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With ∼36,000 described species, Agaricomycetes are among the
most successful groups of Fungi. Agaricomycetes display great di-
versity in fruiting body forms and nutritional modes. Most have
pileate-stipitate fruiting bodies (with a cap and stalk), but the
group also contains crust-like resupinate fungi, polypores, coral
fungi, and gasteroid forms (e.g., puffballs and stinkhorns). Some
Agaricomycetes enter into ectomycorrhizal symbioses with plants,
while others are decayers (saprotrophs) or pathogens. We constructed
a megaphylogeny of 8,400 species and used it to test the following
five hypotheses regarding the evolution of morphological and ecolog-
ical traits in Agaricomycetes and their impact on diversification: 1)
resupinate forms are plesiomorphic, 2) pileate-stipitate forms promote
diversification, 3) the evolution of gasteroid forms is irreversible, 4) the
ectomycorrhizal (ECM) symbiosis promotes diversification, and 5) the
evolution of ECM symbiosis is irreversible. The ancestor of Agaricomy-
cetes was a saprotroph with a resupinate fruiting body. There have
been 462 transitions in the examined morphologies, including 123 or-
igins of gasteroid forms. Reversals of gasteroid forms are highly un-
likely but cannot be rejected. Pileate-stipitate forms are correlated
with elevated diversification rates, suggesting that this morphological
trait is a key to the success of Agaricomycetes. ECM symbioses have
evolved 36 times in Agaricomycetes, with several transformations to
parasitism. Across the entire 8,400-species phylogeny, diversification
rates of ectomycorrhizal lineages are no greater than those of sapro-
trophic lineages. However, some ECM lineages have elevated diversi-
fication rates compared to their non-ECM sister clades, suggesting that
the evolution of symbioses may act as a key innovation at local
phylogenetic scales.

Agaricomycetes | diversification | ectomycorrhizal fungi | gasteroid
forms | megaphylogeny

The class Agaricomycetes is one of the largest and most con-
spicuous groups of Fungi. It contains ∼36,000 described

species (1) that display striking diversity in both morphology of
fruiting bodies (reproductive structures) and nutritional modes.
We assembled the largest phylogeny of Agaricomycetes to date
and used it to reconstruct historical patterns of morphological
and ecological evolution in Agaricomycetes. We also sought to
address whether form or nutritional mode is the primary driver
of diversification in Agaricomycetes.
Fruiting bodies of Agaricomycetes vary from relatively simple

resupinate or crust-like forms to more complex forms, such as
clavarioid-coralloid (club- or candelabra-shaped), pileate-
stipitate (with cap and stalk), pileate-sessile (with lateral cap
and no stalk), or gasteroid forms. The latter produce spores in-
ternally and include forms such as puffballs, bird nest fungi,
stinkhorns, and false truffles (Fig. 1). Morphological evolution in
Agaricomycetes is marked by extensive convergence (2–9). Pre-
vious studies suggested that the resupinate morphology is ple-
siomorphic and that there is a directional trend toward the
evolution of pileate-stipitate forms (8, 10).
The evolution of gasteroid forms is correlated with the loss of

a mechanism of forcible spore discharge, called ballistospory,

and the evolution of enclosed spore-bearing structures. It has
been hypothesized that the loss of ballistospory is irreversible
because it involves a complex suite of anatomical features gen-
erating a “surface tension catapult” (8, 11). The effect of gas-
teroid fruiting body forms on diversification rates has been
assessed in Sclerodermatineae, Boletales, Phallomycetidae, and
Lycoperdaceae, where it was found that lineages with this type of
morphology have diversified at higher rates than nongasteroid
lineages (12). However, these four selected clades represent
some of the most species-rich, highly modified groups of gaste-
roid forms; many other clades of gasteromycetes are species poor
and often have fruiting bodies that are intermediate in mor-
phology between the most derived gasteroid forms and their
putative nongasteroid ancestors (which are defined by possession
of exposed spore-bearing structures and ballistospory).
The Agaricomycetes is also ecologically diverse; they are

saprotrophs in a wide variety of substrates, symbionts with plants,
animals, algae and cyanobacteria, and pathogens. Agaricomycetes
contain the major concentrations of wood-decay fungi, including
white rot and brown rot fungi, and ectomycorrhizal (ECM) sym-
bionts. The impact of ECM symbiosis on diversification has been of
particular interest. It has been hypothesized that this symbiosis fa-
cilitates the use of unexploited niches and consequently promotes
diversification (13, 14). In the genus Laccaria (Agaricales), the
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ECM mode has been suggested to be a driver of diversification
(i.e., a key innovation) (15). However, studies in other groups of
Agaricales did not support the ECM mode as a key innovation (13,
16) and suggested that the transition to ECM lifestyle promotes
diversification only in some lineages (16). So far, there have been
no analyses of the impact of ECM associations on diversification
across all Agaricomycetes.
Varga et al. (17) studied the impact of fruiting body mor-

phologies on diversification rates using a 5,284-species phylogeny
of Agaricomycetes, finding that the pileate lineages have higher
diversification rates than nonpileate lineages. However, their
study did not focus on nutritional modes. We assembled and
analyzed a five-gene dataset for 8,472 species of Agaricomycetes
using a pipeline for assembly of supermatrices and tested the
following five hypotheses on the evolution of morphology and
ecological lifestyles in Agaricomycetes: 1) resupinate forms are
plesiomorphic, 2) pileate-stipitate forms promote diversification,
3) the evolution of gasteroid forms is irreversible, 4) the ECM
symbiosis promotes diversification, and 5) the evolution of ECM
symbiosis is irreversible.

Results and Discussion
Megaphylogeny Recovers Expected Agaricomycete Topology. Using
the pipeline PifCoSm (Pipeline for Construction of Super-
matrices, available through https://github.com/RybergGroup/
PifCoSm), we created an alignment of 8,472 nuclear ribosomal
large subunit (nLSU) sequences, 1,872 nuclear ribosomal small
subunit (nSSU) sequences, 784 largest subunit of RNA polymerase
II (rpb1) sequences, 1,683 second-largest subunit of RNA poly-
merase II (rpb2) sequences, and 856 translation elongation factor

1-alpha (tef-1-α) sequences (SI Appendix, Table S1). The resulting
phylogeny recovered the 21 monophyletic orders accepted in the
Agaricomycetes, with a topology that is in general agreement with
previous phylogenies (18–20). The Russulales was placed as a sister
group of a large clade containing the Polyporales, Thelephorales,
Gloeophyllales, Jaapiales, and Agaricomycetidae, as shown in
previous studies (19, 20), although in other studies, it has also been
recovered as sister to Jaapiales and Gloeophyllales (17). The close
relationship between Phallomycetidae, Stereopsidales, and Tre-
chisporales was previously recovered (19, 21). Within the Agar-
icomycetidae, we recovered a grouping that included Atheliales,
Lepidostromatales, and Boletales as a sister to Agaricales and
Amylocorticiales. The placement of Lepidostromatales within the
Agaricomycetidae is uncertain; it was previously suggested as a
sister to the Boletales, Amylocorticiales, and Agaricales but with
low support (22).
Our time-calibrated phylogeny suggests that some clades are

older than previously estimated, but most of our age estimates
are within the CIs of prior studies (17, 23–26). Most orders were
inferred to have a Jurassic origin (Agaricales, Amylocorticiales,
Atheliales, Boletales, Corticiales, Gloeophyllales, Hymenochaetales,
Jaapiales, Lepidostromatales, Polyporales, and Thelephorales), in
agreement with a previous megaphylogeny (17, 25), in some cases
with a subsequent diversification in the Cretaceous (SI Appendix,
Figs. S1–S3). We estimated the ages of the stem and crown nodes of
the Agaricomycetidae at 217 Mya and 189 Mya, respectively, which
approximately coincides with the diversification of Pinaceae (25, 27)
and the later diversification of angiosperms (25, 28).

Morphological Evolution.
The ancestor of agaricomycetes had a resupinate fruiting body.Ancestral
state reconstruction suggests that the ancestor of Agar-
icomycetes had a resupinate fruiting body, with a posterior
probability of 0.99 according to the BayesTraits Markov chain
Monte Carlo (MCMC) analyses and a posterior probability of 1
according to stochastic mapping. Based on the average number
of transitions from stochastic mapping, we inferred 160 transi-
tions from resupinate forms to other morphologies and 96 re-
versals to the resupinate form. The clavarioid fruiting body
morphology is the least common in Agaricomycetes. Only 3% of
the taxa included here present this form, which was inferred to
have originated 28 times and lost 17 times according to our
analyses. Pileate-sessile forms were inferred to have evolved
133 times and transitioned to other morphologies 91 times. The
pileate-stipitate form is the dominant fruiting body morphology,
which was inferred to have evolved 85 times and to have given
rise to other morphologies 191 times (Fig. 2C and SI Appendix,
Fig. S4).
Pileate-stipitate forms promote diversification across agaricomycetes.
Multi-State Speciation and Extinction (MuSSE) analyses, in
which we evaluated the effects of five different fruiting body
morphologies on diversification rates, suggested that clades with
pileate-stipitate forms have the highest diversification rates,
followed by clades with pileate-sessile forms. Clades with resu-
pinate fruiting bodies were inferred to have the lowest diversi-
fication rates (likelihood ratio [LR] test, P < 0.001) (Fig. 2B and
SI Appendix, Tables S2 and S3). To test the impact of alternative
coding regimes, we repeated the analyses using Binary State
Speciation and Extinction (BiSSE), which yielded results that
were, in general, consistent with those from MuSSE (SI Appen-
dix, Fig. S5 and Table S4). In all cases, the unconstrained model,
in which all speciation, extinction, and transformation rates were
allowed to vary, was significantly better than any of the con-
strained models (LR test, P < 0.001) (SI Appendix, Table S5).
Gasteroid forms have evolved more than 100 times. We resolved 123
unique origins of gasteroid forms. Six transitions to gasteroid
forms were inferred to have occurred via clavarioid/coralloid or
resupinate ancestors (three each), but the vast majority, 117

Fig. 1. Examples of the basic fruiting body forms in Agaricomycetes. (A)
Resupinate (Phanerochaete sp.). (B) Pileate-sessile (Ischnoderma resinosum).
(C) Clavarioid-coralloid (Ramariopsis kunzei). (B and C) Image credit: Mike
Wood (photographer). (D) Pileate-stipitate (Amanita diemii). (E) Gasteroid
(Calostoma cinnabarinum).
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transitions, were inferred from pileate-stipitate ancestors (Fig. 2 A
and C). Most of the gasteroid lineages are young (4–50 Ma), in-
clude fewer than five species (SI Appendix, Fig. S6 and Table S6),
and are nested within lineages of nongasteroid fungi such as
Agaricus, Amanita, Cortinarius, Entoloma, Lactarius, and Russula
(SI Appendix, Fig. S7). Some of these genera have been redelimited
to include gasteroid species (29–32). The oldest gasteroid lineages
are in the subclass Phallomycetidae and correspond to the orders
Hysterangiales, Phallales (216 Ma), and Geastrales (211 Ma) (SI
Appendix, Fig. S6), which include false truffles, stinkhorns, and
earthstars and cannonball-fungi (respectively). These types of
fruiting bodies (particularly those of Phallales and Geastrales) in-
volve a high degree of differentiation and developmental organi-
zation and are among the most complex forms in fungi.
Trait-dependent diversification analysis with BiSSE suggested

that diversification rates of gasteroid lineages are lower than

those of nongasteroid lineages (LR test, P < 0.001), whereas
MuSSE analyses suggested that diversification rates of gasteroid
fungi are similar to that of clavarioid/coralloid forms and greater
than resupinate forms but below that of pileate-stipitate or
pileate-sessile forms (LR test, P < 0.001) (Fig. 2B and SI Ap-
pendix, Tables S2 and S4). The BiSSE model that prohibited
reversals from a gasteroid to a nongasteroid state was signifi-
cantly worse than the unconstrained model (LR test, P < 0.01)
(SI Appendix, Table S5).
Our ancestral state reconstruction identified two putative re-

versals from gasteroid to nongasteroid forms, both in the Bole-
tales. The first was in the Sclerodermatineae, where the
nongasteroid genus Gyroporus was nested among gasteroid
lineages (SI Appendix, Fig. S7). However, a recent phylogenetic
study of Boletales using 87 genes suggested that the gasteroid
taxa of Sclerodermatineae form a monophyletic sister group to
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Fig. 2. (A–C) Macroevolutionary dynamics of fruiting body forms in Agaricomycetes. (D–F) Macroevolutionary dynamics of nutritional modes in Agar-
icomyctes. (A and D) Stochastic mapping of five fruiting body forms and four nutritional modes, respectively. The yellow dots indicate shifts in diversification
rates according to BAMM. Only major orders of Agaricomycetes are labeled. (B and E) The posterior probability distributions of net diversification rates
(speciation minus extinction) from the MuSSE model. The bar underneath each distribution represents the 95% credible interval obtained from the posterior
distribution. (C and F) The number of average transitions between character states estimated from a set of 100 stochastic maps by SIMMAP and transition
rates estimated by MuSSE (NA = not applicable). The absence of arrows between states indicates zero transitions as well as transition rates.
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Gyroporus (33). The second putative reversal was in the Suilli-
neae, where we recovered the genus Rhizopogon, a group of
hypogeous false truffles, as paraphyletic to the nongasteroid
genera Suillus, Gomphidius, and Chroogomphus. Taxa repre-
senting the putative reversals all have typical ballistosporic
basidia, with characteristic curved sterigmata and asymmetrical
spores with a hilar appendage, which are the anatomical features
that facilitate the forcible spore discharge.
To examine the sensitivity of our conclusions to the topology

of Boletales, we tested the same models but pruned the taxa in
which the putative reversals occurred. Using the pruned tree, the
model that prohibited reversals from a gasteroid to a nongasteroid
state was not significantly different from the unconstrained model
(LR test, P = 1) (SI Appendix, Table S7). Thus, while BiSSE
analyses of the entire dataset suggested that reversibility of gaste-
roid forms could not be rejected, the pruned phylogeny indicated
that irreversibility of gasteroid forms could not be rejected. Re-
versals from gasteroid to nongasteroid forms seem unlikely based
on the anatomical complexity of ballistospory.

Evolution of Nutritional Modes.
Across Agaricomycetes, ECM lineages do not have higher net diversifica-
tion rates than saprotrophic lineages. For nutritional modes, we ex-
plored four different coding regimes (I to IV), which included
two- to five-character states. Coding regime I included two-
character states: non-ECM and ECM. The unconstrained
model obtained under this coding suggested that ECM lineages
diversified at a higher rate than non-ECM clades (SI Appendix,
Fig. S8 and Table S8). However, a model that constrained net
diversification rates to be equal could not be rejected (LR test,
P = 0.5) (SI Appendix, Table S9). Coding regime II separated
nutritional modes into three categories: saprotrophs, ECM, and
pathogens. Analyses under this coding suggested that diversifi-
cation rates of saprotrophs are higher than those of ECM and
that pathogens have the lowest rate (SI Appendix, Fig. S9 and
Table S10). Once again, the model that constrained saprotrophs
and ECM lineages to have equal diversification rates could not
be rejected (LR test, P = 0.3) (SI Appendix, Table S11). Coding
regime III included four-character states: wood decayers, other
saprotrophs (i.e., on soil, litter, and dung), ECM, and pathogens.
Under this coding, fungi that degrade soil, litter, and dung have
the highest diversification rate, followed by wood decayers,
ECM, and pathogens (LR test, P < 0.001) (Fig. 2D and SI Ap-
pendix, Tables S12 and S13). Finally, coding regime IV included
five-character states: wood decayers that produce a brown rot,
wood decayers that produce a white rot, other saprotrophs,
ECM, and pathogens. Analyses under this coding suggest that
fungi that produce a white rot diversify faster than brown rot
fungi (LR test, P < 0.001) (SI Appendix, Fig. S10 and Tables S14
and S15).
None of our analyses, under any coding regime, suggest that

ECM lineages have greater diversification rates than sapro-
trophic lineages. These results were consistent under alternative
coding regimes that consider saprotrophs with pathogenic ca-
pabilities as saprotrophs (SI Appendix, Tables S8–S17).
Evolution of ECM may promote diversification at local phylogenetic scales.
When examining overall diversification rates across the entire
Agaricomycetes, we did not find an increase in diversification
rates in ECM lineages compared to other nutritional modes
(Fig. 2E and SI Appendix, Tables S10, S12, S14, and S16). Nev-
ertheless, several ECM lineages are particularly species rich (34),
and this ecological lifestyle has been linked to an increase in
diversification rates in some clades (13, 15, 16, 33). Therefore,
we evaluated individual ECM clades and compared their diver-
sification rates with their non-ECM sister clades (SI Appendix,
Table S18). Results of these comparisons suggest that the ECM
lineages Cortinarius, Tricholoma, Hygrophorus, Boletaceae, and
Russulaceae have experienced increases in diversification rates

compared to their closest relatives. Thus, the ECM nutritional
mode is not correlated with an elevated rate of diversification
across all Agaricomycetes, but it may act as a key innovation at
local phylogenetic scales (or its impact on diversification is
contingent on other evolutionary innovations). We also identi-
fied several non-ECM clades that have higher diversification
rates than their ECM sister clades, such as Psathyrellaceae, a
family of deliquescent mushrooms, and the clade containing
Bolbitius and Conocybe, many of which also detected by Varga
et al. (17).
Increases in diversification rates in ECM lineages have been

previously inferred in Laccaria (15), Tricholoma, the Rhodopo-
lioid clade of Entoloma (16), and Boletaceae (33). On the other
hand, some ECM lineages in the suborder Tricholomatineae and
in the order Boletales did not show diversification rate increases,
and it has been suggested that other factors such as historical cli-
mate change and host availability can create the necessary condi-
tions for a rapid diversification (16, 33). For example, in the family
Inocybaceae, which is uniformly ECM, the highest rates of diver-
sification occurred well after the origin of the crown group, long
after the origin of ECM lifestyle in this lineage (35). Further hy-
potheses about the factors that drive diversification in ECM line-
ages should be tested, such as host specificity, geographic origin and
distribution, or combinations of biotic and abiotic factors.
Many gains, and few losses, of ECM symbiosis. Of the 21 orders of
Agaricomycetes, only the Hysterangiales is resolved as plesio-
morphically ECM; the rest have saprotrophic ancestors (SI Ap-
pendix, Figs. S11 and S12). We inferred 36 independent origins
of the ECM lifestyle (Fig. 2 D and F and SI Appendix, Fig. S13
and Table S18) and four losses. Three of the losses of ECM
correspond to transitions to putative pathogens or parasites in
Entoloma (E. clypeatum group), Boletaceae (Pseudoboletus par-
asiticus), and the suborder Suillineae (Chroogomphus and
Gomphidius). The parasitic nature of Pseudoboletus, Chroo-
gomphus, andGomphidius is not fully established; some evidence
points to the ability of these fungi to form ECM associations
(36–38), while other lines of evidence suggest that they can
parasitize other ECM fungi such as Scleroderma, Suillus, and
Rhizopogon (39–42). The E. clypeatum group is considered a
weak, obligate parasite due to the formation of an abnormal
ECM structure that damages the root cap region of some species
of Rosaceae (43). Because of the uncertainty in their ecological
lifestyle, these losses are tentative and may not be complete
(i.e., mixed ECM/parasitic lifestyles).
The fourth loss of ECM was inferred in Thelephorales, which

contains putative white rot saprotrophs in the genera Lenzitopsis
and Amaurodon. Our analysis suggests that Lenzitopsis and
Amaurodon form a clade that is derived from ECM ancestors.
However, it has been suggested that the ECM mode evolved
several times in this order, and based on previous works (44, 45)
and our phylogeny, the phylogenetic position of these non-ECM
genera within the Thelephorales is not well resolved.
Comparative genomic evidence of multiple lineages within

Agaricomycetes indicates that transitions from saprotrophy to
ECM are correlated with massive losses of genes encoding plant
cell wall–degrading enzymes (PCWDEs) (26). Thus, reversals
from ECM to saprotrophy are unlikely. It is possible that para-
sitic fungi, particularly mycoparasites, do not require large rep-
ertoires of PCWDE, making ECM-to-parasite transitions
plausible. Unfortunately, there are no genomes available for the
lineages of the putative parasites and saprotrophs that we resolve
as potentially derived from ECM ancestors.
The oldest ECM lineages belong to the Sebacinales and

Cantharellales, with stem ages of 260 to 289 Mya, which overlaps
with the estimated interval between the stem and crown nodes of
Pinaceae (25, 27). Most of the ECM lineages had a more recent
origin in the Cretaceous and Paleogene (SI Appendix, Fig. S14),
which coincides with the diversification of angiosperm hosts,
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such as oaks, beeches, dipterocarps, and eucalypts (25). An ex-
planation for species richness disparity is that older clades are
species rich because they had more time to accumulate diversity
(46). Therefore, we explored the correlation between species
richness and age. In this case, young ECM lineages have a spe-
cies richness comparable to that of the oldest lineages, so species
richness is not correlated with clade age (Pearson correlation test
P = 0.83).

Conclusions
The 36,000 species of Agaricomycetes comprise the vast majority
of conspicuous mushrooms and the major concentrations of both
wood decayers and ECM symbionts. Collectively, they represent
about a quarter of the known species of Fungi (47). We assem-
bled the largest phylogeny of Agaricomycetes to date and asked
whether morphological or ecological traits are primarily re-
sponsible for their evolutionary success.
Across Agaricomycetes, morphological transitions are the

primary drivers of diversification, not nutritional modes. Spe-
cifically, lineages with pileate-stipitate forms have significantly
elevated diversification rates across all clades and ecological
habits. These findings highlight the importance of spore pro-
duction and dispersal for evolutionary success in Fungi. How-
ever, the functional bases for the success of pileate-stipitate
forms is not entirely clear. While there has been much research
on ballistospory (48, 49), the biomechanics of whole fruiting
bodies has received little attention. The cap may protect the
spore-bearing structures from rain and other environmental in-
sults, and evaporation off the cap may create convective airflows
that disperse spores more efficiently, allowing them to reach
longer distances than spores of nonpileate forms (50). Com-
parative functional studies on the performance of different
fruiting body types are needed to address why pileate-stipitate
forms have been so successful.
Some studies in Agaricomycetes have found that the ECM

habit promotes diversification, while others have failed to show
such a relationship (12, 15, 16). Our results suggest that the ECM
nutritional mode is not linked to an overall increase in diversi-
fication at the level of the entire Agaricomycetes. Nevertheless,
our clade-by-clade analyses suggest that some ECM lineages
diversify faster than their non-ECM sister clades. The converse is
also true; some saprotrophic lineages have higher diversification
rates than their ECM sister clades. Elaboration of saprotrophic
mechanisms, including the vast array of PCWDEs (23, 24), may
have contributed to the evolutionary success of individual
saprotrophic lineages.
Although there is a general trend toward reduced comple-

ments of PCWDEs in ECM lineages, the specific gene families
that are retained (or expanded) vary considerably from group to
group (26). Thus, the nonhomologous instances of ECM are not
all functionally equivalent, and they may have unique diversifi-
cation dynamics. Further sampling of genomes from phyloge-
netically and ecologically pivotal groups, particularly parasites
and saprotrophs that may be derived from ECM ancestors, could
shed light on reversibility of ECM and diversification in
Agaricomycetes.

Materials and Methods
Agaricomycetes Phylogeny.We mined GenBank for all available sequences of
Agaricomycetes of the following gene regions: nLSU, nSSU, rpb1, rpb2, and
tef-1-α. To process the data and produce a concatenated alignment, we used
the pipeline PifCoSm, a Perl software that uses a SQLite database to orga-
nize and parse data from a file with data in full GenBank format. This
software is divided in modules that allow the user to manually clean and
check the accuracy of the metadata associated with each of the entries. This
ensures that when the sequences of different gene regions are concate-
nated, the user can be confident that they belong to the same species and
more likely to the same specimen. It uses hidden Markov Models to identify
what genes the sequences belong to and sorts them into different tables.

One of the modules identifies individuals that are used to link sequences of
different gene regions, which will ultimately be concatenated.

We defined individuals based on strain, isolate, and voucher with species
name as the individual condition. This means that sequences were only linked
if they have the same species name and the same voucher, isolate, or strain
identifier. Sometimes sequences belonging to the same species and even the
same specimen are deposited in GenBank under different names (synonyms);
this is particularly problematic since the species name is indicated as the
individual condition for sequences to be linked. Therefore, we used a custom
Perl script that downloads the current name according to Index Fungorum
(1), and we replaced the synonyms; this also resulted in a lot of taxa having
the same name but likely representing different species. In order to avoid
species redundancy, the individuals were clustered based on similarity using
CD-hit version 4.6 (51) and 0.99 as the cutoff value for the nLSU region. This
cutoff value was chosen because it has been shown that nLSU can separate
fungal strains at the species level with a threshold of 99.81% (52). Then, we
linked the individuals and aligned the sequences using MAFFT version 7.402
(53), specifying nLSU as an anchor gene, which means that an individual will
be included in the alignment only if a sequence of nLSU is present. The
concatenated alignment that resulted from this last step was exported for
further manual editing and trimmed using trimAL version 1.2 with the op-
tion –gt 0.1 (54). We performed several rounds of filtering to remove mis-
identified sequences; this was done by manually inspecting maximum
likelihood (ML) trees built with RAxML version 8.2.4 (55). Taxa that were
placed outside the expected phylogenetic position (i.e., genus, family, or
order) were removed from the alignment.

We estimated an ML phylogeny on a gene partitioned dataset using
RAxML (55) with 1,000 bootstrap replicates. To obtain a time-calibrated
phylogeny, we used the chronos function from the R package ape (56)
and incorporated information (minimum and maximum age) from six fungal
fossils (SI Appendix, Table S19). We used Dacrymycetales and Tremellales as
outgroups, which were removed for the subsequent diversification analysis.

Character Coding. The fruiting body forms were divided in five different
morphotypes: 1) pileate-stipitate (5,256 taxa), 2) pileate-sessile (745 taxa), 3)
resupinate (1,291 taxa), 4) clavarioid/coralloid (392 taxa), and 5) gasteroid
(691 taxa). Pileate stipitate forms included those that have a well-defined
cap and a stipe. Forms that have a cap but lack a stipe or present a rudi-
mentary or reduced stipe were considered pileate-sessile. Resupinate forms
were defined as those that lay flat on the substrate, such as crust-like,
effused-reflexed, and cyphelloid forms. Club-shaped and branched forms
were considered as coralloid/clavarioid. Gasteroid forms included those with
enclosed fruiting bodies that produce spores internally and, in most cases,
do not forcibly discharge spores. Taxa with no fruiting bodies or with
fruiting body forms that could not be assigned to any of the previous cat-
egories were coded as not applicable (NA; 71 taxa). We analyzed these five
morphotypes as multistate and binary characters.

For nutritional modes, we explored four different binary and multistate
coding regimes: I) 0 = non-ECM (4,716 taxa) and 1 = ECM (3,731 taxa); II) 1 =
saprotrophs (4,122 taxa), 2 = ECM (3,731 taxa), and 3 = pathogens (392 taxa);
III) 1 = wood-decayers (1,787 taxa), 2 = saprotrophs on soil, litter, and dung
(2,335 taxa), 3 = ECM (3,731 taxa), and 4 = pathogens (392 taxa); and IV) 1 =
brown rot decayers (231 taxa), 2 = white rot decayers (1,556 taxa), 3 =
saprotrophs on soil, litter, dung, and wood decayers of uncertain rot type
(2,335 taxa), 4 = ECM (3,731 taxa), and 5 = pathogens (392 taxa). Sapro-
trophic fungi that are also pathogens were included in the category of
pathogens, but alternative coding regimes in which those taxa were coded
as saprotrophs were also explored. Taxa with uncertain nutritional mode or
that could not be assigned to any of the categories proposed were coded as
NA. ECM taxa were coded following Rinaldi et al. (57), Tedersoo et al. (44),
and Tedersoo and Smith (58). Other nutritional modes were coded based on
information available in FUNGuild (59) and a variety of literature sources.

Ancestral State Reconstruction. We inferred the character histories using the
function make.simmap of the R package phytools (60), which implements a
stochastic character mapping accommodating uncertainty in the phyloge-
netic history. This approach assumes that the character state change follows
a continuous-time Markov process and estimates the place along the
branches where a change has occurred (61). We used a transition matrix with
all rates different estimated from our data and default values for the rest of
the parameters. We simulated the character histories 100 times and sum-
marized the set of stochastic maps. Additionally, we performed ML and
Bayesian ancestral state reconstructions using BayesTraits V3 (62). For the ML
analyses, we executed 100 attempts of maximizing the likelihood. The

32532 | www.pnas.org/cgi/doi/10.1073/pnas.1922539117 Sánchez-García et al.

D
ow

nl
oa

de
d 

at
 A

ka
de

m
is

ka
 S

ju
kh

us
et

 o
n 

F
eb

ru
ar

y 
1,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922539117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922539117


Bayesian analysis was run for 50 million generations, sampling every 5,000
generations with a burn-in of 5 million generations.

Trait-Dependent Diversification. To assess the effect of different fruiting body
forms and nutritional modes on diversification rates, we used the MuSSE and
the BiSSE implemented in the diversitree package in R (63, 64), accounting for
random and incomplete phylogenies (65) by assigning specific sampling
fractions to the character states. We estimated the total number of species
missing for each genus according to data from Index Fungorum (1). The
MuSSE and BiSSE models use a maximum likelihood optimization to esti-
mate absolute rates of speciation (λ), extinction (μ), and transition (q) of
each character state, by maximizing the likelihood of these parameters for a
given topology with branch lengths (63). We fitted different models and
evaluated them based on log-likelihoods (SI Appendix, Tables S2–S5 and
S7–S17). We performed a likelihood ratio test and computed Akaike infor-
mation criterion (AIC) weights to identify the best models, and we con-
ducted MCMC estimations of those models for 10 to 15 thousand
generations.

Trait-Independent Diversification. Bayesian Analysis of Macroevolutionary
Mixtures (BAMM) version 2.5 (66) was used to estimate diversification rates
independently of character states. This approach assumes that different di-
versification regimes occurred across the branches of a phylogeny and ac-
counts for rate variation through time and among lineages. It provides
estimates of the number of diversification-rate shifts across the branches of

a phylogenetic tree and estimates diversification-rate parameters. We ran
four reversible jump MCMCs for 100 million generations with a sampling fre-
quency of 10,000 and a burn-in of 30%. We used the package BAMMtools (67)
in R to estimate speciation and extinction priors and to evaluate the outputs.
We assumed incomplete sampling and assigned clade-specific sampling prob-
abilities based on the estimated number of species for each of the genera
represented in our phylogeny according to Index Fungorum (1).
ECM sister clade comparison. In order to assess the effect of the ECM mode on
diversification rates in each ECM clade separately, we calculated the diver-
sification rate of each ECM lineage and compared it to the diversification rate
of its non-ECM sister clade using the function getCladeRates from the R
package BAMMtools. This approach allowed us to compare two clades while
eliminating the bias because of differences in clade age.

Data Availability. The data (concatenated alignment, phylogenetic tree,
character coding of morphology, and nutritional modes) are available via the
Open Science Framework and can be accessed at https://osf.io/y2vns/.
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