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Summary

Endogonales (Mucoromycotina), composed of Endogonaceae and Densosporaceae, is the only
known non-Dikarya order with ectomycorrhizal members. They also form mycorrhizal-like
association with some non-Spermatophyte plants. It has been recently proposed that
Endogonales were among the earliest mycorrhizal partners with land plants. [t remains
unknown whether Endogonales possess genomes with mycorrhizal-lifestyle signatures and

whether Endogonales originated around the same time as land plants did.

e We sampled sporocarp tissue from four Endogonaceae collections and performed
shotgun genome sequencing. After binning the metagenome data, we assembled and
annotated the Endogonaceae genomes. We performed comparative analysis on plant-
cell-wall-degrading-enzymes (PCWDEs) and small secreted proteins (SSPs). We inferred
phylogenetic placement of Endogonaceae and estimated the ages of Endogonaceae and

Endogonales with expanded taxon sampling.

e Endogonaceae have large genomes with high repeat content, low diversity of PCWDEs,
but without elevated SSP/secretome ratios. Dating analysis estimated that
Endogonaceae originated in the Permian-Triassic boundary and Endogonales originated
in the mid-late Silurian. Mycoplasma-related endobacterium sequences were identified

in three Endogonaceae genomes.

e Endogonaceae genomes possess typical signatures of mycorrhizal lifestyle. The early
origin of Endogonales suggests that the mycorrhizal association between Endogonales
and plants might have played an important role during the colonization of land by

plants.

Keywords: ectomycorrhiza, Endogonales, Endogonaceae, Mucoromycota, mycorrhizal,

Mycoplasma-related endobacteria (MRE), plant-cell-wall-degrading enzymes



Introduction

Mycorrhizas are one of the most common symbioses on Earth. It is estimated that
approximately 90% of terrestrial plant species form mycorrhizal symbioses with fungi
(Bonfante & Genre, 2010; van der Heijden et al.,, 2015; Brundrett & Tedersoo, 2018).
Mycorrhizal fungi provide the host plant with numerous elemental nutrients (e.g., phosphorus,
nitrogen, manganese, calcium, etc.) and enhanced water uptake. In return they receive carbon
from the host plant in the form of glucose and thus are central players in nutrient cycling in
terrestrial ecosystems (Bonfante & Genre, 2010). Two main groups of mycorrhizal symbioses
include the arbuscular mycorrhizas of Glomeromycotina (Mucoromycota) and ectomycorrhizas,
which are formed predominantly by members of Ascomycota and Basidiomycota.
Ectomycorrhizal (EcM) lifestyle has evolved independently numerous times among fungi
through convergent evolution (Martin et al,, 2016; Strullu-Derrien et al.,, 2018), which involves a
number of genomic innovations and metabolic modifications including an increased genome
size from expansions of transposable elements (TE), a decrease in carbohydrate active enzymes
(CAZymes) involved in plant cell wall degradation, and diversification of small secreted proteins

(SSPs) that may function as effectors in the mycorrhizal symbiosis (Kohler et al., 2015).

One of the more enigmatic groups of EcM fungi is Endogonales. These fungi are
members of Mucoromycota, one of the phyla formerly classified as zygomycetes (Spatafora et
al, 2016). Endogonales are unique in that some members form small truffle-like sporocarps that
contain zygospores (Fig. S1), one of the rare cases of sporocarp production with Mucoromycota
(Smith et al, 2013). Endogonales comprises two families, Endogonaceae with Endogone and
Jimgerdemannia, and Densosporaceae with Densospora and Sphaerocreas (Desiro et al., 2017).
In addition, both families include considerable phylogenetic diversity known only from
environmental samples, as well as some arbuscule-forming fine root endophytes (Bidartondo et

al, 2011; Desiro et al,, 2017; Orchard et al., 2017; Walker et al., 2018).

Ecologically, Endogonales are characterized as EcM fungi of woody plants (Warcup,
1990; Walker, 1985; Yamamoto et al.,, 2017), biotrophic symbionts of some non-
Spermatophytes (e.g., ferns, lycophytes, hornworts and liverworts) (Bidartondo et al., 2011;
Desiro et al., 2013; Hirose et al., 2014; Rimington et al., 2015), and putative saprotrophs (non-
symbionts) associated with decayed wood, leaf litter or rotten Polyporaceae basidiocarps
(Berch & Fortin, 1983; Walker, 1985). Recently the species group of Glomus tenue, the fine root
endophytes of some vascular plants, were resolved as part of the Endogonales clade as well
(Desiro et al.,, 2017; Orchard et al., 2017), and were placed into a new genus Planticonsortium

(Walker et al., 2018). This finding is based on short rDNA sequences alone, however, and will



benefit from being tested by additional phylogenetic markers. EcM species form symbiotic
structures consistent with mycorrhizal function, including a mantle of hyphae and a Hartig Net.
However, the function of Endogonales associated with woody plants remains undetermined
(Tedersoo & Smith, 2017), as do the functions of fungal symbionts of hornworts, ferns and
lycophytes (van der Heijden et al, 2015). Genome data will be essential for understanding the

symbiotic functioning of these fungi.

It is important to mention that Mucoromycota also includes the arbuscular mycorrhizas
of Glomeromycotina. In both Endogonales and Glomeromycotina there are some species known
to harbor Mycoplasma-related endobacteria (MRE) in their hyphae and spores. While these
relationships are facultative for the fungi, the MRE are supported as phylogenetically specialized
to Endogonales, Glomeromycotina and Mortierellomycotina (Mucoromycota) and there have
been increasing interests in understanding the distribution and evolution of these enigmatic

bacteria (Bonfante & Desiro, 2017; Desiro et al., 2018).

In addition to numerous independent origins, mycorrhizal symbioses are ancient. Plant
fossils of the Rhynie Chert provide evidence of fungi associated with early land plants. The
fossilized fungi share remarkable similarity with extant arbuscular mycorrhizas of
Glomeromycotina, a finding that lends support for the hypothesis of Pirozynski and Malloch
(1975) that colonization of terrestrial ecosystems by the green plant lineage may have been
facilitated by the mycorrhizal symbiosis. The association of Endogonales with liverworts and
hornworts and their placement in Mucoromycota have led to the hypothesis that they may be
among the earliest forms of the mycorrhizal symbiosis, possibly as old as or older than
Glomeromycotina (Field et al, 2015a; Hoysted et al., 2018). Rhynie Chert Glomeromycotina
fossils, based on spores, vesicles and arbuscules, date to approximately 410 Ma (Kenrick &
Strullu-Derrien, 2014). The oldest definitive Endogonales fossils, which include diagnostic
zygospores of Endogonaceae fungi, are from the Triassic and date to approximately 240 Ma
(Krings et al, 2012). There are hyphal fossils from Rhynie Chert that have been interpreted as
Mucoromycota, but the lack of fossilized spores associated with the material makes a definitive

determination and lineage affiliation difficult (Strullu-Derrien et al., 2014).

To address a number of hypotheses on the evolution of mycorrhizal symbioses and
trophic ecology in Endogonales and Mucoromycota, we sequenced the genomes of four
collections of Endogonaceae, including three EcM collections and one putative saprotroph.
Because Endogonales are difficult to obtain and maintain in culture, these fungi were sequenced
from fresh field-collected sporocarps, thus the generated genome data are metagenomes of each

fungus and its microbiome. This study had three main objectives: 1) Use genome-scale



phylogenetic analyses to confirm the placement of Endogonaceae within Mucoromycota and
determine the ages of the most recent common ancestors (MRCAs) of Endogonaceae and
Endogonales. These data can be used to compare the origin of Endogonales to that of
Glomeromycotina to test whether Endogonales was a potential symbiont of the earliest land
plants. 2) Determine whether Endogonaceae genomes show signatures of the EcM lifestyle,
including large genome size due to TE expansions, reduction in the diversity of plant-cell-wall-
degrading enzymes (PCWDE), and diversification of SSPs that might function in the mycorrhizal
symbiosis. EcM fungi within Ascomycota and Basidiomycota evolved from decomposers of plant
substrates and show a striking decrease in PCWDE, but the ecological context of Endogonaceae
evolution has not been characterized in a phylogenomic paradigm. 3) Characterize the microbial
communities associated with Endogonaceae sporocarps and determine whether metagenomes

of Endogonaceae harbor MRE symbionts.

MATERIAL AND METHODS
Genome sequencing, assembly and annotation

Four Endogonaceae collections were selected for genome sequencing: Endogone sp. FLAS F-
59071 was collected from a decayed log at the Ordway-Swisher Biological Station near Melrose,
FL, USA (February 2018); Jimgerdemannia flammicorona AD002 was collected from soil under
Pinus strobus at Veglio, Pemonte, Italy (September 2013); J. flammicorona GMNB39 was
collected from soil under Picea abies and Picea pungens at Haslett, MI, USA (September 2015);
and J. lactiflua OSC 162217 was collected from an approximately 40-year old Pseudotsuga
menziesii stand at Benton County, OR, USA (February 2015). For each collection, two to three
sporocarps were used for DNA preparation. The sporocarps were cleaned and surface sterilized
using 10% sodium hypochloride and flash frozen with liquid nitrogen. Total DNA was extracted
with a CTAB-based protocol following Mujic (2015). For J. lactiflua OSC 162217, a 150-bp pair-
end library was constructed with New England Biomedical NEBNext kit and was sequenced
with llumina HiSeq3000. For each of J. flammicorona AD002, J. flammicorona GMNB39 and
Endogone sp. FLAS F-59071, a 150-bp pair-end library was constructed using the KAPA-Illumina
library kit (KAPA biosystems) and was sequenced with Illumina HiSeq2500 sequencer.

Transcriptome sequencing was performed for J. flammicorona AD002, J. flammicorona
GMNB39 and Endogone sp. FLAS F-59071. Total RNA was extracted using the RNeasy Plant Mini
Kit (QIAGEN). mRNA was purified from total RNA using magnetic beads containing poly-T

oligos. Standard cDNA libraries were generated from the purified mRNA using the Illumina



Truseq Stranded RNA LT kit. Sequencing of the cDNA libraries was performed on the I[llumina
HiSeq2500 sequencer. The raw RNA-Seq reads were assembled using Trinity 2.5.1 (Grabherr et
al,2011).

Raw genomic [llumina reads were assembled using SPAdes-3.8.1 (Bankevich et al,,
2012) with ‘--meta’ option to generate assembly v1. For each assembly, contigs longer than 1kb
were subjected to BLASTn searches against the PATRIC database (Wattam et al., 2014).
Sequences of the ten most-frequently-hit bacterial genomes were downloaded from the PATRIC
database and were divided into 1-kb-long fragments using a custom script. These fragmented
bacterial genome sequences were used to spike the binning analysis of assembly v1 using
VizBin (Laczny et al., 2015). We also spiked the binning analysis with fragmented sequences
from four known MRE genomes from Glomeromycotina (Naito et al., 2015; Torres-Cortés et al.,
2015) and one from Mortierellomycotina (A. Desiro and G. Bonito, pers. comm.) to identify
potential MRE sequences in assembly v1. Sequences clustered with the non-MRE bacterial
marker sequences were removed from assembly v1. Sequences clustered with the known MRE
sequences were removed from assembly v1 and processed as MRE sequences in the subsequent
analysis. Additional contigs were removed if they formed isolated clusters from the main body
of data and showed strong affinities to non-fungal sequences in the subsequent BLASTx
searches against the National Center for Biotechnology Information (NCBI) nr database. After
removal of non-target sequences, the remaining assembly v1 contigs were saved as assembly

V2.

Original raw reads were aligned to assembly v2 using Bowtie2 v. 2.2.3 (Langmead &
Salzberg, 2012). The mapped reads were re-assembled with SPAdes-3.8.1 (Bankevich et al,
2012) to generate assembly v3. A VizBin (Laczny et al., 2015) analysis on assembly v3 divided
the contigs into two regions - gene space and transposable-elements-rich region (TE-rich
region), with the former containing the majority of contigs with non-TE protein-coding genes
and the latter composed of mainly TE-related sequences (Fig. S2). Contigs from the gene space
region of assembly v3 were used to query the UniProt-TrEMBL database (Apweiler et al., 2004)
and a database of 347 fungal proteomes using DIAMOND v. 0.8.38 (Buchfink et al., 2014) with
the blastx option. Non-fungal contigs and non-Mucoromycotina fungi contigs were removed and
the remaining contigs were considered the final working assembly (Fig. S3). The completeness

of the final genome assemblies was assessed using BUSCO (Simao et al,, 2015).

Genome annotation was performed using the Maker annotation pipeline v2.10 (Cantarel
etal, 2008; Holt & Yandell, 2011). To facilitate protein model prediction and annotation, we

included a dataset of predicted protein models from seven fungal species including Chytridium



lagenaria, Mortierella multidivaricata, Neurospora crassa, Rhizophagus irregularis, Rhizopus
oryzae, Syncephalis plumigaleata, and Umbelopsis ramanniana, as protein homology evidence.
Transcriptome data were used to facilitate annotation of J. flammicorona AD002, J. flammicorona
GMNB39 and Endogone sp. FLAS F-59071. For the annotation of J. lactiflua OSC 162217, which
lacked transcriptome data, we used the transcriptome data from the other three Endogonales

collections as the alternative EST data in the Maker pipeline.

Phylogenetics of Endogonaceae and molecular dating analysis

We sampled a total of 66 species (63 fungi and three outgroup taxa), including 55 assembled
and annotated genomes and 11 transcriptomes (Table S1). We employed 434 protein markers
that have previously proved useful for higher-level phylogenetic analysis of fungi (Beaudet et al.,
2018) (https://github.com/1KFG/Phylogenomics_HMMs). The search for the target markers in
the sampled genomes and proteomes and the alignments were performed using the pipeline
PHYling (Stajich JE; http://github.com/stajichlab/PHYling_unified) with the default setting.
Phylogenetic analyses were performed on the concatenated alignment of the 434 markers in
RAxXML 8.0.26 (Stamatakis, 2014). We employed the ‘-f a’ option with 100 bootstrap replicates
and the PROTGAMMALG model. To facilitate subsequent analysis on carbohydrate-active
enzymes (CAZymes) and small secreted proteins (SSPs), we removed 11 taxa that had only
transcriptome data and one taxon with no annotation data from the data set (Table S1). We then
performed RAxML analysis with the remaining 54 taxa using the same parameters described

above.

To date the divergence times in the best RAXML tree, we used r8s v1.8 (Sanderson,
2003) with a local molecular clock and a total of eight possible calibration points. The MRCA of
all fungi except for Blastocladiomycota and Rozella was constrained to 750 Ma based on the
expansion of fungal pectinases and the age of Streptophytes as discussed in Chang et al. (2015).
An additional seven fossils were used as minimum age calibration points for the MRCAs of
Blastocladiomycota (407 Ma), Chytridiomycota (407 Ma), Glomeromycotina (407 Ma),
Endogonaceae (247 Ma), Mucorales (315 Ma), Ascomycota (407 Ma), and Basidiomycota (330
Ma) (Table S2). Fossil calibration points were cross validated by fixing the MRCA of Ascomycota
along with the MRCA of Chytridiomycota and all other fungi. After passing cross validation, the
MRCA of Ascomycota was reset to minimum age with final settings as follows: divtime
method=PL, algorithm=TN, set smoothing=10, penalty=log, minRateFactor=0.5,

checkgradient=yes.



A second dating analysis was performed based on a 4-locus dataset modified from
Desird et al. (2017; their Figure 1). This dataset has a wider taxon sampling in Endogonales,
including four Densosporaceae and 52 Endogonaceae collections. The four markers applied
were 18s rDNA, 28s rDNA, translation elongation factor (EF1A), and ribosomal polymerase II
core subunit (RPB2). The J. lactiflua OSC 162217 collection was not included in this analysis due
to the absence or poor quality of the sequences of the target markers. We included Mortierella
verticillata NRRL 6337 as the outgroup. Dating analysis was performed using BEAST 2.4.8
(Bouckaert et al., 2014) with a random starting tree. The minimum age of the MRCA of

Endogonaceae was set as 247 Ma.

Identification and characterization of transposable elements

We used RepeatScout 1.0.5 (Price et al., 2005) and LTRharvest (Ellinghaus et al., 2008) to carry
out de novo identification of repetitive sequences in the four Endogonaceae genomes. We then
applied multiple filters to the output files of RepeatScout and LTRharvest to remove false
positives. For the repeat library derived from RepeatScout, we filtered out low-complexity and
tandem repeats that occurred less than 10 times in the genome or had a sequence length of less
than 100 bp. For the LTRharvest output files, we removed repeats shorter than 400 bp, those
with fewer than five BLASTn hits to the genome (significance cutoff of 1e-15), and those with
BLASTx hits to genes in UniProt/SwissProt (significance cutoff of 1e-5). The filtered output files
from RepeatScout and LTRhavest were consolidated and deduplicated at the 80% similarity
level using USEARCH 4.2.66 (Edgar, 2010). The final set of repeat elements were annotated by
tBLASTx searches (significance cutoff of 1e-15) against Repbase 21.06 (Bao et al,, 2015) and

classified into major TE families with custom scripts.

Taxonomic profiling of Endogonaceae microbiomes

Taxonomic profiling of the microbiome associated with each assembly was performed using
MetaPhlAn2 (Truong et al, 2015). To remove reads identified as Endogonaceae, raw reads were
aligned to the final assemblies using Bowtie2 v. 2.2.3 (Langmead & Salzberg, 2012). The
unmapped reads were extracted and aligned to MRE contigs identified in the VizBin analyses.
The reads mapped to MRE contigs were removed and unmapped reads were analyzed using
MetaPhlAn2 with default settings to investigate the composition and relative abundance of

bacteria at class and order levels.



Phylogenetics of MRE

Using previously published MRE 16S rDNA sequences as queries, we performed BLASTN
searches against the MRE sequences identified in this study with a significance cutoff of 1e-80.
The newly retrieved 16S rDNA sequences were aligned using MAFFT (Katoh & Standley, 2013),
together with 58 published 16S rDNA sequences from other Mucoromycota-associated MRE,
eight from Tenericutes bacteria, and two from Firmicutes bacteria. The resulting alignment was
then trimmed with GBlocks v.0.91b (Castresana, 2000) using the least stringent conditions.
Phylogenetic reconstructions were carried out with MrBayes v.3.2.6 (Ronquist et al., 2012) and
RAxXML v.8.2.4 (Stamatakis, 2014). The best-fit nucleotide substitution model was estimated
with jModelTest v.2.1.9 (Darriba et al., 2012). Markov chain Monte Carlo was run for 10 million
generations under the TrN+I+G model, whereas Maximum Likelihood analysis was conducted
with the autoMR option of automatic ‘bootstrapping’ (Pattengale et al., 2010) under the GTRCAT

model.

Comparative genomic analysis on CAZymes and SSPs

For the identification and characterization of CAZymes and SSPs, we excluded 11 sampled taxa
with only transcriptome data and one with only genome but no predicted proteome data (Table
S1). We focused on 45 families and subfamilies of PCWDEs for the CAZyme analyses. The dbCAN
enzyme HMM profiles (http://csbl.bmb.uga.edu/dbCAN/) (Yin et al., 2012) were used to query
the 54 predicted proteomes using hmmscan in HMMER3.1b (Eddy, 2011). The hmmscan results
were filtered with an e-value cutoff of 1e-15 and an alignment coverage cutoff of 50% of the
domain query. The sequences for each of the enzyme families and subfamilies were aligned
using hmmalign and trimmed with TrimAl (Capella-Gutiérrez et al, 2009). Individual gene trees
were reconstructed using RAxML 8.0.26 (Stamatakis, 2014) with ‘~fa’ option, 100 bootstrap
replicates and a protein model of PROTGAMMALG. Species-gene tree reconciliation was
performed with Notung 2.9 (Durand et al, 2005; Stolzer et al., 2012), using the best RAXML tree
based on 54 taxa and 434 markers as the species tree. To accommodate the uncertainties in
gene tree phylogenies, branches in the gene trees with less than 70% bootstrap support were
collapsed and rearranged to obtain the most parsimonious reconciliation with the --rearrange
option. We also screened for all the 360 dbCAN families with hmmscan and filtered the results
with the same setting as described above. We performed a two-way clustering based on the
distribution of enzyme copy number across the sampled 54 taxa using the heatmap.2 program
in the R package. We also investigated the distribution of class Il peroxidases (POD) in the

sampled taxa. We downloaded 267 fungal POD sequences from the PeroxiBase



(http://peroxibase.toulouse.inra.fr) and built HMM profiles using hmmbuild. We searched for
POD sequences from the 54 predicted proteomes using hmmscan and filtered the results with an
e-value cutoff of 1e-15 and an alignment coverage cutoff of 50% of the query. The resulting
sequences were searched against the Uniprot-TreEMBL database using DIAMOND blastp. Only

the sequences with the best hit to a class Il peroxidase were considered as POD sequences.

The identification of the secretome and SSPs was performed utilizing previously
developed pipelines (Pellegrin et al.,, 2015; Lu, 2016). The following filters were applied to the
predicted proteomes of each Endogonaceae genome: 1) possession of a signal peptide as
predicted by SignalP 4.1 with sensitivity cutoff of 0.34; 2) targeted for a secretory pathway as
predicted by TargetP (Emanuelsson et al., 2000); 3) absence of a trans-membrane helix as
predicted by TMHMM 2.0 (Krogh et al., 2001); 4) targeted for extracellular localization as
predicted by WolfPsort 0.1 (Horton et al, 2007); 5) not targeted to the endoplasmic reticulum
as predicted by PS-SCAN (http://www.hpa-bioinfotools.org.uk/cgi-bin/ps_scan/ps_scanCGI.pl)
under the prosite accession of PS00014 (PDOC00014). We considered a secretome protein as a

SSP if it was shorter than 300 amino acids.

RESULTS
Genome assembly and data binning

The oligonucleotide-composition-based binning process removed 11% to 34% of the data from
the initial assemblies, including sequences from MRE, other bacteria, and various Eukaryotes.
The genome assembly sizes vary from 96 Mb for Endogone sp. FLAS F-59071, 180 Mb for
Jimgerdemannia lactiflua to ~230 Mb for the two J. flammicorona collections. All four genomes
have a high proportion of repetitive elements and the GC content of the repetitive elements are
lower than that of the non-repeat regions (Table 1). Our assemblies captured 76.3% to 84.15%
of the 290 fungal universal single-copy orthologs included in the BUSCO database (Simao et al.,
2015). Among the four genomes, Endogone sp. FLAS F-59071 has the least number of predicted
gene models (9,569; Table 1), followed by J. lactiflua OSC 162217 (12,651). The two J.
flammicorona collections have slightly more predicted gene models (13,838 and 13,653).



Repetitive elements

The identified repetitive elements of the Endogonaceae genomes comprised 65.6% to 78.1% of
the total assemblies. Class I transposons (retrotransposons) represent the largest groups of
repetitive elements in all four genomes (33.3% to 54.9% of all the repeats; Table S3). Within
class I transposons, Gypsy LTR was the most abundant group, accounting for nearly or over half
of all class I transposons, followed by Copia LTR (Table S3). Class II transposons comprised a
small proportion of the total repeats (1.2% to 6.4%). A large proportion of the Endogone sp.
FLAS F-59071 genome was made up of simple repeats (31.3%), while in the other genomes the

proportions of simple repeats were much lower (12.0% to 15.9%).

Microbiome and Mycoplasma-related endobacteria

The binning analysis using Vizbin (Laczny et al, 2015) identified MRE sequences from three of
the four Endogonaceae genomes (Fig. 1), with the exception being J. flammicorona GMNB39 for
which no MRE sequences were detected. The total numbers of nucleotides in the MRE contigs
were 0.9 Mb for J. flammicorona AD002, 1.8 Mb for J. lactiflua OSC 162217, and 2.9 Mb for
Endogone sp. FLAS F-59071 (Table 2). This is proportional to the number of MRE phylotypes
identified from these genomes using 16S rDNA sequences, with one MRE phylotype from J.
flammicorona AD002, two from J. lactiflua OSC 162217, and three from Endogone sp. FLAS F-
59071 (Table 2). Phylogenetic reconstructions based on 16S rRNA gene sequences placed two
MRE phylotypes from Endogone sp. FLAS F-59071 and one from J. lactiflua OSC 162217 within a
clade encompassing MRE sequences previously retrieved from other Endogonaceae sporocarps
(Desiro et al.,, 2015). The remaining three MRE phylotypes, one from each of the three

Endogonaceae collections, formed a novel early-diverging clade (Fig. 2).

After the removal of reads from MRE, Protobacteria dominated the microbiomes of both
J. flammicorona collections (96.7% and 99.8%), although the bacterial composition at order
level differed between them (Fig. S4). In addition to Proteobacteria, the J. lactiflua OSC 162217
microbiome contained 44% Actinobacteria whereas the Endogone sp. FLAS F-59071
microbiome contained 26.9% Acidobacteria. The microbiome associated with Endogone sp.
FLAS F-59071 was the most taxonomically diverse, with seven bacterial orders and one DNA

viral order (Fig. S4).



Phylogenetic placement and dating of Endogonaceae and Endogonales

The RAXML (Stamatakis, 2014) analysis was based on 66 taxa and 434 conserved protein
regions which incorporated128,068 aligned amino acid sites. The best ML tree received strong
bootstrap support across the phylogeny, with a few exceptions (Fig. 3). Reconstructed
relationships among and within major fungal lineages from our analysis are consistent with
previous studies (Spatafora et al., 2016; Torres-Cruz et al., 2017). Endogonaceae is
monophyletic and placed within Mucoromycotina as sister group to the clade of Mucorales,
Umbelopsidales and Bifiguratus adelaidae. Within Endogonaceae, the two J. flammicorona
collections are closest relatives to each other, forming a clade sister to J. lactiflua OSC 162217.

Endogone sp. FLAS F-59071 was resolved as sister to Jimgerdemannia.

The dating analysis with r8s (Sanderson, 2003; Taylor & Berbee, 2006) estimated that
the age of the MRCA of Mucoromycota as 620 Ma, the age of the MRCA of Glomeromycotina as
426 Ma, whereas the age of the MRCA of Endogonaceae as 258 Ma (Fig. 3). BEAST (Bouckaert et
al., 2014) analysis on the 4-locus dataset estimated the age of MRCA of Endogonaceae as 251
Ma, the age of MRCA of Densosporaceae as 167 Ma, and the age of MRCA of Endogonales as 420
Ma (Fig. 4).

Comparative genomic analysis

The 45 enzyme families and subfamilies of PCWDEs were divided into five enzyme classes,
including auxiliary activities (AA, with only AA9 included in this study), carbohydrate-binding
modules (CBM, with only CBM1 included in this study), carbohydrate esterase (CE), glycoside
hydrolases (GH) and polysaccharide lyases (PL). In addition, we compared the lignin-degrading
peroxidase (POD) repertoire in our study. Overall Mucoromycota species possess fewer
PCWDEs as compared to Dikarya fungi (Fig. 3 and Table S4). Enzyme families targeting
crystalline celluloses (AA9, GH6 and GH7) and lignin-degrading PODs were absent from
Mucoromycota taxa (Fig. 3 and Table S4). CBM1 modules, which are also involved in the
degradation of cellulose, were absent or present with low copy numbers in Mucoromycota
species. There was one copy of CBM1 present in the J. flammicorona AD002 genome, while none
were identified from the other three Endogonaceae genomes. The MRCA of Mucoromycota was
inferred to have 48 PCWDEs (Fig. 3; node 67 in Fig. S5 and Table S4). The number of PCWDEs
remained stable with a small number of duplication and loss events along the backbone of
Mucoromycota (Fig. 3 and Tables S5, S6). In contrast, we reconstructed 23 loss events and no

duplications on the branch leading to the MRCA of Endogonaceae. As a result, the MRCA of



Endogonaceae is predicted to possess only 23 copies of PCWDEs. Despite the small number,
PCWDEs from each of the sequenced Endogonaceae genomes comprise enzymes targeting a
wide range of polymers found in plant primary cell walls, including cellulose, pectin, xylan and

mannose (e.g., GH5-7, GH9, GH10 and GH28)

The Endogonaceae secretomes account for 3.9% to 4.8% of the corresponding
proteomes (Fig. 5 and Table S7), comparable to the average secretome/proteome ratios
reported for other fungi by Kim et al. (2016). The proportions of SSPs in secretome for the
Endogonaceae genomes varied from 48% to 57%. The SSP/secretome ratios of Endogonaceae
are similar to average values for the sampled Mucoromycota species (51%). SSP/secretome
ratios for the two ECM species from Ascomycota (Tuber melanosporum and Cenococcum
geophilum) are comparable to those for Endogonaceae (Fig. 5 and Table S7). On the other hand,
the four ECM species from Basidiomycota (Amanita muscaria, Laccaria bicolor, Pisolithus
tinctorius and Suillus brevipes) possess higher SSP/secretome ratios (Fig. 5 and Table S7),

consistent with previously reported values (Pellegrin et al, 2015; Kim et al,, 2016).

DISCUSSION
Assembly and annotation of fungal genomes using a metagenome approach

The rapid sequencing of fungal genomes in recent years has expanded our knowledge of the
diversity of the fungal tree of life and deepened our understanding of many aspects of fungal
biology. Much of the sequencing effort has been focused on fungal species that can be cultured,
but a large number of biotrophic fungal species cannot be maintained in culture. For these taxa,
sporocarp tissues are often the only available material for generating genome data. Sporocarps
are not axenic and sequencing from these structures will capture the metagenome of the
sample. Bacteria and eukaryotes associated with fungal sporocarps may exist as symbionts,
predictable members of the sporocarp microbiome, or in a more transient way as
environmental contaminants (Quandt et al, 2015). Careful bioinformatic mining of
metagenomic data remains a major challenge in gaining access to a suitable fungal genome from

sporocarp tissue.

In this study, we employed a binning approach based on oligonucleotide composition,
guided and complemented with information from sequence coverage and BLAST analyses.
Oligonucleotide-composition-based binning methods have been widely used in microbial
metagenome analyses (Sedlar et al., 2017) but have only rarely been used for metagenomic data

from eukaryotic genomes (e.g., Mosier et al., 2016; Lopez-Escardé et al.,, 2017; Quandt et al,,



2017). In our analysis, we visually differentiated and identified sequences from non-target
organisms based on their unique oligonucleotide signatures (Fig. 1). We also successfully
retrieved genome sequences for the associated MRE. The four Endogonaceae assemblies
possessed 76%-84% of the 290 fungal universal orthologs in the BUSCO database and 82%-
87% of the 434 markers used in the phylogenetic inference. Even though the assemblies
comprised a large number of contigs (Table 1), gene models were present for only 17-25% of
the contigs (Table 1). This approach captured gene space in a manner comparable to single cell
genomics (Beaudet et al,, 2018; Quandt et al.,, 2017) and was sufficient to address our original
hypothesis. The core gene space and repeat-rich regions of Endogonaceae genomes were also
separated from each other in oligonucleotide composition space (Fig. S2) with repeat-rich

contigs identified as more AT-rich (discussed below).

Metagenome binning and the microbiomes of Endogonaceae sporocarps

We identified MRE sequences from three of the four Endogonaceae genomes, a finding
consistent with the facultative nature of the fungal symbiont. The total number of nucleotides
identified as MRE is proportional to the number of MRE 16S phylotypes (Table 2). We estimate
that the genome size of MRE to be approximately 0.9 Mb, within the range of typical MRE
genome sizes (Araldi-Brondolo et al, 2017; Naito et al., 2017). In line with Desiro et al (2018),
phylogenetic reconstructions based on 16S rDNA sequences identified several host-specific
MRE clades, including one from Glomeromycotina, two from Mucoromycotina (Endogonaceae)
and three from Mortierellomycotina (Fig. 2). Three of the MRE phylotypes identified in this
study were resolved in the Endogonaceae-specific clade, while the other three MRE phylotypes,
one from each Endogonaceae collection, formed a clade distantly related to Endogonaceae-
specific clade. They represent one of the earliest splits in the MRE phylogeny, together with the
three Mortierellomycotina-specific clades (Fig. 2). The existence of this novel MRE clade
suggests that additional MRE diversity is waiting to be discovered and that the origin and
evolution of the fungus-MRE association might have been more complicated than previously

hypothesized by Bonfante and Desiro (2017).

In contrast to vertically inherited endohyphal bacteria, extrahyphal bacteria are often
acquired horizontally through the soil bacterial community (Mondo et al., 2012). Not
surprisingly, after excluding MRE, the most abundant bacterial phyla identified from each
Endogonaceae collection were bacteria that are prevalent in rhizosphere soils (Martin et al.,
2017). The major bacterial phyla found in Endogonaceae are also the same taxa identified in
microbiomes of the distantly-related truffle genera Tuber and Elaphomyces (Antony-Babu et

al,



2014; Quandt et al,, 2015; Benucci & Bonito, 2016). In contrast, at ordinal level the bacterial
communities associated with Endogonaceae collections were unique among themselves and
was different from those found in Tuber and Elaphomyces, likely reflecting the differences in the

local bacterial communities where the sporocarps were collected.

Phylogenetic relationships and dating analysis in Endogonales

Phylogenetic inferences at the phylum and subphylum levels in this study are consistent with
recent genome-scale phylogenies (Spatafora et al., 2016; Torres-Cruz et al., 2017). Within
Mucoromycotina, Endogonaceae is resolved sister to the Bifiguratus-Mucorales-Umbelopsidales
clade (Fig. 5). The monophyly of Endogonaceae is well supported (Fig. 5) and the species
relationships are consistent with previous studies based on fewer loci but more extensive taxon
sampling (Desiro et al., 2017). Both J. flammicorona and J. lactiflua are EcM species whereas
Endogone sp. FLAS F-59071 is a member of the E. pisiformis clade (Desiro etal., 2017),
previously reported as saprotrophic (Berch & Fortin, 1983). The origin of Endogonaceae was
dated at the Permian-Triassic boundary, while the diversification of the extant members did not
occur until after the Lower Cretaceous. The age of the MRCA of Endogonales was estimated as
mid-late Silurian and is similar to the estimated MRCA age of Glomeromycotina (Fig. 5 and Fig.

6).

It had been hypothesized that the initial colonization of land by plants was facilitated
through the symbiotic interactions between plants and Glomeromycotina fungi (e.g., Pirozynski
& Malloch, 1975; Selosse & Le Tacon, 1998). This paradigm was recently challenged with the
discovery of mycorrhizal-like associations between Mucoromycotina fungi and liverworts and
hornworts (Bidartondo et al., 2011; Desird et al.,, 2013; Field et al., 2015b). This discovery has
led to the hypothesis that Mucoromycotina fungi may also have played an important role in the
colonization of land by plants (Field et al, 2015a). Mucoromycotina fungi that are symbiotic
with non-Spermatophyte plants were phylogenetically placed within Endogonales, in both
Endogonaceae and Densosporaceae (Bidartondo et al, 2011; Rimington et al., 2015; Desiro et
al, 2017). We estimate that Endogonales originated in the mid-late Silurian (~420 Ma),
contemporary to the origin of Glomeromycotina. This suggests that the establishment of the
Endogonales-plant association may have co-occurred around the same time as the AM
association, both during the initial colonization of land by plants. Unfortunately, our sampling
does not include any species of Endogonales that form mycorrhizal-like associations with non-
Spermatophyte plants due to the scarcity of DNA material. In the future it will be critical to

sample genomic data from these symbionts of non-Spermatophyte plants (particularly from



Densosporaceae) to obtain the complete picture of Endogonales diversification and to better

understand their roles in early land-plant evolution.

Evolutionary signatures of the ectomycorrhizal lifestyle

One of the most prominent features of the assembled Endogonaceae genomes is their large
sizes, whereas the average fungal genome size ranges from 30-50 Mb (Mohanta & Bae, 2015).
Among the sampled Mucoromycotina genomes, non-Endogonaceae genomes have an average
size of 36 Mb. The closest relatives of Endogonaceae in our sampling, Calcarisporiella and
Bifiguratus, have small genomes of 28 Mb and 20 Mb, suggesting that the increase in genome
size is unique to Endogonaceae. In contrast, the gene content of the Endogonaceae genomes is
comparable to that of other fungi. The expansion of Endogonaceae genome size is due to their
high repeat content, which is one of the traits shared by many mycorrhizal fungi and obligate
plant pathogenic fungi (Martin et al., 2008; Tisserant et al., 2013; Dong et al., 2015; Peter et al.,
2016).

A reduction in the number of PCWDEs is another genome signature often observed in
Dikarya EcM fungi (Kohler et al, 2015). As biotrophs, EcM fungi tend to release fewer digestive
enzymes to avoid triggering the defense system of the hosts. Furthermore, they do not need a
large repertoire of digestive enzymes because they derive most of their carbon from their hosts.
Our study shows that the Endogonaceae genomes have a reduced number of PCWDEs as
compared to their hypothetical ancestors and the majority of the other Mucoromycotina fungi
(Fig. 5, and Table S4). However, the degree of reduction of PCWDEs in Endogonaceae is smaller
than reported for Dikarya EcM fungi. Mucoromycotina fungi, including their hypothetical
ancestors, possess a small number of PCWDEs, especially those targeting crystalline cellulose
(e.g., GH6, GH7, AA9 and CBM1). The high content of PCWDEs did not yet exist in the ancestors
of Endogonales, and therefore the reduction in the number of PCWDESs is more nuanced as

compared to Dikarya EcM fungi.

The diversification of SSPs in EcM fungi has been described as part of the ‘symbiosis
molecular toolbox’. These molecules have received increased attention for their roles in fungal-
plant interactions (Plett & Martin, 2015; Martin et al, 2016). The SSPs that function as ‘effector’
proteins are believed to play an important role in the establishment of the mycorrhizal
relationship. Genomes of Dikarya EcM fungi are enriched in SSP genes, especially compared to
those of saprotrophic fungi (Pellegrin et al,, 2015; Kim et al., 2016). In our analysis,

Endogonaceae genomes do not show elevated levels of SSPs when compared to other



Mucoromycotina species (Fig. 7). The SSP/secretome ratios of Endogonaceae genomes are
lower than those of Basidiomycota EcM genomes sampled here and reported in other studies
(Pellegrin et al., 2015). In contrast, the Endogonaceae genomes have high proportions of
species-specific SSPs (SSSPs) compared to that of Basidiomycota EcM fungal genomes. The
SSSP/SSP ratios of the Basidiomycota EcM species typically vary between 25% and 40%
(Pellegrin et al., 2015; Kim et al., 2016) whereas 48% to 68% of the Endogonaceae SSPs are
species-specific (Fig. 7), close to the values reported for pathogenic fungi (which typically 40-
80% SSSPs) (Pellegrin et al.,, 2015). The combination of moderate levels of SSPs and high levels
of SSSPs suggests that Endogonaceae may have taken different strategies to interact with their

host plants.

Mycorrhizal evolution in Endogonaceae with reference to the trophic mode of Endogone

sp. FLAS F-59071

The characterization of the Endogone sp. FLAS F-59071 genome provides additional insight into
its ecology. Most members of Endogone, including Endogone sp. FLAS F-59071, have been
described as saprotrophic due to the production of sporocarps on decayed woody substrates
(Berch & Fortin, 1983; Warcup 1990). However, members of the E. pisiformis clade were
recently documented forming ectomycorrhizas on Quercus (Yamamoto et al., 2017). In addition,
E. tuberculosa and E. aggregata are also putatively EcM (Warcup, 1990). In this study, Endogone
sp- FLAS F-59071 is found to have a large genome with high repeat content, a genomic feature

often observed in EcM fungal genomes.

Moreover, the PCWDE and overall CAZyme composition of Endogone sp. FLAS F-59071
does not differ from those of the EcM Jimgerdemannia (Tables S3-5 and Fig. S6). Reconstruction
of PCWDE evolution mapped a total of 20 losses of PCWDEs onto the branch leading to the
MRCA of Endogonaceae. In contrast, only three losses were mapped onto the branch leading to
the MRCA of Jimgerdemannia. This suggests that the MRCA of Endogonaceae was likely
symbiotic with plants and that the saprobic capacity of Endogone sp. FLAS F-59071 is not
substantially different from the EcM species. This is also consistent with the observation that
within both Endogone and Jimgerdemannia there are taxa that form mycorrhizal-like
associations with liverworts and hornworts (Desiro et al., 2017). Although less information is
available for Densosporaceae, there are a large number of taxa in this group that are
documented from the thalli of non-Spermatophyte plants (Bidartondo et al,, 2011; Yamamoto et
al, 2015; Desiro et al., 2017). The association of multiple, distantly related Endogonales with a

variety of non-Spermatophyte plants suggests that the ancestral ecology of Endogonales is plant



symbiotic. The timing of the evolution of Endogonales (Figs. 5, 6) is also congruent with the
hypothesis of Field et al. (2015a) that Endogonales played an important role in colonization of
land by plants.
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Figure Legends

Figure 1. Metagenomic data binning of the four Endogonales genomes based on tetramer
nucleotide composition using Vizbin. Contigs longer than 1 kb in assembly v1 for each fungal
isolate were included in the analyses (blue data points). The analyses were spiked with known
Mycoplasma-related endobacteria (MRE) sequences (yellow data points) and sequences from
the bacterial genomes that showed up most frequently (top 10) in the blastn search of assembly
v1 contigs against PATRIC database (red data points). Sequences from assembly v1 that
clustered with spiked bacterial sequences were removed from the assembly as contaminants.
Additional isolated islands of contigs of assembly v1 were sampled and used in blastp analysis

against NCBI nr database. Those showing non-fungal affinity were removed from the assembly.

Figure 2. Phylogenetic placement of Mycoplasma-related endobacteria (MRE) phylotypes
identified in the Endogonales specimens of Endogone sp. FLAS F-59071, Jimgerdemannia
flammicorona AD002 and J. lactiflua OSC 162217 based on MrBayes analysis of 16S rDNA
sequences. MRE phylotypes detected in this study were found in two Endogonales-specific
clades. The first clade encompassed three MRE phylotypes identified in this study as well as
MRE sequences previously reported from other Endogonaceae specimens. The remaining three
MRE phylotypes identified in this study, one phylotype from each of three Endogonales
specimens, formed an early-diverging clade among all the sampled MRE sequences. The
treeBranches with Bayesian posterior probabilities =0.95 are thickened and ML bootstrap

support values 270 are shown. MRE sequences obtained in this study are in bold.

Figure 3. Phylogenetic placement and divergence time estimation of Endogonales, and the
evolution of fungal plant-cell-wall-degrading enzymes (PCWDESs). The four genomes sequenced
for this study are highlighted in bold text. The chronogram is based on the best ML tree inferred
with RAXML (66 taxa, 434 proteins and 128,068 aligned amino acid sites) and the divergence

times are estimated with r8s. The vertical gray shade indicates the estimated origin of



embryophytes (e.g. land plants). Bootstrap support lower than 100 is shown by the branches.
Reconstruction of PCWDE evolution was performed with Notung. Colored circles on the right
indicate the observed and reconstructed number of major categories of PCWDEs (AA9: Auxiliary
activity family 9; CBM1: Carbohydrate-binding module 1; CE: Carbohydrate esterases; GH:
Glycoside hydrolases; PL: Polysaccharide lyases). The area of the circles is proportional to the
number of PCWDE modules, with ‘X’ indicating zero and ‘na’ referring to the 12 taxa not
included in Notung analysis because they only possess transcriptome data (Glomeromycotina
and Pandora) or lack annotated proteome data (Zoophthora). Reconstructed numbers of
PCWDE modules are shown for a selection of internodes of Mucoromycota, together with the
numbers of reconstructed gene duplication and loss events (D/L: duplication/loss) for those
nodes. Reconstructed numbers of PCWDE modules for other internodes are shown in
Supporting Information Table S4. Node names: A for Ascomycota, B for Basidiomycota, BL for
Blastocladiomycota, C for Chytridiomycota, M for Mucoromycota, Z for Zoopagomycota, Muco
for Mucoromycotina, Glom for Glomeromycotina, Mort for Mortierellomycotina. The time-scale

is in millions of years ago (Ma).

Figure 4. Molecular dating analysis using BEAST 2.4.8 on the origin and diversification of
Endogonales based on the 4-locus dataset (18s rDNA, 28s rDNA, EF1a and RPB2; 57 isolates
from Endogonales and Mortierella verticillata). The genomes sequenced in this study are
highlighted in bold text. No sequences from the Jimgerdemannia lactiflua 0SC162217 genome
are included due to the absence or poor quality of the target markers. Numbers near the nodes
represent median node ages and blue bars represent 95% highest posterior density around the
nodes. Thickened branches denote those receiving bootstrap support higher than 70 in the
RAxML analysis based on the same dataset. Taxon names in green denote the taxa with
ectomycorrhizal (EcM) or putative EcM ecology. MRCA, most recent common ancestor. The

time-scale is in millions of years ago (Ma).

Figure 5. Comparative analysis of small secreted proteins (SSPs). (a) Proportion of SSPs in
secretome across the sampled 54 predicted proteomes. Ssp/secretome ratios for the four
Endogonales isolates are in red, for the six Dikarya ECM species are in black, for all the other
taxa are in gray. Fungal taxa are arranged according to their phylogenetic placement. (b) Venn
diagram of the SSP cluster distribution among the four Endogonales genomes. SSP clusters were
identified using FastOrtho. The number in each division is the number of clusters in the division

and the number in brackets are the total number of genes included in the clusters in the



division. (c) Statistics of species-specific SSPs (SSSPs) in the four Endogonales genomes based

on the results of FastOrtho analysis of SSPs.

Supporting Information

Figure S1. Endogonaceae sporocarps and zygosporangia.

Figure S2. Vizbin analysis showing the gene space of the sequenced Endogonaceae genomes.
Figure S3. Flowchart for genome assembly and binning procedure used in this study.

Figure S4. Pie charts showing the microbial composition profiles of each Endogonaceae

collection.
Figure S5. Internode namers of the species phylogeny used in Notung analysis.

Figure S6. Heat map of carbohydrate-active enzymes (CAZmes) for the fungal proteomes

sampled in this study.
Table S1. Genome accession information of the sampled genomes.
Table S2. Fossil calibrations and gene family GH28 expansion calibration used in r8s anlaysis.

Table S3. Characterization of the repetitive elements in the four sequenced Endogonaceae

genomes.

Table S4. The number of PCWDE modules present in the extant species and ancestral species

inferred with Notung analysis.

Table S5. The number of duplication events of PCWDE modules mapped onto branches leading

to extant species and ancestral species.

Table S6. The number of loss events of PCWDE modules mapped onto branches leading to

extant species and ancestral species.

Table S7. The proportion of small secreted proteins (SSPs) in total secretome proteins for the

sampled fungal proteomes.



Table 1. Statistics of genome assemblies and annotations for Endogone sp. FLAS F-59071, Jimgerdemannia flammicorona AD002, ], flammicorona

GMNB39 and J. lactiflua OSC 612217.

Endogone sp. Jimgerdemannia Jimgerdemannia Jimgerdemannia
flammicorona flammicorona lactiflua
AD002 0SC 612217
Size (Mb) 96 231 240 180
Total number of contigs 15409 35354 33875 45525
Number of contigs with gene 3861 6 385 6313 7 875
models
Number of predicted gene models 9569 13838 13 653 12 651
BUSCO (%, complete/partial models) | 84.1(76.9 / 7.2) 83.8(70.0 / 13.8) 81.4 (66.9 / 14.5) 76.3 (56.6 / 19.7)
Masked repeats (% total assembly) 65.6 77.6 78.1 72.9
Overall GC% 39.0 42.8 42.7 44 .4
Non_repeat GC% 449 45.2 45.0 46.8
Repeat GC% 354 41.4 41.5 43.0




Table 2. Statistics of the Mycoplasma-related endobacteria (MRE) sequences identified from the

four sequenced Endogonales metagenomes.

Fungal isolate name Total # of MRE Total # of MRE Total # of MRE
contigs nucleotides phylotypes

Endogone sp. FLAS F-59071 532 2.9 Mb 3

Jimgerdemannia flammicorona AD002 64 0.9 Mb 1

Jimgerdemannia flammicorona None None None

CMNR2Q

Jimgerdemannia lactiflua OSC 612217 279 1.8 Mb 2




Jimgerdemannia flammicorona GMNB39 Jimgerdemannia flammicorona AD002







J’L OIIIKlllﬂ&‘lll‘lllllllllll.l.IIMNMNMM IMMMM PR IIHNKIKK.@KOI

mg:.gg:::ox:ooooo?x ..o@.

o O 'leOéOllloslllOl 200000%xe 02223 2 0233 x x xxxxxIF Klllg
“... bl - xl.ﬁ_ o\rl e DOGxGmomes ot uumnP22522 luuuulllllllmullllm\’v_ul

(VI

w @l IOCO.@"’lKIII“'.‘.I!”II"MM“MM XM~MHI‘$I”MIII!"IIxxI

g BEEY m ; i
R

Muuumr

Uffittht

™~ m

BM1 CE

e

Wdz:.a.o
O v -
nl

s

Ll B .
-
< M@o mm (0]
R = m » =
3 o383 5
g =8 \ M.il..mn
| A N

s

,, m il
< “ m.w 3 .m.m .Vm r“ :

Thisarticle is protected by copyright. All rights reserved.



MRCA of
Endogonales

420 Ma

MRCA of

104 Ma

£, Incrussare KPM-NC 0024213
£ Incrassato KPMNC 0024214
£ incrassato 132417

E £. oregonernrs ADL5 3
L oregomeren 136235
Endogone sp. MEL 2024690

= Endegone sp. PEXTY 8092931

£ tubercufory THA14S
Endogone sp. PERTH 7605037
Endegone sp, PERTH 7567251

Endogone . PERTH 7672527

£. agyregate DAR 74231
£ magrespora DAR 69441

MRCA of
Endogonaceae

251 Ma

MRCA of
Jimgerdemannia

1. flommucorona MSC 0242548
I fammigorona ADJS

1. flamencorone MSC D2ATSAS
1. fammicovono [F-13002

£ fammicevona GR7 16

1. flammicorono MSC 0242546
£ fammicovooo 133851

1 fommicorone ANS32

£ flamemcevono 133349
1. flemumicevona GMNB3Y

1 loctifles ADOOL

93 Ma

MRCA of

1, kmetiffn ANG190
1 loctifien ADZSE

1, foctifaz MSE 0242547
1, Joctifion OM142

) — 1 Loceif fuo TA2004

1 loctifios TIM0
5 loctitfon TI2674
1 letifion TI2584
1 Joctifien EL- 14001

1 retaculate T3ATSSA
C § retieulote 1347580

D soficorps DAR EM21
e
5. puby NSRC 103377

Mucorommycoting 1p. MES 15358

167 Ma

M. NRAL 6337




I
ji"i{i ff,fl ff

b 1 flommicorona ADCO2 1 loctifiva OSC 162217 c

specific

i Shysters
| 1 fammiorona GMNIS | 299 131 14 145
J. flommicarona ADOO2 36 147 12 159
1 loctiftva O5€ 162217 280 162 15 167
E sp. FLAS F-S0071 m 166 5 152

) :
/ B ¢ oo ruasseoms

1, flammicorone mu





