Chapter 1

Overview of Phylogenetic Approaches
to Mycorrhizal Biogeography, Diversity
and Evolution

Santiago Sanchez-Ramirez, Andrew W. Wilson, and Martin Ryberg

1.1 Introduction

For more than two centuries biologists have been interested in understanding the
distribution of biodiversity. Following the work of Agustin Pyramus de Candolle
and Alexander von Humboldt in the eighteenth century, biogeography has changed
from being a merely descriptive discipline to a field rooted in ecological and
evolutionary principles (Crisci et al. 2003). Biogeography has now diversified
into many branches that specialize on different spatial, temporal, and taxonomic
scales, but can be classified into two major categories known as ecological and
historical biogeography (Wiens and Donoghue 2004). For historical biogeography
(from here on just termed biogeography), the last decades of the twentieth century
witnessed paradigm shifts between dispersal and vicariance schools (Zink et al.
2000). Nowadays, it is generally accepted that multiple evolutionary processes such
as dispersal, speciation, extinction, and species interactions contribute to biodiver-
sity build-up and distribution (Hubbell 2001; Ricklefs 2004; Wiens and Donoghue
2004; Mittelbach et al. 2007; Ree and Sanmartin 2009; Ronquist and Sanmartin
2011; Birand et al. 2012).
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Undoubtedly, the bulk biogeographic knowledge has garnered around the study
of plant and animal distribution. In contrast, patterns in microorganisms (fungi
included) have been more elusive. This has led to considerable debate on how
microorganisms disperse and are structured geographically (Finlay 2002; Martiny
et al. 2006; Peay et al. 2007, 2010a). For instance, a classic view in microbial
biogeography is that “everything is everywhere, but the environment selects”
(Baas-Becking 1934). This hypothesis is based on two major assumptions. One is
that many microorganisms have dispersal capabilities (e.g. vegetative reproduction
and massive spore production) that allow propagules to be present “virtually”
everywhere (Stolp 1988). This perception may be confounded with the fact that
most microorganisms have simple morphologies, suggesting they are “cosmopol-
itan”, when, in fact, there are many different species (Finlay 2002; Peay et al.
2010a). The second is the role of the environment as a selective filter during
colonization, which may limit the establishment of propagules in new regions.
This last point can relate to geographical bonds that many microorganisms have
with their hosts (Werren et al. 1995; Corby-Harris et al. 2007), in spite of their
potential for global propagation (Brown and Hovmgller 2002). While this hypoth-
esis would provide a simple test to assess the mechanisms behind microbial
geographical structure, their cryptic nature is a complicating factor.

In the last three decades, the study of fungal ecology and evolution has experi-
enced a revolution after the introduction and advancement of molecular tools (Horton
and Bruns 2001; Bruns and Shefferson 2004; Peay et al. 2008). DNA-based analyses
provide a means to overcome the “micro” dimension, making relevant biological
units quantifiable. For instance, environmental meta-barcoding can reveal diversity
that is unobservable to the naked eye. Similarly, molecular phylogenetics can help
understand evolutionary relationships between observable and unobservable diver-
sity, enabling the exploration of microbial diversity dynamics in both temporal and
spatial scales.

Fungi are among the most diverse organisms on Earth. Not only accounting for
the thousands of described species or the millions of missing ones, but also referring
to the vast complexity of ecological interactions above- and below-ground
(Hawksworth 2001; O’Brien et al. 2005; Mueller et al. 2007; Blackwell 2011;
Tedersoo et al. 2014b). The mycorrhizal symbiosis is one of the most common
forms of mutualistic relationships in nature. Plant, fungal, and bacterial partners
interact in intricate ways in the rhizosphere contributing in large extent to nutrient
recycling and carbon sequestration (Smith and Read 2010; Bonfante and Genre
2010). Mycorrhizal fungi are scattered across the fungal tree of life, where most can
be found in four main fungal groups. The Glomeromycota is a fungal phylum
exclusively composed of fungi forming arbuscular mycorrhizae (AM) (SchiifSler
et al. 2001; Redecker and Raab 2006). Fungi forming ectomycorrhizae (EcM)
appeared more recently and are spread across the largest fungal phyla: the
Basidiomycota, with about 50 known lineages; the Ascomycota, with about
40 known lineages; and the /endogonel, /endogone2 and /densospora lineages in
the Mucoromycotina of Zygomycota (Tedersoo et al. 2010; Tedersoo and Smith
2013; Chap. 6). AM fungi interact with the vast majority of plant biota (ca. 80%
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land plants), but are taxonomically species-poor (Bonfante and Genre 2010; Opik
et al. 2013; Pagano et al. 2016), whereas EcM fungi are more diverse, but only interact
with a limited number of families of mostly woody plants, including Pinaceae,
Fagaceae, Betulaceae, Salicaceae, Myrtaceae, Nothofagaceae, Dipterocarpaceae, and
some members of the Rosaceae and Fabaceae, which dominate many tree communi-
ties of temperate, tropical, alpine, and boreal ecosystems of the Northern and Southern
hemispheres (Malloch et al. 1980; Alexander 2006; Smith and Read 2010; Chaps. 19
and 20). Mycorrhizal fungi are key players in all terrestrial ecosystems except
Antarctica. By tracing their evolutionary and ecological history, we can better under-
stand the role of past environmental and biotic events in shaping distribution and
diversity patterns that we observe today. In addition, host association data can provide
interesting points of view for the emergence and conservation of mycorrhizal host
communities over evolutionary time scales.

In this review, we seek to highlight phylogenetic approaches that may have
valuable applications in current mycorrhizal phylo- and biogeographic research.
Rather than enlisting different available methods (reviewed, for instance, in
Ronquist and Sanmartin 2011), we conceptualize and discuss relevant methodo-
logical advancements, also recounting major methodological biases. We emphasize
some examples from both EcM and AM fungi, and other organismal groups;
particularly in the light of increasingly popular phylogenetic methods for species
delimitation, divergence time estimation, and analyses involving the inference of
historical distribution ranges, diversification rates, and trait evolution.

1.2 Barcoding, Species Delimitation, and the Need
for Robust Phylogenies

Species are fundamental units for most biodiversity and evolutionary studies (Sites
and Marshall 2004; de Queiroz 2007). Recognizing and defining species is a crucial
task, not only for high-level species richness assessments and systematic studies,
but also for population-level, intraspecific studies. For fungi, this task is particularly
challenging given that more than 1.5 million fungal species are thought to exist
(Hawksworth 2001; Blackwell 2011), yet less than 10% have a formal taxonomic
description. Due to the fact that fungi live out most of their existence hidden from
human eyes, the vast majority of undocumented species will likely remain that way.
Before the rise of the molecular, PCR-based era in the 1990s (White et al. 1990),
fungal taxonomy and systematics relied heavily on the morphological description
of taxa. Many studies have shown this to be insufficient in describing fungal
biodiversity (Taylor et al. 2000, 2006). More recently, fungal molecular phyloge-
nies of related taxa commonly reveal the existence of species complexes composed
of multiple cryptic lineages (Geml et al. 2006, 2008; Matute 2006; Jargeat et al. 2010;
Leavitt et al. 2011a, b, 2015; Sanchez-Ramirez et al. 2015a, b). The term “cryptic
species” is actually broadly applicable in fungi. Besides the common failure to
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recognize species by morphological means alone, their hidden existence in the
environment makes them generally difficult to study.

For more than twenty years, ribosomal DNA (rDNA) applications have been
truly revolutionary in fungal research (White et al. 1990; Bruns et al. 1991;
Horton and Bruns 2001; Schoch et al. 2012). In part, this is due to the efficiency
of PCR primers that consistently amplify rDNA regions across many different
fungal groups (Bruns and Gardes 1993; Schoch et al. 2012), and the variability
and phylogenetic resolution found in different portions of the rDNA region (Bruns
et al. 1991). For instance, the internal transcribed spacer region (ITS1-5.8S-ITS2 or
simply ITS) is widely recognized as a species-level marker for fungi (Schoch et al.
2012). Other rDNA genes such as the 28S and 18S large and small subunits (LSU
and SSU), usually provide resolution at higher taxonomic ranks due to being
conserved, given their role as functional genes in the genome (Bruns et al. 1991;
Bruns and Shefferson 2004). Early molecular studies were largely based on
PCR and electrophoretic RFLP patterns, which were quickly replaced by DNA
sequencing. With the availability of DNA sequence data, new advances were made
in the fields of systematics and evolution through phylogenetics, and ecology
through DNA barcoding. Early rDNA-based phylogenetics were a true turning
point in fungal systematics, showing that many morphological characters did
not reflect shared ancestry (e.g. homoplasy) (Hibbett et al. 1997a, 2000; Moncalvo
et al. 2000, 2002; Hibbett and Binder 2002). In parallel, efforts on databasing
initiatives (Bruns et al. 1998; Koéljalg et al. 2005; Abarenkov et al. 2010) and
massive production of ITS sequences (Schoch et al. 2012; Hibbett 2016), have
enhanced the accuracy and efficiency of fungal identification and classification
(Peay et al. 2008).

In spite of their importance, transcendence, and widespread use in fungal
biology, rDNA sequence data suffer from several deficiencies. In the case of ITS,
which is probably the most popular, levels of intra- and inter-specific variation can
be very different within and between species (Nilsson et al. 2008). Such inter-taxon
differences may have an effect in sequence identity cut-off-based species
delimitations, often used in environmental meta-barcoding studies, leading to an
over- or under-estimation of diversity. ITS intra-genomic variability has also been
reported, where multi-allelic copies have been found within the same genome
(Simon and Weif3 2008; Lindner and Banik 2011). Base-calling errors and missing
data in DNA chromatograms can arise in such cases, affecting downstream analyses
such as multiple sequence alignments and phylogenetic analyses. While high levels
of DNA variation is desirable in barcoding genes, too much variation, particularly
at indel positions, can be problematic during alignments, causing misleading
phylogenetic inference. In AM fungi, ITS is too variable and does not resolve
species boundaries (Stockinger et al. 2010). Instead, the preferred barcoding rDNA
gene is the small subunit (SSU), which has a resolution power at the family or order
level in other groups (Stockinger et al. 2010; Bruns and Taylor 2016). Protein-
coding genes, on the other hand, are generally easier to align because most positions
along exons are subject to selection. They also have a wide range of phylogenetic
scalability. For instance, amino acid alignments can be used for deep phylogenetics
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(families, orders, classes), while synonymous codon positions and introns often
have enough variation for more recent times-scales (species, populations). In
principle, this has led initiatives, such as the Assembling the Fungal Tree of Life
(AFTOL) project, to explore other genomic loci for resolving relationships among
fungi (Blackwell et al. 2006). For some groups, such as Cortinarius, Laccaria, and
Amanita, the ITS region has some utility in recognizing species, but protein coding
genes such as rpb2 and tef] are considered superior when defining intra- and inter-
species boundaries (Frgslev et al. 2005; Sheedy et al. 2013; Sanchez-Ramirez et al.
2015a, b; Chap. 13). Nonetheless, protein-coding genes may be more challenging to
work with at the production stage, given that primer pairs do not consistently
amplify across taxa, or are too unspecific (Schoch et al. 2012). Moreover, in spite
of their potential for environmental studies, protein-encoding loci are not widely
accepted as barcoding markers among the community of fungal ecologists. In part,
this might be due to the fact that protein-coding sequences, such as rpb2, are
taxonomically not that well represented in nucleotide databases, and can be difficult
to produce. However, protein-coding genes have promising advantages that might
be worth exploring further for fungal environmental studies (Vétrovsky et al. 2016).

Simple barcoding for species identification usually involves the use of the Basic
Local Alignment Search Tool (BLAST; Altschul et al. 1990). BLAST is an
algorithm that efficiently compares sequences to pre-existing databases, retrieving
the best matching records. If the sequence is unknown, such as those from envi-
ronmental samples, this method provides a way to define its taxonomic affinity, and
potential geographic ties, depending on the availability of meta-data in the database
used in the search. One way to determine if a sequence or a group of sequences
belong to a molecular operational taxonomic unit (MOTU) is to establish a
sequence identity cut-off (Nilsson et al. 2008; Fig. 1.1). Empirical studies looking
at fungal intraspecific ITS variation have shown that a conservative threshold
typically averages around 2-3% pairwise differences, with substantial variation
between species (Nilsson et al. 2008; Hughes et al. 2009; Schoch et al. 2012). The
process of clustering MOTUs can be fully automated given a set of aligned
sequences using the barcode gap discovery method (ABGD; Puillandre et al.
2011; Fig. 1.1), or with sequence clustering algorithms such as UCLUST (Edgar
2010; Fig. 1.1). For instance, Tedersoo et al. (2014b) used ABGD to search for
similarity thresholds to distinguish MOTUs in a data set of 757 sequences of
Sebacinales. Moreover, considering the rate of molecular substitution in ITS and
the rate of speciation, MOTUs may be over or underestimated depending on
species-specific population histories (Ryberg 2015). A more sensitive approach
would be, of course, to use data directly from phylogenetic trees to delimit species.
This is, in fact, the purpose of models such as General Mixed Yule Coalescent
(GMYC, Pons et al. 2006; bGMYC, Reid and Carstens 2012) and the Poisson Tree
Processes (PTP/bPTP/mPTP, Zhang et al. 2013) that use branching patterns in a
phylogenetic tree to determine, which branching events correspond to coalescence
events (intraspecific) or speciation (interspecific) (Fig. 1.1). These models,
however, rely heavily on the topology of the tree and assume that species are
reciprocally monophyletic (Fujisawa and Barraclough 2013; Ryberg 2015). For
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Fig. 1.1 Schematic presentation of species delimitation approaches. (a) Environmental sequence
clustering based on a predefined similarity threshold. White circles represent species-specific
barcodes. Grey circles represent intraspecific variation. (b) Similarity threshold estimation based
on the ABGD method. (¢, d) identification of population-level coalescent (grey dotted lines) and
speciation (black lines left) branching events is the basis for GMYC-type species delimitations.
Nodes representing the most recent common ancestor of each species are marked by a black circle;
(c) represents the GMYC model, where trees are ultrametric, while (d) represents the PTP model,
where branches represent substitutions. (e, f) Multi-locus species delimitation based on the multi-
species coalescent model. Gene trees (grey dotted lines) from unlinked loci are used to infer the
speciation history (species tree) and determine the most likely species delimitation scheme; (f) is
an extension that allows incorporating information from continuous trait data

example, species with high population sizes will generally have longer coalescence
times, leading to incomplete lineage sorting (Sanchez-Ramirez et al. 2015b). The
accuracy of the GMYC model has been shown to drop in these situations, based on
simulation data, leading to cases where species are not monophyletic (Fujisawa and
Barraclough 2013). For these and other reasons it is generally recommended to use
multiple approaches and data sources for species delimitation (Camargo et al. 2012;
Carstens et al. 2013). Several studies with lichens (Leavitt et al. 2011a, b, 2015) and
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the basidiomycete Tulasnella (Linde et al. 2014) have shown the discriminatory
power of multiple multi-locus approaches for fungal species delimitation.

Most of the approaches mentioned above were developed specifically for single-
locus data. However, there have been efforts to introduce the application of multi-locus
approaches for the recognition of fungal species [e.g. the Genealogical Concordance
Phylogenetic Species Concept (GCPSC); Taylor et al. (2000, 2006)]. Moreover, with
the drop in sequencing costs and the availability of technology for massive sequencing,
whole-genome approaches will be more common for phylogenetic reconstruction
(Philippe et al. 2005; Cutter 2013). Biogeographic and phylogeographic analyses can
benefit from large amounts of data in the sense that more robust phylogenies typically
will lead to more solid evidence when testing hypotheses. Multi-locus data sets not only
increase the number of molecular characters; they can also be used to delimit species
more robustly using coalescent methods. Rannala and Yang (2003) introduced a model
in which independent gene genealogies are fitted within the speciation history of a
group of related species, into what it is now called a species tree. Species tree models
(e.g. the multi-species coalescent) can take into account sources of gene tree incon-
gruence (e.g. incomplete lineage sorting), while inferring species divergences and
demographic histories (Rannala and Yang 2003; Liu et al. 2009; Heled and Drummond
2010). Different implementations of this model are now used to delimit species:
Bayesian Phylogenetics and Phylogeography, or BP&P (Fig. 1.1e; Yang and Rannala
2010, 2014; Rannala and Yang 2013; Yang 2015); *BEAST model testing (Grummer
et al. 2014); DISSECT and STACEY (Jones 2014) (for a recent review on coalescent-
based species delimitation methods, see Mallo and Posada 2016). Novel extensions of
BP&P are able to integrate phenotypic or geographic data together with genetic data to
delimit species (Fig. 1.1f; iBPP, Solis-Lemus et al. 2015). Such advancements will
probably bring systematists closer to the much-desired integrative taxonomy (Dayrat
2005; Will et al. 2005). Up to now, this approach has been used to delimit species in
arthropods (Huang and Knowles 2016), reptiles (Pyron et al. 2016), and fish (Dornburg
et al. 2016). However, we can envision environmental and geographic data, such as pH,
humidity, elevation, latitude and longitude, being used as characters, in addition to
genetic data, to delimit fungal species. Initiatives like UNITE that make these kinds of
meta-data more easily accessible are therefore very valuable (Tedersoo et al. 2011).

1.3 Reconstructing the Geographic Past:
Phylo- and Biogeography

Phylogeography and biogeography are two deeply connected disciplines focusing
on the spatial dimension of biodiversity at different temporal scales. As a more
recent field in evolutionary biology, phylogeography is concerned with explaining
the geographic distribution of genetic diversity within a species (Avise et al. 1987;
Avise 2000). This is accomplished by integrating approaches from phylogenetics
and population genetics to tackle problems that lie between macro- and micro-
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evolutionary scales (Avise 2009; Knowles 2009; Hickerson et al. 2010). Biogeog-
raphy, on the other hand, is largely phylogeny-based and it is primarily concerned
with distribution patterns of species or higher taxonomic ranks (Ronquist 1997; Ree
and Sanmartin 2009). Both disciplines have phylogenetic roots, and as such, share
many methodological approaches to infer geographic patterns.

Ancestral-state reconstruction (ASR) methods are widely used in phylo- and
biogeorgaphic research (Ree and Sanmartin 2009; Ronquist and Sanmartin 2011).
The basic concept behind ASR involves the projection of character states, that can
be discrete or continuous (e.g. a saprotrophic vs. mycorrhizal ecology, latitude,
elevation, fruiting morphology, etc.), backwards in time. Character states are
usually assigned to sampled biological units (i.e. species or individuals) that occupy
the tips of a phylogeny. These character states are then traced back from the tips
down through the branches of the tree (for a recent review see Joy et al. 2016). In a
geographic context, characters states can be either discrete and spatially defined
areas (Maddison et al. 1992; Pagel 1994, 1999) or numeric geographical coordi-
nates represented as continuous characters (Lemmon and Lemmon 2008; Lemey
et al. 2010; Bloomquist et al. 2010).

ASR of discrete character states can be evaluated in a number of ways. Maxi-
mum parsimony optimizes the reconstruction to the minimum number of state
transitions (e.g. Swofford and Maddison 1987). On the other hand, statistical
methods apply maximum likelihood or Bayesian inference to optimize a stochastic
continuous-time Markov-chain (CTMC) matrix (e.g. Pagel 1994, 1999; Pagel et al.
2004), which is used to describe transition probabilities between states or areas
(O’Meara 2012; Sanmartin et al. 2008; Fig. 1.2). Ancestral area reconstruction
methods often use a parsimony-based approach, such as the dispersal-vicariance
analysis (DIVA) (Ronquist 1997). Others employ CTMC models, which are usually
more parameter rich, such as the dispersal-extinction-cladogenesis (DEC) analysis
(LAGRANGE, Ree and Smith 2008). Other CTMC models have been optimized to
situations when the number of areas is large (BayArea, Landis et al. 2013) or
include parameters that account for “jump” dispersal (e.g. founder-events)
(BioGeoBears, Matzke 2013). At least two different programs, BioGeoBears and
RASP (Yu et al. 2015), allow running different models within the same computing
framework. Other packages allow the co-estimation of discrete CTMC
phylogeographic models together with phylogenetic inference and divergence
times (BEAST, Lemey et al. 2009; Drummond et al. 2012). These ancestral area
reconstruction analyses differ in what processes they model. For example, if they
allow for species to be distributed over more than one area (e.g. LAGRANGE) or
not (e.g. Sanmartin et al. 2008). Perhaps they include separate processes for
inheritance of ancestral areas at speciation events (e.g. LAGRANGE), or just
include changes in ancestral areas along branches (e.g. BayArea). It is therefore
important to consider what processes may be most important in any particular group
to effectively formulate a hypothesis that is testable with these methods. Continu-
ous geographic characters (e.g. geographic coordinates) have been more often used
to infer phylogeographic patterns at a shallower temporal scale (Lemmon and
Lemmon 2008; Lemey et al. 2010), where dispersal is more closely linked to the
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Fig. 1.2 Molecular dating and biogeographic reconstruction of the Amanitaceae. (a) Continuous-
Time Markov Chain (CTMC) matrix depicting the rate of transition/dispersal between six biogeo-
graphic states; (b) time-calibrated molecular phylogeny of the Amanitaceae showing reconstructed
and extant areas; and (c) lineage-through-time (LTT) plot of the phylogeny, excluding
non-mycorrhizal taxa (clade highlighted in brown in the phylogeny) and the saprotrophic outgroup
Limacella (highlighted in black). Grey concentric rings in A mark the Pliocene, Oligocene, and
Palaeocene; white rings mark the Pleistocene, Miocene, Eocene, and the late Cretaceous; the green
ring marks the time of the potential transition from the saprotrophic to mycorrhizal habit in Amanita
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movement of individuals rather than rare discrete long-distance events. Empirical
studies, for instance, have applied diffusion models to track the evolutionary
dynamics of epidemic outbreaks (Lemey et al. 2010), human language (Bouckaert
et al. 2012), and Pleistocene refugia (Gavin et al. 2014; Bryson et al. 2014). Some of
these trait-evolution models are largely based on Brownian motion (BM), where
traits evolve by small random changes that are controlled by a diffusion rate
parameter (Felsenstein 1988). Extensions of BM allow traits to evolve constrained
by a selection rate termed alpha, and are known as Ornstein—Uhlenbeck
(OU) models (Hansen 1997; Butler and King 2004). OU models allow for the
identification “preferred” trait optima, but they have been poorly explored in a
geographic context.

Both discrete and continuous biogeographic and phylogeographic inference can
also be achieved with standalone programs for ASR such as BayesTraits (Pagel
et al. 2004), or through an integrated interphase such as R (R Core Team 2015),
where packages like ape (Paradis et al. 2004) and diversitree (FitzJohn 2012)
include built-in functions for ASR. R implementations are practical because they
facilitate the direct manipulation and visualization of phylogenetic data. In addi-
tion, other visualization tools such as SPREAD (Bielejec et al. 2011) and
Phylowood (Landis and Bedford 2014) are also important contributions that bring
ease to the interpretation of complex historical phylo-/biogeographic processes.

Compared to plants and animals, fungal phylogeography and biogeography are
considered to be in their early stages (Lumbsch et al. 2008; Beheregaray 2008; Peay
and Matheny 2016). Some of the earliest phylogeny-based biogeographic analyses of
fungi have concisely pointed out the importance of geography and molecular data to
explain patterns of divergence and speciation—e.g. between intersterile groups in
Pleurotus (Vilgalys and Sun 1994) and plant pathogens from the genus Gibberella
(O’Donnell et al. 1998). Because many fungi interact with other organisms such as
plants and animals, their distribution patterns have often been associated to those of
their hosts (Bisby 1943; Horak 1983; Lichtwardt 1995). Nonetheless, mixed results
have led to considerable debate on whether fungi exhibit biogeographic structure.
Global and regional-scale studies have shown extensive cryptic lineages in EcM
groups, some of which exhibit geographic structure, and associations with endemic

Fig. 1.2 (continued) (ca. 88-99 Myr). Altogether 789 LSU sequences of Amanitaceae with
geographic distribution data, available (Sept. 2016) in NCBI were downloaded and aligned in
Mafft (Katoh and Standley 2013). A maximum-likelihood tree was built with RAXML (Stamatakis
2014) and terminal species were delimited with mPTP (Zhang et al. 2013), keeping those with
different species names in each cluster to compensate the lack of species-level resolution in LSU.
A single sequence was randomly selected to construct a time-calibrated tree in BEAST v1.82
(Drummond et al. 2012), using a relaxed clock model with log-normal distribution, and calibrating
with a normal distribution the nodes of the section Caesareae and the subgenus Amanita, based on
Sanchez-Ramirez et al. (2015a). Terminal biogeographic states were recoded based on meta-data
from the sequences and maximum likelihood reconstructions were performed using the functions
make.mkn, find.mle, and asr.marginal in R package diversitree (FitzJohn 2012). The LTT plot is
based on 1000 trees from the posterior distribution (in grey) and their mean (dotted line)
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hosts (e.g. Sato et al. 2012 or specifically in Amanita, Geml et al. 2006, 2008; Cai
et al. 2014; Sanchez-Ramirez et al. 2015a, b; Boletus, Feng et al. 2012; Inocybaceae,
Matheny et al. 2009; Laccaria, Wilson et al. 2016a; Chap. 13; Pisolithus, Martin et al.
2002; Strobilomyces, Sato et al. 2007; Tuberaceae, Bonito et al. 2013). In contrast,
other fungal biogeographic studies have shown more recent distribution patterns,
typically explained by episodes of long-distance dispersal (Moyersoen et al. 2003;
Kauserud et al. 2006; Moncalvo and Buchanan 2008; Geml et al. 2011) or cosmo-
politan distribution (Pringle et al. 2005; Queloz et al. 2011). For EcM fungi, this
notion implies that while some species have limited dispersal due to environmental
constraints (e.g. Peay et al. 2007, 2010b, 2012; Sato et al. 2012), others are able to
successfully establish propagules carried over transoceanic distances to exotic
regions, where they might outcompete native fungi (Moyersoen et al. 2003; Vellinga
et al. 2009; Pringle et al. 2009; Geml et al. 2011; Wolfe and Pringle 2012; Sato et al.
2012). Furthermore, a seemingly common observation has been a consistent associ-
ation between continentally disjunct groups of fungi (e.g. between Asia and North
America) (Wu et al. 2000; Mueller et al. 2001; Shen et al. 2002; Chapela and
Garbelotto 2004; Oda et al. 2004; Geml et al. 2006, 2008; Halling et al. 2008; Cai
et al. 2014; Sanchez-Ramirez et al. 2015a; Wilson et al. 2016a; Chap. 13; Fig. 1.2),
similar to patterns found in temperate plants from the same regions (Wen 1999;
Xiang et al. 2000; Qian and Ricklefs 2000). In several cases, there are hints of
Palaeotropical origins and recent temperate diversification in different EcM groups
(Matheny et al. 2009; Wilson et al. 2012, 2016a; Feng et al. 2012; Cai et al. 2014;
Sanchez-Ramirez et al. 2015a; Fig. 1.2). This observation contrasts with higher
species diversity seen in the Northern Hemisphere, both for EcM hosts and symbionts
(Malloch et al. 1980; Halling 2001; Matheny et al. 2009). Alexander (2006) argues
that the EcM habit is likely to have evolved in a Palaeotropical environment given
that a putative EcM host ancestor in the Dipterocarpaceae is likely to have originated
in Gondwana about 135 Ma (Moyersoen 2006), predating the Cretaceous radiation of
other EcM Angiosperms (Lidgard and Crane 1988; Berendse and Scheffer 2009, but
see Chap. 19). In the case of EcM fungi, this kind of evidence would support long-
term host co-migration (e.g. Halling 2001; Pélme et al. 2013), followed by allopatric
speciation/divergence and/or regional adaptation. If fact, studies in EcM groups
commonly suggest patterns consistent with trans-continental dispersal over land
masses (Halling et al. 2008; Geml et al. 2006, 2008; Matheny et al. 2009; Wilson
et al. 2012; Bonito et al. 2013; Sanchez-Ramirez et al. 2015a; Fig. 1.2a, b), and at
least two different studies have explicitly tested biogeographic models which support
historical world-wide co-dispersal scenarios with plants (e.g. the Boreotropical
hypothesis sensu Wolfe 1978; also see Lavin and Luckow 1993) in the
Sclerodermatinae (Wilson et al. 2012) and Amanita sect. Caesareae (Sanchez-
Ramirez et al. 2015a). Compared to EcM fungi, it is unfortunate that far less
biogeographic studies have been conducted in AM fungi given the need to understand
their evolutionary history (Chaudhary et al. 2008). While strict historical biogeo-
graphical studies are still scarce in AM fungi, macroecological studies have
suggested that while geography and local environment explain some of the variance
in global community structures, many operational taxa are globally distributed
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(Chap. 7; Kivlin et al. 2011; Opik et al. 2013; Davison et al. 2015; see Bruns and
Taylor 2016 for a counter-argument). Moreover, phylogeographic analyses based on
coalescent approaches have also been applied to test hypotheses about the cosmo-
politan distribution of the AM species Glomus mosseae, indicating a recent expansion
within the last few hundred years (Rosendahl et al. 2009).

1.4 Molecular Dating and the Fossil Record

Molecular phylogenies are necessary to study patterns and processes at macro- and
micro-evolutionary scales (Avise and Wollenberg 1997; Barraclough and Nee 2001).
The phylogeny takes the form of a topology or a graph depicting relationships
between biological units, which includes basic information such as: (1) branch
lengths indicating the amount of evolutionary change, (2) internal nodes or branching
points, and (3) terminal nodes or tips, which represent sampled biological units. An
important property of phylogenetic trees is that branch lengths can be represented as
evolutionary time (Fig. 1.2). This notion comes from the molecular clock concept,
introduced by Zuckerkandl and Pauling (1965), which states that the amount of
molecular substitutions between taxa are proportional to the amount of time elapsed
since their last common ancestor (Kumar 2005). Given this principle, branches and
nodes in the tree can be scaled to time units and become “ultrametric” (i.e. every tip is
equidistant to the root). In ultrametric trees, nodes represent divergence times in
species-level trees, and coalescent times in population-level genealogies (Drummond
and Bouckaert 2015). There are only a limited number of ways to time-calibrate
ultrametric trees: (1) by calibrating terminal nodes (tip-calibration) based on known
sampling dates; (2) by applying and assuming a known molecular clock (e.g. a
molecular substitution rate, usually in the scale of number of substitutions per site
per time unit—e.g. Myr, yr, generations); or (3) by calibrating internal nodes based
on evidence from either the fossil record or geotectonic events.

Tip-calibration is practical for time-stamped samples of rapidly evolving organ-
isms such as viruses, and some cases where ancient DNA is available (Drummond
et al. 2003). Based on prior knowledge of substitution rates, a molecular clock
model can be used to scale phylogenetic branches. In fact, the rate of substitution/
mutation of some genes such as animal mitochondrial (Brown et al. 1979) and plant
chloroplast genes (Clegg et al. 1994) have been well characterized across taxa and
within populations. In contrast, substitution rates for rDNA genes, which are
commonly used for fungal phylogenies, are quite variable between and within
lineages (Bruns and Szaro 1992; Moncalvo et al. 2000; Berbee and Taylor 2001),
deeming their use for time-calibrating fungal phylogenies impractical on their own,
unless rates are specifically calculated for particular groups. However, rates need to
be estimated from independent evidence in the first place, such as the fossil record
or biogeographic events. In this case, internal node calibrations can be used as
reference points to infer both molecular clock rates and divergence times (Kumar
2005; Ho and Phillips 2009).
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Clock models for divergence time estimation have progressed over the last
couple of decades (Welch and Bromham 2005; Ho 2014). The first clock model
was conceptualized and implemented as a strict molecular clock (i.e. an evenly
ticking clock), where every substitution happened at a constant rate within any
given lineage. A new generation of “relaxed” clock models were later introduced
allowing substitution rates to vary between lineages, accommodating for more
biologically realistic evolutionary scenarios (Drummond et al. 2006; Drummond
and Suchard 2010; Ho and Duchéne 2014). One of the most popular phylogenetics
programs (with over 10,000 citations in last 10 years), and probably the de facto
standard for time-tree analysis is the BEAST package (Drummond and Rambaut
2007; Drummond et al. 2012). Some of the advantages of BEAST over other
software are that (1) phylogenies are co-estimated with divergence times, (2) the
uncertainty in divergence time estimation can be measured, and (3) it offers
flexibility and extensibility for model specification (Drummond and Rambaut
2007; Drummond et al. 2012; Bouckaert et al. 2014). Since the introduction of
BEAST, together with the steady growth of DNA sequence data, time-calibration
has regained much attention in phylogenetic research (Robinson 2006).

The fossil record can be a valuable source for studying ancestral distributions
(Meseguer et al. 2015). Besides helping track the distribution of taxa and their
extinct relatives in space and time (Lieberman 2003), ages of fossils can be used as
priors for time-calibrating molecular phylogenies (Ho and Phillips 2009). In addi-
tion, well-sampled records can also provide information about extinction rates
(Jablonski 2008) and data that can be used in newer models for divergence-time
estimation. For example, the fossilized birth-death process uses “total evidence”
from the fossil record, integrating information from rates of speciation, extinction,
and fossilization (Heath et al. 2014; Zhang et al. 2016).

Compared to many plant and animal records, the fungal fossil record is depau-
perate (Berbee and Taylor 2010). One of the reasons is because most fungal
structures are made of soft tissues that decay rather quickly, making fossilization
difficult (Pirozynski 1976; Taylor et al. 2014). Another challenge is their correct
classification and taxonomic assignment, which is largely based on reproductive
structures that rarely fossilize. Given these difficulties, mycologists have often
relied on secondary calibrations (e.g. using age constraints based on a previous
time-calibration), where they either estimate a “taxonomically broad” phylogenetic
tree with external fossil calibrations to generate prior calibration distributions
(e.g. Skrede et al. 2011; Wilson et al. 2012, 2016a; Tedersoo et al. 2014b; Cai
et al. 2014; Sanchez-Ramirez et al. 2015a; Zhao et al. 2016), use node ages from
other studies based on fossil records or molecular clocks (Jeandroz et al. 2008;
Matheny et al. 2009; Ryberg and Matheny 2011, 2012), or fix the global substitu-
tion/mutation rate of a particular gene (Rosendahl et al. 2009; Bonito et al. 2013;
Sanchez-Ramirez et al. 2015b). Using a diverse array of approaches can lead to
inconsistent results and lack of reproducibility. In order to aid mycologists in their
quest to time-calibrate molecular phylogenies we provide a condensed overview of
potentially useful fossils (e.g. well-identified fossils representing the minimum age
of certain groups; Table 1.1).
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Time-calibrated phylogenies can be used for testing hypothesis about the evolu-
tionary history of organisms, in particular those with poor or no fossil record. For
instance, some of the oldest putatively Glomeromycota fossils from the Ordovician
(ca. 460 Ma, Redecker et al. 2000) and Devonian (Dotzler et al. 2006) suggest that
AM fungi where already associated with plants during the transition from an aquatic
to a terrestrial environment (Malloch et al. 1980; Brundrett 2002). Molecular dating
studies endorse this hypothesis, placing the origin of AM fungi between 400 and
600 Ma (Simon et al. 1993; Berbee and Taylor 2001; Lucking et al. 2009). On the
other hand, EcM symbiosis has evolved more recently. Based on molecular clock
estimates using SSU branch lengths of several EcM lineages and evidence from the
fossil record (e.g. permineralized EcM from the Eocene; LePage et al. 1997), Bruns
et al. (1998) suggested that EcM symbioses could have radiated independently and
simultaneously during the Tertiary (e.g. Eocene-Oligocene). This was when the
climate initiated its cooling trend leading to a more temperate environment domi-
nated by members of the Pinaceae and Fagales (Wolfe 1978; Prothero and Berggren
1992; Zachos et al. 2001). In contrast, Halling (2001) proposed that EcM symbiosis
evolved together with the Pinaceae—most of which are able to form EcM associa-
tions—during the Jurassic (ca. 180 Ma; Gernandt et al. 2008), and subsequently
diversified further as a result of angiosperm radiation in the Cretaceous (125-65 Ma;
Berendse and Scheffer 2009). Using time calibrated phylogenies of nine EcM
lineages of Agaricales, Ryberg and Matheny (2012) rejected both hypotheses on
the basis of discordant clade ages, most of which occurred after the Jurassic, during
the Cretaceous and Palacogene periods (from ca. 10040 Ma). However, other
groups, such as the truffles (Tuberaceae) might have had an older evolutionary
history, spanning from the late Jurassic (ca. 156 Ma) and later diversifying during
the Cretaceous and Palaeogene (Jeandroz et al. 2008; Bonito et al. 2013). Supporting
the findings of Ryberg and Matheny (2012), our case analysis indicates that the EcM
habit in Amanita could have evolved during the late Cretaceous (ca. 90 Ma;
Fig. 1.2b). The genus Amanita is a particularly interesting system to study the
evolution of EcM symbiosis. First, its close saprotrophic sister group is known
(Wolfe et al. 2012b); second, several Amanita genomes have been sequenced to
date, which may facilitate comparative assessments of genomic machineries between
mycorrhizal and non-mycorrhizal species (Nagendran et al. 2009; Wolfe et al. 2012a;
Hess and Pringle 2014; Hess et al. 2014; van der Nest et al. 2014); and third, the
growing number of biogeographic and phylogeographic studies (Oda et al. 2004;
Geml et al. 2006, 2008; Cai et al. 2014; Sanchez-Ramirez et al. 20154, b, ¢; Zhang
et al. 2015) providing ample resources for phylogenetic inference.
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1.5 Tracking Species Richness Over Time and Space:
Diversification Rates

Speciation and extinction are the ultimate processes responsible for biodiversity
build-up (Hubbell 2001; Ricklefs 2004, 2007). One way to look at patterns of
variation in species diversity throughout evolutionary time is to measure the
amount of fossil species (Jablonski 2008; Liow 2010). However, not all taxonomic
groups have reliable fossil record. Alternatively, branching patterns in (well-
sampled) molecular phylogenies can be interpreted or modeled as diversification
processes (Barraclough and Nee 2001; Nee 2006; Ricklefs 2007; Purvis 2008).
Yule (1925) developed one of the first models of phylogenetic bifurcation. This
model described a process of pure birth (speciation) where lineages split indepen-
dently from one another at a constant rate—usually termed A. Later, a model that
allowed both birth and death of lineages (the birth-death model) was introduced
(Raup 1985; Nee et al. 1992). This incorporated an additional parameter controlling
the rate at which lineages went extinct—usually termed p. From then on, several
different macro-evolutionary models have been developed with the intention of
better describing plausible diversification scenarios (Moen and Morlon 2014).

Another way to assess how nodes in the phylogenetic tree are distributed relative
to the root or the tips is to plot the cumulative number of lineages as a function of
time (Nee 2006). This is known in the literature as a lineage-through-time (LTT)
plot (Fig. 1.2¢). A different method is the y-statistic, which measures the branching
patterns in molecular phylogenies numerically by quantifying the degree of devi-
ation from a constant-rate expectation (y = 0) (Pybus and Harvey 2000). Positive
values (y > 0; significant if >1.96 at 95% confidence) indicate that nodes are closer
to the tips (“exponential” LTT plot), which reflect recent diversification bursts or
background extinction, whereas negative y values (y < O; significant <—1.64 at
95% confidence) indicate that nodes in the tree are closer to the root (“logistic” LTT
plot), suggesting a rapid burst of diversification followed by a slowdown (Pybus
et al. 2002; Crisp and Cook 2009). In fact, the latter signature is a common pattern
observed in phylogenies from different plants and animals (McPeek 2008; Morlon
et al. 2010). These slowdown patterns can be attributed to many different scenarios,
including diversity-dependence due to niche saturation (Rabosky and Lovette 2008;
Phillimore and Price 2008; Etienne et al. 2012), time-dependency (Stadler 2011),
and protracted speciation (Etienne and Rosindell 2012).

Other models measure diversification rates as a function of character states, and
are particularly useful for biogeographic and trait-evolution analyses. They have
‘blossomed’ into a family of trait-dependent models that range from a basic binary
(two discrete states) model (BiSSE, Maddison et al. 2007), to multi-states (MuSSE,
FitzJohn 2012), to geographic states (GeoSSE, Goldberg et al. 2011), to continuous
traits (QuaSSE, FitzJohn 2010), all of which are implemented in likelihood and
Bayesian frameworks in the R package diversitree (FitzJohn 2012). The most
recent addition is the hidden-state speciation and extinction (HiSSE) model,
which attempts to correct for potentially unaccounted states that could also influ-
ence rates of diversification (Beaulieu and O’Meara 2016). Furthermore, complex
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mixtures of diversification rate-variation can also be detected using reversible-jump
MCMC algorithms, such as BAMM (Rabosky 2014).

Unsurprisingly, most empirical analyses have focused on patterns in plants and
animals (McPeek 2008; Butlin et al. 2009), leaving microorganisms understudied.
Nevertheless, diversification analyses can prove to be powerful approaches to
understand diversity dynamics though evolutionary time in groups with a poor
fossil record, such as fungi. Likewise, these approaches can help mycologists test
evolutionary hypotheses regarding the role of hosts, soil chemistry, geography, and
other underlying mechanisms driving fungal diversification.

A long-standing question in EcM evolution has been the high degree of func-
tional convergence and the high relative diversity of different EcM groups (Malloch
et al. 1980; Bruns et al. 1998; Hibbett et al. 2000; Halling 2001; Brundrett 2002).
Although most EcM fungi converge into a similar ecological niche, they are
scattered across the fungal tree of life occurring independently in at least 80 phylo-
genetic lineages (Tedersoo et al. 2010; Chap. 6). Substantial variation in species
diversity can be found among EcM lineages/clades; for instance, the /cortinarius
lineage comprises >2000 species, while only 1-4 species are found in the /
meliniomyces lineage and other helotialean groups (Tedersoo et al. 2010). If we
hypothesize that all EcM lineages/clades originated around the same time (i.e. have
the same clade age), and assume that they diversify at a constant rate, then we
would expect clades to have similar number of species (same clade size). In
contrast, observations of EcM richness pattern suggest otherwise; either that
(a) EcM clades originated at different times and have diversified under a constant
rate, or that (b) EcM clades originated within a similar time-frame but their
diversification rate is variable within and/or among clades, or that (c) both times
and rates vary. The relationship between clade age and clade size has been studied
and discussed broadly for plant and animal clades, with a more or less generalized
conclusion that both variables are decoupled, supporting variable diversification
rates among clades (Ricklefs 2006; Rabosky et al. 2012; Scholl and Wiens 2016).
Ryberg and Matheny (2012) showed that both ages and rates of diversification vary
among several EcM clades of Agaricales. They also tested the hypothesis of a
potential initial rapid radiation followed by a diversification slowdown tentatively
caused by rapid niche occupation, as shown to occur in other taxa (Rabosky and
Lovette 2008; Etienne et al. 2012). However, models of rate constancy could not be
rejected. If the degree of statistical power was adequate, this observation could
imply that diversification in these fungi is not driven primarily by niche speciali-
zation, which can happen where there is competition (Ackermann and Doebeli
2004), probably depending on other sources of speciation, such as allopatry or
parapatry (Ryberg and Matheny 2012). Compared to EcM fungi, AM fungi appear
to have much lower rates of diversification. While formal diversification rate
analyses are still lacking in AM fungi, it is possible to estimate the net diversifica-
tion rate based on an approximation by Magallon and Sanderson (2001). Based on a
clade size of 200-300 spp. (Opik et al. 2013), a crown age of 460 Ma (Redecker
et al. 2000), and the assumption of a constant diversification rate, the
Glomeromycota would have a net diversification rate of about 0.01 speciation
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events per million years. Notably, this in 3—14 times lower than speciation rates in
some EcM agarics (Ryberg and Matheny 2012).

Other diversification studies in fungi focusing on trait or character state evolu-
tion have found support for different trends. For instance, a study in the
saprotrophic agaric Coprinellus found a correlation between higher rates of lineage
accumulation and trait diversification as evidence of an adaptive radiation linked to
the appearance of auto-digestion as a key innovation trait (Nagy et al. 2012).
Another study on gasteriod fungi showed that net diversification rates
(e.g. speciation—extinction) in several gasteroid lineages are elevated in comparison
to non-gasteroid lineages across the Agaricomyces (Wilson et al. 2011). While this
result was not significant, equilibrium frequency calculations that incorporated the
one-way (irreversible) transition of gasteromycetation suggested a trend toward
increased gasteroid diversity. Furthermore, after finding evidence of multiple
independent dispersal events from the New World to the Old World in the Caesar’s
mushrooms (Amanita sect. Caesareae), Sanchez-Ramirez et al. (2015a) tested the
hypothesis of increased diversification after the colonization of a new environment,
finding evidence that supports both higher speciation and extinction in New World
compared to Old World lineages. This suggests higher species turnover in the New
World, which is probably coupled with recent drivers of diversification such as
glacial cycles (Sanchez-Ramirez et al. 2015a, b).

Most of these studies have focused on isolated clades, making broader comparisons
difficult. Nevertheless, a recent initiative known as the Agaricales Diversification
(aDiv; https://sites.google.com/site/agaridiv2013/home) project seeks to generate a
LSU and rpb2 data set for about 3000 species of Agaricales. A primary goal of the
project is to explore diversification drivers within key ecological groups in the
Agaricales (Szarkandi et al. 2013). An order-level time-calibrated phylogeny can
offer a unique opportunity for testing broader hypotheses on EcM evolutionary
ecology.

1.6 Evolutionary Ecology

The field of evolutionary ecology is concerned with studying the evolution of
species interactions, specifically targeting biological or environmental processes
that influence changes in diversity over evolutionary time scales. An obvious step
towards understanding the evolution of modern ecological roles is to integrate
phylogenetic information with geographic and environmental data (Ricklefs
2004; Wiens and Donoghue 2004; Pinto-Sanchez et al. 2014), as well as community
assembly data (Webb et al. 2002; Cavender-Bares et al. 2009; Cadotte and Davies
2016). Having a historical view about biodiversity is crucial to advance our
understating of past and present-day patterns.

A well-recognized spatial pattern across the tree of life is the general latitudinal
diversity gradient (LDG), which shows that species richness is highest at tropical
latitudes and decreases towards the poles (Hillebrand 2004; Brown 2014). While
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this latitude-diversity relationship has been observed for many groups of plants and
animals over past decades, these patterns in soil fungi have only recently been
recognized. Studies have shown that the general LDG holds for soil fungi as a
whole (Tedersoo et al. 2014a), but for EcM fungi the diversity peaks at temperate
latitudes (Tedersoo and Nara 2010; Tedersoo et al. 2012, 2014a; Chap. 18). This
means that EcM species richness is higher in temperate regions, compared for
instance to tropical or boreal regions. From a macro-evolutionary perspective,
processes such as speciation, extinction, and dispersal are the ultimate contributing
factors to the LDG (Mittelbach et al. 2007). Recent studies based on phylogenetic
and ecological data have linked higher species richness in the temperate region to
higher rates of diversification. For example, Kennedy et al. (2012) found that a
single temperate clade in the genus Clavulina had 2.6 times higher speciation rate
that the rest of the group, which was inferred to be mainly tropical. Sanchez-
Ramirez et al. (2015c) used the time-calibrated phylogeny of Amanita sect.
Caesareae and continuous geographic data to test for the role of latitude as a driver
of diversification. Model testing, together with continuous trait evolution, suggest
that lineages diversify at a faster rate at temperate latitudes compared to tropical
climate, supporting the findings of Kennedy et al. (2012). Further support has come
from a study in the genus Russula that reported overall higher net diversification
rates in extra-tropical lineages with continual transitions between temperate and
tropical environments (Looney et al. 2016). In the light of the growing evidence in
favor of higher rates of diversification in the temperate region, it would be inter-
esting to test if these bouts of temperate diversification occurred simultaneously
during the Miocene cooling trend that coincided with orogenic activity around the
globe and an increase in dominance of EcM plants (Askin and Spicer 1995; Potter
and Szatmari 2009; Chap. 20). Until now, these studies have focused on geographic
traits, either discrete or continuous, but studies in other groups (e.g. amphibians)
have shown how climatic data can be coupled with comparative phylogenetic
methods to look at how ecological niches evolve in relation to diversification
processes (Pyron and Wiens 2013).

Macro-ecological studies also indicate that other groups of fungi have particular
patterns of diversity that vary, not only with respect to latitude, but also with respect
to other environmental factors such as temperature or precipitation (Arnold and
Lutzoni 2007; Opik et al. 2013; Tedersoo et al. 2014a; Treseder et al. 2014; Davison
etal. 2015). For instance, compared to EcM fungi, AM and endophytic fungi appear
to be more diverse in tropical and subtropical regions, and their communities seem
to be more differentiated (Arnold 2007; Arnold and Lutzoni 2007, Opik et al.
2013). A similar pattern rises for fungal pathogens and saprotrophs (Tedersoo
et al. 2014a). Both differences in diversity patterns across fungal taxa, as well as
differences in their ecological modes, might reflect a historical relationship with
their ancestral ecological niche. In spite of heavy criticism about sampling,
Treseder et al. (2014) found support to the hypothesis that tropical environments
tend to harbor older taxa, compared to younger taxa that tend to reside at more
temperate ones.
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Another topic of interest regarding evolutionary ecology of mycorrhizal fungi is
the co-evolution of host associations. While AM fungi are obligate mutualists with a
wide range of hosts (Giovannetti and Sbrana 1998; Bonfante and Genre 2010), EcM
fungi can be either generalists or specialists (Molina et al. 1992; Bruns et al. 2002),
some of which may be potentially facultative (Baldrian 2009). Examples of high
specificity in EcM associations are interactions between certain fungi and myco-
heterotrophic plants (Bidartondo and Bruns 2005; Bidartondo 2005), the bolete genus
Suillus and members of the Pinaceae (Kretzer et al. 1996; Bidartondo and Bruns
2005; Nguyen et al. 2016), and alder-associated mycobiota (Tedersoo et al. 2009;
Kennedy et al. 2011, 2015; Pdlme et al. 2013). Studies in some of these systems can
provide insights into the co-evolution of plant-fungal interactions. High degree of
symbiont affinity in the Monotropoideae (Ericaceae) has been evidenced by unique
congeneric associations among different myco-heterotrophic plant lineages
(Bidartondo and Bruns 2002). Waterman et al. (2011) studied how pollinators and
symbionts affected speciation, coexistence, and distribution in orchid species. They
show that shifts in symbiont partners are important for plant coexistence, but not for
speciation, as most closely related species tend to have the same EcM partners
(Waterman et al. 2011, 2012). Given that specific EcM and bacterial communities
can be found in Alnus-dominated forests, several studies have focused on how the
natural history of the host has affected the distribution of the symbionts. Kennedy
et al. (2011) compared community assemblages in different Alnus-dominated loca-
tions in Mexico and other locations in the Americas. They found a striking similarity
in the composition of MOTUs between the different locations, giving support to the
hypothesis of host-fungal co-dispersal. Similarly, PGlme et al. (2013, 2014) found
that the evolutionary history of Alnus species had a strong impact on EcM and
bacterial (Frankia) community structure.

Historical biogeographic analyses have also evidenced host co-dispersal based
on phylogenetic and ASR data (Matheny et al. 2009; Wilson et al. 2012; Sanchez-
Ramirez et al. 2015a). A number of studies have focused on evolutionary transitions
between gymnosperm and angiosperm hosts, with the aim of investigating ancestral
host preferences in EcM fungi. A period of rapid speciation in Leccinum has been
associated to different host changes from an Angiosperm ancestor (den Bakker
et al. 2004). Also, Matheny et al. (2009) found that members of the EcM family
Inocybaceae were ancestrally associated to Angiosperms and later switched to
members of the Pinaceae. Similar patterns have been observed in the
Hysterangiales (Hosaka et al. 2008), the truffle family Tuberaceae (Bonito et al.
2013), as well as in gasteroid boletes (Sclerodermatineae) (Wilson et al. 2012).
Ryberg and Matheny (2012) showed some support for older EcM agaric clades
(e.g. Hygrophorus) being ancestrally associated with Pinaceae hosts, whereas
younger clades (e.g. Inocybaceae and Cortinarius) were ancestrally associated
with Angiosperms.
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1.7 Methodological Biases and Caveats

As a word of caution, we point out a number of biases and caveats, some that can
arise through the application of specific methodology, and others that are inherent
of mycological fieldwork and fungal biology in general. We emphasize that some of
these points should be considered when making phylo-/biogeographic inferences or
interpretations of observed patterns.

Mycorrhizal fungi spend most of their life cycle dwelling in the rhizosphere
underground. EcM fungi, for instance, only produce fruiting bodies (on which
morpho-taxonomy is based on) during a narrow time-frame (e.g. one or two
months). Also, fruiting bodies decay rather quickly, which can further narrow the
observational window. Other EcM groups such as members of the Sebacinales or
Thelephorales are rarely collected in the field, but have been found to be quite
abundant underground (Gardes and Bruns 1996; Dahlberg 2001; Tedersoo et al.
2006; Porter et al. 2008). AM fungi are only known to reproduce asexually, which
can complicate morphological species delimitations and sampling strategies
(Helgason and Fitter 2009). These limitations can have implications for fungal
diversity assessments in general, but specially in a geographic context. Probably
due to logistic reasons and bureaucracy in certain regions, fungal taxa from
different geographic locations have been studied disproportionately. Given that
significantly more biodiversity research is conducted in North America and Europe
(Wilson et al. 2016b), mycorrhizal fungi from these regions (most of the times in
temperate ecosystems) have been sampled and studied more often than others
(Dahlberg 2001; Dickie and Moyersoen 2008). Historically, many more fungal
biodiversity surveys (Mueller et al. 2007) and genetic analyses (Douhan et al. 2011)
have been conducted in temperate regions than in tropical ones. This systematic
sampling bias can thus generate gaps in our understanding of the distribution of
fungal taxa, which can have profound effects in the proposition and assessment of
biogeographic hypotheses.

Human-mediated dispersal is also well documented in fungi. In particular, AM
and EcM fungi can easily travel with soil or roots of trees that have been
translocated for reforestation practices, food production, or as ornamental plants
(Dunstan et al. 1998; Vellinga et al. 2009). Many of them are able to invade and
spread in non-native habitat (Pringle et al. 2009). These events can also introduce
noise in biogeographic inference. Nevertheless, long-distance dispersal is also a
natural process by which spores travel long distances and establish in distant
locations (e.g. Moyersoen et al. 2003; Bonito et al. 2013; Geml et al. 2011).

Reliable data on host association is often unavailable for many mycorrhizal
species, which can directly affect studies on host coevolution. Accurately identify-
ing hosts can be tedious if done through inoculation studies, or misleading if done in
the field. While the most straight-forward way to identify a host is by molecular
means (Muir and Schlotterer 1999; Sato et al. 2007; Wilson et al. 2007), this step is
not done routinely. This also concerns the correct and detailed annotation of
sequences deposited in GenBank, which often lacks isolation source data, including
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geographic location and host (Vilgalys 2003; Bidartondo et al. 2008; Tedersoo et al.
2011). Establishing such connections is critical to effectively investigate how
photobionts shape biogeographic patterns in fungi.

Phylogenetic analyses are known to be subject to sampling issues. For instance,
the accuracy in dated molecular phylogenies strongly depends on taxonomic
sampling (Heath et al. 2008), in particular for clades used for fossil-calibration
(Linder et al. 2005). The shape of a phylogenetic tree can change significantly if the
sampling is non-random or incomplete, which is often the case in fungal phylog-
enies (Hibbett et al. 2011; Ryberg and Matheny 2011; Hinchliff et al. 2015),
affecting the interpretation of diversification processes (Pybus and Harvey 2000;
Pybus et al. 2002; Ryberg and Matheny 2011). Most models for ASR are also
susceptible to sampling, as state or location transition probabilities will tend to be
more accurate in better sampled phylogenies. It is also unclear how robust models
including cladogenetic processes are to missing branching events in the tree.
BiSSE-type analyses have also undergone scientific scrutiny for their high false-
positive rates due to phylogenetic pseudo-replication (Maddison and FitzJohn
2015; Rabosky and Goldberg 2015), and issues with the size of phylogenetic
trees (Davis et al. 2013). Many of these issues can be controlled for by doing
simulations (e.g. Rabosky and Goldberg 2015), or by applying models that directly
account for the issues (e.g. HiSSE, Beaulieu and O’Meara 2016). Similarly,
implementations of other models, such as BAMM have also been critiqued
(Moore et al. 2016). Finally, although phylo-community methods are appealing
approaches to answer many questions about mycorrhizal (and fungal/microbial)
biogeography, most of the species-level data comes from ITS sequences, which are
often problematic to align over distantly related taxonomic groups.

1.8 Conclusions and Future Directions

For about a decade, fungal (and microbial) biogeography has been regarded as a
young, emerging field (Martiny et al. 2006; Lumbsch et al. 2008; Douhan et al.
2011). Nonetheless, it is clear that a slow but steady body of knowledge is amassing
around our understanding of the dimensions of fungal diversity. This includes the
notion that the ‘everything-is-everywhere’ paradigm does not hold generally true,
and that an historical perspective is necessary to understand the diversity of any
given area (Peay et al. 2010a, 2016; Peay and Matheny 2016).

The steady stream of sequence data promises to supply us with information to
solve many of the questions on fungal biogeography. However, most sequences
come from the ITS region, which is difficult to use in wider taxonomic contexts, and
the necessary meta-data for studies of biogeography and host associations are often
lacking. Some of the major challenges relate to accurate and biologically meaning-
ful species delimitations, as well as the generation of robust phylogenies for
molecular dating and testing biogeographic hypothesis. Genomic initiatives
(e.g. Kohler et al. 2015) and cheaper sequencing (i.e. next-generation sequencing)
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will undoubtedly provide unprecedented molecular resources for phylogenomics,
that together with better models, promise to solve many of the current downfalls.

Although there are only a handful of studies about diversification and evolutionary
ecology of fungi (many of which are focused on EcM symbioses), results seem to be
consistent with biogeographic scenarios that point to recent high diversification rates
in temperate regions, compared to more ancient and historically conserved tropical
patterns (Kennedy et al. 2012; Treseder et al. 2014; Sanchez-Ramirez et al. 2015c;
Looney et al. 2016). We envision future phylogeny-based studies incorporating more
ecological data (e.g. physiological, climatic, environmental, and geographic traits)
and future meta-barcoding-based studies incorporating more phylogenetic data. The
first point could be achieved, in part, by making use of geographic information
system resources, such as WorldClim (http://www.worldclim.org), while the second
could be achieved by implementing supertree approaches (e.g. Beaulieu et al. 2012;
Qian and Jin 2016). With regards to EcM phylogeography, there is virtually no study
to date (Google searched on Oct. 18, 2016) that has used geographic-coordinate-
based diffusion models to infer ancestral distribution ranges in fungi. Similarly, there
are very few studies that have applied palaco-distribution modeling to infer refugial
areas during the last glacial maximum (Sanchez-Ramirez et al. 2015b; Feng et al.
2016), in spite of its great potential to understand EcM population dynamics during
the last tens of thousands of years.

Acknowledgements We would like to thank the non-anonymous referee P. B. Matheny and
L. Tedersoo for insightful comments and suggestions on a previous version of the manuscript.
S.S.R. additionally thanks J.-M. Moncalvo and K. G. Peay for stimulating conversations about
mycorrhizal biogeography, and R. W. Murphy and E. H. Stukenbrock for providing a working
space. A.W.W. thanks P. G. Kennedy for suggestions about host recognition methodologies.

References

Abarenkov K, Nilsson HR, Larsson K-H, Alexander 1J, Eberhardt U, Erland S et al (2010) The
UNITE database for molecular identification of fungi — recent updates and future perspectives.
New Phytol 186:281-285

Ackermann M, Doebeli M (2004) Evolution of niche width and adaptive diversification. Evolution
58:2599-2612

Alexander 1J (2006) Ectomycorrhizas — out of Africa? New Phytol 172:589-591

Altschul SF, Gish W, Miller W, Myers EW (1990) Basic local alignment search tool. ] Mol Evol
215:403-410

Arnold AE (2007) Understanding the diversity of foliar endophytic fungi: progress, challenges,
and frontiers. Fungal Biol Rev 21:51-66

Arnold AE, Lutzoni F (2007) Diversity and host range of foliar fungal endophytes: are tropical
leaves biodiversity hotspots? Ecology 88:541-549

Askin RA, Spicer RA (1995) The late Cretaceous and Cenozoic history of vegetation and climate
in Northern and Southern high latitudes. In: Board on Earth Sciences and Resources
(ed) Effects of past global change on life, studies in geophysics. National Academy,
Washington, DC, pp 156-173

Avise JC (2000) Phylogeography. Harvard University Press, Cambridge


http://www.worldclim.org

24 S. Sanchez-Ramirez et al.

Avise JC (2009) Phylogeography: retrospect and prospect. J Biogeogr 36:3—15

Avise JC, Wollenberg K (1997) Phylogenetics and the origin of species. PNAS 94:7748-7755

Avise JC, Arnold J, Ball RM, Bermingham E (1987) Intraspecific phylogeography: the mitochon-
drial DNA bridge between population genetics and systematics. Annu Rev Ecol Syst
18:489-522

Baas-Becking LGM (1934) Geobiologie of inleiding tot de milieukunde. W.P. Van Stockum &
Zoon, The Hague

Bakker den HC, Zuccarello GC, Kuyper TW, Noordeloos ME (2004) Evolution and host speci-
ficity in the ectomycorrhizal genus Leccinum. New Phytol 163:201-215

Baldrian P (2009) Ectomycorrhizal fungi and their enzymes in soils: is there enough evidence for
their role as facultative soil saprotrophs? Oecologia 161:657-660

Barraclough TG, Nee S (2001) Phylogenetics and speciation. Trends Ecol Evol 16:391-399

Beaulieu JM, O’Meara BC (2016) Detecting hidden diversification shifts in models of trait-
dependent speciation and extinction. Syst Biol 65:583-601

Beaulieu JM, Ree RH, Cavender-Bares J, Weiblen GD, Donoghue MJ (2012) Synthesizing
phylogenetic knowledge for ecological research. Ecology 93:5S4-S13

Beheregaray LB (2008) Twenty years of phylogeography: the state of the field and the challenges
for the Southern Hemisphere. Mol Ecol 17:3754-3774

Beimforde C, Schifer N, Dorfelt H, Nascimbene PC, Singh H, Heinrichs J, Reitner J, Rana RS,
Schmidt AR (2011) Ectomycorrhizas from a Lower Eocene angiosperm forest. New Phytol
192:988-996

Berbee ML, Taylor JW (2001) Fungal molecular evolution: gene trees and geologic time. In:
McLaughlin DJ, McLaughlin EG, Lemke PA (eds) Systematics and evolution. Springer,
Berlin, pp 229-245

Berbee ML, Taylor JW (2010) Dating the molecular clock in fungi - how close are we? Fungal
Biol Rev 24:1-16

Berendse F, Scheffer M (2009) The angiosperm radiation revisited, an ecological explanation for
Darwin’s “abominable mystery”. Ecol Lett 12:865-872

Bidartondo MI (2005) The evolutionary ecology of myco-heterotrophy. New Phytol 167:335-352

Bidartondo MI, et al (2008) Preserving accuracy in GenBank. Science 319:1616a

Bidartondo MI, Bruns TD (2002) Fine-level mycorrhizal specificity in the Monotropoideae
(Ericaceae): specificity for fungal species groups. Mol Ecol 11:557-569

Bidartondo MI, Bruns TD (2005) On the origins of extreme mycorrhizal specificity in the
Monotropoideae (Ericaceae): performance trade-offs during seed germination and seedling
development. Mol Ecol 14:1549-1560

Bielejec F, Rambaut A, Suchard MA, Lemey P (2011) SPREAD: spatial phylogenetic reconstruc-
tion of evolutionary dynamics. Bioinformatics 27:2910-2912

Birand A, Vose A, Gavrilets S (2012) Patterns of species ranges, speciation, and extinction. Am
Nat 179:1-21

Bisby GR (1943) Geographical distribution of fungi. Bot Rev 9:466—482

Blackwell M (2011) The Fungi: 1, 2, 3 ... 5.1 million species? Am J Bot 98:426-438

Blackwell M, Hibbett DS, Taylor JW, Spatafora JW (2006) Research coordination networks: a
phylogeny for kingdom Fungi (Deep Hypha). Mycologia 98:829-837

Bloomquist EW, Lemey P, Suchard MA (2010) Three roads diverged? Routes to phylogeographic
inference. Trends Ecol Evol 25:626-632

Bonfante P, Genre A (2010) Mechanisms underlying beneficial plant—fungus interactions in
mycorrhizal symbiosis. Nat Commun 1:48

Bonito G, Smith ME, Nowak M, Healy RA, Guevara G, Cazares E et al (2013) Historical
biogeography and diversification of truffles in the Tuberaceae and their newly identified
southern hemisphere sister lineage. PLoS One 8:€52765

Bouckaert R, Lemey P, Dunn M, Greenhill SJ, Alekseyenko AV, Drummond AJ et al (2012)
Mapping the origins and expansion of the Indo-European language family. Science
337:957-960



1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 25

Bouckaert R, Heled J, Kiihnert D, Vaughan T, Wu C-H, Xie D et al (2014) BEAST 2: a software
platform for Bayesian evolutionary analysis. PLoS Comput Biol 10:e1003537-1003536

Brown JH (2014) Why are there so many species in the tropics? J Biogeogr 41:8-22

Brown JKM, Hovmgller MS (2002) Aerial dispersal of pathogens on the global and continental
scales and its impact on plant disease. Science 297:537-541

Brown WM, George M, Wilson AC (1979) Rapid evolution of animal mitochondrial DNA. PNAS
76:1967-1971

Brundrett MC (2002) Coevolution of roots and mycorrhizas of land plants. New Phytol
154:275-304

Bruns TD, Gardes M (1993) Molecular tools for the identification of ectomycorrhizal fungi—
taxon-specific oligonucleotide probes for suilloid fungi. Mol Ecol 2:233-242

Bruns TD, Shefferson RP (2004) Evolutionary studies of ectomycorrhizal fungi: recent advances
and future directions. Can J Bot 82:1122-1132

Bruns TD, Szaro TM (1992) Rate and mode differences between nuclear and mitochondrial small-
subunit rRNA genes in mushrooms. Mol Biol Evol 9:836-855

Bruns TD, Taylor JW (2016) Comment on “Global assessment of arbuscular mycorrhizal fungus
diversity reveals very low endemism”. Science 351:826-826

Bruns TD, White TJ, Taylor JW (1991) Fungal molecular systematics. Annu Rev Ecol Syst
22:525-564

Bruns TD, Szaro TM, Gardes M, Cullings KW (1998) A sequence database for the identification of
ectomycorrhizal basidiomycetes by phylogenetic analysis. Mol Ecol 7:257-272

Bruns TD, Bidartondo MI, Taylor DL (2002) Host specificity in ectomycorrhizal communities:
what do the exceptions tell us? Integr Comp Biol 42:352-359

Bryson RW, Prendini L, Savary WE, Pearman PB (2014) Caves as microrefugia: Pleistocene
phylogeography of the troglophilic North American scorpion Pseudouroctonus reddelli. BMC
Evol Biol 14:9

Burgess ND, Edwards D (1991) Classification of uppermost Ordovician to Lower Devonian
tubular and lamentous macerals from the Anglo-Welsh Basin. Bot J Linn Soc 106:41-66

Butler MA, King AA (2004) Phylogenetic comparative analysis: a modeling approach for adaptive
evolution. Am Nat 164:683—-695

Butlin R, Bridle J, Schluter D (2009) Speciation and patterns of diversity. Cambridge University
Press, New York

Cadotte MW, Davies TJ (2016) Phylogenies in ecology. Princeton University Press, Princeton

Cai Q, Tulloss RE, Tang LP, Tolgor B, Zhang P, Chen ZH, Yang ZL (2014) Multi-locus
phylogeny of lethal amanitas: implications for species diversity and historical biogeography.
BMC Evol Biol 14:143

Camargo A, Morando M, Avila LJ, Sites JW Jr (2012) Species delimitation with ABC and other
coalescent-based methods: a test of accuracy with simulations and an empirical example with
lizards of the Liolaemus darwinii complex (Squamata: Liolaemidae). Evolution 66:2834-2849

Carstens BC, Pelletier TA, Reid NM, Satler JD (2013) How to fail at species delimitation. Mol
Ecol 22:4369-4383

Cavender-Bares J, Kozak KH, Fine PVA, Kembel SW (2009) The merging of community ecology
and phylogenetic biology. Ecol Lett 12:693-715

Chapela IH, Garbelotto M (2004) Phylogeography and evolution in matsutake and close allies
inferred by analyses of ITS sequences and AFLPs. Mycologia 96:730-741

Chaudhary VB, Lau MK, Johnson NC (2008) Macroecology of microbes — biogeography of the
Glomeromycota. In: Varma A (ed) Mycorrhiza. Springer, Berlin, pp 529-563

Clegg MT, Gaut BS, Learn GH, Morton BR (1994) Rates and patterns of chloroplast DNA
evolution. PNAS 91:6795-6801

Corby-Harris V, Pontaroli AC, Shimkets LJ, Bennetzen JL, Habel KE, Promislow DE L (2007)
Geographical distribution and diversity of bacteria associated with natural populations of
Drosophila melanogaster. Appl Environ Microbiol 73:3470-3479



26 S. Sanchez-Ramirez et al.

Crisci JV, Katinas L, Posadas P (2003) Historical biogeography. Harvard University Press,
Cambridge

Crisp MD, Cook LG (2009) Explosive radiation or cryptic mass extinction? Interpreting signatures
in molecular phylogenies. Evolution 63:2257-2265

Cutter AD (2013) Integrating phylogenetics, phylogeography and population genetics through
genomes and evolutionary theory. Mol Phylogenet Evol 69:1172-1185

Dahlberg A (2001) Community ecology of ectomycorrhizal fungi: an advancing interdisciplinary
field. New Phytol 150:555-562

Davis MP, Midford PE, Maddison W (2013) Exploring power and parameter estimation of the
BiSSE method for analyzing species diversification. BMC Evol Biol 13:38

Davison J, Moora M, Opik M, Adholeya A (2015) Global assessment of arbuscular mycorrhizal
fungus diversity reveals very low endemism. Science 349:970-973

Dayrat B (2005) Towards integrative taxonomy. Biol J Linn Soc 85:407-415

De Queiroz K (2007) Species concepts and species delimitation. Syst Biol 56:879-886

Dennis RL (1969) Fossil mycelium with clamp connections from the Middle Pennsylvanian.
Science 163:670-671

Dennis RL (1970) A Middle Pennsylvanian basidiomycete mycelium with clamp connections.
Mycologia 62:578-584

Dickie IA, Moyersoen B (2008) Towards a global view of ectomycorrhizal ecology. New Phytol
180:263-265

Dornburg A, Federman S, Eytan RI, Near TJ (2016) Cryptic species diversity in sub-Antarctic
islands: a case study of Lepidonotothen. Mol Phylogenet Evol 104:32-43

Dotzler N, Krings M, Taylor TN, Agerer R (2006) Germination shields in Scutellospora
(Glomeromycota: Diversisporales, Gigasporaceae) from the 400 million-year-old Rhynie
chert. Mycol Prog 5:178-184

Douhan GW, Vincenot L, Gryta H, Selosse M-A (2011) Population genetics of ectomycorrhizal
fungi: from current knowledge to emerging directions. Fungal Biol 115:569-597

Drummond AJ, Bouckaert RR (2015) Bayesian evolutionary analysis with BEAST. Cambridge
University Press, Cambridge

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by sampling trees.
BMC Evol Biol 7:214

Drummond AJ, Suchard MA (2010) Bayesian random local clocks, or one rate to rule them all.
BMC Biol 8:114

Drummond AJ, Pybus OG, Rambaut A, Forsberg R, Rodrigo AG (2003) Measurably evolving
populations. Trends Ecol Evol 18:481-488

Drummond AJ, Ho SYW, Phillips MJ, Rambaut A (2006) Relaxed phylogenetics and dating with
confidence. PLoS Biol 4:e88

Drummond AJ, Suchard MA, Xie D, Rambaut A (2012) Bayesian phylogenetics with BEAUti and
the BEAST 1.7. Mol Biol Evol 29:1969-1973

Dunstan WA, Dell B, Malajczuk N (1998) The diversity of ectomycorrhizal fungi associated with
introduced Pinus spp. in the Southern Hemisphere, with particular reference to Western
Australia. Mycorrhiza 8:71-79

Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST. Bioinformatics
26:2460-2461

Etienne RS, Rosindell J (2012) Prolonging the past counteracts the pull of the present: protracted
speciation can explain observed slowdowns in diversification. Syst Biol 61:204-213

Etienne RS, Haegeman B, Stadler T, Aze T, Pearson PN, Purvis A, Phillimore AB (2012)
Diversity-dependence brings molecular phylogenies closer to agreement with the fossil record.
Proc R Soc B 279:1300-1309

Felsenstein J (1988) Phylogenies and quantitative characters. Annu Rev Ecol Syst 19:445-471

Feng B, Xu J, Wu G, Zeng N-K, Li Y-C, Tolgor B et al (2012) DNA sequence analyses reveal
abundant diversity, endemism and evidence for Asian origin of the porcini mushrooms. PLoS
One 7:€37567-e37512



1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 27

Feng B, Zhao Q, Xu J, Qin J, Yang ZL (2016) Drainage isolation and climate change-driven
population expansion shape the genetic structures of Tuber indicum complex in the Hengduan
Mountains region. Sci Rep 6:21811

Finlay BJ (2002) Global dispersal of free-living microbial eukaryote species. Science
296:1061-1063

FitzJohn RG (2010) Quantitative traits and diversification. Syst Biol 59:619-633

FitzJohn RG (2012) Diversitree: comparative phylogenetic analyses of diversification in
R. Methods Ecol Evol 3:1084—-1092

Frgslev TG, Matheny PB, Hibbett DS (2005) Lower level relationships in the mushroom genus
Cortinarius (Basidiomycota, Agaricales): a comparison of RPB1, RPB2, and ITS phylogenies.
Mol Phylogenet Evol 37:602-618

Fujisawa T, Barraclough TG (2013) Delimiting species using single-locus data and the generalized
mixed Yule coalescent approach: a revised method and evaluation on simulated data sets. Syst
Biol 62:707-724

Gardes M, Bruns TD (1996) Community structure of ectomycorrhizal fungi in a Pinus muricata
forest: above-and below-ground views. Can J Bot 74:1572-1583

Gavin DG, Fitzpatrick MC, Gugger PF, Heath KD, Rodriguez-Sanchez F, Dobrowski SZ et al
(2014) Climate refugia: joint inference from fossil records, species distribution models and
phylogeography. New Phytol 204:37-54

Geml J, Laursen GA, O’Neill K, Nusbaum HC, Taylor DL (2006) Beringian origins and cryptic
speciation events in the fly agaric (Amanita muscaria). Mol Ecol 15:225-239

Geml J, Tulloss RE, Laursen GA, Sazanova NA, Taylor DL (2008) Evidence for strong inter- and
intracontinental phylogeographic structure in Amanita muscaria, a wind-dispersed
ectomycorrhizal basidiomycete. Mol Phylogenet Evol 48:694-701

Geml J, Timling I, Robinson CH, Lennon N, Nusbaum HC, Brochmann C et al (2011) An arctic
community of symbiotic fungi assembled by long-distance dispersers: phylogenetic diversity
of ectomycorrhizal basidiomycetes in Svalbard based on soil and sporocarp DNA. J Biogeogr
39:74-88

Gernandt DS, Magallon S, Geada Lopez G, Zerdn Flores O, Willyard A, Liston A (2008) Use of
simultaneous analyses to guide fossil-based calibrations of Pinaceae phylogeny. Int J Plant Sci
169:1086-1099

Giovannetti M, Sbrana C (1998) Meeting a non-host: the behaviour of AM fungi. Mycorrhiza
8:123-130

Goldberg EE, Lancaster LT, Ree RH (2011) Phylogenetic inference of reciprocal effects between
geographic range evolution and diversification. Syst Biol 60:451-465

Grummer JA, Bryson RW, Reeder TW (2014) Species delimitation using Bayes factors: simula-
tions and application to the Sceloporus scalaris species group (Squamata: Phrynosomatidae).
Syst Biol 63:119-133

Halling RE (2001) Ectomycorrhizae: co-evolution, significance, and biogeography. Ann Mo Bot
Gard 88:5-13

Halling RE, Osmundson TW, Neves M-A (2008) Pacific boletes: implications for biogeographic
relationships. Mycol Res 112:437-447

Hansen TF (1997) Stabilizing selection and the comparative analysis of adaptation. Evolution
51:1341-1351

Hawksworth DL (2001) The magnitude of fungal diversity: the 1.5 million species estimate
revisited. Mycol Res 105:1422-1432

Heath TA, Zwickl DJ, Kim J, Hillis DM (2008) Taxon sampling affects inferences of macroevo-
lutionary processes from phylogenetic trees. Syst Biol 57:160-166

Heath TA, Huelsenbeck JP, Stadler T (2014) The fossilized birth-death process for coherent
calibration of divergence-time estimates. PNAS 111:E2957-E2966

Heled J, Drummond AJ (2010) Bayesian inference of species trees from multilocus data. Mol Biol
Evol 27:570-580



28 S. Sanchez-Ramirez et al.

Helgason T, Fitter AH (2009) Natural selection and the evolutionary ecology of the arbuscular
mycorrhizal fungi (Phylum Glomeromycota). J Exp Bot 60:2465-2480

Hess J, Pringle A (2014) The natural histories of species and their genomes: asymbiotic and
ectomycorrhizal Amanita fungi. Adv Bot Res 70:235-257

Hess J, Skrede I, Wolfe BE, LaButti K, Ohm RA, Grigoriev IV, Pringle A (2014) Transposable
element dynamics among asymbiotic and ectomycorrhizal Amanita fungi. Genome Biol Evol
6:1564-1578

Hibbett D (2016) The invisible dimension of fungal diversity. Science 351:1150-1151

Hibbett DS, Binder M (2002) Evolution of complex fruiting-body morphologies in
homobasidiomycetes. Proc R Soc B 269:1963—-1969

Hibbett DS, Pine EM, Langer E, Langer G, Donoghue MJ (1997a) Evolution of gilled mushrooms
and puffballs inferred from ribosomal DNA sequences. PNAS 94:12002-12006

Hibbett D, Grimaldi D, Donoghue M (1997b) Fossil mushrooms from Miocene and Cretaceous
ambers and the evolution of Homobasidiomycetes. Am J Bot 84:981

Hibbett DS, Gilbert LB, Donoghue MJ (2000) Evolutionary instability of ectomycorrhizal sym-
bioses in basidiomycetes. Nature 407:506-508

Hibbett DS, Ohman A, Glotzer D, Nuhn M, Kirk P, Nilsson RH (2011) Progress in molecular and
morphological taxon discovery in fungi and options for formal classification of environmental
sequences. Fungal Biol Rev 25:38-47

Hickerson MJ, Carstens BC, Cavender-Bares J, Crandall KA, Graham CH, Johnson JB et al (2010)
Phylogeography’s past, present, and future: 10 years after Avise, 2000. Mol Phylogenet Evol
54:291-301

Hillebrand H (2004) On the generality of the latitudinal diversity gradient. Am Nat 163:192-211

Hinchliff CE, Smith SA, Allman JF, Burleigh JG, Chaudhary R, Coghill LM et al (2015) Synthesis
of phylogeny and taxonomy into a comprehensive tree of life. PNAS 112:12764-12769

Ho SYW (2014) The changing face of the molecular evolutionary clock. Trends Ecol Evol
29:496-503

Ho SYW, Duchéne S (2014) Molecular-clock methods for estimating evolutionary rates and
timescales. Mol Ecol 23:5947-5965

Ho SYW, Phillips MJ (2009) Accounting for calibration uncertainty in phylogenetic estimation of
evolutionary divergence times. Syst Biol 58:367-380

Horak E (1983) Mycogeography in the South Pacific region: Agaricales, Boletales. Aust J Bot
10:1-41

Horton TR, Bruns TD (2001) The molecular revolution in ectomycorrhizal ecology: peeking into
the black-box. Mol Ecol 10:1855-1871

Hosaka K, Castellano MA, Spatafora JW (2008) Biogeography of Hysterangiales
(Phallomycetidae, Basidiomycota). Mycol Res 112:448-462

Huang J-P, Knowles LL (2016) The species versus subspecies conundrum: quantitative delimita-
tion from integrating multiple data types within a single Bayesian approach in Hercules
beetles. Syst Biol 65:685-699

Hubbell SP (2001) The unified neutral theory of biodiversity and biogeography. Princeton
University Press, Princeton

Hughes KW, Petersen RH, Lickey EB (2009) Using heterozygosity to estimate a percentage DNA
sequence similarity for environmental species’ delimitation across basidiomycete fungi. New
Phytol 182:795-798

Jablonski D (2008) Extinction and the spatial dynamics of biodiversity. PNAS 105:11528-11535

Jargeat P, Martos F, Carriconde F, Gryta H, Moreau P-A, Gardes M (2010) Phylogenetic species
delimitation in ectomycorrhizal fungi and implications for barcoding: the case of the
Tricholoma scalpturatum complex (Basidiomycota). Mol Ecol 19:5216-5230

Jeandroz S, Murat C, Wang Y, Bonfante P, Tacon FL (2008) Molecular phylogeny and historical
biogeography of the genus Tuber, the “true truffles”. J Biogeogr 35:815-829

Jones GR (2014) STACEY:: species delimitation and phylogeny estimation under the multispecies
coalescent bioRxiv, 010199. doi:10.1101/010199


http://dx.doi.org/10.1101/010199

1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 29

Joy JB, Liang RH, McCloskey RM, Nguyen T, Poon AFY (2016) Ancestral reconstruction. PLoS
Comp Biol 12:¢1004763—1004720

Katoh K, Standley DM (2013) MAFFT: multiple sequence alignment software version 7: improve-
ments in performance and usability. Mol Biol Evol 30:772-780

Kauserud H, Stensrud @, Decock C, Shalchian-Tabrizi K, Schumacher T (2006) Multiple gene
genealogies and AFLPs suggest cryptic speciation and long-distance dispersal in the basidio-
mycete Serpula himantioides (Boletales). Mol Ecol 15:421-431

Kennedy PG, Garibay-Orijel R, Higgins LM, Angeles-Arguiz R (2011) Ectomycorrhizal fungi in
Mexican Alnus forests support the host co-migration hypothesis and continental-scale patterns
in phylogeography. Mycorrhiza 21(6):559-568

Kennedy PG, Matheny PB, Ryberg KM, Henkel TW, Uehling JK, Smith ME (2012) Scaling up:
examining the macroecology of ectomycorrhizal fungi. Mol Ecol 21:4151-4154

Kennedy PG, Walker JKM, Bogar LM (2015) Interspecific mycorrhizal networks and
non-networking hosts: exploring the ecology of the host genus Alnus. In: Horton T
(ed) Mycorrhizal networks, Ecological studies, vol 224. Springer, Dordrecht, pp 227-254

Kivlin SN, Hawkes CV, Treseder KK (2011) Global diversity and distribution of arbuscular
mycorrhizal fungi. Soil Biol Biochem 43:2294-2303

Knowles LL (2009) Statistical phylogeography. Annu Rev Ecol Evol Syst 40:593-612

Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F et al (2015) Convergent losses of decay
mechanisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat Genet
47:410415

Koljalg U, Larsson K-H, Abarenkov K, Nilsson RH, Alexander 1J, Eberhardt U et al (2005)
UNITE: a database providing web-based methods for the molecular identification of
ectomycorrhizal fungi. New Phytol 166:1063—1068

Kretzer A, Li Y, Szaro T, Bruns TD (1996) Internal transcribed spacer sequences from 38 recog-
nized species of Suillus sensu lato: phylogenetic and taxonomic implications. Mycologia
88:776

Krings M, Dotzler N, Galtier J, Taylor TN (2011) Oldest fossil basidiomycete clamp connections.
Mycoscience 52:18-23

Kumar S (2005) Molecular clocks: four decades of evolution. Nat Rev Genet 6:654—662

Landis MJ, Bedford T (2014) Phylowood: interactive web-based animations of biogeographic and
phylogeographic histories. Bioinformatics 30:123-124

Landis MJ, Matzke NJ, Moore BR, Huelsenbeck JP (2013) Bayesian analysis of biogeography
when the number of areas is large. Syst Biol 62:789-804

Lavin M, Luckow M (1993) Origins and relationships of tropical North America in the context of
the boreotropics hypothesis. Am J Bot 80:1-14

Leavitt SD, Fankhauser JD, Leavitt DH, Porter LD, Johnson LA, St Clair LL (2011a) Complex
patterns of speciation in cosmopolitan “rock posy” lichens — discovering and delimiting cryptic
fungal species in the lichen-forming Rhizoplaca melanophthalma species-complex
(Lecanoraceae, Ascomycota). Mol Phylogenet Evol 59:587-602

Leavitt SD, Johnson L, St Clair LL (2011b) Species delimitation and evolution in morphologically
and chemically diverse communities of the lichen-forming genus Xanthoparmelia
(Parmeliaceae, Ascomycota) in western North America. Am J Bot 98:175-188

Leavitt SD, Divakar PK, Ohmura Y, Wang L-S, Esslinger TL, Lumbsch HT (2015) Who’s getting
around? Assessing species diversity and phylogeography in the widely distributed lichen-
forming fungal genus Montanelia (Parmeliaceae, Ascomycota). Mol Phylogenet Evol
90:85-96

Lemey P, Rambaut A, Drummond AJ, Suchard MA (2009) Bayesian phylogeography finds its
roots. PLoS Comput Biol 5:¢1000520

Lemey P, Rambaut A, Welch JJ, Suchard MA (2010) Phylogeography takes a relaxed random
walk in continuous space and time. Mol Biol Evol 27:1877-1885

Lemmon A, Lemmon EM (2008) A likelihood framework for estimating phylogeographic history
on a continuous landscape. Syst Biol 57:544-561



30 S. Sanchez-Ramirez et al.

LePage B, Currah R, Stockey R, Rothwell G (1997) Fossil ectomycorrhizae from the Middle
Eocene. Am J Bot 84:410—412

Lichtwardt RW (1995) Biogeography and fungal systematics. Can J Bot 73:731-737

Lidgard S, Crane PR (1988) Quantitative analyses of the early angiosperm radiation. Nature
331:344-346

Lieberman BS (2003) Paleobiogeography: the relevance of fossils to biogeography. Annu Rev
Ecol Evol Syst 34:51-69

Linde CC, Phillips RD, Crisp MD, Peakall R (2014) Congruent species delineation of Tulasnella
using multiple loci and methods. New Phytol 201:6—12

Linder HP, Hardy CR, Rutschmann F (2005) Taxon sampling effects in molecular clock dating: an
example from the African Restionaceae. Mol Phylogenet Evol 35:569-582

Lindner DL, Banik MT (2011) Intragenomic variation in the ITS rDNA region obscures phylo-
genetic relationships and inflates estimates of operational taxonomic units in genus Laetiporus.
Mycologia 103:731-740

Liow LH (2010) Speciation and the fossil record. In: Encyclopedia of life ELS. Wiley, Chichester,
pp 1-10

Liu L, Yu L, Kubatko L, Pearl DK, Edwards SV (2009) Coalescent methods for estimating
phylogenetic trees. Mol Phylogenet Evol 53:320-328

Looney BP, Ryberg M, Hampe F, Sanchez-Garcia M, Matheny PB (2016) Into and out of the
tropics: global diversification patterns in a hyperdiverse clade of ectomycorrhizal fungi. Mol
Ecol 25:630-647

Lucking R, Huhndorf S, Pfister DH, Plata ER, Lumbsch HT (2009) Fungi evolved right on track.
Mycologia 101:810-822

Lumbsch HT, Buchanan PK, May TW, Mueller GM (2008) Phylogeography and biogeography of
fungi. Mycol Res 112:423-424

Maddison WP, FitzJohn RG (2015) The unsolved challenge to phylogenetic correlation tests for
categorical characters. Syst Biol 64:127-136

Maddison DR, Ruvolo M, Swofford DL (1992) Geographic origins of human mitochondrial DNA:
phylogenetic evidence from control region sequences. Syst Biol 41:111-124

Maddison W, Midford P, Otto S (2007) Estimating a binary character’s effect on speciation and
extinction. Syst Biol 56:701-710

Magallon S, Sanderson MJ (2001) Absolute diversification rates in angiosperm clades. Evolution
55:1762-1780

Mallo D, Posada D (2016) Multilocus inference of species trees and DNA barcoding. Philos Trans
R Soc Lond B 371:20150335

Malloch DW, Pirozynski KA, Raven PH (1980) Ecological and evolutionary significance of
mycorrhizal symbioses in vascular plants (a review). PNAS 77:2113-2118

Martin F, Diez J, Dell B, Delaruelle C (2002) Phylogeography of the ectomycorrhizal Pisolithus
species as inferred from nuclear ribosomal DNA ITS sequences. New Phytol 153:345-357

Martiny JBH, Bohannan BJM, Brown JH, Colwell RK, Fuhrman JA, Green JL et al (2006)
Microbial biogeography: putting microorganisms on the map. Nat Rev Microbiol 4:102-112

Matheny PB, Aime MC, Bougher NL, Buyck B, Desjardin DE, Horak E et al (2009) Out of the
Palaeotropics? Historical biogeography and diversification of the cosmopolitan
ectomycorrhizal mushroom family Inocybaceae. J Biogeogr 36:577-592

Matute DR (2006) Cryptic speciation and recombination in the fungus paracoccidioides
brasiliensis as revealed by gene genealogies. Mol Biol Evol 23:65-73

Matzke N, McEwen JG, Puccia R, Montes BA, San-Blas G, Bagagli E, et al (2013)
BioGeoBEARS: BioGeography with Bayesian (and Likelihood) evolutionary analysis in R
scripts. University of California, Berkeley. http://phylo.wikidot.com/biogeobears

McPeek MA (2008) The ecological dynamics of clade diversification and community assembly.
Am Nat 172:E270-E284


http://phylo.wikidot.com/biogeobears

1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 31

Meseguer AS, Lobo JM, Ree R, Beerling DJ, Sanmartin I (2015) Integrating fossils, phylogenies,
and niche models into biogeography to reveal ancient evolutionary history: the case of
Hypericum (Hypericaceae). Syst Biol 64:215-232

Mittelbach GG, Schemske DW, Cornell HV, Allen AP, Brown JM, Bush MB et al (2007)
Evolution and the latitudinal diversity gradient: speciation, extinction and biogeography.
Ecol Lett 10:315-331

Moen D, Morlon H (2014) Why does diversification slow down? Trends Ecol Evol 29:190-197

Molina R, Massicotte H, Trappe JM (1992) Specificity phenomena in mycorrhizal symbioses:
community-ecological consequences and practical implications. In: Allen MF
(ed) Mycorrhizal functioning: an integrative plant-fungal process. Chapman & Hall,
New York, pp 357-423

Moncalvo J-M, Buchanan PK (2008) Molecular evidence for long distance dispersal across the
Southern Hemisphere in the Ganoderma applanatum-australe species complex
(Basidiomycota). Mycol Res 112:425-436

Moncalvo JM, Drehmel D, Vilgalys R (2000) Variation in modes and rates of evolution in nuclear
and mitochondrial ribosomal DNA in the mushroom genus Amanita (Agaricales,
Basidiomycota): phylogenetic implications. Mol Phylogenet Evol 16:48-63

Moncalvo JM, Vilgalys R, Redhead SA (2002) One hundred and seventeen clades of euagarics.
Mol Phylogenet Evol 23:357-400

Moore BR, Hohna S, May MR, Rannala B, Huelsenbeck JP (2016) Critically evaluating the theory
and performance of Bayesian analysis of macroevolutionary mixtures. PNAS 113:9569-9574

Morlon H, Potts MD, Plotkin JB (2010) Inferring the dynamics of diversification: a coalescent
approach. PLoS Biol 8:¢1000493

Moyersoen B (2006) Pakaraimaea dipterocarpacea is ectomycorrhizal, indicating an ancient
Gondwanaland origin for the ectomycorrhizal habit in Dipterocarpaceac. New Phytol
172:753-762

Moyersoen B, Beever RE, Martin F (2003) Genetic diversity of Pisolithus in New Zealand
indicates multiple long-distance dispersal from Australia. New Phytol 160:569-579

Mueller GM, Wu Q-X, Huang Y-Q, Guo S-Y, Aldana-Gomez R, Vilgalys R (2001) Assessing
biogeographic relationships between North American and Chinese macrofungi. J Biogeogr
28:271-281

Mueller GM, Schmit JP, Leacock PR, Buyck B, Cifuentes J, Desjardin DE et al (2007) Global
diversity and distribution of macrofungi. Biodivers Conserv 16:37—48

Muir G, Schiotterer C (1999) Limitations to the phylogenetic use of ITS sequences in closely
related species and populations — a case study in Quercus petraea (Matt.) Liebl: http://webdoc.
sub.gwdg.de/ebook/y/1999/whichmarker/index.htm. Last Accessed 18 Oct 2016

Nagendran S, Hallen-Adams HE, Paper JM, Aslam N, Walton JD (2009) Reduced genomic
potential for secreted plant cell-wall-degrading enzymes in the ectomycorrhizal fungus
Amanita bisporigera, based on the secretome of Trichoderma reesei. Fungal Genet Biol
46:427-435

Nagy LG, Hazi J, Szappanos B, Kocsube S, Balint B, Rakhely G et al (2012) The evolution of
defense mechanisms correlate with the explosive diversification of autodigesting Coprinellus
mushrooms (Agaricales, Fungi). Syst Biol 61:595-607

Nee S (2006) Birth-death models in macroevolution. Annu Rev Ecol Evol Syst 37:1-17

Nee S, Mooers AO, Harvey PH (1992) Tempo and mode of evolution revealed from molecular
phylogenies. PNAS 89:8322-8326

Nguyen N, Vellinga EC, Bruns TD, Kennedy P (2016) Phylogenetic assessment of global Suillus
ITS sequences supports morphologically defined species and reveals synonymous and
undescribed taxa. Mycologia 108(6):1216—-1228

Nilsson RH, Kristiansson E, Ryberg M, Hallenberg N, Larsson K-H (2008) Intraspecific ITS
variability in the kingdom fungi as expressed in the international sequence databases and its
implications for molecular species identification. Evol Bioinform 4:193-201


http://webdoc.sub.gwdg.de/ebook/y/1999/whichmarker/index.htm
http://webdoc.sub.gwdg.de/ebook/y/1999/whichmarker/index.htm

32 S. Sanchez-Ramirez et al.

O’Donnell K, Cigelnik E, Nirenberg HI (1998) Molecular systematics and phylogeography of the
Gibberella fujikuroi species complex. Mycologia 90:465-493

O’Meara BC (2012) Evolutionary inferences from phylogenies: a review of methods. Annu Rev
Ecol Evol Syst 43:267-285

O’Brien HE, Parrent JL, Jackson JA, Moncalvo JM, Vilgalys R (2005) Fungal community analysis
by large-scale sequencing of environmental samples. Appl Environ Microbiol 71:5544-5550

Oda T, Tanaka C, Tsuda M (2004) Molecular phylogeny and biogeography of the widely
distributed Amanita species, A. muscaria and A. pantherina. Mycol Res 108:885-896

Opik M, Zobel M, Cantero JJ, Davison J, Facelli JM, Hiiesalu I et al (2013) Global sampling of plant
roots expands the described molecular diversity of arbuscular mycorrhizal fungi. Mycorrhiza
23:411-430

Pagano MC, Oehl F, Silva GA, Maia LC, Silva DK, Cabello MN (2016) Advances in arbuscular
mycorrhizal taxonomy. In: Pagano MC (ed) Recent advances on mycorrhizal fungi. Springer,
Cham, pp 15-21

Pagel M (1994) Detecting correlated evolution on phylogenies: a general method for the compar-
ative analysis of discrete characters. Proc R Soc B 255:37-45

Pagel M (1999) The maximum likelihood approach to reconstructing ancestral character states of
discrete characters on phylogenies. Syst Biol 48:612-622

Pagel M, Meade A, Barker D (2004) Bayesian estimation of ancestral character states on
phylogenies. Syst Biol 53:673-684

Paradis E, Claude J, Strimmer K (2004) APE: analyses of phylogenetics and evolution in R
language. Bioinformatics 20:289-290

Peay KG, Matheny PB (2016) The biogeography of ectomycorrhizal fungi — a history of life in the
subterranean. In: Martin F (ed) Molecular mycorrhizal symbiosis. Wiley, Hoboken, pp
341-362

Peay KG, Bruns TD, Kennedy PG, Bergemann SE, Garbelotto M (2007) A strong species-area
relationship for eukaryotic soil microbes: island size matters for ectomycorrhizal fungi. Ecol
Lett 10:470-480

Peay KG, Kennedy PG, Bruns TD (2008) Fungal community ecology: a hybrid beast with a
molecular master. Bioscience 58:799-810

Peay KG, Bidartondo MI, Arnold AE (2010a) Not every fungus is everywhere: scaling to the
biogeography of fungal—plant interactions across roots, shoots and ecosystems. New Phytol
185:878-882

Peay KG, Garbelotto M, Bruns TD (2010b) Evidence of dispersal limitation in soil microorgan-
isms: isolation reduces species richness on mycorrhizal tree islands. Ecology 91:3631-3640

Peay KG, Schubert MG, Nguyen NH, Bruns TD (2012) Measuring ectomycorrhizal fungal
dispersal: macroecological patterns driven by microscopic propagules. Mol Ecol
21:4122-4136

Peay KG, Kennedy PG, Talbot JM (2016) Dimensions of biodiversity in the Earth mycobiome.
Nat Rev Microbiol 14:434-447

Philippe H, Delsuc F, Brinkmann H, Lartillot N (2005) Phylogenomics. Annu Rev Ecol Evol Syst
36:541-562

Phillimore AB, Price TD (2008) Density-dependent cladogenesis in birds. PLoS Biol 6:e71

Pinto-Sanchez NR, Crawford AJ, Wiens JJ (2014) Using historical biogeography to test for
community saturation. Ecol Lett 17:1077-1085

Pirozynski KA (1976) Fossil fungi. Annu Rev Phytopathol 14:237-246

Poinar GO Jr (2014) Bird’s nest fungi (Nidulariales: Nidulariaceae) in Baltic and Dominican
amber. Fungal Biol 118:325-329

Poinar GO Jr, Buckley R (2007) Evidence of mycoparasitism and hypermycoparasitism in Early
Cretaceous amber. Mycol Res 111:503-506

Polme S, Bahram M, Yamanaka T, Nara K, Dai YC, Grebenc T et al (2013) Biogeography of
ectomycorrhizal fungi associated with alders (Alnus spp.) in relation to biotic and abiotic
variables at the global scale. New Phytol 198:1239-1249



1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 33

Polme S, Bahram M, Koéljalg U, Tedersoo L (2014) Global biogeography of Alnus-associated
Frankia actinobacteria. New Phytol 204:979-988

Pons J, Barraclough T, Gomez-Zurita J, Cardoso A, Duran D, Hazell S et al (2006) Sequence-
based species delimitation for the dna taxonomy of undescribed insects. Syst Biol 55:595-609

Porter TM, Skillman JE, Moncalvo J-M (2008) Fruiting body and soil rDNA sampling detects
complementary assemblage of Agaricomycotina (Basidiomycota, Fungi) in a hemlock-
dominated forest plot in southern Ontario. Mol Ecol 17:3037-3050

Potter PE, Szatmari P (2009) Global Miocene tectonics and the modern world. Earth Sci Rev
96:279-295

Pringle A, Baker DM, Platt JL, Wares JP, Latgé JP, Taylor JW (2005) Cryptic speciation in the
cosmopolitan and clonal human pathogenic fungus Aspergillus fumigatus. Evolution
59:1886-1899

Pringle A, Adams RI, Cross HB, Bruns TD (2009) The ectomycorrhizal fungus Amanita
phalloides was introduced and is expanding its range on the west coast of North America.
Mol Ecol 18:817-833

Prothero DR, Berggren WA (1992) Eocene-Oligocene climatic and biotic evolution. Princeton
University Press, Princeton

Puillandre N, Lambert A, Brouillet S, Achaz G (2011) ABGD, automatic barcode gap discovery
for primary species delimitation. Mol Ecol 21:1864-1877

Purvis A (2008) Phylogenetic approaches to the study of extinction. Annu Rev Ecol Evol Syst
39:301-319

Pybus OG, Harvey PH (2000) Testing macro-evolutionary models using incomplete molecular
phylogenies. Proc R Soc B 267:2267-2272

Pybus OG, Rambaut A, Holmes EC (2002) New inferences from tree shape: numbers of missing
taxa and population growth rates. Syst Biol 51:881-888

Pyron RA, Wiens JJ (2013) Large-scale phylogenetic analyses reveal the causes of high tropical
amphibian diversity. Proc R Soc B 280:20131622

Pyron RA, Hsieh FW, Lemmon AR, Lemmon EM, Hendry CR (2016) Integrating phylogenomic
and morphological data to assess candidate species-delimitation models in brown and
red-bellied snakes (Storeria). Zool J Linnean Soc 177:937-949

Qian H, Jin Y (2016) An updated megaphylogeny of plants, a tool for generating plant phylogenies
and an analysis of phylogenetic community structure. J Plant Ecol 9:233-239

Qian H, Ricklefs RE (2000) Large-scale processes and the Asian bias in species diversity of
temperate plants. Nature 407:180-182

Queloz V, Sieber TN, Holdenrieder O, McDonald BA, Griinig CR (2011) No biogeographical
pattern for a root-associated fungal species complex. Glob Ecol Biogeogr 20:160—169

R Core Team (2015) R: a language and environment for statistical computing. Vienna. Retrieved
from https://www.R-project.org/

Rabosky DL (2014) Automatic detection of key innovations, rate shifts, and diversity-dependence
on phylogenetic trees. PLoS One 9:89543-e89515

Rabosky DL, Goldberg EE (2015) Model inadequacy and mistaken inferences of trait-dependent
speciation. Syst Biol 64:340-355

Rabosky DL, Lovette IJ (2008) Density-dependent diversification in North American wood
warblers. Proc R Soc B 275:2363-2371

Rabosky DL, Slater GJ, Alfaro ME (2012) Clade age and species richness are decoupled across the
eukaryotic tree of life. PLoS Biol 10:e1001381

Rannala B, Yang Z (2003) Bayes estimation of species divergence times and ancestral population
sizes using DNA sequences from multiple loci. Genetics 164:1645-1656

Rannala B, Yang Z (2013) Improved reversible jump algorithms for Bayesian species delimitation.
Genetics 194:245-253

Raup DM (1985) Mathematical models of cladogenesis. Paleobiology 11:42-52

Redecker D, Raab P (2006) Phylogeny of the Glomeromycota (arbuscular mycorrhizal fungi):
recent developments and new gene markers. Mycologia 98:885-895


https://www.r-project.org/

34 S. Sanchez-Ramirez et al.

Redecker D, Kodner R, Graham LE (2000) Glomalean fungi from the Ordovician. Science
289:1920-1921

Ree RH, Sanmartin I (2009) Prospects and challenges for parametric models in historical biogeo-
graphical inference. J Biogeogr 36:1211-1220

Ree RH, Smith SA (2008) Maximum likelihood inference of geographic range evolution by
dispersal, local extinction, and cladogenesis. Syst Biol 57:4-14

Reid NM, Carstens BC (2012) Phylogenetic estimation error can decrease the accuracy of species
delimitation: a Bayesian implementation of the general mixed Yule-coalescent model. BMC
Evol Biol 12:196

Ricklefs RE (2004) A comprehensive framework for global patterns in biodiversity. Ecol Lett
7:1-15

Ricklefs RE (2006) Evolutionary diversification and the origin of the diversity-environment
relationship. Ecology 87:S3-13

Ricklefs RE (2007) Estimating diversification rates from phylogenetic information. Trends Ecol
Evol 22:601-610

Robinson R (2006) Relaxing the clock brings time back into phylogenetics. PLoS Biol 4:¢106

Ronquist F (1997) Dispersal-vicariance analysis: a new approach to the quantification of historical
biogeography. Syst Biol 46:195-203

Ronquist F, Sanmartin I (2011) Phylogenetic methods in biogeography. Annu Rev Ecol Evol Syst
42:441-464

Rosendahl S, McGee P, Morton JB (2009) Lack of global population genetic differentiation in the
arbuscular mycorrhizal fungus Glomus mosseae suggests a recent range expansion which may
have coincided with the spread of agriculture. Mol Ecol 18:4316-4329

Rouse GE (1962) Plant microfossils from the Burrard formation of western British Columbia.
Micropaleontology 8:187-218

Ryberg M (2015) Molecular operational taxonomic units as approximations of species in the light
of evolutionary models and empirical data from Fungi. Mol Ecol 24:5770-5777

Ryberg M, Matheny PB (2011) Dealing with incomplete taxon sampling and diversification of a
large clade of mushroom-forming fungi. Evolution 65:1862—-1878

Ryberg M, Matheny PB (2012) Asynchronous origins of ectomycorrhizal clades of Agaricales.
Proc R Soc B 279:2003-2011

Sanchez-Ramirez S, Tulloss RE, Amalfi M, Moncalvo J-M (2015a) Palaeotropical origins,
boreotropical distribution and increased rates of diversification in a clade of edible
ectomycorrhizal mushrooms (Amanita section Caesareae). ] Biogeogr 42:351-363

Sanchez-Ramirez S, Tulloss RE, Guzman-Davalos L, Cifuentes-Blanco J, Valenzuela R, Estrada-
Torres A et al (2015b) In and out of refugia: historical patterns of diversity and demography in
the North American Caesar’s mushroom species complex. Mol Ecol 24:5938-5956

Sanchez-Ramirez S, Etienne RS, Moncalvo J-M (2015¢) High speciation rate at temperate
latitudes explains unusual diversity gradients in a clade of ectomycorrhizal fungi. Evolution
69:2196-2209

Sanmartin I, van der Mark P, Ronquist F (2008) Inferring dispersal: a Bayesian approach to
phylogeny-based island biogeography, with special reference to the Canary Islands. J Biogeogr
35:428-449

Sato H, Yumoto T, Murakami N (2007) Cryptic species and host specificity in the ectomycorrhizal
genus Strobilomyces (Strobilomycetaceae). Am J Bot 94:1630-1641

Sato H, Tsujino R, Kurita K, Yokoyama K, Agata K (2012) Modelling the global distribution of
fungal species: new insights into microbial cosmopolitanism. Mol Ecol 21:5599-5612

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA et al (2012) Nuclear
ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for
Fungi. PNAS 109:6241-6246

Scholl JP, Wiens JJ (2016) Diversification rates and species richness across the tree of life. Proc R
Soc B 283:20161334



1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 35

Schiiler A, Schwarzott D, Walker C (2001) A new fungal phylum, the Glomeromycota: phylog-
eny and evolution. Mycol Res 105:1413-1421

Sheedy EM, Van de Wouw AP, Howlett BJ, May TW (2013) Multigene sequence data reveal
morphologically cryptic phylogenetic species within the genus Laccaria in southern Australia.
Mycologia 105:547-563

Shen Q, Geiser DM, Royse DJ (2002) Molecular phylogenetic analysis of Grifola frondosa
(maitake) reveals a species partition separating eastern North American and Asian isolates.
Mycologia 94:472-482

Simon UK, Weil M (2008) Intragenomic variation of fungal ribosomal genes is higher than
previously thought. Mol Biol Evol 25:2251-2254

Simon L, Bousquet J, Lévesque RC, Lalonde M (1993) Origin and diversification of
endomycorrhizal fungi and coincidence with vascular land plants. Nature 363:67-69

Sites JW Jr, Marshall JC (2004) Operational criteria for delimiting species. Annu Rev Ecol Evol
Syst 35:199-227

Skrede I, Engh IB, Binder M, Carlsen T, Kauserud H, Bendiksby M (2011) Evolutionary history of
Serpulaceae (Basidiomycota): molecular phylogeny, historical biogeography and evidence for
a single transition of nutritional mode. BMC Evol Biol 11:230

Smith SE, Read DJ (2010) Mycorrhizal Symbiosis. Academic, New York

Smith SY, Currah RS, Stockey RA (2004) Cretaceous and Eocene poroid hymenophores from
Vancouver Island, British Columbia. Mycologia 96:180-186

Solis-Lemus C, Knowles LL, Ané C (2015) Bayesian species delimitation combining multiple
genes and traits in a unified framework. Evolution 69:492-507

Stadler T (2011) Mammalian phylogeny reveals recent diversification rate shifts. PNAS
108:6187-6192

Stamatakis A (2014) RAXxML version 8: a tool for phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 30:1312-1313

Stockinger H, Kriiger M, Schiiiler A (2010) DNA barcoding of arbuscular mycorrhizal fungi. New
Phytol 187:461-474

Stolp H (1988) Microbial ecology: organisms, habitat, and activities. Cambridge University Press,
Cambridge

Swofford DL, Maddison WP (1987) Reconstructing ancestral character states under Wagner
parsimony. Math Biosci 87:199-229

Szarkandi GJ, Dima B, Kocsubé, S, Vagvolgyi C, Papp T, Nagy LG (2013) The ADiv project:
analyzing rates of diversification in the Agaricales. Presented at the joint mycological society
of America and American phythopathology society meeting, Austin

Taylor TN, Hass H, Kerp H (1999) The oldest fossil ascomycetes. Nature 399:648

Taylor JW, Jacobson DJ, Kroken S, Kasuga T, Geiser DM, Hibbett DS, Fisher MC (2000)
Phylogenetic species recognition and species concepts in fungi. Fungal Genet Biol 31:21-32

Taylor TN, Hass H, Kerp H, Krings M, Hanlin RT (2005) Perithecial ascomycetes from the
400 million year old Rhynie chert: an example of ancestral polymorphism. Mycologia
97:269-285

Taylor JW, Turner E, Pringle A, Dettman J, Johannesson H (2006) Fungal species: thoughts on
their recognition, maintenance and selection. In: Gadd GM, Watkinson SC, Dyer PS (eds)
Fungi in the environment. Cambridge University Press, Cambridge, pp 313-339

Taylor TN, Krings M, Taylor EL (2014) Fossil fungi. Academic, London

Tedersoo L, Nara K (2010) General latitudinal gradient of biodiversity is reversed in
ectomycorrhizal fungi. New Phytol 185:351-354

Tedersoo L, Smith ME (2013) Lineages of ectomycorrhizal fungi revisited: foraging strategies and
novel lineages revealed by sequences from belowground. Fungal Biol Rev 27:83-99

Tedersoo L, Suvi T, Larsson E, Koljalg U (2006) Diversity and community structure of
ectomycorrhizal fungi in a wooded meadow. Mycol Res 110:734-748



36 S. Sanchez-Ramirez et al.

Tedersoo L, Sadam A, Zambrano M, Valencia R, Bahram M (2009) Low diversity and high host
preference of ectomycorrhizal fungi in Western Amazonia, a neotropical biodiversity hotspot.
ISME 4:465-471

Tedersoo L, May TW, Smith ME (2010) Ectomycorrhizal lifestyle in fungi: global diversity,
distribution, and evolution of phylogenetic lineages. Mycorrhiza 20:217-263

Tedersoo L, Abarenkov K, Nilsson RH, Schiiller A, Grelet G-A, Kohout P et al (2011) Tidying up
international nucleotide sequence databases: ecological, geographical and sequence quality
annotation of its sequences of mycorrhizal fungi. PLoS One 6:¢24940

Tedersoo L, Bahram M, Toots M, Diédhiou AG, Henkel TW, Kjgller R et al (2012) Towards
global patterns in the diversity and community structure of ectomycorrhizal fungi. Mol Ecol
21:4160-4170

Tedersoo L, Bahram M, Polme S, Koljalg U, Yorou NS, Wijesundera R et al (2014a) Global
diversity and geography of soil fungi. Science 346:1256688-1256688

Tedersoo L, Bahram M, Ryberg M, Otsing E, Kdljalg U, Abarenkov K (2014b) Global biogeography
of the ectomycorrhizal/sebacina lineage (Fungi, Sebacinales) as revealed from comparative
phylogenetic analyses. Mol Ecol 23:4168-4183

Treseder KK, Maltz MR, Hawkins BA, Fierer N, Stajich JE, McGuire KL (2014) Evolutionary
histories of soil fungi are reflected in their large-scale biogeography. Ecol Lett 17:1086-1093

van der Nest MA, Beirn LA, Crouch JA, Demers JE, de Beer ZW, De Vos L et al (2014) IMA
Genome-F 3: draft genomes of Amanita jacksonii, Ceratocystis albifundus, Fusarium
circinatum, Huntiella omanensis, Leptographium procerum, Rutstroemia sydowiana, and
Sclerotinia echinophila. IMA Fungus 5:472-485

Vellinga EC, Wolfe BE, Pringle A (2009) Global patterns of ectomycorrhizal introductions. New
Phytol 181:960-973

Vétrovsky T, Kolafik M, Ziféakova L, Zelenka T, Baldrian P (2016) The rpb2 gene represents a
viable alternative molecular marker for the analysis of environmental fungal communities. Mol
Ecol Resour 16:388—401

Vilgalys R (2003) Taxonomic misidentification in public DNA databases. New Phytol 160:4-5

Vilgalys R, Sun BL (1994) Ancient and recent patterns of geographic speciation in the oyster
mushroom Pleurotus revealed by phylogenetic analysis of ribosomal DNA sequences. PNAS
91:4599-4603

Waterman RJ, Bidartondo MI, Stofberg J, Combs JK, Gebauer G, Savolainen V et al (2011) The
effects of above- and belowground mutualisms on orchid speciation and coexistence. Am Nat
177:E54-E68

Waterman RJ, Klooster MR, Hentrich H, Bidartondo MI (2012) Species interactions of
mycoheterotrophic plants: specialization and its potential consequences. In: Merckx VSFT
(ed) Mycoheterotrophy. Springer, New York, pp 267-296

Webb CO, Ackerly DD, McPeek MA, Donoghue MJ (2002) Phylogenies and comunity ecology.
Annu Rev Ecol Syst 33:475-505

Welch J, Bromham L (2005) Molecular dating when rates vary. Trends Ecol Evol 20:320-327

Wen J (1999) Evolution of eastern Asian and eastern North American disjunct distributions in
flowering plants. Annu Rev Ecol Syst 30:421-455

Werren JH, Windsor D, Guo L (1995) Distribution of Wolbachia among neotropical arthropods.
Proc R Soc B 262:197-204

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ
(eds) PCR protocols. Elsevier, New York, pp 315-322

Wiens JJ, Donoghue MJ (2004) Historical biogeography, ecology and species richness. Trends
Ecol Evol 19:639-644

Will K, Mishler B, Wheeler Q (2005) The perils of DNA barcoding and the need for integrative
taxonomy. Syst Biol 54:844-851



1 Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity. . . 37

Wilson AW, Hobbie EA, Hibbett DS (2007) The ectomycorrhizal status of Calostoma
cinnabarinum determined using isotopic, molecular, and morphological methods. Can J Bot
85:385-393

Wilson AW, Binder M, Hibbett DS (2011) Effects of gasteroid fruiting body morphology on
diversification rates in three independent clades of fungi estimated using binary state speciation
and extinction analysis. Evolution 65:1305-1322

Wilson AW, Binder M, Hibbett DS (2012) Diversity and evolution of ectomycorrhizal host
associations in the Sclerodermatineae (Boletales, Basidiomycota). New Phytol 194:1079-1095

Wilson AW, Hosaka K, Mueller GM (2016a) Evolution of ectomycorrhizae as a driver of
diversification and biogeographic patterns in the model mycorrhizal mushroom genus
Laccaria. New Phytol. doi:10.1111/nph.14270

Wilson KA, Auerbach NA, Sam K, Magini AG, Moss ASL, Langhans SD et al (2016b) Conser-
vation research is not happening where it is most needed. PLoS Biol 14:¢1002413

Wolfe JA (1978) A paleobotanical interpretation of tertiary climates in the northern hemisphere:
data from fossil plants make it possible to reconstruct tertiary climatic changes, which may be
correlated with changes in the inclination of the earth’s rotational axis. Am Sci 66:694-703

Wolfe BE, Pringle A (2012) Geographically structured host specificity is caused by the range
expansions and host shifts of a symbiotic fungus. ISME 6:745-755

Wolfe BE, Kuo M, Pringle A (2012a) Amanita thiersii is a saprotrophic fungus expanding its range
in the United States. Mycologia 104:22-33

Wolfe BE, Tulloss RE, Pringle A (2012b) The irreversible loss of a decomposition pathway marks
the single origin of an ectomycorrhizal symbiosis. PLoS One 7:¢39597

Wu QX, Mueller GM, Lutzoni FM, Huang YQ, Guo SY (2000) Phylogenetic and biogeographic
relationships of eastern Asian and eastern North American disjunct Suillus species (fungi) as
inferred from nuclear ribosomal RNA ITS sequences. Mol Phylogenet Evol 17:37-47

Xiang QY, Soltis DE, Soltis PS, Manchester SR, Crawford DJ (2000) Timing the eastern Asian-
eastern North American floristic disjunction: molecular clock corroborates paleontological
estimates. Mol Phylogenet Evol 15:462-472

Yang Z (2015) Program BPP for species tree estimation and species delimitation. Curr Zool
61:854-865

Yang Z, Rannala B (2010) Bayesian species delimitation using multilocus sequence data. PNAS
107:9264-9269

Yang Z, Rannala B (2014) Unguided species delimitation using dna sequence data from multiple
loci. Mol Biol Evol 31:3125-3135

Yu Y, Harris AJ, Blair C, He X (2015) RASP (Reconstruct Ancestral State in Phylogenies): a tool
for historical biogeography. Mol Phylogenet Evol 87:46-49

Yule GU (1925) A mathematical theory of evolution, based on the conclusions of Dr. JC Willis,
FRS. Philos Trans R Soc Lond B 213:21-87

Zachos J, Pagani M, Sloan L, Thomas E, Billups K (2001) Trends, rhythms, and aberrations in
global climate 65 Ma to present. Science 292:686—693

Zhang J, Kapli P, Pavlidis P, Stamatakis A (2013) A general species delimitation method with
applications to phylogenetic placements. Bioinformatics 29:2869-2876

Zhang P, Tang L-P, Cai Q, Xu J-P (2015) A review on the diversity, phylogeography and
population genetics of Amanita mushrooms. Mycology 6:1-8

Zhang C, Stadler T, Klopfstein S, Heath TA, Ronquist F (2016) Total-evidence dating under the
fossilized birth—death process. Syst Biol 65:228-249

Zhao R-L, Zhou J-L, Chen J, Margaritescu S, Sanchez-Ramirez S, Hyde KD et al (2016) Towards
standardizing taxonomic ranks using divergence times — a case study for reconstruction of the
Agaricus taxonomic system. Fungal Divers 78:239-292

Zink RM, Blackwell-Rago RC, Ronquist F (2000) The shifting roles of dispersal and vicariance in
biogeography. Proc R Soc B 267:497-503

Zuckerkandl E, Pauling L (1965) Evolutionary divergence and convergence in proteins. In:
Bryson V, Vogel HJ (eds) Evolving genes and proteins. Academic, New York, pp 97-166


http://dx.doi.org/10.1111/nph.14270

	Chapter 1: Overview of Phylogenetic Approaches to Mycorrhizal Biogeography, Diversity and Evolution
	1.1 Introduction
	1.2 Barcoding, Species Delimitation, and the Need for Robust Phylogenies
	1.3 Reconstructing the Geographic Past: Phylo- and Biogeography
	1.4 Molecular Dating and the Fossil Record
	1.5 Tracking Species Richness Over Time and Space: Diversification Rates
	1.6 Evolutionary Ecology
	1.7 Methodological Biases and Caveats
	1.8 Conclusions and Future Directions
	References


