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ABSTRACT 
 

The family Russulaceae is an iconic family of mushroom-forming 
Basidiomycetes both because of their importance as edible mushrooms in many 
parts of the world and their species richness in both temperate and tropical 
forested biomes. While much mycological research has been focused on this 
group, recent systematic and ecological research has failed to develop a 
comprehensive or cohesive organization by which to understand the evolutionary 
relationships, patterns of diversification, or functional importance of the group. 
Recently, interest in ectomycorrhizal fungi (EmF), of which Russulaceae is a key 
lineage, has greatly increased due to the recognition of the importance of EmF in 
carbon sequestration in the face of global climate change. By specifically taking a 
lineage-based approach to the study of Russulaceae, this work is an attempt to 
elucidate the biological importance of this group as a model for understanding 
important biological patterns in EmF. To this end, this dissertation work seeks to 
address five key questions: 1) What are the major systematic relationships in the 
Russula, Russulaceae, and their placement within Russulales? 2) What are the 
biogeographic and host patterns in Russula? 3) What factors have contributed to 
the high diversification of Russula? 4) What are the functional differences 
between major groups within Russulaceae? 5) To what extent have members of 
Russulaceae retained the ability to decompose soil organic matter? 

To address these main questions, my research has combined the 
collection and study of sporocarps with molecular phylogenetics and 
contemporary evolutionary analytics. These efforts have led to the first multi-
gene phylogeny of the genus Russula with a clade-based classification system 
proposed. By applying ancestral area reconstruction methodologies and 
diversification analyses using state speciation-extinction (SSE) models, I have 
inferred a temperate origin associated with angiosperms for Russula. I have 
provided support for a higher net diversification rate in temperate species of 
Russula that is not a result of migration. Here I present a molecular systematic 
revision of the Roseinae clade and provide support for at least 5 new species. 
Finally, in a comparative genomic analysis I show that Russulaceae are widely 
diverse in gene content, indicating diverse functional roles. 
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INTRODUCTION  
 

The family Russulaceae is an iconic family of mushroom-forming 
Basidiomycetes that have attracted the attention of mycologists throughout the 
past few centuries, including a “founding father” of mycology Elias Magnus Fries. 
Rolf Singer wrote of the genus Russula in his 1986 edition of Agaricales in 
Modern Taxonomy that “there is no genus in the Agaricales where more species 
have been studied anatomically and chemically… where more type specimens 
and authentic material has been critically revised in the light of modern 
methods… [where] more effort has been spent by local and traveling specialists.” 
Despite all of this classical work, knowledge of how to recognize North American 
species of Russula is severely lacking, even leading a taxonomic expert of the 
group, Bart Buyck, to call for a new initiative towards the study of Russula in the 
eastern USA and write that “local expertise on the genus has completely 
vanished.” As a speciose group of fungi, it is imperative that biologists are able to 
recognize species so we can make comparisons between studies and better 
understand species distribution patterns and the ecological roles individual 
species or groups of species play in their environment. This is especially 
important for groups of ectomycorrhizal fungi, like Russulaceae, which are 
obligate mutualists with dominant trees and shrubs of many forested 
ecosystems. It is for these reasons that I have undertaken this project to 
elucidate the systematics, biogeography, and functional diversity of Russulaceae. 

For Chapter 1 I present a global meta-analysis of the genus Russula, the 
most speciose genus in Russulaceae, to test for the evolutionary pattern that has 
driven a reversal in the latitudinal diversity gradient pattern in ectomycorrhizal 
fungi. To accomplish this goal, I erected a multi-gene phylogeny for the genus 
Russula using vouchered specimens of species representative of 
morphologically defined infrageneric groupings in order to identify the major 
clades of the genus and use this tree as a topology constraint for a global 
phylogeny of Russula. To reconstruct the global phylogeny of Russula, 
sequences of the ribosomal internal transcribed spacer of Russula deposited in 
GenBank were clustered into near species-level molecular taxonomic units 
(MOTUs) and the constraint topology was enforced in RaXML using a combined 
Maximum likelihood and Maximum parsimony approach. MOTUs were then 
coded by geographic state (Tropical vs. Extratropical) and host association 
(Angiosperm vs. Pinaceae) for ancestral state reconstruction and state speciation 
and extinction (SSE) modeling. 

In Chapter 2 I present a systematic revision and biogeographic analysis of 
a charismatic group of mostly red-capped Russula species that have traditionally 
been placed in Russula subsect. Roseinae Singer ex Sarnari. Specimens were 
collected on field trips conducted between 2012 and 2016 focused on the eastern 
United States. Combined with historical specimens, including type material, all 
putative members of this subsection and its sister group, Russula subsect. 
Lilaceinae (Melzer & Zvára) Jul. Schäff., were sampled for multiple molecular 
markers to reconstruct a subsection-level and species-level multi-gene 
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phylogeny. Gene markers were tested for phylogenetic informativeness at these 
different taxonomic levels. I used a combined approach for species delimitation 
encompassing morphology, geography, phylogeny, and evolution. For evolution-
based delimitation of species, I applied the multispecies coalescent model using 
Bayesian phylogenetics and phylogeography (BP&P), a Bayesian approach that 
takes a species tree and concatenated sequence alignment as inputs, and 
Speedy Species Tree Estimation Using Maximum Likelihood (SpedeSTEM), a 
likelihood approach that takes gene trees and gene alignments as inputs. The 
biogeographic and host reconstruction were performed in the R package 
‘BioGeoBEARS’, which compares different biogeographical models and 
incorporates the j parameter, which simulates founder-event jump dispersal or 
long-distant dispersal. Morphological characters were reconstructed using 
ancestral state reconstruction in Mesquite to test for conservation of diagnostic 
characters at the species-level. Finally, species determinations are made based 
on multiple lines of evidence and proposals for the erection of new and 
amendment of existing taxonomic groups is made. 

For Chapter 3 I offer a literature review and growth study of Russulaceae 
as an overview of the current knowledge of the family and as a preview of the 
whole-genome dataset of Russulaceae I have produced through the 
Russulaceae Genome Initiative (RGI) in collaboration with the Joint Genome 
Institute of the U.S. Department of Energy. I begin this overview by placing the 
RGI in the broader context of the current state of mycological genomic studies to 
illustrate why this project is an appropriate outcome of what has already been 
accomplished. Next, I attempt to elucidate the current state of systematics within 
Russulaceae, its placement in relation to other groups in Russulales for which 
genomes have been sampled, and justification for the sampling strategy of the 
RGI. A section is given on the evolutionary history, biogeography, and host 
relationships of Russulaceae, contrasting my own research with other studies on 
Russula and the potentially larger body of literature on the genera Lactarius and 
Lactifluus. Following this, I present an overview of studies where Russulaceae 
has been highlighted as an ecologically unique or important group, including 
studies on its life history. For samples where I was able to obtain an axenic 
tissue culture and sequence a genome, a growth study was designed to illustrate 
the potential experimental applications of these cultures in conjunction with an 
annotated genome. For future comparative genomic studies, a section is given 
on the current body of knowledge on the biochemical and genetic diversity that 
has been elucidated using relevant species of Russulaceae. Hypotheses based 
on this current state of knowledge are proposed throughout. Finally, a conclusion 
section summarizes some key points and proposes future analyses for the RGI 
dataset. 

Chapter 4 represents a comparative genomic study through the RGI of the 
order Russulales with the addition of dense genome sampling of the family 
Russulaceae. Sampling from Russulaceae is necessary for such a study as they 
represent about two-thirds of the species diversity of the order. To begin the 
study, annotated Pfam (http://pfam.xfam.org/) gene families from 18 
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representative genomes of Russulales, including 8 newly sequenced genomes of 
Russulaceae, were compared across the order to infer the pan-genome of 
Russulales. Gene families for which the entire order shared exactly one 
orthologous copy were extracted and aligned for a phylogenomic reconstruction 
of relationships within the Russulales. Genomes were analyzed for transposable 
element (TE) and simple sequence repeat (SSR) content, and genome size and 
repeated element content was compared across the phylogeny between 
saprotrophic and ectomycorrhizal members. To look at overall functional 
similarity between the different members of Russulaceae, a similarity analysis 
was implemented using gene family profiles from the pan-genome assembly and 
calculating similarity for all potential species pairings using proportional similarity 
as the similarity metric and visualized as a network. To look for specific functional 
similarities between different trophic modes a gene network analysis of 
enrichment on Pfam domains was performed using Fisher’s exact test for both 
positively and negatively enriched domains by trophic mode. Finally, I 
reconstructed the phylogenies of the lignin peroxidase and multi-copper oxidase 
gene families to test whether Russulaceae has retained the ability to degrade 
lignin from a white-rot saprotrophic ancestor and whether there have been 
expansions in these gene families indicating neofunctionalization. 
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CHAPTER I 
SYSTEMATICS, BIOGEOGRAPHY, AND GLOBAL 

DIVERSIFICATION PATTERNS IN THE GENUS RUSSULA 
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Abstract  
  
Ectomycorrhizal (ECM) fungi, symbiotic mutualists of many dominant tree and 
shrub species, exhibit a biogeographic pattern counter to the established 
latitudinal diversity gradient of most macroflora and fauna. However, an 
evolutionary basis for this pattern has not been explicitly tested in a diverse 
lineage. In this study, we reconstructed a mega-phylogeny of a cosmopolitan and 
hyperdiverse genus of ECM fungi, Russula, sampling from annotated collections 
and utilizing publicly available sequences deposited in GenBank. Metadata from 
molecular operational taxonomic unit cluster sets were examined to infer the 
distribution and plant association of the genus. This allowed us to test for 
differences in patterns of diversification between tropical and extratropical taxa, 
as well as how their associations with different plant lineages may be a driver of 
diversification. Results show that Russula is most species-rich at temperate 
latitudes and ancestral state reconstruction shows that the genus initially 
diversified in temperate areas. Migration into and out of the tropics characterizes 
the early evolution of the genus, and these transitions have been frequent since 
this time. We propose the ‘generalized diversification rate’ hypothesis to explain 
the reversed latitudinal diversity gradient pattern in Russula as we detect a 
higher net diversification rate in extratropical lineages. Patterns of diversification 
with plant associates support host switching and host expansion as driving 
diversification, with a higher diversification rate in lineages associated with 
Pinaceae and frequent transitions to association with angiosperms. 
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Introduction 
 
A long established global pattern of biogeography proposed for macroorganisms 
is the latitudinal diversity gradient (LDG), observed by early naturalists and 
corroborated over several centuries in numerous studies (Von Humboldt 1807; 
Hillebrand 2004). This pattern has been supported for all major groups of 
macroflora and fauna including plants, amphibians, mammals, birds, reptiles, and 
marine and terrestrial invertebrates (Hillebrand 2004). Alternatively, microbes 
have traditionally been considered to follow the ‘everything is everywhere, but the 
environment selects’ model, although some heterogeneity has been shown for 
certain groups (Baas-Becking 1934; Fontaneto et al. 2008). At the interface of 
these two global distribution patterns are fungi, which have traditionally been 
considered to follow the microbial model but more recently been found to be 
highly geographically segregated (Taylor et al. 2006). Due to this intermediate 
position that fungi have traditionally held, biogeographic patterns of fungi have 
been poorly understood and have received less attention (Lumbsch et al. 2008; 
Tedersoo et al. 2012). Given recent advances in molecular methods for detecting 
species from environmental samples, it is now much more feasible to investigate 
patterns in their global distribution (Tedersoo et al. 2014a). 

Recent studies have demonstrated that ectomycorrhizal (ECM) fungi 
exhibit a biogeographic pattern counter to the LDG, where ECM fungal diversity 
increases away from the tropics and towards the temperate/ boreal interface 
(Tedersoo et al. 2012, 2014a). ECM fungi are obligate symbionts with plant roots 
of primarily tree and shrub species, whereby the fungus provides water and 
nutrients (viz, nitrogen and phosphorus) to the plant in exchange for 
photosynthates (Alexopoulos et al. 1996). This symbiosis is necessary for these 
fungi to complete their life cycle, and it is also critical for their plant partners as 
this symbiosis provides a competitive advantage (Perry et al. 1989). There are an 
estimated 25 000 ECM species worldwide, and this biotrophic association has 
evolved independently some 80 times primarily in the Ascomycota and 
Basidiomycota (Rinaldi et al. 2008; Tedersoo & Smith 2013). ECM symbiosis 
with only those plant lineages that allow ECM colonization makes ECM fungi an 
ideal guild to investigate global biogeographic patterns, as their biogeography 
and diversification patterns are probably heavily influenced by the distribution, 
dispersion and diversification patterns of their plant partners (Hoeksema 2010). 

An initial meta-analysis by Tedersoo et al. (2012) showed a reversal of the 
LDG in ECM fungi by analysis of metadata from numerous fungal communities, 
and following studies have highlighted potential ecological drivers of this pattern. 
This work demonstrated that ECM fungal richness peaks between 4000 and 
4500 km from the equator (36°–40.5° N/S). Edaphic, climatic and biotic factors 
were tested in a multivariate model as predictors for ECM species richness, of 
which several were significant, including mean annual temperature, mean annual 
precipitation, anthropogenic disturbance, soil texture and ECM plant family. Soil 
volume had a positive correlation with ECM species richness, which has been 
proposed as a possible ecological driver for a reversed LDG by allowing more 
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stratification for niche space (Peay et al. 2010; Smith et al. 2011; Kennedy et al. 
2012). For a lineage level analysis, ECM plant family explained 34% of the 
variation in ECM fungal communities, indicating that species tend to be 
segregated by ECM plant partner (Tedersoo et al. 2012). A follow-up study 
utilized a standardized sampling approach while collecting environmental soil 
samples from 365 sites around the globe (Tedersoo et al. 2014a). This latter 
study confirmed the reversed LDG trend in ECM fungi but upheld the standard 
LDG pattern for saprotrophic, parasitic and pathogenic fungi (Tedersoo et al. 
2014a). The strongest predictors explaining global ECM richness in this analysis 
included the ratio of ECM plant abundance relative to non-ECM plant abundance 
in a community, total ECM plant species richness and soil pH. While these 
studies have focused on identifying ecological factors that predict ECM species 
richness, evolutionary mechanisms that might help explain how these factors 
contribute to the reversed LDG pattern have been largely overlooked (Kennedy 
et al. 2012). 

The ability to model the evolutionary dynamics underlying the LDG has 
resulted in a number of testable hypotheses that could be applied to ECM fungi. 
The ‘tropical conservatism hypothesis’ has been proposed as a general 
explanation of the LDG, where lineages have a tropical origin, and the conserved 
environmental niches of these organisms restrict dispersal to the extratropics, 
most likely due to climatic restraints (Latham & Ricklefs 1993; Wiens & 
Donoghue 2004). The ‘out of the tropics’ hypothesis proposes that the tropics 
can act simultaneously as a museum and a cradle for these lineages, where 
dispersal events to the extratropics are frequent yet the lineages will still 
concurrently persist and diversify in the tropics (Jablonski et al. 2006). The 
‘diversification rate hypothesis’ proposes that a higher net diversification rate in 
the tropics is driving the LDG, whether due to a higher rate of molecular 
evolution, stable climatic conditions over evolutionary time, or periods of tropical 
expansion in the evolutionary past (Rohde 1992; Jansson et al. 2013). These 
three hypotheses have been proposed as a nested hierarchy, with the ‘tropical 
conservatism hypothesis’ being the most restrictive (Kerkhoff et al. 2014). 
Sánchez-Ramírez et al. (2015a) recently tested for an evolutionary pattern to 
explain the reversed LDG in a clade of the ECM genus Amanita and found that 
temperate lineages have a higher speciation rate. This study seeks to further test 
for these patterns in a hyperdiverse genus of ECM fungi. 

Russula is the largest genus in the order Russulales comprising some 
750–900 described species (Kirk et al. 2008; Buyck & Atri 2011). Russula can, 
therefore, be considered the second most taxonomically diverse genus of ECM 
fungi after the genus Cortinarius (Kirk et al. 2008). The genus is a dominant ECM 
lineage in tropical, temperate, boreal and tundra ECM communities (Singer 1986; 
Buyck et al. 1996; Geml et al. 2009). Russulaceae have also been hypothesized 
to have a tropical origin (Buyck et al. 1996), which according to established 
biogeographic hypotheses (Wiens & Donoghue 2004; Jablonski et al. 2006; 
Jansson et al. 2013), would suggest the family should be most diverse in the 
tropics. Indeed, Tedersoo & Nara (2010) found the/russulalactarius lineage to be 
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more diverse in tropical forests; however, this conclusion was tentative as 
statistical support was lacking. Members of the genus Russula are ecologically 
diverse as they associate with every major ECM plant lineage (Singer 1986), are 
host to mycoheterotrophic members of Ericaceae and Orchidaceae (Kennedy et 
al. 2011a), and occasionally have gasteroid fruit body morphology, which makes 
up a significant a proportion of the diet of many small mammals (Lebel & Tonkin 
2007). Phylogenetic relationships within the genus have been proposed 
(Eberhardt 2002; Miller & Buyck 2002; Buyck et al. 2008), but taxon sampling 
and gene sampling have been sparse to date. The first major phylogenetic 
treatment of the genus identified six major clades using a single molecular 
marker. Not unexpectedly, internodal support was lacking for most higher-level 
relationships (Miller & Buyck 2002). A later multigene analysis of the family 
Russulaceae resolved four genera, but taxon sampling was not adequate to 
resolve major clades within Russula (Buyck et al. 2008). Because a multigene 
treatment with sufficient taxon sampling is unavailable, a more robust 
phylogenetic framework for the group is necessary to investigate the history of 
their diversification. 

The objectives of this study are to: (i) produce a robust phylogeny of the 
genus Russula as a basis to investigate its patterns of diversification; (ii) utilize 
clustering of global sampling and metadata associated with DNA sequences of 
Russula to resolve its global distribution and ECM plant associations; (iii) use 
ancestral state reconstruction methods to infer the evolutionary history of its 
biogeography and plant association; and (iv) compare biogeographic models to 
infer rates of diversification and transitions in biogeographic states and plant 
associations. By examining the history of diversification of a large genus of ECM 
fungi, we seek to understand what general evolutionary patterns exist and 
whether co-evolution or host switching might be driving this pattern at a large 
scale.  

Materials and Methods 

Taxon sampling, DNA sequencing and phylogenetic analyses of the core data 
set 
 
Vouchered specimens from North America and Europe were sequenced to infer 
a multigene phylogeny of Russula (Table 4, Appendix). To ensure sampling of 
wide phylogenetic diversity, type species of major infrageneric groups were 
targeted from three of the most relevant infrageneric classification systems 
proposed for Russula (Romagnesi 1967; Singer 1986; Sarnari 1998). Full 
morphological descriptions with color notes (Kornerup & Wanscher 1967) were 
made for identification of all specimens. Specimens were dehydrated and 
deposited at the TENN and GENT herbaria [herbarium abbreviations per Thiers 
(continuously updated)]. DNA extraction and PCR protocols followed that of 
Birkebak et al. (2013). Four loci were targeted for Infrageneric clade-level 
resolution including two nrDNA regions (nuclear ribosomal large subunit (LSU) 
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and internal transcribed spacers (ITS) and two single-copy genes (rpb1 and rpb2, 
which encode the largest and second largest subunits of RNA polymerase II, 
respectively). We refer to this alignment as the ‘core data set’. The following 
primer pairs were used for amplification: ITS using ITS1F–ITS4 (White et al. 
1990; Gardes & Bruns 1993); LSU using LR0R–LR5 (Vilgalys & Hester 1990); 
rpb2 using b6F–b7.1R (Matheny 2005); and rpb1 using gAf–fCr (Matheny et al. 
2002) with int2F and int2.1R as internal sequencing primers. Sequences were 
assembled using SEQUENCHER 4.9 (Gene Codes, Ann Arbor, MI, USA). 
Alignments incorporating multilocus data from previous systematic studies 
(Buyck et al. 2008; Van de Putte et al. 2012; Looney 2015) were constructed 
separately for each gene region using MAFFT 6.717 (Katoh & Toh 2008) using 
the L-INS-i algorithm and manually adjusted in MACCLADE 4.08 (Maddison & 
Maddison 2005). Intergene conflict was investigated by inferring phylogenies for 
each locus using RAXMLGUI 1.2 (Stamatakis et al. 2008; Silvestro & Michalak 
2012) and manually inspecting topologies to ensure that the same major 
groupings were recovered. Data sets were then concatenated in SEAVIEW 4.3.0 
(Gouy et al. 2010) to construct a supermatrix alignment. Regions of the ITS data 
set with ambiguous site alignments were excluded (sites 100–112, 269–284, 
302–319, 550–562, 816–904). PARTITIONFINDER 1.0.1 (Lanfear et al. 2012) 
determined the optimal evolutionary models and partition scheme for a 
partitioned analysis for both the core data set and mega-phylogeny. The 
alignment for the core data set is available online at Dryad Digital Depository 
(http://dx.doi.org/10.5061/dryad.gn4p4). 

A multigene phylogeny was inferred using RAXMLGUI 1.2 (Stamatakis et 
al. 2008; Silvestro & Michalak 2012) executing 1000 rapid ML bootstraps 
replicates (Figure 5, Appendix). For further assessing clade support, MRBAYES 
3.2 (Ronquist et al. 2012) was used for a Bayesian analysis of 1 000 000 
generations using default priors until the standard deviation of split frequencies 
reached below 0.01. Outgroups were selected from the remaining three genera 
in the family Russulaceae: Lactifluus deceptivus, Lactarius lignyotus and 
Multifurca zonaria. Bootstrap values >70% and posterior probabilities >0.95 are 
considered as evidence for strongly supported relationships.  

Clustering analyses of environmental sequences and metadata aquisition 
 
All putative ITS sequences of the Russula clade, including the genus Russula 
and associated sequestrate genera Macowanites, Cystangium, Gymnomyces 
and Martellia, were extracted from GenBank using the bioinformatics program 
emerencia (Ryberg et al. 2009). To ensure adequate statistical power for 
diversification analyses and minimize the effects of low taxon sample size and 
high character state bias, we assembled a data set including >300 species using 
traits representing a minimum of 10% of the sampling, as suggested by Davis et 
al. (2013). Sequences were screened for chimeric assembly using a chimera 
checker (Nilsson et al. 2010) and manually pruned if sequence quality was low, 
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indicated by either long strings of ambiguous nucleotides or having >50% 
missing data. This data set is hereafter referred to as the ‘GenBank data set.’ 

Two rounds of clustering analyses were performed on the GenBank data 
set to define molecular operational taxonomic units (MOTUs): one using cd-hit (Li 
& Godzik 2006) with a 99% identity and 80% coverage threshold and a second 
using CLUSTERTREE 1.0 (deposited in Dryad) with a 0.02 branch length cut-off 
using phylogenies inferred in FASTTREE (Price et al. 2009). FASTTREE was 
also used to visualize alignment quality and identify dubious sequences for 
exclusion based on extremely long branches. Representative sequences from 
each cluster were selected based on greatest sequence coverage, lowest 
number of polymorphic sites and whether they were identified to species. 
Representative sequences were aligned in MAFFT and then manually edited in 
MACCLADE. Due to the size of the data set and the variability of the region 
across the Russula clade, ClustalW was used to automatically align specific 
regions using SEAVIEW. 

Biogeographic and ECM plant associate data were extracted from 
GenBank using a custom Perl script and by manually reading through primary 
literature. Biogeographic coding for tropical vs. extratropical used the latitudinal 
cut-off of the 23.5° parallels, and regional coding was performed by continent 
with the Middle East partitioned as the Eurasian territories from the Arabian 
Peninsula north through Turkey and east through Iran due to this region’s 
intermediate position between Europe and the majority of Asia. ECM plant 
associates were inferred if the plant associate was reported in GenBank, a 
sequence was derived from a known root tip, or if the sample was reported from 
a monodominant forest (i.e. oak forest, well-described hardwood forest with no 
potential Pinaceae hosts, pine plot, etc.). The plant associates for clusters were 
used to determine the maximum level of host specificity of MOTUs supported by 
global sampling then coded as Pinaceae, angiosperm or generalist (i.e. 
associating with both Pinaceae and angiosperms) associates for the general data 
set. For a more refined analysis, MOTUs were also coded by ECM plant family, 
with generalist MOTU clusters coded as angiosperm or generalist as necessary. 

Mega-phylogeny and BEAST analyses 
 
The core data set was used as a backbone topology in RAXML to preserve 
higher-level relationships after merging the multilocus date with the GenBank 
data set. Additional gene sampling from clustered GenBank data (i.e. LSU, rpb1 
and rpb2) was incorporated into the supermatrix to estimate a mega-phylogeny. 
This was accomplished by aligning and concatenating associated sequences of 
LSU, rpb1 and rpb2 from any sequence of the same cluster set/MOTU (Smith et 
al. 2009). Using a backbone topology in RAXML allowed environmental MOTUs 
to be added to the starting tree using a maximum parsimony (MP) criterion. The 
tree was then optimized under normal ML parameters. The constrained mega-
phylogeny was then ultrametricized using the Powell algorithm for nonparametric 
rate smoothing implemented in R8S 1.7 (Sanderson 2003). The core data set 
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was then excluded from the analysis to prevent taxon redundancies using the 
drop.tip function in the ‘ape’ package in R (Paradis et al. 2004). 

To infer the crown ages of Russula and its major clades, the core data set 
was aligned with previously published multigene data sets of Russulaceae 
(Buyck et al. 2008; Van de Putte et al. 2012; Looney 2015) and outgroups 
through the AFTOL project (aftol.org). A chronogram of Russulaceae was 
inferred from three independent runs in BEAST 2 with 50 000 000 generations 
and a burn-in of the first 10% of trees generated so that all ESS values exceeded 
200 (Figure 6, Appendix). Secondary calibrations were taken from Floudas et al. 
(2012) using normally distributed mean age estimates of Russulales, Boletales, 
Agaricales, Agaricomycetidae and the ancestral node of all three orders. 

Ancestral state reconstructions and diversification analyses 
 
Ancestral state reconstruction was performed using MP and ML approaches in 
MESQUITE 2.75 (Maddison & Maddison 2001) and Bayesian estimation in 
BAYESTRAITS V2 (Pagel et al. 2004). Significance in the ML and Bayesian 
analyses was determined by comparison of the negative log-likelihood of the 
character states with a difference threshold of 2. To test whether biogeographical 
range or plant association p is conserved in clades, the distributions of the traits 
on the phylogeny were tested for phylogenetic conservatism using PHYLOCOM 
4.2 (Webb et al. 2008). Mann–Whitney U-tests were performed under different 
assumed sampling biases by incrementally reducing the biased state ages by 
10% for geography and plant association character sets to test for differences in 
mean ages using the ‘STATS’ package version 3.2.1 in R. Diversification rates 
associated with geography and plant association were analyzed using the binary 
state speciation and extinction (BiSSE) model, the BiSSE–node enhanced state 
shift (BiSSE-ness) model for detecting cladogenetic shifts associated with 
character states, and the geographic state speciation and extinction (GeoSSE) 
model, a variant of the BiSSE model that allows species to occupy both binary 
states simultaneously (i.e. widespread or generalist). SSE analyses were 
implemented in the R package ‘DIVERSITREE’ (Maddison et al. 2007; FitzJohn 
et al. 2009; Goldberg et al. 2011; Magnuson-Ford & Otto 2012). Maximum-
likelihood outputs from the models were tested and compared using the ‘anova’ 
function in R, and parameter estimates were found using a Markov chain Monte 
Carlo (mcmc) method using 1000 steps. To test for the effects of sampling bias 
for character states, 10 iterations of the mcmc analysis were performed with 
assumed sampling biases at 10% increments for 1000 steps implemented in the 
‘DIVERSITREE’ package in R (Figure 7, 8, 9, & 10, Appendix). Finally, a BAMM 
approach (Rabosky et al. 2014) for trait independent analysis of diversification 
rate shifts was employed using the BAMMtools package in R to minimize the 
problem highlighted by Rabosky & Goldberg (2015) in which a single shift in 
diversification rate in a single diverse clade can bias estimates for that trait 
throughout the entire tree (Figure 11, Appendix). 
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Results 

Analysis of clustered MOTUs suggests both biogeographic distribution and plant 
association are phylogenetically overdispersed 
 
A total of 3510 ITS sequences of Russula were extracted from GenBank, with 
3337 sequences resulting from a search for ‘Russula’ and 173 from searches for 
‘Macowanites’, ‘Cystangium’, ‘Gymnomyces’ and ‘Martellia’. A total of 162 
sequences were excluded from the analyses due to low sequence quality, low 
coverage or as chimeric sequences. From the initial total, 21.6% of the 
sequences were already identified to species while 78.4% represented 
unidentified or environmental sequences from soil or root sampling.  

Clustering analyses resulted in a phylogenetic tree with 1064 MOTUs 
(Figure 1). Of these, 202 were unique to the tropics, 844 were extratropical and 
18 were found in both areas. An analysis of phylogenetic conservatism of 
geographic states across the mega-phylogeny showed that biogeographic states 
are phylogenetically overdispersed with a net relatedness index (NRI) of –2.1046 
(P = 0.017). At a continental scale, North America had the greatest number of 
represented MOTUs at 441, with Europe and Asia also having a high number of 
MOTUs at 295 and 225, respectively (Figure 2). Most tropical MOTUs (105 or 
51%) were sampled from Africa. Over 93% of MOTUs were recovered as 
endemic to a single continent, with the most range overlap detected between 
North America and Europe, which shared 62 MOTUs. 

For ECM plant associate data, 158 of the MOTUs were recovered as 
associates of Pinaceae, 443 MOTUs as angiosperm associates, 60 as 
generalists and 403 were equivocal with no metadata available. An analysis of 
phylogenetic conservatism of plant associate states across the mega-phylogeny 
shows these states are also phylogenetically overdispersed with a NRI of –2.141 
(P = 0.016), indicating that plant association is highly labile within clades. 
Russula MOTUs were recovered from 16 different plant families, with 25% of 
MOTUs associated with only Fagaceae, 24% with Pinaceae, 12% as angiosperm 
generalists and 9% as generalists (angiosperm and Pinaceae). Other notable 
ECM plant families include the Fabaceae and Dipterocarpaceae, which make up 
a large proportion of tropical plant associates, and the Myrtaceae that comprise 
many of the south temperate associates in Australia. Ancillary ecological roles 
were investigated, and 17 MOTUs (17%) were recovered as hosts for orchids or 
achlorophyllous members of the Ericaceae (Table 5, Appendix). Fifty-three 
MOTUs (5%) were recovered with a gasteroid morphology, and not all of the 
members in these clusters shared this morphology.
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Figure 1. Maximum parsimony ancestral reconstructions of geography (left) and host association (right) 
along an ultrametric mega-phylogeny of environmental Russula MOTUs inferred using r8s. Major clades are 
designated by colour. Geographical and host tree metadata associated with MOTU clusters are designated 
with coloured lines at the tips, with equivocal tips inferred from the analysis. Areas are coded dark blue for 
extratropical distribution, green for tropical distribution and orange for cosmopolitan distribution. Plant 
association data are coded red for angiosperm association, aqua for Pinaceae association and black for 
generalist. Net relatedness indices produced in phylocom indicate phylogenetic overdispersion for both 
character sets.
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Figure 2. Map projection of the global distribution of Russula MOTUs. The areas of circles are scaled by the 
number of MOTUs relative to total MOTUs recovered. Top numbers represent number of endemic MOTUs. 
Bottom numbers indicate total number of MOTUs. Lines represent number of overlapping distributions for 
widespread MOTUs.
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Ancestral reconstruction and molecular clock methods suggest an extratropical 
origin of Russula associated with angiosperms during the Palaeogene 
 
The ancestral range of Russula was resolved with statistical support from ML and 
Bayesian inference as extratropical (Table 1). The delica, nigricans, archaea and 
farinipes clades were all resolved by ML as most likely having an extratropical 
origin with statistical support. The ancestor of heterophylla, russula, compacta 
and crown clade was ambiguous according to ML analysis, but it and all 
subtending major clades except the russula clade were resolved as tropical by 
MP analysis. The compacta clade had the highest likelihood support for a tropical 
ancestry. In a multistate reconstruction separating north and south temperate, as 
well as Neotropical and palaeotropical MOTUs, we could not reject a 
palaeotropical origin for Russula. However, support was much higher for a north 
temperate origin. This was true for most of the major clades except for delica, 
farinipes, archaea and russula clades, which were all significantly supported as 
having a north temperate origin. The four-state parsimony reconstruction agrees 
with the binary model, where tropical groups originated in the palaeotropics.  

Ancestral plant association was reconstructed as ambiguous between 
angiosperm and Pinaceae under ML and Bayesian analyses, but all major clades 
were inferred as having an angiosperm association according to MP. A multistate 
reconstruction of major ECM plant families refuted an ancestral association with 
Myrtaceae for Russula and some individual major clades, yet the plant 
association reconstruction was ambiguous for all other families. MP 
reconstruction of plant family association supported either an ancestral 
association between Pinaceae or Fagaceae for all temperate clades except the 
russula clade, inferred as Fagaceae or Fabaceae. Fagaceae was inferred as the 
ancestral association for tropical clades under parsimony. 

Using secondary time calibrations, Russula split from Lactarius and 
Multifurca ca. 55 (41–60) million years (MY) ago with a crown age of 44 (33–55) 
MY (Figure 6, Appendix). Of the eight major clades, heterophylla was inferred as 
the oldest group at 42 MY, with compacta second oldest at 37 MY old (Table 1). 
The youngest major clades inferred were the delica, farinipes, russula and crown 
clades, all around 30 MY old. Comparisons using a Mann–Whitney U-test of the 
taxon age for biogeographic ranges showed that tropical taxa, on average, are 
significantly older, with an average age of 7.8 MY, compared to extratropical taxa 
with an average age of 3.3 MY (Figure 3). Accounting for potential taxon 
sampling biases from the north temperate zone, this effect holds true if our 
sampling misses <2 tropical species for every one extratropical species (50% 
bias). Angiosperm associates, with a mean age of 5.2 MY old, were found to be, 
on average, significantly older than Pinaceae associates with an average of 2.5 
MY. This effect holds true if sampling our sampling misses <1.25 angiosperm 
associates for every Pinaceae associate (20% bias).
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Table 1. Crown ages and ancestral character states reconstructed for Russula and major clades. 

Clades Age  Geography binary  Host binary  Geography 4-state  Host family 6-state  

 MY 
Geog 

PP 
PP 

state 
Geog 
ML 

ML 
state 

Geog 
MP 

Host 
PP 

PP 
state 

Host 
ML 

ML 
state 

Host 
MP ML ML state MP ML 

ML 
state MP 

root 43.96 0.88* Temp 0.89* Temp Temp 0.50 Equi 0.50 Equi Angi 0.78/0.21* Ntem/Ptro Ntem 0.55 Fag Pin,Fab 
all except delica 43.52 0.79 Temp 0.89* Temp Temp 0.50 Equi 0.50 Equi Angi 0.78/0.22* Ntem/Ptro Ntem 0.54 Fag Pin,Fab 
het/rus/com/cro 43.18 0.64 Trop 0.88 Temp Trop 0.50 Equi 0.50 Equi Angi 0.48/0.52* Ntem/Ptro Ptro 0.53 Fag Fab 
nigricans/arc/far 42.78 0.88* Temp 0.90* Temp Temp 0.50 Equi 0.50 Equi Angi 0.88/0.12* Ntem/Ptro Ntem 0.49 Fag Pin,Fab 
heterophylla 42.17 0.50 Trop 0.86 Temp Trop 0.50 Equi 0.50 Equi Angi 0.37/0.64* Ntem/Ptro Ptro 0.5 Fag Fab 
rus/com/cro 42.14 0.65 Trop 0.84 Temp Trop 0.50 Equi 0.51 Angi Angi 0.45/0.55* Ntem/Ptro Ptro 0.49 Fag Fab 
nigricans & arc 37.88 0.87 Temp 0.93* Temp Temp 0.50 Equi 0.50 Equi Angi 0.95* Ntem Ntem 0.5 Equi Pin,Fab 
compacta 37.03 0.82 Trop 0.53 Temp Trop 0.50 Equi 0.50 Equi Angi 0.12/0.87* Ntem/Ptro Ptro 0.48 Fab Fab 
nigricans 36.65 0.80 Temp 0.93* Temp Temp 0.50 Equi 0.51 Pina Angi 0.98* Ntem Ntem 0.5 Equi Pin,Fab 
archaea 33.73 0.69 Temp 0.90* Temp Temp 0.50 Equi 0.50 Equi Angi 0.97* Ntem Ntem 0.5 Equi Pin,Fab 
russula/crown 33.25 0.72 Temp 0.82 Temp Trop 0.50 Equi 0.50 Equi Angi 0.50/0.50* Ntem/Ptro Ptro 0.5 Equi Fab 
delica 31.44 0.80 Temp 0.89* Temp Temp 0.50 Equi 0.50 Equi Angi 0.95* Ntem Ntem 0.5 Equi Pin,Fab 
farinipes 30.57 0.83 Temp 0.91* Temp Temp 0.50 Equi 0.52 Angi Angi 0.97* Ntem Ntem 0.32 Fag Pin,Fab 
russula 30.29 0.85 Temp 0.86 Temp Temp 0.50 Equi 0.51 Angi Angi 0.91* Ntem Ntem 0.39 Fag Fab,Fag 
crown 29.94 0.64 Trop 0.72 Temp Trop 0.50 Equi 0.54 Angi Angi 0.44/0.55* Ntem/Ptro Ptro 0.57 Fag Fab 
rus = russula clade 
com = compacta clade 
het = heterophylla clade 
far = farinipes clade 
arc = archaea clade 
cro = crown clade 
Temp = Temperate 
Trop = Tropical 
Angi = Angiosperm associate 
Pina = Pinaceae associate 
Equi = Equivocal 
Geography 4-state = north temperate (Ntem), neotropics (Ntro), paleotropics (Ptro), and south temperate (Stem) 
Host family 6-state = Pinaceae (Pin), Betulaceae (Bet), Dipterocarpaceae (Dip), Fabaceae (Fab), Fagaceae (Fag), and Myrtaceae (Myr) 
 
* indicates significance based on the difference of –LnLik greater than 2 
bold indicates states that have a higher likelihood when multiple states are found significant 
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Figure 3. Boxplot comparing average taxon age based on terminal branch 
lengths of taxa from a secondarily time-calibrated mega-phylogeny with 
ranges in the tropics or extratropics (Top) and host association with 
Pinaceae or angiosperms (Bottom). P-values resulted from nonparametric 
Mann–Whitney U-tests. 
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State speciation-extinction models suggest higher rates of diversification for 
Russula in the extratropics and in association with Pinaceae 
 
Model testing for GeoSSE, BiSSE and BiSSE-ness in an ANOVA framework 
showed significant support for the full model in four of the five data sets (Table 
2). The model best supported for the GeoSSE geography data set was one that 
constrained transition rates between character states to be equal, indicating that 
dispersal between the tropics and extratropics is bidirectional. The full models for 
all other analyses were supported over models constraining speciation and 
extinction rates to be equal and pure-birth models, demonstrating that for all data 
sets diversification patterns differ between character states and extinction rates 
should be estimated. For both GeoSSE data sets, the best models were 
supported over models that constrained combined states to zero, indicating that 
speciation rates for widespread and host generalist taxa should be estimated. 
For BiSSE analyses, the full model was supported over models constraining 
transition rates as equal, demonstrating that rates of biogeographical and plant 
associate expansion or restriction are unidirectional. Finally, the BiSSE-ness 
analysis for plant association found the full cladogenic model supported over an 
anagenesis model of diversification, indicating that host switches are driving 
cladogenic events. 

ML estimates of the best model were used as starting values for Bayesian 
inference of model parameters (Table 3). Rates of diversification were found to 
be significantly higher in extratropical lineages than tropical lineages, with 
extratropical lineages having a positive diversification rate and tropical lineages 
having a mean estimate of a negative rate, although we cannot reject a neutral 
diversification rate (Figure 4A). Diversification rate estimates for host specificity 
support a higher diversification rate with Pinaceae-associated taxa over 
angiosperm- associated taxa, with angiosperm-associated taxa having a 
negative diversification rate. However, we were not able to reject Pinaceae-
associated MOTUs with a neutral diversification rate (Figure 4B). Transitions 
from Pinaceae association to angiosperm association are estimated to occur at 
rates 15.3 times higher than from angiosperm to Pinaceae. Diversification rate 
estimates for biogeographic range indicates that widespread taxa are diversifying 
at the same rate as those restricted to either the tropics or extratropics (Figure 
4C). Transition rates, however, are more biased towards range contraction at 
rates 3.5 times higher than range expansions. Diversification rate estimates for 
host specificity indicate that host generalists are diversifying much faster than 
host specialists, with host specialists having a negative diversification rate 
(Figure 4D). Transition rates, however, are much more biased towards host 
specialization with rates being 5.6 times higher than range expansion events. 
These findings hold true under moderate taxon sampling biases (Figures 7, 8, 9, 
and 10, Appendix). 
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Table 2. Model comparisons for BiSSE, BiSSE-ness, and GeoSSE 
analyses. 

GeoSSE geography models (Tropical vs. Extratropical) 
 Df lnLik AIC ChiSq Pr(>|Chi|)  
full 7 1000.7 -1987.3 NA NA  
no.sAB 6 978.8 -1945.5 43.8 0 *** 
eq.div 5 934.2 -1858.4 133.0 0 *** 
no.mu 5 742.0 -1474.1 517.3 0 *** 
eq.trans 6 1000.3 -1988.7 0.7 0.4  

GeoSSE plant association models (Angiosperm vs. Pinaceae) 
full 7 278.1 -542.2 NA NA  
no.sAB 6 276.1 -540.1 4.0 0 * 
eq.div 5 248.0 -485.9 60.3 0 *** 
no.mu 5 66.3 -122.5 423.6 0 *** 

BiSSE geography models (Endemic vs. Widespread) 
full 6 1121.9 -2231.9 NA NA  
eq.trans 5 1081.4 -2152.9 81.0 0 *** 
eq.div 4 1008.4 -2008.8 227.0 0 *** 
no.mu 4 957.7 -1907.5 328.4 0 *** 

BiSSE plant association models (Specific vs. Generalist) 
full 6 561.0 -1109.9 NA NA  
eq.trans 5 480.7 -951.5 160.5 0 *** 
eq.div 4 397.2 -786.5 327.4 0 *** 
no.mu 4 512.9 -1017.8 96.2 0 *** 
BiSSE-ness plant association models (Angiosperm vs. Pinaceae) 
full 10 623.9 -1227.7 NA NA  
no.trans 9 622.8 -1227.5 2.2 0.1 *** 
eq.div 8 432.8 -849.6 382.1 0 *** 
no.mu 9 618.1 -1218.2 11.5 0 *** 
no.pc 8 581.6 -1147.2 84.6 0 *** 
full = model with all parameters 
eq.trans = model with transition rates constrained as equal 
no.sAB = model with no dual-state speciation 
eq.div = model with diversification constrained as equal 
no.mu = model with extinction constrained to 0 
no.pc = model with no cladogenic diversification 
 
* = P ≤ 0.05; ** = P ≤ 0.005; *** = P ≤ 0.0005 

 
 



 20 

 
  
Figure 4. Posterior probability density means and standard error 
representing relative diversification (k-l) and dispersal rates for geographic 
and host state-specific models for Russula. (A) Estimates for extratropical 
MOTUs (light blue) and tropical MOTUs (orange) with differential transition 
rates from tropics to extratropics (grey) for the best-supported equal 
transition GeoSSE model. (B) Estimates for angiosperm-associated MOTUs 
(red) and Pinaceae-associated MOTUs (blue) with differential transition 
rates from Pinaceae association to angiosperm association (grey) for the 
best-supported full-parameter GeoSSE model. (C) Estimates for endemic 
MOTUs (green) and widespread MOTUs (purple) with differential transition 
rates of contraction from widespread to endemic (grey) for the best-
supported full-parameter BiSSE model. (D) Estimates for host-specific 
MOTUs (yellow) and host generalist MOTUs (pink) with differential 
transition rates of restriction from host generalist to specialist (grey) for 
the best-supported full-parameter BiSSE model
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Table 3. Maximum Likelihood estimates of parameters for the best model for BiSSE and GeoSSE 
analyses. 

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

GeoSSE Geog 28.9 6.6 63.8 27.2 8.2 0.9 0.9 1.7 -1.6 0.4 1 
GeoSSE Plant 11.0 33.3 14.2 16.1 35.0 1.4 20.8 -5.1 -1.7 19.5 15.3 
BiSSE Geog 36.3 2.7 N/A 34.1 0 2.1 7.2 2.2 2.7 5.1 3.5 
BiSSE Host 0.5 74.9 N/A 7.2 40.2 19.4 109 -6.7 34.7 89.6 5.6 
sA = speciation rate A 
sB = speciation rate B 
sAB = speciation rate for dual-state 
xA = extinction rate A 
GeoSSE Geog = A for Extratropical; B for Tropical 
GeoSSE Plant = A for Angiosperm; B for Pinaceae 
BiSSE Geog = A for Endemic; B for Widespread 
BiSSE Plant = A for Host Specific; B for General 
xB = extinction rate B 
dAB = dispersal rate from A to B 
dBA = dispersal rate from B to A 
DA = net diversification rate A 
DB = net diversification rate B 
TB->A = transition rate from B to A 
T ratio = transition rate B to A divided by A to B
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Discussion 

Into and out of the tropics 
 
Russula is among the most taxonomically diverse ECM lineages in the tropics 
(Buyck et al. 1996; Tedersoo & Nara 2010). However, ancestral area analyses 
support that the genus is an ancestrally temperate group. In addition, 
diversification rate analyses support a higher net rate of diversification among 
taxa in extratropical regions. This suggests a complex biogeographic history for 
Russula, and likely most other ECM lineages, which falls counter to the 
predictions of established biogeographic hypotheses (Wiens & Donoghue 2004; 
Jablonski et al. 2006; Jansson et al. 2013).  

The most recent common ancestor of Russula was probably an 
angiosperm associate that began to diversify ca. 40 MY ago during the Eocene in 
North temperate regions of Eurasia and/or North America. The late Eocene 
marked the beginning of transition to icehouse Earth conditions where, despite 
large fluctuations in CO2 levels, Antarctic ice began to form and global climates 
began the period of cooling leading to modern conditions (Lear et al. 2008). 

It has been suggested that diversification of ECM fungi was facilitated by 
an expanded niche space caused by cooling climates (Bruns et al. 1998; Ryberg 
& Matheny 2012), and Russula is a group that appears to be well adapted to 
temperate climates and able to occupy these novel niches. The early history of 
the group shows the divergence of the delica, farinipes, archaea and nigricans 
clades occur in the north temperate zone. There is evidence for switches to the 
tropics in the ancestors of the heterophylla, compacta, and crown clades with a 
major reversal back to the extratropics in the most recent common ancestor of 
the russula clade. Since this early history, transitions between the tropics and 
extratropics have been frequent events in the evolutionary history of Russula with 
at least 47 independent shifts to the tropics and a comparable number of shifts to 
the extratropics. Only the compacta clade is composed of more tropical taxa than 
extratropical taxa, thus representing the only major tropical clade in Russula 
based on current sampling. 

Several ECM clades have been hypothesized as tropical in origin 
(Matheny et al. 2009; Kennedy et al. 2012; Wilson et al. 2012; Sánchez-Ramírez 
et al. 2015b). The ancestral origin of Inocybaceae, Amanita sect. Caesareae, and 
most ECM clades of Sclerodermatineae (Matheny et al. 2009; Wilson et al. 2012; 
Sánchez-Ramírezet al. 2015b). The ECM Sebacinaceae is the only major ECM 
lineage that has been shown explicitly to have a north temperate origin 
(Tedersoo et al. 2014b). No ECM lineages have yet been found endemic to the 
Neotropics, nor have any groups been reconstructed with a Neotropical origin. 
South temperate taxa in the family Inocybaceae are largely derived from north 
temperate progenitors, and Neotropical taxa have been shown to have 
immigrated from elsewhere (Matheny et al. 2009). Two lineages, Austropaxillus 
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and ECM Hysterangiales, have been inferred as having south temperate origins 
(Hosaka et al. 2008; Skrede et al. 2011).  

While Russula has been inferred as having a north temperate origin, the 
family Russulaceae may have its origins in the tropics, given that Lactifluus, an 
ECM genus of over 120 species that has been hypothesized as the sister clade 
to the rest of Russulaceae, is largely a tropical clade (Verbeken et al. 2011). In 
this case, Russula would represent a major clade that diversified outside of its 
ancestral range to a greater extent than the other major clades of the ECM 
lineage (i.e. Russulaceae), similar to what has been found in some other ECM 
lineages (Matheny et al. 2009; Kennedy et al. 2012). 

Although ECM clades vary greatly in age, significant diversification 
episodes have coincided with specific geologic periods during the evolution of 
these groups. The oldest ECM lineage (Tuberaceae, Ascomycota) is a 
cosmopolitan group ca. 160 million years old (Bonito et al. 2013) originating in 
the late Jurassic, while Austropaxillus (order Boletales) has been identified as a 
young ECM lineage with a mean age of 22 million years (Skrede et al. 2011). We 
recovered the ECM lineage Russulaceae to have a mean age of 76 million years, 
originating during the late Cretaceous, which is consistent with ages of several 
ECM clades of Agaricales (Ryberg & Matheny 2012). The crown age of Russula 
(44 MY) during the Eocene corresponds with ages of many of the major clades of 
Tuberaceae (30–54 MY) as well as major clades within the ECM Sebacinaceae 
(30–45 MY) (Bonito et al. 2013; Tedersoo et al. 2014b). Russula, therefore, 
conforms with an emerging pattern in which the origin of ECM association is 
ancient, in this case ECM evolving in the ancestor of Russulaceae during the late 
Cretaceous, but diversification of the major extant clades has occurred much 
more recently in the Eocene, during which the global climate began cooling and 
temperate conditions expanded. 

Higher diversification rates in the extratropics explain a reversal of the latitudinal 
diversity gradient (LDG) 
 
For many of the proposed explanations of the LDG pattern, biological 
justifications could also apply to groups originating outside the tropics. The 
‘biogeographical conservatism hypothesis’ has been proposed as an alternative 
to the ‘tropical conservatism hypothesis’, which suggests that thermal or climatic 
tolerances may restrict groups to certain environmental niches regardless of 
whether they originate in the tropics (Pyron & Burbrink 2009). As an alternative to 
the ‘out of the tropics’ model, an ‘into the tropics’ model would suggest that 
lineages outside the tropics are not dispersal limited in regard to the tropics but 
those lineages can continue to diversify alongside endemic extratropical lineages 
for an overall greater accumulation of species. Some processes proposed for the 
‘diversification rate hypothesis’ could also apply to groups with an extratropical 
ancestry. This includes an accelerated rate of molecular evolution, relatively 
stable climatic conditions, or an expanded niche space due to biotic and abiotic 
factors. However, the extratropics cannot be said to have seen gross expansions 
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compared with modern conditions considering the relatively constant cooling 
trend of global climates. For an explanation of this pattern applied to nontropical 
groups as well, we propose the ‘generalized diversification rate’ hypothesis, 
which states that patterns of diversity can be explained by regional abiotic or 
biotic factors that promote an increased diversification rate regardless of the 
biogeographic origin of a group or dispersability into or out of the region. 

Diversification patterns in Russula support the ‘generalized diversification 
rate’ hypothesis as an explanation of the reversed LDG. Lineages of Russula in 
the extratropics exhibit a higher rate of net diversification as they transition into 
and out of the tropics at relatively equal rates. A pattern of phylogenetic niche 
conservatism has been proposed as good support for the ‘tropical conservatism 
hypothesis’, where we should expect tropical lineages to disperse infrequently 
into the extratropics, thus allowing tropical clades to diversify or persist as long 
branches (Crisp & Cook 2012). We do see the tropics acting as a museum with 
tropical taxa having a much lower extinction rate and higher average species 
ages (Figure 3). However, we found the distribution of tropical MOTUs to be 
phylogenetically overdispersed, indicating that transitions have occurred into and 
out of the tropics frequently during the last 40 MY. Additionally, an ‘into the 
tropics’ model can be rejected as transition rates between the tropics and 
extratropics were found to be equal in Russula. Diversification patterns in 
Russula agree with the findings of Sánchez-Ramírez et al. (2015a) that 
extratropical ECM taxa have a higher speciation rate than tropical taxa; however, 
extinction was indicated as a significant variable in our models for Russula 
diversification. Given these trends, extinction in tropical environments may be 
driven by an unavailability of abundant niche space from fewer soil horizons, 
more fragmented host distributions, and a lack of community partitioning due to a 
lower host lineage diversity (Tedersoo & Nara 2010). 

Tedersoo et al. (2012) suggested that clade age might explain why ECM 
fungi are more species rich at temperate latitudes than in the tropics. If this is 
correct, then temperate lineages should be older and more diverse than tropical 
lineages. Kennedy et al. (2012) found no support for the ‘clade age’ hypothesis in 
the ECM genus Clavulina, which was found to be tropical in origin and containing 
several derived temperate lineages. One of these temperate lineages was found 
to be diversifying at nearly 2.5 times the rate elsewhere in the tree. With a north 
temperate origin, Russula provides a good test for the ‘clade age’ hypothesis. 
Diversification patterns in Russula reject the ‘clade age’ hypothesis and support 
an overall higher diversification rate for extratropical taxa as a generalized 
pattern, even when major clades are not restricted to the tropics or extratropics. 
The ‘clade age’ hypothesis is also confounded as a generalizable pattern for 
ECM fungi by the paucity of evidence for temperate origins for a majority of 
diverse ECM lineages. 

In the extratropics, Russula is characterized by high speciation and 
extinction rates, indicating a high species turnover evident by the low average 
age of extratropical taxa. This finding is consistent with the prediction of Buyck et 
al. (1996) that temperate ECM fungi may experience higher competition due to 
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exposure to ‘foreign invaders’, whereas the tropics act like a museum because of 
the relative isolation from competition. We find some evidence for latitudinal 
optima described by Sánchez-Ramírez et al. (2015a) for Amanita sect. 
Caesareae. In Russula, there is a much higher rate of transition to either the 
tropics or extratropics rather than range expansion to both. This could indicate 
that the subtropics represent a barrier for dispersal and that different adaptations 
are required for surviving in tropical vs. extratropical habitats and mycorrhizal 
communities. 

Host switching is an important driver of diversification in Russula 
 
To explain the reversal of the LDG in ECM fungi, increased ECM plant diversity 
in temperate regions was proposed as a driving evolutionary force, but neither 
codiversification nor host switching has been investigated in this context 
(Kennedy et al. 2012; Tedersoo et al. 2012; Põlme et al. 2013). The 
diversification of major clades in Russula corresponds to the time of 
diversification for major ECM plant lineages, including Fagaceae, Betulaceae, 
Salicaceae, Malvaceae, Cistaceae and Dipterocarpaceae (Bell et al. 2010). This 
is consistent with the hypothesis that codiversification with hosts or host 
switching may have been an important driver of diversification for ECM fungi. 
Evolution of ECM plant diversity makes sense as a driver for the reversed LDG 
pattern in ECM fungi as several diverse ECM plant lineages (e.g. Myrtaceae, 
Fagaceae and Pinaceae) have their diversity centres outside the tropics (Pryor 
1959; Richardson 2000; Nixon 2006). ECM plant lineage association was found 
to be conserved in major clades in the Agaricales, such as Cortinarius, 
Hygrophorus and Inocybaceae, but conservation was not found in others (Ryberg 
& Matheny 2012). If codiversification is an important driver for ECM fungal 
diversity, then we should expect Russula clades to be host-restricted to particular 
plant lineages genera or families. We find that plant association in Russula is not 
conserved by plant lineage at the family level, evidenced by phylogenetic 
overdispersion and the lack of signal for inferring ancestral plant associations. 
We also find support for a model showing that host switching is driving 
cladogenic events over an anagenic model of host diversification. With these 
analyses combined, there is strong evidence that host switching is an important 
driver for diversification in Russula and is more plausible than a codiversification 
scenario of diversification. 

Although it has not been found to be an important driver for diversification 
of Russula, there is some evidence that codiversification may be an important 
process for select ECM fungi and for ECM plant lineages in general. ECM plants 
comprise select lineages of Gnetaceae, Pinaceae and numerous lineages of 
angiosperms, including members of Betulaceae, Dipterocarpaceae, Fabaceae, 
Fagaceae, Juglandaceae, Myrtaceae, Nothofagaceae and Salicaceae (Brundrett 
2009) among others. Many fungal lineages containing ECM fungi, including 
Russulales, have been found to be younger than the diversification of 
angiosperms (Hibbett & Matheny 2009). Consistent with these findings, ancestral 
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plant associates for a number of ECM lineages, now including Russula, have 
been inferred as angiosperm (Matheny et al. 2009; Ryberg & Matheny 2011; 
Wilson et al. 2012; Bonito et al. 2013). Only the ECM Sebacinaceae has been 
recovered as having an ancestral association with Pinaceae (Tedersoo et al. 
2014b). Studies of the ECM plant genus Alnus have found historical distributions 
consistent with their associates, giving strong support for codispersal for this 
plant lineage with their associates (Kennedy et al. 2011b; Põlmeet al. 2013). 
Another ECM plant group that shows a strong signal of association and, 
potentially, codiversification with its fungal partners is Pinus, whose species are 
nearly ubiquitous with the ECM genera Suillus and Rhizopogon (Bruns et al. 
2002). Studies looking at codiversification from the perspective of species-rich 
ECM plant lineages, such as Quercus or Eucalyptus, have not been attempted. 
Nonetheless, if ECM fungi are codiversifying with their plant associates, this may 
be an important process for diversification of ECM plants as particular host-
specific fungal associates may be necessary partners for those plant lineages, 
whereas host switching may be a primary process by which most ECM fungal 
lineages diversify. 

A surprising result from the GeoSSE model comparison of plant 
association was that MOTUs associated with Pinaceae have higher speciation 
rates than the ones associated with angiosperms. In this case, we can see an 
evolutionary source–sink dynamics, where a majority of species initially evolve as 
associates with Pinaceae but preferentially switch to angiosperm hosts where 
they either expand their host range or go extinct. A potential mechanism to 
explain this pattern would be orogenesis events that can act like a species pump 
similar to glacial refugia (Sedano & Burns 2010; Wang et al. 2012). Many 
Pinaceae species are montane and will probably track elevational gradients as 
mountains are uplifted. These events are ideal for populations not able to track 
this migration due to dispersal limitation or thermal tolerances to become isolated 
and either speciate or switch to an angiosperm host. Populations that are able to 
track Pinaceae associates may have opportunities to host switch and speciate 
with other members of Pinaceae in different life zones or community types 
(i.e. pine to spruce dominant community) (Tang & Ohsawa 1997). It is also 
probably that climate fluctuations over geological time create this effect at the 
temperate–boreal interface (Sandel et al. 2011). Russula generalists that 
associated with both Pinaceae and angiosperms have a higher diversification 
rate than more host-specific species, which also indicates that host switching or 
expansion may be more important drivers than co-evolution with the plant 
associate. Again, host specificity is characterized by an evolutionary source–sink 
dynamic, where speciation occurs with generalist species, but their host ranges 
are frequently restricted, which may increase extinction rates. 

Potential for additional drivers of diversification 
 
An important criticism of trait-based diversification analyses broached by 
Rabosky & Goldberg (2015) is that a hidden trait or traits may be driving 
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diversification patterns that, by chance, may be correlated with the trait being 
tested. This criticism is not a concern for our latitudinal assessment, as we are 
interested in analysing a pattern explicitly to discover the evolutionary process. 
This criticism is relevant when considering whether ECM plant associate lineage 
is driving ECM fungal diversification, but this issue is more a problem of 
interpretation than any flaw in the models. ECM plant associations have been 
proposed as potential drivers of the reversed LDG pattern, and our results are 
consistent with this. However, this is not to say that other associated factors may 
not be more important at other spatial scales, including root stratification 
(Kalliokoski et al. 2010), mycorrhizal root signaling (Felten et al. 2009), ability to 
associate with arbuscular mycorrhizae (Kennedy et al. 2011a,b), or even 
something external to the associate such as community type (McGuire et al. 
2013) or stratification of the soil (Rosling et al. 2003). A final possibility is that key 
adaptations of the fungi may be playing a role in diversification with different plant 
host lineages, as adaptive radiations in fungi have been shown to be driven by a 
combination of environmental opportunity and phonological adaptations to take 
advantage of that opportunity (Gaya et al. 2015). For Russula, this may include 
adaptations to labile characters such as changes in spore morphology in 
response to changing environments such as temperature and moisture for 
differential dispersability and germination, pigmentation of the pileus cuticle as 
protection against radiation or to attract animal dispersal vectors (Eberhardt 
2002), different suites of oxidative enzymes for accessing nutrients in recalcitrant 
plant matter or expansions in small secreted proteins used in root colonization 
(Kohler et al. 2015). By identifying traits that support a pattern of diversification, 
we can develop additional hypotheses to test for a ‘smoking gun’ trait, if one 
exists. 

Sampling and methodological considerations 
 
Using a total data approach, we were able to achieve maximal global sampling of 
Russula; however, there are some caveats and biases inherent to this approach. 
The total number of recovered Russula MOTUs (1064) exceeds the number of 
currently accepted species in the genus (750–900 spp.) indicating that numerous 
novel species of Russula have not been formally described. The majority of the 
GenBank studies evaluated here originated in North America or Europe, which 
have the highest number of MOTUs. We recovered 441 MOTUs in North 
America, which is near the total number of species reported from both the USA 
(419 spp.) and Mexico (66 spp.) (Kong et al. 2002; Buyck 2007). A high number 
of MOTUs (62) are shared between North America and Europe, which closely 
agrees with the number of species described from Europe that are also reported 
in North America (87 spp.) (Buyck 2007). Although sampling bias towards the 
extratropics was anticipated and accounted for in our diversification analyses 
(Figures 7, 8, 9, & 10, Appendix), this bias may not be as pronounced given 1) 
the smaller land mass with available ECM habitat; 2) the lack of ECM plant 
richness in the tropics; and 3) the number of tropical Russula taxa described 
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compared to MOTUs recovered from molecular sampling efforts. The recovered 
number of MOTUs for tropical Africa (105) closely approximates the number of 
described species (129–_165 spp.) (Buyck et al. 1996; Verbeken & Buyck 2002). 
The total MOTUs recovered for the Neotropics (45) also matches well the 
number of described taxa from the region (42 spp.) (Buyck et al. 1996). Species 
estimates for tropical Asia are more difficult to obtain due to the application of 
traditional European names to species from this area, but any bias towards the 
extratropics in this region is probably offset by a lack of sampling from the 
temperate Himalayan region of south China where we should expect a high 
diversity coinciding with a high number of ECM plant lineages (Das et al. 2010). 
An assessment of Russula diversity for tropical Asia should be an objective for 
future studies. For south temperate sampling, we recovered 74 MOTUs from 
Australia and New Zealand, which exceeds the number of species described 
from this region, given that the largest study in the genus from this region 
describes 33 species (McNabb 1973). A few disjunct distributions of MOTUs are 
probably explained by local introductions from pine plantations (Dickie et al. 
2010). Six MOTUs were recovered as having a holarctic distribution throughout 
North America, Europe and Asia, three of which were independently sampled by 
fourteen different GenBank studies (Table 5, Appendix). 

Accounting for almost half of all of the MOTUs for which it was possible to 
retrieve ECM plant associate data, host preference for Russula strongly favours 
the Fagaceae (165) and Pinaceae (157). This is not surprising given that these 
families are the most species diverse ECM plant lineages in north temperate 
regions (Pryor 1959; Nixon 2006). Russula sequences were detected from 16 
different plant families. Plant families where Russula was not detected but where 
we might expect to find Russula include Gnetaceae, Casuarinaceae and 
Cistaceae, which are mostly south temperate or tropical lineages (Brundrett 
2009; Tedersoo & Põlme2012). Tedersoo et al. (2014b) hypothesized groups 
that associate with more plant lineages should be older, but this is not the case 
with Russula, a relatively young group that associates with nearly all known ECM 
plant lineages.  

We used a robust, multigene phylogeny as a guide tree for the Genbank 
data set mega-phylogeny due to the variability of the ITS region from which most 
of the environmental data were based, which allowed the conservation of higher-
level relationships. The final ultrametric topology was therefore dependent on 
relationships inferred based on the phylogeny of the core data set, where some 
nodes were not supported by bootstrapping or posterior probability. However, 
these clades were resolved in both maximum likelihood and Bayesian inference, 
giving some confidence for the topology. Taxon sampling for the core data set 
was also biased towards North American and European taxa due to reliance on 
the major classification systems, which are based on those regions. Cluster sets 
were considered regardless of cluster size, as excluding singleton cluster sets 
would reduce sampling beyond the necessary limits for SSE models. The 
calculated average of sequences per cluster set was 2.6, with 79% of sequences 
coded as extratropical, 12% as tropical and 9% as widespread. Given these 
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sample sizes, we can certainly infer presence data for all geography and some 
hosts, but we cannot be certain that the full geographic range or host is being 
captured for MOTUs. There is a stronger bias for tropical samples being 
undersampled, where fewer studies have been conducted and many MOTUs 
were only detected once. There must also be a bias towards recovering more 
host specialists, as there must be at least two sequences in the cluster set with 
conflicting hosts to be considered a generalist. It is probably that some MOTUs 
that could be considered generalists were not coded as such because none of 
their other hosts were sampled within their geographic range. Given these 
limitations, only potential geographic dispersal and host switches can be tested. 
Also, as there is no consistent sampling strategy for GenBank sequences, there 
may be biases in our ability to detect rare taxa from locations that have only had 
sampling done from fruit body or root collections. Our approach, however, was 
able to achieve much greater sampling than would be possible without a 
worldwide network of sampling researchers and sampling sites, and we propose 
that efforts should continue to report metadata for sequence data submitted to 
online data repositories and support databases for global sampling data such as 
UNITE (https://unite.ut.ee/), GBIF (http://www.gbif.org/) and fungimap 
(http://fungimap.org.au/). 

Conclusions 
 
Investigation of diversification patterns in fungi is challenging given the immense 
diversity of these groups, their cosmopolitan distributions and the necessity to 
approximate complete global taxon sampling across a phylogeny. Utilizing 
available sequence data from various environmental sources can help mitigate 
these challenges by allowing for a more complete assessment of global diversity 
and more accurate estimation of evolutionary patterns. Using state-specific 
diversification models, we found strong support for the ‘generalized diversification 
rate’ hypothesis as an evolutionary process accounting for high extratropical 
diversity in Russula. Application of these models to other lineages of fungi may 
confirm our findings as a generalizable pattern. We also found evidence that host 
switching is an important driver in Russula diversification, allowing us to generate 
new hypotheses about trait-driven diversification in fungi. For example, a finer-
scale analysis comparing diversification between taxa from lowland tropical 
forests and montane tropical forests or between specific ECM plant lineages may 
indicate, counter to most other guilds of fungi (Tedersoo et al. 2014a), that 
climate effects are less important than host effects for ECM fungi. Also, while this 
and other studies have focused on evolutionary dynamics at the tropical 
interface, the boreal–temperate interface has also been highlighted as an 
important biogeographic boundary, where ECM begins to drop off northward as 
part of a unimodal distribution (Tedersoo et al. 2012, 2014a;). Future studies in 
Russula should examine this relationship to determine whether the same 
evolutionary or ecological forces are governing this pattern, especially 
considering that boreal forests are composed of a higher density of ECM plants 
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than most temperate forests, while temperate systems can contain a higher ECM 
plant species richness. 
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Appendix 
Table 4. Taxon sampling and Genbank accession numbers for constraint 
phylogeny. 
Taxon Herbarium Collection voucher ITS LSU rpb1 rpb2 
R. aerugineaa UPS AT2003017 DQ421999 DQ421999 DQ421946 – 
R. aff. azurea TENN067625 BPL274 KT933973 KT933834 KT957346 KT933905 
R. aff. chloroides GENT FH12-273 FH12273 KT934015 KT933876 KT957386 KT933947 
R. aff. delica GENT FH12-266 FH12266 KT934014 KT933875 KT957385 KT933946 
R. albonigraa UPS AT2002064 DQ422029 DQ422029 DQ421966 – 
R. amara GENT FH12-213 FH12213 KT933998 KT933859 KT957370 KT933930 
R. amoenolens TENN067119 BPL232 KT933954 KT933813 – KT933884 
R. aquosad TENN067620 BPL271 KF810138 KT933831 KT957343 KT933902 
R. betularum TENN067623 BPL269 KT933969 KT933829 KT957341 KT933900 
R. cadaverolens TENN067226 BPL239 KT933957 KT933816 KT957327 KT933887 
R. camarophyllaa PC PAM01081108 DQ421982 DQ421982 DQ421938 – 
R. cf. appalachiensis TENN067318 BPL250 – – KT957333 KT933893 
R. cf. atroglauca GENT FH12-248 FH12248 KT934009 KT933870 KT957380 KT933941 
R. cf. compactaa PC AV04130 DQ422001 DQ422001 DQ421948 – 
R. cf. cyanoxantha TENN067627 BPL280 KT933976 KT933837 KT957349 KT933908 
R. cf. decipiens TENN067417 BPL266 KT933967 KT933827 KT957339 KT933899 
R. cf. delicaa UPS UE24.08.2004-20 DQ422005 DQ422005 DQ421950 – 
R. cf. firmula TENN067124 BPL229 – KT933811 KT957323 KT933882 
R. cf. foetensa UPS UE18.07.2003-7 DQ422023 DQ422023 DQ421962 – 
R. cf. fragilis TENN067621 BPL273 KT933972 KT933833 KT957345 KT933904 
R. cf. integra TENN070022 BPL288 KT933982 KT933843 KT957354 KT933914 
R. cf. ochrophylla TENN067108 BPL231 KT933953 KT933812 KT957324 KT933883 
R. cf. pseudolepida TENN067297 BPL247 KT933962 KT933821 KT957332 KT933892 
R. cf. rugulosa TENN067224 BPL237 KT933955 KT933814 KT957325 KT933885 
R. cf. rugulosa TENN067225 BPL238 KT933956 KT933815 KT957326 KT933886 
R. cf. silvestris GENT FH12-225 FH12225 KT934004 KT933865 KT957375 KT933936 
R. cf. smithii TENN070302 LUK12327 KT934017 KT933878 KT957388 KT933949 
R. cf. versicolor GENT FH12-259 FH12259 KT934012 KT933873 KT957383 KT933944 
R. claroflava GENT FH12-212 FH12212 KT933997 KT933858 KT957369 KT933929 
R. columbicolorb GENT H-2010BT108A – JN389003 JN375606 JN389200 
R. compacta TENN067133 BPL227 KT933952 KT933810 – KT933881 
R. compacta TENN067303 BPL242 KT933960 KT933819 KT957330 KT933890 
R. compactaa   Duke s.n. AF287888 AF287888 AY218514 – 
R. cremeirosea TENN069929 BPL289 KT933983 KT933844 KT957355 KT933915 
R. crustosa TENN070180 BPL251 KT933963 KT933822 KT957334 KT933894 
R. crustosa TENN067418 BPL265 KT933966 KT933826 KT957338 KT933898 
R. cuprea GENT FH12-250 FH12250 KT934010 KT933871 KT957381 KT933942 
R. curtipes GENT FH12-206 FH12206 KT933995 KT933856 KT957367 KT933927 
R. cyanoxanthaa UPS UE29.09.2002-2 DQ422033 DQ422033 DQ421970 – 
R. decolorans GENT FH12-196 FH12196 KT933992 KT933853 KT957364 KT933924 
R. dissimulans TENN070021 BPL285 KT933979 KT933840 – KT933911 
R. earlei TENN067260 BPL245 KT933961 KT933820 KT957331 KT933891 
R. earleia PC WCRW00-412 DQ422025 DQ422025 DQ421963 – 
R. emeticaa UPS UE05.10.2003-11 DQ421997 DQ421997 DQ421943 – 
R. emeticolor GENT FH12-253 FH12253 KT934011 KT933872 KT957382 KT933943 
R. farinipesa UPS UE28.09.2002-4 DQ421983 DQ421983 DQ421939 – 
R. fellea GENT FH12-185 FH12185 KT933989 KT933850 KT957361 KT933921 
R. firmulaa UPS AT2004142 DQ422017 DQ422017 DQ421958 – 
R. foetens GENT FH12-277 FH12277 KT934016 KT933877 KT957387 KT933948 
R. fontqueri GENT FH12-223 FH12223 KT934003 KT933864 KT957374 KT933935 
R. fragilis GENT FH12-197 FH12197 KT933993 KT933854 KT957365 KT933925 
R. gracillimaa UPS UE23.08.16-01 DQ422004 DQ422005 DQ421949 – 
R. granulata TENN067622 BPL272 KT933971 KT933832 KT957344 KT933903 
R. grisea GENT FH12-234 FH12234 KT934006 KT933867 KT957377 KT933938 
R. griseaa UPS UE2005.08.16-01 DQ422030 DQ422030 DQ421968 – 
R. heterophyllaa UPS UE20.08.2004-2 DQ422006 DQ422006 DQ421951 – 
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Table 4 Continued 
Taxon Herbarium Collection voucher ITS LSU rpb1 rpb2 
R. illotaa UPS UE26.07.2002-3 DQ422024 DQ422024 DQ421967 – 
R. integra GENT FH12-172 FH12172 KT933984 KT933845 KT957356 KT933916 
R. khanchanjungaeb GENT AV-KDKVP09-106 – JN389004 JN375607 JN389201 
R. krombholzii GENT FH12-186 FH12186 KT933990 KT933851 KT957362 KT933922 
R. laurocerasi GENT FH12-178 FH12178 KT933988 KT933849 KT957360 KT933920 
R. lepidaa UPS HJB9990 DQ422013 DQ422013 DQ421954 – 
R. luteotacta GENT FH12-187 FH12187 KT933991 KT933852 KT957363 KT933923 
R. maculataa UPS HJB10019 DQ422015 DQ422015 DQ421956 – 
R. mairei GENT FH12-262 FH12262 KT934013 KT933874 KT957384 KT933945 
R. mustelina GENT FH12-226 FH12226 KT934005 KT933866 KT957376 KT933937 
R. nauseosa GENT FH12-173 FH12173 KT933985 KT933846 KT957357 KT933917 
R. nigricansa UPS UE20.09.2004-07 DQ422010 DQ422010 DQ421952 – 
R. nitida GENT FH12-218 FH12218 KT934001 KT933862 – KT933933 
R. ochroleuca GENT FH12-211 FH12211 KT933996 KT933857 KT957368 KT933928 
R. ochrosporaa UPS GD20.07.2004 DQ422012 DQ422012 DQ421953 – 
R. pallescensa TUR PL146/2002 DQ421987 DQ421987 DQ421941 – 
R. paludosa GENT FH12-216 FH12216 KT934000 KT933861 KT957372 KT933932 
R. parazureaa UPS MF01.10.2003 DQ422007 DQ422007 DQ421945 – 
R. peckii TENN067447 BPL270 KT933970 KT933830 KT957342 KT933901 
R. pectinatoides TENN067626 BPL276 KT933975 KT933836 KT957348 KT933907 
R. pectinatoidesa UPS AT2001049 DQ422026 DQ422026 DQ421964 – 
R. persicinaa UPS UE21.09.2003-01 DQ422019 DQ422019 DQ421960 – 
R. pulchra TENN067117 BPL226 KT933951 KT933809 KT957322 KT933880 
R. pusilla TENN067416 BPL267 KT933968 KT933828 KT957340 – 
R. queletii GENT FH12-237 FH12237 KT934007 KT933868 KT957378 KT933939 
R. raoultii GENT FH12-222 FH12222 KT934002 KT933863 KT957373 KT933934 
R. redolens TENN069923 BPL141 KT933950 KT933808 KT957321 KT933879 
R. redolens TENN067593 BPL260 KT933965 KT933825 KT957337 KT933897 
R. risigallinaa UPS UE03.07.2003-08 DQ422022 DQ422022 DQ421961 – 
R. romellii GENT FH12-177 FH12177 KT933987 KT933848 KT957359 KT933919 
R. rubellipes TENN067227 BPL240 KT933958 KT933817 KT957328 KT933888 
R. sanguinea GENT FH12-240 FH12240 KT934008 KT933869 KT957379 KT933940 
R. sardonia GENT FH12-215 FH12215 KT933999 KT933860 KT957371 KT933931 
R. sp. 1 TENN067379 BPL255 KT933964 KT933823 KT957335 KT933895 
R. sp. 2 TENN069926 BPL283 KT933977 KT933838 KT957350 KT933909 
R. sp. 3 TENN069927 BPL286 KT933980 KT933841 KT957352 KT933912 
R. sp. 4 TENN069928 BPL287 KT933981 KT933842 KT957353 KT933913 
R. sp.a PC BB99.250 DQ422028 DQ422028 DQ421965 – 
R. subtilis TENN067624 BPL275 KT933974 KT933835 KT957347 KT933906 
R. tsokaeb GENT KD-KVP1283 – JN389006 JN375608 JN389203 
R. variata TENN067302 BPL241 KT933959 KT933818 KT957329 KT933889 
R. velutipes GENT FH12-203 FH12203 KT933994 KT933855 KT957366 KT933926 
R. vesca TENN070020 BPL284 KT933978 KT933839 KT957351 KT933910 
R. vescaa UPS AT2002091 DQ422018 DQ422018 DQ421959 – 
R. vinacead TENN067365 BPL257 KF810139 KT933824 KT957336 KT933896 
R. virescensa UPS HJB9989 DQ422014 DQ422014 DQ421955 – 
R. zvarae GENT FH12-175 FH12175 KT933986 KT933847 KT957358 KT933918 
Multifurca zonariaa PC DED7442 DQ421990 DQ421990 DQ421942 – 
M. ochricompacta*a PC BB02107 DQ421984 DQ421984 DQ421940 – 
Lactarius lignyotusc CUW PBM2424 DQ221107 AY631898 DQ408128 – 
Lactifluus deceptivusc† CUW PBM2462 AY854089 AY631899 AY803749 AY864884 
aSequences generated by Buyck et al. (2008). 
bSequences generated by Van de Putte et al. (2012). 
cSequences generated by Matheny et al. (2007). 
dSequences generated by Looney (2015). 
 
* Annotated as Russula ochricompacta in Buyck et al. (2008). 
† Annotated as Lactarius deceptivus in Matheny et al. (2007). 
° Sequences generated for this study in bold. 
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Figure 5. Phylogenetic relationships of Russula inferred from nuclear 
ribosomal and single-copy (ITS, nrLSU, rpb1 and rpb2) sequences derived 
from a maximum-likelihood analysis. 
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Figure 6. Chronogram of Russulaceae inferred in BEAST 2. The 95% HPD 
posterior probabilities >0.9 are reported. 
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Figure 7. Taxon sampling bias runs at increments of 10% sampling bias for 
1000 MCMC generations for GeoSSE tropical vs. extratropical distribution. 
 
 
 
 
 
 
 
 



 44 

Figure 8. Taxon sampling bias runs at increments of 10% sampling bias for 
1000 MCMC generations for GeoSSE angiosperm vs. Pinaceae association. 
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Figure 9. Taxon sampling bias runs at increments of 10% sampling bias for 
1000 MCMC generations for BiSSE binary tropical/temperate endemicity vs. 
widespread. 
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Figure 10. Taxon sampling bias runs at increments of 10% sampling bias 
for 1000 MCMC generations for BiSSE binary angiosperm/Pinaceae 
specificity vs. generalist association. 
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Figure 11. BAMM analysis showing (A) the top nine shift configurations of 
the most credible shift configuration set. Red circles represent increases in 
diversification rate, while blue circles represent slowdowns in 
diversification. The size of the circle indicates how significant the shift is. 
The f values indicate what proportion of the confidence can be assigned to 
that particular scenario; and (B) a circle phylogeny of the best shift 
configuration. 
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Table 5. Final MOTU clusters with associated metadata for 
mycoheterotrophic parasitism, gasteroid morphology, plant association 
and geographic distribution. 
Clusters Genbank 

accessions Orchid Truffle Host Host 
Family 

Cluster 
Host Geog Cluster 

Geog 
1 GU234024 0 0 Various Ang 1 NA/EU 0 
2 GU997922 0 0 Betula nana Bet 1 NA 0 
3 FJ845428 0 0 Mix All 2 NA/EU 0 
4 GU997841 0 0 Angiosperm Ang 1 NA/AS 0 
5 GU998048 0 0 Betula nana Bet 1 NA 0 
6 GU997885 0 0 Betula nana Bet 1 NA 0 
7 GU997928 0 0 Betula nana Bet 1 NA 0 
8 EU711838 0 0   3 NA 0 
9 GU997971 0 0 Betula nana Bet 1 NA 0 

10 GU997943 0 0 Betula nana Bet 1 NA 0 
11 GU998198 0 0 Betula nana Bet 1 NA 0 
12 EU711809 0 0   3 NA 0 
13 GU966632 0 1   3 AS 0 
14 EU711822 0 0   3 NA 0 
15 EU711808 0 0   3 NA 0 
16 EU711761 0 1   3 NA 0 
17 EU711793 0 0   3 NA 0 
18 EF218813 0 0 Pseudotsuga menziezii Pin 0 NA 0 
19 EU711804 0 0   3 NA 0 
20 EU711817 0 0   3 NA 0 
21 EU711824 0 0   3 NA 0 
22 JF834365 0 0   3 NA 0 
23 AY822746 0 1 Pinus contorta Pin 0 NA 0 
24 AY239310 0 1 Various Pin 0 NA 0 
25 HQ204709 0 0 Quercus ilex Fag 1 EU 0 
26 HQ204712 0 0 Quercus ilex Fag 1 EU 0 
27 EU403089 0 0 Quercus rotundifolia Fag 1 EU 0 
28 DQ061902 1 0 Mix All 2 EU 0 
29 EU569270 0 0 Quercus Fag 1 NA 2 
30 AY061668 0 0 Pinaceae Pin 0 NA/EU 0 
31 EU569269 0 0 Quercus Fag 1 NA 1 
32 EU711768 0 0   3 NA 0 
33 EU711866 0 0   3 NA 0 
34 GU998043 0 1 Betula nana Bet 1 NA 0 
35 EU711908 0 0   3 NA 0 
36 GU998008 0 0 Angiosperm Ang 1 NA/EU 0 
37 GU234047 0 0 Various Ang 1 NA/EU 0 
38 EU711888 0 0 Various Ang 1 NA/EU 0 
39 GU998132 0 0 Betula nana Bet 1 NA 0 
40 GU998177 0 0 Betula nana Bet 1 NA 0 
41 GU998010 0 0 Betula nana Bet 1 NA 0 
42 GU998398 0 0 Betula nana Bet 1 NA 0 
43 AB597704 1 0   3 AS 0 
44 FJ789625 0 0 Pinaceae Pin 0 NA 0 
45 FJ789624 0 0 Pinaceae Pin 0 NA 0 
46 HQ604850 0 0 Pinaceae Pin 0 NA 0 
47 HQ022268 0 0   3 NA 0 
48 AY061716 0 0 Pinaceae Pin 0 NA/EU 0 
49 FJ660474 0 0 Pinus albicaulis Pin 0 NA 0 
50 AM231797 1 0 Mix All 2 NA 0 
51 AY061720 1 0 Pinaceae Pin 0 NA/EU 0 
52 JF834354 0 0   3 NA 0 
53 EF372407 1 0 Pinus sylvestris Pin 0 EU 0 
54 JF834351 0 0   3 NA 0 
55 AB597714 1 0   3 AS 0 
56 EU597057 0 0 Various Pin 0 NA 0 
57 DQ273397 0 0 Notholithocarpus densiflorus Fag 1 NA 0 
58 AB218086 0 0 Fagus crenata Fag 1 AS 0 
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Table 5 Continued 
Clusters Genbank 

accessions Orchid Truffle Host Host 
Family 

Cluster 
Host Geog Cluster 

Geog 
59 FJ946975 0 0 Quercus Fag 1 EU 0 
60 FN669242 0 0 Populus temula Sal 1 EU 0 
61 AY061713 0 0   3 EU 0 
62 JF908685 0 0   3 EU 0 
63 JF908702 0 0 Fagus sylvatica Fag 1 EU 0 
64 FJ196945 0 0 Quercus Fag 1 NA 1 
65 HM105560 0 0 Quercus liaotungensis Fag 1 AS 0 
66 HQ604848 0 0 Betula papyrifera Bet 1 NA 0 
67 AF230898 1 0 Mix All 2 EU 0 
68 FJ196944 0 0 Quercus Fag 1 NA 1 
69 EU569271 0 0 Quercus Fag 1 NA 1 
70 DQ493564 0 0   3 NA 0 
71 EU711770 0 0   3 NA 0 
72 EU711769 0 0   3 NA 0 
73 DQ273396 0 0 Notholithocarpus densiflorus Fag 1 NA 0 
74 FJ897211 0 0 Quercus rotundifolia Fag 1 EU 0 
75 JF908663 0 0   3 EU 0 
76 GQ166871 0 0 Quercus Fag 1 NA 0 
77 DQ493586 0 0   3 NA 0 
78 FJ454968 1 0   3 AS 1 
79 JF908662 0 0   3 EU 0 
80 GU327497 1 0   3 EU 0 
81 EU569263 0 0 Quercus Fag 1 NA 1 
82 EU598178 0 0   3 NA 0 
83 HM146862 0 0 Pinus sylvestris Pin 0 EU 0 
84 FN565339 1 0 Pinus sylvestris Pin 0 EU 0 
85 AF335442 0 0 Mix All 2 NA 0 
86 EU375714 0 0 Quercus Fag 1 NA 0 
87 GU256186 0 0 Quercus Fag 1 EU 0 
88 AF349708 1 0   3 AS 0 
89 GU907803 0 0 Quercus rubra Fag 1 NA 0 
90 AF418634 0 0 Mix All 2 NA/EU

/ME 0 

91 AY061699 0 0   3 EU 0 
92 EU284013 0 0   3 NA 0 
93 HQ204707 0 0 Quercus ilex Fag 1 EU 0 
94 AF418635 0 0   3 EU 0 
95 FM999647 0 0 Fagus grandifolia Fag 1 NA 0 
96 FM999715 0 0 Various Ang 1 NA 0 
97 FM999630 0 0 Fagus grandifolia Fag 1 NA 0 
98 GQ359818 1 0 Various Ang 1 AS 0 
99 AM113956 0 0 Fagus sylvatica Fag 1 EU 0 

100 GQ221640 0 0 Notholithocarpus densiflorus Fag 1 NA 0 
101 EU819511 1 0 Castanea dentata Fag 1 NA 0 
102 EU569268 0 0 Quercus Fag 1 NA 1 
103 HQ703024 0 0 Mix All 2 EU 0 
104 AY061709 0 0 Mix All 2 EU 0 
105 EU819424 0 0 Quercus rubra Fag 1 NA 0 
106 AJ633571 0 0 Pinus taeda Pin 0 NA 0 
107 GQ268640 0 0 Dipterocarpaceae Dip 1 AS 1 
108 GQ268644 0 0 Dipterocarpaceae Dip 1 AS 1 
109 JF960819 0 0 Eucalyptus delegatensis Myr 1 AU 0 
110 DQ328136 0 0   3 AU 0 
111 AY702073 1 0   3 AU 0 
112 JF960820 0 0 Eucalyptus delegatensis Myr 1 AU 0 
113 FJ656018 0 0 Angiosperm Ang 1 AS 1 
114 DQ388847 0 0 Eucalyptis Myr 1 AU 0 
115 JF960815 0 0 Eucalyptus delegatensis Myr 1 AU 0 
116 JF960825 0 0 Eucalyptus delegatensis Myr 1 AU 0 
117 EU019917 0 0   3 AU 0 
118 EU019914 0 0   3 AU 0 
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Table 5 Continued 
Clusters Genbank 

accessions Orchid Truffle Host Host 
Family 

Cluster 
Host Geog Cluster 

Geog 
119 EU019927 0 0   3 AU 0 
120 EU019940 0 0   3 AU 0 
121 EU019948 0 1   3 AU 0 
122 EU019942 0 0 Various Ang 1 AU 0 
123 JF960816 0 0 Eucalyptus delegatensis Myr 1 AU 0 
124 JF960821 0 1 Eucalyptus delegatensis Myr 1 AU 0 
125 EU019947 0 1   3 AU 0 
126 EU019946 0 1   3 AU 0 
127 JF960809 0 0 Eucalyptus delegatensis Myr 1 AU 0 
128 GU222285 0 0   3 AU 0 
129 GU222324 0 0   3 AU 0 
130 JF960817 0 0 Eucalyptus delegatensis Myr 1 AU 0 
131 GU222261 0 0   3 AU 0 
132 AY702070 1 0   3 AU 0 
133 GU222292 0 0   3 AU 0 
134 GU222263 0 0   3 AU 0 
135 AB594967 1 0   3 AS 0 
136 GQ268641 0 0 Dipterocarpaceae Dip 1 AS 1 
137 EU711835 0 0   3 NA 0 
138 AY061687 0 0   3 EU 0 
139 FJ454956 1 0   3 AS 1 
140 JF960822 0 0 Eucalyptus delegatensis Myr 1 AU 0 
141 JN182871 0 0   3 AS 0 
142 AB218199 0 0 Betula maximowicziana Bet 1 AS 0 
143 AB458684 0 0 Intsia bijuga Fab 1 AF 1 
144 GU981744 0 0   3 NA 0 
145 FR731481 0 0 Brachystegia spiciformis Fab 1 AF 1 
146 FR731620 0 0 Julbernardia paniculata Fab 1 AF 1 
147 AB629022 1 0   3 AS 0 
148 AY061737 0 0   3 AF 1 
149 FR731760 0 0 Caesalpinioideae Fab 1 AF 1 
150 FR731768 0 0 Caesalpinioideae Fab 1 AF 1 
151 FJ455032 1 0   3 AS 1 
152 FR731655 0 0 Caesalpinioideae Fab 1 AF 1 
153 FR731769 0 0 Caesalpinioideae Fab 1 AF 1 
154 AB451976 0 0 Dipterocarpus Dip 1 AS 1 
155 GQ268653 0 0 Dipterocarpaceae Dip 1 AS 1 
156 AB597651 1 0   3 AS 0 
157 FR731893 0 0 Uapaca heudelotti Phy 1 AF 1 
158 GU391444 0 0 Pinus densiflora Pin 0 AS 0 
159 HM044516 0 0 Larix decidua Pin 0 EU 0 
160 JN887982 0 0 Pinus montezumae Pin 0 NA 1 
161 FJ946947 0 0 Quercus Fag 1 EU 0 
162 FJ454982 1 0   3 AS 1 
163 GU256185 0 0 Quercus suber Fag 1 EU 0 
164 GU391432 0 0 Pinus densiflora Pin 0 AS 0 
165 JN168751 0 0 Dicymbe corymbosa Fab 1 SA 1 
166 FR731506 0 0 Brachystegia spiciformis Fab 1 AF 1 
167 GQ268633 0 0 Dipterocarpaceae Dip 1 AS 1 
168 FR731380 0 0 Asteropeia micraster Fab 1 AF 1 
169 HM069496 0 0 Pinus Pin 0 EU 0 
170 AB253519 0 0 Pinus thunbergii Pin 0 AS 0 
171 AB354282 0 0 Pinus thunbergii Pin 0 AS 0 
172 AB587768 0 0 Pinus thunbergii Pin 0 AS 0 
173 GU371293 0 0 Pinus Pin 0 AS 2 
174 HM044536 0 0 Larix decidua Pin 0 EU 0 
175 HM044475 0 0 Larix decidua Pin 0 EU 0 
176 FJ845437 0 0 Various Pin 0 NA 0 
177 AY061685 0 0   3 EU 0 
178 JF834326 0 0   3 NA 0 
179 JF834352 0 0   3 NA 0 
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Table 5 Continued 
Clusters Genbank 

accessions Orchid Truffle Host Host 
Family 

Cluster 
Host Geog Cluster 

Geog 
180 JF834374 0 0   3 NA 0 
181 HQ650754 0 0 Pseudotsuga menziesii Pin 0 NA 0 
182 HM146861 0 0 Pinus sylvestris Pin 0 EU 0 
183 HM044548 0 0 Larix decidua Pin 0 EU 0 
184 EF619749 0 0 Pinus taeda Pin 0 NA 0 
185 AY061730 0 0   3 NA 0 
186 DQ061928 1 1 Pinus Pin 0 EU 0 
187 HQ667811 1 0   3 NA 0 
188 AF350065 0 0   3 AS 1 
189 AB453021 0 0 Dipterocarpus Dip 1 AS 1 
190 AF345250 0 0 Dipterocarpus Dip 1 AS 1 
191 FJ454929 1 0   3 AS 1 
192 EU598153 0 0 Various Ang 1 NA/AS 0 
193 EU598193 0 0 Various Ang 1 NA 0 
194 AB629011 1 0   3 AS 0 
195 AM087264 0 0 Fagus sylvatica Fag 1 EU 0 
196 GQ268649 0 0 Dipterocarpaceae Dip 1 AS 1 
197 AB458895 0 0 Dipterocarpaceae Dip 1 AS 1 
198 GQ268645 0 0 Various Ang 1 AS 1 
199 GU134509 0 0 Pinus densiflora Pin 0 AS 0 
200 DQ974758 0 0 Quercus douglasii Fag 1 NA 0 
201 FJ803981 0 0 Pinus banksiana Pin 0 NA 0 
202 DQ777996 1 0 Various Ang 1 NA 0 
203 AM087258 0 0 Fagus sylvatica Fag 1 EU 0 
204 GU134499 0 0 Pinus densiflora Pin 0 AS 0 
205 DQ054553 0 0 Various Ang 1 EU 0 
206 DQ422033 0 0   3 EU 0 
207 GQ219877 0 0 Fagus Fag 1 EU 0 
208 EU819436 0 0 Quercus Fag 1 NA 2 
209 AB597648 1 0   3 AS 0 
210 AJ937993 0 0 Fagus sylvatica Fag 1 EU 0 
211 AB568440 1 0   3 AS 0 
212 AB597713 1 0   3 AS 0 
213 GQ268652 0 0 Dipterocarpaceae Dip 1 AS 1 
214 JF273557 0 0 Various Ang 1 AS 0 
215 AF350061 0 0   3 AS 1 
216 AB458685 0 0 Dipterocarpaceae Dip 1 AS 1 
217 AF345251 0 0   3 AS 1 
218 AF345252 0 0   3 AS 1 
219 FJ454924 1 0   3 AS 1 
220 FJ454927 1 0   3 AS 1 
221 FJ454926 1 0   3 AS 1 
222 AB571510 0 0 Pinus densiflora Pin 0 AS 0 
223 EU598194 0 0   3 NA 0 
224 DQ777993 1 0 Fagus grandifolia Fag 1 NA 0 
225 AY061693 0 0   3 NA/EU 0 
226 FJ196950 0 0 Quercus Fag 1 NA 1 
227 JF834343 0 0   3 NA 0 
228 AY969522 0 0 Pinaceae Pin 0 NA 0 
229 AY970053 0 0 Pinus taeda Pin 0 NA 0 
230 HQ541830 0 0 Angiosperm Ang 1 NA 0 
231 AB597662 1 0   3 AS 0 
232 AB218174 0 0 Quercus crispula Fag 1 AS 0 
233 FJ865563 0 0 Quercus rubra Fag 1 EU 0 
234 AB594937 1 0   3 AS 0 
235 HQ022078 0 0   3 NA 0 
236 GU222299 0 0 Various Ang 1 AU 0 
237 DQ422018 1 0 Mix All 2 NA/EU

/AS 0 

238 AY061723 0 0 Quercus Fag 1 EU 0 
239 AY534202 1 0 Pinus mericata Pin 0 NA 0 
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Geog 
240 AY061681 0 0   3 EU 0 
241 GQ268658 0 0 Dipterocarpaceae Dip 1 AS 1 
242 FR731899 0 0 Uapaca guineensis Phy 1 AF 1 
243 FR731869 0 0 Uapaca guineensis Phy 1 AF 1 
244 AB571504 0 0 Pinus densiflora Pin 0 AS 0 
245 AY061652 0 0 Pinaceae Pin 0 NA/EU 0 
246 HM069440 0 0 Pinus Pin 0 EU 0 
247 FJ845430 0 0 Pinaceae Pin 0 NA/EU 0 
248 DQ990850 0 0   3 NA/EU 0 
249 DQ273398 0 0 Mix All 2 NA 0 
250 HM488502 0 0 Pseudotsuga menziesii Pin 0 NA 0 
251 AB597710 1 0   3 AS 0 
252 GU143030 0 0 Pinus densiflora Pin 0 AS 0 
253 GU981745 0 0   3 AS 0 
254 EF218808 0 0 Mix All 2 NA 2 
255 EU819428 0 0 Quercus liaotungensis Fag 1 NA/AS 0 
256 HQ439176 0 0 Mix All 2 EU/M

E/AS 0 

257 EF101773 1 0   3 NA 0 
258 EU526012 0 0 Pinaceae Pin 0 NA 0 
259 JF834370 0 0   3 NA 0 
260 EU526009 0 0 Pinaceae Pin 0 NA 0 
261 AF461607 0 0 Myrtaceae Myr 1 AU 0 
262 EU019918 0 0   3 EU 0 
263 EU598197 0 0   3 NA 0 
264 AB291753 0 0 Pinus densiflora Pin 0 AS 0 
265 AB291749 0 0   3 AS 0 
266 AB291743 0 0   3 AS 0 
267 EF218806 0 0 Pseudotsuga menziezii Pin 0 NA 0 
268 EU645647 0 0 Pseudotsuga menziesii Pin 0 NA 0 
269 JF834356 1 0 Pseudotsuga menziesii Pin 0 NA 0 
270 HM488591 0 0 Pinaceae Pin 0 NA 0 
271 DQ061901 0 0 Quercus robur Fag 1 EU 0 
272 EU816643 0 0 Quercus rotundifolia Fag 1 EU 0 
273 DQ061882 1 0 Mix All 2 EU 0 
274 DQ061903 1 0 Mix All 2 EU 0 
275 FN669240 0 0 Populus tremula Sal 1 EU 0 
276 FJ946961 0 0 Mix Ang 2 NA/EU 0 
277 EU232105 0 0 Pinus taeda Pin 0 NA 2 
278 EF611147 0 0 Tilia vulgaris Mal 1 EU 0 
279 DQ367912 0 0   3 NA 0 
280 EF611150 0 0 Tilia vulgaris Mal 1 EU 0 
281 AY061663 0 0   3 EU 0 
282 DQ422016 0 0   3 EU 0 
283 DQ658888 0 0   3 EU 0 
284 HE601890 0 0 Quercus ilex Fag 1 EU 0 
285 HQ667803 1 0   3 NA 0 
286 FJ845429 0 0 Various Pin 0 NA 0 
287 GU234042 0 0 Dryas octopetala Ros 1 NA/EU 0 
288 EU668265 0 0 Pinus nigra var.maritima Pin 0 NA/EU 0 
289 EF411120 0 0 Quercus wislizeni Fag 1 NA 0 
290 GQ166868 0 0 Quercus Fag 1 NA 0 
291 AY061671 0 0   3 EU 0 
292 EU819422 0 0 Various Ang 1 NA 0 
293 DQ061886 1 0 Castanea sativa Fag 1 EU 0 
294 DQ777985 1 0   3 NA 0 
295 HQ667805 1 0 Quercus Fag 1 NA 1 
296 EF411133 1 0 Mix All 2 NA 0 
297 FR852101 0 0 Various Ang 1 ME 0 
298 FR731504 0 0 Isoberlinia angolensis Fab 1 AF 1 
299 JF960818 1 0 Eucalyptus delegatensis Myr 1 AS/AU 0 
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Geog 
300 FJ803978 0 0 Pinus Pin 0 NA 0 
301 HM141050 1 0   3 AS 0 
302 FJ378823 0 0 Mix Ang 1 AS 0 
303 FJ378827 0 0 Kobresia Cyp 1 EU 0 
304 FJ378832 0 0 Kobresia Cyp 1 AS 0 
305 FJ378831 0 0 Kobresia Cyp 1 AS 0 
306 HM100658 0 0 Pinus densiflora Pin 0 AS 0 
307 FJ378822 0 0 Kobresia Cyp 1 AS 0 
308 EF218798 0 0 Pseudotsuga menziesii Pin 0 NA 0 
309 DQ061893 1 0 Mix All 0 EU 0 
310 FJ196949 0 0 Quercus Fag 1 NA 1 
311 DQ061884 1 0 Mix All 2 EU/M

E 0 

312 DQ061883 0 0 Quercus Fag 1 EU 0 
313 AF096987 1 0 Mix All 2 EU/M

E 0 

314 GQ268636 0 0 Dipterocarpaceae Dip 1 AS 1 
315 FJ688108 1 0   3 EU 0 
316 JF834332 1 0 Fagus grandifolia Fag 1 NA/EU 0 
317 DQ061905 1 0 Quercus ilex Fag 1 EU 0 
318 DQ061921 0 0 Quercus ilex Fag 1 EU 0 
319 FR731266 0 0   3 NA 0 
320 FR731507 0 0 Uapaca kirkiana Phy 1 AF 1 
321 FR731623 0 0 Brachystegia longifolia Fab 1 AF 1 
322 FR731744 0 0 Caesalpinioideae Fab 1 AF 1 
323 FR731389 0 0 Angiosperm Ang 1 AF 1 
324 FR731755 0 0 Caesalpinioideae Fab 1 AF 1 
325 FR731758 0 0 Caesalpinioideae Fab 1 AF 1 
326 FR731897 0 0 Uapaca heudelotii Phy 1 AF 1 
327 FR731756 0 0 Angiosperm Ang 1 AF 1 
328 FR731757 0 0 Caesalpinioideae Fab 1 AF 1 
329 DQ421985 0 0   3 EU 0 
330 FJ454990 1 0   3 AS 1 
331 FJ454996 1 0   3 AS 1 
332 EF534352 1 0   3 AS 0 
333 AB291728 0 0   3 AS 0 
334 JF273537 0 0 Various Ang 1 AS 0 
335 AB597630 1 0   3 AS 0 
336 GU289649 0 0 Pinus taeda Pin 0 NA 0 
337 EU597075 0 0 Mix All 2 NA/EU

/AS 0 

338 DQ422010 0 0 Mix All 2 NA/EU 0 
339 AY061695 0 0 Quercus suber Fag 1 EU 0 
340 FM995572 0 0 Fagus sylvatica Fag 1 EU 0 
341 EF126734 0 0   3 AS 0 
342 JF519171 0 0 Fagus sylvatica Fag 1 EU 0 
343 JF834364 0 0 Pinaceae Pin 0 NA/EU 0 
344 AB291767 0 0   3 AS 0 
345 JF908707 0 0   3 EU 0 
346 GQ268661 0 0 Dipterocarpaceae Dip 1 AF 1 
347 AB291763 0 0 Pinus massoniana Pin 0 AS 0 
348 GQ268650 0 0 Dipterocarpaceae Dip 1 AS 1 
349 AB291762 0 0   3 AS 0 
350 AF350067 0 0   3 AS 1 
351 AB458686 0 0 Dipterocarpaceae Dip 1 AS 1 
352 FJ454969 1 0   3 AS 1 
353 FM999505 0 0 Fagus grandiflolia Fag 1 NA 0 
354 EU019919 0 0   3 AU 0 
355 AB218194 0 0 Betula maximowicziana Bet 1 AS 0 
356 AB291760 1 0 Fagus crenata Fag 1 AS 2 
357 HQ021867 0 0   3 NA 0 
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Geog 
358 AY606961 0 0 Mix All 2 EU 0 
359 FJ845426 0 0 Pinus densiflora Pin 0 NA/AS

/AF 2 

360 JN168745 0 0 Dicymbe corymbosa Fab 1 SA 1 
361 DQ422032 0 0   3 EU 0 
362 FR852099 1 0 Various Ang 1 EU/M

E 0 

363 EU598152 0 0   3 NA 0 
364 FR731896 0 0 Uapaca guineensis Phy 1 AF 1 
365 FR731505 0 0 Cryptosepalum exfoliatum Fab 1 AF 1 
366 FR731889 0 0 Marquesia excelsa Dip 1 AF 1 
367 FR731887 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
368 EU019934 0 0   3 AU 0 
369 EU019938 0 0   3 AU 0 
370 JF960823 0 0 Eucalyptus delegatensis Myr 1 AU 0 
371 AB459514 0 0 Dipterocarpus alatus Dip 1 AS 1 
372 GU371290 0 0 Pinus Pin 0 AS 2 
373 AY061726 0 0   3 EU 0 
374 AY061655 0 0 Fagus sylvatica Fag 1 EU 0 
375 AJ633577 0 0 Pinus taeda Pin 0 NA 0 
376 HQ667813 1 0   3 NA 1 
377 GQ359821 1 0 Various Ang 1 AS 0 
378 JF273558 0 0 Various Ang 1 AS 0 
379 EU819426 0 0 Fagaceae Fag 1 NA 0 
380 FJ455025 1 0   3 AS 1 
381 FJ455026 1 0   3 AS 1 
382 FR731771 0 0 Caesalpinioideae Fab 1 AF 1 
383 AB459511 0 0 Dipterocarpaceae Dip 1 AS 1 
384 AB459518 0 0 Dipterocarpaceae Dip 1 AS 1 
385 AB206535 0 0 Dipterocarpaceae Dip 1 AS 1 
386 GQ268635 0 0 Dipterocarpaceae Dip 1 EU 0 
387 AF345247 0 0   3 AS 1 
388 AF345248 0 0   3 AS 1 
389 FR731316 0 0 Uapaca densifolia Phy 1 AF 1 
390 FR731727 0 0 Caesalpinioideae Fab 1 AF 1 
391 FR731423 0 0 Angiosperm Ang 1 AF 1 
392 FR731281 0 0 Angiosperm Ang 1 AF 1 
393 JF273535 1 0 Castanopsis fargesii Fag 1 AS 0 
394 DQ398092 0 0 Myrtaceae Myr 1 AU 0 
395 AF350057 0 0   3 AS 1 
396 GQ268639 0 0 Dipterocarpaceae Dip 1 AF 1 
397 GQ268632 0 0 Dipterocarpaceae Dip 1 AS 1 
398 FR731823 0 0 Anthonotha macrophylla Fab 1 AF 1 
399 EF218802 0 0 Pseudotsuga mensiezii Pin 0 NA 0 
400 EF218803 0 0 Pseudotsuga mensiezii Pin 0 NA 0 
401 AY702750 0 0 Pinaceae Pin 0 NA 0 
402 AB291748 0 0   3 AS 0 
403 AB597671 1 0   3 AS 0 
404 AB594932 1 0   3 AS 0 
405 EU598202 0 0   3 NA 0 
406 GQ268654 0 0 Dipterocarpaceae Dip 1 AS 1 
407 EU019920 0 0   3 AU 0 
408 JF960810 0 0 Eucalyptus delegatensis Myr 1 AU 0 
409 GU222265 0 0   3 AU 0 
410 EF634147 0 0 Nothofagus menziesii Fag 1 AU 0 
411 AB597705 1 0   3 AS 0 
412 AF350063 0 0   3 AS 1 
413 DQ422001 0 0   3 EU 0 
414 DQ778002 1 0 Pinus Pin 0 NA 0 
415 FJ196294 1 0   3 AS 0 
416 GU229820 0 0   3 NA 0 
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Geog 
417 DQ778001 1 0   3 NA 0 
418 FR731885 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
419 FR731882 0 0 Uapaca guineensis Phy 1 AF 1 
420 FR731908 0 0 Uapaca guineensis Phy 1 AF 1 
421 FR731729 0 0 Caesalpinaceae Fab 1 AF 1 
422 FR731277 0 0 Angiosperms Ang 1 AF 1 
423 FR731487 0 0 Brachystegia spiciformis Fab 1 AF 1 
424 FR731251 0 0 Uapaca densifolia Phy 1 AF 1 
425 FR731900 0 0 Marquesia excelsa Fab 1 AF 1 
426 AM113427 0 0 Various Ang 1 AF 1 
427 FR731906 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
428 FR731490 0 0 Caesalpinioideae Fab 1 AF 1 
429 DQ422028 0 0   3 EU 0 
430 FR731178 0 0 Uapaca bojeri Phy 1 AF 1 
431 FR731905 0 0 Caesalpinioideae Ang 1 AF 1 
432 FR731472 0 1 Uapaca densifolia Phy 1 AF 1 
433 FR731909 0 0 Uapaca guineensis Phy 1 AF 1 
434 FR731247 0 1 Uapaca densifolia Phy 1 AF 1 
435 FR731245 0 0 Angiosperm Ang 1 AF 1 
436 FR731310 0 1 Uapaca densifolia Phy 1 AF 1 
437 FR731692 0 0 Caesalpinioideae Fab 1 AF 1 
438 FR731753 0 0 Uapaca staudtii Phy 1 AF 1 
439 FR731268 0 0 Intsia bijuga Fab 1 AF 1 
440 FR731818 0 0 Anthonotha macrophylla Fab 1 AF 1 
441 FR731881 0 0 Aphanocalyx sp. Fab 1 AF 1 
442 AM113433 0 0 Caesalpinioideae Fab 1 AF 1 
443 FR731912 0 0 Uapaca guineensis Phy 1 AF 1 
444 FR731740 0 0 Caesalpinioideae Fab 1 AF 1 
445 FR731654 0 0 Angiosperms Ang 1 AF 1 
446 FR731872 0 0 Uapaca guineensis Phy 1 AF 1 
447 FR731879 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
448 JN168739 0 0 Angiosperm Ang 1 SA 1 
449 FR731336 0 0 Uapaca Phy 1 AF 1 
450 FR731246 0 0 Uapaca densifolia Phy 1 AF 1 
451 FR731883 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
452 FR731730 0 0 Microberlinia bisulcata Fab 1 AF 1 
453 FR731880 0 0 Gilbertiodendron ogoouense Fab 1 AF 1 
454 JN168741 0 0 Dicymbe corymbosa Fab 1 SA 1 
455 FR731734 0 0 Uapaca staudtii Phy 1 AF 1 
456 FR731820 0 0 Anthonotha macrophylla Fab 1 AF 1 
457 FR731262 0 0 Angiosperm Ang 1 AF 1 
458 FR731225 0 0 Angiosperm Ang 1 AF 1 
459 EU712085 0 0   3 NA 0 
460 HQ667808 1 0   3 NA 0 
461 EU712034 0 0   3 NA 0 
462 EU712058 0 0   3 NA 0 
463 EU712024 0 0   3 NA 0 
464 EU712060 0 0   3 NA 0 
465 EU712059 0 0   3 NA 0 
466 GU083052 0 0   3 NA 0 
467 EU712020 0 0   3 NA 0 
468 EU712016 0 0   3 NA 0 
469 EU712077 0 0   3 NA 0 
470 EU712039 0 0   3 NA 0 
471 EU712032 0 0   3 NA 0 
472 EU712027 0 0   3 NA 0 
473 EU712062 0 0   3 NA 0 
474 EU712073 0 0   3 NA 0 
475 EU712056 0 0   3 NA 0 
476 GU083123 0 0 Betula papyrifera Bet 1 NA 0 
477 EU712017 0 0   3 NA 0 
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478 GU083106 0 0   3 NA 0 
479 EU712051 0 0   3 NA 0 
480 EU712065 0 0   3 NA 0 
481 EU712048 0 0   3 NA 0 
482 EU712079 0 0   3 NA 0 
483 EU712052 0 0   3 NA 0 
484 EU712053 0 0   3 NA 0 
485 GU083162 0 0   3 NA 0 
486 EU712076 0 0   3 NA 0 
487 EU712094 0 0   3 NA 0 
488 EU712081 0 0   3 NA 0 
489 EU712043 0 0   3 NA 0 
490 GU981742 0 0   3 NA 0 
491 FJ455004 1 0   3 AS 1 
492 EU019922 0 0   3 AU 0 
493 FN610945 0 0 Fagus sylvatica Fag 1 EU 0 
494 AY061679 0 0 Mix All 2 EU 0 
495 EU598196 0 0 Various Ang 1 NA 0 
496 DQ422030 0 0   3 EU 0 
497 DQ974761 0 0 Mix All 2 NA 0 
498 JF834366 0 0   3 NA 0 
499 EU712012 0 0 Peudotsuga menziesii Pin 0 NA 0 
500 EU712071 0 0   3 NA 0 
501 JF300767 0 0 Pinus sylvestris Pin 0 NA/EU 0 
502 EU712070 0 0   3 NA 0 
503 EU712011 0 0   3 NA 0 
504 EU712033 0 0   3 NA 0 
505 FM992958 0 0 Picea abies Pin 0 EU 0 
506 DQ421999 0 0 Picea mariana Pin 0 NA/EU 0 
507 HM146850 0 0 Pinus sylvestris Pin 0 EU 0 
508 EF619750 0 0 Pinus taeda Pin 0 NA 0 
509 EU569273 0 0 Quercus Fag 1 NA 2 
510 JF908705 0 0   3 EU 0 
511 FJ946960 0 0 Quercus Ang 1 EU 0 
512 DQ061911 0 0 Quercus ilex Fag 1 EU/M

E 0 

513 FR852113 0 0 Various Ang 1 ME 0 
514 DQ061912 0 0 Pinus Pin 0 EU 0 
515 HQ604836 0 0   3 NA 0 
516 HQ650736 0 0   3 NA 0 
517 FM999569 0 0 Fagus grandifolia Fag 1 NA 0 
518 FR731187 0 0 Angiosperm Ang 1 AF 1 
519 FR731877 0 0 Uapaca heudelotii Phy 1 AF 1 
520 FR731951 0 0 Uapaca guineensis Phy 1 AF 1 
521 FR731646 0 0 Aphanocalyx sp. Fab 1 AF 1 
522 FR731694 0 0 Caesalpinioideae Fab 1 AF 1 
523 FR731878 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
524 GQ219838 0 0 Fagus Fag 1 EU 0 
525 AY061675 0 0   3 EU 0 
526 DQ421983 0 0   3 EU 0 
527 EU057119 0 0 Tsuga heterophylla Pin 0 NA 0 
528 JF834327 0 0   3 NA 1 
529 EU597082 0 0 Various Pin 0 NA 0 
530 DQ421987 0 0 Mix All 2 NA/EU

/AS 0 

531 AB597642 1 0   3 AS 0 
532 AB218100 0 0 Quercus crispula Fag 1 AS 0 
533 AY061715 0 0 Various Ang 1 EU 0 
534 EU819429 0 0 Fagus grandifolius Fag 1 NA/EU 0 
535 FM999567 0 0 Fagus grandifolius Fag 1 NA/EU 0 
536 EU598173 0 0   3 NA 0 
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537 EU598175 0 0   3 NA 0 
538 AY061688 1 0   3 EU 0 
539 DQ422015 0 0   3 EU 0 
540 AY878657 1 0 Pseudotsuga menziesii Pin 0 NA 0 
541 FR852097 0 0 Various Ang 1 ME 0 
542 EU019939 0 0   3 AU 0 
543 EU019933 0 0   3 AU 0 
544 DQ422004 0 0   3 EU 0 
545 DQ422019 0 0   3 EU/AS 0 
546 EU598156 0 0   3 NA 0 
547 EU598158 0 0   3 NA 0 
548 EU598159 0 0   3 NA 0 
549 DQ422031 0 0   3 EU 0 
550 AY061662 0 0   3 EU 0 
551 EU598165 0 0   3 NA 0 
552 DQ422025 0 0   3 EU/AS 0 
553 FN557555 0 0 Coccoloba Pol 1 SA 1 
554 EU019931 0 0   3 AU 0 
555 EU019930 0 0   3 AU 0 
556 EU019936 0 0   3 AU 0 
557 EU019915 0 0   3 AU 0 
558 EU019932 0 0   3 AU 0 
559 FN557558 0 0 Neea comun Nyc 1 SA 1 
560 EU598167 0 0   3 NA 0 
561 DQ422006 0 0   3 EU 0 
562 EU598164 0 0   3 NA 0 
563 DQ422021 0 0   3 EU 0 
564 EU019928 0 0   3 AU 0 
565 EU019929 0 0   3 AU 0 
566 DQ422012 0 0   3 EU 0 
567 DQ422007 0 0 Fagus sylvatica Fag 0 EU 0 
568 EU598163 0 0   3 NA/AS 0 
569 DQ422027 0 0   3 EU 0 
570 DQ422029 0 0   3 EU/AS 0 
571 DQ421998 1 0   3 NA/EU

/AS 0 

572 FN557552 0 0 Guapira clasica Nyc 1 SA 1 
573 JN168743 0 0 Aldina insignis Fab 1 SA 1 
574 JN168746 0 0 Dicymbe altsonii Fab 1 SA 1 
575 EU019916 0 0   3 AU 0 
576 FR731291 0 1 Angiosperm Ang 1 AF 1 
577 AB600187 1 0   3 AS 0 
578 AB594977 1 0   3 AS 0 
579 AB600188 1 0 Pinus massoniana Pin 0 AS 0 
580 AB594933 1 0   3 AS 0 
581 HM240161 0 0 Mix All 2 NA 0 
582 HQ667810 0 0   3 NA 0 
583 DQ377406 0 0 Pinus taeda Pin 0 NA 0 
584 AB211275 1 0 Angiosperm Ang 1 NA/AS 2 
585 FJ348386 0 0 Quercus garryana Fag 1 NA 0 
586 JN681168 0 0 Pinus muricata Pin 0 NA 0 
587 DQ822824 1 0 Pinus Pin 0 NA/AS 0 
588 AY880930 0 0 Mix All 2 NA 0 
589 EU819432 0 0 Quercus Fag 1 NA 0 
590 AY061732 0 0   3 NA 0 
591 AY061706 0 0   3 EU 0 
592 HM146852 0 0 Mix All 2 EU/AU 0 
593 AJ438036 0 1 Mix All 2 EU 0 
594 AF230891 0 1   3 EU 0 
595 AF230890 0 1   3 EU 0 
596 JN887986 0 0 Pinus montezumae Pin 0 NA 1 
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597 AB636426 0 0 Pinus massoniana Pin 0 AS 0 
598 EU819534 0 0 Various Ang 1 NA 0 
599 EU819425   Various Ang 1 NA 0 
600 EU819493 0 0 Mix All 2 NA 0 
601 EU816667 0 0 Various Ang 1 EU 0 
602 DQ061930 1 0 Mix All 2 EU 0 
603 DQ422026 0 0 Various Ang 1 EU/M

E 0 

604 JF273538 0 0 Quercus liaotungensis Fag 1 AS 0 
605 AY239338 0 1 Pinaceae Pin 0 NA 0 
606 FR852096 1 0 Various Ang 1 EU/M

E 0 

607 AY239337 0 1   3 NA 0 
608 AY970122 0 0 Pinus taeda Pin 0 NA 0 
609 AB211276 0 0 Salix rainii Sal 1 AS 0 
610 AY061700 0 0 Quercus ilex Fag 1 EU 0 
611 GU371297 0 0 Mix All 2 AS 0 
612 AY061736 0 0   3 NA 0 
613 EU019941 0 0   3 AU 0 
614 DQ388874 0 0 Eucalyptis Myr 1 AU 0 
615 EU019945 0 0 Eucalyptis Myr 1 AU 0 
616 JF960808 0 0 Eucalyptus delegatensis Myr 1 AU 0 
617 DQ178934 1 0   3 AU 0 
618 DQ178932 1 1   3 AU 0 
619 EF090512 1 1   3 AU 0 
620 JF960812 0 0 Eucalyptus delegatensis Myr 1 AU 0 
621 DQ388809 0 0 Eucalyptus Myr 1 AU 0 
622 DQ388830 0 1 Eucalyptis pilularis Myr 1 AU 0 
623 DQ093423 0 1 Dipterocarpaceae Dip 1 AS 1 
624 AB453035 0 0 Dipterocarpus Dip 1 AS 1 
625 EU712095 0 1   3 NA 0 
626 AY239335 0 1   3 NA 0 
627 AY969536 0 1 Various Ang 1 NA 0 
628 AY239319 0 1   3 NA 0 
629 HQ204656 0 0 Quercus ilex Fag 1 EU 0 
630 AY239349 1 1 Pinaceae Pin 0 NA 0 
631 HM021172 0 1 Pinus murcata Pin 0 NA 0 
632 AF230894 0 1   3 EU 0 
633 GQ219836 0 1 Fagus Fag 1 EU 0 
634 EU598184 0 0 Pinus Pin 0 NA 0 
635 EU284011 0 0 Mix All 2 NA 0 
636 HQ021868 0 0   3 NA 0 
637 GQ219888 0 0 Fagus Fag 1 EU 0 
638 FJ454957 1 0   3 AS 1 
639 FJ454960 1 0   3 AS 1 
640 AY061735 0 0   3 NA 0 
641 DQ422024 0 0   3 EU 0 
642 FJ623066 1 0   3 AS 1 
643 JF908666 0 0   3 EU 0 
644 HQ677769 0 0   3 EU 0 
645 EU598188 0 0   3 NA 0 
646 EU598187 0 1 Castanea dentata Fag 1 NA 0 
647 HE647707 0 1 Abies pindro Pin 0 AS 0 
648 AJ937998 0 0 Fagus sylvatica Fag 1 EU 0 
649 GQ219932 0 0 Fagus sylvatica Fag 1 EU 0 
650 FJ403509 0 0 Fagus sylvatica Fag 1 EU 0 
651 GQ219911 0 0 Fagus Fag 1 EU 0 
652 GQ219922 0 1 Fagus Fag 1 EU 0 
653 AY351624 1 0 Fagus sylvatica Fag 1 EU 0 
654 EU284010 0 0 Pinaceae Pin 0 NA 0 
655 JF960824 0 1 Eucalyptus delegatensis Myr 1 AU 0 
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656 AB259126 1 1 Mix All 2 AS 0 
657 FJ454978 1 1 Various Ang 1 AS 1 
658 EU880224 0 1 Various Ang 1 NA 0 
659 EF611133 0 0 Tilia cordata Mal 1 EU 0 
660 EF611135 0 0 Tilia cordata Mal 1 EU 0 
661 AY061677 1 0   3 EU/AS 0 
662 DQ422023 0 0   3 EU 0 
663 FJ845427 0 1 Mix All 2 NA/EU 0 
664 DQ146386 0 0 Cotylelobium lanceolata Dip 1 AS 1 
665 DQ388829 0 0 Eucalyptis Myr 1 AU 0 
666 GU222258 0 0   3 AU 0 
667 DQ388850 0 1 Eucalyptus pilularis Myr 1 AU 0 
668 GQ268646 0 0 Dipterocarpaceae Dip 1 AS 1 
669 AF418609 0 0   3 NA 0 
670 AY061682 1 0   3 EU 0 
671 AB594963 1 0   3 AS 0 
672 AB594965 1 0 Fagus crenata Fag 1 AS 0 
673 AF349709 1 0 Quercus Fag 1 NA 2 
674 AB568431 1 0 Pinus massoniana Pin 0 AS 0 
675 HQ022145 0 0   3 NA 0 
676 JF273536 0 0 Various Ang 1 AS 0 
677 AY061692 0 0   3 EU 0 
678 AM113429 0 0 Various Ang 1 AF 1 
679 DQ178935 1 0   3 AU 0 
680 FR731494 0 0 Cryptosepalum exfoliatum Fab 1 AF 1 
681 FR731754 0 0 Caesalpinioideae Fab 1 AF 1 
682 FR731819 0 0 Anthonotha macrophylla Fab 1 AF 1 
683 FR731895 0 0 Uapaca Phy 1 AF 1 
684 FR731359 0 0 Uapaca Phy 1 AF 1 
685 FR731411 0 0 Asteropeia micraster Ast 1 AF 1 
686 FR731815 0 0 Anthonotha macrophylla Fab 1 AF 1 
687 FR731821 0 0 Anthonotha macrophylla Fab 1 AF 1 
688 FR731615 0 0 Julbernardia paniculata Fab 1 AF 1 
689 FR731741 0 0 Caesalpinioideae Fab 1 AF 1 
690 FR731888 0 0 Tetraberlinia bifoliolata Fab 1 AF 1 
691 FR731656 0 0 Fabaceae Fab 1 AF 1 
692 AB594957 1 0   3 AS 0 
693 AB594961 1 0   3 AS 0 
694 AB597698 1 0   3 AS 0 
695 EF661990 0 0 Quercus douglasii Fag 1 NA 0 
696 JN172982 0 0 Larix decidua Pin 0 EU 0 
697 GU220371 0 0 Angiosperm Ang 1 NA/EU 0 
698 AY061729 0 0   3 NA/EU 0 
699 AJ534937 0 0   3 EU 0 
700 HM196031 0 0   3 EU 0 
701 EU563497 0 0 Quercus Fag 1 NA 2 
702 DQ273395 0 0 Notholithocarpus densiflorus Fag 1 NA 0 
703 GU234011 0 0 Mix All 2 NA/EU 0 
704 JF834375 0 0   3 NA 0 
705 AM930237 0 0 Quercus Fag 1 EU 0 
706 AF230897 0 0   3 EU 0 
707 EF040856 0 0 Fagaceae Fag 1 EU 0 
708 DQ990846 0 0 Quercus Fag 1 EU 0 
709 DQ778000 1 0   3 NA 0 
710 HQ604846 0 0 Mix All 2 NA 0 
711 DQ777971 1 0 Various Ang 1 NA 0 
712 GU391436 0 0 Pinus densiflora Pin 0 AU 0 
713 HQ604845 0 0 Mix All 2 NA/EU 0 
714 JF899570 0 0 Tsuga heterophylla Pin 0 NA 0 
715 DQ421997 0 0   3 EU 0 
716 GU234120 0 0 Mix All 2 NA/EU 0 
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accessions Orchid Truffle Host Host 
Family 

Cluster 
Host Geog Cluster 

Geog 
717 FJ158067 0 0 Pinus sylvestris Pin 0 EU 0 
718 EU597051 0 0 Various Pin 0 NA 0 
719 JF908658 0 0   3 EU 0 
720 HQ650737 0 0 Mix All 2 NA/EU 0 
721 EF634131 0 0 Angiosperm Ang 1 AU 0 
722 DQ777999 1 0   3 NA 0 
723 HQ204702 0 0 Quercus ilex Fag 1 EU 0 
724 HQ021792 0 0   3 NA 0 
725 HQ703018 0 0   3 EU 0 
726 AY061676 0 0 Various Ang 1 EU 0 
727 JF908675 0 0   3 EU 0 
728 DQ054560 0 0 Fagaceae Fag 1 EU 0 
729 AY281091 0 0   3 NA 0 
730 AY061666 0 0   3 EU 0 
731 DQ974760 0 0 Quercus douglasii Fag 1 NA 0 
732 GQ221653 0 0   3 NA 0 
733 EF411090 0 0 Quercus wislizeni Fag 1 NA 0 
734 JF908644 0 0 Quercus Fag 1 EU 0 
735 FJ196956 0 0 Quercus Fag 1 NA 1 
736 DQ377401 0 0 Pinus taeda Pin 0 NA 0 
737 JN084192 0 0   3 AS 0 
738 JF748076 0 0 Quercus liaotungensis Fag 1 AS 0 
739 AB597695 1 0   3 AS 0 
740 GU134512 0 0 Pinus densiflora Pin 0 AS 0 
741 EU569272 0 0 Quercus Fag 1 NA 1 
742 GU981743 0 0   3 NA 0 
743 AY061674 1 0 Mix All 2 NA/EU 0 
744 EU711957 0 0   3 NA 0 
745 EU711964 0 0 Betula papyrifera Bet 1 NA 0 
746 AY061678 0 0 Betula papyrifera Bet 1 NA/EU 0 
747 EU057100 0 0 Pinaceae Pin 0 NA 0 
748 FJ378820 0 0 Kobresia Cyp 1 AS 0 
749 EF434062 0 0 Picea mariana Pin 0 NA 0 
750 AY061707 0 0 Mix All 2 NA/EU 0 
751 AY239346 0 1   3 NA 0 
752 JF908641 0 0   3 EU 0 
753 JF908668 1 0 Various Pin 0 EU 0 
754 AF418625 1 0   3 EU 0 
755 AY822742 0 0 Mix All 2 NA 0 
756 GU180318 0 0 Pinus mericata Pin 0 NA 0 
757 FJ845434 0 0 Pseudotsuga menziezii Pin 0 NA 0 
758 HQ604841 0 0 Pseudotsuga menziezii Pin 0 NA 0 
759 AY061711 0 0   3 EU 0 
760 DQ367914 1 0 Pseudotsuga menziesii Pin 0 NA/EU 0 
761 EF619751 0 0 Pinus taeda Pin 0 NA 0 
762 HQ604839 0 0   3 NA 0 
763 HQ604843 0 0   3 NA 0 
764 JF908649 0 0   3 EU 0 
765 EF619753 0 0 Mix All 2 NA 0 
766 FJ803976 0 0 Pinus banksiana Pin 0 NA 0 
767 FJ816746 0 0 Pinus pinaster Pin 0 EU 0 
768 AY061718 0 0   3 EU 0 
769 AF418626 0 0 Pinus Pin 0 EU/SA 0 
770 JF908689 0 0   3 EU 0 
771 AF418623 0 0   3 EU 0 
772 DQ974757 1 0 Quercus douglasii Fag 1 NA/EU 0 
773 AY061680 0 0   3 EU 0 
774 JF908667 0 0   3 EU 0 
775 AB218078 0 0 Fagus crenata Fag 1 AS 0 
776 AF418620 0 0 Fagus sylvatica Fag 1 EU 0 
777 AB597703 1 0   3 AS 0 
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accessions Orchid Truffle Host Host 
Family 

Cluster 
Host Geog Cluster 

Geog 
778 AY061712 0 0 Mix All 2 NA 0 
779 EU569277 0 0 Mix All 2 NA 2 
780 AB594944 1 0   3 AS 0 
781 AB594953 1 0   3 AS 0 
782 AB594954 1 0   3 AS 0 
783 AB594948 1 0   3 AS 0 
784 AB594970 1 0   3 AS 0 
785 AB597697 1 0   3 AS 0 
786 AB594946 1 0   3 AS 0 
787 GQ219923 0 0 Fagus Fag 0 EU 0 
788 GQ219949 0 0 Fagus Fag 1 EU 0 
789 FJ188358 0 0 Pinus pinaster Pin 0 EU 0 
790 GU391440 0 0 Pinus densiflora Pin 0 AS 0 
791 FJ816748 0 0 Mix All 2 EU 0 
792 FJ158068 0 0 Pinus sylvestris Pin 0 EU 0 
793 EU700257 0 0 Quercus Fag 1 EU 0 
794 GQ219862 0 0 Mix All 2 EU 0 
795 AY254872 0 0 Pinus sylvestris Pin 0 EU 0 
796 JF519103 0 0 Fagus sylvatica Fag 1 EU 0 
797 HM015478 0 0 Pinus nigra Pin 0 EU 0 
798 AY061728 0 0   3 EU 0 
799 FM993279 0 0 Alnus Bet 1 EU 0 
800 FJ627039 0 0   0 NA 0 
801 FR852109 0 0 Various Ang 1 ME 0 
802 DQ777992 1 0 Various Ang 1 NA/EU 0 
803 GU391443 0 0 Pinus densiflora Pin 0 AS 0 
804 AY061654 0 0 Mix All 2 NA 0 
805 DQ493554 0 0   3 NA 0 
806 DQ493555 1 0   3 NA 0 
807 DQ493552 0 0   3 NA 0 
808 DQ493558 0 0   3 NA 0 
809 AB218203 0 0 Betula grossa Bet 1 AS 0 
810 EF619756 0 0 Pinus taeda Pin 0 NA 0 
811 AF418618 0 0 Various Ang 1 EU 0 
812 HQ604847 0 0   3 NA 0 
813 AY656977 0 0 Quercus Fag 1 NA 0 
814 AJ937992 0 0 Abies alba Pin 0 EU 0 
815 EF040867 0 0 Castanea sativa Fag 1 EU 0 
816 DQ990849 0 0 Various Ang 1 EU 0 
817 AF418621 0 0   3 EU 0 
818 JF519017 0 0 Fagus sylvatica Fag 1 EU 0 
819 FJ196951 0 0 Quercus Fag 1 NA 1 
820 EU569262 1 0 Quercus Fag 1 NA 1 
821 HQ022216 0 0   3 NA 0 
822 DQ481997 0 0 Pseudotsuga menziesii Pin 0 NA 0 
823 AY061657 0 0 Picea abies Pin 0 EU 0 
824 GU966633 0 0   3 AS 0 
825 FJ845435 0 0 Pinaceae Pin 0 NA/EU 0 
826 HQ022215 1 0   3 NA 0 
827 FJ152483 0 0 Tsuga heterophylla Pin 0 NA 0 
828 JF908661 0 0   3 EU 0 
829 AB218161 0 0 Fagus japonica Fag 1 AS 0 
830 EU569264 0 0 Quercus Fag 1 NA 1 
831 EU598170 0 0   3 NA 0 
832 EU598171 0 0   3 NA 0 
833 HQ667807 1 0   3 NA 0 
834 DQ778005 1 0   3 NA 0 
835 EU569278 0 0 Quercus Fag 1 NA 1 
836 AY061659 0 0   3 EU 0 
837 AF345249 0 0   3 AS 1 
838 AM087280 0 0 Fagus sylvatica Fag 1 EU 0 
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Geog 
839 AY061714 0 0   3 EU 0 
840 FJ196946 0 0 Mix All 2 NA 2 
841 JF834334 0 0   3 NA 0 
842 AB568435 1 0   3 AS 0 
843 AB597661 1 0   3 AS 0 
844 FJ196947 0 0 Quercus Fag 1 NA 1 
845 AY969918 0 0 Pinus taeda Pin 0 NA 0 
846 DQ403804 0 1   3 NA 0 
847 EU019921 0 0   3 AU 0 
848 GU222260 0 0   3 AU 0 
849 GQ268648 0 0 Dipterocarpaceae Dip 1 AS 1 
850 JF960811 0 0 Eucalyptus delegatensis Myr 1 AU 0 
851 GQ268642 0 0 Dipterocarpaceae Dip 1 AS 1 
852 FR731739 0 0 Caesalpinioideae Fab 1 AF 1 
853 FR731746 0 0 Caesalpinioideae Fab 1 AF 1 
854 FR731822 0 0 Anthonotha macrophylla Fab 1 AF 1 
855 FR731833 0 0 Microberlinia bisulcata Fab 1 AF 1 
856 AM113428 0 0 Fabaceae Fab 1 AF 1 
857 FR731618 0 0 Isoberlinia angolensis Fab 1 AF 1 
858 FR731750 0 0 Brachystegia longifolia Fab 1 AF 1 
859 FR731485 0 0 Monotes glaber Dip 1 AF 1 
860 DQ990845 0 0   3 EU 0 
861 DQ422013 0 0   3 EU 0 
862 AF418641 0 0   3 EU 0 
863 HQ022146 0 0   3 NA 0 
864 AY061708 0 0   3 EU 0 
865 FR852107 0 0 Various Ang 1 ME 0 
866 GQ240916 0 0 Pinus massoniana Pin 0 AS 0 
867 GQ268662 0 0 Dipterocarpaceae Dip 1 AF 1 
868 JF273539 0 0 Castanopsis fargesii Fag 1 AS 0 
869 AJ937985 0 0 Fagus sylvatica Fag 1 EU 0 
870 JF960807 0 0 Eucalyptus delegatensis Myr 1 AU 0 
871 AF096978 0 0   3 EU 0 
872 JF834367 0 0   3 NA 0 
873 EU598162 1 0 Quercus Fag 1 NA 0 
874 EU019944 0 0   3 AU 0 
875 GQ268651 0 0 Dipterocarpaceae Dip 1 AF 1 
876 FR731643 0 0 Caesalpinioideae Fab 1 AF 1 
877 AY239303 0 1   3 NA 0 
878 FJ789601 0 1 Pinaceae Pin 0 NA 0 
879 AY239306 0 1 Pseudotsuga menziesii Pin 0 NA 0 
880 DQ028476 0 1 Quercus Fag 1 NA 0 
881 AY878656 0 1 Pseudotsuga menziesii Pin 0 NA 0 
882 DQ403803 0 1   3 NA 0 
883 GU222323 0 1   3 AU 0 
884 HQ285393 0 0 Pinus banksiana Pin 0 NA 0 
885 AY061686 0 0   3 EU 0 
886 DQ990848 0 0 Castanea sativa Fag 1 EU 0 
887 GU222325 0 0   3 AU 0 
888 AB597682 1 0   3 AS 0 
889 EU266067 0 0   3 AS 0 
890 AY061690 0 0   3 NA 0 
891 AB218190 0 0 Betula maximowicziana Bet 1 AS 0 
892 AY061665 0 0 Betula Bet 1 NA/EU 0 
893 AY061724 0 0 Mix All 2 NA/EU 0 
894 EU711941 0 0   3 NA 0 
895 FJ152485 0 0 Tsuga heterophylla Pin 0 NA 0 
896 FJ152484 0 0 Tsuga heterophylla Pin 0 NA 0 
897 HM044604 0 0 Pinus cembra Pin 0 EU 0 
898 HM044550 0 0 Larix decidua Pin 0 EU 0 
899 AY839221 0 0   3 EU 0 
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Geog 
900 AY194601 0 0 Pinus sylvestris Pin 0 EU 0 
901 AY061670 0 0 Pinus cembra Pin 0 EU 0 
902 JF300824 0 0 Pinus sylvestris Pin 0 EU 0 
903 HM044598 0 0 Pinus cembra Pin 0 EU 0 
904 EF521212 0 0 Pinus Pin 0 EU 0 
905 DQ777986 1 0   3 NA 0 
906 AY061717 0 0   3 EU 0 
907 AB597665 1 0 Carpinus japonica Bet 1 AS 0 
908 JF834349 0 0 Quercus suber Fag 1 NA/EU 0 
909 DQ422017 0 0 Mix All 2 NA/EU 0 
910 AF418630 0 0 Various Ang 1 EU/M

E 0 

911 AY061661 0 0   3 EU 0 
912 JF908678 0 0   3 EU 0 
913 AF418633 0 0   3 EU 0 
914 FJ196954 0 0 Quercus Fag 1 NA 1 
915 EF641837 0 0 Mix All 2 NA 0 
916 JF908700 0 0 Quercus ilex Fag 1 EU 0 
917 AY245542 0 0 Pinus mericata Pin 0 NA 0 
918 FM999541 0 0 Fagaceae Fag 1 NA 0 
919 FM999531 0 0 Fagus grandifolia Fag 1 NA 0 
920 FM999515 0 0 Fagus grandifolia Fag 1 NA 0 
921 EF218811 0 0 Betula papyrifera Bet 1 EU 0 
922 AJ534905 1 0 Mix All 2 EU 0 
923 JF834344 0 0   3 NA 0 
924 AF349711 1 0 Fagaceae Fag 1 NA 0 
925 EF627042 0 0 Fagaceae Fag 1 AS 1 
926 FJ613980 0 0 Fagaceae Fag 1 AS 2 
927 FJ613988 0 0 Fagaceae Fag 1 AS 1 
928 FJ613927 0 0 Fagaceae Fag 1 AS 1 
929 DQ777988 1 0 Various Ang 1 NA/EU 0 
930 AY656975 0 0 Quercus Fag 1 NA 0 
931 JF834371 0 0 Quercus wislizeni Fag 1 NA 0 
932 JF834368 0 0   3 NA 0 
933 AY061683 0 0 Pinus Pin 0 EU 0 
934 AY061684 0 0 Mix All 2 NA/EU

/ME 0 

935 EU563492 0 0 Quercus Fag 1 NA 1 
936 FJ196953 0 0 Quercus Fag 1 NA 1 
937 GU997804 0 0 Betula nana Bet 1 NA 0 
938 GU997738 0 0 Betula nana Bet 1 NA 0 
939 GU997933 0 0 Betula nana Bet 1 NA 0 
940 GU997734 0 0 Betula nana Bet 1 NA 0 
941 GU997963 0 0 Betula nana Bet 1 NA 0 
942 AY656944 0 0 Quercus Fag 1 NA 0 
943 GU998321 0 0 Betula nana Bet 1 NA 0 
944 HQ260227 1 0 Various Ang 1 NA 0 
945 AF349713 1 0   3 NA 0 
946 AJ971402 1 0 Pinaceae Pin 0 EU 0 
947 DQ367916 0 0 Tsuga heterophylla Pin 0 NA 0 
948 DQ777982 1 0   3 NA 0 
949 AY239343 0 1   3 NA 0 
950 AY239342 0 1   3 NA 0 
951 FJ789600 0 1 Pinaceae Pin 0 NA 0 
952 HQ667804 1 0   3 NA 0 
953 GQ221638 0 0   3 NA 0 
954 EF411125 0 0 Quercus wislizeni Fag 1 NA 0 
955 GQ219844 0 0   3 EU 0 
956 AF418639 0 0   3 EU 0 
957 GU134506 0 0 Pinus densifolia Pin 0 AS 0 
958 DQ061918 0 0 Castanea sativa Fag 1 EU 0 
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Geog 
959 HQ204705 1 0 Mix All 2 EU 0 
960 JF908710 0 0 Dryas octopetala Ros 1 NA/EU 0 
961 EU569276 0 0 Quercus Fag 1 NA 2 
962 AY918955 0 0 Quercus garyanna Fag 1 NA 0 
963 GU234031 0 0 Salix reticulata Sal 1 NA/EU 0 
964 JF304348 0 0 Salix reticulata Sal 1 NA/EU 0 
965 FM999623 0 0 Fagus grandifolia Fag 1 NA 0 
966 AB597680 1 0   3 AS 0 
967 AB597681 1 0   3 AS 0 
968 AY061725 0 0   3 EU 0 
969 FN669244 0 0 Populus tremula Sal 1 EU 0 
970 HE601886 0 0 Quercus ilex Fag 1 EU 0 
971 AY061664 0 0   3 EU 0 
972 HE601889 0 0 Quercus ilex Fag 1 EU 0 
973 FJ897214 0 0 Quercus rotundifolia Fag 1 EU 0 
974 FM999500 0 0 Fagus grandiflolia Fag 1 NA 0 
975 AY061691 0 0   3 EU 0 
976 DQ493553 0 0 Quercus rubra Fag 1 NA 0 
977 HM057197 0 0 Quercus rubra Fag 1 NA 0 
978 DQ777974 1 0   3 NA 0 
979 GQ268643 0 0 Dipterocarpaceae Dip 1 AS 1 
980 GQ240917 0 0 Castanopsis fargesii Fag 1 AS 0 
981 AB568439 1 0   3 AS 0 
982 AB629052 1 0   3 AS 0 
983 AB628993 1 0 Various Ang 1 AS 0 
984 AB629037 1 0   3 AS 0 
985 AB629054 1 0   3 AS 0 
986 AB629038 1 0   3 AS 0 
987 AB629032 1 0   3 AS 0 
988 AB629046 1 0   3 AS 0 
989 AB629033 1 0   3 AS 0 
990 AB629018 1 0   3 AS 0 
991 AB629050 1 0   3 AS 0 
992 AB629040 1 0   3 AS 0 
993 AB629039 1 0   3 AS 0 
994 AB629030 1 0   3 AS 0 
995 AB629056 1 0   3 AS 0 
996 AB629042 1 0   3 AS 0 
997 AB629057 1 0   3 AS 0 
998 AB629000 1 0 Various Ang 1 AS 0 
999 AB629044 1 0   3 AS 0 

1000 AB629045 1 0   3 AS 0 
1001 AB629010 1 0   3 AS 0 
1002 AB629048 1 0   3 AS 0 
1003 GQ359819 1 0 Various Ang 1 AS 0 
1004 AY061689 0 0 Populus tremula Sal 1 EU 0 
1005 FJ454917 1 0   3 AS 1 
1006 GU328588 0 0 Various Ang 1 NA 0 
1007 AY310852 0 0 Pinaceae Pin 0 NA 0 
1008 GQ221634 0 0   3 NA 0 
1009 DQ384581 0 0   0 NA 0 
1010 AY239348 0 1 Pinaceae Pin 0 NA 0 
1011 AY061651 0 0   3 EU 0 
1012 AY061667 0 0   3 EU 0 
1013 FR852115 0 0 Various Ang 1 ME 0 
1014 JF495176 0 0 Fagus sylvatica Fag 1 EU 0 
1015 EU569275 0 0 Quercus Fag 1 NA 1 
1016 HQ604851 0 0 Kobresia Cyp 1 NA/AS 0 
1017 FN610934 0 0 Fagus sylvatica Fag 1 EU 0 
1018 DQ054555 0 0 Fagus sylvatica Fag 1 EU 0 
1019 FR852116 0 0 Various Ang 1 ME 0 
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Geog 
1020 AF418627 0 0 Various Ang 1 EU/M

E 0 

1021 EU375711 0 0 Querucs Fag 1 NA 0 
1022 FJ389445 0 0 Quercus rubra Fag 1 NA 0 
1023 EU819515 0 0 Quercus alba Fag 1 NA 0 
1024 FJ389447 0 0 Quercus rubra Fag 1 NA 0 
1025 AF418629 0 0   3 EU 0 
1026 AY061698 0 0 Quercus Fag 1 EU 0 
1027 AY061722 

0 0 
Mix 

All 2 
NA/EU
/AS/M
E 

0 

1028 FR852100 0 0 Various Ang 1 ME 0 
1029 HQ604852 0 0 Pinaceae Pin 0 NA/EU 0 
1030 DQ822825 0 0 Pinus Pin 0 NA 2 
1031 DQ777980 1 0 Mix All 2 NA 0 
1032 DQ777978 1 0   3 NA 0 
1033 DQ195594 0 0 Alnus acuminata Bet 1 SA 0 
1034 AY061719 0 0 Betula Bet 1 NA/EU 0 
1035 GQ900534 0 0 Castanopsis fargesii Fag 1 AS 0 
1036 AB597667 1 0 Mix All 2 AS 0 
1037 EU569279 0 0 Quercus Fag 1 NA 1 
1038 JF834373 0 0   3 NA 0 
1039 AY061705 0 0 Various Ang 1 NA/EU 0 
1040 EU711826 0 0   3 NA 0 
1041 EU711843 0 0   3 NA 0 
1042 EU711818 0 0   3 NA 0 
1043 EU711823 0 0   3 NA 0 
1044 FJ803947 1 0 Larix gmelinii Pin 0 NA/EU

/AS 0 

1045 FJ845433 0 0 Mix All 2 NA/EU 0 
1046 JF273534 0 0 Castanopsis fargesii Fag 1 AS 0 
1047 JF834333 0 0   3 NA 0 
1048 AY534210 0 0 Pinus sylvestris Pin 0 NA/EU 0 
1049 EU645649 0 0 Pseudotsuga menziesii Pin 0 NA 0 
1050 AY061734 0 0 Mix All 2 NA/EU 2 
1051 EU645601 0 0 Pseudotsuga menziesii Pin 0 NA 0 
1052 JF908704 0 0 Pinus sylvestris Pin 0 EU 0 
1053 HM240542 0 0 Larix decidua Pin 0 NA/EU 0 
1054 JF908684 0 0   3 EU 0 
1055 EF530944 0 0   3 NA 0 
1056 DQ777977 1 0   3 NA 0 
1057 FJ389453 0 0 Quercus rubra Fag 1 NA 0 
1058 HQ667806 1 0   3 NA 1 
1059 AY061656 0 0   3 EU 0 
1060 AY656978 0 0 Quercus Fag 1 NA 0 
1061 EU819421 0 0 Various Ang 1 NA 0 
1062 DQ777976 1 0   3 NA 0 
1063 EU711841 0 0   3 NA 0 
1064 EU597074 0 0 Pseudotsuga menziesii Pin 0 NA 0 
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EVOLUTION OF RUSSULA SUBSECTION ROSEINAE 
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Abstract  
Numerous clades of mushroom-forming fungi have been subject to 

hyperdiversification events throughout their evolutionary history. Inferring 
phylogenetic relationships and recognizing species with confidence within these 
clades can be difficult and requires the proper selection of informative loci to 
resolve relationships at different scales. Here I combine morphological, 
phylogenetic, biogeographic, and evolutionary evidence as a model for good 
practices in species delimitation and description of novel taxa. This study uses a 
multi-locus approach for species delimitation in the hyper-diverse genus Russula 
in order to compare the efficacy of proposed genetic markers for resolving 
interspecific relationships. The targeted group is composed of species 
morphologically placed in Russula subsection Roseinae, comprised of seven 
morphological species described from North America and two from Europe. 
Species hypotheses based on morphological differentiation and phylogenetic 
analyses are used to evaluate different approaches to applying the multi-species 
coalescent model. Biegeographic and host association history are reconstructed 
to determine events that may have driven diversification in this clade, including 
presence in refugia during the glacial cycles of the Pleistocene. Subsection 
Roseinae is found to have a Laurasian distribution with an evolutionary origin in 
the Appalachian Mountains of eastern North America. Coalescent approaches 
failed to recapitulate a reasonable species delimitation scenario given other lines 
of evidence. Given morphological, biogeographic, and evolutionary evidence, we 
delimit a total of fourteen species with molecular sampling and recommend that 
the subsection Roseinae to correspond to the core Roseinae clade and the 
Roseinae clade be considered a section of Russula. 

Introduction 
The genus Russula is one of the most speciose genera of mushroom-

forming fungi with around 750-900 species accepted worldwide (Buyck and Atri, 
2011; Kirk et al., 2008). Members of this group are an important part of microbial 
biota in forested ecosystems since they form ectomycorrhizal symbioses with 
select lineages of trees and shrubs, and they occur in a wide range of 
environments from arctic tundra to tropical rainforests. Ecological studies 
attempting to better understand community or ecosystem processes are 
increasingly acknowledging microbial communities as playing key roles in these 
processes (Van Der Heijden et al., 2008). As a result, characterizing these 
communities using next generation sequencing approaches is becoming a new 
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standard for modeling ecosystem functioning (Graham et al., 2016). These 
studies rely on accurate characterization of species as taxonomic units that are 
estimated based on thorough systematic assessments by multiple sources of 
evidence using morphological and ecological traits as phenotypic indicators for 
genotypic divergence or reproductive isolation (Jayasiri et al., 2015). The current 
state of systematics of the genus Russula does not satisfy these criteria and is 
widely based on morphology-based classification using a combination of field 
and microscopic characters and macro-chemicals reactions (Romagnesi, 1967). 

Early systematic studies on North American species of Russula by C.H. 
Peck, C.H. Kauffman, H.C. Beardslee, G.S. Burlingham, and W.A. Murrill briefly 
defined more than 230 species (Buyck, 2007) and were soon followed by more 
elaborate morphological analyses (often based on type studies) trying to classify 
existing species and understand their concept (e.g. (Shaffer 1962, Shaffer 1964, 
Shaffer 1972, Singer 1986, Adamčík et al., 2013). These studies, however, have 
not been evaluated through modern molecular phylogenetics. Recent studies of 
Russula are beginning to use the internal transcribed spacer (ITS) of the 
ribosomal region as a universal marker for fungi (Schoch et al., 2012) to resolve 
species complexes and place these groups into a larger systematic context 
(Adamčík et al. 2016a, Adamčík et al. 2016b). This is a step forward, however, 
the ITS region alone is often inadequate for inferring relationships with strong 
support and only constitutes a single sampling of the evolutionary history 
(Vellinga et al., 2015). To date there have been no molecular systematic 
revisions of a clade of Russula using multiple molecular markers for the purpose 
of species delimitation. For resolution of relationships between larger clades it 
will be important to apply multiple phylogenetically informative markers, which 
has been lacking in previous studies (Miller and Buyck 2002, Larsson and 
Larsson 2003).  

An advanced and potentially fruitful method for species delimitation in 
fungi is coalescent-based species delimitation, which allows evolutionary models 
that incorporate estimations of genetic drift and past population size to determine 
evolutionary independence (Fujita et al., 2012). This is especially true for fungi 
that are not able to be readily cultured, precluding mating studies to test for the 
biological species concept. A number of methods for applying coalescent theory 
to species delimitation have been developed (Kubatko et al., 2009; Liu et al., 
2009; O’Meara, 2010; Yang and Rannala, 2010), and these approaches have 
revealed cryptic diversity in a number of lineages (Carstens and Dewey, 2010; 
Ruane et al., 2014; Satler et al., 2013; Singh et al., 2015). Only a few studies in 
mushroom-forming fungi have utilized coalescent approaches (Sanchez-Ramirez 
et al., 2015) and few have compared these to traditional character-based 
approaches (Aldrovandi et al. 2015). 

The Appalachian Mountains of eastern North America (NA) are one of the 
oldest mountain ranges on the planet and are known for hosting a very high 
species diversity and endemism of different taxonomic groups (Stein et al., 
2000). In fact, the mountain range is considered by some experts to be the 
diversity center for taxonomic groups such as plethodontid salamanders (Kozak 
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and Wiens, 2010), Trillium (Griffin and Barrett, 2004), hickory trees (Latham and 
Ricklefs, 1993), crayfish (Crandall and Buhay, 2008), darters (Lundberg et al., 
2000), and freshwater mussels (Parmalee and Bogan, 1998). This pattern of high 
richness and endemicity has also been observed in mushroom-forming fungi with 
over 3,000 species of Basidiomycota and Ascomycota reported from the Great 
Smoky Mountains National Park alone (Lickey et al., 2007; Walker et al., 
2005)(TENN Herbarium Database on mycoportal.org unpublished). Many of 
these groups that are diverse in the Appalachian mountains, including 
macrofungi, often exhibit a close evolutionary relationship to the biota of eastern 
Asia (Mueller et al., 2001; Qian and Ricklefs, 2000; Wen, 1999). Unlike plants, 
which share sister genera between the two regions, macrofungi are generally 
related as sister species (Mueller et al., 2001). It has also been demonstrated 
that plant genera exhibit an Arcto-Tertiary disjunction after the closing off of 
migration routes via the Beringia land bridge (Tiffney, 1985). In contrast, it has 
been hypothesized that sister species of macrofungi are a result of multiple 
recent migration events facilitated by similarities in climate and habitat between 
the two regions (Mueller et al., 2001).  

Glaciation has also been proposed as having importance for the 
distribution and diversification of taxa in the Appalachian Mountains, as the 
southern part of the range has been hypothesized as a refugium during the Last 
Glacial Maximum (LGM) (Church et al., 2003; Hughes and Petersen, 2004; 
Lickey et al., 2002; Soltis et al., 2006). Also, changes in past climate may have 
allowed the mountains to act as a species pump, in accordance with the 
“montane species-pump” hypothesis, which points to heterogeneity and 
complexity in both topography and climatic zonation as driving speciation by way 
of allopatry and parapatry (Kozak and Wiens, 2010). This may also be driven by 
reintroduction of populations from different refugia after becoming reproductively 
isolated (Petit et al., 2003). This may explain apparent sympatry of sister species 
without invoking sympatric speciation, which is considered extremely rare in fungi 
(Giraud et al., 2008). In this study we seek to test whether glaciation or the Arcto-
Tertiary disjunction may have affected the diversification of a clade of macrofungi 
that appear to be have their highest species diversity in the Appalachian 
Mountains. 

For our study we focus on a putatively small clade of Russula that 
contains about eight species morphologically placed in Russula subsection 
Roseinae Singer ex Sarnari (Figure 12), defined by red or pink pilei, white spore 
print, mild taste, context turning bright red in the macrochemical sulfovanillin, and 
a pseudoparenchymatic subpellis of the pileipellis that is composed of inflated 
elements (Adamčík and Buyck, 2012). This group is ideal for studies in evolution 
and phylogeography in Russula because it has a well-defined delimitation. 
Traditionally, this group is restricted to two species in Europe (R. velutipes Velen. 
and R. minutula Velen.) and two in North America (R. albida Peck and R. peckii 
Singer). However, type studies of historic North American species have placed 
additional taxa (R. rimosa Murrill and R. nigrescentipes Peck) into this group 
(Adamčík and Buyck, 2012) and additional species (R. rubellipes Fatto and R. 
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pseudopeckii Fatto) have been described from the Appalachian Mountains 
(Fatto, 1998). Recent surveys in the Great Smoky Mountains National Park have 
led to the discovery of even more potential species in this group, indicating that 
this group may have its highest diversity in this area. Our objectives with this 
group are the following: 1) Determine the number of species and distribution of 
subsection Roseinae in eastern NA; 2) test molecular markers to determine the 
most effective ones for resolving relationships within Russula at the species and 
subsection level; 3) reconstruct morphological and ecological characters to 
determine which character are conserved and may be important for species 
delimitation; and 4) test whether glaciation in the Pleistocene or an Arcto-Tertiary 
disjunction has driven this group’s diversification. 

Materials and Methods 

Taxon Sampling  
 
Specimens that morphologically match subsection Roseinae and its sister group 
Russula subsect. Lilaceinae (Melzer & Zvára) Jul. Schäff. (Looney et al., 2016) 
were collected throughout five field seasons in the United States and Europe. 
Members of subsection Lilaceinae were included for testing systematic 
placement of putative new members of subsection Roseinae and are traditionally 
recognized by lacking a red color change of their stipe tissue in sulfovanillin and 
having a subpellis of filamentous, narrow hyphae. Efforts were made to sample 
species placed in subsection Roseinae based on monographical works (Sarnari, 
1998; Singer, 1986) and type studies (Adamčík and Buyck, 2012).  

Sporocarps were collected from forested sites in the eastern U.S. 
centered on New York, the region of type localities for species described by C.H. 
Peck, G.S. Burlingham, and R.M. Fatto, Mississippi and Florida, for species 
described by W.A. Murrill, and Tennessee and North Carolina, where we might 
expect northern and southern species to overlap. The two known European 
species of subsection Roseinae and members of subsection Lilaceinae were 
collected from central Europe (Slovakia). A number of species have been 
described from temperate Asia as putative members of subsection Roseinae, 
including R. dhakuriana K. Das, J.R. Sharma & S.L. Mill., R. sharmae K. Das, Atri 
& Buyck, R. minutula var. robusta Saini, Atri & Singer, and R. rosea Pers. sensu 
Romagnesi , which has been reported from Japan (Das et al., 2013, 2006; 
Hongo, 1960; Saini et al., 1982). To our knowledge, no species are known or 
described in subsection Roseinae from Africa, South America, southeast Asia or 
Australasia. To test relationships of extraterritorial species, all sequences from 
GenBank that “blasted” within 95% identity of sampled members for both 
datasets were included in alignments to increase global taxon sampling. All field 
collections were described and photographed in the fresh condition with color 
designations given by Kornerup and Wanscher (1967).  
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Figure 12. North American and European members of Russula subsect. 
Roseinae: A) Russula albida (photo Per Marstad); B) Russula leporina nom. 
prov.; C) Russula magnorosea nom. prov. (photo Per Marstad); D) Russula 
cf. magnorosea; E) Russula peckii; F) Russula minutula (photo Per 
Marstad); G) Russula peckii (photo Per Marstad); H) Russula 
niveopersonata nom. prov.; I) Russula austrorubellipes nom. prov. (photo 
Steve Trudell); J) Russula velutipes 
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All dried collections are deposited at in the herbarium of the University of 
Tennessee (TENN) and the Slovak Academy of Sciences (SAV) (herbarium 
abbreviations per Thiers [continuously updated]). Additional historical collections 
including available type material were received from herbaria and examined on 
loan from the Florida Museum of Natural History (FLAS), New York Botanical 
Gardens (NY), New York State Museum (NYS), and University of Michigan 
(MICH). 

Molecular Sampling 
 
Genomic DNA was extracted using an E.Z.N.A. High Performance Fungal DNA 
Kit for historical collections and an Extraction Solution-based method for fresh 
collections. For historical collections, a pie wedge of the pileus weighing 
approximately 20 mg was ground into a fine powder using a mortar and pestle in 
liquid nitrogen and a pinch of sterile sand. Buffer was added and samples were 
further ground using centrifugation at 17,000 xG followed by grinding with a 
micropestal. Two microliters of beta-mercaptoethanol was added to samples and 
left to incubate at 65°C for 24 hours. Other modifications to the prescribed 
protocol follow Looney (2015). The Extraction Solution-based protocol for fresh 
or recently dried collections started placing one partial piece of lamellar tissue 
into 100 microliters of filter-sterilized Extraction Buffer (10 mL of 1M Tris stock, 
1.86 g KCl, 0.37 g EDTA, and 80 mL DI H2O) and macerated using a fresh 
toothpick. Samples were then incubated at room temperature for at least 24 
hours and then incubated at 90°C for 10 minutes. Finally, 100 microliters of a 
shaken and filter-sterilized Dilution Solution (3 g BSA, DI H2O added until 100 mL 
solution) was added. DNA solutions were then diluted to a 1:10 ration with double 
distilled water and 2 microliters were added to the amplification master mix. 
Polymerase chain reaction (PCR), gel electrophoresis, PCR clean-up, and 
sequencing reaction protocols follow that of Birkebak et al. (2013). 
Sequencing was performed on an ABI 3730 capillary electrophoresis instrument 
at the UT Genomics Core. Five nuclear loci were sequenced: ITS using ITS1F – 
ITS4 (White et al. 1990), rpb1 using gAf – fCr (Matheny et al. 2002), rpb2 using 
b6F – b7.1R (Matheny 2005), tef1 using EF1-983F – EF1-2218R (Rehner and 
Buckley 2005), and mcm7 using mcm7-709for – mcm7-1348rev (Schmitt et al. 
2009). Sequencing products were assembled and edited using Sequencher 5.1 
(Gene Codes, Ann Arbor, MI, USA). Outgroup sequences were retrieved from 
Mycocosm from the genome of Russula rugulosa BPL 654 v1.0 sequenced by 
the Joint Genome Institute (Walnut Creek, CA). All sequences have been 
deposited in GenBank (accession Nos. KY509431-KY509517 [ITS]; KY701434-
KY701467 [rpb1]; KY701345-KY701392 [rpb2]; KY701393-KY701433 [tef1]; 
KY701468-KY701513 [mcm7]). 
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Phylogenetic Inference and Time Calibration 
 

Two datasets were constructed for different analyses. The Incrustatula dataset, 
which includes all samples determined as either subsection Lilaceinae or closely 
related, was constructed for inferring broad phylogenetic relationships and 
assessing phylogenetic markers. The Roseinae dataset include those clades that 
were inferred as part of a Roseinae clade including residual clades inferred as 
monophyletic with the core Roseinae clade of known members of subsection 
Roseinae. This Roseinae dataset is used for coalescent species delimitation 
approaches, phylogeographic reconstruction, and ancestral character 
reconstruction. Single gene alignments were constructed using MAFFT ver. 7 
(Katoh and Toh 2008) and then manually aligned in AliView ver. 1.18 (Larsson 
2014). Hyper-variable or conserved regions of the different loci were excluded 
from phylogenetic analysis, including the 5.8S gene of the ITS region and a 
coding region of rpb2 composed of mostly repeating codons of variable length. 
Individual gene trees were inferred using raxmlGUI (Stamatakis et al. 2008, 
Silvestro and Michalak 2012). 

Individual gene trees and an ultrametric chronogram based on the 
concatenated Incrustatula dataset were inferred in BEAST 2 ver. 2.4.2 
(Bouckaert et al., 2014). For the concatenated dataset, genes were first 
partitioned by introns and codons and analyzed by PartitionFinder v. 1.1.1 
(Lanfear et al., 2012) to detect the best partitioning scheme and evolutionary 
models implemented in BEAST. The suggested partitioned matrices were 
imported into BEAUTi 2 ver. 2.4.2 with site models unlinked and clock models 
and tree linked for the concatenated dataset. Suggested models were set for 
partitioned matrices with substitution rates estimated with a fixed mean. A 
relaxed molecular clock with a log normal distribution was selected and the tree 
was modeled under the birth-death prior with tertiary calibrations. Calibrations 
were taken from Looney et al. (2016) for the Crown clade node at 15.15 [95% 
posterior density (HPD) 11.3-19.6] million years (MY), Incrustatula clade node at 
14.04 [HPD 10.3-18.4] MY, and Lilaceinae clade node at 6.91 [HPD 4.24-10.2] 
MY. For GTR models, transition and transversion rates were modeled under a 
Poisson distribution. Three independent Markov chain Monte Carlo (MCMC) 
were run for 50 million generations, sampling states/trees every 1 000 
generations. Log files for all three chains were jointly inspected in Tracer v1.6 
(Rambaut et al., 2015) to ensure estimated sample size (ESS) values reached 
above 200 and that all three runs had converged. The three runs were then 
combined in LogCombiner 2.4.2 using a burnin of 10% for each chain to drop 
pre-convergent values for a final total of 135 000 trees. A consensus tree was 
constructed in TreeAnnotator v2.4.2 as a maximum clade credibility (MCC) tree 
with ages given as mean node heights. Trees were inspected in FigTree v1.4.3 
(http://tree.bio.ed.ac.uk/software/figtree/). Gene markers used in the phylogenetic 
analyses of the Incrustatula clade dataset and resulting tree were used to 
generate phylogenetic informativeness profiles using PhyDesign (López-Giráldez 
and Townsend, 2011). 
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Coalescent species delimitation approaches 
 
To detect species, two approaches were used to apply the multispecies 
coalescent model. The first approach was implemented in the program BP&P 
v3.1 (Yang, 2015), to compare different models of species delimitation and 
species trees in a Bayesian framework that accounts for incomplete lineage 
sorting due to ancestral polymorphism (Rannala and Yang, 2013, 2003, Yang 
and Rannala, 2010). We used the approach of (Yang and Rannala, 2014) for 
unguided species delimitation using the reversible-jump Markov chain Monte 
Carlo (MCMC) algorithm (Yang and Rannala, 2010: algorithm 1) and assigned 
equal probabilities to the rooted species trees as a species model prior. For 
population size parameters (qs) we assigned the gamma prior G(2, 1000), with a 
mean of 2/2000 = 0.001 as these have worked well for similar groups of diverse 
ECM species clades. The divergence time at the root of the species tree (т) was 
assigned the gamma prior G(2, 1000) and all other divergence time parameters 
were assigned the Dirichlet prior (Yand and Rannala, 2010: equation 2). The 
analyses were run twice to confirm the consistency between runs. 

A likelihood approach to the multispecies coalescent model was 
implemented in the program SpedeSTEM v. 2.0 (Ence and Carstens, 2011). 
SpedeSTEM takes a group partition scheme and a number of gene trees and 
uses an information-theoretic approach to calculate all hierarchical permutations 
within species groupings. To do this it uses the species tree estimation using 
maximum likelihood (STEM) package (Kubatko et al., 2009) to infer species trees 
and calculates the likelihood of the species tree given the provided gene trees 
and these models of lineage composition are compared using the Akaike 
Information Criteria (AIC). A discovery run was performed with a theta value of 
0.123 and a beta value of 0.005. All gene trees were set with a scaling of 1.0. A 
validation analysis was run for 200 permutations. 

Species Tree Estimation 
 
For all ancestral state reconstructions (ASR) and diversification analyses a 
species tree for the Roseinae dataset was inferred using *BEAST in BEAST 2 
(Bouckaert et al., 2014). Species tree clades were guided by results from BP&P 
based on the highest supported species model. Population size for species trees 
was modeled as changing linearly over branches with the sum of the population 
size of the two species as equal to the population size of the ancestral species at 
the time of the split, with the root constrained as a constant population size 
(Heled and Drummond, 2010). Models were again estimated in PartitionFinder 
for gene loci, and the TrNef  +G model was selected for ITS, rpb1, rpb2, and tef1 
and the K2P +I model for mcm7. The multi-species coalescent model analysis 
was time-calibrated using quaternary calibrations based on mean estimate and 
confidence interval of the root node for the Incrustatula clade and the root of the 
Roseinae clade from the Incrustatula dataset time reconstruction. Three 
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independent Markov Chain Monte-Carlo (MCMC) analyses were run for one 
hundred million generations, storing and logging every five thousand trees. 

Phylogeographic and host analyses 
 
Ancestral geographic states for the Roseinae clade were inferred using the R 
package (R Core Team, 2015) ‘BioGeoBEARS’ (Matzke, 2013). The package 
allows for model testing between popular biogeographic models including DEC, 
DIVA, and BAYAREA with the inclusion of an additional parameter called the 
jump (j) parameter, which simulates founder-event speciation events. The 
package also uses probabilistic inference of historical biogeography using a ML 
estimation of parameters with the quasi-Newton method with box constraints, 
and then it calculates the ancestral states under the globally optimum model 
(Matzke, 2014). Geographic states for North American species were coded 
based on their recovered ranges and whether these ranges overlap with areas 
that were glaciated during the Last Glacial Maximum (LGM), restricted to the 
southern Appalachian mountains, or occurring in coastal plains (Pielou, 1991). 

Ancestral State Reconstruction 
 
A number of macro- and microscopic features were observed for each species 
and coded as tip character states. Macroscopic characters were coded as 
consensus measurements taken from fresh collections as well as photographs of 
the collections in situ for verification. Microscopic characters were measured from 
representative collections of each species, using the type species where 
possible. Microscopic structures were examined from desiccated herbarium 
specimens in Congo red solution with ammonia after a short treatment in 
aqueous 10% KOH. They were viewed under an Olympus CX-41 light 
microscope with an oil immersion lens at a magnification of 1000×. Drawings 
were made with a camera lucida using an Olympus U-DA drawing attachment at 
a projection scale of 2000×. Basidiospores micrographs were produced by an 
Artray Artcam 300MI camera and measured by Quick Micro Photo (version 2.1) 
software. Spores were observed in Melzer’s reagent. Enlarged scanned pictures 
of spores were used for measuring with an accuracy of 0.1 µm and for making 
line drawings. The statistical values in the analysis are based on 20 or 30 
measurements. 
 Ancestral state reconstruction performed on a set of 1 000 trees randomly 
sampled from the posterior distribution of species trees in Mesquite v. 2.74 
(Maddison and Maddison, 2001). Character history was traced across the tree 
topologies using the Trace Character Over Trees function using a ML approach 
with stored probability models. Significant support for character states was 
assessed using a 2.0 cut-off difference in log-likelihoods between states. The 
character state values were transformed to only display differences in states and 
were mapped onto the majority-rule consensus tree. 
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Results 

Phylogeographic reconstruction, dating, and phylogenetic informativeness of 
genes 
 
A total of 252 sequences were generated from 86 samples across the 
Incrustatula clade. No well-supported incongruencies between gene trees were 
detected, so a concatenated gene matrix was used for all phylogenies.  Four 
major clades of the Incrustatula clade dataset were recovered with good support 
from at least one inference method (Figure 13). Overall support for the 5-gene 
phylogeny was high as 45 of 51 major nodes received good support of either 70 
bootstrap support or a posterior probability of 0.95. The crown age for the 
Incrustatula clade has a mean age of 13.9  [HPD 10.6-17.3] MY with the 
Lilaceinae clade splitting off from the Roseinae clade (including the Albida clade, 
the Residual Roseinae clade, and the Core Roseinae clade) 12.86 [HPD 9.9-
15.9] MY ago. The crown age of the Roseinae clade is 12.2 [HPD 9.2-15.2] MY, 
while the crown age for the Lilaceinae clade is younger at 8.49 [HPD 6.6-11.1] 
MY old. The crown age for the Core Roseinae clade is slightly younger at 6.96 
[HPD 4.9-9.2] MY old. According to the phylogenetic infomativeness profile, tef1 
was the best gene marker for resolving clades at least 4.3 MY old, which was 
then replaced by mcm7 as the best marker for younger clades. An uptick of 
informativeness at around 0.3 MY likely indicates the initial threshold for 
interspecific divergence, which can be detected in both tef1 and mcm7. The rpb1 
locus was the second most informative gene for clades at least 10.5 MY old, 
whereas the ITS barcode marker’s performance was only average compared to 
the other markers and rpb2 was the least phylogenetically informative locus. 

Species delimitation in the Roseinae clade 
 
A total of 176 sequences were generated from 55 samples across the Roseinae 
clade, including the type collections of R. rubellipes Fatto, R. pseudopeckii Fatto, 
and R. purpureomaculata Shaffer. The type collections for R. peckii Singer, R. 
nigrescentipes Peck, and R. rimosa Murrill were extracted but failed to amplify 
with PCR. No well-supported incongruencies between gene trees were detected, 
so a concatenated gene matrix was used for all phylogenies. The ML phylogeny 
recovered 28 well-supported clades with at least 70 bootstrap support (Figure 
14). 
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Figure 13. Ultrametric chronogram of the Incrustatula clade inferred in 
BEAST. Bootstrap support is reported along branches (black) from ML 
reconstruction in RAxML and is followed by posterior probabilities. Mean 
estimations of ages in million years are reported at nodes (red). Hyphens 
are used when bootstrap support is below 50%, posterior probability is 
below 0.5, or if the node was not recovered by either method. Inset shows 
phylogenetic informativeness inferred in PhyDesign of the five nuclear 
markers used for inferring the phylogeny.  
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Figure 14. Maximum Likelihood phylogeny of the Roseinae clade inferred in 
RaXML with bootstrap support reported along branches. Collections 
sampled are listed with collector number and locality. Best supported 
species models for SpedeSTEM and BP&P are given in colored bars with 
the full species model (FULL) given first. Species epithets are given for 
well-resolved clades recovered from both coalescent models, with 
questionable taxa given confer status. 
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To test the phylogenetic recovery of putative species clades, two different 
coalescent approaches to species delimitation were applied to the Roseinae 
clade dataset. A total of 16 potential species units were evaluated in the BP&P 
analysis as the full model. The full set of proposed species were recovered as 
the highest supported species model in the BP&P analysis (0.92 pp, 16-species 
model). A more conservative estimate of species was recovered in SpedeSTEM, 
which found the highest model likelihood for a 13-species model that excluded R. 
pseudopeckii NA clade B, R. velutipes Europe clade B, and the R. cf. minutula 
NA clade. For clades that are well supported and recovered in both coalescent 
approaches, provisional names were assigned. 

Sequences of R. purpureomaculata were recovered in the same clade as 
specimens identified as R. albida with high support. After morphological 
comparisons with type collections of North American members of subsection 
Roseinae it was determined that R. praeumbonata Burl. and R. rimosa Murrill 
were not recovered in our sampling and remain unsampled species. Also based 
on morphological comparisons and sequences from type material, six described 
species from subsection Roseinae were recovered, including R. peckii, R. albida, 
R. pseudopeckii, R. rubellipes, and the two European representatives, R. 
minutula and R. velutipes. The type collections for R. peckii and R. 
nigrescentipes were both determined to be mixed collections, so given the 
popular concept of R. peckii and the obscurity and confusion associated with R. 
nigrescentipes, we adopt one and exclude the other species. A total of nine 
terminal clades with good support were recovered to which no published species 
name could be attributed, including two clades from Asia.  

Ancestral range and host reconstruction of the Roseinae clade 
 
The best model based on model likelihood under the 5-state geographical 
analysis was DEC+J, which estimates a jumping parameter simulating founder 
events along with parameters for dispersal, extinction, sympatry as a subset or in 
the narrow sense, and vicariance in the narrow sense (Figure 15). The ancestral 
area of subsection Roseinae is inferred as most likely eastern NA with jump 
migration to the southern Appalachian Mountains. Multiple sympatric 
diversification events are inferred in the southern Appalachian Mountains with 
one notable jump dispersal event to Europe around 6.7 [HPD 5.1-8.5] MY ago 
and two jumps to Asia at around 4.6 [HPD 3.4-5.8] and 1.5 [HPD 0.4-2.7] MY 
ago. Part of the early Asian lineage spread across Eurasia around 2.2 [HPD 1.5-
3.0] MY ago. Two jump dispersal events from Europe/Eurasia to NA occurred 
around the same time at 2.0 [HPD 1.3-2.6] and 1.7 [HPD 1.0-2.4] MY ago. 

The best model for the 2-state host analysis was the DIVALIKE model, 
which estimates dispersal, extinction rate, sympatry in the narrow sense, and 
vicariance in a narrow and widespread sense (Figure 15). The ancestral host of 
subsection Roseinae is inferred as most likely an angiosperm. Four host 
expansion events were inferred, with a host specialization event on Pinaceae 
occurring at 5.0 [HPD 3.7-6.3] MY ago.
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Figure 15. Ancestral area and host reconstruction of the best-supported model estimated in the R package 
‘BioGeoBEARS’
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Ancestral reconstruction of traits in the Roseinae Clade 
 
Twelve microscopic and macroscopic traits were deemed potentially important 
for species delimitation and were characterized using available individual 
collections (Figure 16). The ancestor of the Roseinae clade as well as the clade 
including the Core Roseinae clade and Residual Roseinae clade were recovered 
as ambiguous for all character states (Figure 17). The ancestor of the Core 
Roseinae clade was resolved with significant support as having a pink flush on 
the stipe, intermediate pileus width, red pileus color, a fruity or nutty odor, 
frequent branching of terminations in pileipellis, and cylindrical terminal cells of 
hyphae in the pileipellis near the pileus margin. The ancestor of the “R. 
magnorosea” clade encountered an expansion of pileus size and transition to 
attenuated terminal cells in the pileipellis. In contrast, the ancestor of the R. 
minutula clade saw a shift to a small, pink pileus, frequent branching of hyphal 
terminations in the pileipelllis, narrow, cylindrical terminal cells of hyphae in the 
pileipellis near the pileus margin, and narrow primordial hyphae, which are 
terminal cells with acid-resistent crystals that stain in the reagent carbolfuschin. 
The ancestor of the R. rubellipes clade, including “R. nivopersonata”, saw a shift 
to a mostly pink/red stipe, a loss of odor, loss of branching in the pileipellis, an 
intermediate spore ornamentation and width, a positive reaction to guaiac in the 
gills, pleurocystidia with heteromorphous to dispersed contents, and wide 
terminal cells. A shift was detected in the pileipellis type, stipe color, odor, 
terminal cell branching, spore ornamentation height, pleurocystidia contents, 
spore, and wide terminal cells in the pileipellis forming an epithelium at least near 
the pileus center. 

Discussion 

Systematics of the Incrustatula clade 
 
The future challenge of systematics in diverse groups such as Russulaceae is to 
resolve clades that correspond to infrageneric ranks. This is an essential 
organizational tool for binning species into evolutionary groups and facilitating 
biodiversity studies. Though barcoding species with the ITS region is useful for 
stabilizing species, no single locus is sufficient to resolve these higher-level 
relationships. This is demonstrated in our study and our attempt to resolve a 
Russula clade at the subsection level. No single locus resolved the final topology 
of the Incrustatula clade with high bootstrap support (Figure 18; Appendix). Only 
mcm7 resolved the Roseinae clade with high support and only rpb2 resolved the 
final topology without high support. Only when genes were concatenated did a 
well-supported relationship between the four major clades become resolved, 
indicating the power and importance of a multi-locus approach. With the advent 
of next generation sequencing technologies, obtaining multi-gene datasets is 
becoming much easier and less costly.  
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Figure 16. Microscopic characters used in ancestral trait reconstruction of 
the Roseinae clade: A) Pleurocystidia with dispersed elements (R. 
rubellipes, NY00253510, holotype); B) Pleurocystidia with partly dispersed 
elements and a refringent body (R. pseudopeckii, NY00253511, holotype); 
C) Pleurocystidia with large refringent bodies only in apex (R. peckii, NYS 
f3630.7, holotype); D) Dense trichoderm pileipellis composed of narrow, 
cylindrical, frequently branched hyphal terminations and narrow primordial 
hyphae (R. pseudopeckii, NY00253511, holotype); E) Loose trichoderm 
pileipellis composed of moderately wide, attenuated, occasionally 
branched hyphal terminations and wide, short-celled primordial hyphae (R. 
sp., SAV F-3576); F) Epithelium pileipellis of inflated, ellipsoid, rarely 
branched elements and moderately wide primordial haphae (R. rubellipes, 
NY00253510, holotype) ; G) Spores exhibiting short width and 
ornamentation height (R. pseudopeckii, NY00253511, holotype); H) Spores 
exhibiting medium width and ornamentation height (R. rubellipes, 
NY00253510, holotype); and I) Spores exhibiting tall width and 
ornamentation height (R. praeumbonata, NY00760516, syntype). Scale bar 
equals 10 µm but only 5 µm for spores. 
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Figure 17. Ancestral character reconstruction using ML in Mesquite for 
both macro- and microcharacters. Characters that were not measured for 
given species are marked as an X. Reconstructions where no character 
was resolved as less than 25% significant were excluded. 
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However, identification of suitable gene markers is important for studies in 
countries without research support where researchers must balance gene 
sampling with taxon sampling. It is therefore important that the best genes are 
identified for multi-gene analyses to resolve different levels of diversity. Based on 
the results of our study, for the genus Russula we recommend the use of tef1 for 
resolving clades at the subsection level or above, whereas mcm7 appears to be 
ideal for resolving species. Both of these genes should be used in concordance 
with the barcode ITS region that does an intermediate job at resolving 
relationships at both scales. 

Since R. albida has been considered a member of subsection Roseinae, 
we propose the Roseinae clade to correspond to this subsection, which will need 
to be emended with a new morphological diagnosis. The recovery of the 
Residual Roseinae clade as nested in the Roseinae clade makes this necessary, 
as it is made up of collections that do not match the morphological diagnosis of 
subsection Roseinae and potentially constitute a novel clade of under-explored 
species. Another well-resolved clade is the Lilaceinae clade, which includes 
species such as R. lilacea Quél., R. subtilis Burl., R. corallina Burl., R. 
emeticicolor (Jul. Schäff.) Singer, and R. zvarae Velen., all species traditionally 
placed in subsection Lilaceinae. Both of these groups are included in Russula 
subgenus Incrustatula Romagn., which is typified by R. lilacea. Increased 
sampling and studies of type specimens in the Lilaceinae clade should lead to at 
least one other well-resolved subclade. In our opinion, since both Lilaceinae and 
Roseinae clades are nested in the crown clade of Russula (Looney et al. 2016), 
these should be classified in two ranks that best fit the classification model 
proposed by Sarnari (1998). Following this classification, both groups together 
should be placed in subgenus Incrustatula with the type species R. lilacea. The 
concept of the subgenus presented by Sarnari covers all species with incrusted 
primordial hyphae, but this and previous phylogenetic studies (Looney et al. 
2016) demonstrated that dark yellow-spored species, e.g. Russula subsect. 
Amethystinae (Romagn.) Bon, likely do not belong to this lineage. This study 
suggests that the subgenus Incrustatula includes only species with pale white or 
cream spore prints, mild taste, and primordial hyphae. 

We think that the appropriate rank for the Roseinae clade is the section 
level because of the recovery of a morphologically divergent Residual Roseinae 
clade and Albida clade. Each subclade of the Roseinae clade should constitute a 
subsection. The proposed section should be recognized by having a 
pseudoparenchymatic subpellis composed of inflated elements and either small 
or obtuse and short-celled primordial hyphae. Russula albida representing the 
whole Albida clade differs from all studied members of Roseinae core clade by 
larger spores with more prominent ornamentation and a corraloid trichoderm 
pileipellis of short, frequently lobate or branched elements. The Residual 
Roseinae clade represented by two species clades potentially constitute a novel 
clade of under-explored species defined by the absence of red staining of the 
context in sulfovanillin, long attenuated terminal cells of hyphae in the pileipellis 
and broad, obtuse primordial hyphae often composed of chains of ellipsoid cells. 
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Species delimitation in the Roseinae clade 
 
For the four criteria on which we based our species delimitation on (phylogeny, 
coalescence, geography, and morphology) no single delimitation scheme was 
supported by all methods. The BP&P method for multispecies coalescence was 
the most sensitive method, resolving all proposed species as distinct. This 
scenario is appealing as it was able to distinguish all species that have support 
from the three other species criteria; however, we detect some potential over-
splitting in the R. pseudopeckii and R. velutipes clades. These segregate clades 
are very similar morphologically to their sister clades, there is not much 
phylogenetic divergence between them, and they are found in the same general 
location/region. In contrast, the SpedeSTEM approach was more conservative 
and did not resolve these questionable splits as species; however, it did lump a 
collection from Mississippi with the European species R. minutula. This would be 
the only transcontinental species recovered in this study and there is 
morphological evidence that this should represent its own species. Based on 
coalescent analysis in conjunction with geography and morphology (when 
available), we recognize here fourteen species in this clade (Fig. 3).  

Phylogeography and host association of the Roseinae clade 
 
Phylogeographical analysis of the Roseinae clade has recovered the 
Appalachian Mountains as the ancestral origin of this group, which, as far as we 
know, is the first evidence for ancient endemism of a group of fungi from this 
area. Only a few studies have looked at Plethodontid salamanders were thought 
to have an Appalachian origin, however, recent phylogeographical assessments 
have refuted this claim (Vieites et al., 2007). One area where sampling is lacking 
is central Mexico, which is known as another hotspot for macrofungal diversity 
and we lack sampling from reported species from eastern Asia (Das et al., 2013, 
2006; Hongo, 1960; Saini et al., 1982; Sanchez-Ramirez et al., 2015). We also 
find evidence that the mountain refugia of the southern Appalachian Mountains 
have been a place of many apparent sympatric speciation events, with at least 
four diversification events. It is likely that these species were spatially isolated at 
either different elevations or different refugia within the mountains, though actual 
sympatric speciation cannot be rejected. Rare jump dispersal events have been 
important in this lineage’s diversification, which has allowed it to spread both east 
and west to Europe and Asia respectively. Though rare, these dispersal events 
are important to the spread and diversification of ectomycorrhizal fungi, like in the 
Cortinarius violaceus group, which saw a jump dispersal from Australasia to 
South America (Harrower et al., 2015). 

A number of phylogeographic patterns have been detected in plants and 
animals in the southern Appalachian Mountains, which have been attributed to 
Pleistocene glaciation events as well as earlier events of the Pliocene (Soltis et 
al., 2006). The Appalachian Mountain discontinuity refers to sister species 
divergent across the ridgeline of the mountains, which does not match any of the 
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patterns we have detected for the Roseinae clade. Differences in watersheds 
also do not seem to coincide with patterns in this clade. Soltis et al. (2006) 
proposed pseudocongruence as a possible reason for many of these conflicting 
patterns in distributions between different taxa, and perhaps it is a combination of 
many overlapping factors occurring at different times that results in these 
complex distributions. 

Geographic isolation of the populations due to the appearance and 
disappearance of the Bering land bridge may explain an apparent Arcto-Tertiary 
disjunction of both European and Asian taxa with eastern NA taxa that occurred 
6 MY and 4 MY ago respectively (Hopkins et al., 1967). However, the more 
recent shift to Asia and multiple shifts back from Europe cannot be explained by 
spatial interaction of continents, giving further evidence for the necessity of long-
distance dispersal. Glaciation of the northern Appalachian Mountains began 
towards the beginning of the Pleistocene about 2.6 MY ago, which according to 
our dated phylogeny, post-dates all diversification events occurring in North 
America except for the split between R. rubellipes and R. niveopersonata. 
 If glaciation has not driven diversification in the Roseinae clade, then the 
apparent sympatry of species like R. niveopersonata with R. austrorubellipes and 
R. rubellipes is difficult to explain. The admixture of endemic species in the 
southern Appalachian Mountains with a more widespread sister species has 
been documented in a number of fungal genera, like Hygrocybe, Armillaria, 
Amanita, and Sparassis (Hughes et al., 2014, 2013). In the genus Auricularia we 
see a primarily southeastern U.S. species as closely related to a northeastern 
species that are differentiated by their substrate, one on hardwood and the other 
on the wood of conifers (Looney et al., 2013). An endemic genus of mushroom-
forming members of Tricholomataceae, called Albomagister, has been described 
from the southern Appalachian Mountains with at least three species that are 
seemingly sympatric (Sánchez-García et al., 2014). The southern Appalachian 
Mountains has been highlighted as an area of hybridization for agaric fungi 
(Hughes et al., 2013). It is perhaps possible that ancient hybridization events 
have resulted in speciation of agarics in the southern Appalachian Mountains, 
though we would want to look at heterozygosity across entire genomes to 
determine this. 

Also difficult to explain is the lack of species recovered from the west 
coast of the U.S. Mycologists, including the authors here, have done much 
sampling in the Pacific Northwest region however, no species of subsection 
Roseinae have been recovered from this area. It is possible that a species may 
be undiscovered in the rich mycota of California that may extend its range down 
into Mexico, but it is highly unlikely that there is an unrecovered species from the 
northwest even through Alaska, given a high sampling effort of that region. Only 
49 of 332 native North American Russula species have been described based on 
the material from the Pacific Coast, and most of these species are centered in 
California (Buyck et al., 2015). This distribution does indeed imitate the same 
Arcto-Tertiary disjunction we see in many plant groups.  
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Life history is important to consider when examining phylogeographic 
patterns, and here we are looking at a group of ectomycorrhizal fungi that require 
a plant host. Given that the ancestral host of subsection Roseinae was likely 
deciduous, the distribution of species currently found in the southern Appalachian 
Mountains must have had their ranges shifted southward into the Gulf Coast 
region, Florida, and maybe all the way to Mexico during the maximum extent of 
Pleistocene glaciation. This suggests that, given extinction was not to play a 
large role in species distributions, Russula species are able to track the range 
shifts of their hosts during phases of climate change. Four host expansion events 
occurred in the group with one complete switch to Pinaceae association. In an 
analysis of host effects on diversification of Russula, Looney et al. (2016) found 
that diversification rates were higher with Pinaceae associates and host 
generalists. If this is the case, perhaps this shift in diversification seen in younger 
clades like R. peckii that may be shifting due to the cooling climates of the last 5 
MY.  

Morphological trait evolution in the Roseinae clade 
 
Russula has traditionally been a focus for anatomical and chemical studies for 
species delimitation in macrofungi (Singer, 1986). This is primarily a result of its 
promiscuity of species richness and distribution as well as the unreliability of the 
group’s most obvious characters to separate species due to their intraspecific 
variability, which includes pileus color, size of fruitbodies, and general gestalt. 
This has led to the characterization of over one hundred traits associated just 
with sporocarps to delimit species morphologically (Romagnesi, 1967). It is the 
challenge of modern taxonomists to identify what morphologic characters are 
most phylogenetically significant. To this end, detailed descriptions of sporocarps 
in the field as well as close examination and measurements of micro-features 
have been documented for members of subsection Roseinae. It is important that 
detailed descriptions be performed on fresh fruitbodies, including photos taken in 
situ, standardized color descriptions, a spore print taken and scraped en masse 
to be compared to standardized spore color charts (ideally Romagnesi or 
Crawshay’s system), notes on taste and distinct odors, measurements of stipe 
and pileus, macrochemical tests, surface irregularities, and any change in 
appearance such as bruising over time. 
 A number of characters have been used to traditionally unite members of 
subsection Roseinae (Romagnesi, 1967; Sarnari, 1998; Singer, 1986). These 
species are supposed to have either a white, pink, or red pileus, typically white to 
cream spore print en masse, a lack of pileocystidia, the presence of primordial 
hyphae with acid-resistant incrustations, a taste that is either bitter or mild, and a 
strong positive reaction to sulfovanillin that turns “Eosine red” on the stipe of 
dried material. For the Residual Roseinae clade and Albida clade, species were 
recovered that contradict this traditional concept of characters. Members of the 
Residual Roseinae clade possess a spore print with much darker color yellow 
color (IIIb) than those previously placed in this group. Also, despite being placed 
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in this subsection by Singer, Russula albida does not exhibit the characteristic 
“Eosine red” reaction to sulfovanillin though still shows purple-red staining 
contrary to nearly neutral reactions of most Russula members. This expanded 
concept of the group opens the possibility that species that belong to this group 
may have been described by taxonomists like C.H. Peck, G.S. Burlingham, and 
W.A. Murrill, who all described many species which are poorly understood today 
(Buyck, 2007). Our study did not reveal contradictory evidence for pileus color, 
the lack of pileocystidia, presence of primordial hyphae with acid-resistant 
incrustations, and taste that is either mild or bitter. In addition, a new character 
was discovered with the positive reaction of Ehrlich’s Reagent or p-
(Dimethylamino) benzaldehyde (PDAB) to the stipe surface, which produces a 
magenta to lilac color. This positive reaction has been demonstrated in other 
isolated groups as well as a separate positive reaction that turns blue, however, 
most species of Russula do not produce any reaction. 
 Identifying the traits that the group shares is important, but it is also 
important to identify which traits are useful in species delimitation. As might be 
expected, members of the Albida clade and Residual Roseinae clade appear to 
be the most morphologically divergent of the group. Russula albida is the only 
member of the Roseinae clade to possess a completely white or yellow pileus, 
spearmint taste, pileipellis that is a corraloid trichoderm, and spores wider than 
6.5 µm. This species and “Russula cf. magnorosea” are the only species to 
possess spores with ornamentation higher than 0.9 µm. The members of the 
Residual Roseinae clade are united by their pileipellis that is a loose trichoderm 
of long-celled and apically attenuated hyphal terminations and large pileus 
diameter that is only matched by R. velutipes. The two species of the Residual 
Roseinae clade can be separated by a combination of their difference in pileus 
color, odor, and branching and width of terminal cells in the pileipellis. The Core 
Roseinae clade is united by a number of characters shared by their common 
ancestor. This common ancestor likely had a pink flush on the stipe, pileus of 
intermediate width, a red cap, a fruity or nutty odor, and a palisade trichoderm. 
The R. minutula clade saw a likely transition from red to pink colored pileus and a 
reduction of pileus diameter and primordial hyphal width. The two species in this 
group can be separated by differences in their odor, spore width and 
ornamentation height, and pleurocystidia contents. Though not forming a clade, 
“R. leporina” and R. peckii share many features, however they can be 
differentiated by differences in stipe color, primordial hyphae width, and terminal 
cell width. In addition, R. peckii possesses lamellae whose margins are finely 
serrated. “Russula austrorubellipes” is fairly distinct with features most 
resembling R. velutipes, but differing by possessing a mostly pink stipe, smaller 
pileus diameter, partly dispersed pleurocystidia contents, more prominent spore 
ornamentation, and lacking any yellow color in the disc of the pileus. The 
ancestor of the R. rubellipes and “R. niveopersonata” clade transitioned to 
ellipsoid terminal cells of hyphae in the pileipellis forming, at least near the pileus 
center, an epithelium pileipellis. Both of these species are extremely similar and 
are the best candidates for cryptic speciation that we have detected, with the only 
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detected difference being in the width and cell number of primordial hyphae. 
Another potential case of cryptic speciation may lie within the R. pseudopeckii 
clade, which includes a segregate clade of two collections that was not supported 
as different by the coalescent delimitation methods. These two clades, however, 
possess character divergence in their pleurocystidia contents, odor, cell number 
of primordial hyphae, and spore width. While cryptic speciation may seem 
common in phylogenetic and coalescent species delimitation studies (Sanchez-
Ramirez et al., 2015; Singh et al., 2015), a rigorous and attentive look at 
morphological features can often yield identifiable diagnostic characters 
(Adamčík et al., 2016b).  

Conclusion 
 
Here we have explored species delimitation in a clade of red Russula species 
using a multi-faceted approach incorporating phylogenetics, geography, ecology, 
morphology, and the evolution through the multispecies coalescent model. These 
analyses resulted in the identification of fourteen species in the Roseinae clade, 
including eight species that have not been formally described yet. Through model 
testing of different phylogeographic approaches and reconstruction through the 
DEC +J model, we have inferred an eastern North American origin of subsection 
Roseinae, indicating that the Appalachian Mountains may have acted as a 
biological hotspot in recent geologic time. Also using a phylogeographic 
approach, we reconstructed the ancestral host association in this clade to be with 
deciduous trees, indicating both the possibility of refugia in the southeast U.S. for 
hardwood tree species as well as the ability of Russula species to track range 
shifts of their host due to climate change. The species recovered here and 
supported by species delimitation analyses will be formally described along with 
re-description of type specimens of described species in a future publication. 
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Appendix 

 
Figure 18. Gene tree reconstructions of Incrustatula clade for five loci (ITS, rpb1, rpb2, tef1, mcm7) used 
in multi-gene analyses showing major clade relationships (Red-Core Roseinae; Pink-Residual Roseinae; 
Orange-Albida; and Purple-Lilaceinae). Asterisks and green stars mark well-supported clade.
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CHAPTER III 

RUSSULACEAE AS A MODEL SYSTEM TO RECOGNIZE 
FUNCTIONAL DIVERSITY IN AN ECTOMYCORRHIZAL LINEAGE 
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Abstract  
  
Ectomycorrhizal fungi (EmF) are ubiquitous members of the microbiota of most 
temperate and some tropical forested ecosystems. Their important ecological as 
role mutualists of many tree and shrub species has been explored in the context 
of ecosystem functioning and forest health, however, recent studies interested in 
carbon cycling and its effect on global climate change have begun to look at EmF 
and their contribution to decomposition of organic carbon sources. Oxidative 
enzymatic activity in soil has been attributed to mostly ectomycorrhizal rather 
than saprotrophic fungi, the guild previously assumed to be the key players in soil 
lignin decomposition. EmF have evolved independently at least some 78 times, 
and niche specialization has likely occurred within and between these lineages, 
potentially driving their diversification. Here we outline an ongoing sequencing 
project through the Joint Genome Institute that seeks to densely sample a single, 
diverse lineage of EmF to explore the evolution of plant-carbon degradative 
enzymes characterized as a potential niche specialization. The targeted group for 
this endeavor is the family Russulaceae, which includes the genera Lactarius, 
Lactifluus, Multifurca, and Russula. This group has been highlighted as a 
principal producer of laccases in temperate soil, a class of copper containing 
enzymes known to degrade lignin through oxidative reaction. Class II 
peroxidases, the enzymes primarily used in lignin degradation, have been 
recovered from forest soils that originate from members of Russulaceae. Here 
we discuss expectations from this multi-genome study as well as preliminary data 
on growth characteristics of the group, with discussion on the inherent ecological 
features of Russulaceae that we seek to understand through their functional 
genomic composition. 

Introduction 
 
A.B. Frank was one of the first scientists to unambiguously identify the symbiotic 
nature of mycorrhizal fungi in the late 19th century (Trappe, 2005). This shifted 
the paradigm of functional roles for fungi from the view of all fungi as either 
antagonistic parasites or nutrient recycling decomposers to one where fungi can 
be essential mutualistic partners for other lifeforms. We know today that fungi 
form intimate mutualistic associations with a plethora of other lifeforms including 
mycorrhizal plants (Brundrett, 2004), orchids (Dearnaley et al., 2012), animals 
(Currie et al., 1999; Aanen et al., 2002), grasses (Clay, 1988; Busby et al., 2016), 
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green algae and cyanobacteria (Hawksworth, 1988), bryophytes (Pressel et al., 
2010), and bacteria (Partida-Martinez et al., 2007). Though these associations 
share similarities, most have been subject to convergent evolution and resulted 
in novel interactions through coevolutionary changes in morphology, behavior, 
chemical signaling, or gene expression. For example, while the arbuscular 
mycorrhizal habit has evolved only once in the ancestor of Glomeromycota, 
ectomycorrhizal fungi have evolved some 78 times independently in members of 
Ascomycota, Basidiomycota, and Zygomycota (Tedersoo & Smith, 2013). 
Recognition of the diversity of specialized functions within these specific groups 
or guilds is an imperative next step towards modeling their associated effects on 
community dynamics, and integral ecosystem level processes. 

Interest in ectomycorrhizal fungi (EmF), one of at least seven subdivisions 
of mycorrhizal fungi (Smith & Read, 2010), has recently increased as ecological 
studies attempt to model the flux of carbon through ecosystems in the face of a 
global accumulation of atmospheric carbon (Treseder & Allen, 2000; Lindahl et 
al., 2007). Ectomycorrhizal fungi are essential mutualistic partners to many trees 
and shrubs in forested ecosystems, where fungi act as a substantial extension of 
the root system of plants, providing scavenged water and nutrients in exchange 
for carbon allocation from the plant. Only recently have EmF been recognized as 
significant contributors to the decomposition processes of soil organic matter, 
leading to the novel term “mycorrhizal decomposition” (Talbot et al., 2008). A 
broad range of EmF have been found to contain class-II-peroxidase genes 
responsible for lignin degradation in humus (Bödeker et al., 2009). Furthermore, 
peroxidase activity in soil has been statistically correllated with EmF species 
richness (Talbot et al., 2013) and their relative abundance to saprotrophic fungi 
(Phillips et al., 2014) rather than saprotrophic species richness as one might 
expect. Recent evidence suggests that the capability of EmF to decompose has 
been retained from their saprotrophic ancestry (Rineau et al., 2012; Kohler et al., 
2015). This has led to some debate over whether EmF are capable of carbon 
uptake from organic matter in times of stress (i.e. facultative saprotrophy) or, 
more likely, that EmF use primarily oxidative reactive enzymes to scavenge 
nitrogen or other limiting nutrients from recalcitrant biopolymers in soil (Lindahl & 
Tunlid, 2014). The ability to scavenge nutrients from a diverse array of 
biopolymers found in soil expands the functional diversity potential of EmF, 
however, knowledge of this potential functional diversity is limited by our current 
genome sampling. 

The age of genome-enabled mycology, looking at broad trends between 
the genomes of multiple lineages of fungi, was initiated at a large scale by the 
Fungal Genomics Program (FGP) through the Joint Genome Institute (Walnut 
Creek, CA) with a focus on energy and environmental science applications 
(Martin et al., 2011; Hibbett et al., 2013). Through support from the FGP, the 
Saprotrophic Agaricomycotina Project (SAP) has elucidated the evolution of 
decay mechanisms in over 30 different species of saprotrophic fungi representing 
12 orders. This project has contributed to a much more complex understanding 
of decomposition that now transcends the brown rot/white rot paradigm (Floudas 
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et al., 2012; Hibbett et al., 2013; Riley et al., 2014). Also emerging from the FGP 
is the Mycorrhizal Genomics Initiative (MGI), which has targeted 25 lineages of 
mycorrhizal fungi to explore the underlying genetic mechanisms for host 
communication and association (Plett & Martin, 2011). While the MGI seeks to 
elucidate the genetic machinery behind the mycorrhizal synthesis among its 
independent lineages, here we outline a genomic study, the Russulaceae 
Genome Initiative (RGI) that takes an evolutionary perspective to examine trends 
of functional variation within a single densely sampled and diverse lineage of 
EmF, the family Russulaceae. 

Russulaceae have been nominated as a genomic model EmF group for 
several attractive reasons. First, like many EmF, Russulaceae are slow growing 
and difficult to isolate in pure culture. However, members from diverse clades 
within Russulaceae have frequently been isolated and exploited in manipulative 
experiments. In addition, species of Russulaceae are common in forested 
ecosystems and often produce large-bodied mushrooms that are ideal for 
extracting mostly axenic tissue from their inner context. Second, given the 
evolutionary age of the group, only three other EmF lineages Cortinarius, 
Inocybaceae, and Amanitaceae can be said to have gone through as rapid 
diversification as Russulaceae making it ideal for studying speciation processes 
and potential adaptive radiation (Ryberg and Matheny, 2011). Unlike these other 
lineages, Russulaceae is a rather isolated EmF lineage with only one other major 
EmF lineage in its order. Finally, we know that this group is ecologically important 
for EmF communities, evidenced by its pervasiveness in both species diversity 
and transcript abundance in soils (Liao et al., 2014). The genus Russula, in 
particular, is known as a late-stage colonizer of forests, indicating Russula is 
likely important for stabilizing nutrient networks in mature and old-growth forests 
(Twieg et al., 2007). In this review, we provide an overview of Russulaceae in 
context of its global diversity, evolution, ecology, growth characteristics, and 
known functional diversity. We highlight several hypotheses ideal to test with the 
proposed dataset, in the hopes of spurring investigation and collaboration 
focused on unlocking the functional diversity within this fascinating group. 

Systematics and Sampling Strategy 
 
Russulaceae are a species rich lineage of EmF that have traditionally been 
composed of the genera Russula Pers. and Lactarius Pers. (Singer, 1986). 
Mushroom-forming Russula species are commonly referred to as brittlegill 
mushrooms for their easily broken lamellae and flesh due to an abundance of 
specialized cells called sphaerocytes, a synapomorphy of the family (Miller et al., 
2006). Species of Russula are typically characterized as having a white to 
orange spore deposit, a mild to very acrid taste, ornamented and amyloid spores, 
and usually a brightly colored pileus. Lactarius, known as the milkcap 
mushrooms for the latex exuded from the flesh and lamellae where damaged, 
share many features with Russula but can have darker orange colored spore 
deposits, higher spore ornamentation, fewer sphaerocytes in the context, 
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concentric zonations on the pileus, and strobicules, or pits, on the stipe. These 
two genera were recently split into four genera: the elevated genus Lactifluus 
(Pers.) Roussel made up of mostly former tropical members of Lactarius; and the 
new genus Multifurca Buyck & V. Hofstetter, made up of former members of both 
Lactarius and Russula (Buyck et al., 2008; Verbeken et al., 2011). No stable 
synapmorphies have been identified to separate these segregate genera 
morphologically, but both Multifurca and Lactifluus can be distinguished by a 
combination of traits: Multifurca by the presence of zonations on the pileus that 
continue into the context and lamellae with many furcations, or forks; and 
Lactifluus by the presence of thick-walled elements, lamprocystidia, and a 
hymenophoral trama composed of sphaerocytes (Buyck et al., 2008; De Crop et 
al., 2016). Phylogenetic relationships between the four core genera of 
Russulaceae have not been well-resolved using multi-gene phylogenies (Buyck 
et al., 2008; Verbeken et al., 2014)(Figure 19). Included in Russulaceae are a 
number of polyphyletic genera, including Arcangelliella Cavara, Cystangium 
Singer & A.H. Sm., Elasmomyces Cavara, Gastrolactarius R. Heim ex J.M. Vidal, 
Gymnomyces Massee & Rodway, Macowanites Kalchbr., Martellia Mattir. and 
Zelleromyces Singer & A.H. Sm., which all comprise only species with 
sequestrate basidiocarp morphologies (Miller et al., 2001). Also, a cluster of six 
species belonging to the genera Boidinia Stalpers, Gloeocystidiellum Donk, and 
Gloeopeniophorella Rick have been recovered as part of Russulaceae in a study 
of corticioid fungi hypothesized to be in the order Russulales (Larsson & Larsson, 
2003). Although such corticioid species have a resupinate habit on wood and are 
putatively assigned as white-rot saprotrophs, this has yet to be confirmed (Miller 
et al., 2006).  

Ectomycorrhizal members of Russulaceae comprise one of the most 
species diverse lineages of EmF and are frequently dominant members of EmF 
communities. Currently we recognize an estimated 900 species of Russula 
(Buyck & Atri, 2011), 300 species of Lactarius, 150 species of Lactifluus (De 
Crop et al., 2016), and 6 species of Multifurca (Buyck et al., 2008; Lebel et al., 
2013) are accepted worldwide. Many species have yet to be described (Buyck & 
Thoen, 1996; Buyck, 2007). A global metanalysis of Russula sequences in 
GenBank recovered almost 1200 MOTUs of Russula alone (Looney et al., 2016). 
Russulaceae are a dominant ectomycorrhizal lineage in a multitude of different 
habitats including arctic shrublands (Geml et al., 2012), boreal forests (Geml et 
al., 2010), beech hardwood forests (Burke et al., 2009), Notholithocarpus forests 
in the western United States (Bergemann & Garbelotto, 2006), neotropical 
caesalipinoid forests (Henkel et al., 2012), and dipterocarp tropical rainforests 
(Peay et al., 2010b). Russulaceae are also present in depauperate EmF 
communities like those associated with Alnus (Põlme et al., 2013), 
Nyctaginaceae (Haug et al., 2005), and Gnetum (Tedersoo & Põlme, 2012). 

The Russulaceae Genome Initiative seeks to target the phylogenetic 
breadth of the lineage to capture as much evolutionary divergence as possible.  
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Figure 19. Maximum Likelihood phylogenetic reconstruction of 
Russulaceae with sampling from Buyck et al. (2008) and Looney et al. 
(2016). Clades are collapsed based on clades from Looney et al. (2016), the 
molecular subgeneric classification of Lactarius from (Verbeken & 
Nuytinck, 2013), and the subgeneric classification of Lactifluus from De 
Crop et al. (2017). Taxon sampling for the Mycorrhizal Genome Initiative is 
highlighted in blue and RGI samples are highlighted in red. Samples 
marked with * are still being prepared for submission to sequence. 
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Figure 19 continued 
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Figure 19 continued  
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All EmF species sampled for the sequencing project are from the same 
geographic region of eastern North America from temperate hardwood or mixed 
forests. Therefore they share the same or similar ecological communities, 
thereby controlling for geographic variation and hopefully capturing diverse 
functional roles. Phylogenetic sampling is based on published phylogenies for 
Russula (Looney et al., 2016) and Russulaceae (Buyck et al., 2008), balancing 
sampling based on the species richness of the different genera. For the initial 
dataset, 14 species are targeted for genome and transcriptome sequencing, 
including seven species of Russula, two species of Lactifluus, one species of 
Multifurca, two species of Lactarius in addition to the released genome of 
Lactarius quietus (Fr.) Fr., and a saprotrophic outgroup, Gloeopeniophorella 
convolvens (Table 6).  
 
 
Table 6. Russulaceae genome and transcriptome sampling. 

Taxon Isolate Source Country 
Date 
collected GenBank 

Gloeopeniophorella convolvens  OM19405 culture Finland 9/16/15 KY848506 
Lactarius quietus S23C culture France unknown NA 
Lactarius cf. deliciosus  BPL912 culture U.S.A. 10/28/15 NA 
Lactarius psammicola  BPL869 culture U.S.A. 9/6/14 KY848507 
Lactifluus subvellereus  BPL653 sporocarp U.S.A. 6/27/15 KY848508 
Lactifluus cf. volemus  BPL652 sporocarp U.S.A. 6/27/15 KY848509 
Multifurca ochricompacta  BPL690 sporocarp U.S.A. 7/13/15 KY848510 
Russula brevipes  BPL707 sporocarp U.S.A. 7/16/15 KY848511 
Russula compacta  BPL669 sporocarp U.S.A. 7/8/15 KY848512 
Russula dissimulans  BPL704 sporocarp U.S.A. 7/16/15 KY848513 
Russula earlei  BPL698 sporocarp U.S.A. 7/15/15 KY848514 
Russula cf. rubellipes  BPL873 sporocarp U.S.A. 10/16/15 KY848515 
Russula rugulosa  BPL654 sporocarp U.S.A. 6/27/15 KY848516 
Russula vinacea  BPL710 sporocarp U.S.A. 7/17/15 KY848517 
 
 
Genomes are being sequenced at the Joint Genome Institute with a PacBio RS 
(Pacific Biosystems, California) or the Illumina Hi-Seq 2500 platform (Illumina, 
California). Two species, Lactarius psammicola A.H. Sm. and Lactarius cf. 
deliciosus, were successfully cultured and grown on Modified Melin-Norkrans 
media to derive the axenic cultured material for sequencing. Another species, 
Multifurca ochricompacta (Bills & O.K. Mill.) Buyck & V. Hofstetter, was 
successfully cultured but could not be grown in enough quantity for genome 
sequencing, so material from the basidiocarp from which the culture was derived 
was used instead. 

The family Russulaceae is a member of the order Russulales 
(Basidiomycota), a group diverse in nutritional strategies, basidiocarp 
morphologies, and ecological habits (Miller et al., 2006). To date, 10 genomes 
have been sequenced from this order including the saprotrophic genera 
Artomyces P. Karst, Auriscalpium Gray, Dentipellis Donk, Hericium Pers., 
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Heterobasidion Bref., Lentinellus P. Karst, Peniophora Cooke, Stereum Hill ex 
Pers., and Vararia P. Karst. One genome from a representative ectomycorrhizal 
species of Lactarius has been produced through the MGI (Figure 20). 

The most focused work on genomes from Russulales has been on 
Stereum hirsutum (Willd.) Pers., a white-rot saprotroph on usually attached but 
dead branches of living trees, and Heterobasidion irregulare Garbel. & Otrosina 
(annotated as H. annosum), which is considered both a saprotroph and a 
pathogen on mostly coniferous trees (Olson et al., 2012). Heterobasidion 
irregulare has been shown to switch metabolic strategies given different 
environmental conditions. In the presence of cellulose and lignin the 
transcriptome of H. irregulare showed up-regulation of carbohydrate-active 
enzymes (CAzymes) typical for saprotrophs, whereas a higher expression of 
metabolite genes involved in toxin production and protection against plant 
defense in parasitic conditions were detected in the presence of the plant host, 
showing a trade-off between nutritional modes (Olson et al., 2012).  

As representatives of Russulales, both species have shown to contain 
specialized gene content indicative of their evolutionary isolation. Stereum 
hirsutum utilizes a powerful arsenal of enzymes for lignin degradation, and of all 
wood-rot genomes analyzed so far, S. hirsutum has the highest number of 
glucose-methanol-choline (GMC) oxidoreductase genes, a family of enzymes 
with diverse catalytic activities (Riley et al., 2014). An analysis of the mating type 
loci found that the hormone receptor gene family involved in fungal mating, 
STE3, was found to have arisen three times in the ancestor of Stereum and 
Heterobasidion, which may be correlated with a switch from a bipolar to 
tetrapolar mating system in the ancestor of Russulales (James et al., 2013). In an 
analysis of small secreted proteins called hydrophobins implicated in a number of 
functions including pathogen virulence factors, mycorrhiza formation, and cell 
wall assembly, seventeen hydrophobin genes were found in the genome of 
Heterobasidion, whereas Stereum was found to be the only genome analyzed 
that lacked these genes entirely (Mgbeahuruike et al., 2013).  

Phylogenetic relationships between families and other major groups in 
Russulales have not been well-resolved using single or multi-gene approaches, 
and there is still extensive work to do to understand the functional diversity of this 
order (Miller et al., 2006; Zhou & Dai, 2013). Other than Russulaceae, important 
lineages with an array of nutritional modes to be targeted for future genome 
sequencing include the genus Albatrellus Gray, the other major ectomycorrhizal 
lineage in the Russulales, Bondarzewia Singer, a small genus of root parasites, 
Entomocorticium H.S. Whitney, Bandoni & Oberw., a monotypic genus symbiotic 
with insects, and Echinodontium Ellis & Everh., a genus of root parasites.  

Diversification, Biogeographic, and Host Association Patterns 
 

What factors are driving the high species diversity we see in EmF lineages like 
Russulaceae is a major question being addressed by evolutionary biologists.  
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Figure 20. Maximum Likelihood phylogenetic reconstruction of Russulales 
dataset from Miller et al. (2006) with a backbone constraint topology of 
well-supported relationships from the Mycocosm Portal phylogeny 
(Grigoriev et al., 2014). Clades are collapsed based on clades recovered 
from Miller et al. (2006) and bootstrap values ≥ 50 are reported. 
Representative samples of species and/or genera for which genomes are 
currently available are highlighted in red. 
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At a local scale, dozens of EmF lineages and species of the same lineage can be 
found coexisting in the same environment and even with a single plant host 
individual (Bahram et al., 2011). Allopatric speciation due to dispersal limitation 
has been favored as the primary process for fungal speciation as we see few co-
occurring sister species as well as conserved enzymatic regimes in 
geographically segregated fungal communities (Geml et al., 2008; Peay et al., 
2010a; Talbot et al., 2014), though some examples of sympatric sister species 
are documented (Sánchez-Garcíia et al. 2016; Van Dorp et al., 2016). At the 
global scale EmF exhibit a diversity pattern counter to the latitudinal biodiversity 
gradient, where EmF diversity peaks near the temperate/boreal interface and 
declines towards the tropics (Tedersoo et al., 2012). This pattern is likely 
governed by innate factors causing a higher net diversification rate, rather than 
dispersal from tropical regions (Sánchez-Ramírez et al., 2015; Looney et al., 
2016). Several factors were found significant in predicting this large-scale 
pattern, including the mean annual temperature; mean annual precipitation; 
edaphic factors; and plant host diversity. If functional diversity exists within 
Russulaceae, we should expect these to be main factors driving diversification 
however the exact mechanisms or how these factors have driven adaptation, 
specialization, and evolution of ecosystem function still needs further exploration. 

Russulaceae began diversification around 55-61 Mya during the early 
Paleogene period, before the early Eocene climatic optimum when global 
climates began the gradual cooling trend that continued through the ice ages of 
the late Pleistocene (Zachos et al. 2001; Looney et al., 2016; 
Wisitrassameewong et al., 2016). It is possible that the group originated in the 
paleotropics as Lactifluus, the clade that appears to be sister to the rest of 
Russulaceae, is a largely tropical group found mostly in Africa (De Crop et al., 
2016), however, this still needs to be tested. Russula, the most diverse genus in 
Russulaceae, likely originated in the north temperate region, with at least one 
major shift to the tropics and multiple shifts back, though a tropical ancestry is 
still possible (Buyck et al., 1996; Looney et al., 2016). Recent molecular 
systematic treatments have shown that many north temperate species are 
widespread, segregated by host or soil type, and may be extremely genetically 
similar in the ITS marker region ( (Adamčík et al., 2016a; Adamčík et al., 2016b). 

Plant host diversification has likely been an important driver of 
diversification and evolution of functional diversity in Russulaceae. Russulaceae 
exhibit a pattern of host generalism despite some species having narrow or 
specific host preferences (De Crop et al., 2016; Looney et al., 2016). Host 
association was investigated in a global survey of Russula, which found that 
association with conifers and frequent host switching from conifers to hardwoods 
with subsequent host expansion has driven Russula diversification (Looney et al., 
2016). This could indicate that Russulaceae can take advantage of similar niches 
in different geographical regions to fulfill important roles for a phylogenetically 
wide range of hosts. A close look at Lactarius species in Alaska showed that 
species were highly partitioned by habitat type yet not necessarily by host (Geml 
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et al., 2009). Plant hosts may therefore act as bridges for Russulaceae to expand 
and diversify globally without being niches for functional specialization. 

Ecology, Life History, and Ecosystem Function  
 
Russulaceae play an important role in ecosystems with ectomycorrhizal hosts as 
symbionts, but what their specific role in nutrient cycling and plant health will be a 
major focus of the RGI project. One major trend is that with the addition of 
nitrogen, EmF communities can come to be dominated by members of 
Russulaceae (Lilleskov et al., 2002; Avis et al., 2003; Allison et al., 2008). To 
explain this, it has been suggested that Russulaceae have a competitive 
advantage when nitrogen is not limiting because they are adapted to acquire 
phosphorus, perhaps through oxalates produced from their mycorrhizal cystidia 
(Avis et al., 2003). Russulaceae, along with Amanitaceae, were shown to grow 
slowly on nitrate and genes encoding for nitrate reductase (nar genes) could not 
be amplified using PCR primers possibly due to a loss of selective constraints 
(Nygren et al., 2008). Nygren et al. (2008) suggest that Russulaceae are 
specialized in the uptake of ammonium instead of nitrite as a nitrogen source, 
giving a competitive advantage as ammonium is a less energy-intensive source 
of nitrogen that does not require active transport across the cell membrane. It 
was also shown by Lilleskov et al. (2002) that Russulaceae do not grow well on 
nitrogen from protein sources except for glutamine, an amino acid that is 
incorporated as ammonium is being taken up. To explain the shift in EmF 
community composition with nitrogen deposition, Nygren et al. (2008) point out 
that the hydrophilic character of the mycorrhizal mantle in Russulaceae allow 
nitrates to be passively absorbed directly into the host, thereby avoiding nitrate 
toxicity for the fungus (Nygren et al., 2008). It will be important to verify the 
presence of nar genes in the genomes of Russulaceae and to determine if the 
genes involved in nitrogen and phosphorus acquisition have seen expansions or 
contractions indicating functional specialization. 

Niche differentiation has been proposed to explain the apparent functional 
redundancy in EmF fungi at both spatial and temporal scales (Koide et al., 2007; 
Courty et al., 2008). In soil, Russulaceae have been shown to be partitioned by 
soil horizon, indicating spatial differentiation (Geml et al., 2010). Most members 
of Russulaceae exhibit the contact exploration type of ectomycorrhizae with little 
to no emanating hyphae, though some Lactarius have a medium-distance 
smooth type (Agerer, 2001). This distribution of hyphae around the roots has 
been correlated with the production of phenoloxidases (Agerer et al., 2000), 
nitrogen isotope content (Hobbie & Agerer, 2010), and preference for root density 
(Peay et al., 2011), which suggests some functional conservation and potential 
competition for dense root colonization. Temporal partitioning has been found 
between Lactarius and Russula, with Lactarius species abundant as mycelium 
during fall and Russula being variably present throughout the year (Koide et al., 
2007). The opposite was found for Courty et al. (2008) where the Lactarius 
species was found year-round and Russula peaking in the spring. This gives 
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some evidence that temporal preferences are not conserved at the genus level 
and may have contributed to species diverisification within Russulaceae rather 
than functional differentiation. However, Russulaceae have a high species 
diversity in tropical ecosystems where soil profiles are not pronounced, which 
suggests that functional and not spatial niche differentiation may be more 
important. 

Russulaceae sporocarps are occasionally observed fruiting on rotting 
wood (Kropp, 1982; Roberts et al., 2004), however, there is little evidence that 
Russulaceae can be considered as capable of saprotrophy. Traditional assays 
for enzymatic activity have determined that species in Russulaceae are unable to 
degrade biopolymers like cellulose to the extent that obligate saprotrophs are 
(Lamb 1974, Oort 1981, Hutchison 1990a), supporting their status as obligate 
EmF. It has also been demonstrated that Russulaceae have the typical 
nitrogen:carbon isotopic signature of mycorrhizal fungi, indicating they are 
receiving their carbon directly from the plant host and accessing older nitrogen 
from well decayed soil organic matter (Hobbie et al., 2001). It is also likely that 
Russulaceae have lost the genes capable of degrading and accessing carbon 
from cellulose, as has been shown for the ectomycorrhizal genus Amanita (Wolfe 
et al., 2012). It has, however, been demonstrated that Russulaceae have 
retained the ability to produce polyphenolic compounds including laccase and 
tyrosinase that are implicated in plant matter degradation (Lindeberg 1948, 
Giltrap 1982, Hutchison 1990b). 

Ontogeny of sporocarp development has been highlighted as a future 
prospect for genomic and transcriptomic studies (Hibbett et al., 2013; 
Nowrousian, 2014). Russulaceae are typically gymnocarpic, but certain groups, 
especially in the tropics have been shown to be pilangiocarpic, mixangiocarpic, 
pileostipitocarpic, and even monovelangiocarpic (Singer, 1986). Species with a 
velum have only been found in the genus Lactifluus (De Crop et al., 2016). 
Russulaceae contain members that produce alternate sporocarp morphologies, 
including pleurotoid, secotioid, and gasteroid habits (Miller et al., 2001). All 
known secotioid ‘milk cap’ taxa currently belong to Lactarius sensu stricto, 
whereas all pleurotoid ‘mild cap’ taxa belong to Lactifluus (De Crop et al., 2016). 
A few south temperate and neo-tropical species of pleurotoid Russula have been 
reported and (Buyck & Horak, 1999; Henkel et al., 2000). Spore ontogeny has 
been investigated in both agaricoid and gasteroid Russula species, which has 
found that the spores have four walls and an identical early development, 
indicating that ballistosporic modifications to the hilar appendage come later in 
development which are missing in gasteroid species (Miller, 1988a,b). Genomes 
and transcriptomes sequenced for this initiative have primarily been sequenced 
from sporocarps, so in cases where cultures have been obtained, there is 
potential for comparative transcriptomic studies with gasteroid representatives. 
Lactarius deliciosus has been shown to be capable of sporocarp fruiting in planta 
in a greenhouse (Guerin-Laguette et al., 2000) showing that Russulaceae have 
potential for evo-devo studies of EmF. 
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Russulaceae comprises a lineage known to be an important host for 
mycoheterotrophic plants in Orchidaceae and Ericaceae, whose members rely 
on the mycorrhizal fungal network to move fixed carbon from the ectomycorrhizal 
plant host to the usually achlorophyllous, hemiparasitic plant (Bidartondo & 
Bruns, 2001, 2005; Girlanda et al., 2006). As these plants rely on mycorrhization 
for their nutrition, they also require these fungi to be present for seed 
germination, which can only be induced by the same fungus that associates with 
the mature plants. This extreme specificity has been hypothesized to be the 
result of a coevolutionary interaction where specific volatile chemical cues of 
closely related fungal species sharing particular genotypes promote germination 
and growth of the plant but constrain its ability to switch fungal or germinate 
seeds successfully (Bidartondo & Bruns, 2005). With reference genomes 
produced by this project, potential genetic controls for seed germination and 
mycorrhizal association with heterotrophic plants can be identified and explored 
in controlled environments using RNAseq approaches. This could potentially lead 
to a greater understanding of fungal symbiosis using a tripartite system. 

In addition to their diverse, and complex relationship with plants, members 
of Russulaceae have been shown to exhibit beneficial bacterial-fungal 
relationships. The interactions are increasingly being investigated with 
mycorrhizal fungi, which are known to frequently harbor both mycorrhization 
helper bacteria (MHB) and endosymbiotic bacteria that can facilitate host 
colonization, nutrient acquisition and reproduction (Frey-Klett et al., 2007; 
Kobayashi & Crouch, 2009). Co-inoculation of symbiotic bacteria and EmF with 
plant hosts have shown synergistic benefits to both fungal and plant growth (Wu 
et al., 2012). It is likely that the plant host controls for associated bacteria in 
these tripartite mutualisms, as shown with Lactarius deliciosus where 
mycosphere-associated bacteria promote nutrient mobilization for Pinus pinaster 
and root growth rate in Pinus pinea (Barriuso et al., 2005). Another study 
examined bacterial associates with Lactarius rufus and found variation in growth-
promoting properties with some isolates better able to spread to root tips and 
others able to increase root colonization up to twice as much as a control group 
(Poole et al., 2001). Metabolites from a specific MHB species, Paenibacillus sp., 
increased Lactarius deliciosus hyphal branching yet decreased hyphal radial 
growth, suggesting a particular mechanism for increasing plant mycorrhization 
(Aspray et al., 2013). To our knowledge, no study has yet looked for 
endosymbiotic bacteria in Russulaceae. 

Growth Characteristics in vitro 
 

Though often considered difficult to culture, studies have documented growth 
characteristics for species of both Lactarius and Russula (Hutchison, 1990). 
Spores of EmF in Russulaceae do not germinate on media, so all cultural studies 
of Russulaceae are sourced from tissue of either a sporocarp or EmF root tip. 
Lactarius deliciosus, a species complex which we have successfully cultured, 



 113 

has been shown to easily form mycorrhizae with Pinus sylvestris, even producing 
fruitbodies (Guerin-Laguette et al., 2000). Within Russulaceae, Lactarius has 
been scrutinized in more detail than other genera, due to the ease of its 
culturability in vitro (Hutchison 1999). Melin (1924) first confirmed the 
ectomycorrhizal status of Lactarius when he successfully synthesized L. 
deliciosus with Pinus montana. 

In anticipation of the RGI first genome release, a growth study was 
initiated utilizing three species, Multifurca ochricompacta, Lactarius cf. deliciosus, 
and Lactarius psammicola to test several variables on growth characteristics of 
Russulaceae sampled through the JGI. The cultures used in these experiments 
were sourced from sporocarps and therefore represent dikaryotic tissue. For six 
weeks, five treatment groups were applied to the species including temperature, 
pH, light exposure, organic nutrient sources, and introduction of a known 
Mycorrhizal Helper Bacteria (MHB), which are bacteria species that have been 
shown to increase mycelial growth rate. Different temperatures and pH had 
drastic effects on the growth of the three Russulaceae species (Figure 21). 
Lactarius psammicola has a more cycrophilic growth pattern, with a preference 
for 18–21 C, in comparison to L. cf. deliciosus and M. ochricompacta with 
preferences ranging from 21–25 C (Figure 22). For pH we see the two Lactarius 
species sharing a preference for a high pH of 7, whereas M. ochricompacta 
prefers a lower pH of 5 (Figure 23 & 24). This agrees with previous studies that 
have examined the closely related L. deliciosus, which had a pH preference of 7 
(Sanchez et al. 2001). Exposure to a 12-hour light cycle resulted in the death of 
all cultures examined. Light exposure has been shown negatively affect fungal 
growth by causing damage to DNA (Rodriguez-Romero et al. 2010). The addition 
of soil organic matter and macerates from Populus roots had no impact on the 
growth for any of the Russulaceae species. The introduction of the MHB, 
Pseudomonas sp. GM41, produced varying responses from the three 
Russulaceae species. GM41 negatively affected the growth of Multifurca 
ochricompacta, Lactarius cf. deliciosus’s growth was not significantly affected by 
GM41, and Lactarius psammicola failed to grow in the presence of GM41. This 
result is not surprising, as MHB have been shown to have variable effects on 
different species of EmF (Bowen & Theodorou, 1979; Garbaye & Bowen, 1989). 
It will be useful to apply more putative MHB species to determine if Russulaceae 
exhibit a higher growth rate with other soil microbes. 

Gene Content and Molecular Composition 
 
Numerous novel compounds have been identified and isolated from members of 
Russulaceae. Sesquiterpenes are one of the most well-studied group of 
compounds isolated from Russulaceae, which give the sporocarps their 
characteristic sharp or acrid taste (Sterner et al., 1985a,b; Bergendorff & Sterner, 
1988; Anke et al., 1989; Clericuzio et al., 2012).  
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Figure 21.Growth and colony morphology of M. och (Multifurca 
ochricompacta), L.del (Lactarius cf. deliciosus), and L.psa (Lactarius 
psammicola with response to a temperature gradient in MMN. 
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Figure 22.Growth of L.del (Lactarius cf. deliciosus, M.och (Multifurca 
ochricompacta), and L.psa (Lactarius psammicola) in terms of colony 
diameter (mm) in MMN in response to different temperature treatments. 
Each data point is a mean of three replicates with a standard deviation of 
the mean.  
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 Figure 23. Growth and colony morphology of M. och (Multifurca 
ochricompacta), L.del (Lactarius cf. deliciosus), and L.psa (Lactarius 
psammicola with response to a temperature gradient in MMN. 
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 Figure 24. Growth of L.del (Lactarius cf. deliciosus, M.och (Multifurca 
ochricompacta), and L.psa (Lactarius psammicola) in terms of colony 
diameter (mm) in MMN in response to different pH treatments. Each data 
point is a mean of three replicates with a standard deviation of the mean. 
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Sesquiterpinoid compounds in Russulaceae are considered part of a chemical 
defense system that is enzymatically activated by physical trauma to the fungus, 
which then converts dialdehydes into iso-vellerol or vellerol for deterring 
mycophagy by both insects and small mammals (Sterner et al., 1985b; Bergman 
et al., 1990; Daniewski et al., 1993; Hansson et al., 1993). The presence of such 
a defense system seems to be in contrast to the lifestyle of sequestrate species 
of Russulaceae that rely on animal vectors for dispersal, however, sequestrate 
species of Lactarius have been observed as having fewer lactifers as their 
mushroom-forming relatives, suggesting evolutionary loss of this defense system 
(Eberhardt & Verbeken, 2004). Some sesquiterpines are found across many 
species of Russulaceae, while many are species specific. Wide phylogenetic 
sampling of Russulaceae genomes can help determine evolutionary trends in the 
development of fungal chemical defense systems and may potentially be linked 
to animal-fungal interactions that may have important implications for spore 
dispersal. 

The molecular basis for the establishment and maintenance of the 
mycorrhizal symbiosis is only recently being addressed using an –omics 
approach, which has highlighted some key genetic components involved in this 
complex interaction. Transcriptomics of the EmF model Laccaria bicolor has led 
to the discovery of mycorrhizal small secreted proteins (MiSSPs), which are 
effectors responsible for shutting down plant defenses and facilitating mycorrhizal 
formation (Martin et al., 2008). Another set of effectors implicated in mycorrhizal 
establishment are auxin signaling molecules that alter host auxin metabolism to 
promote lateral root proliferation and arrest root meristem growth to produce 
short roots (Vayssieres et al., 2015). Sesquiterpenes have also been implicated 
in lateral root proliferation before colonization, an effect hypothesized to improve 
plant nutrient uptake and plant exudate allocation to EmF (Ditengou et al., 2015). 
The presence of MiSSPs and other effectors evolved in mycorrhizal symbiosis 
have not been investigated in Russulaceae. It will be important to determine 
whether these model system findings are recapitulated in Russulaceae or 
whether novel mechanisms for symbiosis establishment and maintenance have 
arisen in this lineage. 

Many oxidative enzymes, including lignin peroxidases (Chen et al., 2001; 
Bödeker et al., 2009) and laccases (Gregg & Miller, 1940; Chen et al., 2003) 
have been identified from members of Russulaceae, indicating a probable white-
rot ancestry and potential to mobilize nutrients from lignin. Lignin peroxidase 
primers developed from Phanerochaete chrysosporium were used in a screening 
of 44 EmF species (Chen et al., 2001). These authors demonstrated that three of 
four Russulaceae species contained lignin peroxidases (Chen et al., 2001). In 
another study using degenerate primers targeting class II peroxidases, 
Russulaceae made up 1/3 of the species containing these genes with 
Cortinarius, another very diverse EmF lineage, actually showing evidence of 
gene duplication (Bödeker et al., 2009). In the case of laccases, other than one 
amplicon from Rhizopogon, only ectomycorrhizal members of Russulaceae and 
Atheliaceae were found to contain either lac2 or lac3 gene, indicating that 
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Russulaceae might be specialized in laccase production for oxidation and 
extraction of nutrients (Chen et al., 2003). Coincidentally, both of these groups 
were found to be the transcriptionally dominant groups in the soil of a natural 
loblolly pine system (Liao et al., 2014). In fact, Russulaceae were found to be the 
dominant producers of laccases in a temperate forest system, showing more 
vertical stratification of expression and a having a higher gene diversity than 
even saprotrophic fungi (Luis et al., 2005). In a specific study on Lactarius 
quietus, one of the sequenced Russulaceae genomes, secretion of extracellular 
enzymes, including laccase, correlated with the bud break of oak trees, where 
the fungus may be supplying carbon to the sapling and switching to oxidative 
reactions as the sapling leafs out (Courty et al., 2007). According to Kohler et al. 
(2015) the gene composition of EmF lineages was found to be variable but held 
to a pattern of convergent losses of peroxidase genes. Within the Russulaceae 
we expect to see less variation in gene copy number within families of 
oxidoreductases and carbohydrate active enzymes (CAZys; www.cazy.org) then 
found between different lineages of EmF (Kohler et al., 2015) and saprotrophic 
fungi (Eastwood et al., 2011). We hypothesize that gene duplication of oxidative 
enzymes like peroxidases and laccases will be present in the genomes of 
Russulaceae and will be evidence of specialization of function showing variation 
in conservation of these genes at the species, genus, and family level. 

Russulaceae have been an experimental focus for macrochemical tests 
used in systematics and taxonomy, reinforcing the idea that this group is 
biochemically diverse. A shared trait of Russulaceae is the amyloid reaction of 
Melzer’s reagent to a layer of the spore wall, indicating the deposition of amylose 
missing in many other groups of fungi (Miller, 1988b). An early chemical test 
developed by Bourquelot (1896) to test for the presence and activity of oxidases 
gives a positive blue reaction in all Russula fruitbodies at variable time intervals 
for different species. The unique conducting system of Russulaceae often reacts 
to sulfobenzaldehyde or sulfovanilline, turning dark blue to black (Singer 1986). 
The application of iron salts to Russula turns the flesh typically orange, but in 
some groups, a bright blue-green reaction can be seen. Benzaldahydes, such as 
para-dimethylamino-benzaldehyde (PDAB) and sulfobenzaldehyde, have been 
developed as stains and macrochemical tests in Russulaceae, turning different 
kinds of cystidia black and causing a metachromatic reaction with the flesh of 
different species (Singer, 1986). These two compounds are thought to detect the 
presence of different classes of indole alkaloids. While all of these chemical 
reactions have been developed as diagnostic characters, they are evidence of a 
high level of bioactivity in Russulaceae sporocarps that may hold the key to 
understanding their potential functional complexity. With the sequenced genomes 
we may be able to infer which particular gene families are responsible for coding 
for the different enzymes, which would allow the chemical tests to be diagnostic 
for differential expression of these genes. 

The recent release of the first set of genome sequences and 
transcriptomes from diverse Russulaceae will not only expand ongoing research 
on the functional diversity of those species but will enhance the value of other 
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fungal sequences through comparative studies of genome evolution, structure, 
and metabolic pathways and achieving a better insight into the symbiotic lifestyle. 
Six of the fourteen dikaryotic genomes are completed to date and range from ~40 
to 116 Mbps respectively for Russula dissimulans to Lactarius quietus, revealing 
a very diverse genome size and suite of genes. A search for peroxidases in L. 
quietus yields 88 predicted genes, which include lignin peroxidases, haem 
peroxidases, peroxiredoxins, and thioredoxins. There are also 38 laccase gene 
models predicted in this genome as well. A diverse array of 16 sesquiterpene 
gene models is also recovered. We predict that Russulaceae genomes with 
variable genome sizes will harbor variation in gene copy number, indicating a 
lineage of diverse functions and gene history. 

Conclusions and Future Prospective 
 
We expect Russulaceae fulfill important roles in large-scale ecosystem 
processes as plant associates and nutrient cyclers, but before we can begin to 
understand their cumulative affects, we must first characterize representative 
species in isolation. The focus of the RGI is to take an evolutionary approach to 
better understand the functional diversity of this single lineage of EmF. Are 
specific functional traits conserved between clades of the family or is functional 
differentiation a driver of their diversification? Do Russulaceae have a particular 
functional niche in forested ecosystems and can this be characterized in the pan-
genome? How have functional roles in Russulaceae evolved and in what 
geographic and environmental context did this occur? Given their functional 
evolution can we predict how changing climates may affect their impact on 
ecosystem functioning? This dataset will provide a rich context for exploring a 
number of large biological questions spanning the gamut of these fungi’s varied 
lifestyles and their shared evolutionary history. It is hoped that the mycological 
community as a whole will consider utilizing this data to develop Russulaceae as 
a useful model group. 
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Abstract  
  

Russulaceae is a diverse fungal family including the genera Russula, 
Lactarius, Lactifluus, and Multifurca, and is one of the most widespread and 
species rich ECM lineages. In a recent collaborative effort, the Joint Genome 
Institute has sequenced genomes and transcriptomes of representative groups 
across Russulaceae, including a saprotrophic outgroup. Presented here is an 
overview of the first insight into the dense genome sampling within the family to 
capture specific genomic features and investigate i) compare genome size and 
structure within the order Russulales, ii) to examine functional diversity within this 
ecologically important clade, iii) reconstruct the pan-genome of Russulales to 
look for genetic patterns associated with trophic mode, and iv) to what extent 
genes involved in plant biopolymer degradation have been maintained within a 
single, diverse, ECM lineage. Indeed, preliminary evidence suggests that 
members of this family, though being mutualists, have retained a restricted set of 
genes coding for lignin peroxidases and copper oxidoreductases which may be 
responsible for the degradation of lignin derivatives accumulating in soil organic 
matter. 

Introduction 
 
The age of genome-enabled mycology has arrived with the US Department of 
Energy (DOE) Joint Genome Institute (JGI) and their Fungal Genomics Program 
(http://jgi.doe.gov/fungi), which seeks to support community projects for 
sequencing fungal genomes (Grigoriev et al., 2011; Hibbett et al., 2013). The 
largest sequencing project to date, the 1000 Fungal Genome Project (1KFGP), 
set out with the goal to genomically sample the breadth of diversity across Fungi 
to further resolve the fungal tree of life (Grigoriev et al., 2014). Having made 
significant progress to this end, this landmark project has now been split into two 
projects, the Zygomycetes Geneology of Life (ZyGoLife) project (zygolife.org), 
seeking to sample and reconstruct the early branches of life in Fungi, and the 
Deep Sequencing of Dikarya project (jgi.doe.gov/deep-sequencing-of-dikarya), 
which seeks denser genome sampling in groups of ecologically relevant groups. 
The Agaricomycotina is a diverse subphylum in Dikarya, which includes wood 
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and litter decomposers (Floudas et al., 2012; Riley et al., 2014), ectomycorrhizal 
fungi (Kohler et al., 2015; Martin et al., 2010, 2008), plant pathogens (Collins et 
al., 2013; Olson et al., 2012), mushroom-forming fungi (Morin et al., 2013; 
Wawrzyn et al., 2012), and many other biologically diverse groups (Hibbett, 
2006). This has been a targeted group for dense genome sequencing because of 
its multitudes of potential ecological, medicinal, and industrial applications (Martin 
et al., 2011). A majority of sampling in this group has been focused on three 
orders; Agaricales, Boletales, and Polyporales. Here we present comparative 
genomics of the diverse order of Russulales, a thus far relatively underexplored 
clade of Dikarya with one of the most diverse lineages of ectomycorrhizal fungi, 
Russulaceae. 
 Russulales is an order characterized by diverse nutritional strategies, 
sporocarp morphologies, hymenophore conformation, and biochemical activity 
(Miller et al., 2006). Current taxonomy has Russulales divided into twelve families 
and eighty genera, for which JGI currently has sampling for 10 taxa representing 
the families Auriscalpiaceae, Bondarzewiaceae, Hericiaceae, Lachnocladiaceae, 
Peniophoraceae, Russulaceae, and Stereaceae. This sampling includes three of 
the four primary nutritional strategies from the order; saprotrophs, 
ectomycorrhizal, and plant pathogens. Unsampled is the only known animal 
pathogenic lineage in the order, the genus Entomocorticium in Peniophoraceae. 
Current sampling also covers many sporocarp morphologies, including agaricoid 
(Auriscalpium vulgare and Lactarius quietus), bracket-like (Heterobadisium 
irregulare and Stereum hirsutum), coralloid (Artomyces pyxidata), corticioid 
(Dentipellis sp., Peniophora sp., Peniophora cinereus, and Vararia minispora), 
and pleurotoid (Lentinellus vulpinus). While diverse in these aspects, species 
richness in Russulales is dominated by a single group, the family Russulaceae. 
Out of 1750 species of Russulales, about 1250 are species from four genera of 
Russulaceae; Russula, Lactarius, Lactifluus, and Multifurca (Kirk et al., 2008). 
 Ectomycorrhizal (ECM) fungi have been sequenced through JGI and the 
Mycorrhizal Genomics Initiative (mycor.nancy.inra.fr/IMGC/MycoGenomes), 
which seeks to sample broadly among the 80 or so independent lineages of ECM 
fungi as well as other forms of mycorrhizal associations (ericoid and orchid 
endomycorrhizas)(Kohler et al., 2015; Tedersoo and Smith, 2013). ECM fungi 
are biotrophic mutualists of certain trees and shrubs, providing essential trace 
elements, nutrients, water, and protection against pathogens in exchange for 
photosynthates from the host. ECM fungi have codiversified with their plant hosts 
and a single plant host can harbor over 100 different species from a multitude of 
lineages at any one time (Bahram et al., 2011). While ECM fungi have been 
thought to have mostly lost the capability to degrade recalcitrant soil organic 
matter like chitin and lignin, recent studies have been recovered oxidative 
enzymes capable of decomposition in high abundance from ECM fungi in natural 
systems (Bodeker et al., 2014; Luis et al., 2005; Talbot et al., 2013). In fact, it has 
been demonstrated that ECM fungi often retain the decomposition system of their 
ancestors, whether lignin degrading or not (Rineau et al., 2012; Shah et al., 
2016). It is hypothesized that this capability to decompose is directly related to 
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their ability to scavenge nutrients from the environment (Bodeker et al., 2014). 
The genes responsible for coding these enzymes, however, are reduced in 
genomes of ECM fungi across Dikarya (Kohler et al., 2015). While this seems to 
be fairly conserved across ECM fungi, these are independent lineages and ECM 
lineages have not been sampled densely to see whether there are conserved 
patterns within ECM lineages or if functional diversity may be driving ECM 
diversification. 
 The first release of the Russulaceae Genome Initiative introduces nine 
newly sequenced genomes from Russulaceae, including the first samples from 
the largest genus Russula as well as Lactifluus, Multifurca, and one of the few 
extant saprotrophic members of Russulaceae, Gleoeopeniophorella convolvens. 
All eighteen representative species from Russulales are combined for 
comparative analyses across the order to detect trends in genomic architecture 
and gene content. With sampling across the order and a closely related 
saprotrophic outgroup to ECM Russulaceae, we seek to test the following 
hypotheses: 1) Russulaceae have retained the genes necessary to degrade 
lignin from its saprotrophic ancestor; 2) Russulaceae are united by a conserved 
genetic toolset derived from its common ancestor; 3) Russulaceae are 
functionally divergent at the genus level. 

Materials and Methods 

Taxon sampling and nucleic acid extraction 
 
Newly sequenced genomes and transcriptomes were derived from 
phylogenetically distinct lineages within the family Russulaceae according to 
(Looney et al., 2016). Representative species were sampled as mushroom 
sporocarps from forested habitat in the Great Smoky Mountains National Park 
and surrounding areas. To retrieve high molecular weight DNA and undegraded 
RNA, the inner flesh of the sporocarps was extracted in the field using a sterilized 
scalpel and placed in a 50mg Falcon tube. Material was then flash-frozen in the 
field using liquid nitrogen. Tissue samples were also attempted on Melin-
Norkrans Modified media with collections for experimental applications. A 
member of the closest related extant outgroup, Gloeopeniophorella convolvens, 
was also sampled for comparative analyses of different trophic modes. 
 Extraction of high molecular weight DNA was done using a cetyl 
trimethylammonium bromide (CTAB) based protocol. Frozen sporocarp material 
was first ground into a fine powder in liquid nitrogen using a mortar and pestle. 
The powder was added to 1.5 mL Eppendorf tubes weighed at 90 mg 
increments. A pre-warmed (~55° C) lysis buffer was added to each sample at a 
volume of 700 µL. The lysis buffer consisted of a mixture of 260 µL of buffer A 
(0.35 M sorbitol, 0.1 M Tris HCl pH 9, and 5 mM EDTA pH 8), 260 µL of buffer B 
(0.2 M Tris HCl pH 9, 50 mM EDTA pH 8, 2M NaCl, and 2% CTAB), 104 µL 
buffer C (5% Sarkosyl [N-lauroylsarcosine sodium salt], and 70 µL of a 0.1%  
solution of Polyvinylpyrrolidone (PVP). Samples were then centrifuged at 14 000 
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rpm for 3 minutes to compact rehydrated biomass. A micropestle was used for 
additional grinding and this process was repeated at least one more time. Protein 
digestion was performed by adding 5 µL of Proteinase K (10mg/mL), vortexing, 
and incubation of samples for 30 min. at 65° C. For sodium dodecyl sulfate 
precipitation, 230 µL of 5 M KAc was added to samples, inverted to mix, and 
incubated for at least 30 minutes in ice or for 16 hours in a 4° C refrigerator. 
Following incubation, samples were centrifuged at 14 000 rpm for 10 minutes 
and 1 mL of supernatant was transferred to 2 mL Eppendorf tubes. An equal 
volume of Chloroforme:Isoamylalcohol (24:1) was added and the tubes were 
centrifuged for 10 minutes at 14 000 rpm. A conservative amount of supernatant 
(~850 µL) was drawn avoiding the top and bottom layers and added to additional 
2 mL Eppendorf tubes. Again, an equal amount of Chloroforme:Isoamylalcohol 
(24:1) was added and centrifuged for 10 minutes. A final volume of 675 µL was 
added to new 1.5 mL Eppendorf tubes and treated with an RNase digestion with 
10 µL of RNAseA (100mg/mL) and incubated at 37° C for 10 minutes. DNA 
precipitation was done by adding 67.5 µL of 3 M NaAc pH 8 and 675 µL of 
absolute isopropanol and incubated for 5 minutes at room temperature. The 
samples were then centrifuged for 10 minutes at 4° C and the surnageant was 
eliminated by gently pouring it off. Ethanol washing was done with 200 µL 70% 
ethanol followed by centrifugation at 14 000 rpm at 4° C. Ethanol was then 
carefully drawn out using a double pipet tip method making sure not to disturb 
the pellet. Samples were then dried for 5 minutes in a vacuum pump to 
completely dry the pellet. The pellets were then resuspended in 10 µL of TE 
buffer and stored at 4° C for quality assessment. 
 Extraction of RNA was performed using a Sigma™ Plant Total RNA Kit. 
Surfaces were first sterilized with 70% ETOH and D/RNAse Free™ 
decontaminant to prevent enzyme contamination. Frozen sporocarp material was 
again ground into a fine powder in liquid nitrogen using a decontaminated mortar 
and pestle. The powder was added to enzyme-free 1.5 mL Eppendorf tubes 
weighed at 100 mg increments. The provided lysis buffer was added to each 
sample at a volume of 500 µL. Samples were then centrifuged at 14 000 rpm for 
3 minutes to compact rehydrated biomass. A micropestle was used for additional 
grinding and this process was repeated at least one more time. Once samples 
were sufficiently ground, 5 µL of 2-mercaptoethanol was added to each sample 
and incubated at 55° C. The rest of the protocol followed the provided protocol of 
the kit, using Protocol A for the binding step and following the optional On-
Column DNase Digestion procedure. Once product was eluted, 1 µL of Roche 
Protector RNase Inhibitor was added to stabilize the product. An aliquot of 9 µL 
was stored at 4° C° for quality control and the remaining sample was stored at -
80° C.  
 Quality assessment followed the recommendations of JGI for DNA and 
RNA. First, nucleic acids were visualized using gel electrophoresis on a 1% 
agarose gel with Roche DNA Molecular Weight Marker II as ladder. Bands were 
evaluated based on brightness, amount of smearing, and presence or absence of 
contamination (i.e. RNA or DNA). Concentrated and undegraded DNA samples 
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were pooled after centrifugation at low speed for one minute to homogenize and 
without pumping the pipet. Assessment of concentration and total amount for 
genomic DNA was assessed using the Qubit® DNA BR Assay Kit on a Qubit® 
2.0 fluorometer. Assessment for RNA concentration and quality was done using 
an Experion™ RNA Analysis kit analyzed using the Experion™ Automated 
Electrophoresis System. RNA with clear bands that achieved an RQI score of at 
least 6.5 was deemed adequate for JGI submission. 

Genome Sequencing and Annotation 
 
Genomes were sequenced using the PacificBiosciences (PacBio) platform at the 
Joint Genome Institute (JGI) in Walnut Creek, CA. PacBio >10kb with AMPure 
Bead Size Selection with 1x240 bp kb was used for representatives from 
Russulaceae as this method has been shown to result in fewer contigs that are 
also longer than HiSeq Illumina sequencing. Filtered subread data were 
assembled using the Falcon ver. 0.4.2 assembler 
(https://github.com/PacificBiosciences/FALCON) to generate an initial 
assembly.  Mitochondria were assembled separately from the Falcon pre-
assembled reads (preads) using an in-house tool (assemblemito.sh), used to 
filter the preads, and polished with Quiver version smrtanalysis_2.3.0.140936.p5 
(https://github.com/PacificBiosciences/GenomicConsensus). A secondary Falcon 
assembly was generated using the mitochondria-filtered preads with Falcon 
version 0.4.2, and polished with Quiver version 
smrtanalysis_2.3.0.140936.p5.  Statistics based on 1 N to denote a gap.  Contigs 
less than 1000 bp were excluded. Completeness of the euchromatic portion of 
the genome assembly was assessed by aligning assembled consensus RNA 
sequence data with ESTmapper at 90% identity and 85% coverage. This is a 
routine test to determine whether we are missing significant portions of 
the genome. Contaminant contigs were identified via BLAST/tetramer 
analysis/GC/coverage and removed from the assembly prior to 
release.  Contaminant contigs were indicated as ribosomal in origin, suggesting 
insect contamination might be at low levels. 
 Transcriptomes were sequenced using the Illumina HiSeq-2500 
sequencing platform at the Joint Genome Institute (JGI) in Walnut Creek, CA. 
Stranded RNASeq library(s) were created and quantified by qPCR. Raw fastq file 
reads were filtered and trimmed using the JGI QC pipeline resulting in the filtered 
fastq file (*.filter-RNA.fastq.gz). Using BBDuk 
(https://sourceforge.net/projects/bbmap/), raw reads were evaluated for artifact 
sequence by kmer matching (kmer=25), allowing 1 mismatch and detected 
artifact was trimmed from the 3' end of the reads.  RNA spike-in reads, PhiX 
reads and reads containing any Ns were removed. Quality trimming was 
performed using the phred trimming method set at Q6.  Finally, following 
trimming, reads under the length threshold were removed (minimum length 25 
bases or 1/3 of the original read length - whichever is longer). Assembly for 
transcriptomes were done de novo. Filtered fastq files were used as input for de 
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novo assembly of RNA contigs. Reads were assembled into consensus 
sequences using Trinity (ver. 2.1.1) (Grabherr et al., 2011). Trinity partitions the 
sequence data into many individual de Bruijn graphs, each representing the 
transcriptional complexity at at a given gene or locus, and then processes each 
graph independently to extract full-length splicing isoforms and to tease apart 
transcripts derived from paralogous genes. Trinity combines three independent 
software modules: Inchworm, Chrysalis, and Butterfly, applied sequentially to 
process large volumes of RNA-seq reads. Trinity was run with the --
normalize_reads (In-silico normalization routine) and --jaccard_clip (Minimizing 
fusion transcripts derived from gene dense genomes) options. 

Annotation for genomes followed the JGI Annotation Pipeline. This 
procedure follows the step of gene prediction, functional annotation, and then a 
comparative analysis. For gene prediction, assembly scaffolds are masked using 
RepeatMasker (Smit et al., 1996) with the standard RepBase library (Jurka et al., 
2005), frequent repeats recognized by Repeat Scout (Price et al., 2005), and 
using manually curated libraries of transposons when available. Expressed 
sequence tags (ESTs) generated from transcriptome are mapped to the 
assembly using the BLAST-Like Alignment Tool (BLAT) and filtered by identity 
and coverage. Genes were then predicted from the repeat-masked assembly 
using ab initio, homology-based, and EST-based methods like FGENESH 
(Salamov et al., 2000), GeneMark (Ter-hovhannisyan et al., 2008),  FGENESH+ 
(Salamov et al., 2000), Genewise (Birney et al., 2004), and EST_map 
(http://www.softberry.com/). To detect or estimate coding or untranslated regions, 
estExt (I. Gregoriev, unpublished) was used. Predicted proteins are functionally 
annotated using SignalP (Nielsen and Engelbrecht, 1997) for signal sequences, 
TMHMM (Melén et al., 2003) for transmembrane domains, InterProtScan 
(Quevillon et al., 2005) for integrated collection of functional and structure protein 
domains, NCBI nr, SwissProt (http://www.expasy.org/sprot/), KEGG (Kanehisa et 
al., 2006), and KOG (Koonin et al., 2004) for eukaryotic clusters of orthologs. 
Definition lines for each protein were inferred from the top BLASTp protein hit 
when meeting coverage and e-value thresholds or else it is replaced with 
‘hypothetical protein’. A number of comparative tools were made available 
through the MycoCosm workbench 
(www.genome.jgi.doe.gov/programs/fungi/index.jsf) including genome browsers, 
interactive dot-plots, synteny analysis tools, classification schemas from 
annotation databases (e.g. KOG, KEGG, and GO), and a number of other tools 
for managing, curating, and downloading genomic data. 

Phylogenomics and gene family reconstructions 
 
Protein families that were present in all 18 genomes with only a single gene copy 
were extracted as amino acid fasta files for phylogenetic reconstruction. Each 
gene was automatically aligned using the E-INS-i alignment strategy in MAFFT 
version 7 (Katoh and Standley, 2013). All genes were then concatenated using 
SequenceMatrix ver. 1.8 (Vaidya et al., 2011), leaving gaps coded as gaps to 
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represent AA gain/loss and not missing information. Phylogenetic reconstruction 
was performed in raxmlGUI ver. 1.8 (Silvestro and Michalak, 2011) using the 
PROTGAMMI substitution model and WAG model of protein evolution with 1,000 
bootstrap iterations. The resulting tree was visualized in FigTree v. 1.4.0 
(Rambaut, 2012) and mid-point rooted along the longest internode. 
 For gene tree reconstruction, an in silico search for representative genes 
of targeted gene families seeded with annotated gene models from the Stereum 
hirsutum and Heterobasidion irregulare genomes was conducted using pBLAST. 
Amino acid sequences were loaded into AliView v. 1.17.1 (Larsson, 2014) and 
sequences were automatically aligned using MUSCLE (Edgar, 2004) and 
manually adjusted. Sequences that were clearly divergent were excluded and 
ends were trimmed. Gene trees were inferred in raxmlGUI using the 
PROTGAMMI substitution model and WAG model of protein evolution with 1,000 
bootstrap iterations. The Phanerochaete chrysosporium genome was selected as 
an outgroup for Russulales. 

Pan-genome assembly and network analyses 
 
All-against-all BLASTP comparisons were performed amongst proteomes of all 
18 genomes of Russulales. Based on best reciprocal sequence similarity, 
putative orthologous relationships between proteome pairs were identified with 
OrthoMCL (Li et al., 2003). Paralogs were defined as sequences that are 
reciprocally more similar to each other within the same proteome than to any 
other proteome. Based on empirical evidence, a p-value cut-off of 1e-5 was 
applied for putative orthologs or paralogs. Protein families were then counted and 
the count of the number of proteins in each homologous protein family for each 
isolate were subsequently binarized and the results graphed as a heat map. 
Protein families that were only found in one representative species were further 
binned to infer number of unique protein families for each species. 

Gene family profiles from the pan-genome assembly were used in a 
similarity analysis where similarity was calculated between the profiles for all 
potential species pairings. Proportional similarity was used as the similarity 
metric. The resulting similarity relationships were represented as a network in 
which nodes represent species and edges represent similarity between species. 
Incremental stringency thresholds were applied, causing the network to fragment. 
The order of fragmentation was used as indication of the strongest and weakest 
relationships among species. 

To determine specific functional similarities between different trophic 
modes (ECM, saprotrophic, and switching between saprotrophic and parasitic), a 
gene network analysis of enrichment for Pfam domains was performed using an 
upper-tail Fisher’s exact test for each species. A Benjamin-Hochberg correction 
fo multiple hypothesis bias was applied using a false discovery rate (FDR) less 
than 0.01 as the statistical significance threshold. Networks were visualized in 
Cytoscape ver. 3.4.0 (Shannon et al., 2003). 
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Transposable elements and microsatellite analysis 
 
Transposable elements (TE) were annotated using the CENSOR tool 
(http://www.girinst.org/censor/) in Repbase RMBLR procedure from the TE 
annotation pipeline described by Quesneville et al. (Quesneville et al., 2005). 
Consecutive fragments on both the genome and the reference TE were 
automatically joined if they were separated by a sequence of which more than 
80% consisted of other TE insertions. Simple repeats were found using the 
Tandem Repeat Finder program (Benson, 1999) and used to filter out spurious 
hits. All TE annotations that were less than 20 bp, after removing any regions 
that overlapped simple repeat regions, were eliminated. Finally, consensus 
sequences (complete and incomplete) belonging to various classes or types of 
TEs were obtained. LTR retrotransposons sequences were confirmed using a 
second identification procedure based on the program LTR_STRUC (McCarthy 
and McDonald, 2003). To facilitate manual curation we promoted the consensus 
sequences identified via RMBLR to a candidate annotation set defined as a set 
of one or more joined fragments and by using sequence alignments with 
CLUSTALW (http://www.ebi.ac.uk/clustalw) that were then validated or modified 
by the curator in Artemis v11. The copy number for each TE type was calculated 
on the basis of the elements obtained from the TE annotation pipeline, TBLASTN 
searches and RepeatMasker analysis. 

All genomes were scanned for simple sequence repeats (SSR) utilizing 
the Microsatellite Identification Tool (MISA) (Thiel, 2003). MISA was then used to 
scan and identify motifs (1–6 bp in length) with the minimum number of repeats 
for the six classes being set to 10, 6, 5, 5, 5, and 5 for each bp length 
respectively and the maximal number bases between adjacent microsatellites 
was set to 100 bps.  

Genome size and TE content were compared between trophic modes 
using the ‘OUwie’ package in R (Beaulieu and O’Meara, 2016). Genome size 
was first log transformed and trophic mode was scored as 0 and 1. Brownian 
motion and Ornstein-Uhlenbeck models were compared to test whether rates 
differed between trophic modes. Differences in AICc were used to determine the 
best model. Robustness of the best model were analyzed using diagnostic 
eigenvalues and standard errors of rate estimates. 

Results 

Phylogenomic reconstruction shows trends in genome size 
 
To date, nine genomes and transcriptomes from Russulaceae have now been 
sequenced through JGI, with eight being produced specifically for this study. 
Combined with previous sampling, this makes eighteen currently available 
genomes for the order Russulales (Table 1). A phylogeny inferred from a 1.67 
million amino acid alignment of 2,518 single-copy genes present in all of the 
Russulales genomes illustrates a topology that is fully supported by 1,000 
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bootstrap iterations (Figure 25). A number of different nutritional modes are 
represented in the Russulales sampling, including saprotrophic species, a 
species that can switch from being a root parasite to saprotrophic 
(Heterobasidion irregulare), and now eight ectomycorrhizal species from 
Russulaceae. Given the reconstruction of the genomes, Russulaceae are 
resolved as monophyletic and so are the ECM members of Russulaceae. Under 
mid-point rooting the sister clade of Russulaceae is resolved as Auriscalpiaceae 
with A. vulgare, A. pyxidata, and L. vulpinus as representatives. The Stereaceae 
is resolved as sister to the Bondarzewiaceae, which is sister to Hericiaceae. 

The largest genome size of all Russulales genomes is Lactarius quietus 
with 115.9 MB, which is almost twice as large as any other Russulales genome 
and the fifth largest sequenced ECM genome after Tuber melanosporum, Tuber 
borchii, Tricholoma matsutake, and Cantharellus anzutake (JGI Mycocosm). Both 
Peniophora species, however, possess the highest number of genes with over 
18,000, but Lactarius quietus possesses the highest number of exons. Vararia 
minispora possesses the lowest number of genes with 9,397 genes, however, 
Multifurca ochricompacta, despite having a relatively large genome of 54.7 MB, 
has the second fewest genes with 9,990 genes. Comparison of genome size 
between ECM Russulaceae and saprotrophic members of Russulales supported 
ECM genomes as significantly larger (p=0.04). No other comparisons of trophic 
modes were significant. However, the best supporting model for rate differences 
taking into account phylogeny was an Ornstein-Uhlenbeck process with rates 
constrained as the same. 

Transposable elements and simple sequence repeats analyses 
 
Transposable elements and variable number tandem repeats (VNTRs) were 
estimated as a proportion of the total genome (Figure 26). Repeated elements 
make up a significant proportion of Russulales genomes, especially for the ECM 
Russulaceae. ECM Russulaceae members possess a larger proportion of their 
genome composed of repeated elements than saprotrophic Russulales 
(p<0.001). Multifurca ochricompacta possesses the largest percent of its genome 
as repeated elements (71%), with L. quietus second the second most (61%). 
VNTR content is highest in R. compacta (11%) and R. brevipes (11%). The plant 
pathogen, Heterobasidion irregulare, has a higher repeated element content than 
purely saprotrophic members of Russulales. A majority of the genome made up 
of repeated elements were TEs, which are those repeated elements with 
sequences longer than 100 bases. Long terminal repeats (LTRs) made up a 
large proportion of the TE content for R. brevipes (62%), R. dissimulans (50%), 
R. compacta (49%), and especially Auriscalpium vulgare (87%) but not for other 
species



 142 

  
Table 7. Genome assembly and annotation statistics. Green indicate the smallest values and red the largest. 

 
 

Species ID Scaffolds Genes CDS Exons 
Mean 
Exon 
[bp] 

Protein
s Genome 

Russula compacta Ruscom1 984 10,288 10,834 62,141 242 10,834 45,678,814 
Russula brevipes Rusbre1 1,320 13,133 14,000 74,096 243 14,000 48,529,157 
Russula dissimulans Rusdis1 489 11,268 11,865 65,780 242 11,865 44,689,478 
Russula rugulosa Rusrug1 1,389 12,453 13,281 72,889 228 13,281 43,452,339 
Lactifluus subvellereus Lacsub1 1,468 12,090 12,802 69,367 243 12,802 44,824,221 
Lactifluus cf. volemus Lacvol1 712 14,078 14,970 81,221 229 14,970 62,975,844 
Multifurca ochricompacta  Muloch1 772 9,990 10,514 62,625 236 10,514 54,697,930 
Lactarius quietus Lacqui1 2,812 17,677 18,943 104,511 223 18,943 115,901,997 
Gloeopeniopherella convolvens Glocon1 654 12,364 12,904 73,681 247 12,904 37,988,413 
Auriscalium vulgare Aurvu1 1,349 15,739 16,945 88,492 251 16,945 39,647,923 
Lentinellus vulpinus Lenvul1 578 12,877 13,477 75,630 253 13,477 34,711,142 
Artomyces pyxidata Clapy1 477 14,269 15,130 85,828 244 15,130 37,987,417 
Stereum hirsutum Stehi1 159 13,340 14,072 91,696 239 14,072 46,511,623 
Heterobasidion irregulare  Hetan2  15 13,383 13,405 72,148 231 13,405 33,649,967 
Dentipellis sp. Densp1 425 13,695 14,320 78,260 262 14,320 36,706,823 
Peniophora sp. Lopni1 217 18,385 18,999 98,980 287 18,999 48,435,708 
Peniophora cinereus Ricme1 1,092 18,084 18,952 94,316 287 18,952 46,030,792 
Vararia minispora Varmin1 1,435 9,397 10,962 63,850 219 10,962 36,812,209 
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Figure 25. Phylogenetic reconstruction of Russulales genomes using 2,518 
single-copy genes in RaXML with 1,000 bootstrap iterations. Taxon labels 
correspond to JGI identifiers (Ruscom1–Russula compacta; Rusbre1–
Russula brevipes; Rusdis1–Russula dissimulans; Rusrug1–Russula 
rugulosa; Lacsub1–Lactifluus subvellereus; Lacvol1–Lactifluus cf. 
volemus; Muloch1–Multifurca ochricompacta; Lacqui1–Lactarius quietus; 
Glocon1–Gloeopeniophorella convolvens; Aurvu1–Auriscalpium vulgare; 
Lenvul1–Lentinellus vulpinus; Clapy1–Artomyces pyxidata; Stehi1–
Stereum hirsutum; Hetan2–Heterobasidion irregulare; Densp1–Dentipellis 
sp.; Lopni1–Peniophora sp.; Ricme1–Peniophora cinereus; Varmin1–
Vararia minispora). Genomes are coded for nutritional mode as 
Ectomycorrhizal (ECM), Saprotrophic (Sap), and Pathogen (Path) with 
genome size in Megabases (Mb) graphed as bars. 
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Figure 26. Comparison of the proportion of Russulales genomes that are comprised of transposable elements 
and other repeated elements.
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 Simple sequence repeats (SSRs) were compiled for each Russulales 
genome and classified by base pair length (Figure 27). Again, Multifurca 
ochricompacta contained the highest number of SSRs with a total of 15,167 
SSRs of varying lengths. A majority of these were mononucleotide SSRs. 
Lentinellus vulpinus had the fewest number of SSRs with only 1,041 SSRs of 
varying lengths. Comparison of total SSEs between ECM Russulaceae and 
saprotrophic members of Russulales supported ECM genomes as having 
significantly more (p<0.001). However, when comparing rate differences between 
trophic modes, a Brownian motion model with rates constrained as equal 
received the highest support. ECM members also had more SSEs in the 
mononucleotide (p<0.001), dinucleotide (p=0.03), and trinucleotide (p=0.005) 
classes. Saprotrophic members of Russulales were deplete in these three 
classes of SSRs but still contained an equivalent number of larger SSRs. 

Pangenome and network analyses 
 
A presence/absence binarized analysis of Pfam gene families based on 
sequence homology resulted in a pan-genome reconstruction of Russulales 
(Figure 28). The entire pan-genome (core, variable, and unique) composes 
24,629 gene families with 4,216 or 17.12% being shared among all members. 
Lactarius quietus had the most gene copies in a single gene family with 320 total 
copies. The number of gene families found to be unique among members of 
Russulales varied (Figure 29). Lactarius quietus was found with the most unique 
gene families and Lactifluus cf. volemus with the second most. The two species 
of Peniophora had the fewest unique gene families, with Russula compacta and 
Multifurca ochricompacta containing the third and fourth least number of unique 
gene families respectively. There was no statistically significant difference in 
unique gene family numbers between ECM Russulaceae and the rest of 
Russulales (p=0.35). 

A similarity network was constructed based on similarity, measured as 
Proportional Similarity (PS), between the gene family content profiles of all 
species pairs (Figure 30). Under a PS threshold of 0.5, all species pairs are 
indistinguishable in the network. At a PS threshold of 0.55, Lactarius quietus and 
both Peniophora genomes can be distinguished from the network. A PS 
threshold of 0.6 separates L. quietus from the network entirely and polarizes the 
Peniophora genomes with Peniophora sp. being the most different. The 0.65 
threshold has all ECM Russulaceae except L. quietus as a network with G. 
convolvens and most of the other saprotrophic members of Russulales in a 
network. The two Peniophora genomes together, the Stereum hirsutum genome, 
and L. quietus are separated from the network entirely. At a PS threshold of 0.68, 
Lf. cf. volemus, H. irregulare, and Dentipellis sp. are removed from the network. 
The remaining ECM Russulaceae are now a distinct unit, connected to 
saprotrophic members of Russulales through the G. convolvens genome. 
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Figure 27. Comparison of the number and different classes of microsatellite 
repeats found in Russulales genomes. Colors correspond to different 
classes (dark blue–mononucleotide; orange–dinucleotide; gray–
trinucleotide; yellow–tetranucleotide; light blue–pentanucleotide; green–
hexanucleotide microsatellite). 
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Figure 28. Heat-map reconstruction of the pan-genome of Russulales from 
a sequence homology-based protein families approach highlighting 
presence and absence of Pfam gene families based on Markov Clustering 
Algorithm. Core proteins shared by all members are clustered at the top 
with variability in presence and absence found throughout the rest. 
Abbreviations for genomes are JGI identifiers (see Fig. 25). 
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Figure 29. Heat-map reconstruction of unique Pfam gene families recovered 
in pan-genome analysis. Abbreviations for genomes are JGI identifiers (see 
Fig. 25). 
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Figure 30. Proportional Similarity networks of the gene family content profiles of 18 Russulales species at 
different Proportional Similarity thresholds. Each node represents a species, and edges represent the 
similarity between the gene family profiles of species.
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At the final PS threshold of 0.7, the network mostly collapses, with the ECM 
Russulaceae minus R. rugulosa still forming a network and paired connections 
between L. vulpinus and A. pyxidata as one set and the Peniophora genomes as 
the other. 
 A total of 1,281 Pfam domains were found to be positively enriched within 
Russulales (Figure 31). A majority of the enriched domains (721) were shared 
among members of Russulales. The second largest number of domains was 
enrichment for ECM Russulaceae (243). ECM Russulaceae enrichment includes 
methyl-associated, transferase, and transportase domains. A large number of 
enriched domains were shared between ECM and H. irregulare (96) and 
saprotrophs and H. irregulare (54). Only 13 domains were found enriched in only 
H. irregulare. Saprotrophic genome domains were enriched for polyketide 
activity, catabolic process, necrotic cell death, and others. 

Evolution of lignin degrading enzymes 
 
Gene histories for two lignin degrading gene families were reconstructed, 
including the lignin peroxidases (class-II peroxidases) and laccases (multi-copper 
oxidases). A phylogenetic reconstruction of class-II peroxidases from the 
Russulales resolved seven clades of saprotrophic Russulaceae (G. convolvens) 
and two clades of ECM Russulaceae with good support (bootstrap ≥70)(Figure 
32). All ECM members of Russulaceae are represented with at least one lignin 
peroxidase gene, with Russula brevipes and Multifurca ochricompacta having 
representative genes in each clade. It appears that Multifurca ochricompacta has 
recently undergone a gene duplication event. 
 A phylogenetic reconstruction of the multi-copper oxidase family (MCO) 
for Russulaceae has resolved many gene copies with a complex history (Figure 
33). All ECM Russulaceae members except R. compacta have more gene copies 
of laccases than their nearest extant saprotrophic ancestor, G. convolvens. Five 
ECM members, including R. brevipes, Lf. cf. volemus, L. quietus, Lf. 
subvellereus, and R. rugulosa, have ten copies of MCOs, which is the highest 
copy number in the family. The lowest copy number among ECM members is R. 
compacta with 7 copies. Major clades within the family received low support 
(bootstrap 50-69) except for the two largest clades, which received good support 
(bootstrap ≥70), and a clade containing Glocon MCO1, which received no 
support. Multiple gene copies for all members are recovered in clades, indicating 
the potential for having undergone gene duplication. Gloeopeniophorella 
convolvens genes occupy a sister position within most major clades that are 
present, either with or without support. 

Discussion 
 
As a first in-depth look at genomes of Russulales, we find a biochemically 
diverse order with differences in genomic architecture between nutritional modes. 
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Figure 31. Network of Pfam domains that are positively enriched for 
nutritional mode within Russulales. Squares represent different species, 
while dots indicated enriched domains. 



 152 

 
Figure 32. A) Phylogenetic reconstruction of the lignin peroxidase gene 
family from Russulales that codes for lignin peroxidase. Well-supported 
clades (bootstrap ≥70) are named based on included taxa. Clades including 
or made up of members of Russulaceae are colored based on nutritional 
mode (green–ectomycorrhizal; red–saprotrophic). B) Phylogenetic 
reconstruction of the lignin peroxidase gene family only from Russulaceae. 
Species with multiple gene copies are highlighted in color, including two 
ectomycorrhizal species (M. ochricompacta & R. brevipes) and the 
saprotrophic representative (G. convolvens). Abbreviations for genomes 
are JGI identifiers (see Fig. 25). 
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Figure 33. Phylogenetic reconstruction of the multi-copper oxidase (MCO) 
gene family from Russulaceae that codes for laccases. Gene copy numbers 
are numbered with JGI identifiers as abbreviations for genomes (see Fig. 
1).  Members of Russulaceae are colored based on nutritional mode 
(green–ectomycorrhizal; red–saprotrophic). 
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Phylogenetic support for evolutionary relationships based on single genes 
between major clades within Russulales has been lacking in past studies (Miller 
et al., 2006). Gene sampling is important for phylogenetic inference, and 
genomes provide the gene sampling power to fully resolve phylogenies (Binder 
et al., 2013; Rokas and Carroll, 2005).It is likely that a subset of genes may be all 
that is required to resolve this topology with maximum support, which would 
provide candidate markers for further phylogenetic reconstruction of the order. 
Russulaceae remains monophyletic, likely with a single origin of ECM for the 
ECM Russulaceae. Phylogenomic reconstruction also recovered the close 
relationships between Auriscalpium, Lentinellus, and Artomyces detected in 
Miller et al. (2006). The close relationship of Stereaceae with Hericiaceae and 
Bondarzewiaceae is a novel discovery and will need to be further investigated to 
determine if morphological or biochemical synapomorphies can be found that 
support this relationship. It will also be important to incorporate an outgroup from 
another order of Agaricomycotina, such as Agaricales or Polyporales, in order to 
infer ancestral evolution of genes across the phylogeny, though this will likely 
greatly reduce the number of candidate gene markers. Phylogenetic analyses of 
Russulaceae has also recovered poorly supported relationships (Buyck et al., 
2008; Looney et al., 2016; Verbeken et al., 2014), which, at the genus level, are 
now fully resolved. Buyck et al. (2008) resolved Lactifluus as sister to the rest of 
the ECM Russulaceae clade, with Multifurca and Lactarius being closely related 
as sister clades. We see that Lactarius is resolved as sister to the rest of 
Russulaceae, with Russula and Lactifluus as sister clades. With Lactarius being 
a mostly north temperate group that is sister to the rest of Russulaceae, it is likely 
that Russulaceae have a north temperate origin like Sebacinales, though this will 
need to be explicitly tested (Looney et al., 2016; Tedersoo et al., 2014). Finally, 
relationships within four major groups of Russula have been resolved, 
repudiating previous phylogenetic reconstructions (Looney et al., 2016; Miller and 
Buyck, 2002). Perhaps with more taxon sampling, highly supported relationships 
can be used for examining trait evolution and biogeography at large scales within 
and between these clades. 

In our examination of genomic architecture, a pattern emerged where 
ECM members of Russulaceae tend to have larger genomes than their most 
closely related saprotrophic relatives. Some of the largest genomes sequenced 
so far have been biotrophic, with the largest fungal genome currently belonging 
to the plant pathogen Melampsora allii-populina at 335.7 MB. When the Laccaria 
bicolor genome was released, it was the largest published genome at 65 MB, 
and this was attributed to the presence of TEs making up about 21% of the 
genome (Martin et al., 2008). When modeling the evolution of genome size within 
the Russulaceae, a model with no rate differences was supported. It is likely that 
only having sampling from one ECM lineage biased model selection, and a larger 
sampling from other orders may support this trend. We also see an expansion of 
TEs in the ECM Russulaceae. This trend of expanded TEs has been identified in 
biotrophic fungi in general, especially in pathogenic fungi (Duplessis, 2011) and 
also in ECM fungi (Hess et al., 2014). Again, model testing supported a model 
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with no rate difference, and the same consideration applies here as it does for 
genome size. Alterations in TE-related processes can lead to changes in 
virulency or host-specifity (Kang et al., 2001) and have been associated with 
rapid diversification events, like in the most species rich genus of mammals, 
Myotis (Ray et al., 2008). For ECM fungi, host interactions are largely mediated 
by small secreted effectors (SSEs) (Plett et al., 2011), which have been 
associated with repeat-rich regions of the genome (Zuccaro et al., 2011). An 
expansion in TEs may be a necessary adaptation for navigating complex 
interactions with plant hosts and could be a good evolutionary mechanism for 
host-mediated diversification. Unlike plant pathogens, ECM fungi like 
Russulaceae are not specific to a single plant host species but are usually able to 
colonize a large phylogenetic breadth of host lineages. The presence and 
arrangement of TEs in relation to SSEs should be an important aspect for 
examining host-specificity in ECM fungi. 

The Multifurca ochricompacta genome is noteworthy for a number of 
reasons. This species is a member of an unusually species poor major clade in 
Russulaceae, with only six species known worldwide (Mycobank.org). The M. 
ochricompacta genome has an average size for ECM Russulaceae (54 MB), yet 
it has the largest proportion of its genome composed of repeatable elements and 
the lowest gene content of any ECM Russulaceae. Instead of spurring 
diversification, the ‘stress-induced’ hypothesis purports environmental disruption 
as a cause for direct activation of TEs, whereby the genome will restructure itself 
in order to overcome a threat to its survival (McClintock, 1984). Increased activity 
of TEs in this case can lead to extinction due to fitness loss and purifying 
selection against deleterious mutations (Belyayev, 2014). A past disruption 
caused by viral attack may have resulted in an accumulation of TEs coinciding 
with gene loss through purifying selection, leading to extinction in the ancestry of 
Multifurca. 

Unlike the genome of M. ochricompacta, the L. quietus genome contains 
both a high TE count and a high gene count. Likely because of its size and 
unique gene content, L. quietus was the first species of Russulales to break from 
the gene family similarity analysis. The functional profile of unique gene families 
is of great interest Future analyses of the Lactarius quietus genome will seek to 
test whether a whole genome duplication event took place in its recent 
evolutionary history or if there has been a high rate of gene diversification and 
expansion in the Lactarius subgenus Russularia lineage. Except for in the 
unusual cases of Multifurca and L. quietus, we do not detect functional 
conserved divergence between genera of ECM Russulaceae at the genome 
scale. More sampling of both Lactarius and Multifurca will help determine if 
genome or TE expansion has occurred in the distant past, defining these groups, 
or if there is variation at the species or population level. 

The pan-genome of Russulales has revealed the potential for significant 
functional differentiation between trophic modes that is mediated by evolutionary 
distance. We see a clade of conserved gene families uniting the saprotrophic 
members of Russulales (Figure 4). A similar region of conserved gene families 
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unites the ECM Russulaceae but also includes the saprotrophic Russulaceae 
outgroup. We also detected this same pattern in the functional similarity analysis, 
with G. convolvens acting as an anchor uniting a majority of ECM Russulaceae 
with a cluster of saprotrophic Russulales. This supports the idea of a gradual 
transition, rather than an abrupt switch in gene family composition between 
saprotrophy and biotrophy. Genome modification within major clades also 
surpasses those between nutritional modes, as unique protein families made up 
a larger proportion of genomes than those conserved for nutritional modes. We 
see this in functional similarity network analyses, where L. quietus is the first to 
break from the pan-genome network, even though the greatest amount of 
sampling comes from that family.  

Genomes of ECM fungi have been characterized by a reduction or loss of 
enzymatic genes required for decomposition of plant cell walls, including lignin 
(Kohler et al., 2015). Whether or not ECM fungi retain the capability to degrade 
lignin is dependent on their saprotrophic ancestry (Kohler et al., 2015). This 
pattern has now been detected in Russulaceae, where ECM Russulaceae have 
retained lignin peroxidases from their white-rot (lignin decomposition) ancestry 
but have far fewer copies compared to their closest saprotrophic relative. Dense 
sampling within the ECM clade has allowed us to detect that these species have 
not retained the same lignin peroxidase gene, however, with two clades of lignin 
peroxidase genes having been recovered. These genes are split between both 
members of Russula and Lactifluus, indicating that there were multiple 
independent losses of these genes in both clades. In both cases, the same gene 
has likely been retained in the closest extant saprotrophic ancestor, G. 
convolvens and makes it less likely that they are functionally redundant. We have 
also detected a recent gene duplication event in one the clades for M. 
ochricompacta, further complicating this species’ trophic status. Both species that 
possess copies of both lignin peroxidase genes are able to grow in culture, but 
the L. quietus genome was derived from culture and possesses only one lignin 
peroxidase. A transcriptomic analysis of M. ochricompacta can help detect under 
what condition each gene is expressed and whether they are co-expressed. 

In an environmental analysis of fungal derived laccases in litter, 
Russulaceae were highlighted as being the most dominant in laccase genes 
(Luis et al., 2005). ECM Russulaceae genomes were found to contain multiple 
copies of MCOs with many potential instances of gene duplication (Figure 8). 
While this seems to suggest specialization in laccase production for this clade, 
gene copy numbers for other ECM species, like Laccaria bicolor, possess a 
similar number of genes, and saprotrophic members of Russulales possess even 
more (Floudas et al., 2012). Luis et al. (2005) points to the patchiness of genes 
recovered from Russulaceae, which is likely due to their contact mycorrhizal 
exploration type which concentrates their mycelial growth to only near to root tips 
(Agerer, 2001). If this is the case, Russulaceae may have been over-sampled by 
chance. Further exploration of gene families may yield functional specialization 
for this group. 
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In conclusion, we found support for a white-rot ancestry for Russulaceae 
with each member possessing at least one representative of two clades of lignin 
peroxidase genes. There is even an example of gene duplication in M. 
ochricompacta, which may indicate neofunctionalization. Though we did find 
evidence for expansion in the MCO family, this does not seem to indicate a 
unique specialization of Russulaceae. The ECM Russulaceae do not necessarily 
possess functional conservation at the genome scale that unites the group but 
rather supports a gradual functional gradation through ancestry towards 
functionalization. Finally, we find little evidence for functional specialization 
between major clades of ECM Russulaceae as sampling is lacking within 
Multifurca and Lactarius for infrageneric comparisons. 
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CONCLUSIONS 
 
It has been the primary objective of my dissertation research to elucidate the 
evolutionary relationships of Russula and use the power of molecular 
phylogenetics to develop a better understanding of the biogeography, evolution, 
and ecology of Russulaceae. This approach has resulted in a phylogenetic study 
of diversity at multiple scales that includes species, infra-generic groupings, 
genera, and even families. Each level presents its own challenges and rewards. 
A genus-wide phylogeny of Russula was an essential first step for these studies 
in order to identify where a targeted study on species relationships might be 
fruitful and also what groups need to be sampled for studies at a larger scale to 
more accurately represent the diversity of the genus. This approach has also 
provided a powerful tool for examining global diversity patterns, whereby a multi-
gene phylogeny was used as a constraint topology for a megaphylogeny 
approach to inferring a global phylogeny. Multiple gene markers at the near-
species level not only give one access to the phylogenetic species concept by 
helping to infer a phylogeny with high support but also the evolutionary species 
concept through coalescence theory that predicts past population sizes and 
estimates whether gene flow has ceased between divergent populations. 
Phylogenetics as a field has also provided effective tools for comparative 
genomics for infering the evolutionary history of genes and predicting their 
function. Species within ECM Russulaceae have retained a different suite of 
oxidative enzymes, with some gene expansions and some gene loss events that 
are not conserved within lineages. This indicates functionally diverse roles in 
nutritional scavenging that may be driving diversification within Russulaceae. 
Also, when taking into account phylogeny, we see that certain trends in genome 
size and TE content cannot be attributed to nutritional mode given current 
sampling. By combining all of these approaches, we now have a systematic 
framework for the genus Russula based on evolutionary relationships, a global 
perspective of the distribution and diversification patterns of Russula in relation to 
the reversal of the latitudinal diversity gradient in ectomycorrhizal fungi, the first 
multigene systematic revision of a clade of Russula species, a fully-resolved 
phylogeny of Russulales, and the evolution of functional traits within and between 
saprotrophic and ectomycorrhizal members of Russulales. 
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