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The absence of an adequate fossil record can hinder understanding the process of diversification that underlies the evolutionary

history of a given group. In such cases, investigators have used ultrametric trees derived from molecular data from extant taxa to

gain insights into processes of speciation and extinction over time. Inadequate taxon sampling, however, impairs such inferences.

In this study, we use simulations to investigate the effect of incomplete taxon sampling on the accumulation of lineages through

time for a clade of mushroom-forming fungi, the Hebelomateae. To achieve complete taxon sampling, we use a new Bayesian

approach that incorporates substitute lineages to estimate diversification rates. Unlike many studies of animals and plants, we find

no evidence of a slowdown in speciation. This indicates the Hebelomateae has not undergone an adaptive radiation. Rather, these

fungi have evolved under a relatively constant rate of diversification since their most recent common ancestor, which we date

back to the Eocene. The estimated net diversification rate (0.08–0.19 spp./lineage/Ma) is comparable with that of many plants and

animals. We suggest that continuous diversification in the Hebelomateae has been facilitated by climatic and vegetation changes

throughout the Cenozoic. We also caution against modeling multiple genes as a single partition when performing phylogenetic

dating analyses.
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Present-day biodiversity is unevenly distributed between differ-

ent parts of the tree of life. To understand differences in species

richness between clades, underlying processes of lineage diver-

sification need to be explored. Because many clades are poorly

represented in the fossil record, biologists are confined to anal-

ysis of molecular sequences from extant species to investigate

such historical processes. Molecular data have been useful, for

example, to demonstrate the magnitude of extinctions (Nee et al.

1994a; but see Rabosky 2010), slowdowns in diversification due

to filling of available niches (Pybus and Harvey 2000; Ricklefs

2010), shifts in diversification rate through time (Rabosky 2006a),

and differences in diversification between lineages (Magallón and

Sanderson 2001).

The kingdom Fungi is a tremendously diverse group that is

characterized not only by a poor fossil record but also incom-

plete taxon sampling in a phylogenetic context. Fungi fill many

important ecological roles as decomposers, parasites, and mutu-

alists. Many diverse fungal lineages form mycorrhizas, a mutual-

istic root symbiosis with plants. In this mutualism, fungi provide

plants minerals that are limited or otherwise inaccessible in their

1 8 6 2
C© 2011 The Author(s). Evolution C© 2011 The Society for the Study of Evolution.
Evolution 65-7: 1862–1878



DIVERSIFICATION OF A LARGE MUSHROOM-FORMING CLADE

environment, such as nitrogen and phosphorous. In exchange

plants supply fungi a relatively constant source of carbon (Smith

and Read 2008). Mycorrhizal fungi are quite diverse in form

and function (Girlanda et al. 2007) and involve different clades

of plants and fungi (Bruns and Shefferson 2004; Wang and Qiu

2006). Ectomycorrhizal (ECM) plant symbionts—those that typ-

ically associate with mushroom-forming fungi—include forest

dominant trees and shrubs from numerous unrelated families (viz.

Betulaceae, Cistaceae, Dipterocarpaceae, Fagaceae, Fabaceae,

Myrtaceae, Salicaceae, and Pinaceae) and dominate the vegeta-

tion in large areas of temperate and tropical ecosystems (Malloch

et al. 1980).

Among the fungi, the ECM condition has evolved inde-

pendently on numerous occasions within several different phyla

(Rinaldi et al. 2008; Hibbett and Matheny 2009), and perhaps as

many as 66 times throughout the entire kingdom (Tedersoo et al.

2010). The ECM symbiosis thus represents a conspicuous exam-

ple of parallel evolution. The oldest ECM fossil dates to c. 50

Ma during the Eocene (LePage et al. 1997), however, it has been

suggested the ECM symbiosis may be as old as 130 Ma based

on putative ages of ECM plant families (Ducousso et al. 2004;

Moyersoen 2006). Regardless, the ages and geographic origins of

ECM fungi are largely unknown and largely untested (Alexander

2006).

Relatively few studies of fungi have incorporated dated phy-

logenies using molecular clock methods. Most of these have relied

on secondary calibration procedures (Bruns et al. 1998; Hibbett

2001; Geml et al 2004; Vijaykrishna et al. 2006; Jeandroz et al.

2008; Matheny et al. 2009; Dalman et al. 2010) or dates from

geological events (Hibbett 2001; Matheny and Bougher 2006).

In the case of obligate plant pathogenic fungi, node ages were

constrained based on ages of plant hosts (Takamatsu and Matsuda

2004). Calibrations points have often been selected from stud-

ies done by Berbee and Taylor (1993, 2001) or Heckman et al.

(2001). These workers provide considerably different dates for

the crown node of Basidiomycota, the phylum containing most

mushroom-forming fungi. Berbee and Taylor (2001) estimate this

split occurred c. 430 Ma ago while Heckman et al. (2001) estimate

it occurred c. 950 Ma ago. Matheny et al. (2009) evaluated both

of these dating points and demonstrated that a younger origin of

Basidiomycota was more plausible in light of co-divergence of

ECM fungi and the ages of their associated plant families esti-

mated by molecular data. The oldest fossil of Basidiomycota is

c. 330 Ma old (Krings et al. 2011), but only five fossils can be

attributed to the Agaricales, three 15–20 Ma old, and two 90–

100 Ma old. Unfortunately, none of these can be unambiguously

tied to specific taxa within the order (Poinar and Singer 1990;

Hibbett et al. 1995, 1997, 2003; Poinar and Buckley 2007).

The Hebelomateae, a tribe of ECM mushroom-forming

fungi, comprises the genera Alnicola (or Naucoria, a synonym;

Moreau 2005), Anamika, Hebeloma, and Hymenogaster and

forms a monophyletic group of 281 described species

(Peintner et al. 2001; Matheny et al. 2006; Moreau et al. 2006; Kirk

et al. 2008). Most species form small, brown colored mushrooms

or sporocarps (Fig. 1) with thick-walled pigmented spores except

for Hymenogaster, which has an enclosed truffle-like sporocarp

that develops below ground (Fig. 1D). Most of the species form

an ECM symbiosis with angiosperms, but some associate with

Pinaceae or both groups of plants, which we refer to as generalists.

This study compares models of diversification using

Bayesian and maximum likelihood (ML) methods and dated phy-

logenetic trees to determine the process of diversification through

time and date the evolutionary radiation of the Hebelomateae.

Bruns et al. (1998) suggested a Paleogene (65–24 Ma) origin and

rapid radiation of ECM fungal lineages in response to Cenozoic

climate change, shaped by global cooling and expansion of geo-

graphical ranges of temperate plant communities. This hypothesis

should predict detection of a rapid adaptive radiation as a burst

of speciation events early in the history of the Hebelomateae

radiation followed by a slowdown in diversification, something

commonly observed for many animal clades (Rüber and Zardoya

2005; McPeek 2008; Phillimore and Price 2008; but see Venditti

et al. 2010). However, studies by Aanen et al. (2000a,b) suggest

several lineages of Hebelomateae exhibit little interspecific se-

quence divergence, which implies recent or ongoing speciation.

An excess of young taxa can also be a consequence of extinctions

(Nee et al. 1994a). We also investigate whether the Hebelomateae

co-diversified ancestrally with angiosperms, Pinaceae, or as gen-

eralists. To date very few studies (Matheny et al. 2009; Ryberg

et al. 2010) have demonstrated the evolution of ECM lineages

within the context of their plant associates. Taking into consid-

eration uncertainty in our estimates, we show that diversification

of Hebelomateae has likely been constant over time since the

Eocene and that the radiation of the clade may have coincided

with major changes in vegetation and co-diversification with ECM

angiosperms.

Materials and Methods
COMPILATION OF DATA AND ALIGNMENTS

All nuclear ribosomal internal transcribed spacer (ITS) sequences

in GenBank (Benson et al. 2009) associated with the genera Hebe-

loma, Anamika, Alnicola, Naucoria, and Hymenogaster were

downloaded using the genus search function of “emerencia,” an

online tool designed to monitor the identity of insufficiently iden-

tified fungal ITS sequences (Nilsson et al. 2005; Ryberg et al.

2009). These data included insufficiently identified or unidenti-

fied sequences from environmental samples, such as ECM root

tips and soil samples, and sequences from sporocarps. Crepido-

tus mollis (AM882996) and Agrocybe praecox (AY818348) were

selected as outgroup taxa based on Matheny et al. (2006). The
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Figure 1. Fruit body variation within the Hebelomateae. (A) Hebeloma velutipes, (B) Hebeloma incarnatulum, (C) Alnicola submelinoides

(photo by Pierre-Arthur Moreau), and (D) Hymenogaster subalpinus (photo by Jim Trappe). Scale bars are 2 cm.

sequences were aligned using Mafft 6.707b (Katoh 2008), and

the nSSU and nLSU regions neighboring each internal spacer re-

gion were pruned, if present, to avoid bias in branch lengths due

to missing data in regions with deviating transformation rates.

An ML-based ITS phylogeny was estimated using the rapid

hill climbing algorithm and GTR + I + � model in RAxML 7.0.3

(Stamatakis 2006). To form operational taxonomic units (OTUs)

and avoid OTU redundancy, sequences were grouped based on

phylogenetic distances such that sequences separated by a branch

length of less than 0.005 were clustered together using single link

clustering (Jain et al. 1999). Sequences included in a clade with

sequences from one OTU but separated by branch lengths longer

than 0.005 were treated as part of the OTU in which they were

nested, unless they formed a distinct clade of their own separated

from the rest of the sequences by a branch length longer than

0.01. One representative sequence was kept for each OTU while

redundant sequences were excluded from the alignment (with a se-

lection criterion based on sequence quality after comparison with

the other sequences). Sequences that were unlikely to belong to

the Hebelomateae, or where the divergence was likely attributed

to sequencing errors and affect the analysis detrimentally, were

also pruned from the alignment following Nilsson et al. (2011).

After pruning the alignment, a new phylogeny was estimated and

that phylogeny was used as a guide tree in a new alignment us-

ing Mafft. That alignment was used for a new pruning process

as described above. Successive alignment, phylogenetic recon-

struction, and pruning were repeated until no sequences profiled

the criteria for being removed from the alignment. Subsequently,

an iterative alignment process similar to SATè (Liu et al. 2009)

was employed, in which one hundred iterations of alignment and

phylogenetic reconstruction were performed where each repeat

used the tree from the previous iteration as a guide tree for a new

alignment. The alignment that produced the tree with the highest

likelihood score was inspected by eye in SeaView 4.2.8 (Gouy

et al. 2010) and used for continued analysis.

A second dataset composed of a diverse sample of Basid-

iomycota (Matheny et al. 2007), hereafter referred to as the Ba-

sidiomycota dataset, was used to provide calibration points for the

Hebelomateae phylogeny. This dataset comprised five gene re-

gions (rpb2, tef1, nSSU-rRNA, nLSU-rRNA, and the 5.8S rRNA

gene) and was reduced to 86 taxa representing the major lineages

of Basidiomycota but with emphasis on Agaricales, the order in

which the Hebelomateae is nested. Branching times between C.

mollis, A. praecox, and Hebeloma velutipes, three taxa present in

the Basidiomycota dataset, were used as secondary calibrations

in the Hebelomateae dataset (see below).

ESTIMATING DATED PHYLOGENIES

Dated phylogenies for both the Basidomycota and Hebelo-

mateae datasets were estimated in BEAST 1.4.8 (Drummond and
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Rambaut 2007). MrModeltest 2.3 (Nylander 2004) was used to

select models for the different datasets and partitions. The log-

normal distribution was used for the relaxed clock.

For the Basidiomycota dataset two different treatments were

evaluated; one with all the genes in a single partition (hereafter re-

ferred to as unpartitioned dataset); and another with nine partitions

with substitution rate parameters and parameters for rate hetero-

geneity unlinked (hereafter referred to as partitioned dataset)—

one partition each for the ribosomal genes (5.8S, 18S, and 25S)

and one partition each for the first, second, and third codon po-

sition for rpb2 and tef1, respectively. A pure speciation (Yule)

process (Yule 1924) was used for the prior distribution of node

heights in both treatments. A normal distributed age prior of 430

Ma with a standard deviation (SD) of 25 Ma was set for the root

following Berbee and Taylor (2001).

For the Hebelomateae dataset, the split between C. mollis

and the rest of the taxa and the split between A. praecox and

Hebelomateae were assigned age priors according to estimates

from the Basidiomycota dataset. This resulted in two different

treatments using priors from the unpartitioned and partitioned

datasets. The birth–death model was used as a prior for the node

heights.

Four separate chains were run for each of the two treatments

of the Basidiomycota dataset and the two different sets of dating

priors for the Hebelomateae analyses. Each Markov chain was run

for 60 million generations, sampling every 6000th generation. The

four chains of each treatment were compared using Tracer 1.4.1

(Rambaut and Drummond 2007) and AWTY (Nylander et al.

2008) to evaluate when the Markov chains converged on the same

estimate of the posterior distribution of the different parameters.

This determined the appropriate number of generations to discard

as the burn-in and ensured that the effective sample size (ESS)

for the combined runs was above 100 for parameters reported in

Tracer. The posterior tree distributions from the different chains

of each treatment were then summarized into a maximum clade

credibility (MCC) tree using TreeAnotator 1.4.8 (BEAST pack-

age). To compare the two differently partitioned treatments of the

Basidiomycota dataset, BEAST 1.5.2 was used to calculate the

marginal likelihood scores for the chains in the above runs. These

were used as estimates of Bayes factors (BFs) (Kass and Raftery

1995). A difference in 2 ∗ log BF larger than two was seen as

positive support and more than six as strong support following

Kass and Raftery (1995).

ANCESTRAL STATE RECONSTRUCTION

Plant associations of terminal nodes in the Hebelomateae were

determined using the specific host annotations in GenBank asso-

ciated with the respective sequences and other sequences of the

same OTU (as defined in the pruning process). If no such annota-

tion was present, the literature reference for the sequence provided

in GenBank was examined for any reported plant associations. For

fully identified OTUs in GenBank, putative plant associations

were also gathered from floristic or taxonomic sources (Hansen

and Knudsen 1992; Bougher and Castellano 1993; Knudsen and

Vesterholt 2008). Plant association was coded in two ways: (1)

by family (Betulaceae, Cistaceae, Dipterocarpaceae, Fagaceae,

Malvaceae, Pinaceae, Salicaceae), hereafter referred to as family

coding, and (2) by angiosperm, gymnosperm (Pinaceae), or gen-

eralist, hereafter referred to as general coding. OTUs associated

with more than one plant family were coded with ambiguity under

family coding. Terminal nodes for which there were no plant as-

sociate data were scored with a gap. Hebeloma spp. are affiliated

with Myrtaceae in Australia (Fuhrer 2005), but no ITS sequences

of Myrtaceae associated Hebeloma were available, so this family

is not included in the family coding.

We employed Bayesian, maximum likelihood, and parsi-

mony ancestral state reconstructions (ASR) to estimate ances-

tral host associations of Hebelomateae. Parsimony-based ASR

was performed in Mesquite 2.71 (Maddison and Maddison

2009) for all the trees sampled from the posterior distribution

as estimated in BEAST. The results of the individual trees in

the distribution were summarized on the MCC tree. For both

coding schemes (family and general), we estimated whether

plant association was phylogenetically conserved by compar-

ing the parsimony score of the observed data on the MCC tree

with the scores from analyses of 100 matrices where the state

was randomly reshuffled among taxa. An ML-based ASR was

performed for the MCC tree using BayesTraits (http://www.

evolution.reading.ac.uk/BayesTraits.html). BayesTraits was also

used to reconstruct ancestral states using Bayesian statistics by

implementing the reversible jump Markov chain method (Pagel

and Meade 2006) to investigate appropriate models and accom-

modate phylogenetic uncertainty. Phylogenetic uncertainty was

accounted for by the posterior distribution as estimated in BEAST.

The prior distribution for all transformation rates was set to an ex-

ponential distribution with a mean of 0.1 following Ryberg et al.

(2010). To test if the phylogenetic signal was significant, the log

likelihood score in the ML analysis was compared to the score

when optimized on a star-shaped phylogeny (internal branches

set to zero and terminal branches set equal to the distance from

tips to root in the MCC tree). A difference of two was consid-

ered significant (Mooers et al 1999; Vanderpoorten and Goffinet

2006).

ESTIMATION OF DIVERSIFICATION RATES IN THE

HEBELOMATEAE

We calculated B1 statistics (Kirkpatrick and Slatkin

1993) in TreeStats 1.2 (downloadable from http://tree.bio.

ed.ac.uk/software/treestat/) to test whether diversification rates

differ between lineages of Hebelomateae. B1 is a measure of
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tree symmetry with high values for highly symmetric trees and

low values for asymmetric trees. Changes in diversification rate

between lineages will produce asymmetric tree topologies. As

B1 is not normalized based on the number of taxa, it has to be

compared to a null model. To do this, we compared the observed

values to those of 10,000 trees simulated under a Yule model in

Mesquite.

The package LASER (Rabosky 2006b) was used in R (R

Development Core Team 2009) to compare different models of

diversification through time. To account for ambiguity in delim-

itation of OTUs, a small proportion of tips was excluded from

these analyses. The time period excluded was determined by di-

viding the cut-off value for clustering (0.005) by the average mean

substitution rate estimated in BEAST. To illustrate the number of

lineages that survived to the present through time, a log lineage

through time (LTT) plot was created. A Yule (pure-speciation)

model, a birth–death (speciation-extinction) model, two different

density dependent models, one model fitting different speciation

rates during two different time periods (Yule two-rate model), and

one model fitting different speciation rates under three different

time periods (Yule three-rate model) were fitted to the MCC tree

under the ML criterion. The Akaike information criterion (AIC)

was used to compare models (Akaike 1974). To evaluate the sta-

tistical difference between AIC scores, we simulated 10,000 trees

under full taxon sampling (281 species) under the Yule model in

Mesquite and then randomly pruned taxa to the observed taxon

sampling. The �AIC between the Yule model and the model with

the lowest AIC score in the previous test was calculated for each

tree (cf. Rabosky 2006b). The Yule model was selected because it

is the model with the least number of parameters. The difference

in AIC scores for these two models was also estimated for all

trees in the posterior distribution. The observed difference in AIC

scores from the MCC tree and the posterior tree distribution was

compared to the distribution of �AIC from the simulations.

Gamma values of Pybus and Harvey (2000) were calculated

for the MCC tree and all trees in the posterior distribution to in-

vestigate the influence of missing taxa on the distribution of splits

through time. A negative gamma value indicates a decrease in spe-

ciation rate over time, whereas a positive value indicates shorter

internodes toward the present. These values were then compared

to the gamma values of trees with simulated incomplete taxon

sampling, a process known to bias in favor of negative values or

apparent slowdowns in diversification (Pybus and Harvey 2000;

Heath et al. 2008). Ten thousand trees with 281 taxa were sim-

ulated in Mesquite under a Yule model. These trees were then

pruned to the number of taxa included in this study, and gamma

statistics were calculated for each tree.

Speciation and extinction rates were also estimated by

BEAST 1.4.8 in a hierarchical Bayesian framework. BEAST im-

plements two models of diversification, the Yule and Birth–Death

models. The parameters of the diversification model are estimated

simultaneously with topology and node depths and can be in-

spected using Tracer. Two datasets were analyzed: one including

the ingroup with incomplete taxon sampling and a second includ-

ing the ingroup and taxa added to accommodate the missing taxa

in the tribe. Because the topological placement and branch lengths

for these missing taxa are unknown, their nucleotide sequences

cannot be estimated without explicitly or implicitly making as-

sumptions affecting estimations of the diversification rates and

the probability for different models. The sequences for these sup-

plemental substitute lineages were therefore set to all uncertainty

symbols (N in the IUPAC system). To provide prior information

on large-scale differences in substitution rates among branches,

which can lead to incorrect rooting, all nodes with a posterior

probability (PP) > 0.98 from previous BEAST runs of the Hebe-

lomateae dataset including outgroups were assigned a normal

distributed age prior according to that estimate, unless they were

nested in another clade with >0.98 posterior support. However,

they were not restricted to be monophyletic so that newly added

substitute lineages could be accommodated. For both datasets,

two sets of runs were made with one implementing the birth–death

model and the second implementing the Yule model. Otherwise,

the same set up of model parameters was used as in previous

BEAST runs. Four separate runs were conducted for each set, and

the two models were then compared using BFs estimated from

the marginal likelihood scores computed in BEAST 1.5.2.

Bayesian methods have rarely been used to estimate di-

versification rates (but see Bokma 2008 and Wertheim and

Sanderson 2011). Using BEAST the phylogeny and speciation

and extinction parameters are estimated simultaneously integrat-

ing over the uncertainty for all parameters of the joint models.

Our approach using substitute lineages represents an intermediate

case of the minimal and imperfect information cases of Wertheim

and Sanderson (2010). To test that the methods give reasonable

estimates of the speciation and extinction rate, 10 trees with 281

taxa were simulated in Mesquite under the birth–death model

using parameters as estimated from the average in the above anal-

ysis. Unfortunately, only 10 simulations could be performed due

to computational limits. Mesquite was used to simulate sequence

matrices for these trees using the same model selected for the

Hebelomateae dataset. For each matrix, 164 taxa were randomly

excluded to simulate missing taxa, and a phylogeny was estimated

as above but using a strict molecular clock (as no rate heterogene-

ity was simulated). Substitute lineages were then added to account

for the missing taxa and two to four clades with PP > 0.99 were

supplied with age priors according to the analysis with missing

taxa. The posterior distribution of the net diversification rate and

extinction proportion for the phylogeny with added substitute lin-

eages was investigated in Tracer. Runs were also made using both

models for the full data matrices, reduced data matrices, and
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matrices with substitute lineages to investigate the power to dis-

cern the birth–death model from the Yule model. The two models

were compared using BFs estimated from marginal likelihood

scores computed in BEAST 1.5.2.

Results
NUCLEOTIDE MODELS OF EVOLUTION, DATASET

PARTITIONING SCHEMES, AND SECONDARILY

CALIBRATED AGES

We identified 602 Hebelomateae ITS sequences from a mix-

ture of identified and insufficiently identified sequences, in-

cluding unidentified sequences from environmental samples,

on GenBank. Of these, 41 were suspected to be chimeric or

of poor sequence quality and were excluded from this study.

The remaining 561 sequences clustered into 117 OTUs, of

which one representative sequence was kept for each OTU.

This resulted in a final matrix of 119 taxa (including two out-

groups) and 727 characters. The Basidiomycota dataset con-

tained 86 taxa and 6560 characters after exclusion of ambigu-

ously aligned sites: 1453 (nSSU), 166 (5.8S), 1809 (nLSU),

2148 (rpb2), and 984 (tef1). Alignments are available from

http://purl.org/phylo/treebase/phylows/study/TB2:S11162.

A GTR + I + � was selected as the best-fitting model

for the unpartitioned Basidiomycota dataset. For the partitioned

Basidiomycota dataset, a GTR + I + � was selected for eight

of the nine partitions. Only the 5.8S partition deviated, for which

SYM + I + � was selected. Because the SYM model only differs

from the GTR model in having equal base frequencies, and given

the estimated range in base frequencies for this region using the

GTR model in MrModeltest was 0.23–0.29, we applied a GTR

model for this partition as well. For the Hebelomateae dataset, a

GTR + I + � model was selected as the best-fitting model.

For the unpartitioned Basidiomycota datasets, one run was

omitted from further analysis due to poor mixing judged from low

ESS for several parameters. One run was omitted in analysis of the

partitioned Basidiomycota dataset because it produced a mean log

likelihood score about 10 units lower than the other runs. For the

remaining runs, the first 50% of the generations were discarded as

burn-in for both partitioning options. The two partitioning options

gave different node age estimates with generally older median

node ages for the unpartitioned data (Figs. S1 and S2 and Table

S1). The relative difference in median node age increased from

the root toward the tips (Fig. 2). The BF comparison strongly

supports the partitioned matrix as more suitable for the data

(2 ∗ �log BF = 9384 for the combined runs).

For the Hebelomateae dataset, the first third of the iterations

in each run was discarded as the burn-in. Age priors based both on

the partitioned and unpartitioned Basidiomycota datasets, as well
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Figure 2. Difference in estimated median node age between the unpartitioned and the partitioned Basidiomycota datasets divided by

estimated median node age in the partitioned Basidiomycota dataset.
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Table 1. Age priors and posterior probabilities for root age, Hebelomateae crown age, and mean nucleotide substitution rates for the

Hebelomateae dataset.

Basidiomycota dataset used for posteriors

Partitioned Unpartitioned

Prior ages (mean and standard deviation)
Crepidotus-Agrocybe-Hebelomateae split (Ma) 85±14 124±17
Agrocybe-Hebelomateae split (Ma) 60±14 95±18

Posterior (median and 95% credibility interval)
Tree root height (Crepidotus-Agrocybe-Hebelomateae split) (Ma) 75 (51–99) 115 (87–145)
Hebelomateae crown age (Ma) 44 (27–62) 69 (45–94)
Substitution rate (substitutions/site/1000 Ma) 2.51 (1.62–3.69) 1.62 (1.08–2.27)

as posterior tree root height, Hebelomateae crown age, and nu-

cleotide substitution rates are provided in Table 1. The posterior

probabilities for crown ages falling into different epochs using

calibration points from the partitioned Basidiomycota dataset are

given in Figure 3. Unless stated otherwise, the results presented

below pertain to node heights within the Hebelomateae derived us-

ing calibration points from the partitioned Basidiomycota dataset.

Regardless of the calibration points used, the topology and

support values were similar. The genus Hebeloma, including the

genus Anamika, received high support (PP > 0.98), aside from

one OTU that grouped with a sequence annotated as belonging to

Naucoria. These two OTUs were weakly supported (PP 0.5–0.9)

as the sister group to the rest of Hebeloma. The genus Alnicola

was split into four clades each with individually high support but

with uncertain relationships to the other clades. Hymenogaster is

monophyletic with moderate support (PP 0.9–0.98) and is split

into two subclades (Fig. 3), each of which has high support.

ANCESTRAL STATE RECONSTRUCTION

Plant association by family coding (seven states) and general cod-

ing (three states) was found to have significant phylogenetic signal

in both parsimony and ML ASRs. Under parsimony for family

coding, the score on the MCC tree was 85 steps compared to 99–

108 for reshuffled matrices. Under general coding, the parsimony

score was 19 steps. Four of the 100 reshuffled matrices also had

a score of 19 but the remaining 96 samples were all higher (up

to 22 steps). The difference in ML score between the ASRs of a

star-shaped phylogeny compared with that on the estimated MCC

tree was 36.7 in favor of the latter for family coding and 6.6 for

general coding.

The ancestral plant association for the Hebelomateae us-

ing parsimony was ambiguous under family coding. However,

under general coding the ancestral state was reconstructed as

angiosperm associated with recent (generally at nodes with me-

dian ages < 15 Ma; Table 2; Fig. 3) transformations to gym-

nosperm (Pinaceae) associations. When estimated using model-

based methods, family-level coding did not produce a high proba-

bility for any particular state as the most recent common ancestor

of Hebelomateae. However, a general coding produced about the

same probability for a gymnosperm host association as a gener-

alist ancestor and a low probability for an ancestral angiosperm

association. Table 2 shows the most probable state reconstruction

for 15 selected nodes. The transformation rates were relatively

low between the different families; mean average 0.048 trans-

formations (tr.)/Ma/lineage, range 0.0062–0.13 in Bayesian esti-

mates; mean 0.088 tr./Ma/lineage, range 0–1.16 in ML estimates.

The reversible jump model analysis under general coding showed

positive support for models that did not allow transformations

from angiosperm to gymnosperm and models not allowing trans-

formations from angiosperm to generalists (2 ∗ �log BF 4.4 and

2 ∗ �log BF 2.2 respectively). The ML analysis showed these

transformation rates to be very low (<0.01). Table 3 summarizes

ages of the plant associates at the family level.

SPECIES DIVERSIFICATION RATES

No significant difference in diversification rates could be detected

between clades in the Hebelomateae. The B1 value for the MCC

tree was 60.8, which is within the 95% confidence interval (58.5–

66.2, mean 62.4) estimated from simulations. Moreover, less than

1% of the trees sampled in the posterior distribution have a B1

value outside the range of simulated values. The best-fit diver-

sification model was a Yule three-rate model that posits three

different speciation rates at different time periods. The period

with the highest diversification rate, between roughly 8 and 5

Mya (Fig. 4; Table 4), was twice as high as the rates that pre-

ceded and trailed it. However, more than 99% of the posterior

distribution and the MCC tree had an �AIC between the Yule

and Yule three-rate model within the range for the proportion of

the simulated topologies for which the second rate was the high-

est (47% of the trees; Fig. 5). Therefore, we cannot confidently

conclude that there has been any temporal rate shift from the

data.
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Figure 3. Maximum clade credibility (MCC) tree for the Hebelomateae with the crown node for the clade marked on the figure. Black

filled circles above branches indicate clades with >0.95 posterior probability (PP) and empty circles mark branches with >0.90 PP. Node

bars represents 95% credibility intervals for node ages. The period of time (tips) shaded gray was excluded from maximum likelihood

analyses of diversification to account for the delimitation of operational taxonomic units using sequence distances. Terminal nodes are

marked with GenBank accession numbers and family level plant association. Bt = Betulaceae, Sa = Salicaceae, Fa = Fagaceae, Ma =
Malvaceae, Ci = Cistaceae, Di = Dipterocarpaceae, Pi = Pinaceae. Branches are colored according to the general coding of parsimony

ancestral state reconstruction. The color refers to the state inferred for the majority of the trees in the estimated posterior distribution

for each branch. The PP of the crown node of the Hebelomateae within a particular epoch is given below the epoch name.

EVOLUTION JULY 2011 1 8 6 9



M. RYBERG AND P. B. MATHENY

Table 2. The character state reconstructed for the highest proportion of the posterior tree distribution in parsimony, the most probable

state in a Bayesian context and the most probable state as reconstructed by maximum likelihood (ML) for 15 nodes in the tree (see Fig. 3).

Families coding General coding

Parsimony Bayes ML Parsimony Bayes ML
Node Age6 (MA)

State1 Prop. Po.2 State1 PP3 State1 P4 State5 Prop. Po.2 State5 PP3 State5 P4

1 eq. 0.83 Fa 0.16 (0.004) Di 0.25 Ang 1 Gen 0.57 (0.020) Gen 0.44 44 (27–62)
2 Bt 1 Bt 0.38 (0.025) Bt 0.52 Ang 1 Ang 0.48 (0.005) Ang 0.42 22 (10–38)
3 eq. 0.52 Sa 0.30 (0.018) Ma 0.5 Ang 1 Ang 0.67 (0.018) Ang 0.77 19 (9–32)
4 Sa 0.60 Sa 0.74 (0.032) Sa 0.52 Ang 1 Ang 0.89 (0.005) Ang 0.95 5 (2–9)
5 Bt 0.98 Bt 0.92 (0.010) Bt 0.99 Ang 1 Ang 0.92 (0.005) Ang 0.97 8 (4–13)
6 eq. 0.81 Fa 0.21 (0.006) Di 0.26 Ang 1 Gen 0.50 (0.006) Ang 0.34 33 (20–48)
7 eq. 0.80 Sa 0.21 (0.004) Sa 0.27 Ang 1 Ang 0.51 (0.005) Ang 0.44 27 (16–41)
8 Fa 0.78 Fa 0.29 (0.012) Di 0.31 Ang 1 Gen 0.50 (0.005) Gen 0.38 27 (16–40)
9 eq. 0.67 Pi 0.26 (0.010) Ci 0.38 Ang 1 Gen 0.62 (0.034) Gen 0.56 30 (17–44)

10 eq. 0.70 Ci 0.56 (0.054) Ci 0.97 Ang 0.99 Gym 0.52 (0.019) Gym 0.64 7 (3–14)
11 Bt 0.93 Bt 0.31 (0.030) Ma 0.51 Ang 1 Ang 0.81 (0.009) Ang 0.93 9 (4–16)
12 Sa 0.94 Sa 0.81 (0.023) Sa 0.5 Ang 1 Gym 0.54 (0.060) Ang 0.5 10 (5–16)
13 eq. 0.59 Di 0.28 (0.048) Di 0.35 Ang 0.98 Gen 0.49 (0.011) Gym 0.45 11 (5–18)
14 Pi 1 Pi 0.52 (0.049) Pi 0.31 Ang 0.92 Gen 0.61 (0.028) Gen 0.58 11 (5–18)
15 eq. 0.54 Pi 0.20 (0.006) Pi 0.38 Ang 1 Gen 0.64 (0.026) Gen 0.56 16 (9–25)

1eq.=equivocal, Bt=Betulaceae, Sa=Salicaceae, Fa=Fagaceae, Ma=Malvaceae, Ci=Cistaceae, Di=Dipterocarpaceae s.l., Pi=Pinaceae.
2Proportion of posterior tree distribution.
3Posterior probability.
4Probability.
5Ang=Angiosperm, Gym=Gymnosperm (Pinaceae), Gen=Generalist.
6Median age and 95% confidence interval.

The gamma value calculated from the MCC tree with in-

complete taxon sampling was 0.93, which is higher than expected

from simulated trees under the Yule model when accounting for

missing taxa (Fig. 6). The gamma value for the MCC tree is also

lower than 78% of the posterior distribution (Fig. 6). This in-

dicates support for more branching events toward the tips of the

Hebelomateae phylogeny and rejects the likelihood of a slowdown

in diversification.

A Bayesian comparison of the Yule and the birth–death mod-

els showed no strong support for one model over another. The

ranges of BF estimates overlapped for the dataset with incomplete

taxon sampling with a 2 ∗ �log BF = 0.4 in favor of a Yule model.

For the analysis with added substitute lineages, the 2 ∗ �log BF =
0.97 for the combined data and the min and max differences be-

tween chains were 0.77 and 3.08, respectively in favor of the Yule

model. The estimated diversification rates are presented in Table 5.

Table 3. Estimated ages of plant families associated with the Hebelomateae and the crown age for the oldest clade within Hebelomateae

for which the most recent common ancestor was constructed to be associated with that family for more than 75% of the trees in the

posterior distribution using parsimony. Unless otherwise indicated, the ages of plant families are means from Bell et al. (2010).

Plant families Stem age (MA) Crown age (MA) Hebelomateae clade age

Betulaceae 27 18 (112–1211) 22 (10–38)
Salicaceae 32 25 10 (5–16)
Fagaceae 52 28 27 (16–40)
Malvaceae 66 66
Dipterocarpaceae s.l. 42 -
Cistaceae 35 -
Pinaceae >1442 <2083 11 (5–18)

1Forest et al. 2005 (dated molecular phylogeny).
2LePage 2003 (fossil data).
3Wang et al. 2000 (dated molecular phylogeny).
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Figure 4. Lineage through time plot for the Hebelomateae. The gray circles represent plots for the estimated posterior tree distribu-

tion. The black circles represent the maximum clade credibility tree. The solid line represents the time period excluded to account for

uncertainties in species delimitation.

Table 4. The maximum likelihood estimates for different diversification models as fitted to the maximum clade credibility tree in Laser.

For models with several rates and times for rate changes these are given in order of distance from the root of the tree, and are separated

by slashes.

Model # Log Diversification rate(s), Other parameters Time(s) for rate AIC1

parameters likelihood spp./lineage/Ma change (Ma)

Yule2,3 1 49.2 0.12 −96.4
Birth–death2,4 2 49.8 0.10 Extinction

fraction=0.31
−95.5

Decreasing
diversification 15,6

2 49.2 0.12 ‘Carrying
capacity’=
1546995 spp.

−94.4

Decreasing
diversification 25,4

2 49.6 0.08 Magnitude of rate
change=−0.11

−95.2

Yule two-rate5,7 3 52.3 0.09/0.15 8.2 −98.6
Yule three-rate5,7 5 55.9 0.09/0.23/0.12 8.1/5.3 −101.7

1Akaike information criteria.
2Rate constant model.
3Nee (2001).
4Nee et al. (1994b).
5Rate change through time.
6Nee et al. (1992).
7 Rabosky (2006a).
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Figure 5. Histogram showing the densities (frequencies/interval width) of �AIC between a Yule three-rate model and a Yule constant

rate model. Black bars show the expected distribution as estimated from 4657 of 10,000 trees simulated under a Yule model with 164 of

281 taxa randomly removed for which the second rate was higher than the first rate. Gray bars show the distribution for the observed

posterior trees. The line shows the value for the MCC tree.
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Figure 6. Histogram showing the densities (frequencies / interval width) of different gamma values for 10,000 trees simulated under the

Yule process with 164 of 281 taxa randomly removed to simulate incomplete taxon sampling (black bars), the posterior tree distribution

(gray bars), and the MCC tree (line).
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Table 5. Diversification rates estimated using Bayesian method,

with and without substitute lineages. The means and 95% confi-

dence intervals (in parenthesis) of the posterior distribution.

Without substitute With substitute
lineages lineages

Yule model
Speciation rate,

spp./lineage/Ma
0.10 (0.07–0.13) 0.14 (0.11–0.19)

Birth–death model
Net diversification,

spp./lineage/Ma
0.09 (0.06–0.13) 0.12 (0.08–0.17)

Extinction
proportion

0.15 (0–0.38) 0.31 (0–0.60)

Speciation rate1,
spp./lineage/Ma

0.11 0.18

Extinction rate1,
spp./lineage/Ma

0.02 0.06

1As calculated from mean net diversification rate and mean extinction

proportion.

The evaluation of the Bayesian method with added substi-

tute lineages showed that it is possible to estimate the diversi-

fication rate using this technique. However, it has low power to

discern between models under observed speciation and extinction

rates. Ten trees were simulated under full taxon sampling (281

taxa) with a speciation rate of 0.18 spp./lineage/Ma and extinc-

tion rate of 0.06 spp./lineage/Ma (i.e., net diversification rate 0.12

spp./lineage/Ma, extinction proportion 0.33). The estimated mean

diversification rate when simulating incomplete taxon sampling

and addition of substitute lineages ranged between 0.094 and 0.14

spp./lineage/Ma for the 10 simulated datasets. In all 10 cases the

0.12 spp./lineage/Ma was within the 95% credibility interval. The

mean extinction proportions ranged from 0.15 to 0.47 with 0.33

always within the 95% credibility intervals. When comparing the

Yule and birth–death models for the simulated matrices using BF,

we observed positive support only for a particular model in one

of the 10 cases each when simulating missing taxa and added

substitute lineages, and in three cases when including all taxa.

Discussion
APPROACHES TO USING SECONDARILY CALIBRATED

MOLECULAR CLOCKS AND ESTIMATING THE AGE OF

THE HEBELOMATEAE

Molecular clock dating using secondarily inferred calibrations

is coupled with difficulties, namely, incorporation of the uncer-

tainty of the original calibrations (Graur and Martin 2004). How-

ever, a secondary calibration procedure may be the only available

method to date a group of interest in absence of a fossil record and

when dates from geological events are not applicable or uncertain

(Renner 2005). One way to cope with such uncertainties is to use

prior distributions of node ages in a Bayesian framework, instead

of fixed dating points (Yang 2006). We are able to validate our

approach to the extent that ages estimated by relaxed molecu-

lar clock analyses yield age estimates older (not younger) than

those estimated from the sparse fossil record. Both the partitioned

and unpartitioned Basidiomycota datasets produce median dates

older than the oldest fossils attributed to the Basidiomycota and

Agaricales, respectively (Figs. S1 and S2). This is not unexpected

because fossil data provide minimal dates only. Our finding that

node ages are older when five gene regions are modeled according

to a single model, rather then when partitioned according to nine

models, is in accordance with Ren et al. (2009), who found that an

unpartitioned analysis of simulated data using ML overestimated

the ages of nodes younger than the calibration point.

Interpretation of the evolutionary history of the Hebelo-

mateae is sensitive to calibrations produced by the two differently

partitioned Basidiomycota datasets. Calibrations drawn from the

unpartitioned dataset support a late Cretaceous crown age of the

Hebelomateae (PP = 0.58), which has a very low probability

(PP = 0.02) using calibrations from the partitioned Basidiomy-

cota dataset suggesting a younger origin for the group. The BF

comparison strongly supports ages derived from the partitioned

Basidiomycota dataset, and we therefore accept this younger age

and caution against over simplistic model partitioning or lack

thereof in phylogenetic dating.

The analysis of the Hebelomateae dataset calibrated with

dates from the partitioned Basidiomycota dataset supports a Pale-

ogene origin (PP = 0.98) for the Hebelomateae, most likely during

the Eocene epoch (PP = 0.78). These age estimates support the

hypothesis of Bruns et al. (1998) who suggested a convergent ra-

diation of several groups of ECM fungi during the early Cenozoic.

These authors indicate Paleogene crown group radiations for two

ECM clades of Boletales, probably during the Eocene. However,

the hypothesis of Bruns and colleagues also suggests an uptick

in diversification of ECM clades of fungi during the Oligocene,

a period of global cooling and expansion of plant communities

dominated by ECM Pinaceae and ECM Fagales. We address this

latter suggestion below.

ESTIMATION OF DIVERSIFICATION RATES WITH

INCOMPLETE TAXON SAMPLING: A COMPARISON

OF THREE APPROACHES

We used three different approaches to investigate the diversifica-

tion of Hebelomateae: (1) the gamma statistic, (2) model selection

and parameter estimation under the ML criterion, and (3) model

selection and parameter estimation in a Bayesian framework. The

gamma statistic depends on the distribution of internode length

in the tree with a normal distribution centered on zero under

full taxon sampling and the Yule model, and lower values under
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models with higher diversification rate toward the root than the

tips of the tree. As the tree is summarized to one value it is easy to

simulate reduced taxon sampling assuming the included taxa are

a random sample (Pybus and Harvey 2000). However, the gamma

statistic does not estimate speciation and extinction rates, and it

is often not possible to discriminate among different models of

diversification, because different models can result in the same

gamma value. Using ML and AIC, as implemented in LASER, it

is possible to select between different diversification models and

parameter estimates under the assumption of complete taxon sam-

pling (Rabosky 2006a). Even if the effect of missing taxa on AIC

scores for different models can be simulated assuming random

taxon sampling, the parameter estimates will be artificial. Using

substitute taxa in a Bayesian framework, it is possible to incor-

porate missing taxa in model and parameter estimates as well as

uncertainty in the phylogenetic estimate. However, BEAST fea-

tures only two models at present, neither of which implements

an evolutionary slowdown consistent with a density-dependent

model of diversification.

DIVERSIFICATION RATES THROUGH TIME

We observed a relative constant rate of diversification in the Hebe-

lomateae, a feature inconsistent with the hypothesis of Bruns et al.

(1998) and what has been found for many other clades of eukary-

otes (Rüber and Zardoya 2005; McPeek 2008; Phillimore and

Price 2008). Rabosky and Lovette (2008) showed that a slow-

down in diversification rate due to increasing extinction rates

would not be detected by the gamma statistic because this leads

to shorter distances between nodes than expected under the Yule

model toward both the root and the tips of the tree. However, the

LTT plot of the Hebelomateae does not indicate higher rates of

speciation toward the root. In contrast, the Yule three-rate model

suggests that the oldest period contains the slowest diversification

rate.

A random or more evenly than random sample will create

a bias in the log lineage curve to indicate a slowdown, whereas

an aggregated sample creates bias in the other direction (Pybus

and Harvey 2000). The representation of Hebelomateae ITS se-

quences in GenBank may be, in some respects, biased as northern

hemisphere and temperate areas have been more extensively in-

vestigated compared to those from the tropics or southern hemi-

sphere (Ryberg et al. 2009). Nonetheless, previous phylogenetic

studies have discovered and identified major lineages in the tribe

(Peintner et al. 2001; Yang et al. 2005; Boyle et al. 2006; Moreau

et al. 2006; Eberhardt et al. 2009). Because most tropical and

southern hemisphere species fall within the same major lineages

as north temperate lineages (e.g., Anamika; Thomas et al. 2002;

Yang et al. 2005), it is likely that a bias is not against the oldest lin-

eages but against clades nested elsewhere in the tree. The extent

of such a bias can only be evaluated in light of extended sam-

pling of poorly explored areas such as in the tropics and southern

hemisphere.

Although the LTT plot indicates some apparent deviations

from a constant diversification rate, this was not strong enough

to unambiguously warrant more parameter-rich models (Figs. 4

and 5; Table 4). This indicates that the Hebelomateae diversified

with a relatively uniform rate or even an increase or apparent

increase in rate. This is also supported by observations of Aanen

et al. (2000a,b) of many recent speciation events in Hebeloma in

Europe. An apparent increase in diversification rate could be a

consequence of extinctions (Nee et al. 1994a), but we could not

infer the influence of extinctions after the addition of substitute

lineages in a Bayesian framework. However, simulations showed

low power to favor birth–death models over Yule models for the

inferred parameter values, but indicate that the method works for

estimation of the parameters given a certain model. The fact that

the gamma value was higher than expected by chance indicates

a deviation from the Yule model. Shorter internodes toward the

tips, however, could be due to an increase in diversification rate

either generally across all lineages or in a single lineage and is

not necessarily due to extinctions (Rabosky 2010). Our analysis

of tree symmetry did not indicate any changes in diversification

rate between lineages, but this could be due to lack of power to

do so.

It is difficult to separate the effects of extinctions from a

recent increase in speciation rates especially under incomplete

taxon sampling. Because the influence of extinctions on lineages

through time plots is most apparent in the most recent past (Nee

et al. 1994a), they may also be hidden to some extent by the

exclusion of the last 2 million years to encompass ambiguities in

OTU delimitation. As taxa were added in the Bayesian analysis,

the relative rate of extinctions compared with speciation increased.

The diversification rates estimated both from the Bayesian method

(both with and without substitute lineages) and the ML analyses

are in the same range as those estimated for birds, primates, and

angiosperms based on phylogenetic methods (Nee et al. 1992;

Purvis et al. 1995; Magallón and Sanderson 2001).

ANCESTRAL HOST ASSOCIATION OF THE

HEBELOMATEAE

An Eocene crown group origin of the Hebelomateae coincides

with a wide distribution of forests hosting many potential ecto-

mycorrhizal plant partners such as the Betulaceae, Salicaceae,

Fagaceae, and Pinaceae during this time (Tallis 1991; Nichols

and Johnson 2008; but see Bell et al. 2010). As global climate

began to cool down from a mid Eocene maximum (Zachos et al.

2001), these families became even more prominent elements of

plant communities at high and mid latitudes (Tallis 1991; Prothero

1994). Our ASR do not provide any strong indication regard-

ing which, if any, of these families were ancestral associates of
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Hebelomateae, and the model-based and parsimony-based ASR

methods suggest widely different results (Table 2). We suggest

these differences may be sensitive to model shortcomings in that

current models fail to take into account the possibility of differ-

ent transformation rates during different time periods. Changes in

vegetation caused by climate change during the Cenozoic indicate

that this assumption may very well be violated. In contrast, parsi-

mony has no way to estimate differences in transformation rates

between different states or to account for repeated changes along

branches. A better understanding of the mechanisms governing

ECM associations, and a more direct modeling of the evolution

of these mechanisms, could produce further insights into differ-

ences in transformation rates, in addition to models incorporating

different rates for different time periods.

According to Bell et al. (2010) the Betulaceae, Cistaceae,

Dipterocarpaceae, and Salicaceae are all younger than the median

age of the most recent common ancestor of the Hebelomateae

(but not younger than the lower limit of the 95% credibility inter-

val). The estimated crown age of the Betulaceae (median age 27

Ma), however, is demonstrably younger than that of Forest et al.

(2005), who suggest the Betulaceae originated between 112 and

121 Ma ago. The study of Forest et al. (2005) focuses explicitly on

Betulaceae and included a critical assessment of several different

fossils within the plant family. Another recent study by Magallón

(2010) also suggests ages older than Bell et al. (2010) for many

nodes (e.g., Fagales ∼96 Ma compared to ∼52 Ma) but lacks

age estimates for individual families. Independent of the method

used for ASR, and considering dates from Bell et al. (2010) and

Forest et al. (2005), no robustly supported clade of Hebelomateae

is older than the plant family with which it associates (Table 3).

This is also true for the Alnicola clade that is specifically asso-

ciated with the plant genus Alnus (Betulaceae) (Vesterholt and

Heilmann-Clausen 2008). The descendent from node 5 and their

two sister taxa (Fig. 3) is younger (5–18 Ma) than the stem age of

Alnus (10–28 Ma per Bell et al. 2010; 99–112 Ma per Forest et al.

2005). Considering the uncertainties in ASR methods and ages of

nodes, as well as the wide discrepancies in age estimates of plant

ages between literature sources, we cannot conclude any direct

correlation between host switches in Hebelomateae lineages with

the origin of particular plant lineages.

If one accepts the parsimony reconstruction of ancestral

plant associates and rejects unilateral transition from Pinaceae

and generalist to angiosperm associations, there are instances

where evolution of different plant associations are better corre-

lated with expansions of plant associate habitat than the age of

the plant associate family. Under parsimony ASR, most transfor-

mations to Pinaceae occurred during the late Miocene or even

early Pliocene. By this time the northern boreal vegetation began

to form (Tallis 1991; Askin and Spicer 1995). The expansion of

Pinaceae-dominated vegetation may have increased the opportu-

nities of transformation to, or deterred the rate of loss of, Pinaceae

associations. Even if there were potential Pinaceae associations

before this time (Wang et al. 2000; LePage 2003), it may be that

it was not until the late Miocene that stable associations with

Hebelomateae lineages evolved. The parsimony reconstruction

of the family level coding of host association also supports a

late Miocene or early Pliocene period during which transitions

to Dipterocarpaceae, Cistaceae, and Malvaceae associates (all in

Malvales; The Angiosperm Phylogeny Group 2003) evolved. The

spread of open vegetation due to drier climates in this time pe-

riod (Tallis 1991; Askin and Spicer 1995) may have facilitated

the transition to Cistaceae host. The suggested recent origin of a

mycorrhizal symbiosis with dipterocarps, however, is not corre-

lated with an expansion of tropical forests (Tallis 1991), and other

reasons must be sought for this observation. It is possible this tran-

sition involves not only a host jump but also a significant climatic

switch, which could be more demanding and less likely to occur.

Several ectomycorrhizal lineages are species-poor or absent in

the tropics (Tedersoo et al. 2010), but further taxon sampling and

biogeographical studies are needed to test this hypothesis.

CONCLUDING REMARKS

Incomplete taxon sampling impairs the ability to discern between

different models of diversification. However, it is possible to ac-

count for missing taxa when estimating parameters given a certain

model and given the assumed actual number of species. It is there-

fore possible to test hypotheses concerning fungal diversification

and generate new research questions.

This study supports an early Cenozoic origin for an ECM

clade of mushroom-forming fungi. The lack of an evolutionary

slowdown indicates that the Eocene and more recent time periods

have been instrumental for the continual diversification of this

tribe, which may have been facilitated by ongoing adaptations to

expanding vegetation types and creation of new niche dimensions

by climate change.
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