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Although fungi are one of the most diverse groups of organisms, little is known about the processes that shape their high taxonomic

diversity. This study focuses on evolution of ectomycorrhizal (ECM) mushroom-forming fungi, symbiotic associates of many trees

and shrubs, in the suborder Tricholomatineae of the Agaricales. We used the BiSSE model and BAMM to test the hypothesis that

the ECM habit represents an evolutionary key innovation that allowed the colonization of new niches followed by an increase in

diversification rate. Ancestral state reconstruction (ASR) supports the ancestor of the Tricholomatineae as non-ECM. We detected

two diversification rate increases in the genus Tricholoma and the Rhodopolioid clade of the genus Entoloma. However, no

increases in diversification were detected in the four other ECM clades of Tricholomatineae. We suggest that diversification of

Tricholoma was not only due to the evolution of the ECM lifestyle, but also to the expansion and dominance of its main hosts and

ability to associate with a variety of hosts. Diversification in the Rhodopolioid clade could be due to the unique combination of

spore morphology and ECM habit. The spore morphology may represent an exaptation that aided spore dispersal and colonization.

This is the first study to investigate rate shifts across a phylogeny that contains both non-ECM and ECM lineages.
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Species diversity is unevenly distributed across the tree of life

(Gould et al. 1987). One explanation for this heterogeneous diver-

sity pattern is clade age, in which older clades have had more time

to diversify and accumulate species than younger clades (McPeek

and Brown 2007; Wiens 2011; Bloom et al. 2014). An alternative

explanation is that species-rich clades have higher net diversifica-

tion rates (speciation minus extinction) than species-poor clades

(Mooers and Heard 1997; Rabosky et al. 2007; Mullen et al.

2011; Wiens 2011; Bloom et al. 2014). Diversification rates can

be affected by ecological and geographical opportunities such as

opening of new environments, extinction of competitors, or the

evolution of key innovations that permit entry into new niche

spaces (Simpson 1953; Heard and Hauser 1995; Schluter 2000;

Yoder et al. 2010). Estimating diversification rates can help to the

study of patterns of species richness and to understand the role

of biotic and abiotic factors in shaping extant diversity (Wiens

2011).

Novel analytical methods have provided insights into the

evolution of fungi, and some patterns of diversification have be-

gun to be explored. Wilson et al. (2011) investigated the effects

of gasteromycetation on rates of diversification and found that

the net diversification rate of gasteroid forms of some ectomyc-

orrhizal Boletales is higher than that of nongasteroid forms, sug-

gesting that if such rates remain constant, the gasteroid forms

will become dominant in the clades where they have arisen.

A study of the genus Trichoderma, a genus of ascomycetous

molds, showed that host jumps are associated with an increase

in speciation rate, indicating that a transition from saprotrophy to
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mycoparasitism may be acting as a driver of species diversifica-

tion (Chaverri and Samuels 2013). Kraichak et al. (2015) studied

two of the largest families of lichenized fungi and showed that

while these two families have evolved similar ecological strate-

gies, they have reached such diversity through different evolu-

tionary pathways. Recently, Gaya et al. (2015) studied an order of

lichenized fungi, the Teloschistales, and found that the presence of

anthraquinones, a pigment that protects against ultraviolet light,

promoted diversification of this group by providing the opportu-

nity to colonize habitats with increased sun exposure. Nagy et al.

(2012) studied the family Psathyrellaceae to identify morpho-

logical traits that could represent key innovations. Their results

suggest that the loss of a veil (a protective tissue layer found on

the fruiting bodies of some mushroom-forming fungi) and the

gain of hairs, which represent a transition to a new defense mech-

anism, might be correlated with an explosive radiation within this

group.

Symbiotic relationships are widespread and ecologically im-

portant, and they may be considered evolutionarily advantageous,

as they provide access to newly unexplored ecological resources

(Pirozynski and Malloch 1975; Margulis and Fester 1991; Leigh

2010). Evolutionary key innovations are defined as evolutionary

changes that promote an increase in net diversification rate (Heard

and Hauser 1995). If these evolutionary innovations evolve in mul-

tiple lineages, they can be recognized as being of adaptive signif-

icance (Hunter 1998). The evolution of ectomycorrhizal (ECM)

symbiosis has evolved numerous times across the fungal and land

plant tree of life (Tedersoo and Smith 2013). This association

increases the efficiency in the acquisition of nitrogen and phos-

phorous in plants, while providing carbon to the fungi (Smith and

Read 2008), which can consequently allow both partners to allo-

cate more resources into growth and improve fitness, resulting in

the exploitation of new habitats (Pirozynski and Malloch 1975),

and as a result increasing diversification rates.

In this study, we investigate diversity patterns of ectomycor-

rhizal (ECM) fungi within the suborder Tricholomatineae of the

Agaricales, the largest order of mushroom-forming fungi. Ap-

proximately 30 families of plants are involved in ECM symbio-

sis, which include boreal, temperate, and tropical tree species in

families that dominate terrestrial landscapes such as Pinaceae, Fa-

gaceae, Betulaceae, Salicaceae, Myrtaceae, and Dipterocarpaceae

(Malloch 1980; Wang and Qiu 2006; Brundrett 2009). At least

7750 species of ECM fungi have been described, but it has been

estimated that there are as many as 25,000 ECM fungal species

(Rinaldi et al. 2008; Brundrett 2009). Furthermore, the ECM

mode has evolved from saprotrophic ancestors as many as 78–82

times with no known reversals to their ancestral state (Tedersoo

and Smith 2013).

Many ECM fungal clades have high species richness. The

diversity of plants and fungi involved in this association, the po-

tential ability to colonize new niches, and the ecological impact

that it has on terrestrial ecosystems coupled with the multiple and

asynchronous origins of ECM fungi over time suggest that the

ECM habit represents an evolutionary key innovation that pro-

vides access to new ecological resources followed by an increase

in diversification rate (Pirozynski and Malloch 1975; Malloch

1980; Brundrett 2009; Ryberg and Matheny 2012; Tedersoo and

Smith 2013). However, this hypothesis has not been explicitly

tested. Here, we used two different methods to estimate trait-

dependent and trait-independent diversification rates to investi-

gate whether transitions in nutritional mode (non-ECM to ECM)

are associated with an increase in diversification rate. We focus

our study on the suborder Tricholomatineae (formerly the Tri-

cholomatoid clade; Matheny et al. 2006), which contains roughly

30 genera including ECM and non-ECM groups (Sánchez-Garcı́a

et al. 2014). If the ECM mode represents a key innovation, then

we would expect to see an increase in diversification rate in clades

with this trait compared to those that are non-ECM.

Materials and Methods
DATA ASSEMBLY

A dataset of the Tricholomatineae was assembled using sequences

from Sánchez-Garcı́a et al. (2014), and expanding gene sampling

by incorporating newly produced rpb1 sequences as well as se-

quences from GenBank (Table S1). To expand taxon sampling, we

searched for sequences of other members of the Tricholomatineae

that were available in GenBank. To avoid species redundancy, we

only included taxa that were not represented in our dataset and

for which nuclear ribosomal large subunit sequences (nLSU) se-

quences were available; then we searched for more loci available

(5.8s, the largest and second largest subunit of RNA polymerase II

(rpb1 and rpb2), and the nuclear ribosomal small subunit (nSSU))

and included them only if we could confirm that such sequences

were from the same collections (i.e., comparing definition lines

and modifiers). In addition, we obtained sequences from collec-

tions of Tricholomatineae accessioned at the University of Ten-

nessee Herbarium (TENN), targeting taxa that were not already

represented in our dataset.

DNA extraction, polymerase chain reaction (PCR), and se-

quencing protocols for the internal transcribed spacers (ITS),

nLSU, nSSU, and rpb2 are described in Sánchez-Garcı́a et al.

(2014). Conserved domains A–C from the rpb1 gene region was

amplified and sequenced using the same protocols used for rpb2

but using primers gAf, fCr, int2f, int2.1f, and int2.1r (Stiller and

Hall 1997; Matheny et al. 2002; Frøslev et al. 2005). Individual

loci were aligned using MAFFT 7.244 (Katoh and Standley 2013)

and manually adjusted using AliView 1.17.1 (Larsson 2014).

Gblocks 0.91b (Castresana 2000) was used to remove ambigu-

ously aligned regions. The ITS1 and ITS2 regions were excluded
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due to the great variability they present across the suborder Tri-

cholomatineae, so the only region used for the analyses from ITS

data was the 5.8S. Individual gene datasets were concatenated us-

ing SeaView 4.5.4 (Gouy et al. 2010) after inspection of intergene

conflict. PartitionFinder 1.0.1 (Lanfear et al. 2012) was used to

find the best partition strategy and the best models of molecular

evolution.

ESTIMATION OF DIVERGENCE TIMES

A time calibrated phylogeny was reconstructed in BEAST 2.2.1

(Bouckaert et al. 2014) using an uncorrelated log-normal dis-

tributed clock. Sequences of Ampulloclitocybe clavipes, Can-

tharocybe gruberi, Clavaria inaequalis, and Clavaria zollingeri

were used for outgroup purposes and excluded for subse-

quent analyses. Calibration points for the Agaricales and the

Ampulloclitocybe–Cantharocybe clades were obtained from Ry-

berg and Matheny (2011). The dataset was divided into eight

partitions as suggested by PartitionFinder, and the substitution

model GTR+I+G was used for each partition with parameters

unlinked across partitions. Four independent Markov chain Monte

Carlo (MCMC) were run for 120 million generations sampling

every 12,000 generations. Chain convergence was assessed us-

ing Tracer 1.6 (Rambaut and Drummond 2014). Sixty million

generations were excluded as burn-in. One of the chains was ex-

cluded from the analysis because the mean log-likelihood value

was considerably lower than the others, which could be due to

the chain being trapped on a local optimum. The remaining three

chains were combined using LogCombiner 2.2.1. A maximum

clade credibility (MCC) tree with median ages was obtained with

TreeAnnotator 2.2.1.

TROPHIC STATUS ASSIGNMENT

Nutritional mode was coded as a binary state (0 for non-ECM

and 1 for ECM). We based this assignment on recent reviews

of ECM associations (Rinaldi et al. 2008; Tedersoo et al. 2010;

Tedersoo and Smith 2013). Such reviews considered several lines

of evidence to assign a trophic status (in vitro experiments, in

situ identification, and stable isotopes). In addition, we obtained

stable isotope ratios (15N:14N and 13C:12C) from fungal sporo-

carps of 45 taxa in the Tricholomatineae with unknown or unclear

trophic status. Stable isotope ratios can provide information about

the acquisition, transformation, and export of C and N by fungi.

Relative to saprotrophs, ECM fungi are more enriched in 15N

and depleted in 13C (Hobbie et al. 1999; Griffith 2004; Mayor

et al. 2009). Given that we used herbarium specimens collected

during different years to obtain information on stable isotopes,

we corrected 13C values for the Suess effect, which is a change

in the ratio of atmospheric concentrations of carbon due to the

lack of 14C in fossil fuel derived CO2 (Tans et al. 1979). Samples

were analyzed at the University of New Hampshire Stable Isotope

Laboratory.

It is not usual that a genus shows a mixed trophic status.

Regularly, all species within a genus considered to be ECM will

have the ability to form mycorrhizae, or at least the species that

are ECM will be defined in a monophyletic group (Taylor and

Alexander 2005; Tedersoo et al. 2010). Therefore, in cases where

no information was available for taxa that were resolved within

an ECM lineage, these taxa were scored as ECM.

ASR OF ECM LINEAGES

To test the hypothesis that the non-ECM mode is the ancestral

state of the Tricholomatineae, and the ECM mode is a derived

character, we performed maximum likelihood (ML) and Bayesian

ASR analyses using BayesTraits V2 (Pagel et al. 2004, available

from www.evolution.reading.ac.uk/BayesTraits.html) on 100 ran-

domly sampled trees from the posterior distribution of the BEAST

analysis. For the ML ASR, 100 attempts of maximizing the like-

lihood were executed. The Bayesian ASR was run for 50 million

generations, sampling every 5000 generations, and with a burn-in

of 5 million generations. Transition rate priors were adjusted to

uniform [0,1] based on ML values for these parameters.

TRAIT-DEPENDENT DIVERSIFICATION RATES

To assess the effect of switches between non-ECM and ECM

states, we used the binary state speciation and extinction model

(BiSSE; Maddison et al. 2007) implemented in the Diversitree

package in R (FitzJohn 2012) and corrected for incomplete phy-

logenies (FitzJohn et al. 2009). We estimated the total number of

species missing for each character state according to data from

Singer (1986), Kirk et al. (2008), Co-David et al. (2009), Morgado

et al. (2013), and Kluting et al. (2014).

The BiSSE model estimates speciation (λ), extinction (μ),

and transition rates (q) of each binary state (0 and 1). In this case 0

represents non-ECM and 1 represents ECM. We evaluated four

models using a ML approach: (1) full model (λ0, λ1, μ0, μ1, q01,

and q10), (2) irreversible model and equal extinction rates (q10

= 0, μ0 = μ1), (3) irreversible model and equal speciation rates

(q10 = 0, λ0 = λ1); and 4) irreversible model with equal specia-

tion and extinction rates (q10 = 0, λ0 = λ1, and μ0 = μ1). We

compared the ML outputs to test whether each constrained model

was significantly different from the full model using the ANOVA

function in R. In addition, we compared Akaike information cri-

terion (AIC) scores to identify the best model. We conducted

MCMC estimations of the best model for 10 thousand genera-

tions. To account for phylogenetic uncertainty, we ran the full

model in BiSSE under a ML approach on 100 randomly sampled

trees from the posterior distribution of the BEAST analysis.

A recent study by Wright et al. (2015) has highlighted the

sensitivity of ASRs to model parameters and assumptions. To test
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the robustness of the sampling correction function in our dataset,

we ran a BiSSE analysis assuming a fully sample phylogeny.

TRAIT-INDEPENDENT DIVERSIFICATION RATE SHIFTS

Bayesian analysis of macroevolutionary mixtures (BAMM ver-

sion 2.5; Rabosky 2014) was used to estimate diversification rates

independently of character states. This method detects and esti-

mates heterogeneity in evolutionary rates across a phylogeny; in

this case, we used the MCC tree obtained from the BEAST anal-

ysis. We ran 10 million generations of reversible jump MCMC

sampling. We used the package BAMMtools 2.1.4 (Rabosky et al.

2014) in R to estimate speciation and extinction priors and to eval-

uate the outputs. We assumed incomplete sampling and assigned

clade-specific sampling probabilities (Table S2) based on the es-

timated number of species for each of the genera represented in

our phylogeny according to Kirk et al. (2008).

When available, we followed estimates published by experts

on specific groups (Singer 1986; Co-David et al. 2009; Morgado

et al. 2013; Kluting et al. 2014). However, it is widely known that

fungal taxonomic diversity is often underestimated (Hawksworth

2001; O’Brien et al. 2005; Blackwell 2011). We obtained a 95%

credible set of diversification rate shifts with a threshold of 5. We

estimated marginal odds ratios for each branch in our phylogeny

to evaluate evidence for a rate shift on specific branches relative

to the evidence of a null model of no shifts (Shi and Rabosky

2015). To account for the effects of phylogenetic uncertainty, we

performed BAMM analyses on 100 randomly sampled trees from

the posterior distribution of the BEAST analysis. These analyses

were run for five million generations indicating specific priors

obtained in BAMM for each phylogenetic tree.

Results
DIVERGENCE TIMES AND ECM LINEAGES

IN THE SUBORDER TRICHOLOMATINEAE

The time-calibrated phylogeny consisted of 294 taxa including

four outgroups (Fig. 1). Fifty-three percent of the nodes were re-

covered with a posterior probability > 0.9. The median crown

age of the Tricholomatineae is estimated at 117.11 Mya (with

a 95% node height posterior density [HPD] of 74.41–165.61

Mya), hereafter written as 117.11 (74.41–165.61) Mya. Three

main families (Tricholomataceae, Entolomataceae, and Lyophyl-

laceae) diverged during the late Cretaceous (78–93 Mya). The

crown age of the family Tricholomataceae was estimated at 78.04

(48.13–111.74) Mya, the Entolomataceae 86 (55–122) Mya, and

the Lyophyllaceae 79.29 (48.25–114.11) Mya. Another major lin-

eage is the Catathelasma clade with an estimated stem age at 97.22

(62.9–138.57) Mya, and crown age at 70.77 (40.57–105.93) Mya.

Results obtained from BayesTraits (ML and BI) support the

ancestral state of nutritional mode in the Tricholomatineae as

non-ECM with a probability value of 0.99. This state was also re-

covered as ancestral for the Tricholomateaceae, Entolomataceae,

Lyophyllaceae, and the Catathelasma clade, which are the main

monophyletic groups recognized within this suborder. We found

six independent origins of the ECM mode in the Trichlomatineae:

Albomagister, Catathelasma, Entoloma p. parte (Rhodopolioid

clade), Lyophyllum p. parte, Porpoloma, and Tricholoma (Fig. 1).

Albomagister diverged from its sister clade that includes Corner-

iella, Dennisiomyces, and Porpoloma 63.40 (37.49–90.30) Mya.

Porpoloma, an ECM group restricted to the Southern Hemisphere,

diverged from Corneriella and Dennisiomyces 39.97 (21.98–

58.51) Mya. Tricholoma, the largest genus within the family

Tricholomataceae, diverged from its saprotrophic sister clades

Dermoloma and Pseudotricholoma 62.19 (36.26–92.0) Mya.

Catathelasma, an ECM genus restricted to coniferous forests

of the Northern Hemisphere diverged from Cleistocybe 50.93

(27.27–76.57) Mya. The genus Lyophyllum contains some species

that are ECM (Tedersoo and Smith 2013; Hofstetter et al. 2014);

in our phylogeny we identified the clade containing Lyophyllum

decastes as ECM. This clade diverged from its sister group 26.74

(12.15–42.85) Mya. The sixth ECM lineage within this suborder is

a clade within Entoloma, the Rhodopolioid clade sensu Co-David

et al. (2009), which split from its sister group 68.48 (42.30–96.54)

Mya; its crown age was estimated at 42.28 (16.10–73.82) Mya.

EVOLUTION OF NUTRITIONAL MODE AND EFFECT

ON DIVERSIFICATION RATES

The “full model” from BiSSE that allows all six parameters to

be estimated shows a transition rate from ECM to non-ECM

of zero probability (Table 1), which is consistent with previous

works that support the hypothesis of no reversals from ECM to

a saprotrophic state (Bruns and Shefferson 2004; Tedersoo and

Smith 2013). Based on this hypothesis, our results from the BiSSE

analysis, and ASR of nutritional mode, the other models tested in

the BiSSE framework (Table 1) were constrained to a transition

rate from ECM to non-ECM of zero (q10 = 0).

The “irreversible model with equal extinction rates” was sup-

ported as the best model based on AIC scores (Table 2). This

model does not allow for reversals from ECM to non-ECM modes,

constrains extinction rates to be equal in both non-ECM and ECM

lineages, and allows for speciation rates to be independently es-

timated. Based on this model the net diversification rate of ECM

lineages is 2.27 times higher than that of non-ECM lineages

(Fig. 2). However, results from the ANOVA test show that this

model is not significantly different from the “full model” and the

“irreversible model with equal speciation rates” (Table 2). Both

models also support higher net diversification rates in ECM clades

compared to non-ECM clades. Overall, these three models sup-

port state dependent diversification, in which the ECM mode is

correlated with higher net diversification rates. As stated earlier,
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Figure 1. Maximum clade credibility tree of the suborder Tricholomatineae from the dating analysis in BEAST using a five-loci dataset

(nLSU, nSSU, 5.8S, rpb1 and rpb2); 95% confidence intervals for nodes with a posterior probability � 0.75 are shown. Blue squares

indicate ECM taxa and yellow squares denote non-ECM taxa. Arrowheads show the six independent origins of the ECM mode. Red circles

represent the locations of diversification rate increases identified from the BAMM analyses.
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Figure 1. Continued.

Table 1. Parameter estimates from the BiSSE analyses (q = transition rate; λ = speciation rate; μ = extinction rate; r = net diversification

rate [λ − μ]; 0 = non-ECM; 1 = ECM).

Models λ0 λ1 μ0 μ1 r0 r1 q01 q10

Full 0.146 0.276 0.090 0.166 0.056 0.110 0.0007 0.000
Irreversible, equal extinction

rates (q10 = 0, μ0 = μ1)
0.153 0.223 0.099 0.099 0.054 0.123 0.0005 –

Irreversible, equal speciation
rates (q10 = 0, λ0 = λ1)

0.168 0.168 0.116 0.033 0.052 0.135 0.0003 –

Irreversible, equal speciation,
and extinction rates (q10 =
0, λ0 = λ1, μ0 = μ1)

0.192 0.192 0.136 0.136 0.056 0.056 0.0009 –

Full (complete phylogeny) 0.033 0.059 0.000 0.000 0.033 0.059 0.0009 0.000

All models accounted for incomplete sampling except when noted.

the model that constrains extinction rates to be equal (μ0 = μ1)

was better supported over the model that constrains speciation

rates to be equal (λ0 = λ1). This implies that speciation has

played a major role in the diversification of ECM lineages.

The analyses that were run to account for phylogenetic un-

certainty showed a consistent result in which the ECM clades

show higher diversification rates than the non-ECM clades. The

full model assuming a fully sampled phylogeny indicates that the

net diversification rate of ECM clades is 1.78 times higher than

that of non-ECM clades (Table 1), this result is consistent with the

results obtained when accounting for incomplete sampling, which

suggests that the sampling correction function is not biasing the

BiSSE results.

TRAIT INDEPENDENT DIVERSIFICATION RATE SHIFTS

In the BAMM analysis, the most frequently sampled shift con-

figuration (f = 0.29) shows three increases in diversification

rate across the suborder Tricholomatineae (Figs. 3 and S1). One
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Table 2. BiSSE model selection.

Models
Degrees of
freedom (df) Ln-likelihood AIC χ2 P (>|Chi|)

Full 6 −1266.2 2544.4 NA NA
Irreversible, equal extinction

rates (q10 = 0, μ0 = μ1)
4 −1266.6 2541.1 0.6867 0.7094

Irreversible, equal speciation
rates (q10 = 0, λ0 = λ1)

4 −1268.3 2544.7 4.2512 0.1194

Irreversible, equal speciation,
and extinction rates (q10 =
0, λ0 = λ1, μ0 = μ1)

3 −1280.4 2566.8 28.3882 3.011 × 10−6∗∗∗

∗∗∗
P < 0.001.

AIC = Akaike information criterion.

All models were compared against the full model (q = transition rate; λ = speciation rate; μ = extinction rate; 0 = non-ECM; 1 = ECM).

Figure 2. Box plot of MCMC estimates of state-dependent net diversification rate (λ − μ) of non-ECM and ECM clades in the suborder

Tricholomatineae obtained from the best BiSSE model.

occurs at the base of Tricholoma, a second shift at the base of the

clade that includes the Entolomataceae, Lyophyllaceae, and the

Catathelasma clade, and a third shift in the Rhodopolioid clade

of Entoloma. Each shift is strongly supported by marginal odds

ratios. The second most frequently sampled configuration (f =
0.19) also supports three shifts, with the only difference that the

shift in Tricholoma corresponds to a subclade within this genus

(Fig. S1). When accounting for phylogenetic uncertainty, in which

the BAMM analyses were executed on 100 randomly sampled

trees from the posterior distribution of the BEAST analyses, we

found support for one to four increases in diversification rates

across the Tricholomatineae; 92% of the replicates recovered an

increase in Tricholoma, whereas 98% recovered an increase in the

Rhodopolioid clade.

Discussion
ECM MODE IS NOT FULLY SUPPORTED AS A KEY

INNOVATION

Results from the BiSSE analyses support the hypothesis that the

ECM mode is a key innovation, in contrast to the BAMM analyses,

which do not support this hypothesis. However, recent criticisms
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Figure 3. (A) Phylorate plot for the best shift configuration of the Tricholomatineae (f = 0.29). Colors indicate net diversification rates

on each branch of the maximum clade credibility tree. Circles indicate the locations of shifts to increased diversification (see Fig. S1

for the 95% credible set of distinct shift configurations). (B) Rate through time plot obtained from the BAMM analyses. Numbers

correspond to the rate shifts shown in the phylorate plot. Gray line represents the suborder Tricholomatineae. Color density shading

indicates confidence on evolutionary rate reconstructions.
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of the BiSSE approach have been presented. Davis et al. (2013)

showed that the power of the BiSSE method is affected by a low

sample size and a high character tip bias. They indicated that a

tree size of 300 tips has higher statistical power than trees with

50 or 100 tips, and also recommended to exclude traits that repre-

sent less than 10% of tip sampling. Our phylogeny contains 295

taxa, of which 17% are ECM and 83% are non-ECM, features

that meet the recommendations of Davis et al. (2013). Another

criticism raised by FitzJohn (2012) and Rabosky and Goldberg

(2015) is the risk of false positives when a single shift in diver-

sification rate occurs in a highly diverse clade, which can show

a correlation between a trait and diversification rate even when

such trait is neutral. To account for this problem, we used BAMM,

which does not consider trait-dependent diversification, but iden-

tifies shifts in diversification rates across the phylogeny. In our

analyses, we see that shifts in diversification in two ECM clades

may be dominating the results from BiSSE, which could lead to

an erroneous conclusion that all the clades that present this trait

have increased diversification rates. However, no increases were

detected in the other four ECM clades of the Tricholomatineae

when performing the BAMM analyses.

DIVERSIFICATION OF Tricholoma

Tricholoma forms ECM associations with as many as nine differ-

ent angiosperm families and the conifer family Pinaceae. It con-

tains approximately 200 species (Kirk et al. 2008). Some species

(�20%) have a narrow host range and may be restricted to a

single host genus (e.g., T. diemii, T. populinum, T. robustum),

whereas the rest have an intermediate to wide host range (e.g.,

T. focale, T. magnivelare, T. caligatum, T. sulphureum; Molina

et al. 1998). Our analyses suggest that Tricholoma began to diver-

sify during the late Eocene. After this time, the Earth transitioned

from a warm to a temperate climate, tropical forests contracted

from temperate regions of today, and members of the Pinaceae

and Fagales began to dominate temperate latitudes (Prothero and

Berggren 1992; Lear et al. 2008). Tricholoma is more prevalent in

temperate forests than tropical ecosystems occurring with domi-

nant trees such as Quercus, Betula, Picea, Pinus, Nothofagus, and

Tsuga among others (Trappe 1962). Climatic and biotic events

following the Eocene could have promoted or triggered diversi-

fication of this lineage. Considering that the majority of species

of Tricholoma have the ability to form ECM associations with a

wide range of hosts, we cannot rule out the possibility that being a

generalist has provided these taxa with the opportunity to expand

their ranges adapting to new environmental niches, increasing in

this way their rate of diversification.

Bruns et al. (1998) suggested simultaneous radiations of

ECM lineages during the Eocene–Oligocene transition when their

hosts expanded due to the cooling of climates. Ryberg and Ma-

theny (2012) tested this hypothesis and found that ECM lineages

of Agaricales originated in two different periods, the late Creta-

ceous and the early Cenozoic. Their divergence time estimates

suggest that the crown group of Tricholoma originated during the

Cretaceous. We estimated a younger origin for both the stem and

crown groups, but a late Cretaceous origin for the crown group

of Tricholoma cannot be rejected. The stem age of Ryberg and

Matheny (2012) may have been overestimated as they failed to

include the sister group of Tricholoma, the clade containing Der-

moloma and Pseudotricholoma. However, because our analyses

were done at a suborder level, we could not include those taxa to

which only ITS sequences were available; therefore, due to the

small sampling size of Tricholoma (38 spp.), the age of the crown

group in this study could be underestimated.

DIVERSIFICATION OF THE RHODOPOLIOID CLADE

The Rhodopolioid clade is part of the highly diverse genus En-

toloma, which contains approximately 1200 species (Noordeloos

1992; Morgado et al. 2013). This cosmopolitan genus is charac-

terized by having angular basidiospores (meiospores) in all views

(Co-David et al. 2009). It contains species that are ECM, sapro-

trophs, or parasites. The ECM taxa are restricted to the Rhodopo-

lioid clade and associate with Quercus, Salix, Alnus, and Populus

(Loree et al. 1989; Noordeloos 1992; Smith et al. 2007). This

group originated during the late Eocene and began to diversify

by the early Miocene, a period characterized by a transition from

warmer to colder conditions with several reversals to warmer con-

ditions (Zachos et al. 2001, 2008). During the early Miocene there

was an expansion of biomes such as grasslands, deserts, taiga, and

tundra (Wolfe 1985; Jacobs et al. 1999; Strömberg 2005), which

could favor the expansion of ECM hosts such as Salix and Populus.

Additionally, some species in this clade are common in grasslands

(Noordeloos 1992). These factors could have allowed members

of the Rhodopolioid clade to expand their range and encounter

new ecological opportunities for diversification.

Another factor that could have promoted an increase in di-

versification rates in the Rhodopolioid clade was the evolution of

angular spores (angular in face and/or polar views), in combina-

tion with the evolution of the ECM mode. The entire genus En-

toloma possesses angular spores, but in the case of the Rhodopo-

lioid clade, it could be a preadaptation or exaptation that, when

combined with the ECM mode, may have provided additional ad-

vantage to colonize new niches. ECM spores need to be dispersed

near their plant host roots to germinate and colonize them. There-

fore, soil arthropods may be important vectors for their dispersal,

and spore ornamentation can aid in such dispersal (Lilleskov and

Bruns 2005). Although the spores of Entolomataceae are not or-

namented, their ultrastructure and shape are unique in that they

gradually develop bumps and ridges by the thickening of the epi-

corium, a layer between the tunica and the coriotunica, which

gives them the polyhedral or angular shape (Pegler and Young
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1978; Clémençon 2004). The surface irregularity of the spores

creates a high contact angle, reduces contact surface, and in-

creases hydrophobicity that favor their transport by arthropods or

water (Davies 1961; Lilleskov and Bruns 2005; Spori et al. 2008).

SPECIES-POOR ECM LINEAGES WITHIN

THE TRICHOLOMATINEAE

The remaining ECM lineages in the Tricholomatineae showed no

elevated rates of diversification and, unlike Tricholoma, associ-

ated with a narrower range of hosts. Porpoloma is restricted to the

Southern Hemisphere, forming ECM associations with Nothofa-

gus (Trappe 1962; Garrido 1988), and probably with Eucalyp-

tus and/or Acacia. Catathelasma associates with members of the

Pinaceae (Hutchison 1992). As ECM hosts can restrict the distri-

bution of their symbionts, this could also limit niche availability

and, therefore, fail to provide the necessary scenario for acceler-

ated diversification. In addition, Catathelasma has been suggested

to be a late colonizer in coniferous forests, which could be due to

a slow growth rate or poor spore germination (Hutchison 1992;

Bowen 1994).

Lyophyllum has an intermediate to wide host range, whereas

it has only been reported in situ forming ECM associations with

members of the Fagaceae (Agerer and Beenken 1998; Bergemann

and Garbelotto 2006), ECM Lyophyllum species have been found

in pine forests where members of Fagaceae are not reported (Lars-

son and Sundberg 2011). This and the ability of some species to

form associations with Pinus spp. in laboratory conditions (Pera

and Alvarez 1995; Kawai 1997; Yamada et al. 2001; Visnovsky

et al. 2014) suggest that Lyophyllum can associate with Fagaceae

and Pinaceae. In vitro culturing studies show that L. decastes has a

poor development of ECM structures (Yamada et al. 2001), and L.

shimeji forms a thin mantle of hyphae on root tips (Visnovsky et al.

2014), which could indicate a weak ECM association that limits

its ability to colonize new niches. Lyophyllum is the youngest of

the ECM clades in the Tricholomatineae, and it could be possible

that it is transitioning to an ECM state and not yet had the time to

diversify unlike Tricholoma and the Rhodopolioid clade.

Albomagister occurs in plant communities dominated by

Quercus and Tsuga (Sánchez-Garcı́a et al. 2014), as well as Pinus,

Quercus, and Eucalyptus (Moreau et al. 2015). Stable carbon and

nitrogen isotope signatures support the ECM status of the group

(Table S3). However, the identity of its hosts and whether it can

associate with more than one host remain unknown.

FACTORS PROMOTING DIVERSIFICATION OF ECM

FUNGI

The effect of a trait on diversification rate may be dependent on

factors such as interactions with other taxa, additional traits from

the same organisms, and environmental conditions (de Queiroz

2002). The ECM mode is not fully supported as a key innova-

tion in the Tricholomatineae, but diversification of some ECM

lineages may be favored by extrinsic factors such as historical

climate change (e.g., cooling temperatures that allow the expan-

sion of host plant communities). ECM structural features can

affect ecological function (Agerer et al. 2000; Agerer 2001).

Exploration types (categories for describing the distribution of

extraradical mycelium) may also play an important role in diver-

sification, as they may alter the rate of acquisition and transport

of nutrients, which can also depend on the type of environment.

Medium-distance fringe and long-distance exploration types are

particularly efficient at N uptake, which they obtain from complex

organic molecules, but they have a negative response to N deposi-

tion. In contrast, short- and medium-distance smooth exploration

types obtain labile N such as amino acids and are more common

in mineral soils (Lilleskov et al. 2011). Both Tricholoma and the

Rhodopolioid clade form medium-distance exploration types with

uniformly shaped rhizomorphs, but Tricholoma can also develop

differentiated rhizomorphs. The ECM of the Rhodopolioid clade

is hydrophilic, which allows for successful exploration of the

substrate in the surrounding area (Agerer 2001). As exploration

types and ECM morphology are phylogenetically conserved traits

and have a correlation with the production of enzymes (e.g., phe-

noloxidases; Agerer et al. 2000; Eberhardt 2002; Agerer 2006;

Tedersoo and Smith 2013), testing the effects of these traits on

diversification rates is a promising topic for further research.

CONFIDENCE IN ASSIGNMENT OF TROPHIC STATUS

Tricholoma and Porpoloma are widely accepted as ECM taxa

(Garrido 1988; Tedersoo et al. 2010). On the contrary, there is

inconsistent evidence regarding the mycorrhizal status of Leuco-

paxillus, which we scored as non-ECM in the present work. Syn-

thesis experiments suggest it is saprotrophic (Hart et al. 2006),

whereas isotopic evidence indicates it is ECM (Lu et al. 1998;

Agerer 2006; Rinaldi et al. 2008). It has been suggested that Le.

lilacinus forms ECM with Eucalyptus (Lu et al. 1998). Yamada

et al. (2001) and Kohzu (1999) support Leucopaxillus as non-

mycorrhizal; however, their conclusion is based on specimens

of Aspropaxillus giganteus, a species traditionally considered as

Leucopaxillus but has been shown to be phylogenetically distant

from Leucopaxillus sensu stricto (Sánchez-Garcı́a et al. 2014).

Recent analysis of stable isotopes revealed that two species, L.

laterarius and L. tricolor, are highly 15N enriched, suggesting a

biotrophic status (Mayor et al. 2009; Birkebak et al. 2013). We

obtained stable isotope data for several species of Leucopaxillus

and did not find a clear pattern that defines this group as ECM or

non-ECM (Fig. 4). In this work, we used a conservative approach,

and we only considered a clade to be ECM if there were sufficient

and consistent sources of evidence to support it as ECM.

In a review of the ectomycorrhizal lifestyle, Tedersoo et al.

(2010) treated a clade within Lyophyllum (paralyophyllum) as
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Figure 4. Stable isotope signatures (δ13C and δ15N) of 47 taxa of the Tricholomatineae (blue triangles, green diamonds, and pink asterisks)

compared to a global dataset from Mayor et al. (2009) with known ECM (blue circles) and saprotrophic (yellow circles) isotopic signatures.

Gray circles represent mean values ± SD. Taxa within the Tricholomatineae are represented as follows: blue triangles correspond to ECM

fungi, green diamonds correspond to saprotrophic fungi. Pink asterisks represent Leucopaxillus species. See Table S3 for the δ13C and

δ15N values and taxon names.

ECM based on the evidence that L. decastes, L. shimeji and L.

semitale form ECM structures when growing in culture with Pi-

nus spp. (Pera and Alvarez 1995; Kawai 1997; Yamada et al.

2001; Visnovsky et al. 2014), in situ identification forming ECM

with Quercus and Notholithocarpus (Agerer and Beenken 1998;

Bergemann and Garbelotto 2006), and stable isotope signatures

(Kohzu et al. 1999). In addition, we obtained stable isotope data

for one taxon used in these analyses, which is consistent with an

ECM signature (Fig. 4; Table S3). In the same review, the genus

Cathatelasma was also considered as ECM because it can form

ECM structures when cultured with Pinus banksiana (Hutchison

1992), and it shows a stable isotope signature consistent with an

ECM lifestyle (Kohzu et al. 1999).

The Rhodopolioid clade is the only lineage within the genus

Entoloma that is considered to be ECM. Evidence to support this

includes synthesis experiments (Agerer 1997; Montecchio et al.

2006), in situ identification (Walker et al. 2005; Smith et al. 2007;

Geml et al. 2012), and stable isotope information (Kohzu et al.

1999; Trudell et al. 2004). This group is also monophyletic in

recent taxonomic revisions of the family Entolomataceae (Co-

David et al. 2009; Baroni and Matheny 2011; Kinoshita et al.

2012). Within this group, we exclude those taxa that associate

with members of the Rosaceae, which seem to be a parasitic

association rather than ECM (Agerer and Waller 1993; Kobayashi

and Hatano 2001).

We consider Albomagister as ECM based on stable isotope

evidence (Birkebak et al. 2013 and Table S3), and our observa-

tions that species in this genus fruit on soil and at similar times

of multiple years. We recognize that stable isotope data should be

considered as supplementary and not as the only source of evi-

dence to assign a trophic status, as both δ15N and δ13C values may

be affected by site and environmental factors (Henn and Chapela

2000; Taylor et al. 2003; Mayor et al. 2015). Some non-ECM

taxa may also fruit on soil. However, all the samples that were

analyzed showed a consistent ECM pattern after normalization of

stable isotope data.

POTENTIAL BIASES IN THIS STUDY

Incomplete and nonrandom sampling can bias diversification

analyses (Heath et al. 2008; Brock et al. 2011; Ryberg and Ma-

theny 2011). The methods used for this work account for these

biases. However, they require the user to have enough information

to assign the number of missing taxa to specific clades. This can

be challenging working with fungi because only a small percent-

age of the estimated fungal diversity is known, and some groups

lack current taxonomic revisions to provide confident estimates
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of their total diversity. We acknowledge that some clades within

the genus may be more diverse than others and that sampling may

not be random, but increased efforts in taxonomic sampling will

provide more information to carefully address this issue.
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