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Summary

» Glomeromycotina is a lineage of early diverging Fungi establishing arbuscular
mycorrhizal (AM) symbiosis with land plants. Despite their major ecological role,
genetic bases;of their obligate mutualism are largely unknown, hindering our
understanding of their evolution and biology.

* We compaedthe genomes of Glomerales (Rhizophagus irregularis,
Rhizophagus‘diaphanus, Rhizophagus cerebriforme) and Diversisporales (Gigaspora
rosea) species, together with those of saprotoddhicoromycota, to identify gene
families and processes associated with these lineages and to understand the molecular
underpinning, of their symbiotic lifestyle.

» Genomic/features in Glomeromycotina appear to be very similaranidry high
content'in‘transposons and protein-coding genes, extensive duplications of protein
kinase genes, and loss of genes coding for lignocellulose degradation, thiamin
biosynthesis and cytosolic fatty acid synthase. Most symbiosis-related genes in
R.irregularis and G. rosea are specific to Glomeromycotina. We also confirmed that
the present species have a homokaryotic genome organization.

* The high.interspecific diversity of Glomeromycotina gene repertoires, affecting all
known protein domains, as well as symbiosis-related orphan genes, may explain the
known adaptation of Glomeromycotina to a wide range of environmental settings. Our
findings contribute to an increasingly detailed portrait of genomic features defining the

biology ofAM-fungi.

Key words=arbuscular mycorrhizal fungi, carbohydrate-active enzymes, fungal

evolution, interspecific variation, protein kinases, transposable elements.
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Introduction

The Glomeromycotina is a division of early diverging Fungi (Mucoromycota sensu
Spatafora et al., 2016) with 315 described species (www.amf-
phylogeny.com/amphylo_species.html). Members of this sub-phylum are able to
establishAMesymbiosis in association with 71% of land plants (Brundrett and
Tederso00,.2018). The mutualistic relationship established by AM fungi has a substantial
impact on“growth, development and ecological fitness of plants in natural and
agriculturalecosystems (van der Heijden et al., 2015). This symbiotic association
emerged over 410 million of years ago (Mya) (Strullu-Derrien et al., 2018), and is
considered ancestrial land plant evolution (Spatafora et al., 2016; Martin et al., 2017
Field & Pressel, 2018). It is thought that obligate mutualistic Glomeromycotina derived
from saprotrophic ancestors from the Mucoromycota lineage (Spatafora et al., 2016),
althoughdifferent views on the appropriate taxonomic rank of AM fungi are currently
presentin the research community. Here, we consider that Mucoromycota comprises
Glomeromycatina, Mortierellomycotina, and Mucoromycotina and is sister to Dikarya
(Spatafara et al., 2016). Despite the fact that the first AM symbionts originated >410
Mya, features.of their genomes can be reconstructed through phylogenetically-informed
comparisonssamong extant symbiotic Glomeromycotina and saprotrophic
Mucaromyeota. To harness this potential, genome sequences of divergent
Glomeromycotina species with different life histories are needed. To date, only three
species;of.Glemeromycotina have their genome published, namely Rhizophagus
irregularis (Sehenck & Sm.) Walker & Schiller (Tisserant et al., 2018;al., 2014;

Chen et al%2018; Maeda et al., 2018)¢lRrus (Nicolson & Schenck) Walker &

SchiRler (Kobayashi et al., 2018) and Diversispora epigaea (Daniels & Trappe) Walker
& Schuldler (formerly Glomus versiforméun et al., 2018), meaning that the gene
repertoires of most species of Glomeromycotina have yet to be sequenced, analyzed and
compared.

The strainnDAOM197198 of R. irregularis was the first Glomeromycotina genome to
be sequenced (Tisserattal., 2013, Lin et al., 2014). Thgenome showed that
R.irregularis has substantial phylogenetic relationships with saprotrophic
Mortierellomycotina and shares several genetic and metabolomic features with early

diverging fungi in Mucoromycotina (Tisserant et al., 2013; Chang et al., 2015;
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Spatafora et al., 2016; Uehling et al., 2017). It also provided unprecedented insights
into molecular bases of the AM symbiosis, sexual reproduction and physiology in an
iconic representative of GlomeromycotinaeThAOM197198 genome is homokaryotic
with a low nucleotide sequence polymorphism, and one of the largest fungal genomes,
with an unusually high content of transposable elements (TE) and a strikingly high
number of gene duplications (Tisserant et al., 2013, Lin et al., 2014). DAOM197198
experiencedthe loss of several, otherwise widely conserved Mucoromycotina genes
with funetions'related to cell wall polysaccharide degradation, and overall primary and
secondary metabolism which could explagobligate biotrophy. These features have
recently been corroborated by the sequencing of five additional isolates from
R.irregularis/(Chen et al., 2018), R. clarus (Kobayashi et al., 2018) and D. epigaea
(Sun et'al.;"2018). Most importantly, no gene encoding multidomain de novo fatty acid
synthase"was detected in the genome of these species as initially suggested by Wewer
and co-authors (2014) based on the analysis of R. irregularis gene repertoire. Esterified
palmitic acidis transferred from plant roots to symbiotic mycelium and this lipid export
pathway, together with soluble carbohydrates, contributes a substantial amount of
carban.to symbiotic hyphae Bf irregularis (Bravo et al., 2017; Luginbuehl et al.,

2017).

Isolates.of.R. irregularis harvested from the same field harbor a very large variability
in their gene repertoire affecting most known cellular and biochemical functions, as
well as putative mycorrhiza-induced small secreted effector-like proteins (MiSSPs) and
other differentially expressed symbiotic genes with no known function (Chen et al.,
2018). Highwvariability is also found in active transposable elements. These findings
indicate a substantial divergence in the functioning capacity of R. irregularis isolates,
and as a consequence, their genetic potential for adaptation to biotic and abiotic
changes.

Although transcriptomic assemblies were recently obtained from a number of AM
fungi (Salvieli‘et al., 2016; Tang et al., 2016; Beaudet et al., 2018), our view of the
genomie,features of Glomeromycotina subphylum is still highly biased by the fact that
they have been obtained with species that shared a last common ancestor wikMother
relatives many millions of years ago. As of today, molecular bases of genomic

adaptations that facilitated evolutionary proesse the obligate symbiotic lifestyle



90 throughout the Glomeromycotina phylum are unknown and can only be elucidated by
91 usingadditional full genome sequences from various clades of AM fungi. Acquirin
92 genomic information from additional Glomeromycotina species is also needed to
93 corroborate thie genomic idiosyncrasies, the high intraspecific genome diversity found
94 in R.irregularis (Chen et al., 2018) and its impact on species delimitation (Bruns et al.,
95 2018).
96 In the"present study, we provide a comparative analysis of four genomes of
97 Glomeremycotina symbionts, namétyirregularis DAOM197198, R. diaphasiu
98 (Morton & Walker) Walker & Schu3ler MUCL43196, Berebriforme DAOM227022
99 in Glomales.and Gigaspora rosea Nicolson & Schenck DAOM194757 in
100 Diversisporales. GenomesRfdiaphanus, R. cerebriforme and Gigaspora rosea have
101 been sequenced and annotated for this study as they belong to the more diversified
102 Glomeromyecotina clades (Redecker et al., 2013) and they also present contrasted
103 developmental, ecological and symbiotic traits (Bonfante and Genre, 2008). Our aims
104 are to assess whether the known genome featufesroégularis are shared by other
105 clades of AM fungi and to provide new insights into the evolutionary genome dynamics
106 of the.genome in the ancestral lineage leading to Glomeromycotina at two broad levels:
107 gene family*erigin and diversification, and conservation of gene repertoire features. Our
108 analysis.focusson inter-species genome diversity in key gene categories involved in
109 symbiosis deglopment and functioning and differential gene family expansion and
110 contraction=\We also confirm the occurrence of genes potentially related to mating in
111 these supposidancient clones and a low genetic diversity among tue@xisting
112 nuclei. Comparison of AM fungal genomes with those of Mortierella elongata
113 (Mortierellomycotina) and representative Mucoromycotina species indicates extensive
114 copy number variations in genes involved in nutrient acquisition, developmental
115 pathways, and primary and secondary metabolism. This study, together with the recent
116 analyses of Chen et al. (2018), Kobayashi et al. (2018), Maeda et al. (2018) and Sun et
117 al. (2018), have expanded and refined our understanding of the genomic heritage of AM
118 symbionts.
119
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Methods and Materials

Production of fungal materials

Spores and mycelium &. irregularis DAOM197198 (aka DAOM181602) and
G.rosea DAOM194757, produced on carrot root organ c@turere obtained from
Agronutritiony(Labége, France). Carrot root organ culturd®. diaphanus

MUCL 43196 ancR. cerebriforme DAOM227022 were obtained from the
Glomeromycaain vitro Collection (GINCO) located at Agriculture Canada (Ottawa,

Canada).

De novo_genome assembly

High malecular weight genomic DNA &. irregularis, R. diaphanus, R. cerebriforme

and G.rosea was extracted from large amounts of mycelium produced on carrot root
organ cultures as described in Tisserant et al. (2013) and Ropars et al. (2016). DNA was
used to/construct paired-end (2 x 125 bp) TruSeq Nano libraries and mate-pair libraries
(with insert sizes of 3 and 8 kbp) using Nextera Mate Pair Sample Prep Kit. Libraries
were sequenced using the lllumina HiSeq 2500 platform (lllumina, Inc., San Diego,

CA, USA).at the GeT-PlaGe sequencing facility (Toulouse, Fjahog quality

sequences and sequencing adapters were trimmed from the raw lllumina reads using
Trimmomatic.(Bolger et al., 2014). The adapter sequences on mate-pair sequences were
removed using the software Nextclip with default parameters (Leggett et al., 2014).
Sequences.were assembled using AllPathsLG version 43460 (Gnerre et al., 2011) as
described in'Chen et al. (2018). Scaffolds were queried against the NCBI’s

nonredundant nucleotide database by using BLASTn and sequences with >90% identity
and 75% coverage to plant or bacterial sequences were considered as contaminants and
removed. Sequences with a GC%>45 were also considered as bacterial contaminants
and discarded (Tisserant et al., 2013). The putative MAT-loci of Paraglomus sp.,
Claroideoglomus claroideum, Gigaspora rosea, Scutellospora castanea and Glomus
macrocarpum were identified along preliminary genome surveys of these species using

reciprocal BLAST procedures (Ropars et al. 2016).



150 Genome annotation

151 Gene prediction and functional annotation (Gene Ontology (GO), Eukaryotic

152 Orthologous Groups of Proteins (KOG), Kyoto Encyclopedia of Genes and Genomes
153 (KEGG); proteases (MEROPS database) have been carried out using the Joint Genome
154 Institute (JGI), Annotation Pipeline. This bioinformatic pipeline detects and masks

155 repeats and.transposable elements (TE), predicts genes, characterizes each conceptually
156 translatédprotein, chooses a best gene model at each locus to provide a filtered working
157 set, clusters'the filtered sets into draft gene families and creates a JGI Genome Portal at
158 the MycoCosm database with tools for public access and community-driven curation of
159 the annotation (Grigoriev et al., 2014). The quality of the draft assemblies was

160 evaluated/byusing conserved fungal proteins with Benchmarking Universal Single-

161 Copy Orthologs (BUSCO version 3.0.2; Simao et al., 2015). We used default parameter
162 values, the'fungal BUSCO set (Fungi odb9 gene set; http://buscodev.ezlab.org/datasets/
163 fungiodb9.tar.gz), and performed searches with HMMER version 3.1. Carbohydrate-
164 active enzymes, so-called CAZymes, including glycoside hydrolases (GH), glycosyl

165 transferases (GT), polysaccharide lyases (PL), carbohydrate esterases (CE), enzymes
166 that act.in.conjunction with other CAZymes (Auxiliary activities, AA), carbohydrate-

167 binding modules (CBM) and enzymes distantly related to plant expansins (EXPN), were
168 identified.using the CAZy database (www.cazy.org) annotation pipeline (Lombard et

169 al., 2014). Secreted proteins were identified using a custom pipeline including SignalP
170 v4, WoltPSert; TMHMM, TargetP, and PS-Scan algorithms as reported in Pellegrin et
171  al. (2016).

172 Prediction of transposable element&) was carried out as described in Payen et al.
173 (2017)./De novo repeat sequences were identified in unmasked genome assemblies,
174 downloaded from JGI MycoCosm (Grigoriev et al., 2014), using RepeatScout 1.0.5

175 with default parameters (sequenc&®3bp >10 occurrences) (Price et al., 2005).

176 Filtered sequences were annotated by searching homologous sequences against the
177 fungal referencem RepBase version 22.08

178  (http://www.girinst.org/server/RepBase/index.php) using tBLASTx (Altschul et al.,

179 1990). The coverage of TE, including unknown categories, in genomes was estimated
180 by masking the genome assemblies using RepeatMasker open 4.0.6

181 (http://www.repeatmasker.org). Output files generated from the procedures above were



182 integrated, the genome size and repeat element coverage were calculated, and the results
183 were visualised using a set of custom R scripts named Transposon Identification

184 Nominative Genome Overview (TINGO) (available on request).

185 The putative MAT-loci have been deposited in GenBank and are available under the
186 accessiomnumbers MH445370 to MH445379. The new genome assembly and

187 annotation fronR. irregularis DAOM197198 have been published in Chen et al.

188 (2018), whereas genome assemblies fromid&phanus MUCL43196 and

189 R.cerebriforme DAOM227022 have been published in Ropars et al. (2016). The

190 genome assembly @.rosea DAOM194757 has been produced for this study.

191

192 RNAextraction, sequencing and expression analysis

193 For geneexpression profiling, all biological samples were produced in triplicates.

194  Spores oRvirregularis DAOM197198 and G. rosea DAOM194757 were germinated
195 during seven days in liquid M medium (Bécard and Fortin, 1988) in the dark at 30°C
196 with 2% CQ. Transcripts from these germinating hyphae were used as reference (non-
197 symbiotic control) for calculating the gene expression ratio. Intraradical mycelium of
198 R.irregularis.and Grosea colonising Brachypodium distachyon genotype Bd21 were
199 collected from pot cultures (see Kamel et al. (2017) for details).

200 Total.RNA.extraction, sequencing procedure and expression analyses were

201 performed according to Tisserant et al. (2011) for R. irregularis, and Tang et al. (2016)
202 and Kamelet.al. (2017) for Gosea. In brief, one to three pg of total RNA was

203 extracted from germinating hyphae and mycorrhizal roots using the RNeasy Plant Mini
204 RNA Extraction Kit (Qiagen, Germany) and stored at -80°C until further analysis.

205 cDNA library construction and sequencing were performed at the GeT-PlaGe

206 sequencing facility according to standard lllumina protocols. Bioinformatic procedures
207  for transcript profiling were detailed in Kamel et al. (2017): trimmed paired-end reads
208 were mapped onto predicted genes fiRRnrregularis (genome assembly Rhiir2_1) and
209 G.rosea (gemome assembly Gigrol) using CLC Genomics Workbench (Qiagen) with
210 stringent,settings (similarity and length read mapping criteria at 98% and 95%,

211 respectively). Total mapped paired-end reads for each gene were calculated and total
212 read counts were normalized as fragments per kilobase of gene model per million

213 fragments mapped (FPKM). Detailed description of the RNA-Seq analysis (i.e.,
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specifying reads and reference, defining read mapping options, calculating expression
values) can be found in the CLC Workbench online manual at:

http://resources.giagenbioinformatics.com/manuals/clcgenomicsworkbench/950/index.p

hp?manual=RNA_Seq_analysis.hynrFPKM from geresexpressed in intraradicular

myceliumwere compared to those of germinating hyphageference. Fold-change
values were.calculated by proportion-based test statistics (Baggerly et al., 2003) with a
False'Discovery Rate (FDR) correction for multiple testing (Benjamini et al., 1995). For
the present'study, we used very stringent parameters and retained only genes showing
an expression >5-fold higher in intraradical mycelium compared to germinating hyphae
(FDR < 0.05).,Among the 26,183 high-confidence genes predictedRnirregularis,
17,876 were expressed in hyphae from germinating spores and 12,890 in roots of
B. distachyon. Among the 31,291 high-confidence genes predicted os€a, 13,987
genes wereexpressed in hyphae from germinating spores and 11,896 genes were
expressed In roots &. distachyon. The high number of genes expressed in hyphae
from germinating spores indicates that this non-symbiotic mycelium was
transcriptionally very active and thus, can be used as an appropriate control in
transcriptome.comparisons. Here, fungal genes showing a higher expression in
symbiotic roets compared to germinating hyphaéerred to as symbiosis-related
genes. They.consist in all genes involved in fungal development and metabolism in
plant tissues. These so-called symbiosis-related genes are candidate genes for further
functionakanalyses of symbiotic functions.

Detailed information on the protocols and data are available at National Center for
Biotechnelegy Information (NCBI) Gene Expression Omnibus (GEO) portal (accession
numbers: GSE67906 to GSE67911 for@ea and GSE67913 to GSE67926 for

R.irregularis).

Protein orthology

To assess.the orthology between gene sets from the eight species of Mucoromycota
sensu Spatafora et al. (2016), we downloaded gene models of Mortierella elongata AG
77 v2.0 (Uehling et al., 2017), Mucor circinelloides CBS277 v2.0 (Corrochano et al.,
2016), Phycomyces blakesleeanus NRRL1555 v2.0 (Corrochano et al., 2016) and
Rhizopus microcarpus ATCC52814 v1.0 (Lastovetsky et al., 2016) from JGI
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MycoCosm database. We clustered the predicted proteins of these taxa, together with
the present Glomeromycotina predicted proteins, with FastOrtho using 50% identity and
50% coverage (Wattam et al., 2013). We selected the latter parameters because
compared fungal species are highly divergent. We discussed the protein families
(orthogroups).in expansion in each species relative to the other species only when the
differences. were statisally supported (Wattam et al., 2013). Based amdlustering,

we déetermined (1) the set of predicted proteins shared by the eight species (i.e., core
genes),(2)'sets of predicted proteins encoded in at least two genomes (i.e., dispensable
genes), and (3) sets of predicted proteins unique to a genome (i.e., species-specific
genes, which are also referred to as taxonomically restricted)g€netefine sets of
species-specific genes in a broader context, we also searched for orthologous sequences
(50% identity.and 50% coverage) in a wider set of genomes, ca. all fungal genomes
publiclyravailable at MycoCosm. For each gene sets, we also identified duplicated
genes. Note that genes families were also automatically clustered by the JGI prediction
pipeline and the clustetan be visualized, ranked and compared at the ‘CLUSTERS’

page of the JGI Glomeromycotina genome portals, e.g.

https://genome.jgi.doe.gov/clm/run/Rhiir2 1-FM2-Glomeromycota-

only.2100;Pey ufO?organism=Rhiir2_Nultigene families were analysed for

statistically.significant evolutionary changes in protein family size using the CAFE and
FastOrtho programs (Han et al., 20¥&ttam et al., 2013) with default parameters.

The genomes @dR. clarus (Kobayashi et al., 2018) and D. epigaea (Sun et al., 2018)
were not'included in these analyses, as they were publicly released after this manuscript

submission:

Phylogenomic analysis

A phylogenomic tree was constructed using the eight above mentioned Mucoromycota
genomes and four outgroup genomes. We identified 784 gene clusters with only one
protein-coding gene per species by clustering protein sequences using FastOrtho
(Wattam,et al., 2013) with the following parameters: 50% identity and 50% coverage.
Each cluster was then aligned with MAFFT 7.221 (Katoh & Standley, 2002), and
ambiguous regions (containing gaps and poorly aligned) were eliminated and single-
gene alignments were concatenated with GBLOCKS 0.91b (Castresana, 2000). A
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maximum likelihood inference for our phylogenomic dataset was achieved with
RAXML 7.7.2 (Stamatakis, 2014) using the standard algorithm, the
PROTGAMMAWAG model of sequence evolution and 1000 bootstrap replicates.

dN/dS caleulation

For this analysis, we only used gene nucleotide sequences defined as 1-1-1-1-1
orthologues by FastOrtho. Average dN and dS values for predicted transcripts were
calculated"asing thBioPerl’s DNAStatistics package (Stajich et al., 2002). The

package uses a simple count method for dN and dS calculations, which is sufficient for
our purposes. of finding divergent orthogroups in the clusters as defined above.
Alignments were confirmed by visual inspection. To ensure a conserved analysis,
poorly aligned loci were discarded from the average dN and dS analysis and the final
results wereplotted using the R program. A list of the genes showing evidence of rapid
sequence evolution in the Glomeromycotina genomes and their putative function (KOG

definition) can be found in the Supporting Information.

Single.nucleotide polymorphism (SNP)

For SNP calling and allelic frequencies plots, each set of paired-end and mate-pair data
sets used.for.Glomeromycotina assemblies was mapped independently against the
respective corresponding reference genome assemblies downloaded from the JGI
portals using.the Burmes-Wheeler Alignment (BWA) tool, with the BWA-MEM

algorithm (Li'& Durbin, 2009). The mapping tool is specifically designed for sequences
ranging frem"70 bp to 1 Mbp and is recommended for high-quality queries. SAMtools
(Li et al., 2009) was then used to convert SAM files into sorted BAM files and to merge
the different data sets of the same species together, to obtain a single sorted BAM file
for each isolate. SNPs were called using FreeBayes v0.9.18-3-gb72a21b (Garrison &
Marth, 2012), with the following parameters: -K (that is, output all alleles that pass
input filters)gexcluding alignments with mapping quality less than 20 (-m 20) and
taking'into account only SNPs with at least two alternate reads (-C 2). SNPs were
filtered to avoid the analysis of false positives (that is, SNPs originating from
misalignment and/or paralogy) using vcffilter from the vcf-lib library according to (1)

the read depth (maximum read depth: DP < 1.25x genome mean coverage; minimum
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read depth: DP > 0.75x genome mean coverage), (2) the type of SNPs (only considering
SNPs, not indels: TYPE = snp), (3) considering only one alternative allele (NUMALT =

1) and (4) the reference allele observation (RO > 1).

Data availahility

Full genomey predicted gene and transcript sequencesroé@ularis DAOM197198,
R. diaphanus'™MUCL 43196, Rerebriforme DAOM 227022 ar(d. rosea
DAOM194757 can be accessed at:
https://genome.jgi.doe.gov/Rhiir2_1/Rhiir2_1.home.html

https://gename.jgi.doe.gov/Rhidil/Rhidil.home.html

https://genome.jgi.doe.qgov/Rhicel 1/Rhicel 1.home;html

https://denome.jqgi.doe.qov/Gigrol/Gigrol.home.html

Genomieresources are also availail&enBank under the following accession
numbers: R. irregularis DAOM197198 version 2, AUPC02000000/PRIJNA208392;
R. diaphanus, QKKE01000000/PRINA4300R4cerebriforme,
QKYT01000000/PRJINA430010; and G. rosea, QKWP01000000/PRINA430513.

Results

General.genome features and phylogeny

The nuclear genomes Bf irregularis, R. diaphanus and derebriforme in Glomerales
and Gigaspera rosea in Diversiporales were sequenced and assembled. They ranged
from 126to 598vIbp with an estimated content of 21,549 to 31,291 protein-coding
genes (Table 1, Supplementary Table S1 in Supporting Information). Glomeromycotina
genomes are significantly larger than saprotrophic Mucoromycota genomes (Table 1).
No evidence of whole genome duplication events (i.e., no segmental duplications) was
found (see Synteny tools on the JGI portals) and this larger size is mainly drivén by
proliferation. TE content ranges from 20% @faphanus) to 63% (G. rosea) of total
assemblies(Table 1, Fig. 1). However, the exact repetitive fracti@nrosea and
Rhizophagus genomes is likely larger; their highly repetitive nature (Fig. 1) has
contributed to the assembly fragmentation, hindering the annotation of an unknown TE
proportion. The distribution of TE categories notably varies bet@eeasea and

Rhizophagus spp. (Fig. , With the former harbouring a larger genome coverage of


https://genome.jgi.doe.gov/Rhiir2_1/Rhiir2_1.home.html
https://genome.jgi.doe.gov/Rhidi1/Rhidi1.home.html
https://genome.jgi.doe.gov/Rhice1_1/Rhice1_1.home.html
https://genome.jgi.doe.gov/Gigro1/Gigro1.home.html
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Gypsy LTR, Tad1, hAT and Mariner/Tcl. The number of Penelope retroelement copies
in G. rosea is >3,900, whereas only 206 copies are fourRdcerebriforme and none in
R.irregularis andR. diaphanus, indicating that invasions by different typeBefook

place independently in different AM fungi. There are hints of older TE propagation
events insthe,four genomes with a long tail of low similarity TE copies (data not
shown). As.a‘result of massive TE proliferations, Glomeromycotina genomesshow
very high'level of structural rearrangements amaacrosynteny was only observed
between Rirregularis anR. diaphanus (Supplementary Fig. S1), consistent with their
close phylogenetic proximity.

Over 97%0f a benchmark set of conserved fungal BUSCO genes, a proxy to genome
completeness (Simdo et al., 2015), were found in Glomeromycotina assemblies
(Supplementary Table $and up to 94% of RNA-Seq reads from fungal libraries
mapped-tothe gene repertoire (see Info page on JGI genome portals), indicating that
assembled genomes capture most of the coding gene space.

To have a robust phylogenetic framework for our comparative analyses, we
investigated phylogenetic relationships between the sequenced Glomeromycotina and
other . Mucoromycota. A phylogeny based on a concatenation of 784 single copy,
orthologous protein sequences (Fig. 2) strongly supports the erection of Mucoromycota
to unite-Glemeromycotina, Mortierellomycotina and Mucoromycotina (Spatafora et al.,
2016; Uehing et al., 2017).

Glomer@mycaotina-specific gene families: gains anddsss

We compared the gene repertoires encoded by sampled Mucoromycota taxa and
identified sub-phylum- and species-specific gene families that might contribute to
genome trait diversification. Wseparately clustered predicted protein sequences of
either the four species Glomeromycotina or the eight species of Mucoromycota to

infer orthologous gene groups (orthogroups) (Wattam et al., 2013hé&Neentified

(i) sets of care genes shareddilyMucoromycota or &lGlomeromycotina specigéi)

sets ofidispensable genes shared by at least two species of Mucoromycota o
Glomeromycotina(iii ) sets of species-specific genes only found in a single genome

(Fig. 3, Supplementary Table S3). For each category, we also identified single copy and

duplicated genes. As expected for species that diverged >450 million years ago
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(Uehling et al., 2017), clustering the predicted protein sequences of the eight
Mucoromycota led to a very restricted core set of géfigs3, Supplementary

Table S3). In the other handevwdentified 5,463 to 5,703 conserved (core) genes, 24 to
27% of them being duplicated genes, in Glomeromycotina species (Supplementary
Table S3)Each AM species is characterizedddgrge set of species-specific genes,

which are also referred to as taxonomically restricted genes. Within this context, the
very highproportion of species-specific-genes in G. rosé%)@ith a higher
frequeneyof'multi-allelic copy numbers (Fig. 3, Supplementary Table S3) is intriguing
and partly reflects the large taxonomic divergence between this taxon and those
sequenced so far. These sets of Glomeromycotina species-specific genes are noticeably
distinct as'they have a shorter gene size, fewer exons, and a lower proportion of
expressed sequences than the conserved genes (Supplementary Table S4), suggesting
they might'be evolutionarily young genes.

The expansion and contraction of gene families (i.e., orthogroups) in the different
lineages of Mucoromycota were determined by using the gene family modeling pipeline
CAFE (Han et al., 2013) (Supplementary Fig. S2) and FastOrtho (Supplementary
Tables S5.t10.S8). Across the phylogeny, the number of orthologous gene families
gained on Glemeromycotina and Mucoromycotina lineages, relative to their most recent
common.ancestor (MRCA), are in the same range, from 63 to 259 (<10% of the
orthologous protein setgpene family loss was also rampant during the diversification
throughout.the Mucoromycota lineages and is larg&.irosea.

It is noteworthy that several Glomeromycotina gene families are strikingly expanded
(i.e., they'eontain a larger set of duplicated genes) or not shared with Mucoromycotina
or M. elongata (duplicated species-specific genes in Fig. 3, Supplementary Tables S5 to
S8). They include large gene families encoding protein domains related to signaling
kinases, such as tyrosine kinase specific for activated GTP (p21cdc42Hs) and
ubiquitination-associated BTB/POZ domain-containing proteins (Supplementary Table
S9). Tyrosine'kinases are often associated to Sell repeats which can serve as adaptor
proteinsyfor the assembly of macromolecular complexes under cellular stress (Mittl and
Schneider-Brachert, 2007).

Hierarchical clustering of the presence and abundance of the different Pfam protein

domains found in the genomes of Mucoromycota species (this studiR anelgularis
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isolates (Chen et al., 2018) (Fig. 4A) identified genome-wide patterns of functional
domain content among these fungi. Glomeromycotina clustered together, whereas
Mucoromycotina species clustered with &fbngata. Among GlomeraleR, diaphanus

was closely related tihe five sequence. irregularis isolates, whereas

R. cerebriforme displays a substantial divergence in its Pfam domain distribution.
Although.clustering with Glomerales, Gsea displayed a Pfam domain distribution
pattern verydifferent from these species, pointing to large differences in metabolic,
developmental and signalling pathways between AM fungi. Pfam categories showing a
substantial differential abundance contain genes encoding transcriptional factors, e.qg.
Myb proteins.and DNA polymerase, but also key factors involved in cell structure, such
as adaptins and kinesins. In Rhizophagus spp., the distribution of Pfam domains
corroborated the higher occurrence of proteins predicted to have a role in signaling
pathways*and protein-protein interactions (see above, 85|56, S7 and S9). The

G. rosea gene set is enriched in AMP-binding and tetratricopeptide repeat region
(TPR)-domain containing proteins, ATPases, NUDIX hydrolases, aspartyl proteases,
cytochroames P450, and methyltransferases (Fig. 4A).

The functional genomic comparison made through KEGG pathway profile
correlations«(kig. 4B) also showed that sequenced Glomeromycotina present a higher
metabolic.similarity between taxa comparedioelongata/Mucoromycota species,
corroborating and extending Mlongata genome analysis (Uehling et al., 2017). Lack
of PCWDE.(see below), degradation of sucrose and glycogen (i.e. invertase,
glucoinyertase, glucoamylase), biosynthesis of polyketides, nonribosomal peptides,
thiamin andbiosynthesis of fatty acids (i.e. palmitic acid through type | fatty acid
synthase) are among the most noticeable metabolic idiosyncrasies of Glomeromycotina
(see KEGG comparative tool on JGI portals).

A substantial proportion (44 to 47%) of predicted Glomeromycotina genes have no
sequence similarity with documented proteins in MycoCosm (Fig. 3), Pfam
(Supplementary Table S1) or Eukaryotic Orthologous Groups of Proteins (KOG)
databases'(data not shown).

Nucleotide sequences of Glomeromycotina orthologous gerled {1-1) were
aligned to identify any evidence of accelerated sequence evolution, assuming that

increased sequence divergence results from positive selection, possibly caused by
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environmental pressures (Supplementary Fig. S3). The analysis revealed that most of
the 100 orthologous genes showing the highest sequence divergence (i.e. red dots in
Supplementary Fig. S3) encode for proteins with unknown function (Supplementary
Table S10). Orthologues with putative function are involved in a large variety of
biologically-unrelated functions and pathways and, for example, include HMG-box
transcriptionfactors, RNA polymerases, as well as protein required for meiotic

chromosome segregation (KOG2513), or mitochondrial Fe/S cluster exporters.

Arestricted set of genes involved in lignin and polysaccharide degradation

The sequenced Glomeromycotina species share a limited repertoire of genes coding for
secreted,plant cell wall degrading enzymes (PCWDE) (Fig. 5, Supplementary Fig. S4,
Supplementary Table S11). No gene encoding lignin peroxidases (AA2),
cellobiohydroelases (GH6, GH7), polysaccharide lyases (PL1, PL3, PL4, PL9), Iytic
polysaccharide monooxygenases acting on cellulose or cellulose-binding-,
carbohydrate-binding module 1 (CBM1) are encoded by sequenced Glomeromycotina
genomes. In Rhizophagus spp., only a single endo-3-1,4-endomanr@aidasg) is
possibly.acting on hemicellulose in plant cell walls. The secreted polysaccharidases
annotated insRhizophagus species are mostly acting on fungal polysaccharides
(chitooligesaccharide oxidase AA7, chitin deacetylase CE4, chitinase GH18Nnd o
acetylgalactosaminidase GH27) or bacterial peptidoglycans (lysozyme) @GH@=5,
Supplementary Fig. S4, Supplementary Tall&) SThe only carbohydrate-binding
modulegare ¢hitin-binding modules (CBM18, CBM19). Remarkably, the distribution of
several CAZyme families strikingly differ i@. rosea compared to Rhizophagus

species, I.e., higher copy number of laccase (AA1) possibly acting on polyphenolic
compounds, cellobiose dehydrogenase AA3, chitooligosaccharide oxidase AA7,
chitinases GH18;-N-acetylgalactosaminidase GH27, mannasgigeosaccharide a-1,2-
mannosidase GH92alactoside a-1,3/1,4-L-fucosyltransferase GT10,

lipopolysaccharide 3-1,4-galactosyltransferase GT25 and carbohydrate-binding modules
bindingute chitin (CBM14, CBM18) i5. rosea (Fig. 5, Supplementary Fig. S4,
Supplementary Table S11).



469 Sexual reproduction

470 The Glomeromycotina genomes were also investigated for the presence of genomic
471 signatures of sexual reproduction (Riley et al. 2013), particularly meiosis-specific genes
472 (MSG), and for evidence @fhomokaryotic/dikaryotic genetic organization; the latter

473 being defined by the co-existence of one or two divergent putative mating-type MAT
474 loci, as recently.found in some R. irregularis isolates (Ropars et al., 2016). Our

475 analysesTare‘consistent with recent data based on analyasrefularis assemblies

476 (Ropars-etaly 2016, Chen et al., 2018), as we found that all genomes eneode for

477 complete set of MSG (Supplementary Table S12A). Furthermore, all AM fungi in this
478 study show_intra-isolate genetic variation (0.23 to 0.36 SNP péBkipplementary

479 Table S12B).that are consistent with a homokaryotic genome organization with no

480 evidence ofdikaryosis. The distribution@NA reads mapping on all bi-allelic SNP

481 regions'wereassessed and we observed allele frequencies in agreement with haploid
482 genome patterns (Supplementary Fig. S5).

483 Also consistent with the homokaryotic nature of these species, each one carried a
484  single copy of\a genomic region showing similarities \@MAT locus composed of

485 two bi-directionally transcribed genes with homeodomain regions, with coiled-coil

486 domains andsnuclear localization signals. We took advantage of the newly available
487 genome.data.to determine whether the locus is structurally conserved across the AM
488 fungal phylogeny, an indication that conservation in gene order is functionally

489 important.ferthe locus. Our analyses showed that the putative AM fungal MAT-locus is
490 conserved instructure across most Glomeromycotina species investigated to date with
491 the exception o6. rosea, including the basal genera Claroideoglomus and Paraglomus
492 (Supplementary Fig. S6). It also shows substantial sequence divergence among the
493 species investigated, as expected for bone-fide MAT-loci. The absence of structural
494  conservation oHD-1-like and HD2 genes in Gigasporaceae stands out, particulary

495 given that the'locus is conserved in other members of the Diversisporaceae; namely D.
496 epigeea

497

498 Secretome and candidate effectors in Glomeromycotina

499 G. rosea and M. elongata have the largest repertoire of secreted proteins, whereas other

500 species have similar sets of secreted proteins, such as CAZymes, proteases and lipases
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(Supplementary Table S13). iRregularis presents a larger repertoire of small secreted
proteins (SSP) compared to other Glomales. Among 436 orthogroups coding for SSPs,
250 are specific to Glomeromyaom species, while 45 are specific to G. rosea and 138
only represented in Rhizophagus species (Supplementary Table S14), confirming that

AM fungishave substantial species-specific repertoire 06SSP

Conservation“of symbiosis-related transcriptional signature within Glomeromycotina
The expression of R. irregularis genes was measured by RNA-Seq priofiling

B. distachyon /mycorrhizad26 R.irregularis transcripts (3.3% of the expressed genes)
are expressed at a higher level in symbiotic roots compared to transcriptionally-active
germinating hyphae (Supplementary Table S19Aese transcripts are potentially
involvedin‘the development and physiology of the symbiotic interacti@assessed

the evolutionary conservation of these symbiosis-related transcripts among
Mucoromycota (Fig. 6A). We found that only 16 %Rofirregularis symbiosis-
upregulated genes are shared by all species of Mucoromycota (cluster VIII). Most of
them are coding for core metabolic functions. In addition, most transcripts from cluster
IV have.orthologous sequences in Glomeromycotina and one or several species of
saprotrophiesMucoromycota. On the other hand, only sevenRsiokgularis
symbiosis-induced genes are species-specific (cluster VII), i.e. not even shared with its
closest taxaR. diaphanus. Most of these genes code for proteins with unknown KOG
functionssand-mycorrhiza-induced small secreted proteins (MiSSPs). Cluster 1l (8%)
groupedR.irregularis symbiosis-induced genes, mainly coding for unknown proteins
and MiSSPs; having a strong similarity wikhdiaphanus, its closest relative.

Transcripts of clusters Il and V (36%) are shared by the Glomeromycotina species,
while those of cluster VI (7%) are only encodeddyosea andr. cerebriforme. As
expected, sequence conservation reflects the phylogenetic distance between taxa, e.g.,
80 % ofR. irregularis symbiosis-induced genes are found.idiaphanus with a high
sequence similarity (> 80 %A substantial proportion of these Glomeromycotina-
conserved, symbiosis-related genes have no known function. However, among genes
conserved irc. rosea and Rhizophagus species (clusters 1ll, 1V, V and VIII), several
are involved in primary metabolism, e.g. nitrogen and carbon assimilation, membrane

transport, signaling pathways (Supplementary Table S15A). Genes putatively involved
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in detoxification mechanisms are also widely represented, e.g. cytochrome P450, UDP-
glucuronosyl transferase, glutathione-S-transferase and pleiotropic drug resistance
proteins (PDR1-15).

Analysis ofithe differential gene expression during the G. rBsdastachyon
interactionridentified 98%. rosea genes (8.3% of the expressed genes) having a higher
expression. in symbiotic tissues compared to germinating hyphae (Supplementary
Table"S15B)."We investigated the evolutionary conservation of these transcripts
enrichedin"symbiotic tissues among Mucoromycota (Fig. 6B). Intriguingly, a larger
proportion (48%, clusters V, VI and VII) of symbiosis-rela@d osea genes are
conserved In.the eight Mucoromycota species compareditcegularis. Most of them
are involved_in cellular and signaling processes, and metabolism. Fourteen % of
symbiosis-upregulated genes (cluster IV) are specif®. tmsea, coding for proteins of
unknown"KOG function and MiSSPs (Fig. 6B, Supplementary Table S15B). Similarly,
G. rosea symbiosis-upregulated genes shared with Rhizophagus species (cluster Il) are

coding for proteins of unknown KOG function and MiSSPs.

Discussion
In the present study,ennvestigated the evolutionary dynamics of key genomic traits in
the subphylum Glomeromycotina of Mucoromycota (Spatafora et al., 2016). Our
enhanced AM fungal taxon sampling, including three newly annotated genomes
(R. diaphanus, R. cerebriforme, G. rosaad an improved. irregularis
DAOM197198 assembly and annotation (Chen et al., 2018), allows us to perform both
within- and-across-lineage comparisons, thus covering the different time scales at which
the evolution of genome features occurred. In addition, this comparative genomic study
provides further insights on the gene repertoires of AM fungi. Overall, our findings
show that extant Glomeromycotina genomes have been shaped by both retention of
ancestral states present in saprotrophic Mucoromycota and secondary innovations, for
the multiple.genomic traits investigated in the present study, namely genome size,
proteimrdomain diversity and gene content.

Genomic features (e.g. genome size, gene nuniberontent) are highly similar
within Glomerales. In contrasg. rosea genome is much larger (>600 Mb) with a

larger coding space and higheie content. Previously, our knowledge on AM fungal



565 genomics was limitetb the geus Rhizophagus, mainly the model fungugregularis

566 (Tisserant et al., 2013; Li et al., 2014; Ropars et al., 2016; Chen et al. N2&dda et

567 al., 2018). Although the transcriptome of G. rosea (Tang et al., 2016) and G. margarita
568 (Salvioliset al.; 2016) have been sequenced, the genome of these representatives of the
569 Diversiporales was not sequenced. Therefore, the present study improves our

570 knowledge.on genomics and evolutionary biology of AM fungi by including genome
571 information'on G. rosea.

572 Our findings reveal a remarkable convergence in genome evolution in Glomerales
573 and Diversiporales with massive accumulatio Bf extensive gene duplications in

574  species-specific families and signaling pathways, but also losses of genes related to
575 saprotrophism in Mucoromycota. We identified large sets of Glomeromycotina-specific
576 genes by comparing Mucoromycota genomes, though most of them are coding for
577 proteins'with®unknow function, such as MiSSPs. Gene families in expansion that

578 originated in lineages leading to extant AM fungal species and genes specific to the
579 Glomeromycatina subphylum are thought to operate in pathways or developmental
580 processes, e.g. symbiotic interactions, that distinguish AM fungi from other

581 Mucaoromycota. Confirmation of this contention will require further large scale

582 functional analyses.

583 We alsa.showed the consistent lack of enzymes involved in plant cell wall

584 degradation, thiamin biosynthesis, and cytosolic fatty acid synthesis in the four

585 Glomeromyeetina genomes, the consistent presence of genes involved in sexual

586 reproductionin the four genomes, genus-specific sets of small secreted proteins that
587 may play"awrole in symbiont recognition and accomodation. A low proportion (16%) of
588 genes upregulated in symbiotic tissues are conserved in Mucoromycotina genomes.
589 Those conserved genes mainly encode for cellular and signaling processes, and

590 pathways of the primary metabolism, and likely derived from those encoded by the
591 saprotrophic MRCA. Several of these general genomic features have recently been
592 confirmed.inG. clarus (Kobayashi et al., 2018) abdepigaea (Sun et al., 2018).

593 The'wery large sets of species-specific genes found in each clade of

594 Glomeromycotina suggest that de novo gene construction followed by extensive gene
595 duplications, and/or fast sequence evolution of pre-existing genes is a hallmark of the

596 sampled AMfungal genomes. As these species-specific genes have no ortholog in other
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sequenced taxa, they evolved independently in each AM species, i.e. they are not
derived from ancestral saprotrophic Mucoromycota. This is particularly true for

G. rosea which displays the largest gene repertoire of sequenced AM fungi so far.
Severalyof these expanding gene families are coding for symbiosis-upregulated orphan
genes, thataare possibly playing a role in symbiosis. For example, we found dozens of
MiSSPs in each taxa of AM fungi that may code for candidate effector proteins. It
remains to'investigate whether they play a role in host specificity and in symbiosis
developmentias suggestedgmel et al. (2017and Zeng et al. (2018). Maeda et al.
(2018) showed that TE contribute to gene duplication in several gene families in
R.irregularis. Investigating the role ®E in the massive gene duplications observed in

G. roseawill.requira genome assembly of higher quality. The present study confirms
and extends our initial findings (Tisserant et al., 2013) that protein kinase genes, such as
those cading for protein tyrosine kinases, are among the largest gene families identified
in AM fungal taxa. It is tempting to speculate that this large number of protein sensors
play a role in symbiotic interactions, such as host specificity, and in planta
accomadation of AM fungi.

Selected species in the Mucoromycotina sub-phylum includes fast growing, early
colonizers oficarbon-rich substragesh as Mucor and Rhizopus. They possess a
substantial.aumber of lignocellulose-degrading enzymes, although their set of PCWDE,
especially those targeting crystalline cellulose (e.g., GH6, GH7, AA9 and CBM1)

(Fig. 5, Supplementary Fig. S4), is lower than wood decayers in Dikarya (eblalk,

2015; Uehlimet al., 2017). As obligate biotrophs, AM fungi do not need a repertoire of
polysaccharide degrading enzymes because they derive most (if not all) of their carbon
from their hosts, but the complete lack of genes acting on plant cell wall
polysaccharides in Rhizophagus species is intriguing and gives rise to the question of
how hyphae colonize the apoplastic space of host roots and how they degrade host cell
walls to colonize host cells. The few remaining enzymes, i.e., multicopper oxidases
(AA1), endeglucanaseH5_7, xyloglucanasBH5_12 andyloglucosyltransferase
GH16,-are prime candidates for further functional analysis of fungal colonisation in
planta. In addition to the loss of their saprotrophic enzymatic arsenal, AM fungi are
lacking genes needed for thiamine biosynthesis, secondary metabolites and cytoplasmic

fatty acid synthesis. Teireduction in the biosynthetic ability is also observed in several



629 obligate biotrophic pathogens (Spanu, 2012). The evolutionary mechanism behind this
630 convergent gene loss is not known, but it is supporting the assumption that their

631 function has become obsolete due to the obligate biotrophic lifestyle.

632 The analysis of the present AM fungal genomes, together with the recently published
633 R.clarus«(Kebayashi et al., 2018) anddpigaea (Sun et al., 2018) genomes,

634 confirmed. that AMfungal genomes are haploid and their genomic polymorphism is

635 very low{0:14 to 0.35 SNP per khj.also confirmed the presence of the gene

636 machineryusually related to sex (e.g., MSG and putative MAT-loci) in these putative
637 asexual clonal lineages. These genes are likely involved in the recently observed inter-
638 nuclear recombination taking place in the dikaryotic life-stage of the R. irregularis

639 isolates'A4 and A5 (Chen et al., 2018b).

640 Obviously, we cannot sequence the genome of the unknown MRCA of

641 Glomeromyecotina and Mucoromycotina to identify the gene set involved in the

642 transition from saprotrophism to symbiosis and obligate mutualism. Sequencing

643 genomes of a much larger and diverse set of Mucoromycota associated to early land
644 plants and of fine root endophytes (Field & Pressel, 2018) may facilitate the

645 reconstruction of the genome of sa@ncient species which gave rise to the symbiotic
646 lineage(s). Although Endogonales and Glomeromycotina are not sister groups and

647 representindependent origins of mycorrhizal lifestyle within Mucoromycota, it is worth
648 mentioning that the most prominent genome features of ectomycorrhizal Endogonaceae
649 s their highTE content and a reduced number of PCWDBafg et al., 2018).

650 In conclusion, the present genome comparison refines our understanding of what
651 makes Glemeromycotina unique. Tihgenomic features have arisen repeatedly in

652 severallindependent lineages, likely as a result of convergence of evolutionary traits,
653 suggesting that such adaptations can be favoured by selection. It is not yet known

654 whether the identified genomic features are shared by thAlg1fingal species.

655 Despite the global dominance of Glomerales over the other AM fungal fantiies, i

656 crucial to further corroborate our findings with improved sampling of other taxa from
657 the more,ancient, non-Glomerales families, such as Archeosporales and Paraglomerales.
658
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Table 1 Summary statistics for genome assemblies of the sequenced Glomeromycotina and selected sapratoopimygddia used in

this study:
Species Assembly Contig Contig Contig Scaffolds Scaffold Scaffold Scaffold (bp) Totalgap Total GC content
size(Mbp) no. N50 (no.) L50 (kbp) N50 L50 (kbp) min - max lengh repeat (%) (%)
%

GigasporaJosea 597.9t 28,997 3,991 37.7 7,526 734  232.0¢ 0.92 1,204.7¢ ( %.92 63.44 28.81
Mortierglla elongata 49.86 742 77 219.8 473 31 517.14 1.00 1,526.2¢ 0.30 4.63 48.05
Mucor circinelloides 36.59 26 4 4318.3¢ 26 4 4,318.3¢ 2.29 6,050.2¢ 0.00 20.38 42.17
Phycomyces blakesleear 53.94 350 41 3704 80 11 1,515.5¢ 2.96 4,452.4¢ 1.06 9.74 35.78
Rhizophagus cerebriform 136.8¢  14,63€ 1,679 18.5 2,592 266  147.87 0.90 709.0z 17.60 24.77 26.55
Rhizophagus diaphanus 125.87 11,501 1,354 22.9 2,764 269  137.4¢ 0.88 686.31 12.52 20.18 27.19
Rhizophagus irregularis 136.8C 5,810 768 52.03 1,123 129 336.3¢ 0.96 1,375.8¢ 5.06 26.38 27.53
Rhizopus microsporus 25.97 823 111 69.4 131 8 1,118.3¢ 1.02 2,782.1% 241 4.68 37.48




Fig. 1 Distribution of transposable element (TE) families in genomes of sequenced
Mucoromycota. (a) TE coverage (%) in genome assemblies. (b) Copy number per TE

family.

Fig. 2 Oganismal phylogeny of the eight Mucoromycota species, plus one
representative of Basidiomycota (Laccaria bicolor), one representative of Ascomycota
(Tuber melanosporum) and two basal fungi, Conidiobolus coronatus and Rozella
allomycis*We'identified 784 gene clusters with only one protein-coding gene per
species by clustering protein sequences using FastOrtho (Wattam et al., 2013). Each
cluster was.then aligned with MAFFT (Katoh & Standley, 2002), and a maximum
likelihood.inference was performed with RAXML (PROTGAMMAWAG model) and
1000 bootstrap replicates (Stamatakis, 2014).

Fig. 3 Gene conservation and innovation in Glomeromycotina, Mortierellamycotina,
Mucoromycoina species. (a) Organismal phylogeny). Bar graphs represent sets of
conserved prateins shared among species (dark blue), sets of duplicated conserved
proteins.shared among species (light blue), sets of dispensable proteins (purple), sets of
duplicated dispensable proteins (light purple), species-specific (orange) and duplicated
specific-specific (light orange) proteins. Note that some of the species-specific genes
found by comparing the eight Mucoromycota genomes have orthalogather fungi
(yellow): Proetein ID and sequences for each FastOrtho orthogroups (i.e. gene families)

are listed in Supporting Information Table S16.

Fig. 4 Functional diversity encoded by Mucoromycota genomg$@sence and
abundance of the different Pfam domain-containing proteitige eight

Mucoromycotina species (this study) and Rhizophagus irregularis isolates Al, A4, A5,
B3 and C2 (Chen et al., 2018). The heat map depicts absolute Pfam domain counts in
each of the.sampled genomes, according to the color scale (only the top most frequent
100domains are shown). The abundance values were then transformed into z-scores,
which are measure of relative enrichment (red) and depletion (green); the hierarchical
clustering was done with a Euclidian distance metric and average linkage clustering

method. The data were visualized and clustered using MultiExperiment Viewer



(http://www.tm4.org/mev.html (b) Diversity of KEGG pathways in Mucoromycota

genomes. Pearson correlation matrix was calculated based on profile of protein-coding
genes assign to KEGG modules; to perform hierarchical clustering the correlation
matrix is converted into a distance matrix. The hierarchical clustering was done with a
Euclidiansdistance metric and complete linkage clustering method. Colors are coded
from dark.red representing high correlation to white representing lower correlation.

Counts 'of'selected Pfam-domain are listed in Supporting Information Table S17.

Fig. 5 Presence and abundance of genes encoding for secreted enzymes involved in the
degradation.of plant, fungal and bacterial cell wall polysaccharides in the eight
Mucoromycota species. The bubble plot depicts absolute counts for genes encoding
secreted CAZymes involved in the degradation of polysaccharides and lignin
derivatives*The bar plots depicts the numbers and ratio of secreted and nonsecreted
enzymes acting on plant (PCWDE) or microbial (MCWDE) polysaccharides
(http://www.cazy.org). AA, auxiliary activities; CBM, carbohydrate-binding modules

CE, carbohydrate esterases; EXPN, distantly related to plant expansins; GH, glycoside

hydrolases; PL, polysaccharide lyases.

Fig. 6/Presence and sequence similarity of symbiosis-upregulated genes from
Rhizophagus irregularis (a) and Gigaspora rosemf@acting with Brachypodium
distachyon.in.the genome of the eight Mucoromycota species. The heatmap depicts a
double-hierarchical clustering of)(426 symbiosis-upregulated R. irregularis genes

(rows, bldchange >5 in symbiotic tissues compared to germinating hyphae from
spores,(false discovery rate-corrected ®05; Supporting Information Table S)5a

based on their percentage sequence identity, 0 to 100% (color scale at left) with their
orthologues (if any) in selected taxa (columns). Right panel, functional categories
(KOG) are given for each transcript cluster in percentage as bargrams and the number
and percentage of genes in each cluster are shown. Data were visualized and clustered
using Ru(package HeatPlus). The hierarchical clustering was done by using a Euclidian
distance metric and Ward clustering method. The bottom heatmap (b) depicts a double-
hierarchical clustering of 989 symbiosis-upregulated G. rosea genes (Table S15b) based

on their percentage sequence identity with their orthologues (if any) in selected taxa.


http://www.tm4.org/mev.html

List of symbiosis-upregulated genes and their distribution by clusters is provided in
Tables S15(a, b).
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