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encesWe identify 5 typesof variants:singlenucleotidechangesgeneandgenecluster
gainandloss differentgeneclustersat the samegenomicposition,and mobile geneclus-
tersthat3jump® aroundthe genomeTheseaesultsprovidearoad mapto the typesand
frequencie®f genomicchangesinderlyingthe extensivaliversityof fungalsecondary
metabolites.

Introduction

Filamentoudungi produceadiversearrayof smallmoleculeghat function astoxins,antibiot-
ics,andpigments[1]. Although by definition, theseso-calledspecialize@r secondarynetabo-
lites(SMs)arenot strictly necessarfor growthanddevelopmenttheyarecritical to the
lifestyleof filamentousfungi[2]. For exampleantibiotic SMsgivetheir fungalproducersa
competitiveedgen environmentscrowdedwith othermicrobeg3]. SMscanadditionally
mediatecommunicationbetweerandwithin speciesswell ascontributeto virulenceon ani-
malandplanthostsin pathogenidungi[4,5].

A genomichallmarkof SMsin filamentousfungi is that the biosyntheticpathwayghat pro-
ducethemaretypicallyorganizednto contiguousgeneclustersn thegenomd6]. Thesegene
clusterscontainthe chemicabackbonesynthesigenesvhoseenzymatigoroductsproducea
coremetabolite suchasnonribosomalpeptidesynthaseNRPSsand polyketidesynthases
(PKSs)tailoring enzymeghat chemicallymodify the metabolite transporteranvolvedin
productexport,and,often,transcriptionfactorsthat control the expressiorof the clustered
geneg6]. Thesggeneclustersalsooccasionallgontainresistancgeneshat conferself-protec-
tion againsteactiveor toxic metaboliteg6]. Filamentoufungalgenomesparticularlythose
in the phylum Ascomycotd6], typicallycontaindozensof SM geneclustersHowevermost
individual SM geneclustersappeatto beeitherspeciespecificor narrowly taxonomicallydis-
tributed in only ahandfulof specie$6,7]. SM geneclusterghat aremorebroadlydistributed
showdiscontinuougaxonomicdistributionsandareoftenhighly divergentbetweerspecies.
Consequentlytheidentity andtotal numberof SM geneclusterscanvarywidelyevenbetween
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verycloselyrelatedspeciesvhosegenomegxhibitveryhigh sequencandsyntenyconserva-
tion [8,9].

In thelastdecadeseveratomparativestudieshavedescribednacroevolutionarypatterns
of SMgeneclusterdiversity.For examplestudiescenteredon genomiccomparison®f closely
relatedspeciefiaveidentified severatlifferenttypesof interspecieslivergencefrom single
nucleotidesubstitutionge.g. differencesn fumonisinsproducedby Fusarium speciegre
causedy variantsin 1 gen€[10]) to genegain/losseventge.g. thetrichothecenaggeneclusters
in Fusarium speciesindthe aflatoxinfamily SMgeneclustersn Aspergillus species)11+16]
andgenomicrearrangementée.g. thetrichothecenegeneclusteran Fusarium) [11]. Addi-
tionally, geneticandgenomiccomparisongacrosfungalordersand classehaveidentified sev-
eralinstance®f genegainor loss[17+19]andhorizontalgenetransfer(HGT) [13,20+23]
actingon individual genesr on entiregeneclustersproviding explanationgor the diversity
anddiscontinuity of the taxonomicdistribution of certainSM geneclustersacrosfungal
species.

Althoughinterspeciesomparativestudieshavesubstantiallycontributedto our under-
standingof SMdiversity,the high levelsof evolutionarydivergenceof SM clusteramakeinfer-
enceof the genetiadriversof SMgeneclusterevolutionchallengingput simply,it hasbeen
difficult to 2catch®the mechanismshat generateSM geneclustervariation@in the act.°Several
previousstudieshaveexaminedntraspecie®sr population-levelifferencesn individual SM
geneclusterstypicallyfocusingon the presencandfrequencyof nonfunctionalallelesof clus-
tersinvolvedin the production of mycotoxins Example®f clustersexhibiting suchpolymor-
phismsincludethe gibberellingeneclusterin F. oxysporum [24], the fumonisin geneclusterin
F. fujikuroi [25], the aflatoxinand cyclopiazoni@acidgeneclustersn A. flavus [26], andthe
bikaveringeneclusterin Botrytis cinerea [27]. While thesestudieshavegreatlyadvanceaur
understandingof SM geneclustergeneticvariationand highlightedthe importanceof within-
speciesnalysesstudiesexaminingthe entirety of SM geneclusterpolymorphismswithin fun-
galspeciesresofar lacking.We currently do not know the typesandfrequencyof SMgene
clusterpolymorphismawithin fungalspecieswhetherthesepolymorphismsaffectall typesof
SMgeneclusterspr the geneticdriversof SMgeneclusterevolution.

To addresghesequestionsyeinvestigatedhe genetiadiversityof all 36known and pre-
dictedSMgeneclusteran wholegenomesequencéatafrom 66 strains,8 of whichwere
sequenceth this study,of the opportunistichumanpathogenA. fumigatus, aspeciesvith cos-
mopolitandistribution and panmicticpopulationstructure[28]. We found that 13SMgene
clusterawveregenerallyconserveand harborediow amountsof variation.In contrastthe
remaining23 SM geneclusterswverehighly variableand containedl or more of 5 different
typesof geneticvariation:singlenucleotidepolymorphismqSNPs)jncluding nonsensend
frameshiftvariants,individual genegainandlosspolymorphismsegntire clustergainandloss
polymorphismspolymorphismsassociate@ith changeén clustergenomiclocation,and
clusterawith nonhomologousllelesesemblingheidiomorphsof fungalmatingloci. Many
clusterscontainedinterestingcombinationsof thesetypesof polymorphismssuchaspseudo-
genizationin somestrainsandentire clusterlossin others.Thetypesof variantswefind are
likely generatedby acombinationof DNA replicationandrepairerrors,recombination geno-
mic insertionsanddeletionsandhorizontaltransfer We additionallyfind anenrichmentfor
transposablelement{TEs)aroundhorizontallytransferredclustersglustersghat changan
genomiclocations andidiomorphic clustersTakentogether pour resultsprovideaguideto
boththetypesof polymorphismsandthe geneticdriversof SM geneclusterdiversificationin
filamentousfungi. As mostof the geneticvariantsthat we observenavebeenpreviouslyassoci-
atedwith SMgeneclusterdiversityacrossnuchlargerevolutionarydistancegandtimescales,
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wearguethat processemfluencing SM geneclusterdiversitywithin speciesresufficientto
explainSM clustermacroevolutionarypatterns.

Results

We analyzedhe genome®f 66 globallydistributedstrainsof A. fumigatus for polymorphisms
in SMgeneclustersWe performedwholegenomesequencingn 8 strainsand collectedthe
remaining58strainsfrom publicly availabledatabasesncluding NCBI Genomeand NCBI
Sequenc®eadArchive(Fig 1, S1Table)[28+32].All publicly availablestrainsof A. fumigatus
with sequencinglatapassingjuality thresholdgseeMaterialsand methods)or with assem-
bledgenomesvereincludedin our analysisTheresultingdatasetontainsstrainssampled
from 12sitesworldwideandfrom clinicalandenvironmentalsourcegS1Table).

We analyzedill strainsfor polymorphismsn 33curatedSM geneclustergpresent
in thereferenceAf293genomeandadditionallysearchedor novelSM geneclusters
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Fig 1. Genetic diversity of secondary metabolic gene clusters within a fungal species. The phylogeny was constructed
using 15,274 biallelic SNPs with no missing data. The tree is midpoint rooted and all branches with bootstrap support less than
80% are collapsed. This phylogeny does not include strains Af10, Af210, Z5, or RP-2014, as short-read data were not available.
Superfixes following strain names indicate publications associated with DNA sequencing. indicates strains sequenced in this study,
1 indicates strains sequenced at JCVI with no associated publication, and £ indicates strains sequenced by Rikenwith no associated
publication. Heat maps show presence, absence, and polymorphisms in SM gene clusters. Black indicates the cluster is presentin a
strain with no polymorphisms, aside from missense variants, light gray indicates 1 or more genes in the cluster are pseudogenized,
and dark gray indicates the cluster is partially or entirely absent (see Fig 2). Colors for cluster 4 indicate which pseudogenizing
variants are present (see Fig 3) and colors for cluster 10 indicate which allele of the cluster is present (see Fig 4). Chromosomal
location of clusters 1 and 33 are indicated. If more than one type of polymorphism is present within a cluster in a strain, only 1 is
depicted. Types of polymorphisms found in each cluster are summarized below the cluster heat map. DHN, dihydroxynaphthalene;
JCVI, J. Craig Venter Institute; NRPS, nonribosomal peptide synthase; PKS, polyketide synthase; SM, secondary metabolite; SNP,
single nucleotide polymorphism.

https://cbi.org/10.137/4ournal.pbio.203583.g001
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Table 1. Types and rates of SM gene cluster variants in Aspergillus fumigatus strains.

Description

Single-nucleotide
polymorphisms and
indels

Gene content
polymorphisms

Whole gene cluster
polymorphisms

Cluster idiomorphs

Mobile gene
clusters

Phenotype

Potential for protein function
change (missense);
abrogation of protein
function (nonsense and
frameshift)

Loss of gene cluster
function; structural changes
in the metabolite; change in
cluster expression or
metabolite transport

Loss or gain of novel
metabolites

Changes in metabolites
produced or structure of
metabolites

Potential for change in gene
regulation

Abbreviation: SM; secondary metabolite.

https://da.org/10.1371¢urnal.pbi2003583.t00

Drivers Frequency at cluster |Frequency at |Previous reports
level strain level
DNA replication errors; 100% (33/33 clusters; | Every strain Bikaverin in Botrytis [17,27],
relaxation of purifying missense); 70% (23/ | affected aflatoxin in A. oryzae and A.
selection 33 clusters; nonsense flavus [26], fumonisins in
and frameshift) Fusarium [10], many others
Deletion and insertion 6 clusters 27/66 strains | Trichothecene in Fusarium,
events; recombination; aflatoxin and sterigmatocyst in
transposable elements Aspergillus [11-15], HC toxin in
Cochliobolus carbonarum [33]
Deletion and insertion 6 clusters 13/66 strains | Gibberellin and fumonisin in
events; horizontal gene Fusarium [24,25]
transfer; transposable
elements
Transposable elements; | 1 gene cluster 8 unique Putative SM gene clusters in
recombination; other identified dermatophytes; putative SM
mechanisms? alleles gene cluster in A. flavus and A.
oryzae [34,35]
Transposable elements; | 2 gene clusters 8/66 strains None

horizontal gene transfer;
other mechanisms?

(seeMaterialsand methods). Theseexaminationgevealed distinct typesof polymor-

ph
1.

ismsin SMgeneclustergFig 1, Tablel):

SNPsandshortindel polymorphismsThirty-three of 33 SM geneclustergpresentn the
referenceAf293strain) containedmultiple geneswith missens&NPsandshortindel vari-
antsin 1 or morestrains.Twenty-threeof 33SM geneclusterscontainedl or moregenes
with frameshiftor nonsenseariants.

. Genecontentpolymorphismanvolving lossor gainof 1 or moregenesSixof 33SMgene

clusterscontaineda genecontentpolymorphism.

. Whole SM geneclustergainandlosspolymorphismsThreeof 33 SMgeneclustersvere

entirelyabsenin 1 or morestrainsandan additional3 previouslyunknown SMgeneclus-

terswerediscovered.

4. ldiomorphic polymorphismsOnelocuscontainedmultiple nonhomologousSM geneclus-
ter alleledn differentstrains.

5. GenomiclocationpolymorphismsTwo of 33SMgeneclustersverefound on different
chromosomedetweerstrains.

Both genomiclocationpolymorphismsandidiomorphic polymorphismsarenoveltypesof
variantsthathavenot beenpreviouslydescribedor secondarynetabolicgeneclusterslikely
becausg¢heycanonly beidentified whengenome-widesyntenyand sequenceonservation
arehigh. Theremainingtypesof variants,ncluding single-nucleotidehangesnd genegain
andlosseventshavebeenimplicatedat the speciesevelasmajor driversof secondaryneta-
bolic geneclusterevolution(Tablel), suggestinghat the diversity-generatingrocesses
observedvithin aspeciegresufficientto explainSM geneclusterevolutionacrosspecies.
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SNPs and indel polymorphisms

It iswell establishethat SNPsandshortindel polymorphismswhich arecausedy errorsin
DNA replicationandrepair,areamajor sourceof genomicvariation[36]. Nonsynonymous
SNPsandindelswith missenserameshiftandnonsenseffectaverewidespreadcrosghe 33
SMreferencaegeneclustergFig 1, S2Table).Everystraincontainednumerousmissensenuta-
tionsandatleastl nonsens@r frameshiftmutationin its SMgeneclustersAlthoughmissense
mutationsarelikely to influenceSM production,the functional effectsof nonsensandframe-
shiftmutationsarecomparativelyeasieto infer from genomicsequenceatabecaus¢hey
oftenresultin truncatedproteinsandlossof protein function.

SNPsandshortindel polymorphismscanaffectsecondarynetaboliteproduction,asin the
caseof thelackof trypacidinproductionin the A1163strainbecausef apreviouslyidentified
frameshiftmutationin the PKSof the trypacidingenecluster[37]. Interestingly weidentified
aprematurestopcodon(GIn273) in atranscriptionfactorrequiredfor trypacidinproduction,
tpcD (Afu4g14550)in astrainsequencedh this study(MO79587EXP]S2Table).Thesedata
suggesthatfunction of this SM geneclusterhasbeenlostatleastwice,independentlyjn A.
fumigatus.

Individual nonsenser frameshiftvariantsvariedin frequencyFor examplethe NRPSpes3
geneg(Afubg12730)n SMgenecluster21harborsl6nonsenser frameshiftpolymorphisms
in 55strains,7 of whicharecommon(presentin >10strains)andanother7 of which arerare
(<5 strains).Strainswith lab-mutatednull allelesof the pes3 genearemorevirulentthan
strainswith functionalcopieq38], which mayexplainthe widespreaaccurrenceof null pes3
alleleswithin A. fumigatus.

Gene content polymorphisms

We additionallyidentified severaSM geneclusterghat gainedor lostgenesn somestrains.
Theseggenecontentpolymorphismsveremostlikely generatedhrough genomicdeletionor
insertioneventandweresometimegound at high frequencieamongstrains(Fig 1, Tablel).
In 3 caseghesepolymorphismampactedbackbonesynthesigienesrenderingthe SMgene
clusternonfunctional.

OneexamplanvolvesSM geneclusterl4,whosestandardcompositionincludesa pyover-
dine synthaseggenean NRPS-likegene an NRPShackbonegene andseverahdditionalmodi-
fication genegFig 2A). Four of the 66 strainsexaminedackan 11-kbregionon the 3 end of
the cluster,which normally containsan NRPSgeneand 2 additionalclustergenesandthe
first non-SMgenesn the 3 endflanking the cluster All A. fumigatus strainscontainacopia
family TE[39,40]atthe 3’ endof the cluster suggestinghat TEsmayhavebeeninvolvedin
the generatiorof this polymorphism.While this polymorphismcould havearisenthrougha
deletioneventahomologouslusterlackingthe 11-kbregionis alsopresentn thereference
genome®f A. lentulus and A. fischeri, closerelativeof A. fumigatus (Fig 2A). Themostparsi-
moniousexplanations thatthe genomeof the A. fumigatus ancestorcontainedan SMgene
clusterthatlackedthe 11-kbregionandthatthis genomicregionwassubsequentigainedand
increasedn frequencywithin A. fumigatus.

Theremaining2 genecontentpolymorphismsaffectingSM backbonegenesvererestricted
to 1 straineachandappeatto havearisenthroughgenomicdeletionevents Specificallystrain
IF1SWF4acksan 8-kb regionnearthe helvolicacid SM genecluster resultingin the lossof
thebackboneoxidosqualeneyclas@eneaswellanupstreanregioncontaining2 non-SM
genegS1Fig).StrainLMB35Aalacksa54-kbregionon the endof chromosome2, which
includes5 genedrom thetelomere-proximafumigaclavineC cluster(S1Fig).
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Fig 2. Gene gains and deletions in SM gene clusters. (A) Differences in gene content in SM gene cluster 14 in Aspergillus fumigatus strains and
closely related species. Four A. fumigatus strains lack an 11-kb region in this cluster, including an NRPS backbone gene, highlighted in yellow. Regions
upstream and downstream of this cluster are syntenic. LMB35Aa also contains a large inversion that moves a transcription factor, oxidoreductase, and
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(B) SM gene cluster found in most A. fumigatus strains but absent from the Af293 reference and from the F7763 strain. EOS, end of scaffold; MFS,
major facilitator superfamily; NRPS, nonribosomal peptide synthase; SM, secondary metabolite.

https://doi.0g/10.1371§urnal.pbio.203583.g002

Threeothercasesf genecontentpolymorphismanvolvedgenelossor truncationevents
of non-backbonestructuralgenesThe seconchalf of the openreadingframe (ORF)of the
gliM O-methyltransferasgenein the gliotoxin geneclusterhasbeenlostin 2 of 66strains(S1
Fig) andthefirst half of the permeasgngE in the fumiquinazolinegeneclusterhasbeenlost
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in 4 of 66strains(S1Fig).Finally,an ATP-binding cassett¢ABC) transportergenein SMclus-
ter 21hasbeenalmostentirelylostin 21 of 66strains(S1Fig). This deletioneventis foundin
strainsthat arerelatedin the SNP-basedtrainphylogenybut doesnot perfectlymirror the

phylogeny(Fig 1).

Whole gene cluster loss polymorphisms

SeveraEM geneclustersveregainedor lostentirelyacrossstrains We observedeveral
instancesn which aclusterpresenin the genomeof eitherthereferenceAf293or A1163(also
known asCEA10)strainwasabsenbr pseudogenizeih otherstrains,whichwepresenin
this section.

OneofthenovelSMgeneclustersgluster34,waspresenin all but 2 of the strains(Af293
andF7763)Cluster34 containsaPKSbackbonggene 1 PKS-likegenewith asinglePKS-asso-
ciateddomain,9 geneswith putativebiosynthetidfunctionsinvolvedin secondarynetabolism,
and6 hypotheticabproteins(Fig 2B).The 2 strainsthat lackcluster34 containalikely nonfunc-
tional clusterfragmentthatincludesthe PKS-likegene 2 biosynthetiogenesand 3 hypotheti-
calproteins.Interestingly the 3’ regionflanking cluster34is syntenicacrossll 66 strainsbut
the5' regionis not, suggestinghat arecombinationor deletioneventmayhaveresultedin its
lossin the Af293and F7763strains. These2 strainsform acladein the strain phylogeny(Fig
1), soit islikely thatthis deletionor recombinationeventoccurredonce.

Onenotableexampleof an SM geneclusterpresenin the Af293referencegenomebut
absenbr pseudogenizeth otherswasSM cluster4. This clustercontainss genesn thetip of
the Af293chromosomel and containsorthologsto 5 of the 6 genesn the fusarielin-producing
geneclusterin F. graminearum [41]. Cluster4 is alsopresentn severabther Aspergillus spe-
cies,including A. clavatus and A. niger [41], aswell asin wholeor in partin othernon-Asper-
gillus fungiin the clasEurotiomycetesindin fungiin the classSordariomycetegS3Fig)
[30,42+50]Phylogeneti@analysiof the genesn cluster4 doesnot provideaclearviewof the
origin of this cluster,whichis consistenkitherwith extensivegenelossin both Sordariomy-
cetesaand Eurotiomycete®r, alternativelywith HGT betweerfungi belongingto the 2 classes
(S2and S3Figs).

Cluster4is entirelyabsenin 4 of 66strains,andits genesareundergoingpseudogenization
in anadditional43strainsviamultiple independenmutationaleventgFig 3). The4 strains
lackingthe clusterform asinglecladeon the strainphylogenysuggestinghat the clusterwas
lostin asingledeletionevent(Fig 1). Further,19strainssharedasingleframeshiftvariantin
the PKSgeneg(4380_4381insAATGGGCGTrameshiftat Glu1461in Afulgl7740andanaddi-
tional 13strainssharedasingleframeshiftvariant(242delGframeshiftat Gly81)in analdose
1-epimerasgene(Afulgl7723)Fig 3A, S2Table).Elevenother strainseachcontainedl to
severaframeshiftor nonsensgolymorphismsnvolving 9 uniquemutationalsites Fiveof
thesestrainscontainedmultiple distinct frameshiftsand prematurestopcodonsin morethan
1 genein thecluster,indicatingthat the entire pathwayis pseudogenizenh thesestrains.

A phylogenyof the entire cluster4 locusacrossall 62 strainswith short-readdatashows
that 2 pseudogenizingariantssharedacrossnultiple strains,onein thealdosel-epimerase
geneandonein the PKS arefoundin loci thatform well-supportedccladeqFig 3B),suggesting
thatthesevariantsaroseonce.Similarly,asetof variantssharedacross3 strainsand 1 variant
sharedn 2 strainsarefound in loci thatform well-supportectladesn the locusphylogeny.
Two strainssharinga pseudogenizingariantin the PKSdo not grouptogetherin thelocus
phylogenyadiscordancdikely stemmingfrom within-locusrecombinationeventsFinally,
functionalallelef cluster4 aredistributedthroughoutthe locusphylogeny suggestinghat
thefunctionalalleleis ancestrahndthe pseudogenizedariantsarederived.
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Perhapsurprisingly loss-of-functionpolymorphismgfrom nonsensandframeshift
mutationsto wholesalelusterloss)arecommonandsometimedrequentwithin A. fumigatus.
Themajority of thesepolymorphismsarepresumablyneutralandreflectthe factthatany
mutationis morelikely to resultin lossof afunction thanin gain.Consistentwith this hypoth-
esisis our observatiorthat thesdosseventsvereoftenfound atlow frequenciesHowever the
possibilityalsoexiststhat someof the high-frequencyrecurrentloss-of-functionpolymor-
phismsmaybeadaptive Giventhat manysecondarynetabolitesareprimarily secretedn the
extracellulaenvironmentandcanbenefitnearbyconspecificshat arenot themselveproduc-
ing the metabolite[51], individual strainsmaybecircumventingthe energeticallgostlypro-
cesof producingthe metabolitethemselves asituationanalogougo the BlackQueen
Hypothesig52].

Whole gene cluster gain polymorphisms

Bysearchindgor novelSMgeneclustersn the genome®f theother65A. fumigatus strains,
wefound 3 SM geneclusterghat wereabsenfrom the genomeof the Af293referencestrain.
As SMgeneclustersareoften presentin repeat-richandsubtelomeriaegionsthat arechal-
lengingto assembl§s3,54] the strainsanalyzederemight harboradditionalnovel SM gene
clusterghatwerenot capturedhere.

Oneof theseSM geneclustersgluster34,wasmentionedearlierasan exampleof whole
geneclusterlosspolymorphism(Fig 2B)andis presentin moststrainsbut hasbeenlostin 2
strains.Theother2 SM geneclustersabsenfrom the Af293genomearepresentatlowerfre-
quencieandlikely reflectgeneclustergaineventstluster35is presentin 2 of 66 strainsand
cluster36in 4 of 66 strains.Cluster35islocatedin aregionsyntenicwith an Af293chromo-
somed regionandis flankedon both sideshy TEs(S4Fig).Eightof the 14genesn this SM
geneclusterarehomologougo genesn an SM geneclusterin the genomeof theinsectpatho-
genicfungusMetarhizium anisopliae (S4Fig) [55]. Phylogeneti@analysiof these8 geness
consistenwith ahorizontaltransferevent(S5Fig). The 2 strainsthat containthis novelcluster
arenot sisterto eachotheron the strainphylogeny(Fig 1).

Cluster36is an NRPS-containinglusterlocatedon shortergenomicscaffoldghatlack
homologyto eitherthe Af293or A1163genomesmakingit impossibleo determineon which
chromosomehis clusteris located(S4Fig). Two of the strainscontainingthis novelcluster
aresisterto eachotheron the strainphylogenywhile thethird is distantlyrelatedto these2
(Fig1). Theevolutionaryhistoriesof the genesn the clusterareconsistentwith verticalinheri-
tance andthesegenesarepresentn multiple Aspergillus species.

Idiomorph polymorphisms
Oneof themostpeculiartypesof polymorphismghat weidentifiedis alocuscontainingdif-
ferentunrelatedallelesof SM geneclustersreminiscentof theidiomorph allelesat the fungal
matingloci [56]. Thislocus,which resideson chromosome3 and corresponddgo cluster10in
the Af293genome(Fig 4), waspreviouslydescribedasbeingstrain specificin acomparison
betweemf293and A1163strains[30] andis thoughtto residein arecombinationhot spot
[28]. Our analysishowedhatthereareatleast6 differentallelesof this clusterin A. fumigatus
containing4 differenttypesof keyenzymesnvolvedin naturalproductbiosynthesisa
PKS-NRP®ybrid, ahighly reducing(HR) PKS,anonreducing(NR) PKS,andan NRPS-like
enzymgFig 4). Two additionalallelesverepresentin only 1 straineach(S6Fig).

In the Af293referencegenomethe clusterpresentattheidiomorph locuscontainsl
NR-PKSalongwith an NRPS-likegene(alleleB). In the A1163referencegenomeand 17 other
strainsthereisaPKS-NRP&ndanHR-NRPSat this locus(alleleE). Theseallelesshowan
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almostcompletelackof sequencsimilarity excepffor aconservedypotheticalproteinanda
fragmentof the HR-PKSin the Af293allele;in contrastthe upstreamanddownstreanflank-
ing regionsof the 2 allelesyhich do not containanybackbonegenesaresyntenic Remark-
ably,anotherallele presenin 12strains,containsall of the genedrom both the Af293and
A1163clusterqalleleD). Theremaining3 allelexontainvariouscombinationsof thesegenes.
Oneallelefoundin 22strainscontainssomeA1163-specifigenesincluding the HR-PKS and
no Af293-specifigenegalleleF), while anotherallelefound in 3 strainscontainssome
Af293-specifigenesincluding the NRPS-likegene put no A1163genedalleleA). Thefinal
allele presentin 8 strains,containsthe entire Af293alleleaswell aspart of the A1163allele
containingthe HR-PKS(alleleC). Everyalleleis littered with multiple long terminalrepeat
sequencéragmentsrom gypsy and copia TE familiesaswell aswith sequencéragmentsrom
DNA transposongrom the mariner family [39]. In somecasesheseTEscorrespondwith
breakpointsin syntenybetweerallelessuggestinghatthe diverseallelesof this SMgeneclus-
ter mayhavearisenvia TE-drivenrecombination Furthermore both of the alleleghat are
restrictedto asinglestrainhaveaninsertioneventof severafjenesieara TE, while the restof
thelocusis highly similarto oneof the more commonalleleqS6Fig).

UntargetedXCMSanalysig57] of analleleD strain(08-19-02-30and 2 alleleF strains
(08-12-12-12nd08-19-02-10and comparisonof their metaboliteprofilesrevealedhe pres-
enceof 2 uniguemassef 08-19-02-3¢S4Table;S7Fig),raisingthe possibilitythat variation
attheidiomorph locusis functional. Furtheranalysiss underwayto investigatavhetherany
of thesemasgo chargeratioscanbedirectly linked to the alleleD sequence.

To gaininsightinto the evolutionaryhistory of this locus,we constructeda phylogeny
basedn its conservedlownstreanflanking region(Fig 4B).Theresultingphylogenyshows
somegroupingof strainsthat shareallelesput thereareno cladeghat containall instanceof
aparticularallele Thisis likely to bethe consequencef within-locusrecombinationbetween
strainsof A. fumigatus, which hasbeenpreviouslydescribedat this locus[28] andwhichis
potentiallydriven by the high numberof repetitivesequenceat this locus.

While it istemptingto speculateéhatalleleD, thelongestallelecontainingall observed
genestepresentshe ancestrabtate this doesnot explainthe presencef asharechypothetical
proteinand PKSgenefragmentbetweeralleleC andalleleB. Furthermore 2 closerelativeof
A. fumigatus, A. lentulus and A. fischeri, containasimilar regionwith conservedipstreamand
downstreanflanking geneghatis highly dissimilarto anyof the alleleobservedn A. fumiga-
tus (S8Fig).In both specieshis locuscontainsnumerousT Esaswellasgenesiomologoudo
portionsof alleleEin A. fumigatus (S8Fig).A. fischeri additionallycontains2 hypotheticalpro-
teinsfrom the PKS-NRP3egionof A. fumigatus andanadditionalhybrid PKS-NRPS-con-
taining geneclustemot found in eitherA. lentulus or any A. fumigatus strain (S8Fig). Other
genestthislocusin both A. lentulus and A. fischeri havefunctionslikely not relatedto SM.
Interestingly A. lentulus containsagenewith aheterokaryorincompatibility protein domain,
whichmaybeinvolvedin determiningvegetativéncompatibility [58]. Only 1 representative
genomdrom eachspeciefasbeensequencedyut basedn the high concentrationof TEs
andlackof sequencsimilarity with anyA. fumigatus allelesit is likely that this locusis highly
variablewithin both A. lentulus and A. fischeri.

It is possiblehat polymorphismatthis locusoriginatedvia SM geneclusterfusionor fis-
sioneventdriven by TEs,which arepresentn largenumbers.nterestingly 2 otherprevi-
ouslydescribednstance®f SM geneclustervariationbearsomeresemblancéo the A.
fumigatus idiomorphic SMgeneclusterl0locus.Thefirst is the presencef 2 nonhomologous
A. flavus allelesfor which somestrainscontaina 9-genesesquiterpene-lik8M genecluster
andotherscontainanonhomologou$-geneSM geneclusteratthe samegenomiclocation
[35]. Theseconds the presencef 2 nonhomologoussSM geneclustersatthe samewell-
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conservedocusin acomparisorof 6 specie®f dermatophytdungi[34]. Basedn these
resultswe hypothesizehatidiomorphic clustersmaybecommonin fungalpopulationsand
contributeto the broaddiversityof SM geneclustersacrosgilamentousfungi.

Genomic location polymorphisms

Thefinal typeof polymorphismthat we observeds associatetith SMgeneclusterghatare
foundin differentgenomiclocationsin differentstrains,suggestinghattheseSMgeneclusters
arebehavindike mobilegeneticelementsThis typeof polymorphismwasobservedn SM
geneclustersl and 33,both of which produceas-yet-identifiegproductsand arepresentat
low frequenciesn A. fumigatus strains.

SMgeneclusterl, whichis presentin 6 strainsat 3 differentgenomiclocations(Fig 5A),
consistof aPKSand4 other structuralgenegshat arealwaydlankedby a 15-kbregion
(upstream)anda43-kbregion(downstreamontaining TEs.In the referenceAf293strain
andin strainF7763¢lusterl andits flanking regionsarelocatedon chromosomel, whilein
strains08-31-08-91F13619and Z5 theyarelocatedbetweerAfu4g0732@nd Afu4g0734®mn
chromosomet. In contrast,in strainJCM10253the clusterandflanking regionsarelocated
on chromosomes immediatelyadjacento the 3’ endof theintertwined fumagillin and pseur-
otin SMgenesuperclustef59]. Thestrainscontainingthe alleleon chromosomel aresisterto
eachotheron the strainphylogenywhile the other strainsarescatteredcrosghetreeanddo
not reflectthe phylogeny(Fig 1).

In 5 of 6 strains clusterl appearso befunctionalanddoesnot containnonsense&SNPsor
indels.However the clusterfound on chromosomel in strainF7763contains2 stopcodons
in the oxidoreductasgeng(GIn121 and GIn220) and 2 prematurestopcodonsin the PKS
(GIn1156 andGIn1542), suggestinghis straincontainsanull allele.

This3jumping® geneclusteris not presentn anyothersequencedenomen thegenus
Aspergillus, andphylogeneti@analysif its constituentgeness consistenivith HGT between
fungi (S9Fig). Specificallythis geneclusteris alsopresentn Phaeosphaeria nodorum [60], a
plantpathogerfrom the classDothideomycetesPseudogymnoascus pannorum [61], afungus
isolatedrom permafrostfrom the Leotiomycetesand Escovopsis weberi [62], afungalparasite
of fungus-growingantsfrom the Sordariomyceteg=ig 5B).Oneadditionalspecieshe endo-
phyteHypoxylon sp.CI4A from the classSordariomycetef53], contains4 of the 5 cluster
genedut is missingAfulg00970an MFSdrugtransporter However this speciegontainsa
geneunrelatedto Afulg0097Q@hatis annotatedasan MFSdrug transporteimmediatelyadja-
centto this cluster(Fig 5B).Noneof these€fungi containthe upstreamor downstreamrl E-rich
flanking regionspresentin A. fumigatus, and eachfunguscontainsadditionaluniqguegenes
with putativebiosynthetidunctionsadjacento thetransferredcluster.The mostlikely expla-
nationfor this changen flanking regionsis that this SM geneclusterwastransferrednto A.
fumigatus onceand hassubsequentl§jumped®in differentgenomiclocationsin different
strains.

The secondSM geneclusterthat showsvariationin its genomiclocationacrosstrains,
cluster33,containsaterpenesynthaseT his clusteris presenin only 5 strainsat 3 distinct
locations(Fig 5C). Similarto clusterl, cluster33is alsoflankedby TEs,andin 1 strainthe
clusteris locatedin anewregion58Kb from SM genecluster34.Two strainsthat containthe
clusterin the samegenomiclocationaresisterto eachotheron the strain phylogenywhile the
placemenbf the other 3 strainscontainingthe clusterdoesnot reflectthe phylogeny(Fig 1).
In contrastto clusterl, cluster33doesnot appearto havebeenhorizontallytransferred
betweerfungi andits genesarepresentin othersequencedspergillus specie$64], suggesting
thatthe mobility of clustersl and 33maybedriven by differentmechanisms.
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gene cluster 1 with clusters in Phaeosphaeria nodorum, Pseudogymnoascus pannorum, Escovopsis weberi, and Hypoxylon sp.
CI4A. All species contain nonsyntenic genes predicted by antiSMASH to be part of a biosynthetic gene cluster. (C) SM gene cluster
33 (Afu5g00100-00135) is found in different genomic locations in different strains. In one strain, the cluster is adjacent to SM gene
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Interestingly both case®f mobile geneclustersarelocatednearor immediatelyadjacento
otherSMgeneclustersn somestrains.Cluster33is located58kb awayfrom cluster34in one
strain,andclusterl islocatedmmediatelyadjacento the intertwined fumagillin and pseuro-
tin superclustef59] in another.This superclusters regulatedy the transcriptionalfactor
fapR (Afu8g00420nndis locatedin achromosomategioncontrolledby the masterSMregu-
latorslaeA (Afulgl4660andveA (Afulgl2490)59,65] raisingthe hypothesighat mobile
geneclustersmight beco-optingthe regulatorymachineryactingon adjacentSM geneclus-
ters.Previouswvork hashypothesizedhat the fumagillin and pseurotinsuperclusteformed
throughgenomicrearrangemenéventsplacingthe once-independengeneclustersn close
proximity to eachother[59]. Our observatiorthatthe mobile clusterl is locatedin this same
regionnot only supportsthis hypothesidut alsoimplicatesT Esasoneof the mechanisméby
which superclusterareformed. Thesesuperclustersayalsorepresentinintermediatestage
in the formation of newSM geneclustersSuperclusteformation, potentiallymediatedby
mobilegeneclustersandfollowedby geneloss,could explainmacroevolutionarpatternsof
SMgeneclustersn which clusteredgenesn onespeciesrefound to bedispersedvermulti-
plegeneclustersn otherspecie$9,11].

Discussion

Our examinationof the genome®f 66 strainsof A. fumigatus revealed generatypesof poly-
morphismsthat describevariationin SMgeneclustersThesepolymorphismsncludevaria-
tion in SNPsandshortindels,geneandgeneclustergainsandlossesnonhomologous
(idiomorph) geneclustersatthe samegenomicposition,and mobile clusterghat differ in
their genomiclocationacrossstrains(Fig 6). Previousvork hasdemonstratedhat SMgene
clusters|ike the metaboliteghat theyproduce arehighly divergentbetweerfungalspecies
[8,9,19,64]0ur examinationof genome-widevariationshowsthat theseSM geneclustersare
alsodiverseacrossstrainsof a singlefungalspeciesTheseresultsalsodemonstratehat the
diversityof SMgeneclusterswithin A. fumigatus cannotbecapturedby sequencingsingle
representativetrain,whichis the current standardpracticefor determiningthe SM geneclus-
ter contentof afungalspecies.

Thequantificationof diversityin SMgeneclusterswithin aspeciess dependenbn both
numbersandtypesof strainsanalyzedThetypesof polymorphismsdetectecaswell astheir
observedrequencygspecialljor rare polymorphismswill increaseawvith the numberof
genomeexaminedIn addition, both the frequencie®f the differenttypesof polymorphisms
andthe polymorphismghemselvemayalsochangewith samplingdesignor in amannercor-
respondingo the populationstructureor ecologyof the speciesinderstudy.A. fumigatus is a
cosmopolitarspeciesvith panmicticpopulationstructure[28], characteristicthat do not
alwaysapplyto otherfilamentousfungi. Fungiexhibiting strongpopulationstructureor fungi
adaptedo differentecologicahichesmight containdifferentpatternsof geneticdiversity.

Neverthelesghevariantsandgeneticdriversweobservetthe within-speciedevelare
alsoimplicatedasdriving SMgeneclustervariationat the between-specidsvel,suggesting
thatthe observednicroevolutionaryprocessearesufficientto explainmacroevolutionary
patternsof SMgeneclusterevolution.For examplethe narrow and discontinuousdistribu-
tion of SMgeneclustersaacrosghefungalphylogenyhasbeenattributedto HGT aswellas
to geneclusterloss[13,15,20,22,30,66+68lere,wefind evidencehatboth processealso
influencethedistribution of SM geneclusterswithin aspeciegFigs2 and5, S2+S¥Figs).
Interestingly the fraction of SM geneclusterswithin A. fumigatus thatharborlossof func-
tion polymorphismss substantialconsistenwith the macroevolutionarywiewthat SM
geneclusterlossis rampant[18,19,68]However,our within-specie®bservationgrealso
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consistenwith the macroevolutionarymportanceof HGT to SM geneclusterevolution.
Oncethoughtto benonexistentin eukaryotestHGT is now consideredo beresponsibldor
the presencef severallifferent SM geneclustersn diversefilamentousfungi[13,68,69].
Theinstance®f HGT of SMgeneclusterswithin A. fumigatus suggestthatacquisitionof
foreigngeneticmaterialcontainingSM geneclusterss likely acommonand ongoingoccur-
rencein fungalpopulations.

Onerecurringthemeacrosdifferenttypesof SMgeneclusterpolymorphismsn A. fumiga-
tus wasthe perpetuapresencef TEsadjacento or within clustersOneparticularlystriking
casas the@idiomorphic® clusterl0,in which TEsseento correspondwith breakpointsin
syntenybothwithin A. fumigatus andalsobetweer!. fumigatus andits closerelativeqFig 4,
S8Fig). TEswerealsopresentflanking mobileandhorizontallytransferredSM geneclusters
andwerelocatedadjacento genegainsites.Thereareseverapotentialexplanationgor the
observed E enrichment.First, TE presencenaypromoterepeat-driverrecombinationand
generearrangementyr the TEsthemselvemaybethe agentof horizontallytransferredclus-
ters(eitheron their own or throughaviral vector).Alternatively it maysimplybethe casehat
SMgeneclusterspreferentiallyresidein TE-rich genomicregions.

In summary examinationof SM geneclustervariationwithin asinglefungalspecies
revealed distinct typesof polymorphismthat arewidespreadcrosglifferenttypesof SM
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geneclustersandarecausedy manyunderlyinggenetiadrivers,including errorsin DNA
transcriptionandrepair,nonhomologougecombination geneduplicationandloss,and
HGT. Theneteffectof the observedariationraiseghe hypothesighat the chemicalproducts
of filamentousfungalspeciesrein astateof evolutionaryflux, eachpopulationconstantly
alteringits SMgeneclusterrepertoireand consequentlynodifyingits chemodiversity.

Materials and methods
Strains analyzed

Eightstrainsof A. fumigatus wereisolatedfrom 4 patientswith recurrentcase®f aspergillosis
in the Portugues@®ncologylnstitute in Porto, Portugal Eachstrainwasdeterminecdto beA.
fumigatus usingmacroscopideaturef the cultureand microscopicmorphologyobservedn
theslidepreparationfrom the colonieswith lactophenokolution[70]. Basedn the morpho-
logicalcharacterizationall clinical strainswereclassifiedisA. fumigatus complex-Fumigati.
After wholegenomesequencingietrievaland examinationof the betatubulin andcalmodulin
sequencesf eachstrainconfirmedthatall strainsbelongedo A. fumigatus (SeePhylogenetic
analysiand S9Fig). Thegenome®f all 8 strainsweresequencedsing150-bplllumina
paired-endsequenceeadsat the GenomicServicesabof HudsonAlpha(Huntsville, Ala-
bamaUSA).Genomiclibrarieswereconstructedwith the lllumina TruSediibrary kit and
sequencedn anlllumina HiSeq2500sequencetSamplesf all 8 strainsweresequencedt
greaterthan 180Xcoverag®r depth(S1Table).Short-readsequencefor theseB strainsare
availablén the NCBI Sequenc&eadArchive (SRA)underaccessiolsRP10903gttps://
trace.ncbi.nlm.nih.gov/Tracésra/?study=SRP109032).

In additionto the 8 strainssequenceth this study,weretrieved58 A. fumigatus strains
with publicly availablevholegenomesequencinglata,resultingin adatasebf 66 strains(S1
Table).Thestrainsusedincludedboth environmentalandclinical strainsandwereisolated
from multiple continents.Genomeassembliefor 100f thesestrains,including the Af293and
All63referencestrains,wereavailabldor downloadfrom GenBanK28+32,71]For 6 of these
strainsshort-readsequencewerealsoavailabldrom the NCBI SRA which wereusedfor var-
iant discoveryonly (seeSinglenucleotidevariant[SNV] andindel discovery)and not for
genomeassemblyShort-readsequencewerenot availabldor the remaining4 strains.Short-
readsequenceweredownloadedor anadditional48strainsfrom the NCBI SRAIf theywere
sequencedith paired-endreadsandat greaterthan 30X coverage.

Single nucleotide variant (SNV) and indel discovery

All strainswith availableshort-readdata(62 of 66 strains)werealignedto both the Af293and
Al163referencagenomesisingBWA memversion0.7.12-r104472]. Coveragef genes
presenin thereferencegenomewascalculatedisingbedtoolsv2.25.(73]. SNVandindel dis-
coveryandgenotypingwereperformedrelativeto the Af293referencegenomeandwerecon-
ductedacrossll samplesimultaneouslysingthe GenomeAnalysisToolkit version3.5-0-
036282e4vith recommendedardfiltering parameter$74+76]Jand annotatedusingsnpEff
versiond.2[77].

De novo genome assembly and gene annotation

All 56 strainswithout publicly availablegenomeassembliewerede novoassembledsing
theiWGSpipeline[78]. Specificallyall strainswereassembledsingSPAdes3.6.2and
MaSuRCAv3.1.3andresultingassembliewereevaluatedisingQUASTV3.2[79+81].The
averagdN50of assembliesonstructedwith this strategywas463kb (S1Table).Genesvere
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annotatedn theseassemblieaswellasin 5 GenBankassembliewith no predictedgenes
usingaugustuy3.2.2rainedon A. fumigatus genemodels[82]. Repetitiveelementsvere
annotatedn all assembliessingRepeatMaskerersionopen-4.0.6383].

Secondary metabolic gene cluster annotation and discovery

Secondarynetabolicgeneclusterdn the Af293referencegenomeweretakenfrom 2 recent
reviewspoth of which consideredcomputationalandexperimentallatato delineatecluster
boundarieq84,85](S3Table).Thegenome®f the other 65strainswerescannedor novelSM
geneclusterausingantiSMASHv3.0.5.186]. To preventpotentialassemblgrrorsfrom con-
foundingthe analysisanyinferenceaboutchange$n genomiclocationsof genesr geneclus-
terswasadditionallyverifiedby manuallyinspectingalignmentsand ensuringthat pairedend
readssupportedan alternativegenomiclocation(seeSinglenucleotidevariant[SNV] and
indel discovery)Case$n which pairedendreadsdid not supportthe changen genomicloca-
tion (i.e.,all 3 readmappingto chromosomel andall 5’ pairsmappingto chromosome8) or
mappingwasambiguousor low qualitywerediscarded.

Phylogenetic analysis

To confirm all strainsin this analysiselongedo the species\. fumigatus, the genomic
sequencesf the betatubulin and calmodulingenesvereextractedrom the assembled
genomef all strains.GenephylogeniesvereconstructedusingA. fischerianus asan out-
groupusingRAXML v8.0.25vith the GTRGAMMA substitutionmodel[87]. Thetreewas
midpoint rootedandall brancheswith bootstrapsupportlesshan 80%werecollapsedS10
Fig).

To constructan SNP-basedtrain phylogenybiallelicSNPawvith no missingdatawere
prunedusingSNPRelatg1.8.0with alinkagedisequilibriumthresholdof 0.8[88]. A total of
15,2745NVswereusedto createa phylogenyusingRAXML v8.0.25vith the ASC_BIN-
GAMMA substitutionmodel[87]. Thetreewasmidpoint rootedandall brancheswith boot-
strapsupportlesshan 80%werecollapsedThe phylogenywasvisualizedusingI TOL version
3.0[89].

To understandhe evolutionaryhistoriesof specificSM geneclustersshowingunusualtax-
onomicdistributions,wereconstructedhe phylogenetidreesof their SM genesSpecifically,
SMclusterprotein sequencewerequeriedagainstlocalcopyof the NCBI nonredundant
protein databasédownloadedviay 30,2017)usingphmmer,amemberof the HMMER3 soft-
waresuite[90], usingacceleratioparametersbF1le-5bF21e-7DF31e-10A customperl
scriptsortedthe phmmerresultsbasedn the normalizedbitscore(nbs),in which nbswascal-
culatedasthe bitscoreof the singlebest-scoringlomainin the hit sequencdivided by the best
bitscorepossiblgor the querysequencéi.e.,the bitscoreof the queryalignedto itself).No
morethan5 hits wereretainedfor eachunique NCBI TaxonomylID. Full-lengthproteinscor-
respondingo thetop 100hits (E-value< 1 x 10— 10)to eachquerysequencaereextracted
from thelocaldatabas@singesl-sfetch90]. Sequenceserealignedwith MAFFT v7.310
usingthe E-INS-istrategyandthe BLOSUM30amino acidscoringmatrix [91] and trimmed
with trimAL v1.4.rev1fusingits gappyoutstrategy[92]. Thetopologiesvereinferred using
maximumlikelihood,asimplementedn RAXML v8.2.987], usingempiricallydetermined
substitutionmodelsandrapid bootstrapping1,000replications).The phylogeniesveremid-
point rootedandbrancheswith lessthan 80%bootstrapsupportwerecollapsedisingthe ape
andphangornR packagef93,94].Phylogeniesverevisualizedusingl TOL version3.0[89].

To understandhe evolutionaryhistoriesof SM geneclusters4 and 10, full-length nucleo-
tide sequencesf all 62 strainswith short-readsequenceatawereextractedor the entire
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clusterregion(SM genecluster4) or thedownstreanflanking region(SM geneclusterl10)
usingthe previouslydescribedSNV analysigprocedurefollowedby GenomeAnalysisToolkit's
agxtractAlternativeReferenEastatool [75]. Theresultingnucleotidesequencewerealigned
usingMAFFT v7.31(091]. Phylogeniesvereconstructedusingmaximumlikelihood asimple-
mentedin RAXML v 8.0.25usingthe GTRGAMMA substitutionmodelandrapid bootstrap-
ping (1,000replications)87]. Phylogeniesveremidpoint rootedandbranchewith lessghan
80%bootstrapsupportwerecollapsedPhylogeniesverevisualizedusingl TOL version3.0
[89].

All sequencalignmentsand phylogeniegeneratedn this studyareavailableon the Fig-
sharerepository(https://figshare.conprojects/Data_for_Drivers_of getic_diversity in_
secondary_metabolic_gendusters_within_a_fungal spes /26089).

Differential metabolite analysis

For naturalproductanalysis5 x 1(° spores/mLfor theindicatedstrainsweregrownin 50mL
liquid GMM [95] for 5 daysat 25ECGand 250rpm in duplicatesSupernatantsvereextracted
with equalvolumesof ethylacetatedried downandresuspendeth 20%acetonitrile(ACN).
Eachsamplewvasanalyzedy ultra high-performancdiquid chromatographfUHPLC)
coupledwith massspectrometryMS). Thesamplesvereseparatedn aZORBAXEclipse
XDB-C18column (Agilent,2.1x 150mm with a1.8uM particlesize)usingabinary gradient
of 0.5%(v/v) formic acid (FA) assolventA and0.5%(v/v) FAin ACN assolventB thatwas
deliveredby aVanquishTMUHPLC system(Thermo Scientific)with aflow rateof 0.2mL/
min. Thebinary gradientstartedwith 20%B that wasincreasedvith alineargradientto 100%
Bin 15min followedby anisocraticstepat 1009 for 5 min. Beforeeveryrun, the systemwas
equilibratedfor 5 min at20%B. The UHPLC systemwascoupledto aQ Exactivenybrid quad-
rupoleOritrapTM MS (Thermo Scientific).For electrosprayonization, theion voltagewasset
at+3.5kV in positiveandnegativenode.Nitrogenwasusedassheathgasat aflow rateof 45
andassweemasataflow rateof 2. DataanalysisvasperformedusingXCMS[57] and Maven
[96] software.

Supporting information

S1 Fig. Alignments showing deletion of genes in SM gene clusters. (A) Deletionof helvolic
acidgenesn IF1SWF4(B) Deletionof fumigaclavinegenesn LMB35Aa.(C) Partialdeletion
of gliM in the gliotoxin geneclusterin 2 strains.(D) Partialdeletionof fmgE in the fumiquina-
zolinegeneclusterin 3 strains.(E,F)Coverag®f 21 strainswith partial deletionof ABCtrans-
portergenein SMgenecluster21.ABC,ATP-binding cassetteéSM, secondarynetabolite.
(PDF)

S2 Fig. Gene phylogenies of the fusarielin-like SM gene cluster 4. Thesephylogeniesirecon-
sistentwith horizontaltransferbetweerEurotiomyceteand Sordariomycetéungi or with
extensivggeneoss.SM,secondarynetabolite.

(PDF)

S3 Fig. Fusarielin-like clusters in Eurotiomycetes and Sordariomycetes. All speciesvith
genegroupingtogetherwith eachAspergillus fumigatus genefrom the fusarielin-likecluster
(seeS2Fig). Beauveria bassiana and A. udagawae wereexcludedastheyonly containedthe
transcriptionfactorfrom the cluster.The geneclustertin Fusarium graminearum hasbeen
functionallycharacterizeésproducingfusarielin.

(PDF)
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S4 Fig. Novel SM gene clusters in Aspergillus fumigatus strains. (A) Syntenybetweera
novelPKS-containingclusterin 2 strainswith an SMgeneclusterin Metarhizium anisopliae.
ThisnovelPKSclusteris locatedbetweertransposablelementsn aregionsyntenicwith
thereferenceAf293chromosomet. (B) Novel SM geneclusterin MO54056EXRand 3 addi-
tional strains.This clusteris only locatedon 1 scaffoldin MO540556EXRndis fragmented
acrosgheotherstrains(endsof scaffoldsaremarked).(C) Coveragealatafrom short-read
alignmentsfor MO54056 EXP12+75044623nd08-19-02-30elativeto the MO54056EXP
scaffoldcontainingthe novelSM genecluster PKS polyketidesynthaseSM, secondary
metabolite.

(PDF)

S5 Fig. Gene phylogenies of SM gene cluster 24. The phylogenie®f severagjenesn this clus-
ter areconsistenwith horizontaltransferbetweemspergillus fumigatus and Metarhizium
fungi. SM,secondarynetabolite.

(PDF)

S6 Fig. Two alleles of the idiomorphic SM gene cluster 10 present in 1 strain each. (A)
This allelecontainsaninsertionof genegrom chromosomes immediatelyupstreanof allele
C (seemaintextFig4). Noneof thesegeness likely an SM geneclusterbackboneggene An
additionaltransposablelements found flanking this insertion.(B) This allelecontainsan
insertionof genegpresentn the A1163referencébut not in the Af293referencen themiddle
of alleleA (seemaintextFig4). Noneof thesegeness likely an SMgeneclusterbackbone
gene Oneadditionaltransposablelements containedin this insertion.SM,secondary
metabolite.

(PDF)

S7 Fig. Metabolomics analysis of strains with different alleles of the idiomorphic cluster
indicates the presence of different metabolites. Extractedon chromatogramdor the 2 mass
to chargeratiosidentifiedin negativenodefrom XCMSanalysicomparingextractsrom
strainswith allelesD andF.

(PDF)

S8 Fig. Idiomorph locus in other species. Structureof theidiomorph locusin (A) Aspergillus
lentulus and (B) A. fischeri andhomologywith A. fumigatus alleleE (main textFig4). Green
arrowsdenotebackbonebiosynthetiocgenesandred boxesdenotetransposablelementsas
detectedby RepeatMaskeH. fischeri containsanovel SMgeneclusternot foundin A. fumiga-
tusstrains.Othergenestthis locushavevariousfunctionsthat maynot berelatedto second-
arymetabolismA. lentulus containsl genewith a heterokaryorincompatibility domain,
which mayplayarole in vegetativéncompatibility. SM,secondarynetabolite.

(PDF)

S9 Fig. Gene phylogenies of the mobile SM gene cluster 1. Thesephylogeniesireconsistent
with horizontaltransferbetweerEurotiomyceteDothidiomycete | eotiomyceteand Sordar-
iomycetefungi. SM,secondarynetabolite.

(PDF)

$10 Fig. Marker gene phylogenies of all strains and Aspergillus fischeri. (A) Phylogenyof
betatubulin gene(B) Phylogenyof calmodulingene.
(PDF)

S1 Table. Aspergillus fumigatus strain information.
(XLSX)
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S2 Table. Nonsynonymous variants in Aspergillus fumigatus strains.
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