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Summairy

e Somesolil fungi in theLeotiomycetes form ericoid mycorrhizal (ERM)
symbieses with Ericaceae. In the harsh habitats where they occurplaR{d
survivalrelies on nutrient mobilisation from soil organic matter (SOM) by their
fungal partners. Characterization of the fungal genetic machinery underpinning
hoth symbiotic lifestyle and SOM degradation is needed to understand ERM
symbiosis functioning and evolution, and its impact on soil C turnover.

¢ \We sequencethe genomes of the ERMrigi Meliniomyces bicolqrM.
variabilis, Oidiodendron maiuandRhizoscyphusricaeand compared their
genesrepertoires to those of fungi with different lifestyles ¢eantal orchid
mycorrhiza, endophytes, saprotrophs, pathog#&ierlsoidentified fungal
transcripts induced in symbiosis

e Gene contents for polysaccharide-degrading enzymes, lipases, proteases, and

enzymes involved in secondary metabolem closer téhose of saprotrophs
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and pathogens thasf ectomycorrhizal symbionts. The fungal genes most highly
upregulated in symbiosare fungal and plantell wall degrading enzymes
(CWDE), lipases, proteases, transporters and mycositnizeced small secreted
proteins (MiSSPs).

e ERMungal gene repertoire revealscapacity for a dual saprotrophic and
bietrophic. lifestyle. This may reflect an incomplete transition fromctamphy

to the mycorrhizal habit, or a versatile life strategy similar to fungal endaphyte

Key words: comparative genomicgricaceaeericoid mycorrhizal fungi,
Leotiomycetes, transcriptomics

Introduction

Mycorrhizal symbioses have arisen repeatedly dyiagt evolution andrea key
innovation‘influencinglantdiversification Tedersocet al, 2010; Van der Heijdeet
al., 2015 Martin et al, 2016§. Ericoidmycorrhiza(ERM) involvesseverakoil fungi
and the youngedineage of asingle monophyletiplant family, the Ericacea&@he
remainingEricaceadaxa encompass subfamilies displaying morphologicaligrde
mycorrhizalassociationgLallemandet al, 2016). Togethethere arec. 4400recorded
species of ericaceotiees and shrubs worldwide, distribufeaim arctic to temperate
and tropicalsegions (Kroet al, 2002).The latest age estimate for the whole Ericaceae
family is c. 117million yr (My) (Schweryet al, 2015),whilst diversification of the
ERM-formingsineages might date back to 9G-million yr ago Mya), during
angiosperm radiatiom the Late Cretaceoslixon & Crepet, 1993; Carpentet al.
2015). The*ERM symbiosiss hypothesized to have evolved within ttiate frame, and
to be the most recent of all mycorrhizal types (Brundrett, 2002).

ERM habitats are usually acidic soils low in nutrients and high in recalcitrant
polyphenolic compounds, whedecomposition and soil organic matter (SOM) turnover
Is slow(Cairney & Meharg, 2003). SOM accumulation in these ecosystems is
significant,.as'thgholdc. 20% of the earth’s terrestrial soil carbon stocks (Retad,
2004).1n.these harsh environments, ERM fungi are instrumental in plant suseeal (
in Perottoet al, 2012) as they contribute to the mobilisation of nutrients from complex
organc matter ando transferthemto the host plant (Read & Stribley, 1973). In these

habitats ERM fungi are also key players in soil carbon cycling (Clemmeasah,
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2013; Averillet al,, 2014): up to 50% of carb@ssimilatedby the host plant can be
allocated to ERM fungi (Hobbie & Hobbie, 2008), and ERM fungi contain high levels
of recalcitrant carbon compounds (Reddl, 2004).

Fungi known to form ERMymbiosesnclude Ascomycetes in the Leotiomycetes
and somerBasidiomycetesthe Serendipitaceae (Setatoal, 2006; Selosset al
2007;Weip.et'al, 2016). Among théeotiomycetesthehelotiacearRhizoscyphus
ericaé(Zhuang & Korf) waghe first ERM fungal species to be isolaffearsor&

Read, 197pt'was recently transferred thePezolomagenus buthis transfer is
questionable, being based on incidental ecological re(Ratsl & Krieglsteiner, 2006)
with no strong taxonomical or morphological suppdrélstadet al (2000) first coined
the term'R. ericaeaggregateto accommodate severahnamed rooisolated taxavith
closetaxonomic affinitiedo R. ericag some of whiclwere later described by
Hambleton"& Sigler (2005) withithe new genubleliniomycesin partcular,M.
variabilis forms ERM associations with several species of Ericaaedis endophyit

in ectomycorrhizal (ECM) roots of Northern temperate conifers (Geelelt, 2010
Vohniket al, 2013).Meliniomycedicolor canform bothERM with ericaceousspecies
andECM (morphotypePiceirhiza bicolorata with temperate forest tre€¥illarreal-
Ruizet al, 2004; Greleet al, 2009).The other wellstudied ERM fungsis
Oidiodendron,maiugBarron), a species belongingNtyxotrichaceaerecently moved
to theLeotiomycetegWanget al, 2006) and fountb form ERM with several
Ericaceae.(Read 996;Allen et al. 2003;Bougoure & Cairney 2005)ike M.

variabilis; O."'maiusis also commonly isolated from roots of other plants (Bergeab,
2000; Kernaghan & Patriquin, 2014s well asrom peat, sojland decaying organic
matter throughout temperate ecosystems including peatlands, forests, and heathlands
(Rice& Currah 2006).

Both R. ericaeandO. maiuswere shown to degrade vitro a variety of complex soll

organic sourcemcluding tannic acid, cellulos@ectin and chitinKerley & Read,

1995, 1997;.Rice & Currah 2001, 200%ormannret al, 2002). Theysecretea wide

range ofenzymesnvolved in the depolymerisation and degradation of plant and fungal
cell wall polymers, organic phosphoriasmsand complex aliphatic compounsisch
aspolyphenols and tannic acid (see Smith & Read, 2008 for summary). More strikingly,

O. maiuscan decomposeSphagnunmoss whose cell walls are chemically analogous to
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wood (Tsunedat al, 2001).Differentisolates of O. maiuscaused mass losses1.5%
to 40 and erodeall Sphagnuntell wall components simultaneously, in a manner
similar to wood decomposition by white rot furigiceet al, 2006).The O. maius
genome; contains genes codingdaich repertoire of polysaccharieegrading
enzymegKohler et al, 2015),providing a @neticbasis forSOM decomposion. It is
unknown,if ths rich repertoiras shared by other ERM fungi, and how these ganes
regulated'wheiRM fungi grow within hosplantcells.

In this'studywe sequenced the genomesRofericag M. bicolorandM. variabilis,
and comparetheir gene repertoiregith the genomesf O. maius six saprotrophic and
pathogenid.eotiomycetesand 50 otheAscomycetes and Basidiomycetepresenng
different life strategiesWe further compared thieanscriptoms of O. maius M. bicolor
andR. erica@an freeliving mycelia and in symbiotic root tissues to identify symbiosis-
related genes, focusing on genes putatively involvexdiant cell wall polysaccharide
decompositionOur mainquestions weréhe following:Did the ERMhabitarise in
Leotiomycetegogether with appearance of the host platdghe richcomplement of
genes responsible f&OM degradation i©. maiusa common feature of ascomycetous
ERM fungi, and ar¢hese genes expressgabnsymbiosisDo ERM fungi have a
specific genemic ‘signature’ as for ECM fur{gfohleret al, 2015?

Materials and Methods

Fungal strains

Isolation‘andiidentification of the four ERM isolates are described in Magtiab
(2000), Grelett al (2009) and Read (1974) f@idiodendron maius
(MUT1381/ATCCMYA -4765),Meliniomycesvariabilis (UAMH11265/ICMP18552),
Meliniomycedicolor (UAMH11274/ICMP18549), anBhizoscyphusricae
(UAMH7375/ICMP18553), respectivelR. ericaedUAMH7375 is the same strain that
led to the first formal description of tiie ericaespecies after production of ascomata
in culture. We'also included for comparison the as yet unpublished genome of the
saprotrophic Leotiomycetesmorphotheca resina¢solation and description of the
sequenced strailTCC 22711aredescribed irEdmonds & Cooney (1967).

Genome sequencing, assembly, annotation, and data access
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The nuclear genomes bf. bicolor, M. variabilis andR. ericaewere sequenced using a
combination of Illumina fragment (270 bp insert size) and 4 Kbp long patgt MP)
libraries and assembled using ALLPATHLS (Gnerreet al,, 2011). The genome .
bicolor was then further improved by closing gaps with PacifasBiences (PacBio)
reads using:RBJelly (Engligh al, 2012). The genome #imorphotheca resinagas
sequenced.using a combination of 454 (Roche) standard and LMP libraries, assembled
using'Newbler (2.5aternat10Apr08-1) (Roche) and further improved by closing 328
gaps with'gapResolution (Tromg al, 2009).Transcriptomes of all four species were
sequenced using Illumina, assembled using Rnnotsltantiq et al, 2010) and used for
genome annotatiors(pporting InformatioMethods S1 for further deta)lsAll four
genomes were annotated using the JGI Annotation pipeline and made avéal#ine
JGI MycoCosm database (jgi.doe.gov/fungi; Grigoeewal, 2014). The data were also
deposited-at'DDBJ/EMBL/GenBank under the following BioProject/GenBank
AccessionsM. bicolor E: PRINA196026/LXPI0000000®. variabilis F:
PRJINA200595/LXPR0O000000R. ericaeUAMH 7357
PRJINA263050/LYBP00000008, resinaeATCC 22711:
PRJINA207866/MADKO00000000. Genomes from other fungi were downloaded from
the JGI MyeeCosm datale http:jgi.doe.gov/fungi; Grigorieet al, 2014).

Phylogenetic tree

A phylogenetic tree was constructed with 199 core gene representatives out of 246
singlecopy families (Marthet al, 2008).We alignedeachcorresponding protein
sequencevith 60 orthologous sequences usigJSTAL omegaextracted the

conserved blocks from each alignment with Gblocks, and concatenated all the blocks in
one sequence per species. Bootstrap analysis and tree inference were carried out with
the Randomized Axerated Maximum LikelihoodRAXML) programUltrametric trees

were calculated from the ML tree generated above usinggtinel8method (Brittoret

al., 2007). The molecular clock was calibrated using the Pezizomycotina node estimated
in Kohleret al. (2015) at 400 Mya.

Comparative genomic analyses amhotation of functional categories
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Our comparative analyses focused on repeated elemariishgdrateactive enzymes
(CAZymes), lipases, proteases, secreted proteins, and additional gene categories
involved in secondary metabolism. RepeatScout (tied, 2005) was used to identify
de novaepetitive DNA in the genome assembly as reported in Betdr(2016).
CAZymes=glycoside hydrolases (GH), glycosyl transferases (GT), polysaccharide
lyases(PL), carbohydrate esterases (QfejJox enzymes that act in conjunction with
CAzymes(Auxiliary activities, AA) carbohydratdsinding modules (CBMand
enzymesdistantly related to plant expansins (EXPWNgre identified using the CAZy
database (www.cgzorg) annotation pipeline (Cantaedlal, 2009). To compare the
distributionof genes encodinGAZymes in the various genomes, we applied
hierarchical clustering of the numberg#nes for each of the 60 species using the
Genesis'software (Stuat al, 2002). The Euclidian distance was used aslistance

metric and-a‘complete linkage clustering was perforiResteases were identified

using the MEROPS peptide database (http://merops.sanger.ac.uk) and lipases using the

Lipase engineering databasenfiw.led.unistuttgart.di Secreted proteins were

identified using a custom pipeline including SignalP v4, WolfPSort, TMHMM, TargetP,
and PSScan algorithms as reported in Pellegtral (2015).Genes and gene clusters
involved in"secondary metabolism wenedicted for the 66peciesising a pipeline

based on, SMURMAeteret al, 2016).Potential transporters were predicted using
TransportTP online toohftp://bioinfo3.noble.org/transporteli et al, 2009).

MCL/CAFE analyses

Multigenesfamilies were predicted on a subset of 20 genomes using the MCL algorithm
(Enrightet al, 2002) with an inflation parameter set to 3.0. Multigene families were
analyzed for evolutionary changes in protein family size using the CAFE program
(P<0.001) (De Bieet al, 2006). CAFE estimates for each branch in the tree whether a

protein family has not changed, expanded or contracted.

RNA-Seq
Mycorrhizd roots ofVacciniummyrtillus [Author, please confirm inserted text
‘Vaccinium’ is correct] were obtainedh vitro as described iKohleret al. (2015).

Fifteen plateseach containing 1plants were analyzed for each treatmdRNA
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extractionand sequencing (RN&eq) and identification of mycorrhiza-induced
transcriptan M. bicolor andR. ericaewere performed as described €@rmaiusin
Kohleret al (2015)

Double hierarchical clusteriranalysis

Homologs.ofsymbiosispregulated genes fro@. maius, R. ericaandM. bicolorin
the other'Leotiomycete genomes and fl@mmaiusin 59 genomes of saprotrophic,
mycorrhizal;pathogenic and endophytic fungi were identified and their distribution
illustrated by using heatmaps. The predicted protein sequences of symbiosis-
upregulated.genes were queried using BLASTP (e-valtabminst two different sets
of fungal.genomes to find homologs. Proteins were considered as homologs of
symbiosisregulated transcripi$ they showed 70% coverage over the regulated

sequencerand at least 30% amino acid identity. Heatmappweleced using ddule-

hierarchical clustering matrices (euclidian distance metric and ward clustering method)

of symbiosis-upregulated transcripts homologs in the two different fungal gersatse

Data werevisualized and clustered using R (packageHeatPlus).

Statisticalanalyses

We performed unconstrained ordination analysdgof gene counts for all CAZyes
lipases and proteasad/e used aan-metricmultidimensionakcaling (NMDS)
approachifanctionmetaMDSin package VegarOksaneret al, 2009 seeMethods S}
The nonparametric ManaWhitneyU testwith Bonferroni adjustment for multiple
testing wasused to identify gene families enriched in ERM fdiga.significance of
differences between mycorrhizal and fmagicorrhizal planfresh biomassvas
statistically evaluated by ANOVA with Tukey’s post hoc s« 0.05).

Results

Phylogeny and genomic features of sequenced ERM fungi

We generated and assemblieddraftgenomes oR. ericag M. bicolorand
M.variabilis, and comparethemto thoseof O. maius(Kohleret al,, 2015), six other
Leotiomycetegthree soilsaprotrophs A. resinae, Ascocoryne sarcoidasd Chalara

longipes— andthreeplant pathogens Blumeria graminis, Botrytis cinereand
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Sclerotinia sclerotioum) and 50 additional taxonomically and ecologically distinct
fungi, including other mycorrhizal fungi (ECM and orchid mycorrh&M),
endophytessoil saprotrophs, white and brown rot fungind pathogensr@bleS1). A
phylogenetic tree constructed using 199 core orthologiogte-copy geneshighlights
the taxonemic relationships of these 60 fungi (FigA%)expectedthe four ERM fungi
clusteredn thelLeotiomycetesThe most recent common ancestor (MRCA)hef
Leotiomycetes was estimatamhave occurred. 148 Mya,while the MRCA of ERM
fungi was'estimatetb have occurred. 118 Mya(Fig. 1).

The ggnome sizéfrom 46 Mbp forO. maiusto 82 Mbp forM. bicolor) and the
number of predicted genes (from 16703@maiusto 20389 foiM. variabilis) of the
four ERMfungi £l within the range of othergeomycete¢Fig. S1 Table ). The
percentage of repeated elemeRE)(rangedfrom 4.6% forM. variabilis to 26.6% for
M. bicoler(Fig. Sb; TableS3). The four ERM specieshowed similar numbeisf
common analadespecific geneso otherLeotiomycetegFig. S2). Gene distributions
in theKEGG pathways, KOG and Gene Ontology categories (availatdagh theR.
ericaegenome portat the JGI MycoCosm database® also very similar, although
the M. variabilis genome encodes a much larger setrepecificand salicylate
monooxygenasefatmay be involved in aromatic compound metabolism (Rerad,
2008):

Predicted proteins specific to the Leotiomyseaind t&ERM fungi are listed iMable
S4a.Leatiomycetesspecific proteinsvith known domaingreenzymesnvolved in
detoxification(e.g. glutathione $-ansferaspand regulation of gene expression and
development (e.gnethyltransferase zinc fingettranscriptional factorand
deoxycytidylae deaminas). Proteins specific t&RM fungi includedenzymes
involved in resistance to environmental stresgh as isochorismasynthase (Sadeghi
et al, 2013) andistidine triaddomaineontaining proteingEijkelkampet al, 2016).

Gene families significantly expandedthe four ERM genomgMCL-CAFE
analysis; ManfWhitney testP < 0.05) code for proteins involved in self/nsal
recognition (heterokaryomcompatibility proteis), nutrientuptake/exchangeMajor
Facilitator Superfamilyand sugar transporters), detoxification of environmental
palutants and/or stress respor{sgtochrome P450,nkyrin repeat, ketaketoacyl
synthasesand carboxylesterasgTable S4).
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ERM fungi resemble saprotrophs and pathogens inrdjeartoire odegrading

enzymes

We comparedhe distributionof genes coding for the degradation of polysaccharides,
proteins andilipidéTables S5,S6, S7, Figs 2, S3, S4)Lifestyle had a significant effect
on genecontentand distribution < 0.001). @&ne repertoires fell inttwo broad

groups P<0:01) including ERM fungi, pathogens and soil/litter saprotrophECad,
ORM, whiterand brown rot fungi (Fig. 2pverall ERM genomes encode a higher
median/number of secreted and t@alZymesthan the other fungi, althoughis
difference wagonsistently significant only between ERM and ECM genomes (Fig. 2).
Interestingly ERM fungicontain nearly twice the median number of lipase genasyas
other type offung(Fig. 2), mostly codindor secreteadarboxylesterasg$GGX)

(Table &)= Thetotal number ofproteaseyenesvas less affected by lifestylexcept for
alower medianproteasegene count in soil saprotrophs (Fig. 2).

ERM genomesontain the highest number BAZyme genes encodinGHs and
GTs (Fig. 3 TableS5). AlthoughGTsare predictedo besecreted enzymethey
remain.in the endoplasmic reticul(freezeet al, 2009).There were no specific
patterns in‘the ERM genomés genesencodingCEs, EXPNs, CBMs and redox
enzymes,that.act in conjunction with CAZymes @\¥ig. 3), whereas gnes encoding
PLswere mostly absent, excgmctin lyase (PL1)

ERM.genomes contain a significantly higher number of CAZyme genes than ECM
genomegTableS5. Theyencode a higér setof genes coding for lignocellulose
oxidoreduetasesuch as laccases (AAXkellobiose dehydrogenases (AA3), dytit
polysaccharide monooxygenases (LPMOSs) involved in the cleavage of chitin (AA11)
and cellulose (AA9). Compared to ECM or white/brown rot fuingin reductases
(AA8) and quinone-dependent oxidoreducsa@eé\12) acting on cellulose were
significantly enriched in ERM fungi (MariwWhitneyU test TableS5). Sventeen
familiesof seeretedCAZymeswere significantly enriched in ERRMingi compared with
all other.fungi(Table S8)they aranvolved in the degradation of cellulose (GH5_5 and
GH5_16), hemicellulose and/or pectin (GH27, GH28, GH53, GH54), bupdls®
glucans (GH55, GH72, GH132) and mannans (GHTéable SB).
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Secretionof secondary metabolites important for fungakurvival in competitive
environments and in fungalant interactiongCalvo & Cary, 2015). The number of
polyketide synthase (PKS) and PKiSe geneswas strikingly higher in th®. maius
genome;than in any other sequenced fungi (Fig. 4). Thé/ismiomycespecies were
among thestep 20 fungi for the number of secondary metabolite coding genes, whereas
R. ericagfeaturel a lower gene number (Fig. 4).

Meélaninallows fungi to tolerate environmentstress and makes théiomass
recalcitranttordegradation (Fernan@eal.,2016) The analyses of five genes linked to
melanin biosynthesis (Methods S1) showed that two of tlagpi ¢ scytalone
dehydratase arabrl — brown 1) are significantly enriched in ERM fungi compared to
fungi with_differentecological strategies (Tabl®) Threemoregenes &élb1l —
polyketide synthaserp2 — 1,3,6,8tetrahydroxynaphthalene (THN) reductasggl—
yellowishegreen) are significantlynoreenriched in ERMhan in ECM, white and
brown rot fungi (Table S9). Compared to the other fungal groups (TablERSE),
fungi have a significantly higher number of AA1, multicopper oxidases (MQ@SPs
are invalved in melanin biosynthesis (Hoeggeal, 2006), but also lignin degradation

(Leonowiczet al, 2001).

ERMifungidisplaydifferentsubstrate preference

Although ERM fungiare characterized by a riskt of CAZymes (Fig. D, theyare
discrimipated.byheir secretedCAZymesrepertoire(Fig. 5. In particularO. maius
clustered with,a general soil saprotroph and a pathogenic Ascomyeither
belongingrtorthe Leotiomycetes, whereas members @R tieeicaeaggregateNl.
variabilis, M. bicolor andR. eicae) clustered with two saprotrophic Leotiomycet€es,
longipesandA, sarcoidegFig. 5). Thesedifferential repertoireof secreted CAZymes
suggesthat ERM fungipreferentiallydecomposelifferentcarbon compounds§.or
example, compared to tiReericaeaggregateQ. maiushas a higher set of CAZymes
degrading mainly hemicelluloses and pecf{mg. GH2, GH27, GH7q)lable S5)and
cellulesebinding domains a€BM1 and CBM6aremore represented @. maius.On
the other han@®. maiushas lessCAZymes degrading chitin, which are all present in the
R. ericaeaggregate speciés.g. CE4, AA7 anthe chitinbinding domainCBM18 and
CBM50) (Table S5)In addition,Meliniomyceggenomegontained larger set ofenes
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coding for secreted lignocellulose degradating enzymesldeaases- AAL, cellobiose
dehydrogenasesAA3 — andgalactose oxidaseAA5) thanO. maiusandR. ericae
(Table S5)

Gene expression profiles during ERM symbiosis

To investigate expression of fungal genes during symbigsmsyrtillusseedlings were
inoculated'with the four ERM fungi. Typical fungal coils were observed in the

V. myrtillusroot epidermal cells inoculated wi maius, M. bicoloandR. ericaeput
not with M. vanabilis. Mycorrhizal plantalsoshowed anricreased biomasshe
effects of mycorrhizal inoculation on growth and root phenotype are shovi. for
maiusonly (Fig. 6).

Transcriptome analysghowed that 995(6%) O. maiusgenes, 545¢( 3%) M.
bicolor genes and 48X.(3%) R. ericaegenes were either mycorrhizspecific(i.e. no
detectableexpression irfree living mycelium or up-regulated (fold change; P <
0.05Baggerley's te¥in symbidic roots(Tables S16-S13.

The three ERM fungi showed a similar pattern in the percentage of upregulated

CAZymes,lipases, proteaseand alsdransporter@andsmall secreted proteinS$P3$
which havesimportant roles in symbiotic interactigfgy. S6) Overall O. maius
displayedashigher number and percentdagf symbiosisregulatedyenes in most
categories (Tabl810.

CAZymes Ofithe 2P0 CAZymegenes upregulated @. maiusduring symbiosis
(TableS10ythe most highly induced gen€gableS11) codefor secreted enzymes
targeting pectin (PL1, CE8, GH28) and hemicellulose (GH27, GH43 and GH95),
whereagheupsegulated CAZymes with the higtetranscript leveal mainly act on
cellulose or contaeda cellulosebinding domain (e.g. GH7-CBM1, GH5H30-
CBM1, GH6CBM1, GH62CBML1) (TableS11). Almost 40% of theecreted
CAZymesintheO. maiusgenomevere upregulated in symbiosjsepresenng 44% of
thesecreted proteins uggulated in symbgisand 6946 of the totaupregulated
CAZymes Fig. S6 TableS10. Forsome secreted CAZyniamilies most or all

members were upegulated in symbgis such ascetyl xylan esteras€E1; 3 out of
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4), pectin methylesteras€ES8 4/4), acetylesteraseCE16 3/4), endoB-1,4-glucanase

(GH7; 4/5), endaylanasesGHL11; 7/8), and3-galactosidaséGH35 5/6) (TableS5).
Meliniomycesicolor andR ericaeshowed aimilar patternin M. bicolor, of the

14% CAZymesgenes upregulated during symbiosis (Tab@, the most highly

induced_genes (Tab®l2 coded for secreted enzymes targeting hemicellulose (GH43,

GH35, GH54) cellulose (GH5) and pectin (GH28, PL4). Upregulation in symbiosis was

observedformost members of some secreted CAZymes families, such as pectin

methylesterase (CES; 4/5) and xyloglu@ah,4-endoglucanase (GH12; 3/4).Rn

ericae of the 10% CAZyme genes upregulated in symbiosis (Tablg the most

highly induced genes coded for secreted enzymes targeting pectin (GH28), cellulose

(GH45, GH?CBML1), hemicellulose (GH12) and starch (GH31) (TkilS).

Proteases and lipase$wenty-one percendf the O. maiusgenes coding for secreted
proteasesvereupregulated uposymbicsis (TableS10), with aspartic proteases (Al)
glutamic proteases (GOahd subtilisins$53 being the most highly upregulatéthble
S17). The goportionof upregulategecreted proteasavaslower in M. bicolor (6%)
andR.ericae(11%) (TableS10. In these speciesspartic proteases (Al) and glutamic
proteases (GOlyerethe most highly upregulated, together watbarboxypeptidase
(S10(TablesS12 S13. Several lipaseanegmostly coding for carboxylesterase B)
were upregulated in mycorrhizal rootolonized byO. maius, M. bicoloandR. ericae
(Tables S7,S11-S13.

Transporters Genes coding for membrarranisporterbelonging tahe major
facilitator superfamilfMFS), and amino acid anidn permeasémilies were

significantly upregulated during symbiosis (Tablg&1, S12 S13.
Mi SSFs The percentage dfliSSPs out of the total SSfeoding genes found in the

ERM fungal.genomes, ranged between 10% (for the Rvericaeaggregatéungi) to
20%forQ. maiug(Table S10).
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Conservation of mycorrhiza-upregulated genes in ERM and Leotiomycete genomes
In ECM fungi,mostsymbiosis-upregulated genes code for taxonomically conserved
genes involved in core metabolism (e.g. N and C assimilation, membrane traimsport)
both saprotrophic and symbiotic fungi (Koh&tral, 2015) while a substantial
proportionref,geneé/—38%) code fospeciesspecific genes with unknown function
(e.g. MiSSPs). W identifiedhomologsof the symbiosis-upregulategnes ofD. maius

R. ericaeandM. bicola by BLASTPqueriesn the other ERM genomes and in six
genomes‘of'saprotrophic apdthogenic Leotiomycetes (Fig. TablesS11S13.

Most homologs of upregulated gendsntifiedin the three ERM fungi were also
found in the. saprotrophic fung@s longipes About half (49%) of the 995 symbiosis-
upregulated: maiusgenes were conserved (>40% sequence identity) in the gene
repertoiresobther Leotiomycetes (clusters 1V, V and Vyjth theexcepton of the
pathogenidBlumeria graminisknown for its highly compact genome (Spatual,

2010) (Fig. a). These conserved symbiosipregulated genes code mainly for

CAZymes and proteins involved in primary metabolism, cellular processes and
signaling (Fig. 7a; Tabl811). On the other hand, a substantial proportion (13%) of the
O. maiusupregulated genesas restricted to this specié€sluster II) with no homologs

in other speciesl hese taxonomically restricted genes mainly encode MiSSPs, proteins
with ne-known KOG domains and a few metabolic genes (e.g. MFS transparters, z
finger C2H2type transcriptioriactors, CAZymes) (Fig. 7a; Tab&Ll1). Cluster |

contains symbiosigpregulated. maiusgenes sporadically found in other
Leotiomycetesgenomes (Fig. 7a).

Not surprisingly, a high proportioof symbiosis-upregulategienesn M. bicolor and
R. ericag(c. 85% forM. bicolor andc. 90%for R. ericag were alscighly conserved
(>60% sequence identity) atoselyphylogeneticallyrelated species of tHe. ericae
aggregateas well asn the saprotropk. longipeqFig. 7b,c)

Most homologs(87%) of the M. bicolor symbiosis upregulategenesvere also

conserved.inqat least one of the sequenced Leotiomycete genomes (clusters |, Il, IV and

V), anditaxonomically restricted symbiosis tggulated genes (13%, cluster 11l) mainly
code for proteins with no known conserved KOG domains, including MiSSPs, and

components of the signaling pathways (Fig. TdhleS12. SeveralM. bicolor
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symbiosis up-regulated genes had no homologs in the gene repertoire of the congeneric
speciedM. variabilis (Fig. 7b).

ForR. ericag 61%o0f homologs othe symbiosis upregulategnes (clusters I, Il
and Ill) were also conserved in sevetaotiomycetes, excep graminis The
proportionref,taxonomicallyestrictedsymbiosis upegulated genewsas low (€. 10%,
clusterVl),.andthese genes mainly code for MiSSPs prateins with no known
consérvedOG domains (Fig. 7cTableS13.

To assessrif the transcripts conserved acrodsealiomycetes were also conserved
across other fungal groups, we also blasted the 995 symbiosis-upregulated genes from
O. maiusagainst the entire gene repertoire of all other 59 fungal genomes included in
this study Wefound similar transcript distributiopatterndbetweernconserved and

taxonomically restrictederes(Fig. S7 TableS14).

Discussion

ERM symbiosis is the youngeasiycorrhizal type

Our phylogenoemic analyspgaced the MRCA of the sequendeBM fungi atc. 118

My. This is the same age as the Ericaceae famili/i(7 My) recently estimatelly

Schweryetaly(2015). Thus, our fungal phylogenomic reconstrugtiavides further

evidence, thathe ERM symbiosis is the youngest mycorrhizal symbiosis. Indeed, the

origin of the AM symbiosis has been dated back to 450 My (Redetla¢r 2000),

whereagrigin.of theECM symbiosis in the Pinaceae has been placed betw@&0

and 130‘Myagee inMartin et al, 2016). Schweret al (2015)set the dversification of

the ERM-ferming lineages of the Ericaceae90-75 Mya, with contemporary dominant

ERM plant speciebeingeven younger (45.6 My for presady Vacciniea@and 22.3

My for Dracophyllumin the StyphelioideaelConsidering possible dating errors (see

Schweryet al, 2015), air results suggesivo possible scenariothe ancestraERM

fungal and planpartnes diversifiedsimultaneously, odERM fungi existed in a

different nichepefore theliversificationof theERM-forming plant lineage.
Severaluthors g¢eeSmith & Read, 2008) have proposed thatERM symbiosis

evolved undepressure to adapt to carbooh, nutrientdeficient soils with a high

content of recalcitrant organic compoun@srpenteet al. (2015) further suggestedat

the appearance of Australian scleropbyfi Ericaceae waoncomitantwith the

This article is protected by copyright. All rights reserved

95U9017 SUOWLLOD SAIERID) 9|qedl|dde ay) Ag peusanob a1e Sapie YO ‘8sn JO sajni Joj AkeiqiauljuO AS]IA UO (SUONIPUOI-pUe-SWL)/Woo" A3 1M AReq 1 jpul|UO//:SANyY) SUONIPUOD U SWe | 8U) 38S *[£202/80/TT] U0 Aiqi]auljuO AS]IM ‘UOITEWLIOJU | [EDIUYIS L PUY DIINUBIDS JO 99110 AQ 126vT Udu/TTTT OT/I0p/woo As | Areiqiputuo yduy/:sdiy Wwouy papeojumoq ‘s ‘8TOZ ‘ZET869T



massive loss of soghosphorus due to increased fire frequency. Under these
environmental conditions,@ual saprotrophic/mutualistic halot the ERM fungal

symbiontsmayhave providedheir hosts with greater ecological flexibility.

ERM genoemes contaia rich repertoire ofenes coding for degradatigazymes

The ability. of EERM fungi (in particulaR. ericaeandO. maiu3 to degrade a wide range
of complex'substrates has baetensively explored (Smitk Read, 2008; Rice &
Currah,”200572006). Our survey of the gene repertofr€ maius R.ericag M.

bicolor andM. variabilis confirmed that thie ability to digest most organic compounds
found in SOM (includingecalcitrantones)is explained by the rich and varied
repertoire.of genes coding for CAZymes and other degradative enzunbsadipases
and proteases.

All ERMfangi arewell equipped witlsecretedCAZymes involved in the
degradation oplant andungal cell wallcomponentssuch asellulose, hemicellulose
pectins chitin and R 1,3 glucann addition,genes coding for lignocellulose-degrading
enzymes were identified in all ERM genomes, providing genetic sufgpane
observation tha®. maius and to desserextentR. ericaeandM. variabilis, can
decompos@&phagnunmoss (Piercegt al, 2002),a rare but crucialtrait in the fungal
kingdom,(Ehermann, 2001). Monooxygenases are also abundant in ERM fungi and may
be involved in the biodegradation of complex polyaromatic organieacules
(Cerniglias&-Sutherland, 200

When'the gene repertoire of ERM fungi was compared to fungi with different
lifestylesthe'most striking differences were found with ECM fungi. The higher number
of CAZyme and lipase coding genes identified in ERM fungi (all Ascomycetes) may
partly mirror their different phylogenetic position fraaquence@&CM fungi (mosty
Basidiomycetes). However, the profiles of CAZyme, proteasklipase codig genes
for ECM ascomycetef.e. Cenococcum geophiluendTuber melanosporupaid na
significantlydiffer from ECM basidiomycets, yet differed (P < 0.05)from thoseof
ERM"fungi, with theexcepton of total proteaseéTable S5). Thisindicaesthat
lifestyle is more importanthan phylogeny in shaping the fungal genomes.

Although most degradative enzymes were common to allE&M fungal genomes,

O. maiusseemed to bbetter equipped to attack cellulggeg. with almost three times
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the number of genes containing the cellulose binding do@Bi1) and pectin,
whereadM. bicolor, M. variabilisandR. ericaefeatureda much higher (four to five
times)number ofsecretegroteins containing the chitin binding domain CBM18, as
well as enzymes involved in chitin degradation (e.g. CE4, AA7) abséntnmaius
Chitin contributes almost half the total N in the litter layer of heathland soilRand
ericaecanreadily degradehis polymer(Kerley & Read 1997).

Thesedifferential repertoiresf degrading enzymesay reflect the different
phylogenetic'position of ERM fungi in the Leotiomycetes, Withbicolor, M.
variabilis andR. ericaebelonging to the Helotiacea€r@lstadetal., 2000), andD.
maiusbelonging to the Myxotrichaceae (Rice & Currah, 200@&feBentgene
repertoiremay alsomirror differenthabitat preferencesf ERM fungi, as shown in
Japan, whereaenmunities of putative ERM fungiifferedamong microhabitats
(Koizumi& Nara, 201Y. Notwithstanding its large CAZymes arseridl,bicoloris the
ERM strainwith the lower percentage of secreted CAZymes (Fig. S3). This observation
could partly support its double ERM and ECM nature.

ERM fungi significantly contribute to the mobilisation and accumulation of soil
carbon in ERM habitats not only because of th@e indecomposition, but also
becauseheirfungal biomass is rich in recalcitrant carbon compounds (&esld

2004) as.sipported by the higher number of genes coding for melanin metabolism.

ERM fungi:tecently recruitear highly versatilemycorrhizal partnefs

ECM fungi evolved multiple times from saprotrophic fungi (Ryberg & Matheny, 2012
and transition to the mycorrhizal habit coincided with an extensive loss of genes coding
for plant cell wall degrading enzyma@8GWDESJ, a genomidallmarkof ECM fungi

(Martin et al, 2016). In contrast to ECM fungill ERM fungi, regardless aheir

taxonomic positionfeaturea large set 0©€EWDEs, specifically those involved in the
degradation of hemicelluloses, pectins, glucans and mariflamERM CAZyme and

lipase gene profiles differ from that of ECM fungi, including the two ECM ascomycetes
consderedin our analysesd. geophilumandT. melanosporuin Thedecay apparatus

of ERM genomes isvengreater thamost of the sequenced soil saprotrophs and plant
pathogensGiven the more recent appearance of the ERM symbibg@gempting to

speculatehat ERM fungi have retained this efficient saprotrophic arsenal because,
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unlike ECM symbionts, they are still antransitional evolutionary stage between
saprotrophy and mutualism.
Besides being true endomycorrhizal symbiaritericaceous hostrming typical
mycorrhizal structures, promoting plant growth and reciprocal resource exchange
(Greletetsaly2009; Kosolat al, 2007; VillarrealRuiz et al, 2012;Wei et al, 2016),
ERM fungialso.occumlasroot endophytes inther plant species.

Fungal'endophytes are a ubiquitous, highly diverse group, comprising both
Ascomycetesrand Basidiomycet@$iey have been recognizasfundamental

components of many ecosystems (Rodrigeteal., 2009; Hardoinet al, 2015).Like

mycorrhizal.fungi, fungal endophytes may behave as mutualistic symbionts or as latent

pathogens along a mutualism—antagonism continuum thatefiegttheir polyphyletic
origin, butalso depend on host and environmergatlitions (Johnsoet al, 1997,
Schulz &Boyle, 2005Hacquardet al., 2016).

ERM fungi, in particulaM. variabilis andO. maius have been found &s-
associate@ndophytes in the root tips of EQlnts (Bergeret al, 2000; Tedersoet
al., 2009; Greleet al, 2010; Kernaghan & Patriquin, 2011; Vohetkal, 2013),and
colonising.coeccuring ECM anaheighboringnonECM speciegChamber®t al.,
2008).

Although,the ecophysiological role of ERM fungi as endophytes is unclear,
Abuzinadah & Read (1989) showed tkatiodendrorenhanceshe growth oBetula
pendulaon.a.medium containing proteins as sole nitrogen source. Simarly,
variabilis, formerly known as the/ariable White Taxoh(Hambleton &Sigler, 2005),
increased:Scof&ine biomass under elevated £@lbertonet al, 2010).Oidiodendron
maiusisolated from ECM tips inhibdtin vitro root pathogens such Beytophthora
cinnamomiandHeterobasidium annosu(®childet al, 1988;Qianet al, 1998).This
antagonistic activity may rely on the protioa of secondary metabolitdsiterestingly
0. maiusfeatures a high number of genes involved in secondary metabdisch; as
polyketide synthase (PKS) and PKiS: geneqFig. 4). PKS play important functions
in fungal.biology being involved in the production of several secondary metabolites,
including pigments (melanin), toxins, antibiotics and signaling molecules (Eise&man
Casadevall, 2011).
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A common genomitrait of fungal root endophytes that transitiorfrom
saprotrophytism to endophytism, similar to transition to ERM, did not inveGA/DE
genes los¢Fesel& Zuccaro, 2016). This is observed for endophytes belonging to the
Helotiales(Leatiomycetes)For example, the widely distributed root endophyte
Phialocephala subalpinahares severglenomic features with ERM fungi, including
expansion. of PCWDEamilies acting onpectin, hemicellulose, cellulose and ligrn,
low abundance aepeateatlements and large number of genes coding for key
secondary"metabolite enzymes (Schlegell, 2016).Almario et al (2017)also
reporedalargerset of CAZymeencoding-genes in the genomeswb beneficial
helotialean endophytic fungi, compared to saprotrophs and plant pathGhatea
longipesasaprotrophic helotialean fungusth an endophytic phase (Koukol, 2011),
alsoshares'manygf thesefeaturesnumeousgenes coding foPCWDEs lipases and
secondary'metabolienzymes, very few repeated elemeatsd many homologsf
ERM symbiosisnduced genes. Intriguinglyhere aralsoecological and genomic
features shared between ERM fungi and SebacirBheseBasidiomyceteinclude
speciedlisplaying transitions from saprotrophy to endophytism and to myizairh
nutrition (Weil3et al, 2016).SomeSebacinalesubcladeslsoform ERM associations
with Ericaceaglants(Berchet al, 2002;Selosseet al, 2007).Similarly to ERM fungi,
genomic,studies in the Sebacinales have revealed a rich array of PCWDESs, supporting
theirknown saprotrophic abilitieis vitro (Kohleret al, 2015; Weip et al, 2016). As
suggested.for,the Sebacinales (Seless¢, 2009; van dr Heijdenret al, 2015),
endophytismicould be a ‘waiting room’ leading to mycorrhizal symbiosis (teaf}
2016). Invlight of these considerations, we cannot exclude that the first interactions of
ERM fungi with Ericaceaec. 118 Mya, may have been as endophytes, and that the
mycorrhizal litestyle evolved later.

Thus, the genomiteaturesof ERM fungireflectther ecologicalfflexibility , capable
of forming myecorrhizal and endophytic associations &mdD. maiusat leastliving as
saprotrophsassubstrates rich in organic matt&i¢e & Currah, 2006 This ecological
strategy.sets ERM fungi well apart from ECM funghich specialized as plant

symbionts by losingheir degradativeability during the evolution of symbiosis.

Fungal gene expression in symbiosis

This article is protected by copyright. All rights reserved

95U9017 SUOWLLOD SAIERID) 9|qedl|dde ay) Ag peusanob a1e Sapie YO ‘8sn JO sajni Joj AkeiqiauljuO AS]IA UO (SUONIPUOI-pUe-SWL)/Woo" A3 1M AReq 1 jpul|UO//:SANyY) SUONIPUOD U SWe | 8U) 38S *[£202/80/TT] U0 Aiqi]auljuO AS]IM ‘UOITEWLIOJU | [EDIUYIS L PUY DIINUBIDS JO 99110 AQ 126vT Udu/TTTT OT/I0p/woo As | Areiqiputuo yduy/:sdiy Wwouy papeojumoq ‘s ‘8TOZ ‘ZET869T



All three ERM fungiincreased expression of several genes coding for secreted
CAZyme isoformsduring symbiosis with/.myrtillus. The most up-regulated CAZyme
genes coded for secreted PCWDESs targeting cellulose, pectin and hemicellulose. Only
four, one anaix CAZyme genes were dowmregulated in symbiosis (fold change <5,
< 0.05) ferOxmaius M. bicolorandR. ericagrespectiely. Several hypotheses may
explainthis pattern To establish intracellular structures inside the epidermal root cells
of ericaceoushosts (Massicogteal, 2005), fungmay use secreted PCWDEs to
penetrate'thetthick outer plant cell waHl addition, PCWDEs may influence celéh
interactions by altering the symbiotic plant-fungus interface formed by the intiagina
of the plant. membrane (Balestrini & Bonfante, 2014). For example, whereassellulo
and otherplant cell wall components have been identified in the interface formed
around intracellular arbuscular mycorrhizal fungi (Bonfaattel, 1990),81,4 glucans
were missing in the ERM plaffiingus interface (Perotet al, 1995), and their absence
may reflect the sustained expression of secreted PCWDESs in symbiosis.

Sustained expressiaf PCWDEsn symbiosismight also contribute tolosing the
life cycle of an infected celindeed the plant—fungus interface is thought todaStwvk
(Rice.& Currah, 2006),feer which mycorrhizalroot cellsfirst, then the intracellular
fungal hyphae degenerate (Smith & Read, 1997). Seven tp&iocentof secreted
proteins.upregulated in symbioses wigrases and proteasedtogether, these
enzymescould promote the recycling of degenerating plant and fungal materials
through,decomposition and solubilisation of C and N compounds from senescing
tissues,providing an efficient adaptative mechanism to low nutrient enviranment

The expanded gene family (Table S4b) most represented in the syanbiosi
upregulated transcriptome was the Major Facilitator Superfamily (MFS). Nutrient
exchange is at the core of both saprotrophic and mycorrhizal functioning, and expansion
of this gene superfamily in ERM fungi evolution was likely advantageous. By contrast,
the expression of most members of other expanded families (e.g. het genes) was not
regulated in,symbiosisuggesting that these genes may be more relevant to
saprotrephic growth.

Symbiosis-upregulated genes of ERM fungi include a cluster of taxonomically
restricted genes specific to each ERM fungal species that contain a high proportion of

effectorlike MiSSPs.CharacterizeliSSPsdampen plant defense reactions in
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arbusculamycorrhizaland ectomycorrhizal symbioses (Klopphetzl, 2011; Plett &
Martin, 2015; Tsuzuket al,2016. The percentage of SPs (1820% of total SSPs)
in ERMfalls in a range similar to that found for ECM fungi24.%; Kohleret al.,
2015) and for;the arbuscular mycorrhizal funusrregularis(19%, Tisserangt al,
2013).

In conelusion, our study describes the genetic machinery underpinning the extremely
versatilenutrition modeof ERM fungi in the Leotiomycetes. This class of Ascomycetes
includes fungi'displaying different lifestyles, includingpl pathogens, plant
endophytes and saprotrophs (Zhang & Wang, 2015), and evolution of ERM fungi from
any of these.guilds is plausible. The results from this work and Srtegelket al.

(2016) suggest a closer relationship between ERM fungi and saprotrophic fungi, but
genome'sequencing of additio#RM isolateswill help to verify this hypothesis.

The phylogenetic distance betwg@nmaiusand ERM fungi in théR. ericae
aggregate suggests that the ERM habit evolved independautiple times However,
common traits of ERM fungi are their ecological plasticity and their ability to interact
both with recalcitrant organic substrates as saprotrophs, and with living ggants
biotrophs.The genetic bases of thisiallife strategy are their large array of degradative
secreted enzymes, often richer and more varied than that of soil saprotrophs and wood
decayers,and a wide set of $8Ps that may be involved in manipulating the host plant

response.
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Supporting Information
Additional/'Supporting Information may be found online in the Supporting Information

tab for thisarticle:

Fig. S1Genome size, gene number and repeated elements (RE) in the 60 fungi
analysed.

Fig. S20rthology assignment of the 25 Ascomycetes genomes.

Fig. S3Total and secreted CAZymes in the 60 genomes.

Fig. S4Totakand secreted proteases and lipases in the 60 genomes.

Fig. S5Double herarchical clusteringf the total CAZyme coding gene numbers in the
60 genomes.

Fig. S6Ericoid fungisymbiosis-induced genes.

Fig. S7Sequence conservation and functional analys@idibodendron maius
symbiosis=induced genes in the 59 genomes.

Table S1List of the 60 fungi utilized for comparative analyses

Table S2Genomic features of ericoid mycorrhizal fungal genomes

Table S3Genome coverage of the different repeated sequences

Table S4Leotiomycetes and ericoid fungi specific proteins and protein families; TOP
14 ericoid fungi expanded families (MCL-CAFE analysis) as compared to other 16

genomes

Table S5Total and secreted CAZymes (Carbohydrate Active enZymes) in the 60 fungi

with Mann—Whitney test analyses and Bonferroni correction
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Table S6Total and secreted proteases in the 60 fungi with Mafinitrey test analyses
and Bonferroni correction

Table S7Total and secreted lipases in the 60 fungi, with Ma&vinitney test analyses

and Bonferroni correction

Table S8Seecreted CAZymes (Carbohydrate Active enZymes) significantly enriched in
the ericoid. fungi.as compared to the others ecological strategies (as identified by Mann
Whitney‘test'and Bonferroni correction)

Table S9Genes linked to melamsynthesis in the 60 fungi, and Mandhkitney test

with Bonferroni correction

Table S10Summary of the total symbiosis upregulated gene categories in ericoid fungi
Table S11List of the 995 mycorrhizal-induced genegiidiodendron maiusnd their
assignmentto the clusters in Fig. 7(a)

Table S¥2kist of the 545 mycorrhizal-induced genedMeliniomycesicolor and their
assignment to the clusters in Fig. 7(b)

Table S13List of the 481 mycorrhizal-induced genedinericaeand their asggnment

to the clusters in Fig. 7(c)

Table S14List of the 995 mycorrhizal-induced genesiidiodendron maiusssigned

to the clusters mentioned in Fig. S7

Table'S15Total and secreted CAZyme (Carbohydrate Active enZymes), protease and
lipase coding-gene numbers comparison between between ericoid fungi and
ectomycorrhizal ascomycetes, and between ectomycorrhizal basidiomycetes and
ectomycorrhizal ascomycetes, wikktest analyses

Methods'STAdditional information for genome/transcriptome sequencing and

assembly; genes linked to melanin synthesis; multivariate statistical analyses.

Please note: Wiley Blackwell are not responsible for the content or foalityoof any
supporting information supplied by the authors. Any queries (other than missing

material) sheuld be directed to tNew PhytologisCentral Office.
Fig. 1 Phylogenetic and olecular clock treePhylogenetic tree constructed with 199

core gene representatives out of the 246 single-copy families (deposited in the
FUNYBASE, Martheyet al, 200§. Branch confidence values were obtairfiesn 500
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bootstrapped topologies and onlydes receiving less than maximal support are
indicated with asteriskNumbess in the tree correspondnaillion years My) of nodes.
The molecular clock was calibrated using the Pezizomycotina node estimated at 400
million yr ago)(Mya)(Kohler et al, 2015)[Author, please confirm inserted text

‘million years’ and ‘million yr ago’ are correct] . The red dot in the tree corresponds

to the ericoid‘fungal species separatie@M, ectomycorrhizalERM, ericoid

mycorrhiza] ORM, orchid mycorrtdal fungi; S/L/O, soll, litter, organic matter; WR,
white rot;"BRj"brown rotSeeSupporting Information Table S1 farll names of

species and lifestyles.

Fig. 2 Multidimensional scalingNIDS) ordinations and gene counts for Carbohydrate-
Active EnZymeqCAZymeg, proteases and lipasesthe 60 genomeg&ffect of
lifestyleronthe number of genes involvedsil organic matte(SOM) decomposition
(CAZymes, proteases and lipasddfestyles are color coded as followmirple
(ectomycorrhizalECM; n = 12), black (endophyte&ND)/orchid mycorrhizal fungi
(ORM);n = 3), red (ericoid mycorrhizaERM); n = 4), green (pathogenBATH); n =
12), orangegaprotrophs§AP) soail, litter, organic mattefS/L/O); n = 14), brown (SAP
brown rot BR); n = 4) and grey (SAWnhite rot(WR); n = 11).Plots(a) and (b)
illustrate the MDS ordinations for all gene counts (total or secretedionlyding all
counted CAZyme, protease and lipase codjage$, square symbols and arrows
indicate.means antlSE for eah lifestyle. Each individual genome is marked as a
closed circle.\Plots ) show the average distributions of genes counisifhum, first
quartile, ' median, third quartile, and maximum) and erglper gene category per
lifestyle.In plot (c-h), ifestyles with different letters agggnificantly different aP <
0.05 (modified onavay ANOVA analyses using MULTCOMP in RyeeSupporting

InformationTable S1 ér full names of species and lifestyles.

Fig. 3 Gene.counts for total and secre@arbohydrateActive EnZymes CAZyme)
codingrgene<ffect of lifestyle on the number of genes belonging to the different
CAZymefamilies, coding fo(a) total or (b)secreted enzymes. Lifestyles are color
coded as follows: purple¢tomycorrhizalECM); n = 12), black (endophytes
(END)/orchid mycorrhizal fungiQRM); n = 3), red éricoid mycorrhizalERM); n =
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4), green pathogensRATH); n= 12), orange (saprotrophSAP) soil, litter, organic
matter(S/L/O); n = 14), brown (SAPbrown rot BR); n = 4) and grey (SARvhite rot
(WR); n=11). Plots show the average distributions of genes connmggum, first
quartilepmedian, third quartile, and maximum) and etglper CAZyme gene family
per lifestylenLifestyls with different letters are significaly different atP < 0.05
(modified,oneway ANOVA analyses using MULTCOMP in,performed on each
individual"lCAZymes sulzategory. GH, glycoside hydrolases; GT, glycosyl
transferases;"PL, polysaccharide lyases; CE, carbohydrate esterasasxifdyy
adivities enzymes; CBM, carbohydratending modules; EXPN, enzymes distantly
related to plant expansirSeeSupporting Informatioffable S1 ér full names of

species and lifestyles.

Fig. 4 Genes’coding for secondary metabolism enzyidember of genes coding for
secondary metabolism enzymes predicted for each of the 60 fungal species using a
pipeline based on the SMURF method (Petel., 2016) is given as bar chart. PKS,
polyketide synthase; NRPS, nonribosomal peptidensyggtDMATS, aromatic
prenyltransferasd&eCM, ectomycorrhizalERM, ericoid mycorrhizalDRM, orchid
mycorrhizalfungi; END, endophytes; PATH, pathogens; SAP, saprotrophs; S/L/O, soil,
litter, organic matter; WR, white rot; BR, brown r8eeSupporting Informatioable

S1 for full names of species and lifestyles.

Fig. 5 Daublesherarchical clusteringf the secrete@arbohydratéActive EnZyme
(CAZymereoding gene numbers in 60 genomes. Douldealchical clustering of the
number ofCAZymegenes for each of the 60 fungal species analysed using the Genesis
software(Sturnet al, 2002). The Euclidian distance between gene covedsused as
distance metric and a complete linkage clustering was performed. Relative abundance
of genes is represented by a color s¢atethe left) from the minimum (white) to the
maximum (red) number of copies per species. On the fyme names wereolor-
coded-as. irbupporting Informatiofable $ to indicate significantly enriched CAZyme
classes irericoid mycorrhizal ERM) fungi (Mann-Whitney test withBonferroni

correction): red, all; pink, all other Leotiomycetgwsyrple,ectomycorrhizal ECM)

fungi; grey, whiteand brown rofWR, BR), orange, saprotropls®il, litter, organic
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matter G/L/O); green, pathogens. Doultelored cases means significantly enriched vs
two different fungal groupsSpecies marked by dotted lines are Leotiomycetes (in red,
ERM fungi; in black, other fungiYORM, orchid mycorrhizal fungiSee Table Slof

full names of species and lifestyles.

Fig. 6 In vitromycorrhizationof Vaccinium myrtillugAuthor, please confirm
insertedtext“Vaccinium'’ is correct] by Oidiodendron maiug(@ Biomass of
abovegroundrand root portions of nonmycorah{gotted bars) or mycorrhat(hatched
bars)V. myrtillus plants. Significantly different values by ANOVR  0.05) were
indicated by.different letters. Error bars indicat8D. n = 15. (§ Nonmycorrhizal (non
myc) and.mycorrhiza{myc) V. myrtillusplantsin Petri plates(c) Ericoid fungal coils

in the root'epidermal cellas observedy light microscopydells containingungal
coilsare'dark blue). (dUltrastructure of an epidermal celldf myrtilluswhere he

fungal hyphae (f)wrrounded by the plant plasma membrane and forming the coil inside

the plant cell are visiblécourtesyof R. Balestrini)

Fig. 7.Sequence conservation and functional analysis adrikeid mycorrhizal ERM)
symbiosis-induced genddomologs of symbiosis-upregulated genes from (a)
Oidiodendron,maiug(b) Meliniomycesicolor and (c)Rhizoscyphusricaein the

genomes of saprotrophic and pathogenic Leotiomycetes. The heagpegsent a
doublehierarchical clustering of symbiosigpregulated genes for the thesgcoid fungi
(rows, fald change >5afse discovery rateorrected?<0.05; Supporting Information
TablesS12S13 based on their percentage sequence identity (color scale at left) with
theirhomologs (if any) in selected fungal species (columns). Right of heatmap, the
percentages of putative functional categories are given for each cluster as bargrams and
the number and percentage of genes in each cluster are shown. In (a) genegs dif cluste
areO. maiusspecific genes, in (b) genes of cludterareM. bicolor-specific genesn

(c) genes ofeluster VI arR. ericaespecific genesCAZymes, Carbohydrate Active
enZymes,; SSPs, Small Secreted Prot&ee. Table S1 for full names gffecies and

lifestyles.
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