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Abstract

Legionella pneumophila is an environmental bacterium and the causative agent of Legion-
naires' disease. Previous genomic studies have shown that recombination accounts for a
high proportion ( 196%) of diversity within several major disease-associated sequence types
(STs) of L. pneumophila. This suggests that recombination represents a potentially impor-
tant force shaping adaptation and virulence. Despite this, little is known about the biological
effects of recombination in L. pneumophila, particularly with regards to homologous recom-
bination (whereby genes are replaced with alternative allelic variants). Using newly available
population genomic data, we have disentangled events arising from homologous and non-
homologous recombination in six major disease-associated STs of L. pneumophila (subsp.
pneumophila), and subsequently performed a detailed characterisation of the dynamics and
impact of homologous recombination. We identified genomic 2hotspots® of homologous
recombination that include regions containing outer membrane proteins, the lipopolysaccha-
ride (LPS) region and Dot/lcm effectors, which provide interesting clues to the selection
pressures faced by L. pneumophila. Inference of the origin of the recombined regions
showed that isolates have most frequently imported DNA from isolates belonging to their
own clade, but also occasionally from other major clades of the same subspecies. This sup-
ports the hypothesis that the possibility for horizontal exchange of new adaptations between
major clades of the subspecies may have been a critical factor in the recent emergence of
several clinically important STs from diverse genomic backgrounds. However, acquisition of
recombined regions from another subspecies, L. pneumophila subsp. fraseri, was rarely
observed, suggesting the existence of a recombination barrier and/or the possibility of ongo-
ing speciation between the two subspecies. Finally, we suggest that multi-fragment recom-
bination may occur in L. pneumophila, whereby multiple non-contiguous segments that
originate from the same molecule of donor DNA are imported into a recipient genome during
a single episode of recombination.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006855 June 26, 2017

1/21


https://doi.org/10.1371/journal.pgen.1006855
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006855&domain=pdf&date_stamp=2017-07-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006855&domain=pdf&date_stamp=2017-07-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006855&domain=pdf&date_stamp=2017-07-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006855&domain=pdf&date_stamp=2017-07-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006855&domain=pdf&date_stamp=2017-07-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006855&domain=pdf&date_stamp=2017-07-11
https://doi.org/10.1371/journal.pgen.1006855
http://creativecommons.org/licenses/by/4.0/
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena

@'PLOS | GENETICS

Dynamics of homologous recombination in Legionella pneumophila

Funding:Thisstudywasfundedby the Wellcome
Trust(https://vellcome.acik) grantnumber
098051to JPandthe AgenceéNationalele

Researclhttp:/Mmww.agencerationale-rewerche.

fr) grantnumberANR-10-LBX-62-IBEIfb CB.
Thefundershadnorolein studydesigndata
collectiorandanalysisdecisiorto publish,or
preparatiorof themanuscript.

Competingnterests Theauthorshavedeclared
thatno competingnterestsexist.

Author summary

isanenvironmentalbacteriumthat causeg egionnairestliseasea
seriousand potentiallyfatalpneumonia Previousstudieshaveshownthat membersof
this speciesindergoa procesgalledrecombinationwherebyDNA isimportedfrom
anotherbacteriakellinto therecipientgenomeTheimported DNA caneitherreplacean
equivalensegmenbf the genomghomologousecombination)or cancomprisenovel
geneghat arenewto therecipientgenomeghon-homologougecombination) Whilst
recombinationplaysanundoubtedlyimportantrolein . evolution,
accountingfor morethan 96%of the diversityobservedvithin somelineagesiittle is
known aboutits biologicalimpact.In this study,weperformeda detailedcharacterisation
of the dynamicsand effectof homologousecombinationon . evolutionin
sixclinicallyimportant lineage®f . . We identified2hotspot°regionsof the
genomean whichanexcessf homologougecombinationeventsvasobservedwhich
providedimportant cluesto the selectiorpressure$acedby . . Bydetermin-
ing the donorsof therecombinedregions wealsorevealedhat recombinationhas
occurredmostfrequentlybetweerisolatedrom the sameclade but alsooccurredbetween
isolatesfrom differentmajor cladesThis demonstrateshe possibilityof newadaptations
arisingin onelineageandbeingtransferredo anotherdistantlyrelatedineagewhichwe
predicthasbeenanimportant factorin the emergencef severamajor disease-causing
strainsfrom diversegenomicbackgrounds.

Introduction

While all bacteriareproduceclonally,somealsoimport DNA from otherorganismsnto their
chromosomeshrough processesuchasrecombinationor horizontalgenetransfer.The
imported DNA caneitherreplaceahomologoussegmenbf the genomeghomologousecom-
bination) or comprisenovelgeneghatarenewto therecipientgenomgnon-homologous
recombination).Theformer resultsin thereplacemenof geneswith alternativeallelicvariants
andrequiresthe DNA to behighly similar,andpossiblyidentical,at both endsof the fragment
[1]. Forthisreasonhomologousecombinationusuallyoccursbetweercloselyrelated
bacteria.

Theimportanceof recombinationin bacterialevolutionfirst becameclearthroughthe
analysiof multi-locussequenceéyping (MLST) data,which showedhat phylogenetidrees
constructedrom individual MLST genesvereoftenincongruent[2]. Theseanalyseslsopre-
dictedthattherateof homologougecombinationvariesconsiderablypetweerdifferentspe-
cies[3]. Thereareanumberof hypothesesegardingwhy bacteriaengagén homologous
recombination[4]. Oneexplanatioris that recombinationis usedasa mechanisnby which
DNA damagecanberepairedusingforeign DNA asatemplate[5]. Anotheristhatit isaside
effectof DNA uptakefor useasan energysourceor for DNA synthesigrom nucleotidepre-
cursorg[6]. Third, the ability of recombinationeventgo removedeleteriousnutationsand
rapidly introducecombinationsof advantageousiutationscould meanit increaseshe effi-
ciencyof naturalselectiorandis selectivelynaintained[7]. Finally,arecentstudyhasalsosug-
gestedhat bacteriauserecombinationto deleteselfishmobile geneticelementsrom their
genomeg8].

In recentyearsthe availabilityof wholegenomesequencéWGS)datafrom multiple
closelyrelatedbacteriaiisolateshasenablechomologougecombinationto bestudiedin great
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detailin speciesuchas [9,10], [11]and
[12]. Thesestudieshaveconfirmedthathomologougecombination
playsanimportantrole in the evolutionand adaptationof important bacterialpathogensfor
exampleby facilitating vaccineescapg9] andantibiotic resistancg10] in .
isanenvironmentabacteriumthat parasitizesindreplicatesnside
protozoain freshwateandsoil habitatg13]. It alsonow colonisesnan-madewvatersystems
from which humanscanbecomenfectedviainhalationof contaminatedaerosol$14]. Infec-
tion cancausd.egionnairestliseasea seriousand potentiallyfatalpneumonia[15]. .
wasfirst reportedto havea clonalpopulationstructurebasedn multi-locusenzyme
electrophoresi@fMLEE) analysi§16]. However the threeprimary mechanism®f bacterial
recombination(conjugation transductionandtransformation)havesinceall beendescribed
in . [17+19],andthusit wasunsurprisingwhenlater studiesreportedits occur-
rencelndeed,anearlygenomicstudyof thefirst sequencedenome®f .
showedhatrecombinationeventsarefrequentandsuggestethatit caninvolvelargechro-
mosomalfragmentsof over200kb[20]. More recently largergenomicstudieshavedemon-
stratedthat >95% of singlenucleotidepolymorphismg SNPsYetectedvithin somelineages
havebeenimportedviarecombination[21,22]. The occurrenceof recombinationwithin .
populationshasalsoledto the existencef multiple geneticsubtypeswithin sin-
gleoutbreakd21,23]. Howeverdespitets majorrolein . evolution,therelative
frequencyandbiologicaleffectsof recombination suchasits impacton virulenceor adapta-
tion of . to newniches remainpoorly understood.
Here,wedisentanglectventsarisingfrom homologousand non-homologousecombina-
tion in sixmajor disease-associatedquenceéypes(STs)of . , andsubsequently
performedadetailedcharacterisatiomf the dynamicsandbiologicalimpactof homologous
recombinationon . evolution.Our findings providenovelinsightsinto the
selectiorpressuresf . andthe dynamicsof genomicflux within the species.

Results & discussion

The contribution of homologous recombination to L. pneumophila
diversity

To investigatahe relativecontribution of homologousecombinationto diversityin eachof
sixmajor disease-associatbdeage®f . (STs1,23,37,42,62and578),
sequenceeadsfrom isolate =291)(S1Table)werefirst mappedo areferencegenomeof
thesameST(Table 1). Isolatedelongingto STsthat havepreviouslybeenshownto bederived
from the ST1lineagewerealsoincludedwith ST1lisolate§22]. Gubbinswasusedto detect
recombinedregionsin eachof the sixgenomealignmentg24]. Thistool usesncreasedSNP
densityon branche®f aphylogenetidreeasamarker,andis well suitedto thesesixlineages
that containlow backgrounddiversity.However jt shouldbe notedthat recombination
betweerhighly similarisolatesnaybe missedpotentiallyleadingto an underestimatiorof the
recombinationrate.In our previousstudyusingfour of thesealignmentswith the samepr
largelythe samejsolateg22], this programmeshowechigh concordancevith anotherrecom-
bination detectiontool, BRATNextGer{25]. Detectionof recombinedregionsusingBRAT-
NextGenis basedn sequencsimilarity ratherthan SNPdensity,andthusthe high
concordancéetweerthetwo differentapproachegrovidesconfidencen our predicted
regions Aspreviouslyreported[21, 22],over96%of SNPsn STsl,23,37,62and578were
predictedto bederivedfrom recombinationevents Furthermore 99%o0f SNPsn the ST42
lineagewerefoundin recombinedregionsin the presentstudy.Thus,in all sixlineageshe
proportion of SNPglerivedfrom recombinationis higherthanthatreportedfor the highly
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Table 1. Number of SNPs detected before and after the removal of recombi ned regions within six major disease- associated STSs.

ST Number of isolates |Mapping reference |Total number of SNPs | Number of vertical ly inherited SNPs only (% of total)
ST1 (and ST1-derived) | 81 Paris [26] 73,044 1,006 (1.4%)

ST23 42 EUL 28 [27] 44,886 166 (0.4%)

ST37 72 EUL 165 [27] 17,776 476 (2.7%)

ST42 15 EUL 120[27] 9,256 94 (1.0%)

ST62 35 H044120014 [27] 47,684 312 (0.7%)

ST578 46 Alcoy [28] 3,678 119 (3.2%)

The number of total and vertically inherited SNPs reported in the ST37 and ST62 lineages deviate slightly from those previously reported [22], despite the
same isolates and sequence data being used, which can be explained by the use of different reference genomes.

https://da.org/10.1371¢urnal.pge.1006855.t001

recombinogenic. PMENL1lineage(88%)[9] andbetween. ST60
strains(94.25%]12]. Thenumberof verticallyinherited SNPghat remainedaftertheremoval
of recombinedregionsin eachof thesix . lineagesangedfrom 94(ST42)to
1,006(ST1)(Table1).

Any regionsdetectedy Gubbinsthat overlappedvith eitherpredictedmobile geneticele-
ments(MGESs)or repeatregions(S2Table)weresubsequentlgxcludedin orderto determine
the solecontribution of homologougecombinationto . diversity(Table2). We
found that betweer83%(ST62)and80%(ST578)f all SNPsverepredictedto bein regions
derivedfrom homologougecombinationeventyFig 1A). However the averagdengthof
eachindividual genomeaffectedy this proceswyariedbetweerjust 1.2%(ST42/578and 3.9%
(ST1)(Table 2). It shouldbenotedthatthe numberof SNPspredictedto befrom homologous
recombinationmight beslightly over-estimatedandthe numberof mutationsslightly
under-estimatedyince mutationsmayhaveoccurredon top of recombinedregions.
However the error shouldbeno morethan 1.2+3.9%in proportion with the averagéengthof
genomeaffectedby homologougecombinationeventsFurthermore detectabilityof homolo-
gousrecombinationeventscould alsobeaffectedy lineagediversity(i.e.eventamaybemore
difficult to detecton longertreebranchesvherebackgroundSNPdensityis higher).However,
becaus¢he numberof SNPsassociatewith recombiningregionsis much highercompared
with the backgroundverticallyinherited SNPdn all lineageswethink thatanyeffectwill be
minimal.

In eachof the sixlineagestherelativenumberof homologougecombinationeventgo ver-
ticallyinheritedmutations(/ ratio) wascalculatedgperbranchfor eachphylogenetidree(S1

Table 2. Contribut ion of homolo gous recomb ination to the diversity of six major disease-ass ociated STs.

ST Number of Number of SNPs in Number of Mean length (and %) of Total length (and %) of the
homolog ous homolog ous homologous each individ ual genome |referenc e genome affected
recombinati on recombinati on region s recombinati on events |affected by homologous |by homologous
events per verticall y inherited per verticall y inheri ted |recombi nation (bp) recombi nation across all

SNP (r/m ratio) SNP isolates (bp)
(Y ratio)

ST1 (and 198 56.2 0.20 135,208 (3.9%) 1,430,288 (40.8%)

ST1-derived)

ST23 44 93.8 0.27 51,242 (1.5%) 520,584 (14.8%)

ST37 13 20.8 0.03 105,051 (3.0%) 251,988 (7.3%)

ST42 11 41.3 0.12 41,747 (1.2%) 120,545 (3.5%)

ST62 48 50.5 0.15 66,559 (1.9%) 456,451 (12.9%)

ST578 23 24.6 0.19 42,138 (1.2%) 204,114 (5.8%)

https://da.org/10.1371durnal.pge.1006855.t002
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Fig 1. A) The percentage of SNPs in each of six major disease-associated STs that are derived from vertically-inherited mutations, homologous
recombination events, or found within regions comprising mobile genetic elements (MGESs) (i.e. non-homologous recombination) or repeat regions. B)
Boxplots showing the percentage of SNPs per branch, derived from either vertically-inherited mutations or homologous recombination that are synonymous,
non-synonymous, intergenic, or result in a change from a stop to non-stop codon or a non-stop to stop codon. C) Distribution showing the size of detected
homologous recombination regions in the six STs. An exponential decay curve (black line) is fitted and the rate of decay is 7.52 x 10 ° bp™.

https:/Hoi.org/10.13¥/journal.pgert006855.g001

Fig) andalsofor eachlineageasawhole.Theoverall /  ratio for eachlineagerangedfrom
0.03(ST37)to 0.27(ST23)indicatingthat recombinationeventshaveoccurredlessrequently
thanverticallyinherited mutationsin all six lineagesgespitebringingin betweer20.8(ST37)
and93.8(ST23)timesasmany SNPgTable 2). A similar / ratio of 0.124wasreportedin
previousanalysiof 25diverse. genomesasinferredby analternativerecombi-
nation detectionalgorithm,ClonalFramg29]. Thedistribution of per-branch/ ratiosalso
differ significantlybetweerineagegKruskal-Wallistest,p<0.05), highlighting differentrates
of recombinationin the sixmajor disease-associat&d s.Thesedifferencesouldindicatevar-
iation in the biologicalnichesof thesdlifferentlineagesaboutwhich verylittle is currently
understood and/or the availabilityof recombinationopportunities.

To determinetherelativeimpactof verticallyinherited mutationsandhomologougecom-
bination eventson the codingsequencehetypesof changesausedy thetwo processewere
analysedFig 1B). Verticallyinherited mutationshaveresultedin approximatelytwiceas
manynon-synonymousSNPghan synonymousSNPsaresultthatis expectedy chance
whenmutationsoccuratrandomin the genomeandbeforeselectiorhastime to acton all but
themostdeleteriousnutations.Interestinglythough,the resultsarereversedor homologous
recombinationeventswhich resultedmostlyin synonymousnutations.However this obser-
vationis not unexpectedjiventhatvariantsin sequencethatarehorizontallytransferred
betweerdifferentlineageswill havebeensubjectedo alongerperiod of evolutionandselec-
tion, which haspurgedharmful, non-synonymousnutations.The samephenomenorhasalso
beenobservedn apreviousstudyby Castillo-Ramirez . (2011)[30]. Furthermore fewer
SNPghatresultin astopcodonwerebroughtin by homologousecombinationeventghan
by verticallyinherited mutations,which canalsobeexplainedoy this process.

Thelengthsof the recombinedregionshavean approximatelyexponentiadistribution
(rateof decay= 7.52x 10° bp™), with the majority of eventsbeingsmall(<10,000bp)and
largeeventoccurringrelativelyinfrequently(Fig 1C). Themedianrecombinationfragment
lengthin eachof the sixlineagesangedfrom 5,613b(ST578)0 12,757bST37) whilethe
largestpredictedregionis 94,790bST37) Largerecombinationsegmentsavealsobeen
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foundin otherspeciessuchas [31], [32] and
[33]. In thelatter,asimilar distribution of fragmentsizesasthe one
describecherefor . wasalsoreported,suggestinghat transformationis opti-

misedfor exchanginghortsequencesatherthanlargefeaturesuchascompleteoperons
[33]. This scenariccould befavouredasit allowsfor largernumbersof potentiallyadvanta-
geousallelecombinationsto betested.

Hotspots of homologous recombination in L. pneumophila

Next,wedeterminedwhetherthereareanygenomicregionsthat areassociatewith ahigher
numberof homologougecombinationeventswhich couldrevealgeneghatareunderdiversi-
fying selectiorpressureWe thuscalculatedhe numberof eventgpredictedby Gubbinsthat
overlapwith eachgenewith respecto the referencggenome®f the sixdisease-associat&d's.
A total of 32hotspotregionsweredefined(seeViaterials& Methods),including atleastonein
all sixdisease-associat&d s(S3Table).A total of 10hotspotregionswereidentifiedin the
STllineageand,remarkably oneregioncontainedgeneghat arepredictedto havebeen
involvedin up to 27recombinationeventgFig 2A). By contrast,in the otherfive STsthe
highesthumberof eventsaffectinggenesangedfrom 2 (ST37/ST578)p 4 (ST42/ST62)We
acknowledgehat the numberof recombinationeventdetectecpergene particularlyin hot-
spotregions couldbeslightlyunderestimatediueto the possibleoccurrenceof overlappingor
nestedecombinedregionsimported on the samebranchof the phylogenetidree.Gubbinsis
likely to predicttheseassingleratherthan multiple eventsandgenomicregionswith ahigher
numberof recombinationeventscould bedisproportionatelyaffectedNeverthelesgheiden-
tification of hotspotregionsprovidesgoodevidencehatthe effectof recombinationin .

isto increasehe genetiadiversityavailabldor naturalselectiorto work on, and
thatthis diversifyingselectioractsnon-randomlyon the genome.

The prominent ST1recombination hotspot. Themostprominenthotspotidentifiedin
the ST1lineagethat containsgenesnvolvedin up to 27recombinationeventdsa47,174bp
regionthatrangedrom to in the Paris(ST1)genomgFig 2B). Thegenein
thisregionthatis predictedto havebeeninvolvedin 27eventss / aporphobili-
nogensynthasédelta-aminolevulinicacid dehydratase)hichis anenzymenvolvedin the
biosynthesi®f tetrapyrrolesThesurroundinggenes, and !, arealso
predictedto havebeeninvolvedin 25recombinationeventseach.To further confirm the
highly recombinogenimatureof this region,wealsoanalysedt with arecentlypublished
recombinationdetectiontool, fastGEAR34], which estimatedineagegpresenin agiven
alignmentandrecombinationdetweerthelineage®r from externalorigins. ThefastGEAR
algorithmwasrun separatelpn all 34genesn thehotspot( - ), aswellas10
genespstreamanddownstreamusingacompletealignmentof all 536 .
genomesisedin this study(ratherthan ST-specifi@alignmentsasusedwith Gubbins).In con-
cordancewith Gubbins,it predictedthatthe geneswith the highestnumbersof recombination
eventdmportedinto the ST1lineagein thisregionare and (S3Fig& S4
Table).Furthermore of the 46 recombinationeventdn the entire hotspotregion( -

) thatfastGEARpredictsto havebeenimportedinto thesixlineage®f interest,29
(63.0%haveaffectedST lisolatesfurther confirming the prominenceof this hotspotin the
STllineagewith respecto the other STs(S4Fig & S4Table).

Intriguingly, thereis no obviousreasorwhy the metabolicgene (predicted
by Gubbinsto bethe mostrecombinogenicshouldbeunder strongdiversifyingselection.
However while thetwo immediateflanking geneg and ) bothencodeéhypo-
theticalproteins®, !,  whichhasbeeninvolvedin 25recombinationeventshasbeen
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Fig 2. A) Homologous recombination events detected in the ST1 lineage. A phylogenetic tree, constructed using only vertically inherited mutations,
is shown on the left and the scale indicates the number of SNPs. Bootstrap values are provided in S2 Fig. Homologous recombination events are
shown by blocks adjacent to the tree, which are coloured according to the BAPS cluster from which they are predicted to have been derived (see
key at the top left of panel B). The plot above shows the number of recombination events that have affected each base in the genome using a
stacked visualisation to also indicate the number of events derived from different clusters. The ten genomic regions identified as recombination
hotspots are marked at the top of the plot. B) A zoomed-in illustration of hotspot 6 in the ST1 lineage, which ranges from Ipp1761 to Ipp1794. As in
A, the homologous recombination events are displayed as blocks and coloured according to the BAPS cluster from which they are predicted to be
derived. The genes shown at the top of the figure that make up hotspot 6 are coloured by the number of times that they have been affected by a
homologous recombination event (see key at the top right).

https://cbi.org/10.1371durnal.pge.1006855.902

shownto encodean outermembraneprotein of . in apreviousstudy[35]
andhashigh similarity to the genegconservedicrosgnanybacterialspeciesln #

, theFadLproteinis essentialor uptakeof long-chainfatty acidsandalsoactsasa
phagereceptor[36] whilein , it hasbeendemonstratedo behighly
immunogenic[37].1n . , FadLcouldbeunderahigh selectiorpressurdo
varyin orderto eitherescap@rotozoanpredation(differentprotozoanspeciesnayhave
differentspecificityto outermembranestructures)to adaptto differenthostsor to cope
with animmuneresponseluring infection of hostcells.However sinceprotozoado not
haveanadaptivemmuneresponsethe latter possibilityis unlikely unlessmore complex
organismge.g.humans)arealsopart of theinfection cycle While human-to-humantrans-
missionof . hasbeendemonstratednly once[38], therecentandindepen-
dentemergencef severamajor disease-associat&d shasalsoraisedthe possibilityof
humaninfection beingpart of the propagationcycle[22]. However,anotherpossible
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explanatiorfor the high recombinationfrequencycould bethat geneswithin this region
havebeenfrequentlygainedandlostthroughevolutionarytime.

Interestinglya -like geneg($ % ; ) isalsofound within arecombination
hotspotin the ST62ineagewhereit isinvolvedin two recombinationeventgaspredictedby
Gubbins),althoughit isfoundin adifferentpart of the genometo the ST 1hotspotregion.Fur-
thermore,asmaller6,778bphotspotregionin theST23lineage($ 1%  $!% &'

& ) overlapswith the ST1hotspotregion.However theregionin the ST23line-
agecentreonthegene,$ 1% &/ whichisinvolvedin threerecombinationevents
andencodeshe outermembraneprotein assemblyactor,BamA.The sameresultwasalso
found usingfastGEARwhich detectedecombinationin the ST23ineagen only the $ 1%

& $1% &/ and $1% &/ genegof the54genedested)S4
Table).Interestingly, isinvolvedin gjust® 18recombinationeventsn the ST1lineage,
comparedwith thatisinvolvedin 27 (aspredictedby Gubbins).Furtherstudiesper-

hapsinvolving alargernumberof isolatesyould be usefulto confirm the gene(sihat aredriv-
ing thesehotspotsandto determinewhetherthe prominenthotspotregionin the ST1lineage
isalsoanimportant hotspotregionin otherlineagespr whetherit representsiuniqueselec-
tion pressuren ST1lisolates.

The LPSlocus. Thesecondmostprominenthotspotin the ST1lineageisal13,607bp
regionthatrangedfrom & to &! intheParisgenomeandwhichcontainsgenes
affectecby up to 7 recombinationeventyS5Fig). This hotspotis fully containedwithin the
lipopolysaccharidéLPS)locus,whichspansaregionfrom & to &!. Manyofthe
genesn this hotspotregionhavebeenimplicatedin LPScoreoligosaccharideiosynthesis,
including thosebelongingtothe  family, and O-antigenbiosynthesisincluding (,

, ., ) G ) and)*  [39]. Interestingly the genesaffectedby the highestnumber
ofrecombinationeventsare) ( butalso & , whichareannotatedaspseudogenes
the original annotationof the Parisgenomg26]. All threegenencode*hypotheticalpro-
teins®although & hasasignalpeptideandthusmaybesecretedwhile & + hasa
pectinlyasefold, amotif which hasalsobeenfound in geneselongingto +

andisthoughtto degradehe pecticcomponentf plant cellwalls.Furthermore the
ST62ineagealsohastwo genesgrom the LPSlocusthatarein hotspotregions.t is unsurpris-
ing thatthe LPSlocuswasfound asarecombinationhotspotsincelL PShaspreviouslybeen
shownto bethe majorimmunodominantantigenof . in thelaboratory[40,41].
However the specificreasonghat variabilityin the LPSis beingselectedor couldbeanyof
thosealreadydescribedor FadL.Horizontal exchangef the LPSlocusalsoexplainsaprevi-
ousobservatiorthat serogroupl isolatecanhavediversegenomicbackgroundsandthat ser-
ogroupsoftendo not correlatewith overallgenomicrelatednesgi2].

Outer membraneproteins. Acrossall sixdisease-associat&d s,outer membranepro-
teinsarecommonlyfound within recombinationhotspotregions Excludingthosementioned
already(i.e.FadLandBamA),theseincludeTolC or TolC-like proteins,involvedin two
recombinationeventsn theST23ineageg($!'% [/ ) andalsoin two eventsn the
ST578ineage( % ,/ &&-, andwhich havebeenimplicatedin thevirulenceof .

[43]. Other outermembraneproteinsfound within recombinationhotspots
include $1% &/ in ST23and $!% / in ST37[35]. Furthermore the
genejnvolvedin four recombinationeventsn the ST1lineagegncodesprotein
homologougo AsmAin #. , whichisinvolvedin theassemblyf outermembraneproteins.
Thus,of the manyoutermembraneproteinslikely expressedn the surfaceof . ,
theseresultsprovidecluesasto which arebeingselectedor variationandarethereforepart of
dynamicenvironmentalinteractions.
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Dot/lcm effectors. A numberof genesncodingputativeor confirmedDot/Icm effectors
arealsofound within recombinationhotspotsacrosshedifferentlineagesDot/Icm effectors,

whicharesecretedy atypelVB secretiorsystenof . andof whichthereare
over300describedmanipulateawide rangeof hostcellprocesseandareessentialo .
pathogenesigl4]. Thosefoundin hotspotsnclude !, and in ST1,

whichencodean ankyrin repeat-containingrotein originally found only in the Parisgenome
[26] andthe SdbBeffector respectivelyA further threeankyrin repeat-containingsffector

genesvereidentifiedwithin ST23hotspotsncluding $ 1% " (encoding
LegAl4),$!'% " (encodingLegA8)and $ 1% " (encodingLegA7).
Thefirst describedot/Icm effector RalFencodedoy $ 1% &/ !, wasalsofound

within aST23hotspotand predictedto havebeeninvolvedin two recombinationeventslt
will beintriguing to decipherwhethervariationis beingselectedor within theseeffectorsn
orderto takeadvantag®ef awide varietyof hostcells,or to counterdefencestrategieby proto-
zoanhostsLargersetsof genomicdatawould beusefulto confirm the existencef thesehot-
spotsandfurther exploredifferencedetweerlineageswhich could suggestlifferencesn
hostsandinfection strategies.

Enhancedentry proteins. Finally,while only 11homologougecombinationeventsvere
detectedwithin the ST42lineagegenewithin onel4,572bpegionhavebeenaffectedby up
to four recombinationeventsThehotspotregioniscentredon $ % ,,/ !, which
encodeshe enhancedentry protein EnhB,but alsoincludesthe otherenhancedntry proteins
EnhAandEnhC.While little is known aboutEnhB,EnhChasbeenshownto beimportant for
entryinto hostcells[45] andto facilitateintracellulargrowthof . by evading
immune recognitionby the patternrecognitionreceptor(PRR),Nod1,in macrophagep!6].
Furtherstudiesarerequiredto understandwhy variability within the enhancedentry proteins
might beadvantageougndalsowhy thesegenesverefound in ahotspotin the ST42ineage
andnot others.

Inference of recombination donors

To predictthe origin of the homologousecombinationregions 536 . genomes
werefirst dividedinto clustersusinghierBAPJ47], whichweremappedonto aphylogenetic
tree(Fig 3). Thegenomesomprisethosebelongingto isolatefrom the sixmajor disease-
associate®@Ts( =291)(S1Table)andothersfrom alarge,species-wideollection( =245)
(S5Table).EightBAPSclusterswvereidentified, severof which comprisedsolatesfrom the .
subspecieBAPSclustersl+6,8), andonewith isolategrom .
(BAPScluster7). Of the 318homologougecombinationeventgyreater
than500bppredictedin the sixmajor disease-associatikdeagespotentialdonorswerepre-
dictedfor 292(91.8%)seeMaterials& Methods).Many of the hits werealmostperfect
matcheswith 122(41.8%)of the fragmentshavingover99.9%nucleotideidentity,and 155
(53.1%havinghits that covereahefull lengthof therecombinationfragment(S6Fig).
Thenumberof homologougecombinationeventdn eachof the sixmajor disease-associ-
atedlineageghat werepredictedto bederivedfrom eachof the eightBAP Sclusterswverecal-
culatedandvisualisedn aheatplot (Fig 4A). Any eventswith equallygoodhits (i.e.with the
samenucleotidesimilarity andfragmentlengthcovered)o isolatesn morethanoneBAPS
clusterwerediscardedor this analysig®No donor assigned®)The heatplot illustratesthat,in
five of the six STsrecombinationdonorsmostoftenbelongedo the sameBAP Sclusterasthe
recipient.Thisis anexpectedinding sincehomologousecombinationrequireshigh, or even
perfectsequencsimilarity betweerthe donor andrecipientat both endsof therecombination
fragment[1], ascenarionvhichis morelikely betweerclosely-relatetbacteriaThe exceptionis
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Fig 3. Maximum likelihood tree of 536 L. pneumop hila isolates generated by mapping sequence reads to the Paris (ST1) reference
genome. Isolates are coloured by BAPS cluster. Grey circles also highlight the position of the six major disease-associated STs and the number
of isolates belonging to each ST is indicated in brackets (ST1-derived isolates are here considered as ST1). The scale shows the number of
SNPs per site. Bootstrap values, based on 100 resamples, are shown for the major nodes of the tree.

https:/Hoi.org/10.137/ournal.pgeri006855.9g003

ST37in whichthe highestnumberof recombinationfragmentss derivedfrom BAPScluster
4, althoughits own cluster(BAPScluster3) accountedor the seconchighestnumber.How-
everall STswith theexceptionof ST578arealsopredictedto haveacquiredrecombination
fragmentdrom clustersotherthantheir own, demonstratinghe occurrenceof homologous
recombinationbetweermajor clusterof the . subspecie§his
resultis confirmedby the fastGEARanalysiof the prominent ST1hotspotregion,which dem-
onstrateghe sharingof allelesbetweerdifferentBAPSclusterg S4Fig). Overall thefinding
suggestthat differentcladeshaveat leastpartially sharedthe sameecologicahicheandper-
hapseventhe sameandividual hostcellsin which recombinationmayhaveoccurred.Impor-
tantly, this freedomof genomicexchangdasprovidedpotentialopportunitiesfor new
adaptationgo besharedreelyamongstifferentclusterswhichwehypothesiséasbeenan
importantfactorin therecentemergencef multiple major disease-associat&d sfrom
diversegenomicbackgroundg2?]. Interestingly someBAP Sclustersactfrequentlyasdonors
to otherclusterge.g.BAPSclusterst and5), while othershardly donateexcepto isolateof
their own cluster(e.g.BAPSclusters2 and 3) (Fig 4A). Similar patternswherebydifferentline-
ageglonateandreceiveDNA atdifferentrateshavealsobeenobservedn otherspeciesuch
as. [10], . [11]and#.  [48].
Furthermore justtwo eventgoneeachin ST23and ST62)arederivedfrom the .
subspecie@BAPScluster?). Giventhatthis lineagesharedesshan 95%nucleo-
tide identity with the . . subspecieshis wasnot anunexpectedinding, given
thehigh levelof similarity requiredfor homologougecombination.t couldbethatthesewo
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Fig 4. A) Heat-map showing the percentage of recombination events detected in each of the six lineages (STs 1, 23, 37, 42, 62 and 578) that are derived
from each of the eight BAPS clusters. The six STs are shown in the left dendrogram constructed using hierarchical clustering and based on the similarity of
the predicted recombination donor lineages. The BAPS clusters are ordered from left to right based on the ordering of the six STs in the dendrogram. The
column representing BAPS cluster 1, which contains both ST23 and ST62, is given twice the width as the other columns. The three BAPS clusters (6+8) that
do not contain one of the six major disease-associated STs are shown on the right. B) Distribution of the percentage nucleotide similarities between the
imported recombination fragments and the recipient sequence in all of the six STs, with the events categorised as derived from the same or different BAPS

clusters or with no donor lineage identified. C) Distribution of pairwise nucleotide similarities across the genome amongst the 536 L. pneumophila isolates
used in this study.

https://doi.0g/10.1371§urnal.pgeri006855.9g004
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subspeciebavegraduallydivergeddueto differing ecologiesandthat eventualljtheymay
becomdlifferentspecieshatarefully incapableof exchange homologousecombination.

For all homologousecombinationeventdetectedn the six STsthe nucleotideidentity
betweertheimportedfragmentandtherecipientgenomethat wasreplacedy the fragment
wascalculatedFig 4B). Thiswasto investigateéhe divergencdevelsbetweerrecombining
bacteriaput it alsoprovidedameansof verifyingour predictionsof the recombination
donors.This analysishowedhat 70%o0f homologousecombinationeventsccurred
betweertloselyrelatedisolatesvith >98% nucleotidesimilarity in the affectedegion,which
agreesvith our previousfinding that mostfragmentsarederivedfrom the sameBAP Scluster
astherecipient.Interestingly two peaksanbeobservedt~98%identity and~99.5+100%
identity. Thesdevelsf divergenceorrespondo the nucleotidesimilarity observedetween
isolatesbelongingto differentclustersor the samecluster respectivelyFig 4C),andthusthey
representecombinationbetweerandwithin clusterslt is alsointerestingto notethatthe dis-
tribution of pairwisenucleotidesimilaritiesof genomegrom differentclustershasamajor
peakaround~98%(Fig 4C),which alignswith previousfindingsthathomologousecombina-
tion tendsmakeclustersequidistantfrom eachother[49, 50].

Recombinatiorhotspotregionswerenextre-analysedo investigatevhetherthe hotspots
weredriven by recombinationeventdrom the sameor differentBAPSclustersTheanalysis
focusedon the ST1lineagewhich waspreviouslyfound to containthe highestnumberof
recombinationeventsandthe mostprominent hotspots The mostnotablehotspotregion
(hotspot6), whichwasfound to containgenesnvolvedin up to 27recombinationeventsyas
found to bedriven mostlyby recombinationregionsderivedfrom the sameBAP Sclusterto
which ST1belonggBAPScluster2) (S7Fig). However asmallnumberof recombination
eventghatarepredictedto befrom BAPScluster5 werealsoobservedn this region.While
theanalysiof this regionusingfastGEARSs not directly comparablédo the resultsusingGub-
bins,it doesalsosuggesthatthe recombinedregionshavebeenimportedfrom boththesame
anddifferentBAPSclusterg S4Fig). Meanwhile while someof the recombinationevents
affectingthe LPSlocus(hotspot3) could not beassigneddonor, otherswerederivedfrom
BAPSclustersl, 2 and5, suggestinghat high diversityin this regionmaybeespeciallympor-
tant. Hotspot4 appeardo bedriven by recombinationevent§rom BAPSclusterss, 6 and 8
andcontainsno eventderivedfrom BAPScluster2 (to which ST1belongs)However the
smallnumberof eventswith predicteddonorsin mostof thesehotspotdimits the conclusions
thatcanbemade.

Finally,the homologougecombinationeventghat werepredictedwithin the ST 1lineage
weremappedonto the phylogenetidreetogetherwith information regardingtheir predicted
origin (Fig 5). Thiswasto searclfor evidenceof multi-fragmentrecombinationaprocessn
which multiple non-contiguoussegmentshat originatefrom the samemoleculeof DNA are
importedinto arecipientgenomein asingleepisodeof recombination.This processs well
documentedn . [33,51,52]. Sincethe recombiningfragmentsarenon-contigu-
ous,Gubbinswill detecttheseasseparat@ventsalthoughthe eventshouldbepredictedto
haveoccurredon the samebranchand havethe samepredicteddonor. Indeed wefound
someevidencdor the occurrenceof this processn . , sincemanyeventswith
thesamepredicteddonor, downto the BAPSclusterlevelandeventheindividual isolatelevel,
areco-localisedn branchegFig 5). For example8 recombinantregionsdistributedthrough-
out the chromosomehat occurredon theterminalbranchleadingto ST1_28&repredictedto
haveoriginatedfrom BAPScluster4, andmore specificallya strain (or multiple strains)
closelyrelatedto EUL 25(ST44)(S8Fig). Furthermore someof theseémportedregionsalso
shareverysimilar SNPdensitiesvith respecto EUL 25(i.e.5 eventshaveSNPdensitiefrom
0+0.06%and 3 eventshaveSNPdensitiesrom 0.28+0.33%j)geinforcingthe possibilitythat

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006855 June 26, 2017 12/21



o @
@ : PLOS | GENETICS Dynamics of homologous recombination in Legionella pneumophila

Fig 5. Maximum likelihoo d tree of 81 ST1 (or ST1-derive d) isolates constructe d using only vertically-in herited SNPs. Predicted
homologous recombination events are mapped onto the phylogeny (shown by squares on the branches) and coloured according to the
BAPS cluster from which they are predicted to have been derived. Squares representing events with the same predicted donor at the isolate
level and that have occurred on the same branches are joined together, and possibly represent multi-fragment recombination. ST1_28 and
ST72_1, which are referred to in the text and in S8 Fig, are labelled. The scale bar indicates the number of SNPs.

https://da.org/10.1371durnal.pge.1006855.905

someof theserecombiningfragmentscould havebeenacquiredfrom the samedonorin the
sameeventHowever it couldalsobethatthe recombiningisolateshavesharedacommon
nichefor a prolongedperiod of time, andthat multiple independentecombinationevents
haveoccurredduring thistime. Thus,further experimentaktudieswill berequiredto confirm
theoccurrenceof this processn . .

In summary this studyhasdemonstratecmajor role for homologougecombinationin
shapingthe populationstructureandevolutionof . , andprovideddetailed
insightsinto recombinationdynamicswithin the speciesWe predictthathomologougecom-
bination hasplayeda critical role in the emergencef this environmentabacteriumasan
importanthumanpathogerand suggesthat future studiesarerequiredto further delineate
therole of homologougecombinationin the virulenceandadaptationof . to
modern,man-madesnvironments.
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Materials & methods
Bacterial isolates

isolatedbelongingto sixmajor disease-associatkdeagesareprimarily used
in th|s study( =291),all of which havebeenpreviouslysequencef?1,22,27,53+55].These
include81ST1(or ST1-derived)42ST23,72ST3715ST4235ST62and46 ST578dsolates
(S1Table).A further 245 . isolateswhich belongto arangeof STswerealso
usedin theinferenceof recombinationdonors(S5Table). WGSdatafrom all but five of these
isolateshavebeenpublished20+22 26+2855+60]Importantly, thesencludea setof
genomeshatwereselectedor sequencingisingsequence-basegping (SBT)data,analogous
to MLST,with the aim of encompassingsmuch of the speciesliversityaspossiblg55].
Accessiomumbersor referencesor allgenomesreprovidedin S1Tableand S5Table.

Reference genomes

Sequencesadsrom isolateelongingto eachof the sixdisease-associat&d's(1,23,37,42,
62and578)weremappedto areferencggenomeof the sameSTto enablesachineageto be
studiedatahigh resolution.The completegenome®f Paris[26] and Alcoy [28] wereusedfor
STland ST578andreferencegenomepreviouslygeneratedisinga PacificBiosciencegPac-
Bio) RSlIsequencewereusedfor STs23(EUL 28),37 (EUL 165),42(EUL 120)and62
(H044120014)27]. All sixreferencegenomesvereannotatedusinganin-housepipelineat
theWellcomeTrust Sangetnstitute (WTSI), which usesProkka[61]. Thefour annotatedref-
erencggenome®btainedusingPacBicssequencingireavailablérom the EuropeanNucleo-
tide ArchiveundertheaccessiomumbersGCA_900119755(EUL 28),GCA_900119775.1
(EUL 165),GCA_900119785(EUL 120)andGCA_900119765(H044120014)Repetitive
regionsover100bpweredetectedn the sixreferenceggenomesisingrepeat-matchrom
MUMmer v3.0[62] (S2Table).

Whole genome sequencing, mapping and SNP calling

All processingndsequencingf genomicDNA from the five newlysequencedsolatesvas
performedby the coresequencindacility atthe WTSI. Pairedendlibrarieswerecreatedas
describedreviously{63] and samplesveresequencedsingthe lllumina HiSegplatform and
paired-endreadsof 100basesSequencesadsof all isolatedelongingto the sixmajor disease-
associate@Tsunderstudyweremappedto the appropriatereferencegenomeof the sameST
usingSMALT v0.7.4(availableat: http://www.sanger.ac.uk/science/istsmalt-0) All isolates
usedin thestudy( = 536)werealsomappedto the Paris(ST1)referencegenomg?26] in
orderto studythe species-widehylogeneticstructure.An in-housepipelineatthe WTSIwas
usedto callbasesndidentify SNPsaspreviouslydescribed64].

De novo assembly

All assembliesereproducedfrom the lllumina datausingapipelinedevelopedy the Patho-
geninformaticsteamatthe WTSI. Thisfirstly usesvelvetOptimiser(https://github.com/
tseemann/VelvetOptimisetd determinethe optimalkmer sizebeforeusingVelvetto pro-
ducethe assembly65]. Theassemblyvasfurther improvedusingSSPACH66] to scaffoldthe
contigsof the assembland GapFiller[67] to closegapsof 1 or morenucleotides.

Recombination detection, phylogenetic analysis and BAPS clustering

Recombinedegionsweredetectedn the alignmentsof the six disease-associat&d susing
Gubbins[24]. Phylogenetidreesof thesdineagesveregeneratedisingRAXML v7.0.468],
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firstly usingall SNP4go laterallowancestrabequenceeconstructionandsecondlyusing

only the verticallyinherited SNPqi.e.excludingSNPsn recombinedregions) A phylogenetic
treeof thetotal 536isolatesvasconstructedusingall the detectedSNPsasthe high diversity

of thewholecollectionrendersrecombinationdetectionverydifficult. In all caseghe GTR
+GAMMA methodfor amongsiteratevariationwasusedand 100bootstrapreplicatesvere
performedto assessupportfor nodesThealignmentof all 536genomesgainsthe Parisref-
erenceggenomewasalsousedto grouptheisolatesnto clustersusinghierBAPH47].

Detection of mobile elements and genomic islands

Theannotationfilesfrom eachof the sixreferencegenomesvereparsedo detectregions
annotatedas?integrase®?ransposase®recombinase®phagedlvrA°, 2csrA°,2HTXO,
ahelix-turn-helix®,2xre®, 2conjugal®,2conjugation® atra®, trb°, 2vir® and®mobile®. Boththe
publishedannotationfilesof the Paris(ST1)and Alcoy (ST578)ompletegenomesndthose
generatedisingthein-housepipelineatthe WTSI wereused However the newannotations
wereonly consideredvhenthe original onewasa2hypotheticalprotein®in orderto respect
experimentallyprovenannotations Plotsshowingthe mappingcoveragef eachisolate
againsthe correspondingeferencegenomewerealsoevaluatedRegionver8kbwith no
coveragandthatdid not matchrepetitiveregionswereconsideredaspotentialmobile
regions Other softwareto detectmobile geneticelement{MGEs)wasalsousedincluding
AlienHunter [69] andIslandViewer,thelatter of whichincorporatedslandPickslandPath-
DIMOB andSIGI-HMM [70]. However theseresultswerediscardeddueto majorincongru-
encedetweerthem.Finally,manualcurationof all predictedMGEswasperformedusing
Artemisv15.0.J71] (S2Table).

Determination of homologous recombination hotspots

In eachof the sixlineagesanyrecombinedregionspredictedby Gubbinsthat overlapwith
eitherrepetitiveregionsor putativeMGEsin thereferencegenomewerediscardedor the
majority of theanalysisn this study,leavingonly putativehomologousecombination
regions An in-housescriptwasusedto calculatehe numberof timeseachgeneandeachbase
hadbeeninvolvedin ahomologousecombinationeventRecombinatiorthotspotsdwvere
definedasgenesvith arecombinationfrequencyabovethe 95" percentileobservedn that
particularSTandthat havebeeninvolvedin atleastwo eventsBasedn thesecriteria, the
minimum numberof recombinationeventghat agenemusthavebeeninvolvedin to becon-
sideredwithin ahotspotregionwasfour eventdn the ST1lineageandtwo eventsn the
remainingfive STs.

Analysis of the prominent ST1 hotspot with fastGEAR

FastGEAR34] wasrun on 54individual genealignmentscomprisingall 536strainsincluded
in the study,whichwereextractedrom the alignmentof all genomesgainsthe Parisrefer-
enceThesggenespantheprominentST1lhotspot( - ) andalsoinclude10
flankingloci on eitherside.The softwareinfersthe populationstructureof individual align-
ments,allowingdetectionof lineagesn analignmentand®ancestraland?recent®recombina-
tions betweerthem. Theresultswerecomparedo thosefrom Gubbinsin termsof the
numberof recombinationeventgredictedin eachgeneandthe sharingof allelesamongthe
differentpredictediineagesNotably,if arecombinationspanghe entirelengthof analign-
ment,fastGEARWiIll detectthis asanotherlineagen thealignment,ratherthanarecombina-
tion. Thereforeto makerecombinationcountsbetweerfastGEARand Gubbinscomparable,
weusedthe estimatedghylogenyand post-processefhstGEARoutput by identifying branches
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in thetreewherethe populationstructurechangedandinterpretedtheseasrecombinations
(thesecanbe seemas?blocks®with acolour differentfrom yellowin S3BFig and S4Fig). The
scriptsusedto makethis calculationandto produceS3BFig and S4Fig canbefoundin
https://users.ics.aalto.fi/~peméffastGEAR/.

Inference of recombination donors

Homologousrecombinationregionswereextractedrom the ancestrasequencemferred
from the nodesof the six phylogenetidrees constructedprior to recombinationremoval,
usingPAML 4[72]. Specificallyancestratecombinationsequencewereextractedrom the
nodedownstreanof the phylogenetidreebranchon which the recombinationeventwaspre-
dictedto haveoccurred A customgenomeBLASTdatabaséBLASTv2.2.30+] 73] wascon-
structedusing assemblieand/or completegenomedrom all 536 .

isolatesusedin this study.Thereconstructedecombinedregionswereusedasqueryseq-
uencesn BLASTsearcheagainsthe customgenomedatabasandthe NCBI non-redundant
nucleotidedatabaseTheresultinghits werefiltered to removethoseagainsisolateghatare
descendedtom the branchin which the recombinationeventwasdetectedOf the remaining
hits, the BAPSclustercontainingtheisolatewith the highestbit scorewasconsideredasthe
potentialdonor, providedthatthe hit coverecdat leasts0%of the recombinationfragment
lengthandhadaminimum of 99%nucleotideidentity. Recombinatiorfragmentswith no hits
thatmetthesethresholdsverenot assigne@donor cluster(®3No donor predicted®).Only
recombinedregionsgreaterthan 500bpwereusedin this analysisfirstly becaus¢heywere
deemedmorelikely to bea?true® event,andsecondlypbecausemallregionswould likely have
high similarity to manygenomes.

Supporting information

SiTable. . isolates( =291)belongingto six major disease-associatdihe-
agesThesdnclude81ST1(or ST1-derived)42ST23,72ST3715ST4235ST62and46
ST578solates(1) in the2STecolumnindicatesST1-derivedsolatesST:sequencéype;Sg:
serogroupelin: clinical;env:environmentalU/k: unknown; TA: travel-associated.
(DOCX)

S2Table.Genomicpositions of repetitive regionsand predicted mobile geneticelements
(MGESs)in the six referencegenomegParis/ST1;EUL 28/ST23;EUL 165/ST37EUL 120/
ST42;H044120014/ST62Alcoy/ST578).

(DOCX)

S3Table.Genesn recombination hotspotsin the six major disease-associatedTs.
(DOCX)

S4Table. The number of @recent® recombination eventspredicted by fastGEARIn eachof
the genedrom the prominent ST1hotspot( - ), aswell as10geneaupstream
and downstreamof this region. The numberof eventghat haveaffectedall 536isolatesised
in the studyareshown,aswellasthe numbersthat haveaffectedsolateselongingto the 6
STsof interestonly. An extracolumn (ST1_blocksyvasincludedwith the numberof recombi-
nationsobtainedby post-processinthe fastGEARoutput by detectingrecombinationsusing
the phylogeny(seeViethods),correspondingo the colouredblocksdifferentfrom the back-
groundin S3BFig, to maketheresultscomparablevith Gubbins. Thescriptusedto getthese
recombinationcountscanbefoundin https://users.ics.aalto.fi/~pemarttifEGEAR/.
(DOCX)
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S5Table.Additional . isolates( = 245)usedin the inferenceof the recom-
bination donors. ST:sequenceype;Sg:serogrouplJ/k: unknown; TA: travel-associatedA:
not applicable.

(DOCX)

S1Fig. Boxplots showingthe number of homologousrecombination eventsdetectedper
vertically inherited SNP(/ ratio) on eachof the branchesof the phylogenetictrees
belongingto the six major disease-associatedTs.

(TIF)

S2Fig. Phylogenetictree of the ST1lineagewith bootstrap valuesbasedon 100replicates.
Thescaleshowshe numberof SNPs.
(TIF)

S3Fig. Recombinatioreventredictedin the prominent ST 1hotspotasinferred by Gubbins
(A) andfastGEARB). (A) wasextractedrom Fig 2 and showshe zoomed-inillustration of
hotspot6in theST1llineageg - ). Thehomologousecombinationeventsaredis-
playedasblocksand colouredaccordingto the BAPSclusterfrom whichtheyarepredictedto
bederived.Thegeneshownatthetop of the figure arecolouredby the numberof timesthat
theyhavebeenaffectedby ahomologousecombinationevent,aspredictedby Gubbins(see
keyatthetop right). (B) showsregionsof sharedancestryfor this hotspotin the ST1lineage,
aspredictedby fastGEARThegenestthetop arecolouredby the numberof recombinations,
correspondingo blocksof segmentsliffering from the yellowbackgrounddetectedn this
subsef{seekeyatthetop right).

(TIF)

S4Fig. FastGEARpopulation structure resultsof the gene-by-genanalysisperformed on
541oci including the mostprominent ST1hotspot (34 genes, ) plusten
flanking geneson eachside. Theleft panelshowshe maximumlikelihood treeof the core
genomealignmentof the 536 . genomesncludedin thestudy. Themain6 STs
arehighlightedin thetreewith the backgroundcolourrepresentingheir BAPScluster(see~ig
3). FastGEAPRvutputis shownpergenewith coloursrepresentinghe donor lineage®f both
arecent®and?ancestraltecombinationeventsLineagecolourswerereorderedat different
genego optimizevisualizatiorasin [34].

(TIF)
S5Fig. The lipopolysaccharide(LPS)locus,comprising hotspot 3 ( to
), in the ST1lineage.Therecombinationeventsaredisplayedasblocks,coloured

accordingto the BAPSclusterfrom which theyarepredictedto bederived.Thegenesre
shownatthetop of the figure and colouredby the numberof overlappingecombination
regions A maximumlikelihood tree,constructedusingonly verticallyinherited SNPsjs also
shownon theleftandthe scaléndicatesthe numberof SNPs.

(TIF)

S6Fig. Thepercentag@aucleotideidentity of the recombinationfragmentgo the highest-
scoringBLASThit (A) andthe percentagéengthof the recombinationfragmentcoveredby
the highest-scorindBLASThit (B).

(TIF)

S7Fig. The number of recombination eventsper basedetectedin the ST1lineagethat are
derivedfrom the different BAPSclusters(excludingBAPScluster 7 from which no events
werepredictedto be derived). Theverticalgreybarscorrespondo the recombination
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hotspots.
(TIF)

S8Fig. The percentagenucleotideidentity of 8 recombination fragmentsidentified in
ST1 28BAPS2)to anisolate,EUL 25(ST44),from the predicted donor BAPScluster
(BAPS4), andto aclonally relatedisolate, ST72_1from the sameST1lineage.

(TIF)

Acknowledgmen ts

Wethankthelibrary-generationsequencingindinformaticsteamsat the WellcomeTrust
Sangetinstitute for their assistancéVe arealsogratefulto JukkaCoranderfor hishelpwith
thehierBAPSnalysis.

Author Contributions
Conceptualization:SDLSBSRHCBJP.

Formal analysis:SDLSBSRHPM CRCBTGH JP.

Funding acquisition: JPCB.

Supervision:JPCBTGH.

Writing *original draft: SDLSBSRHTGH JP.

Writing *review& editing: SDLSBSRHPM CRCBTGH JP.

References

1. MajewskiJ, Cohan FM. The effect of mismatch repair and heteroduplex formation on sexual isolation in
Bacillus. Genetics. 1998; 148(1):1348. PMID: 9475717

2. FeilEJ, Holmes EC, Bessen DE, Chan MS, Day NPJ, Enright MC, et al. Recombination within natural
populations of pathogenic bacteria: Short-term empirical estimates and long-term phylogenetic conse-
quences. Proceedings of the National Academy of Sciences of the United States of America. 2001; 98
(1):182+7. https://doi.org/10.1073/pnas.98.1.182 PMID: 11136255

3. Perez-Losada M, Browne EB, Madsen A, Wirth T, Viscidi RP, Crandall KA. Population genetics of
microbial pathogens estimated from multilocus sequence typing (MLST) data. Infection Genetics and
Evolution. 2006; 6(2):97+112.

4. Vos M. Why do bacteria engage in homologous recombination? Trends in Microbiology. 2009; 17
(6):226+32. https://doi.org/10.1016/).tim.2009.03.001 PMID: 19464181

5. Michod RE, Bernstein H, Nedelcu AM. Adaptive value of sex in microbial pathogens. Infection Genetics
and Evolution. 2008; 8(3):267+85.

6. Redfield RJ. Genes for breakfastb the have-your-cake-and-east-it-too of bacterial transformation. Jour-
nal of Heredity. 1993; 84(5):400+4. PMID: 8409360

7. Narra HP, Ochman H. Of what use is sex to bacteria? Current Biology. 2006; 16(17):R705+R10. https://
doi.org/10.1016/j.cub.2006.08.024 PMID: 16950097

8. Croucher NJ, Mostowy R, Wymant C, Turner P, Bentley SD, Fraser C. Horizontal DNA Transfer Mecha-
nisms of Bacteria as Weapons of Intragenomic Conflict. PLoS Biology. 2016;14(3).

9. Croucher NJ, Harris SR, Fraser C, Quail MA, Burton J, van der Linden M, et al. Rapid Pneumococcal
Evolution in Response to Clinical Interventions. Science. 2011; 331(6016):430+4. https://doi.org/10.
1126/science.1198545 PMID: 21273480

10. Chewapreecha C, Harris SR, Croucher NJ, Turner C, Marttinen P, Cheng L, et al. Dense genomic sam-
pling identifies highways of pneumococcal recombination. Nature Genetics. 2014; 46(3):305+9. https:/
doi.org/10.1038/ng.2895 PMID: 24509479

11. Harris SR, Clarke IN, Seth-Smith HMB, Solomon AW, Cutcliffe LT, Marsh P, et al. Whole-genome anal-
ysis of diverse Chlamydia trachomatis strains identifies phylogenetic relationships masked by current
clinical typing. Nature Genetics. 2012; 44(4):413+9. https://doi.org/10.1038/ng.2214 PMID: 22406642

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006855 June 26, 2017 18/21



@’PLOS | GENETICS

Dynamics of homologous recombination in Legionella pneumophila

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

Kong Y, Ma JH, Warren K, Tsang RSW, Low DE, Jamieson FB, et al. Homologous Recombination
Drives Both Sequence Diversity and Gene Content Variation in Neisseria meningitidis. Genome Biology
and Evolution. 2013; 5(9):1611+27. https://doi.org/10.1093/gbe/evt116 PMID: 23902748

Rowbotham TJ. Preliminary report on the pathogenicity of Legionella pneumophila for freshwater and
soil amoebas. Journal of Clinical Pathology. 1980; 33(12):1179+83. PMID: 7451664

Muder RR, Yu VL, Woo AH. Mode of transmission of Legionella pneumophilabA critical review.
Archives of Internal Medicine. 1986; 146(8):1607+12. PMID: 3524495

Fraser DW, Tsai TR, Orenstein W, Parkin WE, Beecham HJ, Sharrar RG, et al. Legionnaires' disease
PDescriptio n of an epidemic of pneumonia. New England Journal of Medicine. 1977; 297(22):1189+
97. https://doi.org/10.1056/NEJM197712012972201 PMID: 335244

Selander RK, McKinney RM, Whittam TS, Bibb WF, Brenner DJ, Nolte FS, et al. Genetic structure of
populations of Legionella pneumophila. Journal of Bacteriology. 1985; 163(3):1021+37. PMID:
4030689

Dreyfus LA, Iglewski BH. Conjugation-mediated genetic exchange in Legionella pneumophila. Journal
of Bacteriology. 1985; 161(1):80+4. PMID: 3881400

Mintz CS, Shuman HA. Transposition of bacteriophage mu in the Legionnaires' disease bacterium. Pro-
ceedings of the National Academy of Sciences of the United States of America. 1987; 84(13):4645+9.
PMID: 3037523

Stone BJ, Abu Kwaik Y. Natural competence for DNA transformation by Legionella pneumaphila and its
association with expression of type IV pili. Journal of Bacteriology. 1999; 181(5):1395+402. PMID:
10049368

Gomez-Valero L, Rusniok C, Jarraud S, Vacherie B, Rouy Z, Barbe V, et al. Extensive recombination
events and horizontal gene transfer shaped the Legionella pneumophila genomes. BMC Genomics.
2011;12. https://doi.org/10.1186/1471-2164-12-12

Sanchez-Buso L, Comas |, Jorques G, Gonzalez-Candelas F. Recombination drives genome evolution
in outbreak-related Legionella pneumophila isolates. Nature Genetics. 2014; 46(11):1205+11. https:/
doi.org/10.1038/ng.3114 PMID: 25282102

David S, Rusniok C, Mentasti M, Gomez-Valero L, Harris SR, Lechat P, et al. Multiple major disease-
associated clones of Legionella pneumophila have emerged recently and independently. Genome
Research. 2016; 26(11):1555+64. https://doi.org/10.1101/gr.209536.116 PMID: 27662900

McAdam PR, Vander Broek CW, Lindsay DSJ, Ward MJ, Hanson MF, Gillies M, et al. Gene flow in envi-
ronmental Legionella pneumophila leads to genetic and pathogenic heterogeneity within a Legion-
naires' disease outbreak. Genome Biology. 2014; 15(11).

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, et al. Rapid phylogenetic analy-
sis of large samples of recombinant bacterial whole genome sequences using Gubbins. Nucleic Acids
Research. 2015; 43(3).

Marttinen P, Hanage WP, Croucher NJ, Connor TR, Harris SR, Bentley SD, et al. Detection of recombi-
nation events in bacterial genomes from large population samples. Nucleic Acids Research. 2012; 40
.

Cazalet C, Rusniok C, Bruggemann H, Zidane N, Magnier A, Ma L, et al. Evidence in the Legionella
pneumophila genome for exploitation of host cell functions and high genome plasticity. Nature Genetics.
2004; 36(11):1165+73. https://doi.org/10.1038/ng1447 PMID: 15467720

David S, Mentasti M, Tewolde R, Aslett M, Harris SR, Afshar B, et al. Evaluation of an optimal epidemio-
logic typing scheme for Legionella pneumophila with whole genome sequence data using validation
guidelines. Journal of Clinical Microbiology. 2016; 54(8):2135+48. https://doi.org/10.1128/JCM.00432-
16 PMID: 27280420

D'Auria G, Jimenez-Hernandez N., Peris-Bondia F., Moya A., Latorre A. Legionella pneumophila pan-
genome reveals strain-specific virulence factors. BMC Genomics. 2010; 11(181).

Joseph SJ, Cox D, Wolff B, Morrison SS, Kozak-Muiznieks NA, Frace M, et al. Dynamics of genome
change among Legionella species. Scientific Reports. 2016; 6.

Castillo-Ramirez S, Harris SR, Holden MTG, He M, Parkhill J, Bentley SD, et al. The Impact of Recom-
bination on dN/dS within Recently Emerged Bacterial Clones. PLoS Pathogens. 2011; 7(7).

He M, Sebaihia M, Lawley TD, Stabler RA, Dawson LF, Martin MJ, et al. Evolutionary dynamics of Clos-
tridium difficile over short and long time scales. Proceedings of the National Academy of Sciences of the
United States of America. 2010; 107(16):7527+32. https://doi.org/10.1073/pnas.0914322107 PMID:
20368420

Brochet M, Rusniok C, Couve E, Dramsi S, Poyarts C, Trieu-Cuot P, et al. Shaping a bacterial genome
by large chromosomal replacements, the evolutionary history of Streptococcus agalactiae. Proceedings

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006855 June 26, 2017 19/21



@'PLOS | GENETICS

Dynamics of homologous recombination in Legionella pneumophila

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

of the National Academy of Sciences of the United States of America. 2008; 105(41):15961+6. https://
doi.org/10.1073/pnas.0803654105 PMID: 18832470

Croucher NJ, Harris SR, Barquist L, Parkhill J, Bentley SD. A High-Resolution View of Genome-Wide
Pneumococcal Transformation. PLoS Pathogens. 2012; 8(6).

Mostowy R, Croucher NJ, Andam CP, Corander J, Hanage WP, Marttinen P. Efficient Inference of
Recent and Ancestral Recombination within Bacterial Populations. Molecular Biology and Evolution.
2017; 34(5):1167+82. https://doi.org/10.1093/molbev/msx066 PMID: 28199698

Khemiri A, Galland A, Vaudry D, Song PCT, Vaudry H, Jouenne T, et al. Outer-membrane proteomic
maps and surface-exposed proteins of Legionella pneumophila using cellular fractionation and fluores-
cent labelling. Analytical and Bioanalytical Chemistry. 2008; 390(7):1861+71. https://doi.org/10.1007/
s00216-008-1923-1 PMID: 18278588

Black PN. The FadL gene product of Escherichia coli is an outer membrane protein required for uptake
of long-chain fatty acids and involved in sensitivity to bacteriophage T2. Journal of Bacteriology. 1988;
170(6):2850+4. PMID: 3286621

Yang TC, Ma XC, Liu F, Lin LR, Liu LL, Liu GL, et al. Screening of the Salmonella paratyphi A CMCC
50973 strain outer membrane proteins for the identification of potential vaccine targets. Molecular Medi-
cine Reports. 2012; 5(1):78+83. https://doi.org/10.3892/mmr.2011.587 PMID: 21922141

Correia AM, Ferreira JS, Borges V, Nunes A, Gomes B, Capucho R, et al. Probable person-to-person
transmission of Legionnaires' disease. New England Journal of Medicine. 2016; 374(5):497+8. https://
doi.org/10.1056/NEJMc1505356 PMID: 26840151

Lueneberg E, Zetzmann N, Alber D, Knirel YA, Kooistra O, Zaehringer U, et al. Cloning and functional
characterization of a 30 kb gene locus required for lipopolysaccharide biosynthesis in Legionella pneu-
mophila. IIMM International Journal of Medical Microbiology. 2000; 290(1):37+49. https://doi.org/10.
1016/S1438-4221(00)80104-6 PMID: 11043980

Ciesielski CA, Blaser MJ, Wang WLL. Serogroup specificity of Legionella pneumophila is related to lipo-
polysaccharide characteristics. Infection and Immunity. 1986; 51(2):397+404. PMID: 2417953

Petzold M, Thurmer A, Menzel S, Mouton JW, Heuner K, Luck C. A structural comparison of lipopoly-
saccharide biosynthesis loci of Legionella pneumophila serogroup 1 strains. BMC Microbiology. 2013;
13.

Cazalet C, Jarraud S, Ghavi-Helm Y, Kunst F, Glaser P, Etienne J, et al. Multigenome analysis identifies
a worldwide distributed epidemic Legionella pneumophila clone that emerged within a highly diverse
species. Genome Research. 2008; 18(3):431+41. https://doi.org/10.1101/gr.7229808 PMID: 18256241

Ferhat M, Atlan D, Vianney A, Lazzaroni JC, Doublet P, Gilbert C. The TolC Protein of Legionella pneu-
mophila Plays a Major Role in Multi-Drug Resistance and the Early Steps of Host Invasion. PLoS ONE.
2009; 4(11).

Ensminger AW. Legionella pneumophila, armed to the hilt: justifying the largest arsenal of effectors in
the bacterial world. Current Opinion in Microbiology. 2016; 29:74+80. https://doi.org/10.1016/].mib.
2015.11.002 PMID: 26709975

Cirillo SLG, Lum J, Cirillo JD. Identification of novel loci involved in entry by Legionella pneumophila.
Microbiology. 2000; 146:1345+59. https://doi.org/10.1099/00221287-146-6-1345 PMID: 10846213

Liu M, Haenssler E, Uehara T, Losick VP, Park JT, Isberg RR. The Legionella pneumophila EnhC Pro-
tein Interferes with Immunostimulatory Muramyl Peptide Production to Evade Innate Immunity. Cell
Host & Microbe. 2012; 12(2):166+76.

Cheng L, Connor TR, Siren J, Aanensen DM, Corander J. Hierarchical and Spatially Explicit Clustering
of DNA Sequences with BAPS Software. Molecular Biology and Evolution. 2013; 30(5):1224+8. https://
doi.org/10.1093/molbev/mst028 PMID: 23408797

Didelot X, Meric G, Falush D, Darling AE. Impact of homologous and non-homologous recombination in
the genomic evolution of Escherichia coli. BMC Genomics. 2012;13. https://doi.org/10.1186/1471-
2164-13-13

Fraser C, Hanage WP, Spratt BG. Recombination and the nature of bacterial speciation. Science.
2007; 315(5811):476+80. https://doi.org/10.1126/science.1127573 PMID: 17255503

Marttinen P, Croucher NJ, Gutmann MU, Corander J, Hanage WP. Recombination produces coherent
bacterial species clusters in both core and accessory genomes. Microbial Genomics. 2015; 1(5).

Hiller NL, Ahmed A, Powell E, Martin DP, Eutsey R, Earl J, et al. Generation of Genic Diversity among
Streptococcus pneumoniae Strains via Horizontal Gene Transfer during a Chronic Polyclonal Pediatric
Infection. PLoS Pathogens. 2010; 6(9).

Golubchik T, Brueggemann AB, Street T, Gertz RE Jr, Spencer CC, Ho T, et al. Pneumococcal genome
sequencing tracks a vaccine escape variant formed through a multi-fragment recombination event.
Nature Genetics. 2012; 44(3):35245. https://doi.org/10.1038/ng.1072 PMID: 22286217

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006855 June 26, 2017 20/21



@'PLOS | GENETICS

Dynamics of homologous recombination in Legionella pneumophila

53.

54.

55.

56.

57.

58.

590.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

Sénchez-Busd\L, Guiral S, Crespi S, Moya V, Camar@ML, Olmos P, et al. Genomic investigation of a
legionellosis outbreak in a persistently colonized hotel. Frontiers in Microbiology. 2016; 6.

Schroeder GN, Petty NK, Mousnier A, Harding CR, Vogrin AJ, Wee B, et al. Legionella pneumophila
Strain 130b Possesses a Unique Combination of Type IV Secretion Systems and Novel Dot/lcm Secre-
tion System Effector Proteins. Journal of Bacteriology. 2010; 192(22):6001+16. https://doi.org/10.1128/
JB.00778-10 PMID: 20833813

Underwood AP, Jones G, Mentasti M, Fry NK, Harrison TG. Comparison of the Legionella pneumophila
population structure as determined by sequence-based typing and whole genome sequencing. BMC
Microbiology. 2013; 13.

Gloeckner G, Albert-Weissenberger C, Weinmann E, Jacobi S, Schunder E, Steinert M, et al. Identifica-
tion and characterization of a new conjugation/type IVA secretion system (trb/tra) of Legionella pneumo-
phila Corby localized on two mobile genomic islands. International Journal of Medical Microbiology.
2008; 298(5+6):411+28. https://doi.org/10.1016/j.ijmm.2007.07.012 PMID: 17888731

Chien MC, Morozova |, Shi S, Sheng H, Chen J, Gomez SM, et al. The genomic sequence of the acci-
dental pathogen Legionella pneumophila. Science. 2004; 305(5692):1966+8. https://doi.org/10.1126/
science.1099776 PMID: 15448271

Reuter S, Harrison TG, Koeser CU, Ellington MJ, Smith GP, Parkhill J, et al. A pilot study of rapid
whole-genome sequencing for the investigation of a Legionella outbreak. BMJ Open. 2013; 3(1).

Amaro F, Gilbert JA, Owens S, Trimble W, Shuman HA. Whole-genome sequence of the human patho-
gen Legionella pneumophila serogroup 12 strain 570-CO-H. Journal of Bacteriology. 2012; 194
(6):1613+4. https://doi.org/10.1128/JB.06626-11 PMID: 22374950

Khan MA, Knox N, Prashar A, Alexander D, Abdel-Nour M, Duncan C, et al. Comparative Genomics
Reveal That Host-Innate Immune Responses Influence the Clinical Prevalence of Legionella pneumo-
phila Serogroups. PLoS ONE. 2013; 8(6).

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014; 30(14):2068+9.
https://doi.org/10.1093/bioinformatics/btu153 PMID: 24642063

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al. Versatile and open soft-
ware for comparing large genomes. Genome Biology. 2004; 5(2).

Quail MA, Otto TD, Gu Y, Harris SR, Skelly TF, McQuillan JA, et al. Optimal enzymes for amplifying
sequencing libraries. Nature Methods. 2011; 9(1):10+1. https://doi.org/10.1038/nmeth.1814 PMID:
22205512

Harris SR, Feil EJ, Holden MTG, Quail MA, Nickerson EK, Chantratita N, et al. Evolution of MRSA Dur-
ing Hospital Transmission and Intercontinental Spread. Science. 2010; 327(5964):469+74. https://doi.
org/10.1126/science.1182395 PMID: 20093474

Zerbino DR, Birney E. Velvet: Algorithms for de novo short read assembly using de Bruijn graphs.
Genome Research. 2008; 18(5):821+9. https://doi.org/10.1101/gr.074492.107 PMID: 18349386

Boetzer M, Henkel CV, Jansen HJ, Butler D, Pirovano W. Scaffolding pre-assembled contigs using
SSPACE. Bioinformatics. 2011; 27(4):578+9. https://doi.org/10.1093/bioinformatics/btq683 PMID:
21149342

Boetzer M, Pirovano W. Toward almost closed genomes with GapFiller. Genome Biology. 2012; 13(6).

Stamatakis A. RAXML-VI-HPC: Maximum likelihood-based phylogenetic analyses with thousands of
taxa and mixed models. Bioinformatics. 2006; 22(21):2688+90. https://doi.org/10.1093/bioinformatics/
btl446 PMID: 16928733

Vernikos GS, Parkhill J. Interpolated variable order motifs for identification of horizontally acquired
DNA: revisiting the Salmonella pathogenicity islands. Bioinformatics. 2006; 22(18):2196+203. https://
doi.org/10.1093/bioinformatics/btl369 PMID: 16837528

Langille MG, Brinkman FS. IslandViewer: an integrated interface for computational identification and
visualization of genomic islands. Bioinformatics. 2009; 25(5):664+5. https://doi.org/10.1093/
bioinformatics/btp030 PMID: 19151094

Carver T, Harris SR, Berriman M, Parkhill 3, McQuillan JA. Artemis: an integrated platform for visualiza-
tion and analysis of high-throughput sequence-based experimental data. Bioinformatics. 2012; 28
(4):464+9. https://doi.org/10.1093/bioinformatics/btr703 PMID: 22199388

Yang Z. PAML 4: Phylogenetic analysis by maximum likelihood. Molecular Biology and Evolution. 2007;
24(8):1586+91. https://doi.org/10.1093/molbev/msm088 PMID: 17483113

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST plus: architecture
and applications. BMC Bioinformatics. 2009; 10.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006855 June 26, 2017 21/21



