


contribute to SM gene cluster diversity across entire fungal classes and phyla. We suggest

that the drivers of genetic diversity operating within a fungal species shown here are suffi-

cient to explain SM cluster macroevolutionary patterns.

Author summary

All organismsproducemetabolites,whicharesmallmoleculesimportant for growth,
reproduction,andotheressentialfunctions.Someorganisms,including fungi,plants,and
bacteria,makespecializedformsof metabolitesknownasªsecondaryºmetabolitesthat
areecologicallyimportant andimprovetheir producers'chancesof survivalandrepro-
duction.In fungi, thegenesin pathwaysthatsynthesizesecondarymetabolitesaretypi-
callylocatednextto eachotherin thegenomeandorganizedin contiguousgeneclusters.
Thesegeneclusters,alongwith themetabolitestheyproduce,arehighlydistinct,even
betweenotherwisesimilar fungi,andit isoftendifficult to reconstructhowthesediffer-
encesevolved.To understandhowsecondarymetabolicpathwaysevolvein fungi,we
comparedsecondarymetabolicgeneclustersin 66strainsof onespeciesof filamentous
fungus,thehumanpathogenAspergillus fumigatus. Weshowthat thesegeneclustersvary
extensivelywithin thisspecies,anddescribethegeneticprocessesthatcausethesediffer-
ences.Weidentify 5 typesof variants:singlenucleotidechanges,geneandgenecluster
gainandloss,differentgeneclustersat thesamegenomicposition,andmobilegeneclus-
tersthat ªjumpº aroundthegenome.Theseresultsprovidearoadmapto thetypesand
frequenciesof genomicchangesunderlyingtheextensivediversityof fungalsecondary
metabolites.

Introduction

Filamentousfungi produceadiversearrayof smallmoleculesthat function astoxins,antibiot-
ics,andpigments[1]. Althoughbydefinition, theseso-calledspecializedor secondarymetabo-
lites(SMs)arenot strictlynecessaryfor growthanddevelopment,theyarecritical to the
lifestyleof filamentousfungi [2]. Forexample,antibioticSMsgivetheir fungalproducersa
competitiveedgein environmentscrowdedwith othermicrobes[3]. SMscanadditionally
mediatecommunicationbetweenandwithin speciesaswellascontributeto virulenceon ani-
malandplanthostsin pathogenicfungi [4,5].

A genomichallmarkof SMsin filamentousfungi is that thebiosyntheticpathwaysthatpro-
ducethemaretypicallyorganizedinto contiguousgeneclustersin thegenome[6]. Thesegene
clusterscontainthechemicalbackbonesynthesisgeneswhoseenzymaticproductsproducea
coremetabolite,suchasnonribosomalpeptidesynthases(NRPSs)andpolyketidesynthases
(PKSs),tailoring enzymesthatchemicallymodify themetabolite,transportersinvolvedin
productexport,and,often,transcriptionfactorsthatcontrol theexpressionof theclustered
genes[6]. Thesegeneclustersalsooccasionallycontainresistancegenesthatconferself-protec-
tion againstreactiveor toxic metabolites[6]. Filamentousfungalgenomes,particularlythose
in thephylumAscomycota[6], typicallycontaindozensof SMgeneclusters.However,most
individual SMgeneclustersappearto beeitherspeciesspecificor narrowlytaxonomicallydis-
tributed in only ahandfulof species[6,7].SMgeneclustersthataremorebroadlydistributed
showdiscontinuoustaxonomicdistributionsandareoftenhighlydivergentbetweenspecies.
Consequently,theidentity andtotalnumberof SMgeneclusterscanvarywidelyevenbetween
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verycloselyrelatedspecieswhosegenomesexhibitveryhighsequenceandsyntenyconserva-
tion [8,9].

In thelastdecade,severalcomparativestudieshavedescribedmacroevolutionarypatterns
of SMgeneclusterdiversity.Forexample,studiescenteredon genomiccomparisonsof closely
relatedspecieshaveidentifiedseveraldifferenttypesof interspeciesdivergence,from single
nucleotidesubstitutions(e.g.,differencesin fumonisinsproducedbyFusarium speciesare
causedbyvariantsin 1 gene[10]) to genegain/lossevents(e.g.,thetrichothecenegeneclusters
in Fusarium speciesandtheaflatoxinfamilySMgeneclustersin Aspergillus species)[11±16]
andgenomicrearrangements(e.g.,thetrichothecenegeneclustersin Fusarium) [11]. Addi-
tionally,geneticandgenomiccomparisonsacrossfungalordersandclasseshaveidentifiedsev-
eralinstancesof genegainor loss[17±19]andhorizontalgenetransfer(HGT) [13,20±23]
actingon individual genesor on entiregeneclusters,providingexplanationsfor thediversity
anddiscontinuityof thetaxonomicdistribution of certainSMgeneclustersacrossfungal
species.

Althoughinterspeciescomparativestudieshavesubstantiallycontributedto our under-
standingof SMdiversity,thehigh levelsof evolutionarydivergenceof SMclustersmakeinfer-
enceof thegeneticdriversof SMgeneclusterevolutionchallenging;put simply,it hasbeen
difficult to ªcatchºthemechanismsthatgenerateSMgeneclustervariationªin theact.ºSeveral
previousstudieshaveexaminedintraspeciesor population-leveldifferencesin individual SM
geneclusters,typicallyfocusingon thepresenceandfrequencyof nonfunctionalallelesof clus-
tersinvolvedin theproductionof mycotoxins.Examplesof clustersexhibitingsuchpolymor-
phismsincludethegibberellingeneclusterin F. oxysporum [24], thefumonisingeneclusterin
F. fujikuroi [25], theaflatoxinandcyclopiazonicacidgeneclustersin A. flavus [26], andthe
bikaveringeneclusterin Botrytis cinerea [27]. While thesestudieshavegreatlyadvancedour
understandingof SMgeneclustergeneticvariationandhighlightedtheimportanceof within-
speciesanalyses,studiesexaminingtheentiretyof SMgeneclusterpolymorphismswithin fun-
galspeciesaresofar lacking.Wecurrentlydo not knowthetypesandfrequencyof SMgene
clusterpolymorphismswithin fungalspecies,whetherthesepolymorphismsaffectall typesof
SMgeneclusters,or thegeneticdriversof SMgeneclusterevolution.

To addressthesequestions,weinvestigatedthegeneticdiversityof all 36knownandpre-
dictedSMgeneclustersin wholegenomesequencedatafrom 66strains,8 of whichwere
sequencedin thisstudy,of theopportunistichumanpathogenA. fumigatus, aspecieswith cos-
mopolitandistribution andpanmicticpopulationstructure[28]. Wefound that13SMgene
clustersweregenerallyconservedandharboredlow amountsof variation.In contrast,the
remaining23SMgeneclusterswerehighlyvariableandcontained1 or moreof 5 different
typesof geneticvariation:singlenucleotidepolymorphisms(SNPs),includingnonsenseand
frameshiftvariants,individual genegainandlosspolymorphisms,entireclustergainandloss
polymorphisms,polymorphismsassociatedwith changesin clustergenomiclocation,and
clusterswith nonhomologousallelesresemblingtheidiomorphsof fungalmatingloci.Many
clusterscontainedinterestingcombinationsof thesetypesof polymorphisms,suchaspseudo-
genizationin somestrainsandentireclusterlossin others.Thetypesof variantswefind are
likely generatedbyacombinationof DNA replicationandrepairerrors,recombination,geno-
mic insertionsanddeletions,andhorizontaltransfer.Weadditionallyfind anenrichmentfor
transposableelements(TEs)aroundhorizontallytransferredclusters,clustersthatchangein
genomiclocations,andidiomorphic clusters.Takentogether,our resultsprovideaguideto
both thetypesof polymorphismsandthegeneticdriversof SMgeneclusterdiversificationin
filamentousfungi.Asmostof thegeneticvariantsthatweobservehavebeenpreviouslyassoci-
atedwith SMgeneclusterdiversityacrossmuchlargerevolutionarydistancesandtimescales,
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wearguethatprocessesinfluencingSMgeneclusterdiversitywithin speciesaresufficientto
explainSMclustermacroevolutionarypatterns.

Results

Weanalyzedthegenomesof 66globallydistributedstrainsof A. fumigatus for polymorphisms
in SMgeneclusters.Weperformedwholegenomesequencingon 8strainsandcollectedthe
remaining58strainsfrom publiclyavailabledatabases,includingNCBI GenomeandNCBI
SequenceReadArchive(Fig1,S1Table)[28±32].All publiclyavailablestrainsof A. fumigatus
with sequencingdatapassingqualitythresholds(seeMaterialsandmethods)or with assem-
bledgenomeswereincludedin our analysis.Theresultingdatasetcontainsstrainssampled
from 12sitesworldwideandfrom clinicalandenvironmentalsources(S1Table).

Weanalyzedall strainsfor polymorphismsin 33curatedSMgeneclusterspresent
in thereferenceAf293genomeandadditionallysearchedfor novelSMgeneclusters

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,

† 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 present in 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://doi.org/10.1371/journal.pbio.2003583.g001

Population genomics of fungal secondary metabolic pathways

PLOS Biology | https://doi.org/10.1371/journal.pbio.2003583 November 17, 2017 4 / 26

https://doi.org/10.1371/journal.pbio.2003583.g001
https://doi.org/10.1371/journal.pbio.2003583


(seeMaterialsandmethods).Theseexaminationsrevealed5 distinct typesof polymor-
phismsin SMgeneclusters(Fig1,Table1):

1. SNPsandshortindelpolymorphisms.Thirty-threeof 33SMgeneclusters(presentin the
referenceAf293strain)containedmultiple geneswith missenseSNPsandshortindel vari-
antsin 1or morestrains.Twenty-threeof 33SMgeneclusterscontained1 or moregenes
with frameshiftor nonsensevariants.

2. Genecontentpolymorphismsinvolving lossor gainof 1 or moregenes.Sixof 33SMgene
clusterscontainedagenecontentpolymorphism.

3. WholeSMgeneclustergainandlosspolymorphisms.Threeof 33SMgeneclusterswere
entirelyabsentin 1or morestrainsandanadditional3previouslyunknownSMgeneclus-
terswerediscovered.

4. Idiomorphic polymorphisms.Onelocuscontainedmultiple nonhomologousSMgeneclus-
ter allelesin differentstrains.

5. Genomiclocationpolymorphisms.Two of 33SMgeneclusterswerefoundon different
chromosomesbetweenstrains.

Bothgenomiclocationpolymorphismsandidiomorphic polymorphismsarenoveltypesof
variantsthathavenot beenpreviouslydescribedfor secondarymetabolicgeneclusters,likely
becausetheycanonly beidentifiedwhengenome-widesyntenyandsequenceconservation
arehigh.Theremainingtypesof variants,includingsingle-nucleotidechangesandgenegain
andlossevents,havebeenimplicatedat thespecieslevelasmajordriversof secondarymeta-
bolicgeneclusterevolution(Table1),suggestingthat thediversity-generatingprocesses
observedwithin aspeciesaresufficientto explainSMgeneclusterevolutionacrossspecies.

Table 1. Types and rates of SM gene cluster variants in Aspergillus fumigatus strains.

Description Phenotype Drivers Frequency at cluster

level

Frequency at

strain level

Previous reports

Single-nucleotide

polymorphisms and

indels

Potential for protein function

change (missense);

abrogation of protein

function (nonsense and

frameshift)

DNA replication errors;

relaxation of purifying

selection

100% (33/33 clusters;

missense); 70% (23/

33 clusters; nonsense

and frameshift)

Every strain

affected

Bikaverin in Botrytis [17,27],

aflatoxin in A. oryzae and A.

flavus [26], fumonisins in

Fusarium [10], many others

Gene content

polymorphisms

Loss of gene cluster

function; structural changes

in the metabolite; change in

cluster expression or

metabolite transport

Deletion and insertion

events; recombination;

transposable elements

6 clusters 27/66 strains Trichothecene in Fusarium,

aflatoxin and sterigmatocyst in

Aspergillus [11–15], HC toxin in

Cochliobolus carbonarum [33]

Whole gene cluster

polymorphisms

Loss or gain of novel

metabolites

Deletion and insertion

events; horizontal gene

transfer; transposable

elements

6 clusters 13/66 strains Gibberellin and fumonisin in

Fusarium [24,25]

Cluster idiomorphs Changes in metabolites

produced or structure of

metabolites

Transposable elements;

recombination; other

mechanisms?

1 gene cluster 8 unique

identified

alleles

Putative SM gene clusters in

dermatophytes; putative SM

gene cluster in A. flavus and A.

oryzae [34,35]

Mobile gene

clusters

Potential for change in gene

regulation

Transposable elements;

horizontal gene transfer;

other mechanisms?

2 gene clusters 8/66 strains None

Abbreviation: SM; secondary metabolite.

https://doi.org/10.1371/journal.pbio.2003583.t001
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SNPs and indel polymorphisms

It iswellestablishedthatSNPsandshortindelpolymorphisms,whicharecausedbyerrorsin
DNA replicationandrepair,areamajorsourceof genomicvariation[36]. Nonsynonymous
SNPsandindelswith missense,frameshift,andnonsenseeffectswerewidespreadacrossthe33
SMreferencegeneclusters(Fig1,S2Table).Everystraincontainednumerousmissensemuta-
tionsandat least1nonsenseor frameshiftmutation in its SMgeneclusters.Althoughmissense
mutationsarelikely to influenceSMproduction,thefunctionaleffectsof nonsenseandframe-
shift mutationsarecomparativelyeasierto infer from genomicsequencedatabecausethey
oftenresultin truncatedproteinsandlossof protein function.

SNPsandshortindelpolymorphismscanaffectsecondarymetaboliteproduction,asin the
caseof thelackof trypacidinproductionin theA1163strainbecauseof apreviouslyidentified
frameshiftmutation in thePKSof thetrypacidingenecluster[37]. Interestingly,weidentified
aprematurestopcodon(Gln273�) in atranscriptionfactorrequiredfor trypacidinproduction,
tpcD (Afu4g14550),in astrainsequencedin thisstudy(MO79587EXP)(S2Table).Thesedata
suggestthat function of thisSMgeneclusterhasbeenlostat leasttwice,independently,in A.
fumigatus.

Individual nonsenseor frameshiftvariantsvariedin frequency.Forexample,theNRPSpes3
gene(Afu5g12730)in SMgenecluster21harbors16nonsenseor frameshiftpolymorphisms
in 55strains,7of whicharecommon(presentin �10strains)andanother7 of whicharerare
(�5 strains).Strainswith lab-mutatednull allelesof thepes3 genearemorevirulent than
strainswith functionalcopies[38], whichmayexplainthewidespreadoccurrenceof null pes3
alleleswithin A. fumigatus.

Gene content polymorphisms

WeadditionallyidentifiedseveralSMgeneclustersthatgainedor lostgenesin somestrains.
Thesegenecontentpolymorphismsweremostlikely generatedthroughgenomicdeletionor
insertioneventsandweresometimesfoundathigh frequenciesamongstrains(Fig1,Table1).
In 3 cases,thesepolymorphismsimpactedbackbonesynthesisgenes,renderingtheSMgene
clusternonfunctional.

OneexampleinvolvesSMgenecluster14,whosestandardcompositionincludesapyover-
dinesynthasegene,anNRPS-likegene,anNRPSbackbonegene,andseveraladditionalmodi-
ficationgenes(Fig2A).Fourof the66strainsexaminedlackan11-kbregionon the30 endof
thecluster,whichnormallycontainsanNRPSgeneand2 additionalclustergenes,andthe
first non-SMgeneson the30 endflankingthecluster.All A. fumigatus strainscontainacopia
familyTE[39,40]at the30 endof thecluster,suggestingthatTEsmayhavebeeninvolvedin
thegenerationof thispolymorphism.While thispolymorphismcouldhavearisenthrougha
deletionevent,ahomologousclusterlackingthe11-kbregionisalsopresentin thereference
genomesof A. lentulus andA. fischeri, closerelativesof A. fumigatus (Fig2A).Themostparsi-
moniousexplanationis that thegenomeof theA. fumigatus ancestorcontainedanSMgene
clusterthat lackedthe11-kbregionandthat thisgenomicregionwassubsequentlygainedand
increasedin frequencywithin A. fumigatus.

Theremaining2genecontentpolymorphismsaffectingSMbackbonegeneswererestricted
to 1straineachandappearto havearisenthroughgenomicdeletionevents.Specifically,strain
IF1SWF4lacksan8-kbregionnearthehelvolicacidSMgenecluster,resultingin thelossof
thebackboneoxidosqualenecyclasegeneaswellanupstreamregioncontaining2 non-SM
genes(S1Fig).StrainLMB35Aalacksa54-kbregionon theendof chromosome2,which
includes5 genesfrom thetelomere-proximalfumigaclavineC cluster(S1Fig).
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Threeothercasesof genecontentpolymorphismsinvolvedgenelossor truncationevents
of non-backbonestructuralgenes.Thesecondhalfof theopenreadingframe(ORF)of the
gliM O-methyltransferasegenein thegliotoxin geneclusterhasbeenlostin 2 of 66strains(S1
Fig)andthefirst halfof thepermeasefmqE in thefumiquinazolinegeneclusterhasbeenlost

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

hypothetical protein 275 kb away from the cluster. A. fischeri and A. lentulus, close relatives of A. fumigatus, contain a cluster lacking the 11-kb region.

(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.org/10.1371/journal.pbio.2003583.g002
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in 4of 66strains(S1Fig).Finally,anATP-bindingcassette(ABC) transportergenein SMclus-
ter 21hasbeenalmostentirelylostin 21of 66strains(S1Fig).Thisdeletioneventis found in
strainsthatarerelatedin theSNP-basedstrainphylogenybut doesnot perfectlymirror the
phylogeny(Fig1).

Whole gene cluster loss polymorphisms

SeveralSMgeneclustersweregainedor lostentirelyacrossstrains.Weobservedseveral
instancesin whichaclusterpresentin thegenomeof eitherthereferenceAf293or A1163(also
knownasCEA10)strainwasabsentor pseudogenizedin otherstrains,whichwepresentin
thissection.

Oneof thenovelSMgeneclusters,cluster34,waspresentin all but 2of thestrains(Af293
andF7763).Cluster34containsaPKSbackbonegene,1PKS-likegenewith asinglePKS-asso-
ciateddomain,9geneswith putativebiosyntheticfunctionsinvolvedin secondarymetabolism,
and6hypotheticalproteins(Fig2B).The2strainsthat lackcluster34containalikely nonfunc-
tional clusterfragmentthat includesthePKS-likegene,2 biosyntheticgenes,and3 hypotheti-
calproteins.Interestingly,the30 regionflankingcluster34issyntenicacrossall 66strainsbut
the50 regionisnot, suggestingthatarecombinationor deletioneventmayhaveresultedin its
lossin theAf293andF7763strains.These2strainsform acladein thestrainphylogeny(Fig
1),soit is likely that thisdeletionor recombinationeventoccurredonce.

Onenotableexampleof anSMgeneclusterpresentin theAf293referencegenomebut
absentor pseudogenizedin otherswasSMcluster4.Thisclustercontains5 geneson thetip of
theAf293chromosome1andcontainsorthologsto 5of the6genesin thefusarielin-producing
geneclusterin F. graminearum [41]. Cluster4 isalsopresentin severalotherAspergillus spe-
cies,includingA. clavatus andA. niger [41], aswellasin wholeor in part in othernon-Asper-
gillus fungi in theclassEurotiomycetesandin fungi in theclassSordariomycetes(S3Fig)
[30,42±50].Phylogeneticanalysisof thegenesin cluster4doesnot provideaclearviewof the
origin of thiscluster,which isconsistenteitherwith extensivegenelossin bothSordariomy-
cetesandEurotiomycetesor, alternatively,with HGT betweenfungi belongingto the2 classes
(S2andS3Figs).

Cluster4 isentirelyabsentin 4of 66strains,andits genesareundergoingpseudogenization
in anadditional43strainsviamultiple independentmutationalevents(Fig3).The4 strains
lackingtheclusterform asinglecladeon thestrainphylogeny,suggestingthat theclusterwas
lostin asingledeletionevent(Fig1).Further,19strainssharedasingleframeshiftvariantin
thePKSgene(4380_4381insAATGGGCT; frameshiftatGlu1461in Afu1g17740)andanaddi-
tional 13strainssharedasingleframeshiftvariant(242delG;frameshiftatGly81)in analdose
1-epimerasegene(Afu1g17723)(Fig3A,S2Table).Elevenotherstrainseachcontained1 to
severalframeshiftor nonsensepolymorphismsinvolving9 uniquemutationalsites.Fiveof
thesestrainscontainedmultiple distinct frameshiftsandprematurestopcodonsin morethan
1genein thecluster,indicatingthat theentirepathwayispseudogenizedin thesestrains.

A phylogenyof theentirecluster4 locusacrossall 62strainswith short-readdatashows
that2 pseudogenizingvariantssharedacrossmultiple strains,onein thealdose1-epimerase
geneandonein thePKS,arefound in loci that form well-supportedclades(Fig3B),suggesting
that thesevariantsaroseonce.Similarly,asetof variantssharedacross3strainsand1 variant
sharedin 2 strainsarefound in loci that form well-supportedcladesin thelocusphylogeny.
Twostrainssharingapseudogenizingvariantin thePKSdo not grouptogetherin thelocus
phylogeny,adiscordancelikely stemmingfrom within-locusrecombinationevents.Finally,
functionalallelesof cluster4 aredistributedthroughoutthelocusphylogeny,suggestingthat
thefunctionalalleleisancestralandthepseudogenizedvariantsarederived.
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Fig 3. Pseudogenization in the fusarielin-like SM gene cluster. (A) Positions of frameshift variants and nonsense variants in the fusarielin-like SM

gene cluster 4. (B) Locus phylogeny of the fusarielin-like SM gene cluster based on a nucleotide alignment of the entire gene cluster, including

intergenic and noncoding regions. The phylogeny is midpoint rooted and branches with bootstrap support <80% are collapsed. Two branches were

shortened for visualization purposes. Strains with pseudogenizing variants are indicated with colored boxes. Colors correspond to variants shown in

(A). PKS, polyketide synthase; SM, secondary metabolite; SNV, single nucleotide variant.

https://doi.org/10.1371/journal.pbio.2003583.g003
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Perhapssurprisingly,loss-of-functionpolymorphisms(from nonsenseandframeshift
mutationsto wholesaleclusterloss)arecommonandsometimesfrequentwithin A. fumigatus.
Themajority of thesepolymorphismsarepresumablyneutralandreflectthefactthatany
mutation ismorelikely to resultin lossof afunction thanin gain.Consistentwith thishypoth-
esisisour observationthat theselosseventswereoftenfoundat low frequencies.However,the
possibilityalsoexiststhatsomeof thehigh-frequency,recurrentloss-of-functionpolymor-
phismsmaybeadaptive.Giventhatmanysecondarymetabolitesareprimarily secretedin the
extracellularenvironmentandcanbenefitnearbyconspecificsthatarenot themselvesproduc-
ing themetabolite[51], individual strainsmaybecircumventingtheenergeticallycostlypro-
cessof producingthemetabolitethemselvesin asituationanalogousto theBlackQueen
Hypothesis[52].

Whole gene cluster gain polymorphisms

Bysearchingfor novelSMgeneclustersin thegenomesof theother65A. fumigatus strains,
wefound3 SMgeneclustersthatwereabsentfrom thegenomeof theAf293referencestrain.
AsSMgeneclustersareoftenpresentin repeat-richandsubtelomericregionsthatarechal-
lengingto assemble[53,54],thestrainsanalyzedheremight harboradditionalnovelSMgene
clustersthatwerenot capturedhere.

Oneof theseSMgeneclusters,cluster34,wasmentionedearlierasanexampleof whole
geneclusterlosspolymorphism(Fig2B)andispresentin moststrainsbut hasbeenlostin 2
strains.Theother2SMgeneclustersabsentfrom theAf293genomearepresentat lowerfre-
quenciesandlikely reflectgeneclustergainevents;cluster35ispresentin 2 of 66strainsand
cluster36in 4of 66strains.Cluster35is locatedin aregionsyntenicwith anAf293chromo-
some4 regionandis flankedon bothsidesbyTEs(S4Fig).Eightof the14genesin thisSM
geneclusterarehomologousto genesin anSMgeneclusterin thegenomeof theinsectpatho-
genicfungusMetarhizium anisopliae (S4Fig) [55]. Phylogeneticanalysisof these8genesis
consistentwith ahorizontaltransferevent(S5Fig).The2 strainsthatcontainthisnovelcluster
arenot sisterto eachotheron thestrainphylogeny(Fig1).

Cluster36isanNRPS-containingclusterlocatedon shortergenomicscaffoldsthat lack
homologyto eithertheAf293or A1163genomes,makingit impossibleto determineon which
chromosomethisclusteris located(S4Fig).Twoof thestrainscontainingthisnovelcluster
aresisterto eachotheron thestrainphylogeny,while thethird isdistantlyrelatedto these2
(Fig1).Theevolutionaryhistoriesof thegenesin theclusterareconsistentwith verticalinheri-
tance,andthesegenesarepresentin multipleAspergillus species.

Idiomorph polymorphisms

Oneof themostpeculiartypesof polymorphismsthatweidentifiedisalocuscontainingdif-
ferentunrelatedallelesof SMgeneclusters,reminiscentof theidiomorph allelesat thefungal
matingloci [56]. This locus,whichresideson chromosome3 andcorrespondsto cluster10in
theAf293genome(Fig4),waspreviouslydescribedasbeingstrainspecificin acomparison
betweenAf293andA1163strains[30] andis thoughtto residein arecombinationhot spot
[28]. Our analysisshowedthat thereareat least6 differentallelesof thisclusterin A. fumigatus
containing4 differenttypesof keyenzymesinvolvedin naturalproductbiosynthesis:a
PKS-NRPShybrid,ahighly reducing(HR) PKS,anonreducing(NR) PKS,andanNRPS-like
enzyme(Fig4).Two additionalalleleswerepresentin only 1straineach(S6Fig).

In theAf293referencegenome,theclusterpresentat theidiomorph locuscontains1
NR-PKSalongwith anNRPS-likegene(alleleB). In theA1163referencegenomeand17other
strains,thereisaPKS-NRPSandanHR-NRPSat this locus(alleleE).Theseallelesshowan
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Fig 4. Six alleles of an idiomorphic SM gene cluster. (A) Alleles of SM gene cluster 10 on chromosome 3. Red boxes denote

transposable elements. Green arrows denote backbone genes (PKS or NRPS). (B) Locus phylogeny of conserved downstream of the

idiomorph cluster (highlighted in gray in [A]). Phylogeny was constructed using a 48-mb nucleotide alignment with the GTRGAMMA model

and midpoint rooted. Branches with bootstrap support <80% were collapsed. HR, highly reducing; NR, nonreducing; NRPS, nonribosomal

peptide synthase; PKS, polyketide synthase; SM, secondary metabolite.

https://doi.org/10.1371/journal.pbio.2003583.g004
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almostcompletelackof sequencesimilarity exceptfor aconservedhypotheticalproteinanda
fragmentof theHR-PKSin theAf293allele;in contrast,theupstreamanddownstreamflank-
ing regionsof the2alleles,whichdo not containanybackbonegenes,aresyntenic.Remark-
ably,anotherallele,presentin 12strains,containsall of thegenesfrom both theAf293and
A1163clusters(alleleD). Theremaining3 allelescontainvariouscombinationsof thesegenes.
Oneallelefound in 22strainscontainssomeA1163-specificgenes,including theHR-PKS,and
no Af293-specificgenes(alleleF),whileanotherallelefound in 3 strainscontainssome
Af293-specificgenes,including theNRPS-likegene,but no A1163genes(alleleA). Thefinal
allele,presentin 8 strains,containstheentireAf293alleleaswellaspartof theA1163allele
containingtheHR-PKS(alleleC).Everyalleleis litteredwith multiple longterminalrepeat
sequencefragmentsfrom gypsy andcopia TEfamiliesaswellaswith sequencefragmentsfrom
DNA transposonsfrom themariner family [39]. In somecases,theseTEscorrespondwith
breakpointsin syntenybetweenalleles,suggestingthat thediverseallelesof thisSMgeneclus-
ter mayhavearisenviaTE-drivenrecombination.Furthermore,bothof theallelesthatare
restrictedto asinglestrainhaveaninsertioneventof severalgenesnearaTE,while therestof
thelocusishighlysimilar to oneof themorecommonalleles(S6Fig).

UntargetedXCMSanalysis[57] of analleleD strain(08-19-02-30)and2 alleleFstrains
(08-12-12-13and08-19-02-10)andcomparisonof their metaboliteprofilesrevealedthepres-
enceof 2 uniquemassesin 08-19-02-30(S4Table;S7Fig),raisingthepossibilitythatvariation
at theidiomorph locusis functional.Furtheranalysisisunderwayto investigatewhetherany
of thesemassto chargeratioscanbedirectlylinked to thealleleD sequence.

To gaininsightinto theevolutionaryhistoryof this locus,weconstructedaphylogeny
basedon its conserveddownstreamflankingregion(Fig4B).Theresultingphylogenyshows
somegroupingof strainsthatsharealleles,but thereareno cladesthatcontainall instancesof
aparticularallele.This is likely to betheconsequenceof within-locusrecombinationbetween
strainsof A. fumigatus, whichhasbeenpreviouslydescribedat this locus[28] andwhich is
potentiallydrivenby thehighnumberof repetitivesequencesat this locus.

While it is temptingto speculatethatalleleD, thelongestallelecontainingall observed
genes,representstheancestralstate,thisdoesnot explainthepresenceof asharedhypothetical
proteinandPKSgenefragmentbetweenalleleC andalleleB.Furthermore,2 closerelativesof
A. fumigatus, A. lentulus andA. fischeri, containasimilar regionwith conservedupstreamand
downstreamflankinggenesthat ishighlydissimilarto anyof theallelesobservedin A. fumiga-
tus (S8Fig).In bothspecies,this locuscontainsnumerousTEsaswellasgeneshomologousto
portionsof alleleEin A. fumigatus (S8Fig).A. fischeri additionallycontains2hypotheticalpro-
teinsfrom thePKS-NRPSregionof A. fumigatus andanadditionalhybrid PKS-NRPS-con-
taininggeneclusternot found in eitherA. lentulus or anyA. fumigatus strain(S8Fig).Other
genesat this locusin bothA. lentulus andA. fischeri havefunctionslikely not relatedto SM.
Interestingly,A. lentulus containsagenewith aheterokaryonincompatibilityproteindomain,
whichmaybeinvolvedin determiningvegetativeincompatibility [58]. Only 1 representative
genomefrom eachspecieshasbeensequenced,but basedon thehighconcentrationof TEs
andlackof sequencesimilarity with anyA. fumigatus alleles,it is likely that this locusishighly
variablewithin bothA. lentulus andA. fischeri.

It ispossiblethatpolymorphismat this locusoriginatedviaSMgeneclusterfusionor fis-
sioneventsdrivenbyTEs,whicharepresentin largenumbers.Interestingly,2 otherprevi-
ouslydescribedinstancesof SMgeneclustervariationbearsomeresemblanceto theA.
fumigatus idiomorphic SMgenecluster10locus.Thefirst is thepresenceof 2 nonhomologous
A. flavus alleles,for whichsomestrainscontaina9-genesesquiterpene-likeSMgenecluster
andotherscontainanonhomologous6-geneSMgeneclusterat thesamegenomiclocation
[35]. Thesecondis thepresenceof 2 nonhomologousSMgeneclustersat thesamewell-
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conservedlocusin acomparisonof 6 speciesof dermatophytefungi [34]. Basedon these
results,wehypothesizethat idiomorphic clustersmaybecommonin fungalpopulationsand
contributeto thebroaddiversityof SMgeneclustersacrossfilamentousfungi.

Genomic location polymorphisms

Thefinal typeof polymorphismthatweobservedisassociatedwith SMgeneclustersthatare
found in differentgenomiclocationsin differentstrains,suggestingthat theseSMgeneclusters
arebehavinglike mobilegeneticelements.This typeof polymorphismwasobservedin SM
geneclusters1 and33,bothof whichproduceas-yet-identifiedproductsandarepresentat
low frequenciesin A. fumigatus strains.

SMgenecluster1,whichispresentin 6 strainsat3differentgenomiclocations(Fig5A),
consistsof aPKSand4 otherstructuralgenesthatarealwaysflankedbya15-kbregion
(upstream)anda43-kbregion(downstream)containingTEs.In thereferenceAf293strain
andin strainF7763,cluster1 andits flankingregionsarelocatedon chromosome1,while in
strains08-31-08-91,F13619,andZ5 theyarelocatedbetweenAfu4g07320andAfu4g07340on
chromosome4.In contrast,in strainJCM10253,theclusterandflankingregionsarelocated
on chromosome8 immediatelyadjacentto the30 endof theintertwinedfumagillin andpseur-
otin SMgenesupercluster[59]. Thestrainscontainingthealleleon chromosome1aresisterto
eachotheron thestrainphylogeny,while theotherstrainsarescatteredacrossthetreeanddo
not reflectthephylogeny(Fig1).

In 5 of 6strains,cluster1 appearsto befunctionalanddoesnot containnonsenseSNPsor
indels.However,theclusterfoundon chromosome1 in strainF7763contains2 stopcodons
in theoxidoreductasegene(Gln121� andGln220�) and2prematurestopcodonsin thePKS
(Gln1156� andGln1542�), suggestingthisstraincontainsanull allele.

Thisªjumpingº geneclusterisnot presentin anyothersequencedgenomein thegenus
Aspergillus, andphylogeneticanalysisof its constituentgenesisconsistentwith HGT between
fungi (S9Fig).Specifically,thisgeneclusterisalsopresentin Phaeosphaeria nodorum [60], a
plantpathogenfrom theclassDothideomycetes,Pseudogymnoascus pannorum [61], afungus
isolatedfrom permafrostfrom theLeotiomycetes,andEscovopsis weberi [62], afungalparasite
of fungus-growingantsfrom theSordariomycetes(Fig5B).Oneadditionalspecies,theendo-
phyteHypoxylon sp.CI4A from theclassSordariomycetes[63], contains4 of the5 cluster
genesbut ismissingAfu1g00970,anMFSdrugtransporter.However,thisspeciescontainsa
geneunrelatedto Afu1g00970that isannotatedasanMFSdrug transporterimmediatelyadja-
centto thiscluster(Fig5B).Noneof thesefungi containtheupstreamor downstreamTE-rich
flankingregionspresentin A. fumigatus, andeachfunguscontainsadditionaluniquegenes
with putativebiosyntheticfunctionsadjacentto thetransferredcluster.Themostlikely expla-
nation for thischangein flankingregionsis that thisSMgeneclusterwastransferredinto A.
fumigatus onceandhassubsequentlyªjumpedºin differentgenomiclocationsin different
strains.

ThesecondSMgeneclusterthatshowsvariationin its genomiclocationacrossstrains,
cluster33,containsaterpenesynthase.Thisclusterispresentin only 5 strainsat3distinct
locations(Fig5C).Similarto cluster1,cluster33isalsoflankedbyTEs,andin 1strainthe
clusteris locatedin anewregion58Kb from SMgenecluster34.Two strainsthatcontainthe
clusterin thesamegenomiclocationaresisterto eachotheron thestrainphylogeny,while the
placementof theother3 strainscontainingtheclusterdoesnot reflectthephylogeny(Fig1).
In contrastto cluster1,cluster33doesnot appearto havebeenhorizontallytransferred
betweenfungi andits genesarepresentin othersequencedAspergillus species[64], suggesting
that themobility of clusters1and33maybedrivenbydifferentmechanisms.
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Fig 5. Multiple genomic locations of 2 SM gene clusters. (A) SM gene cluster 1 (Afu1g00970-01010) and flanking region are

found in different genomic locations. The flanking regions contain transposon-derived open reading frames, including 2 putative

reverse transcriptases. In one strain, SM gene cluster 1 is found adjacent to SM gene cluster 30. (B) Synteny of A. fumigatus SM

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

cluster 34. Multiple transposable elements flank the cluster in each strain. EOS, end of scaffold; FAD, flavin adenine dinucleotide;

MFS, major facilitator superfamily; ORF, open reading frame; PKS, polyketide synthase; SM, secondary metabolite.

https://doi.org/10.1371/journal.pbio.2003583.g005
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Interestingly,bothcasesof mobilegeneclustersarelocatednearor immediatelyadjacentto
otherSMgeneclustersin somestrains.Cluster33is located58kb awayfrom cluster34in one
strain,andcluster1 is locatedimmediatelyadjacentto theintertwinedfumagillin andpseuro-
tin supercluster[59] in another.Thissuperclusteris regulatedby thetranscriptionalfactor
fapR (Afu8g00420)andis locatedin achromosomalregioncontrolledby themasterSMregu-
latorslaeA (Afu1g14660)andveA (Afu1g12490)[59,65],raisingthehypothesisthatmobile
geneclustersmight beco-optingtheregulatorymachineryactingon adjacentSMgeneclus-
ters.Previouswork hashypothesizedthat thefumagillinandpseurotinsuperclusterformed
throughgenomicrearrangementevents,placingtheonce-independentgeneclustersin close
proximity to eachother[59]. Our observationthat themobilecluster1 is locatedin thissame
regionnot only supportsthishypothesisbut alsoimplicatesTEsasoneof themechanismsby
whichsuperclustersareformed.Thesesuperclustersmayalsorepresentanintermediatestage
in theformationof newSMgeneclusters.Superclusterformation,potentiallymediatedby
mobilegeneclustersandfollowedbygeneloss,couldexplainmacroevolutionarypatternsof
SMgeneclustersin whichclusteredgenesin onespeciesarefound to bedispersedovermulti-
plegeneclustersin otherspecies[9,11].

Discussion

Our examinationof thegenomesof 66strainsof A. fumigatus revealed5 generaltypesof poly-
morphismsthatdescribevariationin SMgeneclusters.Thesepolymorphismsincludevaria-
tion in SNPsandshortindels,geneandgeneclustergainsandlosses,nonhomologous
(idiomorph) geneclustersat thesamegenomicposition,andmobileclustersthatdiffer in
their genomiclocationacrossstrains(Fig6).Previouswork hasdemonstratedthatSMgene
clusters,like themetabolitesthat theyproduce,arehighlydivergentbetweenfungalspecies
[8,9,19,64].Our examinationof genome-widevariationshowsthat theseSMgeneclustersare
alsodiverseacrossstrainsof asinglefungalspecies.Theseresultsalsodemonstratethat the
diversityof SMgeneclusterswithin A. fumigatus cannotbecapturedbysequencingasingle
representativestrain,whichis thecurrentstandardpracticefor determiningtheSMgeneclus-
ter contentof afungalspecies.

Thequantificationof diversityin SMgeneclusterswithin aspeciesisdependenton both
numbersandtypesof strainsanalyzed.Thetypesof polymorphismsdetectedaswellastheir
observedfrequency,especiallyfor rarepolymorphisms,will increasewith thenumberof
genomesexamined.In addition,both thefrequenciesof thedifferenttypesof polymorphisms
andthepolymorphismsthemselvesmayalsochangewith samplingdesignor in amannercor-
respondingto thepopulationstructureor ecologyof thespeciesunderstudy.A. fumigatus isa
cosmopolitanspecieswith panmicticpopulationstructure[28], characteristicsthatdo not
alwaysapplyto otherfilamentousfungi.Fungiexhibitingstrongpopulationstructureor fungi
adaptedto differentecologicalnichesmight containdifferentpatternsof geneticdiversity.

Nevertheless,thevariantsandgeneticdriversweobserveat thewithin-specieslevelare
alsoimplicatedasdriving SMgeneclustervariationat thebetween-specieslevel,suggesting
that theobservedmicroevolutionaryprocessesaresufficientto explainmacroevolutionary
patternsof SMgeneclusterevolution.For example,thenarrowanddiscontinuousdistribu-
tion of SMgeneclustersacrossthefungalphylogenyhasbeenattributedto HGT aswellas
to geneclusterloss[13,15,20,22,30,66±68]. Here,wefind evidencethatbothprocessesalso
influencethedistribution of SMgeneclusterswithin aspecies(Figs2 and5,S2±S5Figs).
Interestingly,thefractionof SMgeneclusterswithin A. fumigatus thatharborlossof func-
tion polymorphismsis substantial,consistentwith themacroevolutionaryviewthatSM
geneclusterlossis rampant[18,19,68].However,our within-speciesobservationsarealso

Population genomics of fungal secondary metabolic pathways

PLOS Biology | https://doi.org/10.1371/journal.pbio.2003583 November 17, 2017 15 / 26

https://doi.org/10.1371/journal.pbio.2003583


consistentwith themacroevolutionaryimportanceof HGT to SMgeneclusterevolution.
Oncethoughtto benonexistentin eukaryotes,HGT is now consideredto beresponsiblefor
thepresenceof severaldifferentSMgeneclustersin diversefilamentousfungi [13,68,69].
Theinstancesof HGT of SMgeneclusterswithin A. fumigatus suggeststhatacquisitionof
foreigngeneticmaterialcontainingSMgeneclustersis likely acommonandongoingoccur-
rencein fungalpopulations.

Onerecurringthemeacrossdifferenttypesof SMgeneclusterpolymorphismsin A. fumiga-
tus wastheperpetualpresenceof TEsadjacentto or within clusters.Oneparticularlystriking
caseis theªidiomorphicº cluster10,in whichTEsseemto correspondwith breakpointsin
syntenybothwithin A. fumigatus andalsobetweenA. fumigatus andits closerelatives(Fig4,
S8Fig).TEswerealsopresentflankingmobileandhorizontallytransferredSMgeneclusters
andwerelocatedadjacentto genegainsites.Thereareseveralpotentialexplanationsfor the
observedTEenrichment.First,TEpresencemaypromoterepeat-drivenrecombinationand
generearrangement,or theTEsthemselvesmaybetheagentsof horizontallytransferredclus-
ters(eitheron their ownor throughaviral vector).Alternatively,it maysimplybethecasethat
SMgeneclusterspreferentiallyresidein TE-rich genomicregions.

In summary,examinationof SMgeneclustervariationwithin asinglefungalspecies
revealed5 distinct typesof polymorphismthatarewidespreadacrossdifferenttypesof SM

Fig 6. Types and frequencies of all SM gene cluster variants within A. fumigatus. SM, secondary metabolite.

https://doi.org/10.1371/journal.pbio.2003583.g006
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geneclustersandarecausedbymanyunderlyinggeneticdrivers,includingerrorsin DNA
transcriptionandrepair,nonhomologousrecombination,geneduplicationandloss,and
HGT. Theneteffectof theobservedvariationraisesthehypothesisthat thechemicalproducts
of filamentousfungalspeciesarein astateof evolutionaryflux, eachpopulationconstantly
alteringits SMgeneclusterrepertoireandconsequentlymodifying its chemodiversity.

Materials and methods

Strains analyzed

Eightstrainsof A. fumigatus wereisolatedfrom 4 patientswith recurrentcasesof aspergillosis
in thePortugueseOncologyInstitute in Porto,Portugal.Eachstrainwasdeterminedto beA.
fumigatus usingmacroscopicfeaturesof thecultureandmicroscopicmorphologyobservedin
theslidepreparationfrom thecolonieswith lactophenolsolution[70]. Basedon themorpho-
logicalcharacterization,all clinicalstrainswereclassifiedasA. fumigatus complex-Fumigati.
After wholegenomesequencing,retrievalandexaminationof thebetatubulin andcalmodulin
sequencesof eachstrainconfirmedthatall strainsbelongedto A. fumigatus (seePhylogenetic
analysisandS9Fig).Thegenomesof all 8 strainsweresequencedusing150-bpIllumina
paired-endsequencereadsat theGenomicServicesLabof HudsonAlpha(Huntsville,Ala-
bama,USA).Genomiclibrarieswereconstructedwith theIllumina TruSeqlibrary kit and
sequencedon anIllumina HiSeq2500sequencer.Samplesof all 8 strainsweresequencedat
greaterthan180Xcoverageor depth(S1Table).Short-readsequencesfor these8 strainsare
availablein theNCBI SequenceReadArchive(SRA)underaccessionSRP109032(https://
trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP109032).

In addition to the8strainssequencedin thisstudy,weretrieved58A. fumigatus strains
with publiclyavailablewholegenomesequencingdata,resultingin adatasetof 66strains(S1
Table).Thestrainsusedincludedbothenvironmentalandclinicalstrainsandwereisolated
from multiple continents.Genomeassembliesfor 10of thesestrains,including theAf293and
A1163referencestrains,wereavailablefor downloadfrom GenBank[28±32,71].For6 of these
strains,short-readsequenceswerealsoavailablefrom theNCBI SRA,whichwereusedfor var-
iant discoveryonly (seeSinglenucleotidevariant[SNV] andindeldiscovery)andnot for
genomeassembly.Short-readsequenceswerenot availablefor theremaining4 strains.Short-
readsequencesweredownloadedfor anadditional48strainsfrom theNCBI SRAif theywere
sequencedwith paired-endreadsandatgreaterthan30Xcoverage.

Single nucleotide variant (SNV) and indel discovery

All strainswith availableshort-readdata(62of 66strains)werealignedto both theAf293and
A1163referencegenomesusingBWA memversion0.7.12-r1044[72]. Coverageof genes
presentin thereferencegenomewascalculatedusingbedtoolsv2.25.0[73]. SNVandindeldis-
coveryandgenotypingwereperformedrelativeto theAf293referencegenomeandwerecon-
ductedacrossall samplessimultaneouslyusingtheGenomeAnalysisToolkit version3.5-0-
g36282e4with recommendedhardfiltering parameters[74±76]andannotatedusingsnpEff
version4.2[77].

De novo genome assembly and gene annotation

All 56strainswithout publiclyavailablegenomeassembliesweredenovoassembledusing
theiWGSpipeline[78]. Specifically,all strainswereassembledusingSPAdesv3.6.2and
MaSuRCAv3.1.3andresultingassemblieswereevaluatedusingQUASTv3.2[79±81].The
averageN50of assembliesconstructedwith thisstrategywas463kb (S1Table).Geneswere
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annotatedin theseassembliesaswellasin 5 GenBankassemblieswith no predictedgenes
usingaugustusv3.2.2trainedonA. fumigatus genemodels[82]. Repetitiveelementswere
annotatedin all assembliesusingRepeatMaskerversionopen-4.0.6[83].

Secondary metabolic gene cluster annotation and discovery

Secondarymetabolicgeneclustersin theAf293referencegenomeweretakenfrom 2 recent
reviews,bothof whichconsideredcomputationalandexperimentaldatato delineatecluster
boundaries[84,85](S3Table).Thegenomesof theother65strainswerescannedfor novelSM
geneclustersusingantiSMASHv3.0.5.1[86]. To preventpotentialassemblyerrorsfrom con-
foundingtheanalysis,anyinferenceaboutchangesin genomiclocationsof genesor geneclus-
terswasadditionallyverifiedbymanuallyinspectingalignmentsandensuringthatpairedend
readssupportedanalternativegenomiclocation(seeSinglenucleotidevariant[SNV] and
indeldiscovery).Casesin whichpairedendreadsdid not supportthechangein genomicloca-
tion (i.e.,all 30 readmappingto chromosome1 andall 50 pairsmappingto chromosome8) or
mappingwasambiguousor low qualitywerediscarded.

Phylogenetic analysis

To confirm all strainsin thisanalysisbelongedto thespeciesA. fumigatus, thegenomic
sequencesof thebetatubulin andcalmodulingeneswereextractedfrom theassembled
genomesof all strains.GenephylogenieswereconstructedusingA. fischerianus asanout-
groupusingRAxML v8.0.25with theGTRGAMMA substitutionmodel[87]. Thetreewas
midpoint rootedandall brancheswith bootstrapsupportlessthan80%werecollapsed(S10
Fig).

To constructanSNP-basedstrainphylogeny,biallelicSNPswith no missingdatawere
prunedusingSNPRelatev1.8.0with alinkagedisequilibriumthresholdof 0.8[88]. A totalof
15,274SNVswereusedto createaphylogenyusingRAxML v8.0.25with theASC_BIN-
GAMMA substitutionmodel[87]. Thetreewasmidpoint rootedandall brancheswith boot-
strapsupportlessthan80%werecollapsed.ThephylogenywasvisualizedusingITOL version
3.0[89].

To understandtheevolutionaryhistoriesof specificSMgeneclustersshowingunusualtax-
onomicdistributions,wereconstructedthephylogenetictreesof their SMgenes.Specifically,
SMclusterproteinsequenceswerequeriedagainstalocalcopyof theNCBI nonredundant
proteindatabase(downloadedMay30,2017)usingphmmer,amemberof theHMMER3soft-
waresuite[90], usingaccelerationparametersÐF11e-5ÐF21e-7ÐF31e-10.A customperl
scriptsortedthephmmerresultsbasedon thenormalizedbitscore(nbs),in whichnbswascal-
culatedasthebitscoreof thesinglebest-scoringdomainin thehit sequencedividedby thebest
bitscorepossiblefor thequerysequence(i.e.,thebitscoreof thequeryalignedto itself).No
morethan5hitswereretainedfor eachuniqueNCBI TaxonomyID. Full-lengthproteinscor-
respondingto thetop 100hits (E-value< 1× 10− 10)to eachquerysequencewereextracted
from thelocaldatabaseusingesl-sfetch[90]. Sequenceswerealignedwith MAFFT v7.310
usingtheE-INS-istrategyandtheBLOSUM30aminoacidscoringmatrix [91] andtrimmed
with trimAL v1.4.rev15usingits gappyoutstrategy[92]. Thetopologieswereinferredusing
maximumlikelihood,asimplementedin RAxML v8.2.9[87], usingempiricallydetermined
substitutionmodelsandrapidbootstrapping(1,000replications).Thephylogeniesweremid-
point rootedandbrancheswith lessthan80%bootstrapsupportwerecollapsedusingtheape
andphangornRpackages[93,94].PhylogenieswerevisualizedusingITOL version3.0[89].

To understandtheevolutionaryhistoriesof SMgeneclusters4 and10,full-lengthnucleo-
tidesequencesof all 62strainswith short-readsequencedatawereextractedfor theentire
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clusterregion(SMgenecluster4) or thedownstreamflankingregion(SMgenecluster10)
usingthepreviouslydescribedSNVanalysisprocedurefollowedbyGenomeAnalysisToolkit's
ªExtractAlternativeReferenceFastaºtool [75]. Theresultingnucleotidesequenceswerealigned
usingMAFFT v7.310[91]. Phylogenieswereconstructedusingmaximumlikelihoodasimple-
mentedin RAxML v 8.0.25,usingtheGTRGAMMA substitutionmodelandrapidbootstrap-
ping (1,000replications)[87]. Phylogeniesweremidpoint rootedandbrancheswith lessthan
80%bootstrapsupportwerecollapsed.PhylogenieswerevisualizedusingITOL version3.0
[89].

All sequencealignmentsandphylogeniesgeneratedin thisstudyareavailableon theFig-
sharerepository(https://figshare.com/projects/Data_for_Drivers_of_genetic_diversity_in_
secondary_metabolic_gene_clusters_within_a_fungal_species_/26089).

Differential metabolite analysis

Fornaturalproductanalysis,5× 106 spores/mLfor theindicatedstrainsweregrownin 50mL
liquid GMM [95] for 5 daysat25ÊCand250rpm in duplicates.Supernatantswereextracted
with equalvolumesof ethylacetate,drieddownandresuspendedin 20%acetonitrile(ACN).
Eachsamplewasanalyzedbyultra high-performanceliquid chromatography(UHPLC)
coupledwith massspectrometry(MS).Thesampleswereseparatedon aZORBAXEclipse
XDB-C18column(Agilent,2.1× 150mm with a1.8μM particlesize)usingabinarygradient
of 0.5%(v/v) formic acid(FA) assolventA and0.5%(v/v) FA in ACN assolventB thatwas
deliveredbyaVanquishTMUHPLCsystem(ThermoScientific)with aflow rateof 0.2mL/
min. Thebinarygradientstartedwith 20%Bthatwasincreasedwith alineargradientto 100%
Bin 15min followedbyanisocraticstepat100%Bfor 5min. Beforeeveryrun, thesystemwas
equilibratedfor 5 min at20%B.TheUHPLCsystemwascoupledto aQ Exactivehybrid quad-
rupoleOritrapTM MS(ThermoScientific).Forelectrosprayionization,theion voltagewasset
at±3.5kV in positiveandnegativemode.Nitrogenwasusedassheathgasataflow rateof 45
andassweepgasataflow rateof 2.DataanalysiswasperformedusingXCMS[57] andMaven
[96] software.

Supporting information

S1 Fig. Alignments showing deletion of genes in SM gene clusters. (A) Deletionof helvolic
acidgenesin IF1SWF4.(B) Deletionof fumigaclavinegenesin LMB35Aa.(C) Partialdeletion
of gliM in thegliotoxin geneclusterin 2 strains.(D) Partialdeletionof fmqE in thefumiquina-
zolinegeneclusterin 3 strains.(E,F)Coverageof 21strainswith partialdeletionof ABCtrans-
portergenein SMgenecluster21.ABC,ATP-bindingcassette;SM,secondarymetabolite.
(PDF)

S2 Fig. Gene phylogenies of the fusarielin-like SM gene cluster 4. Thesephylogeniesarecon-
sistentwith horizontaltransferbetweenEurotiomyceteandSordariomycetefungi or with
extensivegeneloss.SM,secondarymetabolite.
(PDF)

S3 Fig. Fusarielin-like clusters in Eurotiomycetes and Sordariomycetes. All specieswith
genesgroupingtogetherwith eachAspergillus fumigatus genefrom thefusarielin-likecluster
(seeS2Fig).Beauveria bassiana andA. udagawae wereexcluded,astheyonly containedthe
transcriptionfactorfrom thecluster.Thegeneclusterin Fusarium graminearum hasbeen
functionallycharacterizedasproducingfusarielin.
(PDF)
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S4 Fig. Novel SM gene clusters in Aspergillus fumigatus strains. (A) Syntenybetweena
novelPKS-containingclusterin 2 strainswith anSMgeneclusterin Metarhizium anisopliae.
ThisnovelPKSclusteris locatedbetweentransposableelementsin aregionsyntenicwith
thereferenceAf293chromosome4.(B) NovelSMgeneclusterin MO54056EXPand3 addi-
tional strains.Thisclusterisonly locatedon 1 scaffoldin MO540556EXPandis fragmented
acrosstheotherstrains(endsof scaffoldsaremarked).(C) Coveragedatafrom short-read
alignmentsfor MO54056EXP,12±7504462,and08-19-02-30relativeto theMO54056EXP
scaffoldcontainingthenovelSMgenecluster.PKS,polyketidesynthase;SM,secondary
metabolite.
(PDF)

S5 Fig. Gene phylogenies of SM gene cluster 24. Thephylogeniesof severalgenesin thisclus-
ter areconsistentwith horizontaltransferbetweenAspergillus fumigatus andMetarhizium
fungi.SM,secondarymetabolite.
(PDF)

S6 Fig. Two alleles of the idiomorphic SM gene cluster 10 present in 1 strain each. (A)
Thisallelecontainsaninsertionof genesfrom chromosome6 immediatelyupstreamof allele
C (seemain textFig4).Noneof thesegenesis likely anSMgeneclusterbackbonegene.An
additionaltransposableelementis found flankingthis insertion.(B) Thisallelecontainsan
insertionof genespresentin theA1163referencebut not in theAf293referencein themiddle
of alleleA (seemain textFig4).Noneof thesegenesis likely anSMgeneclusterbackbone
gene.Oneadditionaltransposableelementiscontainedin 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. Extractedion chromatogramsfor the2mass
to chargeratiosidentifiedin negativemodefrom XCMSanalysiscomparingextractsfrom
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
arrowsdenotebackbonebiosyntheticgenesandredboxesdenotetransposableelementsas
detectedbyRepeatMasker.A. fischeri containsanovelSMgeneclusternot found in A. fumiga-
tusstrains.Othergenesat this locushavevariousfunctionsthatmaynot berelatedto second-
arymetabolism.A. lentuluscontains1 genewith aheterokaryonincompatibilitydomain,
whichmayplayarole in vegetativeincompatibility.SM,secondarymetabolite.
(PDF)

S9 Fig. Gene phylogenies of the mobile SM gene cluster 1. Thesephylogeniesareconsistent
with horizontaltransferbetweenEurotiomycete,Dothidiomycete,Leotiomycete,andSordar-
iomycetefungi.SM,secondarymetabolite.
(PDF)

S10 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)

Population genomics of fungal secondary metabolic pathways

PLOS Biology | https://doi.org/10.1371/journal.pbio.2003583 November 17, 2017 20 / 26

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s004
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s005
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s006
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s009
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2003583.s011
https://doi.org/10.1371/journal.pbio.2003583
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