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Abstract

Ectomycorrhizal (ECM) fungi, symbiotic mutualists of many dominant tree and shrub

species, exhibit a biogeographic pattern counter to the established latitudinal diversity

gradient of most macroflora and fauna. However, an evolutionary basis for this pattern

has not been explicitly tested in a diverse lineage. In this study, we reconstructed a

mega-phylogeny of a cosmopolitan and hyperdiverse genus of ECM fungi, Russula,
sampling from annotated collections and utilizing publically available sequences depos-

ited in GenBank. Metadata from molecular operational taxonomic unit cluster sets were

examined to infer the distribution and plant association of the genus. This allowed us

to test for differences in patterns of diversification between tropical and extratropical

taxa, as well as how their associations with different plant lineages may be a driver of

diversification. Results show that Russula is most species-rich at temperate latitudes

and ancestral state reconstruction shows that the genus initially diversified in temperate

areas. Migration into and out of the tropics characterizes the early evolution of the

genus, and these transitions have been frequent since this time. We propose the ‘gener-

alized diversification rate’ hypothesis to explain the reversed latitudinal diversity gradi-

ent pattern in Russula as we detect a higher net diversification rate in extratropical

lineages. Patterns of diversification with plant associates support host switching and

host expansion as driving diversification, with a higher diversification rate in lineages

associated with Pinaceae and frequent transitions to association with angiosperms.
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Introduction

A long established global pattern of biogeography pro-

posed for macroorganisms is the latitudinal diversity

gradient (LDG), observed by early naturalists and cor-

roborated over several centuries in numerous studies

(Von Humboldt 1807; Hillebrand 2004). This pattern

has been supported for all major groups of macroflora

and fauna including plants, amphibians, mammals,

birds, reptiles, and marine and terrestrial invertebrates

(Hillebrand 2004). Alternatively, microbes have tradi-

tionally been considered to follow the ‘everything is

everywhere, but the environment selects’ model,

although some heterogeneity has been shown for cer-

tain groups (Baas-Becking 1934; Fontaneto et al. 2008).

At the interface of these two global distribution patterns

are fungi, which have traditionally been considered to

follow the microbial model but more recently been

found to be highly geographically segregated (Taylor

et al. 2006). Due to this intermediate position that fungi

have traditionally held, biogeographic patterns of fungi

have been poorly understood and have received less

attention (Lumbsch et al. 2008; Tedersoo et al. 2012).

Given recent advances in molecular methods for detect-

ing species from environmental samples, it is now

much more feasible to investigate patterns in their

global distribution (Tedersoo et al. 2014a).
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Recent studies have demonstrated that ectomycor-

rhizal (ECM) fungi exhibit a biogeographic pattern

counter to the LDG, where ECM fungal diversity

increases away from the tropics and towards the tem-

perate/boreal interface (Tedersoo et al. 2012, 2014a).

ECM fungi are obligate symbionts with plant roots of

primarily tree and shrub species, whereby the fungus

provides water and nutrients (viz, nitrogen and phos-

phorus) to the plant in exchange for photosynthates

(Alexopoulos et al. 1996). This symbiosis is necessary

for these fungi to complete their life cycle, and it is also

critical for their plant partners as this symbiosis pro-

vides a competitive advantage (Perry et al. 1989). There

are an estimated 25 000 ECM species worldwide, and

this biotrophic association has evolved independently

some 80 times primarily in the Ascomycota and Basid-

iomycota (Rinaldi et al. 2008; Tedersoo & Smith 2013).

ECM symbiosis with only those plant lineages that

allow ECM colonization makes ECM fungi an ideal

guild to investigate global biogeographic patterns, as

their biogeography and diversification patterns are

probably heavily influenced by the distribution, disper-

sion and diversification patterns of their plant partners

(Hoeksema 2010).

An initial meta-analysis by Tedersoo et al. (2012)

showed a reversal of the LDG in ECM fungi by analysis

of metadata from numerous fungal communities, and

following studies have highlighted potential ecological

drivers of this pattern. This work demonstrated that

ECM fungal richness peaks between 4000 and 4500 km

from the equator (36°–40.5° N/S). Edaphic, climatic and

biotic factors were tested in a multivariate model as

predictors for ECM species richness, of which several

were significant, including mean annual temperature,

mean annual precipitation, anthropogenic disturbance,

soil texture and ECM plant family. Soil volume had a

positive correlation with ECM species richness, which

has been proposed as a possible ecological driver for a

reversed LDG by allowing more stratification for niche

space (Peay et al. 2010; Smith et al. 2011; Kennedy et al.

2012). For a lineage level analysis, ECM plant family

explained 34% of the variation in ECM fungal commu-

nities, indicating that species tend to be segregated by

ECM plant partner (Tedersoo et al. 2012). A follow-up

study utilized a standardized sampling approach while

collecting environmental soil samples from 365 sites

around the globe (Tedersoo et al. 2014a). This latter

study confirmed the reversed LDG trend in ECM fungi

but upheld the standard LDG pattern for saprotrophic,

parasitic and pathogenic fungi (Tedersoo et al. 2014a).

The strongest predictors explaining global ECM rich-

ness in this analysis included the ratio of ECM plant

abundance relative to non-ECM plant abundance in a

community, total ECM plant species richness and soil

pH. While these studies have focused on identifying

ecological factors that predict ECM species richness,

evolutionary mechanisms that might help explain how

these factors contribute to the reversed LDG pattern

have been largely overlooked (Kennedy et al. 2012).

The ability to model the evolutionary dynamics

underlying the LDG has resulted in a number of testable

hypotheses that could be applied to ECM fungi. The

‘tropical conservatism hypothesis’ has been proposed as

a general explanation of the LDG, where lineages have a

tropical origin, and the conserved environmental niches

of these organisms restrict dispersal to the extratropics,

most likely due to climatic restraints (Latham & Ricklefs

1993; Wiens & Donoghue 2004). The ‘out of the tropics’

hypothesis proposes that the tropics can act simultane-

ously as a museum and a cradle for these lineages,

where dispersal events to the extratropics are frequent

yet the lineages will still concurrently persist and diver-

sify in the tropics (Jablonski et al. 2006). The ‘diversifica-

tion rate hypothesis’ proposes that a higher net

diversification rate in the tropics is driving the LDG,

whether due to a higher rate of molecular evolution,

stable climatic conditions over evolutionary time, or

periods of tropical expansion in the evolutionary past

(Rohde 1992; Jansson et al. 2013). These three hypotheses

have been proposed as a nested hierarchy, with the

‘tropical conservatism hypothesis’ being the most restric-

tive (Kerkhoff et al. 2014). S�anchez-Ram�ırez et al. (2015a)

recently tested for an evolutionary pattern to explain the

reversed LDG in a clade of the ECM genus Amanita and

found that temperate lineages have a higher speciation

rate. This study seeks to further test for these patterns in

a hyperdiverse genus of ECM fungi.

Russula is the largest genus in the order Russulales

comprising some 750–900 described species (Kirk et al.

2008; Buyck & Atri 2011). Russula can, therefore, be con-

sidered the second most taxonomically diverse genus of

ECM fungi after the genus Cortinarius (Kirk et al. 2008).

The genus is a dominant ECM lineage in tropical, tem-

perate, boreal and tundra ECM communities (Singer

1986; Buyck et al. 1996; Geml et al. 2009). The Russu-

laceae has also been hypothesized to have a tropical

origin (Buyck et al. 1996), which according to estab-

lished biogeographic hypotheses (Wiens & Donoghue

2004; Jablonski et al. 2006; Jansson et al. 2013), would

suggest the family should be most diverse in the trop-

ics. Indeed, Tedersoo & Nara (2010) found the/russula-

lactarius lineage to be more diverse in tropical forests;

however, this conclusion was tentative as statistical

support was lacking. Members of the genus Russula are

ecologically diverse as they associate with every major

ECM plant lineage (Singer 1986), are host to myco-

heterotrophic members of Ericaceae and Orchidaceae

(Kennedy et al. 2011a), and occasionally have a
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gasteroid fruit body morphology which makes up a sig-

nificant proportion of the diet of many small mammals

(Lebel & Tonkin 2007). Phylogenetic relationships

within the genus have been proposed (Eberhardt 2002;

Miller & Buyck 2002; Buyck et al. 2008), but taxon

sampling and gene sampling have been sparse to date.

The first major phylogenetic treatment of the genus

identified six major clades using a single molecular

marker. Not unexpectedly, internodal support was lack-

ing for most higher-level relationships (Miller & Buyck

2002). A later multigene analysis of the family Russu-

laceae resolved four genera, but taxon sampling was

not adequate to resolve major clades within Russula

(Buyck et al. 2008). Because a multigene treatment with

sufficient taxon sampling is unavailable, a more robust

phylogenetic framework for the group is necessary to

investigate the history of their diversification.

The objectives of this study are to: (i) produce a

robust phylogeny of the genus Russula as a basis to

investigate its patterns of diversification; (ii) utilize clus-

tering of global sampling and metadata associated with

DNA sequences of Russula to resolve its global distribu-

tion and ECM plant associations; (iii) use ancestral state

reconstruction methods to infer the evolutionary history

of its biogeography and plant association; and (iv) com-

pare biogeographic models to infer rates of diversifica-

tion and transitions in biogeographic states and plant

associations. By examining the history of diversification

of a large genus of ECM fungi, we seek to understand

what general evolutionary patterns exist and whether

co-evolution or host switching might be driving this

pattern at a large scale.

Materials and methods

Taxon sampling, DNA sequencing and phylogenetic
analyses of the core data set

Vouchered specimens from North America and Europe

were sequenced to infer a multigene phylogeny of Rus-

sula (Table S1, Supporting information). To ensure sam-

pling of wide phylogenetic diversity, type species of

major infrageneric groups were targeted from three of

the most relevant infrageneric classification systems

proposed for Russula (Romagnesi 1967; Singer 1986; Sar-

nari 1998). Full morphological descriptions with colour

notes (Kornerup & Wanscher 1967) were made for iden-

tification of all specimens. Specimens were dehydrated

and deposited at the TENN and GENT herbaria

[herbarium abbreviations per Thiers (continuously

updated)].

DNA extraction and PCR protocols followed that of

Birkebak et al. (2013). Four loci were targeted for infra-

generic clade-level resolution including two nrDNA

regions (nuclear ribosomal large subunit (LSU) and

internal transcribed spacers (ITS) and two single-copy

genes (rpb1 and rpb2, which encode the largest and sec-

ond largest subunits of RNA polymerase II, respec-

tively). We refer to this alignment as the ‘core data set’.

The following primer pairs were used for amplification:

ITS using ITS1F–ITS4 (White et al. 1990; Gardes & Bruns

1993); LSU using LR0R–LR5 (Vilgalys & Hester 1990);

rpb2 using b6F–b7.1R (Matheny 2005); and rpb1 using

gAf–fCr (Matheny et al. 2002) with int2F and int2.1R as

internal sequencing primers. Sequences were assembled

using SEQUENCHER 4.9 (Gene Codes, Ann Arbor, MI,

USA).

Alignments incorporating multilocus data from previ-

ous systematic studies (Buyck et al. 2008; Van de Putte

et al. 2012; Looney 2015) were constructed separately

for each gene region using MAFFT 6.717 (Katoh & Toh

2008) using the L-INS-i algorithm and manually

adjusted in MACCLADE 4.08 (Maddison & Maddison

2005). Intergene conflict was investigated by inferring

phylogenies for each locus using RAXMLGUI 1.2 (Sta-

matakis et al. 2008; Silvestro & Michalak 2012) and man-

ually inspecting topologies to ensure that the same

major groupings were recovered. Data sets were then

concatenated in SEAVIEW 4.3.0 (Gouy et al. 2010) to con-

struct a supermatrix alignment. Regions of the ITS data

set with ambiguous site alignments were excluded (sites

100–112, 269–284, 302–319, 550–562, 816–904). PARTITION-

FINDER 1.0.1 (Lanfear et al. 2012) determined the optimal

evolutionary models and partition scheme for a

partitioned analysis for both the core data set and

mega-phylogeny. The alignment for the core data set is

available online at Dryad Digital Depository (http://

datadryad.org).

A multigene phylogeny was inferred using RAXMLGUI

1.2 (Stamatakis et al. 2008; Silvestro & Michalak 2012)

executing 1000 rapid ML bootstraps replicates

(Table S2, Supporting information). For further assess-

ing clade support, MRBAYES 3.2 (Ronquist et al. 2012) was

used for a Bayesian analysis of 1 000 000 generations

using default priors until the standard deviation of split

frequencies reached below 0.01. Outgroups were

selected from the remaining three genera in the family

Russulaceae: Lactifluus deceptivus, Lactarius lignyotus and

Multifurca zonaria. Bootstrap values >70% and posterior

probabilities >0.95 are considered as evidence for

strongly supported relationships.

Clustering analyses of environmental sequences and
metadata acquisition

All putative ITS sequences of the Russula clade, includ-

ing the genus Russula and associated sequestrate genera

Macowanites, Cystangium, Gymnomyces and Martellia,

© 2015 John Wiley & Sons Ltd
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were extracted from GenBank using the bioinformatics

program emerencia (Ryberg et al. 2009). To ensure ade-

quate statistical power for diversification analyses and

minimize the effects of low taxon sample size and high

character state bias, we assembled a data set including

>300 species using traits representing a minimum of

10% of the sampling, as suggested by Davis et al.

(2013). Sequences were screened for chimeric assembly

using a chimera checker (Nilsson et al. 2010) and manu-

ally pruned if sequence quality was low, indicated by

either long strings of ambiguous nucleotides or having

>50% missing data. This data set is hereafter referred to

as the ‘GenBank data set.’

Two rounds of clustering analyses were performed

on the GenBank data set to define molecular operational

taxonomic units (MOTUs): one using cd-hit (Li & God-

zik 2006) with a 99% identity and 80% coverage thresh-

old and a second using CLUSTERTREE 1.0 (deposited in

Dryad) with a 0.02 branch length cut-off using phyloge-

nies inferred in FASTTREE (Price et al. 2009). FASTTREE was

also used to visualize alignment quality and identify

dubious sequences for exclusion based on extremely

long branches. Representative sequences from each

cluster were selected based on greatest sequence cover-

age, lowest number of polymorphic sites and whether

they were identified to species. Representative

sequences were aligned in MAFFT and then manually

edited in MACCLADE. Due to the size of the data set and

the variability of the region across the Russula clade,

ClustalW was used to automatically align specific

regions using SEAVIEW.

Biogeographic and ECM plant associate data were

extracted from GenBank using a custom Perl script and

by manually reading through primary literature. Bio-

geographic coding for tropical vs. extratropical used the

latitudinal cut-off of the 23.5° parallels, and regional

coding was performed by continent with the Middle

East partitioned as the Eurasian territories from the

Arabian Peninsula north through Turkey and east

through Iran due to this region’s intermediate position

between Europe and the majority of Asia. ECM plant

associates were inferred if the plant associate was

reported in GenBank, a sequence was derived from a

known root tip, or if the sample was reported from a

monodominant forest (i.e. oak forest, well-described

hardwood forest with no potential Pinaceae hosts, pine

plot, etc.). The plant associates for clusters were used to

determine the maximum level of host specificity of

MOTUs supported by global sampling then coded as

Pinaceae, angiosperm or generalist (i.e. associating with

both Pinaceae and angiosperms) associates for the gen-

eral data set. For a more refined analysis, MOTUs were

also coded by ECM plant family, with generalist MOTU

clusters coded as angiosperm or generalist as necessary.

Mega-phylogeny and BEAST analyses

The core data set was used as a backbone topology in

RAXML to preserve higher-level relationships after merg-

ing the multilocus date with the GenBank data set.

Additional gene sampling from clustered GenBank data

(i.e. LSU, rpb1 and rpb2) was incorporated into the

supermatrix to estimate a mega-phylogeny. This was

accomplished by aligning and concatenating associated

sequences of LSU, rpb1 and rpb2 from any sequence of

the same cluster set/MOTU (Smith et al. 2009). Using a

backbone topology in RAXML allowed environmental

MOTUs to be added to the starting tree using a maxi-

mum parsimony (MP) criterion. The tree was then opti-

mized under normal ML parameters. The constrained

mega-phylogeny was then ultrametricized using the

Powell algorithm for nonparametric rate smoothing

implemented in R8S 1.7 (Sanderson 2003). The core data

set was then excluded from the analysis to prevent

taxon redundancies using the drop.tip function in the

‘ape’ package in R (Paradis et al. 2004).

To infer the crown ages of Russula and its major

clades, the core data set was aligned with previously

published multigene data sets of Russulaceae (Buyck

et al. 2008; Van de Putte et al. 2012; Looney 2015) and

outgroups through the AFTOL project (aftol.org). A

chronogram of Russulaceae was inferred from three

independent runs in BEAST 2 with 50 000 000 genera-

tions and a burn-in of the first 10% of trees generated

so that all ESS values exceeded 200 (Table S3, Support-

ing information). Secondary calibrations were taken

from Floudas et al. (2012) using normally distributed

mean age estimates of Russulales, Boletales, Agaricales,

Agaricomycetidae and the ancestral node of all three

orders.

Ancestral state reconstructions and diversification
analyses

Ancestral state reconstruction was performed using

MP and ML approaches in MESQUITE 2.75 (Maddison &

Maddison 2001) and Bayesian estimation in BAYESTRAITS

V2 (Pagel et al. 2004). Significance in the ML and

Bayesian analyses was determined by comparison of

the negative log-likelihood of the character states with

a difference threshold of 2. To test whether biogeo-

graphical range or plant association p is conserved in

clades, the distributions of the traits on the phylogeny

were tested for phylogenetic conservatism using PHY-

LOCOM 4.2 (Webb et al. 2008). Mann–Whitney U-tests

were performed under different assumed sampling

biases by incrementally reducing the biased state ages

by 10% for geography and plant association character

sets to test for differences in mean ages using the
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‘STATS’ package version 3.2.1 in R. Diversification rates

associated with geography and plant association were

analysed using the binary state speciation and extinc-

tion (BiSSE) model, the BiSSE–node enhanced state

shift (BiSSE-ness) model for detecting cladogenetic

shifts associated with character states, and the geo-

graphic state speciation and extinction (GeoSSE)

model, a variant of the BiSSE model that allows spe-

cies to occupy both binary states simultaneously (i.e.

widespread or generalist). SSE analyses were imple-

mented in the R package ‘DIVERSITREE’ (Maddison et al.

2007; FitzJohn et al. 2009; Goldberg et al. 2011; Magnu-

son-Ford & Otto 2012). Maximum-likelihood outputs

from the models were tested and compared using the

‘anova’ function in R, and parameter estimates were

found using a Markov chain Monte Carlo (mcmc)

method using 1000 steps. To test for the effects of

sampling bias for character states, 10 iterations of the

mcmc analysis were performed with assumed sam-

pling biases at 10% increments for 1000 steps imple-

mented in the ‘DIVERSITREE’ package in R (Table S4,

Supporting information). Finally, a BAMM approach

(Rabosky et al. 2014) for trait independent analysis of

diversification rate shifts was employed using the

BAMMtools package in R to minimize the problem

highlighted by Rabosky & Goldberg (2015) in which a

single shift in diversification rate in a single diverse

clade can bias estimates for that trait throughout the

entire tree (Table S5, Supporting information).

Results

Analysis of clustered MOTUs suggests both
biogeographic distribution and plant association are
phylogenetically overdispersed

A total of 3510 ITS sequences of Russula were extracted

from GenBank, with 3337 sequences resulting from a

search for ‘Russula’ and 173 from searches for ‘Macow-

anites’, ‘Cystangium’, ‘Gymnomyces’ and ‘Martellia’. A

total of 162 sequences were excluded from the analyses

due to low sequence quality, low coverage or as chi-

meric sequences. From the initial total, 21.6% of the

sequences were already identified to species while

78.4% represented unidentified or environmental

sequences from soil or root sampling.

Clustering analyses resulted in a phylogenetic tree

with 1064 MOTUs (Fig. 1). Of these, 202 were unique

to the tropics, 844 were extratropical and 18 were

found in both areas. An analysis of phylogenetic con-

servatism of geographic states across the mega-phylo-

geny showed that biogeographic states are

phylogenetically overdispersed with a net relatedness

index (NRI) of �2.1046 (P = 0.017). At a continental

scale, North America had the greatest number of rep-

resented MOTUs at 441, with Europe and Asia also

having a high number of MOTUs at 295 and 225,

respectively (Fig. 2). Most tropical MOTUs (105 or

51%) were sampled from Africa. Over 93% of MOTUs

Angiosperm
Pinaceae
Generalist

Host association

NRI = –2.141*

Tropics
Extratropics
Cosmopolitan

Bioeography

NRI = –2.1046*

Crown
Russula
Compacta
Heterophylla
Nigricans
Archaea
Farinipes
Delica

Clades

Fig. 1 Maximum parsimony ancestral reconstructions of geography (left) and host association (right) along an ultrametric mega-phy-

logeny of environmental Russula MOTUs inferred using r8s. Major clades are designated by colour. Geographical and host tree meta-

data associated with MOTU clusters are designated with coloured lines at the tips, with equivocal tips inferred from the analysis.

Areas are coded dark blue for extratropical distribution, green for tropical distribution and orange for cosmopolitan distribution.

Plant association data are coded red for angiosperm association, aqua for Pinaceae association and black for generalist. Net related-

ness indices produced in phylocom indicate phylogenetic overdispersion for both character sets.
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were recovered as endemic to a single continent, with

the most range overlap detected between North

America and Europe, which shared 62 MOTUs.

For ECM plant associate data, 158 of the MOTUs

were recovered as associates of Pinaceae, 443 MOTUs

as angiosperm associates, 60 as generalists and 403

were equivocal with no metadata available. An analy-

sis of phylogenetic conservatism of plant associate

states across the mega-phylogeny shows these states

are also phylogenetically overdispersed with a NRI of

�2.141 (P = 0.016), indicating that plant association is

highly labile within clades. Russula MOTUs were

recovered from 16 different plant families, with 25%

of MOTUs associated with only Fagaceae, 24% with

Pinaceae, 12% as angiosperm generalists and 9% as

generalists (angiosperm and Pinaceae). Other notable

ECM plant families include the Fabaceae and Diptero-

carpaceae, which make up a large proportion of tropi-

cal plant associates, and the Myrtaceae that comprise

many of the south temperate associates in Australia.

Ancillary ecological roles were investigated, and 179

MOTUs (17%) were recovered as hosts for orchids or

achlorophyllous members of the Ericaceae (Table S6,

Supporting information). Fifty-three MOTUs (5%)

were recovered with a gasteroid morphology, and not

all of the members in these clusters shared this

morphology.

Ancestral reconstruction and molecular clock methods
suggest an extratropical origin of Russula associated
with angiosperms during the Palaeogene

The ancestral range of Russula was resolved with statis-

tical support from ML and Bayesian inference as extrat-

ropical (Table 1). The delica, nigricans, archaea and

farinipes clades were all resolved by ML as most likely

having an extratropical origin with statistical support.

The ancestor of heterophylla, russula, compacta and

crown clade was ambiguous according to ML analysis,

but it and all subtending major clades except the rus-

sula clade were resolved as tropical by MP analysis.

The compacta clade had the highest likelihood support

for a tropical ancestry. In a multistate reconstruction

separating north and south temperate, as well as

Neotropical and palaeotropical MOTUs, we could not

reject a palaeotropical origin for Russula. However, sup-

port was much higher for a north temperate origin. This

was true for most of the major clades except for delica,

farinipes, archaea and russula clades, which were all

significantly supported as having a north temperate ori-

gin. The four-state parsimony reconstruction agrees

with the binary model, where tropical groups origi-

nated in the palaeotropics.

Ancestral plant association was reconstructed as

ambiguous between angiosperm and Pinaceae under

370

 8 

10 
 72 

104

203

226

441

13

11
74

105

225

295

> 20
6 - 20
1 - 5

Fig. 2 Map projection of the global distribution of Russula MOTUs. The areas of circles are scaled by the number of MOTUs relative

to total MOTUs recovered. Top numbers represent number of endemic MOTUs. Bottom numbers indicate total number of MOTUs.

Lines represent number of overlapping distributions for widespread MOTUs.
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ML and Bayesian analyses, but all major clades were

inferred as having an angiosperm association according

to MP. A multistate reconstruction of major ECM plant

families refuted an ancestral association with Myrtaceae

for Russula and some individual major clades, yet the

plant association reconstruction was ambiguous for all

other families. MP reconstruction of plant family associ-

ation supported either an ancestral association between

Pinaceae or Fagaceae for all temperate clades except the

russula clade, inferred as Fagaceae or Fabaceae. Faga-

ceae was inferred as the ancestral association for tropi-

cal clades under parsimony.

Using secondary time calibrations, Russula split from

Lactarius and Multifurca ca. 55 (41–60) million years

(MY) ago with a crown age of 44 (33–55) MY (Table S3,

Supporting information). Of the eight major clades,

heterophylla was inferred as the oldest group at 42 MY,

with compacta second oldest at 37 MY old (Table 1).

The youngest major clades inferred were the delica, far-

inipes, russula and crown clades, all around 30 MY old.

Comparisons using a Mann–Whitney U-test of the taxon

age for biogeographic ranges showed that tropical taxa,

on average, are significantly older, with an average age

of 7.8 MY, compared to extratropical taxa with an aver-

age age of 3.3 MY (Fig. 3). Accounting for potential

taxon sampling biases from the north temperate zone,

this effect holds true if our sampling misses <2 tropical

species for every one extratropical species (50% bias).

Angiosperm associates, with an mean age of 5.2 MY

old, were found to be, on average, significantly older

than Pinaceae associates with an average of 2.5 MY.

This effect holds true if sampling our sampling misses

<1.25 angiosperm associates for every Pinaceae associate

(20% bias).

State speciation–extinction models suggest higher rates
of diversification for Russula in the extratropics and in
association with Pinaceae

Model testing for GeoSSE, BiSSE and BiSSE-ness in an

ANOVA framework showed significant support for the

full model in four of the five data sets (Table 2). The

model best supported for the GeoSSE geography data

set was one that constrained transition rates between

character states to be equal, indicating that dispersal

between the tropics and extratropics is bidirectional.

The full models for all other analyses were supported

over models constraining speciation and extinction rates

to be equal and pure-birth models, demonstrating that

for all data sets diversification patterns differ between

character states and extinction rates should be esti-

mated. For both GeoSSE data sets, the best models were

supported over models that constrained combined

states to zero, indicating that speciation rates for

widespread and host generalist taxa should be esti-

mated. For BiSSE analyses, the full model was sup-

ported over models constraining transition rates as

equal, demonstrating that rates of biogeographical and

plant associate expansion or restriction are unidirec-

tional. Finally, the BiSSE-ness analysis for plant associa-

tion found the full cladogenic model supported over an

anagenesis model of diversification, indicating that host

switches are driving cladogenic events.

ML estimates of the best model were used as starting

values for Bayesian inference of model parameters

(Table 3). Rates of diversification were found to be sig-

nificantly higher in extratropical lineages than tropical

lineages, with extratropical lineages having a positive

diversification rate and tropical lineages having a mean

estimate of a negative rate, although we cannot reject a

neutral diversification rate (Fig. 4A). Diversification rate

estimates for host specificity support a higher diversifi-

cation rate with Pinaceae-associated taxa over angios-

perm-associated taxa, with angiosperm-associated taxa

having a negative diversification rate. However, we

were not able to reject Pinaceae-associated MOTUs

with a neutral diversification rate (Fig. 4B). Transitions

from Pinaceae association to angiosperm association

are estimated to occur at rates 15.3 times higher than

from angiosperm to Pinaceae. Diversification rate esti-

mates for biogeographic range indicates that wide-

spread taxa are diversifying at the same rate as those

restricted to either the tropics or extratropics (Fig. 4C).

Transition rates, however, are more biased towards

range contraction at rates 3.5 times higher than range

expansions. Diversification rate estimates for host speci-

ficity indicate that host generalists are diversifying

much faster than host specialists, with host specialists

having a negative diversification rate (Fig. 4D). Transi-

tion rates, however, are much more biased towards

host specialization with rates being 5.6 times higher

than range expansion events. These findings hold true

under moderate taxon sampling biases (Table S4, Sup-

porting information).

Discussion

Into and out of the tropics

Russula is among the most taxonomically diverse ECM

lineages in the tropics (Buyck et al. 1996; Tedersoo &

Nara 2010). However, ancestral area analyses support

that the genus is an ancestrally temperate group. In

addition, diversification rate analyses support a higher

net rate of diversification among taxa in extratropical

regions. This suggests a complex biogeographic history

for Russula, and likely most other ECM lineages, which

falls counter to the predictions of established

© 2015 John Wiley & Sons Ltd
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biogeographic hypotheses (Wiens & Donoghue 2004;

Jablonski et al. 2006; Jansson et al. 2013).

The most recent common ancestor of Russulawas prob-

ably an angiosperm associate that began to diversify ca.

40 MY ago during the Eocene in North temperate regions

of Eurasia and/or North America. The late Eocene

marked the beginning of transition to icehouse Earth con-

ditions where, despite large fluctuations in CO2 levels,

Antarctic ice began to form and global climates began the

period of cooling leading to modern conditions (Lear

et al. 2008). It has been suggested that diversification of

ECM fungi was facilitated by an expanded niche space

caused by cooling climates (Bruns et al. 1998; Ryberg &

Matheny 2012), and Russula is a group that appears to be

well adapted to temperate climates and able to occupy

these novel niches. The early history of the group shows

the divergence of the delica, farinipes, archaea and nigri-

cans clades occur in the north temperate zone. There is

evidence for switches to the tropics in the ancestors of the

heterophylla, compacta, and crown clades with a major

reversal back to the extratropics in the most recent com-

mon ancestor of the russula clade. Since this early history,

transitions between the tropics and extratropics have

been frequent events in the evolutionary history of Rus-

sula with at least 47 independent shifts to the tropics and

a comparable number of shifts to the extratropics. Only

the compacta clade is composed of more tropical taxa

than extratropical taxa, thus representing the only major

tropical clade in Russula based on current sampling.

Several ECM clades have been hypothesized as tropi-

cal in origin (Matheny et al. 2009; Kennedy et al. 2012;
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Fig. 3 Boxplot comparing average taxon age based on terminal

branch lengths of taxa from a secondarily time-calibrated

mega-phylogeny with ranges in the tropics or extratropics

(Top) and host association with Pinaceae or angiosperms

(Bottom). P-values resulted from nonparametric Mann–Whit-

ney U-tests.

Table 2 Model comparisons for BiSSE, BiSSE-ness and GeoSSE

analyses

Df lnLik AIC ChiSq Pr(>|Chi|)

GeoSSE geography models (Tropical vs. Extratropical)

full 7 1000.7 �1987.3 NA NA

no.sAB 6 978.8 �1945.5 43.8 0***

eq.div 5 934.2 �1858.4 133.0 0***

no.mu 5 742.0 �1474.1 517.3 0***

eq.trans 6 1000.3 �1988.7 0.7 0.4

GeoSSE plant association models (Angiosperm vs. Pinaceae)

full 7 278.1 �542.2 NA NA

no.sAB 6 276.1 �540.1 4.0 0*

eq.div 5 248.0 �485.9 60.3 0***

no.mu 5 66.3 �122.5 423.6 0***

BiSSE geography models (Endemic vs. Widespread)

full 6 1121.9 �2231.9 NA NA

eq.trans 5 1081.4 �2152.9 81.0 0***

eq.div 4 1008.4 �2008.8 227.0 0***

no.mu 4 957.7 �1907.5 328.4 0***

BiSSE plant association models (Specific vs. Generalist)

full 6 561.0 �1109.9 NA NA

eq.trans 5 480.7 �951.5 160.5 0***

eq.div 4 397.2 �786.5 327.4 0***

no.mu 4 512.9 �1017.8 96.2 0***

BiSSE-ness plant association models (Angiosperm vs. Pinaceae)

full 10 623.9 �1227.7 NA NA

no.trans 9 622.8 �1227.5 2.2 0.1***

eq.div 8 432.8 �849.6 382.1 0***

no.mu 9 618.1 �1218.2 11.5 0***

no.pc 8 581.6 �1147.2 84.6 0***

model with all parameters (full); model with transition rates

constrained as equal (eq.trans); model with no dual-state spe-

ciation (no.sAB); model with diversification constrained as

equal (eq.div); model with extinction constrained to 0 (no.mu);

model with no cladogenic diversification (no.pc).

* = P ≤ 0.05; ** = P ≤ 0.005; *** = P ≤ 0.0005.
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Wilson et al. 2012; S�anchez-Ram�ırez et al. 2015b). The

palaeotropics, in particular, have been recognized as the

ancestral origin of Inocybaceae, Amanita sect. Caesareae,

and most ECM clades of Sclerodermatineae (Matheny

et al. 2009; Wilson et al. 2012; S�anchez-Ram�ırez et al.

2015b). The ECM Sebacinaceae is the only major ECM

lineage that has been shown explicitly to have a north

temperate origin (Tedersoo et al. 2014b). No ECM lin-

eages have yet been found endemic to the Neotropics,

nor have any groups been reconstructed with a

Neotropical origin. South temperate taxa in the family

Inocybaceae are largely derived from north temperate

progenitors, and Neotropical taxa have been shown to

have immigrated from elsewhere (Matheny et al. 2009).

Two lineages, Austropaxillus and ECM Hysterangiales,

have been inferred as having south temperate origins

(Hosaka et al. 2008; Skrede et al. 2011). While Russula

has been inferred as having a north temperate origin,

the family Russulaceae may have its origins in the trop-

ics, given that Lactifluus, an ECM genus of over 120 spe-

cies that has been hypothesized as the sister clade to

the rest of Russulaceae, is largely a tropical clade (Ver-

beken et al. 2011). In this case, Russula would represent

a major clade that diversified outside of its ancestral

range to a greater extent than the other major clades of

the ECM lineage (i.e. Russulaceae), similar to what has

been found in some other ECM lineages (Matheny et al.

2009; Kennedy et al. 2012).

Although ECM clades vary greatly in age, significant

diversification episodes have coincided with specific

geologic periods during the evolution of these groups.

The oldest ECM lineage (Tuberaceae, Ascomycota) is a

cosmopolitan group ca. 160 million years old (Bonito

et al. 2013) originating in the late Jurassic, while Aus-

tropaxillus (order Boletales) has been identified as a

young ECM lineage with a mean age of 22 million years

(Skrede et al. 2011). We recovered the ECM lineage Rus-

sulaceae to have a mean age of 76 million years, origi-

nating during the late Cretaceous, which is consistent

with ages of several ECM clades of Agaricales (Ryberg

& Matheny 2012). The crown age of Russula (44 MY)

during the Eocene corresponds with ages of many of

the major clades of Tuberaceae (30–54 MY) as well as

major clades within the ECM Sebacinaceae (30–45 MY)

(Bonito et al. 2013; Tedersoo et al. 2014b). Russula, there-

fore, conforms with an emerging pattern in which the

origin of ECM association is ancient, in this case ECM

evolving in the ancestor of Russulaceae during the late

Cretaceous, but diversification of the major extant

clades has occurred much more recently in the Eocene,

during which the global climate began cooling and tem-

perate conditions expanded.

Higher diversification rates in the extratropics explain
a reversal of the latitudinal diversity gradient (LDG)

For many of the proposed explanations of the LDG pat-

tern, biological justifications could also apply to groups

originating outside the tropics. The ‘biogeographical

conservatism hypothesis’ has been proposed as an alter-

native to the ‘tropical conservatism hypothesis’, which

suggests that thermal or climatic tolerances may restrict

groups to certain environmental niches regardless of

whether they originate in the tropics (Pyron & Burbrink

2009). As an alternative to the ‘out of the tropics’

model, an ‘into the tropics’ model would suggest that

lineages outside the tropics are not dispersal limited in

regard to the tropics but those lineages can continue to

diversify alongside endemic extratropical lineages for

an overall greater accumulation of species. Some pro-

cesses proposed for the ‘diversification rate hypothesis’

could also apply to groups with an extratropical ances-

try. This includes an accelerated rate of molecular

evolution, relatively stable climatic conditions, or an

expanded niche space due to biotic and abiotic factors.

However, the extratropics cannot be said to have seen

gross expansions compared with modern conditions

considering the relatively constant cooling trend of glo-

bal climates. For an explanation of this pattern

applied to nontropical groups as well, we propose the

Table 3 Maximum-likelihood estimates of parameters for the best model for BiSSE and GeoSSE analyses

sA sB sAB xA xB dAB dBA DA DB TB->A T ratio

GeoSSE Geog 28.9 6.6 63.8 27.2 8.2 0.9 0.9 1.7 �1.6 0.4 1

GeoSSE Plant 11.0 33.3 14.2 16.1 35.0 1.4 20.8 �5.1 �1.7 19.5 15.3

BiSSE Geog 36.3 2.7 N/A 34.1 0 2.1 7.2 2.2 2.7 5.1 3.5

BiSSE Host 0.5 74.9 N/A 7.2 40.2 19.4 109 �6.7 34.7 89.6 5.6

speciation rate A (sA); speciation rate B (sB); speciation rate for dual-state (sAB); extinction rate A (xA); extinction rate B (xB); disper-

sal rate from A to B (dAB); dispersal rate from B to A (dBA); net diversification rate A (DA); net diversification rate B (DB); transition

rate from B to A (TB->A); transition rate B to A divided by A (T ratio); GeoSSE Geog, Extratropical (A); Tropical (B); GeoSSE Plant,

Angiosperm (A); Pinaceae (B); BiSSE Geog, Endemic (A), Widespread (B); BiSSE Plant, Host Specific (A); Generalist (B).

© 2015 John Wiley & Sons Ltd
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‘generalized diversification rate’ hypothesis, which

states that patterns of diversity can be explained by

regional abiotic or biotic factors that promote an

increased diversification rate regardless of the biogeo-

graphic origin of a group or dispersability into or out of

the region.

Diversification patterns in Russula support the ‘gener-

alized diversification rate’ hypothesis as an explanation

of the reversed LDG. Lineages of Russula in the extrat-

ropics exhibit a higher rate of net diversification as they

transition into and out of the tropics at relatively equal

rates. A pattern of phylogenetic niche conservatism has

been proposed as good support for the ‘tropical conser-

vatism hypothesis’, where we should expect tropical

lineages to disperse infrequently into the extratropics,

thus allowing tropical clades to diversify or persist as

long branches (Crisp & Cook 2012). We do see the trop-

ics acting as a museum with tropical taxa having a

much lower extinction rate and higher average species

ages (Fig. 3). However, we found the distribution of

tropical MOTUs to be phylogenetically overdispersed,

indicating that transitions have occurred into and out of

the tropics frequently during the last 40 MY. Addition-

ally, an ‘into the tropics’ model can be rejected as tran-

sition rates between the tropics and extratropics were

found to be equal in Russula. Diversification patterns in

Russula agree with the findings of S�anchez-Ram�ırez

et al. (2015a) that extratropical ECM taxa have a higher

speciation rate than tropical taxa; however, extinction

was indicated as a significant variable in our models for
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Fig. 4 Posterior probability density means and standard error representing relative diversification (k-l) and dispersal rates for geo-

graphic and host state-specific models for Russula. (A) Estimates for extratropical MOTUs (light blue) and tropical MOTUs (orange)

with differential transition rates from tropics to extratropics (grey) for the best-supported equal transition GeoSSE model. (B) Esti-
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best-supported full-parameter BiSSE model. (D) Estimates for host-specific MOTUs (yellow) and host generalist MOTUs (pink) with

differential transition rates of restriction from host generalist to specialist (grey) for the best-supported full-parameter BiSSE model.
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Russula diversification. Given these trends, extinction in

tropical environments may be driven by an unavailabil-

ity of abundant niche space from fewer soil horizons,

more fragmented host distributions, and a lack of

community partitioning due to a lower host lineage

diversity (Tedersoo & Nara 2010).

Tedersoo et al. (2012) suggested that clade age might

explain why ECM fungi are more species rich at temper-

ate latitudes than in the tropics. If this is correct, then

temperate lineages should be older and more diverse

than tropical lineages. Kennedy et al. (2012) found no

support for the ‘clade age’ hypothesis in the ECM genus

Clavulina, which was found to be tropical in origin and

containing several derived temperate lineages. One of

these temperate lineages was found to be diversifying at

nearly 2.5 times the rate elsewhere in the tree. With a

north temperate origin, Russula provides a good test for

the ‘clade age’ hypothesis. Diversification patterns in

Russula reject the ‘clade age’ hypothesis and support an

overall higher diversification rate for extratropical taxa

as a generalized pattern, even when major clades are not

restricted to the tropics or extratropics. The ‘clade age’

hypothesis is also confounded as a generalizable pattern

for ECM fungi by the paucity of evidence for temperate

origins for a majority of diverse ECM lineages.

In the extratropics, Russula is characterized by high

speciation and extinction rates, indicating a high species

turnover evident by the low average age of extratropical

taxa. This finding is consistent with the prediction of

Buyck et al. (1996) that temperate ECM fungi may expe-

rience higher competition due to exposure to ‘foreign

invaders’, whereas the tropics act like a museum

because of the relative isolation from competition. We

find some evidence for latitudinal optima described by

S�anchez-Ram�ırez et al. (2015a) for Amanita sect. Cae-

sareae. In Russula, there is a much higher rate of transi-

tion to either the tropics or extratropics rather than

range expansion to both. This could indicate that the

subtropics represent a barrier for dispersal and that dif-

ferent adaptations are required for surviving in tropical

vs. extratropical habitats and mycorrhizal communities.

Host switching is an important driver of diversification
in Russula

To explain the reversal of the LDG in ECM fungi,

increased ECM plant diversity in temperate regions was

proposed as a driving evolutionary force, but neither

codiversification nor host switching has been investi-

gated in this context (Kennedy et al. 2012; Tedersoo

et al. 2012; P~olme et al. 2013). The diversification of

major clades in Russula corresponds to the time of

diversification for major ECM plant lineages, including

Fagaceae, Betulaceae, Salicaceae, Malvaceae, Cistaceae

and Dipterocarpaceae (Bell et al. 2010). This is consistent

with the hypothesis that codiversification with hosts or

host switching may have been an important driver of

diversification for ECM fungi. Evolution of ECM plant

diversity makes sense as a driver for the reversed LDG

pattern in ECM fungi as several diverse ECM plant lin-

eages (e.g. Myrtaceae, Fagaceae and Pinaceae) have

their diversity centres outside the tropics (Pryor 1959;

Richardson 2000; Nixon 2006). ECM plant lineage asso-

ciation was found to be conserved in major clades in

the Agaricales, such as Cortinarius, Hygrophorus and Ino-

cybaceae, but conservation was not found in others

(Ryberg & Matheny 2012). If codiversification is an

important driver for ECM fungal diversity, then we

should expect Russula clades to be host-restricted to

particular plant lineages genera or families. We find

that plant association in Russula is not conserved by

plant lineage at the family level, evidenced by phyloge-

netic overdispersion and the lack of signal for inferring

ancestral plant associations. We also find support for a

model showing that host switching is driving clado-

genic events over an anagenic model of host diversifica-

tion. With these analyses combined, there is strong

evidence that host switching is an important driver for

diversification in Russula and is more plausible than a

codiversification scenario of diversification.

Although it has not been found to be an important

driver for diversification of Russula, there is some

evidence that codiversification may be an important

process for select ECM fungi and for ECM plant lin-

eages in general. ECM plants comprise select lineages

of Gnetaceae, Pinaceae and numerous lineages of

angiosperms, including members of Betulaceae, Dipte-

rocarpaceae, Fabaceae, Fagaceae, Juglandaceae, Myr-

taceae, Nothofagaceae and Salicaceae (Brundrett 2009)

among others. Many fungal lineages containing ECM

fungi, including Russulales, have been found to be

younger than the diversification of angiosperms (Hib-

bett & Matheny 2009). Consistent with these findings,

ancestral plant associates for a number of ECM lin-

eages, now including Russula, have been inferred as

angiosperm (Matheny et al. 2009; Ryberg & Matheny

2011; Wilson et al. 2012; Bonito et al. 2013). Only the

ECM Sebacinaceae has been recovered as having an

ancestral association with Pinaceae (Tedersoo et al.

2014b). Studies of the ECM plant genus Alnus have

found historical distributions consistent with their asso-

ciates, giving strong support for codispersal for this

plant lineage with their associates (Kennedy et al.

2011b; P~olme et al. 2013). Another ECM plant group

that shows a strong signal of association and, poten-

tially, codiversification with its fungal partners is Pinus,

whose species are nearly ubiquitous with the ECM

genera Suillus and Rhizopogon (Bruns et al. 2002). Stud-
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ies looking at codiversification from the perspective of

species-rich ECM plant lineages, such as Quercus or

Eucalyptus, have not been attempted. Nonetheless, if

ECM fungi are codiversifying with their plant associ-

ates, this may be an important process for diversifica-

tion of ECM plants as particular host-specific fungal

associates may be necessary partners for those plant

lineages, whereas host switching may be a primary

process by which most ECM fungal lineages diversify.

A surprising result from the GeoSSE model compar-

ison of plant association was that MOTUs associated

with Pinaceae have higher speciation rates than the

ones associated with angiosperms. In this case, we can

see an evolutionary source–sink dynamics, where a

majority of species initially evolve as associates with

Pinaceae but preferentially switch to angiosperm hosts

where they either expand their host range or go extinct.

A potential mechanism to explain this pattern would be

orogenesis events that can act like a species pump simi-

lar to glacial refugia (Sedano & Burns 2010; Wang et al.

2012). Many Pinaceae species are montane and will

probably track elevational gradients as mountains are

uplifted. These events are ideal for populations not able

to track this migration due to dispersal limitation or

thermal tolerances to become isolated and either speci-

ate or switch to an angiosperm host. Populations that

are able to track Pinaceae associates may have opportu-

nities to host switch and speciate with other members

of Pinaceae in different life zones or community types

(i.e. pine to spruce dominant community) (Tang &

Ohsawa 1997). It is also probably that climate fluctua-

tions over geological time create this effect at the tem-

perate–boreal interface (Sandel et al. 2011). Russula

generalists that associated with both Pinaceae and

angiosperms have a higher diversification rate than

more host-specific species, which also indicates that

host switching or expansion may be more important

drivers than co-evolution with the plant associate.

Again, host specificity is characterized by an evolution-

ary source–sink dynamic, where speciation occurs with

generalist species, but their host ranges are frequently

restricted, which may increase extinction rates.

Potential for additional drivers of diversification

An important criticism of trait-based diversification anal-

yses broached by Rabosky & Goldberg (2015) is that a

hidden trait or traits may be driving diversification pat-

terns that, by chance, may be correlated with the trait

being tested. This criticism is not a concern for our latitu-

dinal assessment, as we are interested in analysing a pat-

tern explicitly to discover the evolutionary process. This

criticism is relevant when considering whether ECM plant

associate lineage is driving ECM fungal diversification,

but this issue is more a problem of interpretation than

any flaw in the models. ECM plant associations have

been proposed as potential drivers of the reversed LDG

pattern, and our results are consistent with this. How-

ever, this is not to say that other associated factors may

not be more important at other spatial scales, including

root stratification (Kalliokoski et al. 2010), mycorrhizal

root signalling (Felten et al. 2009), ability to associate

with arbuscular mycorrhizae (Kennedy et al. 2011a,b), or

even something external to the associate such as commu-

nity type (McGuire et al. 2013) or stratification of the soil

(Rosling et al. 2003). A final possibility is that key adap-

tations of the fungi may be playing a role in diversifica-

tion with different plant host lineages, as adaptive

radiations in fungi have been shown to be driven by a

combination of environmental opportunity and pheno-

logical adaptations to take advantage of that opportunity

(Gaya et al. 2015). For Russula, this may include adapta-

tions to labile characters such as changes in spore mor-

phology in response to changing environments such as

temperature and moisture for differential dispersability

and germination, pigmentation of the pileus cuticle as

protection against radiation or to attract animal dispersal

vectors (Eberhardt 2002), different suites of oxidative

enzymes for accessing nutrients in recalcitrant plant mat-

ter or expansions in small secreted proteins used in root

colonization (Kohler et al. 2015). By identifying traits that

support a pattern of diversification, we can develop

additional hypotheses to test for a ‘smoking gun’ trait, if

one exists.

Sampling and methodological considerations

Using a total data approach, we were able to achieve

maximal global sampling of Russula; however, there are

some caveats and biases inherent to this approach. The

total number of recovered Russula MOTUs (1064)

exceeds the number of currently accepted species in the

genus (750–900 spp.) indicating that numerous novel

species of Russula have not been formally described. The

majority of the GenBank studies evaluated here origi-

nated in North America or Europe, which have the

highest number of MOTUs. We recovered 441 MOTUs

in North America, which is near the total number of

species reported from both the USA (419 spp.) and Mex-

ico (66 spp.) (Kong et al. 2002; Buyck 2007). A high num-

ber of MOTUs (62) are shared between North America

and Europe, which closely agrees with the number of

species described from Europe that are also reported in

North America (87 spp.) (Buyck 2007). Although sam-

pling bias towards the extratropics was anticipated and

accounted for in our diversification analyses (Table S4,

Supporting information), this bias may not be as pro-

nounced given 1) the smaller land mass with available
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ECM habitat; 2) the lack of ECM plant richness in the

tropics; and 3) the number of tropical Russula taxa

described compared to MOTUs recovered from molecu-

lar sampling efforts. The recovered number of MOTUs

for tropical Africa (105) closely approximates the num-

ber of described species (129–�165 spp.) (Buyck et al.

1996; Verbeken & Buyck 2002). The total MOTUs recov-

ered for the Neotropics (45) also matches well the num-

ber of described taxa from the region (42 spp.) (Buyck

et al. 1996). Species estimates for tropical Asia are more

difficult to obtain due to the application of traditional

European names to species from this area, but any bias

towards the extratropics in this region is probably offset

by a lack of sampling from the temperate Himalayan

region of south China where we should expect a high

diversity coinciding with a high number of ECM plant

lineages (Das et al. 2010). An assessment of Russula

diversity for tropical Asia should be an objective for

future studies. For south temperate sampling, we recov-

ered 74 MOTUs from Australia and New Zealand,

which exceeds the number of species described from

this region, given that the largest study in the genus

from this region describes 33 species (McNabb 1973). A

few disjunct distributions of MOTUs are probably

explained by local introductions from pine plantations

(Dickie et al. 2010). Six MOTUs were recovered as hav-

ing a holarctic distribution throughout North America,

Europe and Asia, three of which were independently

sampled by fourteen different GenBank studies

(Table S6, Supporting information).

Accounting for almost half of all of the MOTUs for

which it was possible to retrieve ECM plant associate

data, host preference for Russula strongly favours the

Fagaceae (165) and Pinaceae (157). This is not surprising

given that these families are the most species diverse

ECM plant lineages in north temperate regions (Pryor

1959; Nixon 2006). Russula sequences were detected

from 16 different plant families. Plant families where

Russula was not detected but where we might expect to

find Russula include Gnetaceae, Casuarinaceae and Cis-

taceae, which are mostly south temperate or tropical

lineages (Brundrett 2009; Tedersoo & P~olme 2012). Ted-

ersoo et al. (2014b) hypothesized groups that associate

with more plant lineages should be older, but this is

not the case with Russula, a relatively young group that

associates with nearly all known ECM plant lineages.

We used a robust, multigene phylogeny as a guide

tree for the Genbank data set mega-phylogeny due to

the variability of the ITS region from which most of the

environmental data were based, which allowed the

conservation of higher-level relationships. The final

ultrametric topology was therefore dependent on rela-

tionships inferred based on the phylogeny of the core

data set, where some nodes were not supported by

bootstrapping or posterior probability. However, these

clades were resolved in both maximum likelihood and

Bayesian inference, giving some confidence for the

topology. Taxon sampling for the core data set was also

biased towards North American and European taxa due

to reliance on the major classification systems, which

are based on those regions.

Cluster sets were considered regardless of cluster size,

as excluding singleton cluster sets would reduce sam-

pling beyond the necessary limits for SSE models. The

calculated average of sequences per cluster set was 2.6,

with 79% of sequences coded as extratropical, 12% as

tropical and 9% as widespread. Given these sample sizes,

we can certainly infer presence data for all geography

and some hosts, but we cannot be certain that the full

geographic range or host is being captured for MOTUs.

There is a stronger bias for tropical samples being under-

sampled, where fewer studies have been conducted and

many MOTUs were only detected once. There must also

be a bias towards recovering more host specialists, as

there must be at least two sequences in the cluster set

with conflicting hosts to be considered a generalist. It is

probably that some MOTUs that could be considered

generalists were not coded as such because none of their

other hosts were sampled within their geographic range.

Given these limitations, only potential geographic disper-

sal and host switches can be tested. Also, as there is no

consistent sampling strategy for GenBank sequences,

there may be biases in our ability to detect rare taxa from

locations that have only had sampling done from fruit

body or root collections. Our approach, however, was

able to achieve much greater sampling than would be

possible without a worldwide network of sampling

researchers and sampling sites, and we propose that

efforts should continue to report metadata for sequence

data submitted to online data repositories and support

databases for global sampling data such as UNITE

(https://unite.ut.ee/), GBIF (http://www.gbif.org/) and

fungimap (http://fungimap.org.au/).

Conclusions

Investigation of diversification patterns in fungi is chal-

lenging given the immense diversity of these groups,

their cosmopolitan distributions and the necessity to

approximate complete global taxon sampling across a

phylogeny. Utilizing available sequence data from vari-

ous environmental sources can help mitigate these

challenges by allowing for a more complete assessment

of global diversity and more accurate estimation of

evolutionary patterns. Using state-specific diversification

models, we found strong support for the ‘generalized

diversification rate’ hypothesis as an evolutionary

process accounting for high extratropical diversity in
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Russula. Application of these models to other lineages of

fungi may confirm our findings as a generalizable pat-

tern. We also found evidence that host switching is an

important driver in Russula diversification, allowing us

to generate new hypotheses about trait-driven diversifi-

cation in fungi. For example, a finer-scale analysis com-

paring diversification between taxa from lowland

tropical forests and montane tropical forests or between

specific ECM plant lineages may indicate, counter to

most other guilds of fungi (Tedersoo et al. 2014a), that

climate effects are less important than host effects for

ECM fungi. Also, while this and other studies have

focused on evolutionary dynamics at the tropical inter-

face, the boreal–temperate interface has also been high-

lighted as an important biogeographic boundary, where

ECM begins to drop off northward as part of a unimodal

distribution (Tedersoo et al. 2012, 2014a;). Future studies

in Russula should examine this relationship to determine

whether the same evolutionary or ecological forces are

governing this pattern, especially considering that boreal

forests are composed of a higher density of ECM plants

than most temperate forests, while temperate systems

can contain a higher ECM plant species richness.
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