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Abstract

Ectomycorrhizafungi form a mutualistic symbiosis with plant roots, and are key for nutrient
cycling in many ecosystems. Here we study the ectomycorrhizal fungal communitie Oinéime
Supérieur reserve forest in Benin (West Africa). We use phylogenetic methodsifttheesipecies
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
Amanitaceag one in Boletaceag one in Cantharellaceag one in Cortinariaceag two in
Inocybaceag fourteen in Russulaceaeand three inSclerodermataceaeOf these thirtyone
Operational Taxonomic Units, twenty had no record in other areas, and unique Operational
Taxonomic Units were found in all families et Boletaceaeand Sclerodermatacead he added
phylogenetic diversity from these unique Operational Taxonomic Units tended to be higher than
expected by chance in all families b@antharellaceae The Operational Taxonomic Units are
generally fairly distict 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 communitieAns@nitaceaglnocybaceae and
Russulaceaaare 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 witigtribution of many Operational Taxonomic
Units suggests that there are not likely to be strong patterns. It is ofiy$sulaceaéhat there is
a significant pattern in the Ouémé Supérieur ectomycorrhizal fungal communities at a regional
scale, with tlie 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 communitiesrdiétween families, from
clustered to no clear pattern to ovBspersed 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 ¢g. 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
specimensprobably 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). Thisadilargely 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 bagkon north temperate taxa for lack of better alternatives. However, such names are likely
to be misapplied (Hawksworth 2012).

Studies of global fungal diversity (Kdljalg et al. 2013, Tedersoo et al. 2014a) have
demonstrated that different continents sheeey 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 Bndagget 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
diseasen 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 diawiite diversity of EcM
fungi in the tropics is generally low in forests with few EcM trees (Diédhiou et al. 2010, Tedersoo
et al. 2011, Michaélla Ebenye et al. 2017), but in monodominant EcM forests rivals the diversity of
temperate and boreal sites (Meret 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 €.g., /suillusrhizopogon; 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 fruitindpodies in the tropics often are hampebgdack 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 limitesolution to put the detected species in a broad taxonomic
context in order to provide largzale perspectives on the diversity (Vabeabo 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 taxies 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 barding regions can thus be used for near species identification
(Lucking et al. 2014, Kdljalg et al. 2019), and more conserved regions for phylogenetic placement.
It is therefore possible to move beyond comparison©pérational Taxonomic UnitsOTU)
compaition, 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 EcCM fungi poorly
known (Piepenbring et al. 2020), but conmty 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
exhaustivdruiting-body sampling of a total area of 2.25 ha over three years we use morphological
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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 (D8W) and the second
largest subunit of the RNA polymerase Il gene (RPB2) to draw perspectives on the community
assembly.

Materials & Methods

Study site
The present study was conducted in th@r °t Cl ass ®e de(OuerdéOu ®meE
Supérieur Reserve or e st ; OSRF) , | 9Ad7é6d Nb AtABS @InNA EB A Inl Ot

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 tle® Guin
Sudanian Zone (GSZ; Adomou 2005), and harbors a mosaic of vegetation types including
Fabaceaedominated woodlands, wooded savanna, shrub savanna and gallery forests (Schnell
1976, White 1983).

Three permanent plots of 50m x 50m were installed at eathred sites identified in the
OSRF. The three plots at each site were chosen to be dominated by one of three EcM trees:
Isoberlinia dokaCraib & Stapf. Isoberlinia tomentoséHarms) Craib & Stapf odapaca togoensis
Pax.

Specimen sampling, preservatiomnd 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 (20162016) resulting in a totalf®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 aongthalogical study
(Furneaux et al. in prep.). These specimens were dried with an electric dryer (Stockiipaft, 40
with a small subsample extracted prior to drying and preserved intdetgthylammonium
bromide buffer (CTAB). All voucher specimensateposited 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 identiftation 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, Harkénen 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
specimenper 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 mocEgsipeavailable, 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 wattloroform:isoamyl alcohol and
alcohol precipitation. The ITS region was amplified by PCR using primer pairsAHT&hardes &
Bruns 1993) and ITSB1 (Tedersoo et al. 2007), ITS1 and ITS4 (White et al. 1990), or ITS1 and
LB-W (Tedersoo et al. 2008). ITSgences 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 LROR (Hopple Jr &
Vilgalys 1994) and R5 (Vilgalys & Hester 1990) and fRPBH (Liu et al. 1999) and bRPB2ZR
(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 107g8fCatConcerning
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 cyclesidi 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 ExoSA® PCR Products Purification Kit for ABI
and sequencedsing 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 RPBZheher
internal primers bRPBBF and bRPB&BR2 (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 luthgegether based on morphology, the ITS
sequences were clustered into siAgikage 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 gaence 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 obviousstructure 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 éast >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-(Sanchez
Garcia 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 separatelynafhly/7.464 (Katoh et
al. 2019) with maxiterate set to 1000, and the local pair optiors-(Istrategy). Long sequences
which included regions that were only homologous with a few other sequences were trimmed to
reduce the proportion of missing datative 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; Prie 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 partweteStémoved, 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 createtih VAXML 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 werestmated 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 followsmacella as outgroup forAmanita (Moncalvo et al.
2000); HydnomeruliugPaxillacea@ as outgroup foBoletaceagWu et al. 2014)Craterellusas
outgroup forCantharellus(Buyck et al. 2014)Crepidotusas outgroup fofnocybaceadMatheny
2005); andTremellogasteras outgroup foiScleroderma(Louzan et al. 2007)Cortinarius was
rooted with sect.Austroduracini (Cortinarius viscincisus Cortinarius austroduracinys and
Cortinarius viridibasalig (Stensrud et al. 2014, Soop et al. 2019); Rndsulaceagvas rooted on
the branch beteenRussulgplus Lactifluus andLactariusplus 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 segted for LSU by Vu et al. (2018), were clustered
together. In addition, tips corresponding to the same UNITE 3% species hypothesis (USH; Kdljalg
et al. 2013, Nilsson et al. 2019) were identified based on ITS sequences assigned to the tip by
PifCoSm, and latips 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 phylogeneimnela¢tween
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 ti@pErwas 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. Therefooe tie 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, asa, 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 W&tithe 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 Cantharellaceage the anntations from NCBI were corrected based on the original
publication (Ariyawansa et al. 2015). Despite the literature review; for some OTUSs, there was no
geographical annotation.

Taxonomic annotation of OTUs is based on GenBank, UNITE or OSRF collection
anndation. 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 nantbsthe 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 (Mhdi®)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 oftihdabels 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 opecies (Mazel et al. 2016). MPD is generally taken to be more sensitive-tondece
patterns of phylogenetic clustering and evenness, while MNTD is more sensitive to patterns of
evenness and clustering closer to the tips of the phylogeny (Kembekéi@). Analogously, low
P values indicate low probability of the observed clustering by chance, while high P values indicate
low probability of the observed ovedispersed pattern by chance.

For each family three sets of analyses were done for each of i@ 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

17



regions, with OSRF included with the resttioe 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 vlues 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 obgeiyee 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 charfia@dserving such low added PD.

Afrotropic

Australasia
Indomalaya

Neotropic

. East Asia

Mesoamerica
Nearctic
Palearctic

Figure 1 7 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 taxonamig hased 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 -BsMon
lineages after blasting (Supplementary Table 1). Of therddaining 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 belapginClavulinaceae leaving seven families for
phylogenetic analyses. For five of the seven families, we had representatives of only one genus:
Amanita(Amanitaceag Xerocomus.l. Boletaceap Cantharellus(Cantharellaceag Cortinarius
(Cortinariaceag, andSclerodermgSclerodermatacegeForBoletaceaesequences 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 annotatiorhicth @1 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 distributiorRussila
cyanoxanthawhich was found in all regions eapt the Afrotropics and Oceania. All the included
EcM families had at least one OTU distributed in five or more regions, eKegpharellaceador
which only two OTUs were found in two regions, and none were found in more than two (Fig. 4).
The Afrotropcs 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 OTUsLactifluus leoninus also found inEast Asia, Indomalaya, and
Australasia; an¢hocybe tauensighich was unique to the region.

OSRF

Specimens from OSRF included nine OTUs belongindrmanitaceagof which six were
only sequenced from OSRF, two had been sequenced from the Afrotropios, laefd 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 thaowmetl
temperate specieAmanita phalloideswas also wellepregnted from the Paleand Nearctic.
There was one OTU including specimens from OSRF belongiBglataceagwhich also included
sequences from Mesoamerica. We found one OTQasftharellaceadrom OSRF, that was not
found in any other areas, but was moipheally identified asCantharellus addaiensisa known
Afrotropic species, and was phylogenetically close (but not sister) to another OTU identified with
that name. The OSRF specimens also included one OTdrihariaceae which did not include
any segences from other areas, or group close to any other sequences from African collections.
There were two OTUs dhocybaceadrom OSRF, neither of which included sequences from other
regions. The most OTU rich group in OSRF wRsssulaceaevith 14 OTUs, ofwhich 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 remaittinge no additional geographic annotation
was included. There were three OTUsSalerodermataceatound in OSRF. None of them had
previously been sequenced from the Afrotropics, but all had been sequenced from other regions.

Phylogenetic diversity

OSRF

The Amanitacea®TUs from OSRF (Fig. 2) show no significant clustering at a regional level
(Pmpd = 0.34; Rnta = 0.20). On a global scale they tended to be clustered at shallow phylogenetic
depths (Rna = 0.084), but there was no clear signal at deepgiogenetic levels (fd0.42). The
unique PD ofAmanitaceaavas not significantly longer than the mean from the randomizations (P
= 0.38). As the OSRF sequences included only one OTU eaclBdtmtaceae(Fig. 3),
CantharellaceagFig. 4), andCortinariaceae (Fig. 5), it was not possible to calculate MPD or
MNTD. The CantharellaceaeOTUs (Fig. 4) added significantly lower unique PD (P > 0.999)
while theCortinariaceaeOTUs added significantly higher unique PD (P < 0.001). For the OSRF
OTUs of Inocybaceae (@ 6), there were no clear signal at either regionahiP 0.63; Rpd =
0.62), or global scales (R4 = 0.89; Rpda = 0.89). The unique PD dihocybaceaewas not
significantly different from expected (P = 0.19). The OSRF OTURudsulaceaéFig. 7) wee
significantly overdispersed on deep phylogenetic levels, both at regiongd €70.99), and global
(Pmpd = 0.99) scales. At a shallow phylogenetic level, there was no clear signal (regiemat P
0.82; global: Rnta= 0.83). The unique PD dlussuhceaewas not higher than expected by chance
(P = 0.07). ForSclerodermataceaé-ig. 8), there was no clear signal at either regional or global
scales (regional:dpd = 0.74; Bt = 0.85; global: Rpd = 0.77; Rnta = 0.86). Although it was only
in Cortinariaceaethat the added unique PD was significantly higher than expected by chance and it
was only inCantharellaceaethat the added unique PD was significantly lower than expected
(Table 2), there was nevertheless a tendency for the added unique PDglocbehan expected by
chance for the number of OTUs (i.e., P < 0.5).

At a community level it was onljnocybacea@andRussulaceathat had a shorter distance
between OSRF and the Afrotropics on both scales, wimanitaceadad closer distance between
OSRF and the Afrotropics on a shallow phylogenetic scale (Supplementary TéB)es 2
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ML tree and biogeographic occurrence matrix for Amanitaceae OTUs.
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Figure 37 ML tree and biogeographic occurrence matrix for Boletaceae OTUs.
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Figure 37 Continued.

f0 = §
QE_E'EHQQU% 2 EEu'g
3&-%55%59 [ §m3§
T 4 g F
BoFHeoncd g Gagl
ETgIootls = f00d
<Eud0zaze < z2z0
(] Kerocomellus sp.9 I ] ~ Rubinoboletus sp. 1
(] Hortboletus supaludosus 0 Tyopils varicbrunneus
() Heroeonelus sp.8 L0 Tyiopisbumequbens
(] Yeroomelus . 7 0 Tyepiksapnus
_____ W erocoms bubainus L0 00 Tyops baloui
_____ 0 erocomelhs of. ubelus ] E LN _ Tylopis sp. 6
_____ 0 erocomels of. ubels 3 | L) Tyopilus aff. baloui
|  @erocomelus ameniaos 0 Tyiopis unensis
0 @erocomus nubelus 0 Tyepiussp L
0 eocomells of ubells 2 O Tjopihs pygmaeis
[] Hortboetus amygdalinus L& Tynissp3
0 erocomelsaft ubehs E— ) Tylopius sp. 18
‘L_ (] Xerocamelus sp. 6 'E 0 Topus ioeobrumens
0 Bl drtamensis L0 | Monis ekt
— | @ Nigoholeus oseonigescens 0 Topusemgneus
0 Yeocomelusooer [ 10 Topisiess
_____ 0 erocomells . porospons L0 Tyopibs pmbenvilacenites
| W¥erocoms porospors 08 Tyopisviacepalidus
@ Xerocomus runcatus . 0 Tyioplus sp. 17
_____  @erocomels chrysentzron [N Tyoglussp. 16
_____ % erocomels poeder | & Topiksnbrabness
_____ 0 8 Xenconellssp.2 L0 Tpiusaroioaeotmmess
- [T Yeomnelusc dryseneron 00| s d
l' 0erocomelussp. 1 i) * Togius arlaceus
00 erocamelus sp. 4 L0 Tyoplusaisienss
= O erocomelus dryophius L0 | Toniusneateleus
— 0 eoomesommns (00 Tosmimospons
L) Xerocomells sp.5 L0 s 15
R  Xenoomelissp.3 L@ Toplhsinemedus
@ Helogeser cobmelfer X Tyopllssp. 5
a 00 Wencomus emicss . 0 ¥ﬁ:ﬂ;gﬂﬂ“0mm
_____  @erocomelus rparielus BN, SENI ssp.2.
— 0 Xeoomsgp 2 L0 opis viemous
@ Bokews gabels _ ® | Pophyelusfomoss
| @urcuured Herocomes " Tyopilus qriseipurpures
L Beoomisbais L : Il ;&;ﬂ'“ﬁﬂmls
Imiera pana T 9[103*553
e I Chscuretruea NN AN Wﬂmioi
Xerocomssp.3 e g1 Jan : M"“_PU'DITW”
| Bokussp.44 AN Tmtt:;mwnm
Tengioboletus ginosus : mmm:ﬂ"m
9 Tegdvkisgl [ ) gmmﬂsineme
Bokssp. 4 1@ Nanthoconium purpuream
L Bolessp. 1 T T Beusreinias
0 Guynaponusahipodis e | | s
T ] Boletus umbrinipieus
'l o Ddsaz ) Baletis morier
..... 0 Tyoribs s I 2NN ;
0 Boletus boryoides
[ Porphyrells 5p. 5 T s
() Tylopis sp. 22 Ll e ;
[) 30ens hiratsikae
(] Tylopis 9. 21 R, :
930k eduls
0 Thpisp2 ) Bl et
(0| Tyoisp.19 . 008
----- @ nepksancois ] Baletys sioeglis
..... @ Tyopis boster T sy
Ll ok 16 | 0@80kns ae-mus
[ ] Bolets griseiceps T s bl
P s
0 | | Pootyebsg.d " Boktus pinophilss
[r— [ Afocastelnna ioryana —aa aa ;
----- ’ 00 D0Buiens aurantionser
|| yopils pophytospons 00| B
[ ] W Porphyrells pseudoscaber T s
(] Porphyrelis sp. 3 e ot vickioss
© Porphyrelus sordidus 7T [
@ Porphyelus castaneus 0 0cckzus neirign
g,
@ Pophyelusoreniiumosipes 0 B .02
0 Pophyelsy.? T 0 mewssiog
[ ] Porphyrelus af, aboater 0 sewshengn
(] Porphyrells holophaeus 0| Bdewsceis
[T ig:gmﬁ%lnwmreus 90 9 Gasqupiis
el ells brumneus
— | obokushents T L) Il mammmn
Suodilomyoes . 10 0 Bdeuspaniiots
stodlomyes .9 B Boletss commuris
Suobilomyoes seminudus T Myooamaranis cngolerss
Stobiomyoes afl, seminudus Boleus 9,41
stodlomes .8 T8 soensasoedis
__ Stotiomyoes sp.7 0 Bdemspd
§ Suobiomyees sp.6 —E 0 Piyloponssp. 10
1§ Stobiomyees stobiacess 0 Xeoomss1
. Stobilomyoes dryoghilus 0 Boets plis
@ Stoblomyces focaopus |0 Bk 9
_ Stoblomyeessp. 0 Beusci subridels
0 stosiomyees 5p.2 [— Tyopits . 12
| oes VermuCuiosUs — IRl " Tyopikssp. 11
Strobilomyees . 1 (] Boetaceze sp. 14
Stolilomyoes aN0sguEMCSLS L@ Doletus semigasiideus
Stobilomyces . 4 8| Bolews subvidlceohuscus
Stobiomyeessp.3 Tyopils toadsize
@ Boktus separans
0 Boletus aff. separans
0| Bolensvolaceofusous
L0 Boeustyopiopsis
| @ Boletus gerrudie
| @ Bolets nobils



Mesoamerica
Nearctic

Palearctic

Bules sp. 38
" Baorangia pseudocalopus
Boletus cf. bicolor
Boletus subluridellus.
Baletus nufomaculatus

_ Fistlinela prunicolor

Weloporphyrellus conicus

Tyiopiluss pemanus

__Chiua aff, virens

Tylopilus aff chromapes

" Tyiopilus sp. 10

Fistulinelia campinaranae

 Fismiinela ruschii

" Tylopiussp. 9
 Tyogilus sp. 8

Veloporphyrellus pantoleucus

Veloporphyrellus velatus

Veloparphyrellus pszudovelaius

Weloporphyrellus aff. velatus

" Veloporphyrelus alpinus

Mucilopilus castaneiceps

" Retholetus pseudogriseus

Austroboletus lacunosus
Austroboletus sp. 1
| Austobolews sp. 3
__ Austroboletus dictyotus
| ustoboletus aff. mutabiis
__ Austroboletus sp. 4
Jusiroboleius fusisporus.
_ Austrobolequs aff. fusisporus 2
Austroboletus aff fusisporus

Figure 37 Continued.
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Figure 41 ML tree and biogeographic occurrence matrix for Cantharellaceae.OTUs
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Figure 57 ML tree and biogeographic occurrence matrix for Cortinariaceae OTUs.
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Figure 57 Continued.

Cortnaius sp. 56
@ Cornarius sp. 37
1@ Cortnarius rubicunduius
Cortnaius sp. 144
Cortnarius sp. 42
TTT ‘Cortinarius comugatus
[ ] Cortmarius pselioticton
[ ] Cortmarius sp. 52
‘Cortinarius sp. 35
Cortinarius sp. 143
Cortinarius alboroseus
Cortinarius sp. 142
Cortinarius fuviubatus
Cortinarius phaecmyca
Cortmaius sp. 6
Cortnaius sp. 141
Cortnarius dysodes
| @@ Cortmarius salor
| @@ Cortnarius brunneatinetus

Cortnarius higinus
Cornarius castaneodiscus
Cortinarius sp. 140
Cortinarius basipurpureus
Cortmarius sp. 138
Cortinarius fessize

|88 9@ Cortnarius calaisopus
[ ]

| Cortnarius rotundisporus
0@ Cortnarius delbutus
@@ Cortnarius sp. 70
Cortnarius iodes
@ Cormarius cf. salor
‘Cortinarius porphyroideus
‘Cortinarius sp. 68
Cortinarius peciochelis
Cortnaius sp. 51
Cortnarius anisodorus
Cortinaius sp. 73
Cortnarius marmoraius
| Cortnaius sp. 88
T Cortnarius belss
Cortinarius gymnooephalus
@ Cortnaius cf. arvinaceus
‘Cortinarius vilreopilealus
@@ Cormarius colinius
® O Cornaivsiis
Cortinaris sp. 81
Cortinarius wisooviridis
Cortinarius cartiagineus
I Cortmaius sp. 45
@ | Cortnarius parasanthus
@ Conarius
| Connarius sp. 16
| @@ Cortnarius iluminus
‘Cortinarius sp. 138
‘Cortnarius sp. 72
‘Cortinarius sp. 137
‘Cortinarius sp. 136
Cortinaius sp. 67
Cortinarius sp. 135
9@ Cornarius sp. 18
@@ Cortnarius acuius
@@ Cortnarius incisus
@ Cortnarius acutovelatus

_ @ 9@®cConnaius sp. 57

| Cortinarius cypripedi
[] ‘Cortnarius sp. 23

0 Corinarius oulankeensis
® | Cornariussp. 47
®_Cortarius ochropalins
| @Connarius amillius
| 8@ Cortarius suboenochels

@ ®®Corinaius pieidsungendus
@@ Cortnarius sp. 53
] 9@ Cortnarius brunneus
Cornarius carranzae
@ Cornarius squamulosus
@@ Corinarius clarobrumneus
@@ cCorinarius sp. 8

| @@ Cortnarius ionasmus
| Cortnarius savegrensis

e | ‘Cortinarius sp. 22

@@ Cormnarius sp. 20
0@ Cortnarius seripes
@ Cormarius leucopus
@ Cormarius abonigrelius
Cortinaris sp. 134
Cortnarius decipiens
@ Cornarius sp. 133
® Cortinarius pukhipes
Cortinarius cf. evernius
ortmarius cinnabarnus
@ Cortnarius buliardi
®_ Cornarius califomicus
@@ Cortnarius sp. 55
@ Cormnarius sp. 41
@@ Cormnarius ifopodius
@ Cortinarius candelzris
Cortinarius duracinus
$@ Conmarius evernius
9@ Cortnarius sordidemaculanss
" @@Cortnarius colymbadinus
| @@Cartnarius o sublemugineus
| @ Cortnarius fesiaceofolius
@@ Cortnarius sp. 34
| Cortnarius sp. 14

e 9@ Cortmaius alboviolaces

Indomalaya
Y

Afroiropic
E
A

i
pic

Mesoamerica

Nearctic

Palearciic

9@ Cortinarius tonus
___ Continarius sp. 132

9@ Cortinarius aff. muiticolor
@@ Corntinarius sp. 11
Cortinarius fastialus
Cortinarius psammocephalus
Cortinarius fulvoconicus

Cortinarius angelesianus
Cortinarius sp. 50
Cortnarius sp. 120
Cortinarius sp. 119
Cortinarius sp. 116

Cortinarius aff. austrosanguineus 3
Cortinarius aff. austrosanguineus 2
Cortinarius aff. austrosanguineus
Cortinarius sp. 117

| Cortinavius enythrasus

@ Cortinariussp. 113
Cortinarius sp. 89
Cortinarius anomalus

__ Cortinarius austrocinnabarinus
__ Cortinarius

Cortinarius auranoferreus
Cortinarius paraoni
Cortinarius clivaceoniger
Cortinarius alropurpureus

" Cortinarius vidus
| Cortinarius lamproxanthus:

Cortinarius ombrophilus
Cortinarius sp. 107
. Cortinarius vinaceolamelatus
Cortinarius sp. 15
| Cortinarius cramesinus
Cortinarius sp. 106
| Cortinarius sp. 105
Cortinarius orxanthus
Cortinarius elaphinus
Cortinarius sp. 104
Cortinarius pachynemeus
Cortinarius squamiger
Cortinarius icterinus

Cortinarius cameolus

| Cortinarius ignellus
Cortinarius 5p. 108
Cortinarius sp. 102




0.05

Figure 57 Continued.
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Figure 61 ML tree and biogeographic occurrence matrix for Inocybaceae OTUs.
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Figure 61 Continued.
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Figure 67 Continued.
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