Russulales, Gloeo-
phyllales, Boletales, Geastrales, Gomphales, and Polyporales),
except for Cantharellales, Agaricales, and Atheliales. All EcM
families in Cantharellales (Cantharellaceae, Hydnaceae, and Cla-
vulinaceae) formed a large monophyletic clade with 100% BS
and were sister to non-EcM families in Cantharellales (Botryoba-
sidiaceae and Tulasnellaceae) with 70% BS. The clade compris-
ing these taxa was paraphyletic to the non-EcM clade comprising
Ceratobasidiaceae, contradicting the monophyly of Cantharel-
lales. Within Phallomycetidae, Hysterangiales was recovered as
sister to Gomphales (BS=95%). Within Agaricales, Agaricales
s.s. (see Fig. S2) was monophyletic with 87% BS. Moreover, the
fungal taxa with brownish-to-rusty basidiospores (Cortinariaceae,
Bolbitiaceae, Inocybaceae, Crepidotaceae, Tubariaceae, Hymeno-
gastraceae, and Strophaliaceae) formed a monophyletic clade
with 99% BS. Within Atheliales, the EcM genus Piloderma
(Atheliaceae) and the non-EcM genus Fibularhizoctonia (Athelia-
ceae) formed a monophyletic clade with 99% BS that was poly-
phyletic to the non-EcM genus Athelia (Atheliaceae). Within
Polyporales, Sparassidaceae was sister to Fomitopsidaceae and
together the two formed a monophyletic clade comprising
brown-rot fungi with 96% BS. The monophyly of most families
in Agaricomycetes was supported with high BS, excluding Hyme-
nogastraceae, Tubariaceae, Crepidotaceae, Bolbitiaceae, Tricho-
Atheliaceae,
Sclerodermataceae, and Meruliaceae (also see a taxonomic revi-

lomataceae, Lyophyllaceae, Hygrophoraceae,
sion proposed for several families in Table S1).

The crown and stem ages of respective orders were similar to
but somewhat older than those suggested in other studies, pre-
sumably due to the differences in the tree topology, taxon sam-
pling, and number of fossil calibration points. The monophyletic
orders Gloeophyllales, Thelephorales, Russulales, and Polypor-
ales appeared to have Middle to Late Jurassic origins, whereas
Agaricales, Boletales, and Hymenochaetales appeared to have an
Early Jurassic origin.

Evolution of EcM and agaricoid fruitbody in
Agaricomycetes

Most of the EcM fungal clades were shown to be monophyletic
with high BS (Figs 1a, S2, S3), although the phylogenetic place-
ments of some EcM fungal groups, such as Phaeocollybia (Hyme-
nogastraceae) and Catathelasma (Biannulariaceae), remain
New Phytologist (2024) 241: 444—460
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ambiguous. Among the transition rate models of EcM symbiosis,
the UD model was the most appropriate (Table 1). The acquisi-
tion of EcM symbiosis was inferred to occur 27 times indepen-
dently.

The timing of EcM symbiosis evolution differed substantially
between EcM fungal clades (Fig. 1a). The EcM Cantharellales
clade had the most ancient EcM origin, dated to the Early Trias-
sic. The Bankeraceae clade was the second oldest EcM fungal
clade, dated to the Early Cretaceous. The EcM origins of Seba-
cina, Sclerodermatineae, Amanita, and Suillineae were dated to
the Middle Cretaceous. The EcM origins of Thelephoraceae,
Cortinarius, Russulaceae, Inocybe, and Boletaceae were dated to
the Late Cretaceous. The EcM origins of Gomphaceae, Hygro-
phorus, Hebeloma, Paxillineae, and Entoloma were estimated to be
in the Early Paleogene, although caution should be exercised in
interpreting the EcM origin of Gomphaceae, in which trophic
states remain to be examined for several taxa. The EcM origins of
the remaining clades were unclear because of the lack of non-
EcM sister (7richoloma and Hydnangiaceae), insufficient taxon
sampling (Albatrellus, Catathelasma, Descolea, Lyophyllum, Phaco-
collybia, and Piloderma), and low sequencing quality (Colrricia).

Among the transition rate model of agaricoid fruitbodies, the
ARD and ER models showed almost the same AIC scores,
regardless of the agaricoid definition (Table 1), not strongly sup-
porting directional evolution. The acquisition and loss of agari-
coid s.l. fruitbodies were inferred to occur repeatedly (Fig. 1b);
the acquisition occurred between the Late Triassic and the Early
Jurassic in the stem of the major members of Agaricales, between
the Early and Late Jurassic in the stem of the clade comprising
Cantharellaceae and Hydnaceae, between the Late Jurassic and
Early Cretaceous in the stem of Bankeraceae, between the Early
and middle Cretaceous in the stem of Boletineae, and in the Late
Cretaceous in the stem of Russulales. However, relatively large
errors were present in estimating the timing of evolution of agari-
coid forms because of trait loss and phylogenetic uncertainty in
some agaricoid clades (e.g. Agaricales).

Evolutionary diversification in Agaricomycetes

Estimation of OTU richness for Agaricomycetes showed 45 469
OTUs, of which 19 895 were EcM fungi (Table S4; Fig. S$4), cor-
roborating high biodiversity of mushroom-forming fungi and
EcM fungi.

The net diversification rate estimated by BAMM differed
between EcM and non-EcM fungi, rather than between agaricoid
(agaricoid s.l.) and nonagaricoid fungi, even within the clade of
Agaricomycetidae in which agaricoid fungi are dominant
(Fig. 2). This pattern persisted regardless of the agaricoid defini-
tion (data not shown). The diversification rate in EcM fungi
rapidly increased during the Late Cretaceous but changed little in
non-EcM fungi. In this study, the difference in net diversification
rates between agaricoid and nonagaricoid was most distinct in
the TACT tree, but less clear than that between EcM and non-
EcM fungi. A substantial increase in net diversification rates
occurred in the stems of EcM fungal clades that diverged in the
Late Cretaceous, such as Boletaceae, Inocybe, Cortinarius,
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Russulaceae, and Thelephoraceae, according to BAMM (Figs 3a, 4)
and MEDUSA (Fig. 3b). These major rate shifts were observed,

regardless of the methods to address incomplete taxon sampling
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Fig. 1 Historical character transition of (a) ectomycorrhizal (EcM) symbiosis and (b) agaricoid s.I. (pileate-stipitate and pileate-sessile) fruitbody in Agarico-
mycetes estimated using stochastic mutational mapping (SIMMAP). Branch colors represent the posterior probability of focal states along the edges of the
tree. Branch lengths indicate time of divergence. Focal tip states and character-transition rates are listed to the right of the phylogeny.

(Figs 3, 4, S5-59). However, the increased diversification rate in
Thelephoraceae was not distinct in MEDUSA (Fig. 3b) and
BAMM for the TACT tree (Fig. 4a), presumably due to the
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Table 1 Model comparison of character transition in Agaricomycetes
based on the Akaike information criteria (AIC).

Model loge L AIC AAIC

ECM
ARD —-105.0 214.0 19
ER —106.0 2141 2.0
ub —-105.0 2121

Agaricoid s.I.
ARD —109.8 223.6 0.0
ER —-110.8 223.6

Agaricoid s.s.
ARD —123.0 250.0 1.9
ER —123.0 248.1

Log likelihood (log. L), AIC score, and AIC difference between a model
with lowest AIC score (most appropriate model) and focal model (AAIC)
are shown. Here, two binary states, ectomycorrhizal (EcM) or not vs
agaricoid fruitbody or not, were considered. For agaricoid, two definitions,
agaricoid s.I. (pileate-stipitate and pileate-sessile) and agaricoid s.s.
(pileate-stipitate only) were prepared.

undersampling of taxa. Moreover, the Varga TACT tree showed
many small-scale rate shifts and an exaggerated rate shift in the
stems of Ceratobasidiaceae and Atheliaceae (Fig. 4b), presumably
due to the increase in statistical power with increasing species
number and the undersampling of fungal taxa with inconspicu-
ous fruitbodies. A slight increase in diversification rates was seen
in several clades, including Amanita (Figs 3, 4a, S8, S9a), Tricho-
loma (Figs 4a,b, S8a,b), Polyporaceae (Figs 3, 4, S8, S9),
Entoloma (Figs 3, 4, S8, S9a), and Agaricaceae (Figs 3, 4, S8, S9).
Opverall, the different approaches of BAMM and MEDUSA pro-
vided similar results, supporting the explosive diversification of
EcM fungi in the Late Cretaceous.

Results of the method-of-moment estimator were similar to
those of BAMM, specifically in higher ¢ values. For instance,
higher diversification rates were inferred for the EcM fungal
clades that diverged in the Late Cretaceous (Fig. 5; Table S6).
Nevertheless, high diversification rates observed in some young
clades, such as Agaricus, Hebeloma, Gymnopus, Armillaria, and
Stereaceae, with lower ¢ values, were not reliable because the
values changed drastically depending on the & value (Fig. 5;
Table S6). In addition, decreased diversification rates were indi-
cated for Phallales, Nidulaceae, Cantharellales, Auriculariales,
Schizoporaceae, and Gloeophyllaceae (Fig. 5; Table S6). Conse-
quently, the increased diversification rates of EcM fungi in the
Late Cretaceous were supported by the method-of-moment esti-
mator with high & values.

The DR statistic and BAMM tip rates were explained by the
trophic state, rather than the fruitbody form (Fig. 6). High tip
rates were indicated in the EcM fungal clades diverging in the
Late Cretaceous.

The analysis of trait-dependent diversification corroborated
the rapid diversification of EcM fungi in the Late Cretaceous.
Based on model comparison, the CID models were rejected in
favor of the HiSSE model of EcM states in all trees (Table 2).
The analysis rejected agaricoid state-dependent diversification in
favor of EcM state-dependent diversification, regardless of the
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agaricoid definition (Table 2). Among EcM state-dependent
diversification, the HiSSE model with UD transition was as the
most appropriate model, except for the Varga TACT tree
(Table 2). The most appropriate for the Varga TACT tree was
the HiSSE model with ARD transition, in which the transition
rate from non-EcM to EcM was > 10 times higher than that of
reversal evolution. The HiSSE model, assuming equal net diversi-
fication rates between EcM and non-EcM fungi, was rejected in
all the trees by the likelihood ratio test (2<0.001). REVBAYES
analysis revealed that the rapid increase in diversification rates
occurred around the stem of the EcM fungal taxa that diverged at
the Late Cretaceous, except for Thelephoraceae, the most under-
sampled taxa (Fig. 7). Consequently, the diversification rates esti-
mated with the HiSSE/EcM model were found to support the
explosive diversification of EcM fungal taxa in the Late Cretac-
eous.

Discussion

The results of this study have important implications for under-
standing the evolution and evolutionary diversification of Agari-
comycetes. The unidirectional evolution of EcM symbiosis was
inferred to occur multiple times in Agaricomycetes. The evolu-
tion of EcM symbiosis occurring in the Late Cretaceous was
shown to be the key innovation event that led to rapid diversifica-
tion. Although several methodological issues remain to be
addressed, these findings largely support the hypothesis that
explosive diversification could have been driven by the evolution
of EcM symbiosis in the Late Cretaceous.

The results of molecular phylogenetic inference provide new
insight into the phylogenetic relationship of Agaricomycetes. The
results improved the phylogenetic resolution of Cantharellales
and Phallomycetidae, which were poorly resolved in megaphylo-
genies (Varga ez al, 2019; Sanchez-Garcia et al., 2020). For
instance, the EcM fungal taxa belonging to Cantharellales were
suggested to form a monophyletic clade. However, caution
should be exercised in interpreting the EcM origin of this clade
because the phylogenetic placements of some non-EcM genera in
Cantharellales, such as Multiclavula and Sistotrema, remain to be
investigated. The fungal taxa with brownish-to-rusty basidios-
pores in Agaricales and brown-rot fungi within Polyporales were
monophyletic. Overall, these findings have important implica-
tions for understanding the phylogenetic relationships in Agari-
comycetes.

The results of this study elucidate the evolutionary patterns of
EcM symbiosis in Agaricomycetes. The results of model compari-
son suggest that the evolution of EcM symbiosis is unidirectional
(Tables 1, 2), consistent with others (Tedersoo & Smith, 2013;
Sato & Toju, 2019). However, caution is needed in interpreting
these results, because unknown information, specifically about
the trophic states and phylogenetic placements of Gloeocantharel-
lus and Ramaria, could affect the results. The number of inde-
pendent events inferred in this study (i.e. 27 times) is
likely underestimated, because the evolution of EcM symbiosis
was inferred to occur at least 37 times in Agaricomycetes (Teder-
soo et al., 2010; Tedersoo & Smith, 2013). Indeed, some minor
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richness are shown in Supporting Information Table S6.

EcM fungal lineages were lacking in this study, such as
Amphinema- Tylospora (Atheliales), Byssocorticium (Atheliales),
and Austropaxillus (Boletales). Moreover, the fungal genera whose
primary lifestyles are not EcM, such as Serendipita, Tulasnella,
and Ceratobasidium (Polme et al, 2020), were not treated as
EcM in this study. However, the number of EcM origination
events in Agaricomycetes might have been overestimated due to
phylogenetic uncertainty. Although the phylogenetic placements
of missing taxa could affect the results, some EcM fungal taxa
were shown to form large EcM fungal clades, such as the EcM
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Cantharellales (Cantharellus, Clavulina, and Hydnum), Thele-
phoraceae (Thelephora, Tomentella, and Psedotomentella), and
Bankeraceae (Bankera, Phellodon, Polyzellus, Boletopsis, and Sarco-
don; Figs S2, S3). Consequently, the EcM symbiosis is considered
to have evolved in Agaricomycetes > 30 times.

The findings of this study suggest that the evolutionary tim-
ing of EcM symbiosis coincided between Agaricomycetes and
plants. For instance, the EcM Cantharellales was shown to have
an ancient EcM origin, dated to the Early Triassic, somewhat
similar to the radiation of Pinaceae, the plant family with the
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most ancient EcM origin (Zanne er al, 2014; Tedersoo &
Brundrett, 2017; Lutzoni er al, 2018). The EcM origins of
Thelephoraceae, Cortinarius, Russulaceae, Inocybe, and Boleta-
ceae were dated to the Late Cretaceous, largely consistent with
the divergence ages of EcM angiosperm families, specifically
those of Fagales (Zanne et al, 2014; Larson-Johnson, 2016;
Tedersoo & Brundrett, 2017; Lutzoni ez al., 2018), underlying
the simultaneous evolution of these fungi and plants. The EcM
origins of Hygrophorus, Hebeloma, Paxillineae, and Entoloma
were estimated to be in the Early Paleogene, somewhat similar
to the divergence times of the major EcM plant lineages in
Myrtaceae (e.g. Eucalyptus; Tedersoo & Brundrett, 2017).
Although caution should be exercised due to errors produced in
estimating divergence times and introduced by missing taxa,
these findings suggest the coevolution of EcM Agaricomycetes
and EcM plants.

The timing of evolutionary diversification suggested in this
study has important implications for understanding the
mechanism of the evolutionary diversification in Agaricomy-
cetes. Neither of the rapid diversification in the Jurassic period
(Varga et al., 2019) nor the rapid diversification induced by the
evolution of agaricoid fruitbodies (Varga et al., 2019; Sinchez-
Garcia et al., 2020) was not strongly supported in this study.
Instead, increased diversification rates were suggested to occur

© 2023 The Author
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intensively at the stems of EcM fungal clades that diverged in
the Late Cretaceous (Figs 2—7). This contradicts the assumption
that ecological opportunities for evolutionary diversification
could be created simply by the evolution of EcM symbiosis.
Under this assumption, the most ancient EcM fungi lineages
(i.e. the EcM Cantharellales) could preempt the vacant niche
space and obtain the greatest ecological opportunities according
to the theory of the evolutionary priority effect (Fukami, 2015;
De Meester er al, 2016). Notably, in this study, the HiSSE
model was more appropriate than the BiSSE model (Table 2),
suggesting that the evolution of EcM symbiosis facilitated the
rapid diversification under restricted conditions. For instance,
the evolution of mutualistic relationship between EcM angios-
perm and EcM fungal lineages that diverged in the Late Cretac-
eous (e.g. recognition of angiosperm hosts and repression of
plant defenses) might have allowed for expanding the geogra-
phical ranges, resulting in the explosive diversification (that is,
the mechanism of coevolutionary diversification; Yoder & Nuis-
mer, 2010; Althoff et al., 2014; Hembry et al., 2014; Hembry
& Weber, 2020). Although definitive evidence is elusive, these
findings support the hypothesis that the evolution of symbiotic
relationships between EcM fungi and angiosperms in the
Late Cretaceous might facilitate the explosive diversification of
Agaricomycetes.
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Table 2 Model comparison of character-dependent diversification rate
models in Agaricomycetes based on the Akaike information criteria (AIC).

Original tree TACT tree Varga TACT tree

Model AIC AAIC AIC AAIC  AIC AAIC

CID

CID2 4163.7 761 1440176 9351 2855594 23411
CID4 4142.6 551 1431972 1147 283453.0 234.7

ECM

BiSSE 4134.0 464 145005.6 1923.1 288315.8 5097.5
(ARD)

BiSSE 4136.6 49.0 145024.7 1942.2 288337.7 51194
(ER)

BiSSE 4132.0 444 145015.0 19325 2883442 51259
(UD)

HIiSSE  4093.4 59 143084.8 2.3 2832183 0
(ARD)

HIiSSE 40905 3.0 1436951 612.6 283389.9 171.6
(ER)

HIiSSE 40876 O 143 082.5 0 2833414 123.1
(UD)

Agaricoid s.l.

BiSSE 4175.8 883 1452478 21653 293123.6  9905.3
(ARD)

BiSSE 4176.6 89.0 145246.0 2163.5 2933245 10106.2
(ER)

HIiSSE 41309 43.3 143389.2 306.7 287230.3 4012.0
(ARD)

HIiSSE  4127.7 40.1 1434462 363.7 2874223  4204.0
(ER)

Agaricoid s.s.

BiSSE 4149.4 619 1453335 2251.0 2934294 10211.1
(ARD)

BiSSE 4147.7 60.1 1453324 22499 293608.0 10389.7
(ER)

HIiSSE  4103.4 158 143477.6 3951 2876413  4423.0
(ARD)

HIiSSE 41045 169 1437876 705.1 287662.8 10389.7
(ER)

AIC score and AIC difference between a model with lowest AIC score
(most appropriate model) and focal model (AAIC) are shown. Here, two
binary states, ectomycorrhizal (EcM) or not vs agaricoid fruitbody or not,
were considered. For agaricoid, two definitions, agaricoid s.I. (pileate-
stipitate and pileate-sessile) and agaricoid s.s. (pileate-stipitate only) were
prepared. The diversification rate models compared here were a character-
independent diversification model with two (CID-2) or four (CID-4) hidden
states, the binary state speciation—extinction (BiSSE) model and the Hidden
State Speciation and Extinction (HiSSE) model with four hidden states. As
character-transition models, all rate different (ARD), equal rate (ER), and
unidirectional evolution toward EcM (UD) models were included. The ana-
lysis was carried out on the Phylogenetic tree obtained in this study (origi-
nal tree), the TACT tree of this study (TACT tree), and the TACT tree of
Varga et al. (2019; Varga TACT tree), separately.

The acquisition of EcM symbiosis in the Late Cretaceous can-
not explain all the shifts in diversification rates in Agaricomy-
cetes. For instance, a less distinct increase in diversification rates
was shown in several clades, including the EcM fungal clade
(Amanita) and non-EcM fungal clades (Polyporaceae, Entoloma,
and Agaricaceae; Figs 3, 4, S8, S9). Decreased diversification rates
were indicated in the fungal taxa that do not produce airborne
spores (Phallales and Nidulaceae), the EcM fungal clade with
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ancient EcM origins (Cantharellales), and some large clades con-
sisting of wood-decaying fungi (Auriculariales, Schizoporaceae,
and Gloeophyllaceae; Fig. 5; Table S6). The decreased diversifi-
cation rates in taxa without airborne spores might be explained
by decreased spore dispersibility and decelerated geographical
expansion, partially agreeable with the fruitbody-type-induced
diversification hypothesis (Varga et al, 2019, 2022; Sinchez-
Garcia et al,, 2020). Moreover, the decreased diversification rates
in other taxa, such as Cantharellales and Auriculariales, might
have been caused by the lack of enclosed development of fruitbo-
dies (Varga er al., 2022). The other patterns are perhaps due to
the development of key innovations and unique traits that could
have led to explosive diversification (Simpson, 1953; Schlu-
ter, 2000; Stroud & Losos, 2016). For instance, adaptive evolu-
tion of genes encoding plant cell wall-degrading enzymes in some
saprotrophs could have resulted in replacing niche spaces occu-
pied by preexisting saprotrophs. Unfortunately, genomic studies
have not provided evidence for this hypothesis (Kohler
et al., 2015; Martin et al., 2016; Nagy et al., 2016). Further stu-
dies, both evolutionary and genomic, are required to identify the
drivers of these evolutionary dynamics.

Notably, the diversification rates of several non-EcM agaricoid
fungal taxa were estimated to be much higher in other studies than
in this study (Varga e al, 2019; Sinchez-Garcia et al., 2020).
These discrepancies are explained by differences in addressing
incomplete taxon sampling (i.e. calculated based on OTU richness
vs number of described species). Indeed, when the sampling frac-
tions were calculated based on the number of described species
(Fig. S8), high diversification rates were observed in non-EcM
agaricoid fungal taxa, such as Mycenaceae, Gymnopus (Omphalota-
ceae), Marasmius (Marasmiaceae), and Agaricus (Agariceae), for
which improved taxonomy is needed (Hawksworth, 2001). Simi-
larly, the increased diversification rates of these fungal taxa became
somewhat obscure in the Varga TACT tree (Fig. 4b). Moreover,
using BiSSE or similar methods might result in overlooking com-
plicated evolutionary scenarios in favor of unrealistic oversimplified
ones (Rabosky & Goldberg, 2015; Beaulieu & O’Meara, 2016).
Some taxonomic misidentifications (misclassification of trophic
states) and/or phylogenetic uncertainties in megaphylogenies may
disrupt the unidirectional evolution of EcM states, resulting in the
spurious diversification rates of EcM fungi. These methodological
issues might have obscured the rapid diversification of EcM fungi
in the Late Cretaceous.

The limitations in the estimating net diversification rates must
be discussed. First, an extremely low sampling fraction in the
phylogenetic tree can cause estimation bias, particularly in the
BAMM (Moore er al., 2016; Meyer & Wiens, 2018; Chang
et al., 2020). However, in this study, major shifts in diversifica-
tion rates were observed with the megaphylogeny of Varga
et al. (2019). Similar results were obtained with five types of
approaches, including MEDUSA and method-of-moment esti-
mator, which are known to be relatively robust to low sampling
fractions (Moore et al, 2016; Meyer & Wiens, 2018; Chang
et al., 2020). They suggest that the biases caused by incomplete
taxon sampling are limited here. In addition, recent work indi-
cates that deep temporal trends in diversification rate shifts
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the phylogeny represent transition of characters along the edges of the tree and net diversification rates. A binary state (EcM vs non-EcM) besides four hid-
den characters are assumed, and thus, eight characters are identified in total. The density plot represents posterior distribution of diversification rates for

respective characters.

cannot be accurately estimated with the phylogeny of extant spe-
cies (Louca & Pennell, 2020). In this study, however, this con-
cern is addressed by estimating tip rates. Another potential issue
is that the method-of-moments estimator assumed extremely
high extinction rates in this study because the estimated diversifi-
cation rates had a strong negative correlation with clade ages in
low & values (Fig. S1), consistent with patterns of other organisms
(Rabosky & Benson, 2021). The strong correlation between
clade ages and diversification rates with low & values is attributa-
ble to the short but intensive burst of speciation and mass extinc-
tion that occurred in Agaricomycetes, which could have led to
underestimating diversification rates in older clades with this
approach (Rabosky & Benson, 2021). Although this study aimed
to mitigate the risk of misleading findings, more fossil evidence
and further development of techniques are needed to elucidate
the complete picture of evolutionary diversification in Agarico-
mycetes.

© 2023 The Author
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Conclusions

Molecular phylogenies inferred from fragments of 89 single-copy
genes suggested that EcM symbiosis evolved multiple times inde-
pendently and unidirectionally in Agaricomycetes, with origin
times ranging from the Early Triassic to the Early Paleogene.
However, a substantial increase in net diversification rates
appeared to occur intensively at the stem of EcM fungal clades
that diverged in the Late Cretaceous, suggesting that the greatest
opportunities for niche expansion and subsequent explosive
diversification were available only to these EcM fungi. The tim-
ing of rapid diversification inferred in Agaricomycetes corre-
sponds well to that of the major EcM angiosperm lineages. This
finding corroborates the scenario that coevolutionary interactions
could have occurred between EcM fungi and EcM angiosperms
that simultaneously diverged in the Late Cretaceous, resulting in
the increased diversification rates of EcM fungi. By contrast, the
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results of this study only partially support the hypothesis that the
evolution of fruitbody forms could have caused the rapid diversi-
fication in Agaricomycetes. Although evolutionary and genomic
studies that use more fossil evidence and developed techniques
are needed, the coevolutionary diversification scenario of EcM
fungi and EcM angiosperms suggested in this study has signifi-
cant implications for understanding the origin of EcM fungi and
EcM plant biodiversity.
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