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Abstract 

Ectomycorrhizal fungi form a mutualistic symbiosis with plant roots, and are key for nutrient 

cycling in many ecosystems. Here we study the ectomycorrhizal fungal communities in the Ouémé 

Supérieur reserve forest in Benin (West Africa). We use phylogenetic methods to test if the species 

from the study site are closer to other tropical African species than to species from other regions. 

The Ouémé Supérieur community was represented by nine Operational Taxonomic Units in 

Amanitaceae, one in Boletaceae, one in Cantharellaceae, one in Cortinariaceae, two in 

Inocybaceae, fourteen in Russulaceae and three in Sclerodermataceae. Of these thirty-one 

Operational Taxonomic Units, twenty had no record in other areas, and unique Operational 

Taxonomic Units were found in all families except Boletaceae and Sclerodermataceae. The added 

phylogenetic diversity from these unique Operational Taxonomic Units tended to be higher than 

expected by chance in all families but Cantharellaceae. The Operational Taxonomic Units are 

generally fairly distinct and contribute proportionally to the phylogenetic diversity, reflecting that 

they do not only represent recently diverging species, but also more divergent lineages. Our 

analyses of the different families show that the communities of Amanitaceae, Inocybaceae, and 

Russulaceae are more closely related to the general Afrotropic community than expected by 

chance, at least measured as the nearest taxon distance. The lack of significant patterns in the other 

families may be due to lack of power, but the wide distribution of many Operational Taxonomic 

Units suggests that there are not likely to be strong patterns. It is only for Russulaceae that there is 

a significant pattern in the Ouémé Supérieur ectomycorrhizal fungal communities at a regional 

scale, with the Operational Taxonomic Units being less closely related than expected. At a global 

scale the patterns seem to reflect the overall distribution of the Afrotropic ectomycorrhizal fungal 

community. The phylogenetic patterns in the Afrotropic communities differ between families, from 

clustered to no clear pattern to over-dispersed measured as mean average phylogenetic distance. 

Each family seems to have its own biogeographic history, and there is no clear pattern for the 

ectomycorrhizal fungal community at large. Despite the lack of comprehensive taxonomic work to 

identify fungi in a region, it is still possible to draw some conclusions on their diversity using 

molecular phylogenetic methods. However, limited success in getting good sequence data from 

specimens, probably due to preservation issues in the field, and the lack of well annotated  

molecular data from many regions limit the power of these inferences. 
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Introduction  

Fungal diversity is unevenly studied across the globe, with much focus given to the northern 

temperate and boreal regions of Europe and North America, while tropical regions have received 

less attention (McGuire et al. 2013). This bias largely reflects where most mycologists reside 

(Gryzenhout et al. 2012, Piepenbring & Yorou 2017). The lack of comprehensive taxonomic work 

in the tropics is a great impediment to diversity studies in the region, and many studies have applied 

names based on north temperate taxa for lack of better alternatives. However, such names are likely 

to be misapplied (Hawksworth 2012). 

Studies of global fungal diversity (Kõljalg et al. 2013, Tedersoo et al. 2014a) have 

demonstrated that different continents share very few species but that similar biomes display 

similar assemblages of lineages. Thus, at a larger spatial scale, it seems that species distributions 

have been conditioned by isolation due to geographical barriers (e.g., mountains and oceans), and 

in situ speciation processes in their new environments. This would presumably lead to regional 

communities with closely related species. However, the observation that most genera have a 

cosmopolitan distribution (Tedersoo et al. 2010) suggests that fungal lineages do get around and 

that the image may be more complex. 

Ectomycorrhizal (EcM) fungi are a diverse group of mutualistic root symbionts that receive 

carbon from their plant partners and in return enhance nutrient uptake and resistance to stress and 

disease in the plant partner (Smith & Read 2010, Smith & Bonito 2012). Ectomycorrhizal fungal 

communities have been studied to a great extent in north temperate regions, but to a much lesser 

extent in tropical regions (Corrales et al. 2018). Existing studies show that the diversity of EcM 

fungi in the tropics is generally low in forests with few EcM trees (Diédhiou et al. 2010, Tedersoo 

et al. 2011, Michaëlla Ebenye et al. 2017), but in monodominant EcM forests rivals the diversity of 

temperate and boreal sites (Morris et al. 2008, Peay et al. 2010). Although EcM fungal 

communities in the tropics generally have lower phylogenetic diversity than temperate systems 

(Tedersoo et al. 2014b), with some of the EcM lineages present in temperate areas lacking in the 

tropics (e.g., /suillus-rhizopogon; Tedersoo et al. 2010), many lineages appear to have a tropical 

origin and are highly diverse there (Matheny et al. 2009, Kennedy et al. 2012, Looney et al. 2016). 

While studies on fruiting-bodies in the tropics often are hampered by lack of reference work, 

most community studies based on environmental samples use highly variable internal transcribed 

spacer (ITS) region of the rDNA (Schoch et al. 2012), and lack precise phylogenetic placement of 

the species. Thus, they have limited resolution to put the detected species in a broad taxonomic 

context in order to provide large-scale perspectives on the diversity (Vanie-Leabo et al. 2017, 

Furneaux et al. 2021). Furthermore, while many species do not produce fruiting bodies at any given 

time, and thus will be missed in fruiting body inventories, environmental samples are usually 

limited in the area that they cover (a few square cm per sample). By sampling at many time points 

and using molecular methods the downsides of fruiting body inventories can be limited. Access to 

fruiting bodies also makes it possible to generate sequences from different genomic regions that are 

known to be from the same species, something that is difficult in studies from environmental 

samples. Highly variable barcoding regions can thus be used for near species identification 

(Lücking et al. 2014, Kõljalg et al. 2019), and more conserved regions for phylogenetic placement. 

It is therefore possible to move beyond comparisons of Operational Taxonomic Units (OTU) 

composition, and get insights into larger scale patterns in the diversity of an area, and how it relates 

to global diversity. 

In tropical West Africa, not only is the regional species pool diversity of EcM fungi poorly 

known (Piepenbring et al. 2020), but community assemblages are even less well studied. Here we 

investigate the species composition of the EcM fungal community in the Ouémé Supérieur Reserve 

Forest (OSRF) in Benin, West Africa and put it in an African and global perspective. Based on an 

exhaustive fruiting-body sampling of a total area of 2.25 ha over three years we use morphological 



          15 

and barcoding methods to identify OTUs, and we use phylogenetic methods based on trees inferred 

from partial sequences of the large subunit of the nuclear ribosomal DNA (LSU) and the second 

largest subunit of the RNA polymerase II gene (RPB2) to draw perspectives on the community 

assembly. 

 

Materials & Methods  

 

Study site 

The present study was conducted in the For°t Class®e de lôOu®m® Sup®rieur (Ouémé 

Supérieur Reserve Forest; OSRF), located between 9Á11ô-9Á47ô N and 1Á58ô-2Á28ô E in north 

central Benin. The study area has a rainy season from May to October, which strongly contrasts 

with a long and severe dry season from October to April. The OSRF is situated in the Guineo-

Sudanian Zone (GSZ; Adomou 2005), and harbors a mosaic of vegetation types including 

Fabaceae-dominated woodlands, wooded savanna, shrub savanna and gallery forests (Schnell 

1976, White 1983). 

Three permanent plots of 50m x 50m were installed at each of three sites identified in the 

OSRF. The three plots at each site were chosen to be dominated by one of three EcM trees: 

Isoberlinia doka Craib & Stapf., Isoberlinia tomentosa (Harms) Craib & Stapf or Uapaca togoensis 

Pax. 

 

Specimen sampling, preservation and preliminary identification  

Mycological surveys were conducted at a frequency of two visits/week/plot from June to 

October, which is the fruiting period for mushrooms in the region (Yorou et al. 2001), during two 

years (2015ï2016) resulting in a total of 234 surveys. Sampling consisted of harvesting all EcM 

specimens in the plots and selecting a representative specimen of each putative morphospecies. 

After a preliminary identification in the field, each representative specimen was dried using a field 

dryer (De Kesel 2001). To secure good quality samples for DNA extraction and PCR, small 

samples of the fresh specimen were also dried in plastic bags with silica gel in 2016. Additional 

specimens were collected opportunistically during 2017 as part of an ethnomycological study 

(Furneaux et al. in prep.). These specimens were dried with an electric dryer (Stöckli) at 40ï60°, 

with a small subsample extracted prior to drying and preserved in cetyl-trimethyl-ammonium 

bromide buffer (CTAB). All voucher specimens are deposited at the herbarium of the University of 

Parakou (UNIPAR; abbreviations according to Index Herbariorum; Thiers, continuously updated), 

with sample splits stored at the Systematic Biology department at Uppsala University. 

Preliminary field identification of harvested species was made from a large collection of more 

than 1500 color pictures of known macromycetes in the region and with the help of numerous 

monographs (De Kesel et al. 2002, Härkönen et al. 2003, De Kesel & Malaisse 2010, Ndong et al. 

2011). Specimens were then subjected to a detailed anatomical description by mean of a light 

microscope (Leica DM2700) equipped with a drawing tube and scaled ocular. 

For each morphospecies, a subset of specimens was selected for ITS barcoding. One 

specimen per person that had collected the morphospecies (max 7 specimens) were selected, to 

account for possible differences in the concept of the species between people. Even when collected 

by fewer than 4 people, at least 4 specimens were selected per morphospecies, if available, to 

account for possible cryptic diversity. 

 

DNA isolation, amplification and sequencing 

DNA was extracted from specimens using either the DNeasy Plant Mini kit (Quiagen) or 

CTAB extraction (Zolan & Pukkila 1986) including cleaning with chloroform:isoamyl alcohol and 

alcohol precipitation. The ITS region was amplified by PCR using primer pairs ITS1-F (Gardes & 

Bruns 1993) and ITS4-B1 (Tedersoo et al. 2007), ITS1 and ITS4 (White et al. 1990), or ITS1 and 

LB-W (Tedersoo et al. 2008). ITS sequences generated by Furneaux et al. (in prep) from the 2017 

specimens were also included. After clustering of specimens into OTUs (see below), LSU and 
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RPB2 were amplified from one specimen per OTU, using primer pairs LR0R (Hopple Jr & 

Vilgalys 1994) and LR5 (Vilgalys & Hester 1990) and fRPB2-5f (Liu et al. 1999) and bRPB2-7R 

(Liu et al. 1999), respectively. The reaction conditions for ITS region were 2 min at 95°C, followed 

by 35 cycles of 15 s at 95°C, 30 s at 55°C and 60 s at 72°C, and finally 10 min at 72°C. Concerning 

LSU region, the reaction conditions were 3 min at 95°C, followed by 35 cycles of 15 s at 95°C, 30 

s at 52°C and 60 s at 72°C, and finally 10 min at 72°C. For RPB2 region, the reaction conditions 

were 2 min at 94°C, followed by 9 cycles of 10 s at 96°C, 45 s at 61°C and 60 s at 72°C, and by 37 

cycles of 10 s at 96°C, 45 s at 53°C, 60 s at 72°C and finally by 10 min at 72°C. PCR products 

were then purified enzymatically using the ExoSAP-IT® PCR Products Purification Kit for ABI 

and sequenced using the Sanger method at Macrogen Labs, Europe. The PCR primers were also 

used for sequencing, except for ITS, where in some cases ITS1 and ITS4 (the innermost primer 

pair) were used for sequencing when other primers were used for PCR, and for RPB2, where the 

internal primers bRPB2-6F and bRPB2-6R2 (Matheny 2005) were used in addition to the PCR 

primers. 

Forward and reverse reads were assembled and edited using the Staden package v.1.7.0 

(Staden 1996). 

 

Barcoding 

To distinguish species that had been lumped together based on morphology, the ITS 

sequences were clustered into single-linkage OTUs based on pairwise alignments using 

BLASTCLUST (version 2.2.26; Altschul et al. 1990, Dondoshansky & Wolf 2000) with a 97% cut-

off (Nilsson et al. 2019). A multiple sequence alignment was also performed with MUSCLE 3.6 

(Edgar 2004) in AliView (Larsson 2014), sorting the sequences according to the guide tree. The 

multiple sequence alignment was inspected to see how distinct the clusters were, and if they had 

any obvious structure within them. One specimen per cluster was selected to sequence the LSU and 

RPB2 regions for phylogenetic reconstruction. 

 

Phylogenetic analyses 

For those families where we produced at least one high quality LSU sequence of sufficient 

length (at least >300 bp), reference sequences were downloaded from GenBank (Benson et al. 

2018). If we only had specimens from one genus of the family, based on morphological 

identification and BLAST searches of our sequences, we only downloaded sequences from that 

genus. LSU and RPB2 sequences were extracted from the GenBank data using PifCoSm (Sánchez-

García et al. 2020) and linked into species based on GenBank annotations. Only species with LSU 

were kept, and each family and gene region was aligned separately using mafft V7.464 (Katoh et 

al. 2019) with maxiterate set to 1000, and the local pair option (l-ins-i strategy). Long sequences 

which included regions that were only homologous with a few other sequences were trimmed to 

reduce the proportion of missing data in the alignment. Outgroup taxa were added if no internal 

rooting point could be identified. The data matrix was iteratively cleaned by manual inspection of 

the alignment in AliView version 1.18 (Larsson 2014) and trees generated by FastTree (GTR 

model; Price et al. 2010). After each iteration of cleaning the alignment, the sequences were 

realigned using mafft as described above. Once cleaning was complete our sequences were added 

and the data was realigned again. OTUs represented by only a short part of LSU were removed, as 

were sequences with many ambiguity symbols, or that were suspected to be chimeric. OTUs that 

were misidentified and did not belong to the target family, based on the results of BLAST searches, 

were also excluded. A phylogeny was created with RAxML 8.2.11 (Stamatakis 2014), making 10 

searches for the maximum likelihood (ML) tree with the default algorithm, and 1000 bootstrap 

replicates. The branches of the ML tree were re-estimated to reduce long branch lengths due to 

missing data (-f k option). All analyses were done with a separate partition for each gene region, 

and implementing the GTR model with the gamma distribution to model rate differences between 

sites for each partition. 
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Outgroups were chosen as follows: Limacella as outgroup for Amanita (Moncalvo et al. 

2000); Hydnomerulius (Paxillaceae) as outgroup for Boletaceae (Wu et al. 2014); Craterellus as 

outgroup for Cantharellus (Buyck et al. 2014); Crepidotus as outgroup for Inocybaceae (Matheny 

2005); and Tremellogaster as outgroup for Scleroderma (Louzan et al. 2007). Cortinarius was 

rooted with sect. Austroduracini (Cortinarius viscincisus, Cortinarius austroduracinus, and 

Cortinarius viridibasalis) (Stensrud et al. 2014, Soop et al. 2019); and Russulaceae was rooted on 

the branch between Russula plus Lactifluus, and Lactarius plus Multifurca (De Crop et al. 2017). 

 

Evolutionary ecological analysis 

Tips of the phylogenetic tree belonging to clades with internal branches shorter than 0.002, 

roughly equivalent to 99.8% similarity, as suggested for LSU by Vu et al. (2018), were clustered 

together. In addition, tips corresponding to the same UNITE 3% species hypothesis (USH; Kõljalg 

et al. 2013, Nilsson et al. 2019) were identified based on ITS sequences assigned to the tip by 

PifCoSm, and all tips belonging to the clade stemming from the most recent common ancestor of 

each USH were clustered together, as long as there was no conflict with other USHs. Conflicts 

between USHs were resolved manually, with consideration for the phylogenetic relations between 

the involved tips, the strength of the link between LSU, RPB2, and ITS sequences (e.g., from the 

same specimen or not), and with the goal to remove as few tips as possible from each USH. These 

clusters were used as OTUs, and one random tip per OTU was kept for subsequent analyses. 

Although national borders do not always correspond to ecologically relevant borders between 

biogeographic regions, country is the most commonly available locality information in global 

sequence databases. Therefore, for the Picante analysis, we divided the countries of the world into 

nine different regions according to continental divisions and climatic resemblance: Afrotropic, 

Palearctic, Nearctic, Mesoamerica, Neotropic, East-Asia, Indomalaya, Oceania and Australasia 

(Fig. 1). Each region was treated as a single community of EcM fungi, with species marked as 

present/absent in each community on the basis of their collection locality, as indicated in NCBI for 

the sequences of the tips in the OTU, or in Unite for the USH that the OTU was based on. If no 

annotation was available from either of these two sources, articles that included any of the 

sequences of the tips that the OTU was based on were searched for location information. For two 

OTUs in Cantharellaceae, the annotations from NCBI were corrected based on the original 

publication (Ariyawansa et al. 2015). Despite the literature review; for some OTUs, there was no 

geographical annotation. 

Taxonomic annotation of OTUs is based on GenBank, UNITE or OSRF collection 

annotation. Little effort was made to correct taxonomic annotations, as our analyses are based on 

OTUs delimited by phylogeny and sequence similarity, and not on taxonomically defined species. 

However, specifically for Inocybaceae, we replaced the old names with the current names from 

Index Fungorum (https://www.indexfungorum.org) as of February 2022, in order to include the 

new generic classification of Inocybaceae from Matheny et al. (2020). 

Mean pairwise distance (MPD) and mean nearest taxon distance (MNTD) were calculated 

using the Picante package in R (Kembel et al. 2010) for each family based on their respective ML 

trees. The expected values for MPD (ses.mpd) and MNTD (ses.mntd) under a random distribution 

were calculated from 10 000 random shuffles of the tip labels across the respective tree (Kembel et 

al. 2010, Heckenhauer et al. 2017). For both standardized metrics, a negative standardized metric 

reflects a clustering of species while a positive standardized metric reflects a relative over-

dispersion of species (Mazel et al. 2016). MPD is generally taken to be more sensitive to tree-wide 

patterns of phylogenetic clustering and evenness, while MNTD is more sensitive to patterns of 

evenness and clustering closer to the tips of the phylogeny (Kembel et al. 2010). Analogously, low 

P values indicate low probability of the observed clustering by chance, while high P values indicate 

low probability of the observed over-dispersed pattern by chance. 

For each family three sets of analyses were done for each of MPD and MNTD: 1) for OTUs 

present in OSRF and elsewhere in the Afrotropics; 2) for OTUs from all regions, with OSRF 

counted as a distinct region separate from the rest of the Afrotropics; and 3) for OTUs from all the 
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regions, with OSRF included with the rest of the Afrotropics. The MPD and MNTD separating the 

taxa of the different communities was calculated for OSRF and all the regions. Additionally, 

phylogenetic diversity (PD) was calculated as total branch length (Faith 1992) for OSRF and all 

regions, with values for the Afrotropics calculated both including and excluding OSRF. The unique 

PD added by OSRF and each region was calculated as the total branch length that was only present 

when the OTUs unique to the area were included in the phylogeny. The observed unique PD was 

compared to 1 000 random draws of as many excluded OTUs to test if the added diversity was 

higher than expected by chance, i.e., a low P value indicates a low chance of observing such high 

added PD, while a high P value indicates low chance of observing such low added PD. 

 

 
 

Figure 1 ï Map of biogeographical regions. Oceania not visible due to the small size of its 

constituent countries. 

 

Results 

 

Identification of species 

The study made 3325 collections that were sorted into 179 taxonomic units based on 

morphology. We successfully generated ITS sequences from 111 specimens of these 179 units. 

Clustering the ITS sequences resulted in 62 clusters, of which 8 were identified as non-EcM 

lineages after blasting (Supplementary Table 1). Of the 54 remaining clusters, LSU was 

successfully sequenced from 37 with sufficient length and quality to be included in the 

phylogenetic analyses. The EcM clusters belonged to eight families, but no LSU sequence was 

successfully generated for the specimen belonging to Clavulinaceae, leaving seven families for 

phylogenetic analyses. For five of the seven families, we had representatives of only one genus: 

Amanita (Amanitaceae), Xerocomus s.l. (Boletaceae), Cantharellus (Cantharellaceae), Cortinarius 

(Cortinariaceae), and Scleroderma (Sclerodermataceae). For Boletaceae sequences from the whole 

family was still used due to the taxonomic uncertainties in genus delimitation and annotation in 

GenBank. 

 

OTUs 

Our datasets comprised 3064 OTUs with geographic annotation, of which 31 were found in 

OSRF, and 232 were found in the Afrotropics (Table 1). 324 OTUs were found in two regions, and 

an additional 181 in more than two regions. The OTU with the widest distribution was Russula 

cyanoxantha, which was found in all regions except the Afrotropics and Oceania. All the included 

EcM families had at least one OTU distributed in five or more regions, except Cantharellaceae for 

which only two OTUs were found in two regions, and none were found in more than two (Fig. 4). 

The Afrotropics shared OTUs with all other regions except Oceania. The largest number of 

Afrotropic OTUs were shared with the Palearctic (12 OTUs), East Asia (11 OTUs), and the 

Nearctic (10 OTUs). However, 91% of the Afrotropic OTUs were unique to the Afrotropics. Only 
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Australasia had as large a proportion of unique OTUs, while most other regions had considerably 

lower proportions. All regions shared at least one OTU with every other region except for Oceania, 

which only had two OTUs: Lactifluus leoninus, also found in East Asia, Indomalaya, and 

Australasia; and Inocybe tauensis which was unique to the region. 

 

OSRF 

Specimens from OSRF included nine OTUs belonging to Amanitaceae, of which six were 

only sequenced from OSRF, two had been sequenced from the Afrotropics before, and one had 

previously only been sequenced from Indomalaya and East Asia. One of the OTUs that had 

previously been found in the Afrotropics, which included specimens annotated as the well-known 

temperate species Amanita phalloides, was also well-represented from the Pale- and Nearctic. 

There was one OTU including specimens from OSRF belonging to Boletaceae, which also included 

sequences from Mesoamerica. We found one OTU of Cantharellaceae from OSRF, that was not 

found in any other areas, but was morphologically identified as Cantharellus addaiensis, a known 

Afrotropic species, and was phylogenetically close (but not sister) to another OTU identified with 

that name. The OSRF specimens also included one OTU of Cortinariaceae, which did not include 

any sequences from other areas, or group close to any other sequences from African collections. 

There were two OTUs of Inocybaceae from OSRF, neither of which included sequences from other 

regions. The most OTU rich group in OSRF was Russulaceae with 14 OTUs, of which one 

included two of the initial ITS sequence clusters. Seven of the OTUs included sequences from other 

studies, of which three had been found in the Afrotropics and one had been found also in the 

Nearctic, Palearctic, and East Asia. For the remaining three no additional geographic annotation 

was included. There were three OTUs of Sclerodermataceae found in OSRF. None of them had 

previously been sequenced from the Afrotropics, but all had been sequenced from other regions. 

 

Phylogenetic diversity 

 

OSRF 

The Amanitaceae OTUs from OSRF (Fig. 2) show no significant clustering at a regional level 

(Pmpd = 0.34; Pmntd = 0.20). On a global scale they tended to be clustered at shallow phylogenetic 

depths (Pmntd = 0.084), but there was no clear signal at deeper phylogenetic levels (Pmpd 0.42). The 

unique PD of Amanitaceae was not significantly longer than the mean from the randomizations (P 

= 0.38). As the OSRF sequences included only one OTU each for Boletaceae (Fig. 3), 

Cantharellaceae (Fig. 4), and Cortinariaceae (Fig. 5), it was not possible to calculate MPD or 

MNTD. The Cantharellaceae OTUs (Fig. 4) added significantly lower unique PD (P > 0.999) 

while the Cortinariaceae OTUs added significantly higher unique PD (P < 0.001). For the OSRF 

OTUs of Inocybaceae (Fig. 6), there were no clear signal at either regional (Pmntd = 0.63; Pmpd = 

0.62), or global scales (Pmntd = 0.89; Pmpd = 0.89). The unique PD of Inocybaceae was not 

significantly different from expected (P = 0.19). The OSRF OTUs of Russulaceae (Fig. 7) were 

significantly over-dispersed on deep phylogenetic levels, both at regional (Pmpd = 0.99), and global 

(Pmpd = 0.99) scales. At a shallow phylogenetic level, there was no clear signal (regional: Pmntd = 

0.82; global: Pmntd = 0.83). The unique PD of Russulaceae was not higher than expected by chance 

(P = 0.07). For Sclerodermataceae (Fig. 8), there was no clear signal at either regional or global 

scales (regional: Pmpd = 0.74; Pmntd = 0.85; global: Pmpd = 0.77; Pmntd = 0.86). Although it was only 

in Cortinariaceae that the added unique PD was significantly higher than expected by chance and it 

was only in Cantharellaceae that the added unique PD was significantly lower than expected 

(Table 2), there was nevertheless a tendency for the added unique PD to be higher than expected by 

chance for the number of OTUs (i.e., P < 0.5). 

At a community level it was only Inocybaceae and Russulaceae that had a shorter distance 

between OSRF and the Afrotropics on both scales, while Amanitaceae had closer distance between 

OSRF and the Afrotropics on a shallow phylogenetic scale (Supplementary Tables 2ï8). 
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Figure 2 ï ML tree and biogeographic occurrence matrix for Amanitaceae OTUs. 
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Figure 3 ï ML tree and biogeographic occurrence matrix for Boletaceae OTUs. 
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Figure 3 ï Continued. 
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Figure 3 ï Continued. 
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Figure 3 ï Continued. 
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Figure 4 ï ML tree and biogeographic occurrence matrix for Cantharellaceae OTUs. 
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Figure 5 ï ML tree and biogeographic occurrence matrix for Cortinariaceae OTUs. 
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Figure 5 ï Continued. 
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Figure 5 ï Continued. 
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Figure 6 ï ML tree and biogeographic occurrence matrix for Inocybaceae OTUs. 
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Figure 6 ï Continued. 
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Figure 6 ï Continued. 


