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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 (�!96%) 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 ªhotspotsº of homologous

recombination that include regions containing outer membrane proteins, the lipopolysaccha-

ride (LPS) region and Dot/Icm 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.
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Author summary

���������� 	��
��	���� isanenvironmentalbacteriumthatcausesLegionnaires'disease,a
seriousandpotentiallyfatalpneumonia.Previousstudieshaveshownthatmembersof
thisspeciesundergoaprocesscalledrecombination,wherebyDNA is importedfrom
anotherbacterialcellinto therecipientgenome.TheimportedDNA caneitherreplacean
equivalentsegmentof thegenome(homologousrecombination)or cancomprisenovel
genesthatarenewto therecipientgenome(non-homologousrecombination).Whilst
recombinationplaysanundoubtedlyimportant role in �. 	��
��	���� evolution,
accountingfor morethan96%of thediversityobservedwithin somelineages,little is
knownaboutits biologicalimpact.In thisstudy,weperformedadetailedcharacterisation
of thedynamicsandeffectof homologousrecombinationon �. 	��
��	���� evolutionin
sixclinicallyimportant lineagesof �. 	��
��	����. Weidentifiedªhotspotºregionsof the
genomein whichanexcessof homologousrecombinationeventswasobserved,which
providedimportant cluesto theselectionpressuresfacedby �. 	��
��	����. Bydetermin-
ing thedonorsof therecombinedregions,wealsorevealedthat recombinationhas
occurredmostfrequentlybetweenisolatesfrom thesameclade,but alsooccurredbetween
isolatesfrom differentmajorclades.Thisdemonstratesthepossibilityof newadaptations
arisingin onelineageandbeingtransferredto anotherdistantlyrelatedlineage,whichwe
predicthasbeenanimportant factorin theemergenceof severalmajordisease-causing
strainsfrom diversegenomicbackgrounds.

Introduction
While all bacteriareproduceclonally,somealsoimport DNA from otherorganismsinto their
chromosomesthroughprocessessuchasrecombinationor horizontalgenetransfer.The
importedDNA caneitherreplaceahomologoussegmentof thegenome(homologousrecom-
bination)or comprisenovelgenesthatarenewto therecipientgenome(non-homologous
recombination).Theformer resultsin thereplacementof geneswith alternativeallelicvariants
andrequirestheDNA to behighlysimilar,andpossiblyidentical,atbothendsof thefragment
[1]. For this reason,homologousrecombinationusuallyoccursbetweencloselyrelated
bacteria.

Theimportanceof recombinationin bacterialevolutionfirst becameclearthroughthe
analysisof multi-locussequencetyping(MLST)data,whichshowedthatphylogenetictrees
constructedfrom individual MLSTgeneswereoftenincongruent[2]. Theseanalysesalsopre-
dictedthat therateof homologousrecombinationvariesconsiderablybetweendifferentspe-
cies[3]. Thereareanumberof hypothesesregardingwhybacteriaengagein homologous
recombination[4]. Oneexplanationis that recombinationisusedasamechanismbywhich
DNA damagecanberepairedusingforeignDNA asatemplate[5]. Another is that it isaside
effectof DNA uptakefor useasanenergysourceor for DNA synthesisfrom nucleotidepre-
cursors[6]. Third, theability of recombinationeventsto removedeleteriousmutationsand
rapidly introducecombinationsof advantageousmutationscouldmeanit increasestheeffi-
ciencyof naturalselectionandisselectivelymaintained[7]. Finally,arecentstudyhasalsosug-
gestedthatbacteriauserecombinationto deleteselfishmobilegeneticelementsfrom their
genomes[8].

In recentyears,theavailabilityof wholegenomesequence(WGS)datafrom multiple
closelyrelatedbacterialisolateshasenabledhomologousrecombinationto bestudiedin great
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detailin speciessuchas���	������
� 	��
������ [9, 10],��������� ����������� [11] and
��������� ������������ [12]. Thesestudieshaveconfirmedthathomologousrecombination
playsanimportant role in theevolutionandadaptationof important bacterialpathogens,for
exampleby facilitatingvaccineescape[9] andantibiotic resistance[10] in . 	��
������.

���������� 	��
��	���� isanenvironmentalbacteriumthatparasitizesandreplicatesinside
protozoain freshwaterandsoilhabitats[13]. It alsonowcolonisesman-madewatersystems
from whichhumanscanbecomeinfectedvia inhalationof contaminatedaerosols[14]. Infec-
tion cancauseLegionnaires'disease,aseriousandpotentiallyfatalpneumonia[15]. �. 	��
�
��	���� wasfirst reportedto haveaclonalpopulationstructurebasedon multi-locusenzyme
electrophoresis(MLEE)analysis[16]. However,thethreeprimary mechanismsof bacterial
recombination(conjugation,transductionandtransformation)havesinceall beendescribed
in �. 	��
��	���� [17±19],andthusit wasunsurprisingwhenlaterstudiesreportedits occur-
rence.Indeed,anearlygenomicstudyof thefirst sequencedgenomesof �. 	��
��	����
showedthat recombinationeventsarefrequentandsuggestedthat it caninvolvelargechro-
mosomalfragmentsof over200kb[20]. More recently,largergenomicstudieshavedemon-
stratedthat>95%of singlenucleotidepolymorphisms(SNPs)detectedwithin somelineages
havebeenimportedviarecombination[21,22].Theoccurrenceof recombinationwithin �.
	��
��	���� populationshasalsoledto theexistenceof multiple geneticsubtypeswithin sin-
gleoutbreaks[21,23].However,despiteits major role in �. 	��
��	���� evolution,therelative
frequencyandbiologicaleffectsof recombination,suchasits impacton virulenceor adapta-
tion of �. 	��
��	���� to newniches,remainpoorlyunderstood.

Here,wedisentangledeventsarisingfrom homologousandnon-homologousrecombina-
tion in sixmajordisease-associatedsequencetypes(STs)of �. 	��
��	����, andsubsequently
performedadetailedcharacterisationof thedynamicsandbiologicalimpactof homologous
recombinationon �. 	��
��	���� evolution.Our findingsprovidenovelinsightsinto the
selectionpressuresof �. 	��
��	���� andthedynamicsof genomicflux within thespecies.

Results & discussion

The contribution of homologous recombination to L. pneumophila
diversity
To investigatetherelativecontribution of homologousrecombinationto diversityin eachof
sixmajordisease-associatedlineagesof �. 	��
��	���� (STs1,23,37,42,62and578),
sequencereadsfrom isolates(� = 291)(S1Table)werefirst mappedto areferencegenomeof
thesameST(Table1). Isolatesbelongingto STsthathavepreviouslybeenshownto bederived
from theST1lineagewerealsoincludedwith ST1isolates[22]. Gubbinswasusedto detect
recombinedregionsin eachof thesixgenomealignments[24]. This tool usesincreasedSNP
densityon branchesof aphylogenetictreeasamarker,andiswellsuitedto thesesix lineages
thatcontainlow backgrounddiversity.However,it shouldbenotedthat recombination
betweenhighlysimilar isolatesmaybemissed,potentiallyleadingto anunderestimationof the
recombinationrate.In our previousstudyusingfour of thesealignmentswith thesame,or
largelythesame,isolates[22], thisprogrammeshowedhighconcordancewith anotherrecom-
binationdetectiontool,BRATNextGen[25]. Detectionof recombinedregionsusingBRAT-
NextGenisbasedon sequencesimilarity ratherthanSNPdensity,andthusthehigh
concordancebetweenthetwo differentapproachesprovidesconfidencein our predicted
regions.Aspreviouslyreported[21,22],over96%of SNPsin STs1,23,37,62and578were
predictedto bederivedfrom recombinationevents.Furthermore,99%of SNPsin theST42
lineagewerefound in recombinedregionsin thepresentstudy.Thus,in all six lineagesthe
proportion of SNPsderivedfrom recombinationishigherthanthat reportedfor thehighly
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recombinogenic. 	��
������ PMEN1lineage(88%)[9] andbetween�. ������������ ST60
strains(94.25%)[12]. Thenumberof verticallyinheritedSNPsthat remainedaftertheremoval
of recombinedregionsin eachof thesix�. 	��
��	���� lineagesrangedfrom 94(ST42)to
1,006(ST1)(Table1).

Any regionsdetectedbyGubbinsthatoverlappedwith eitherpredictedmobilegeneticele-
ments(MGEs)or repeatregions(S2Table)weresubsequentlyexcluded,in orderto determine
thesolecontribution of homologousrecombinationto �. 	��
��	���� diversity(Table2).We
found thatbetween33%(ST62)and80%(ST578)of all SNPswerepredictedto bein regions
derivedfrom homologousrecombinationevents(Fig 1A). However,theaveragelengthof
eachindividual genomeaffectedby thisprocessvariedbetweenjust1.2%(ST42/578)and3.9%
(ST1)(Table2). It shouldbenotedthat thenumberof SNPspredictedto befrom homologous
recombinationmight beslightlyover-estimated(andthenumberof �� ���� mutationsslightly
under-estimated)since�� ���� mutationsmayhaveoccurredon top of recombinedregions.
However,theerror shouldbeno morethan1.2±3.9%,in proportion with theaveragelengthof
genomeaffectedbyhomologousrecombinationevents.Furthermore,detectabilityof homolo-
gousrecombinationeventscouldalsobeaffectedby lineagediversity(i.e.eventsmaybemore
difficult to detecton longertreebrancheswherebackgroundSNPdensityishigher).However,
becausethenumberof SNPsassociatedwith recombiningregionsismuchhighercompared
with thebackgroundverticallyinheritedSNPsin all lineages,wethink thatanyeffectwill be
minimal.

In eachof thesix lineages,therelativenumberof homologousrecombinationeventsto ver-
tically inheritedmutations(�/� ratio) wascalculatedperbranchfor eachphylogenetictree(S1

Table 1. Number of SNPs detected before and after the removal of recombi ned regions within six major disease- associated STs.

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://doi.org/10.1371/journal.pgen.1006855.t001

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

ST Number of
homolog ous
recombinati on
events

Number of SNPs in
homolog ous
recombinati on region s
per verticall y inherited
SNP (r/m ratio)

Number of
homologous
recombinati on events
per verticall y inheri ted
SNP
(�!/�� ratio)

Mean length (and %) of
each individ ual genome
affected by homo logous
recombi nation (bp)

Total length (and %) of the
referenc e genome affected
by homologous
recombi nation across all
isolates (bp)

ST1 (and
ST1-derived)

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

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://doi.org/10.1371/journal.pgen.1006855.t002
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Fig) andalsofor eachlineageasawhole.Theoverall�/� ratio for eachlineagerangedfrom
0.03(ST37)to 0.27(ST23),indicatingthat recombinationeventshaveoccurredlessfrequently
thanverticallyinheritedmutationsin all six lineages,despitebringing in between20.8(ST37)
and93.8(ST23)timesasmanySNPs(Table2).A similar �/� ratio of 0.124wasreportedin
previousanalysisof 25diverse�. 	��
��	���� genomesasinferredbyanalternativerecombi-
nationdetectionalgorithm,ClonalFrame[29]. Thedistribution of per-branch�/� ratiosalso
differ significantlybetweenlineages(Kruskal-Wallistest,p<0.05),highlightingdifferentrates
of recombinationin thesixmajordisease-associatedSTs.Thesedifferencescouldindicatevar-
iation in thebiologicalnichesof thesedifferentlineages,aboutwhichverylittle iscurrently
understood,and/or theavailabilityof recombinationopportunities.

To determinetherelativeimpactof verticallyinheritedmutationsandhomologousrecom-
binationeventson thecodingsequence,thetypesof changescausedby thetwo processeswere
analysed(Fig 1B).Verticallyinheritedmutationshaveresultedin approximatelytwiceas
manynon-synonymousSNPsthansynonymousSNPs,aresultthat isexpectedbychance
whenmutationsoccurat randomin thegenomeandbeforeselectionhastime to acton all but
themostdeleteriousmutations.Interestinglythough,theresultsarereversedfor homologous
recombinationevents,whichresultedmostlyin synonymousmutations.However,thisobser-
vationisnot unexpectedgiventhatvariantsin sequencesthatarehorizontallytransferred
betweendifferentlineageswill havebeensubjectedto alongerperiodof evolutionandselec-
tion, whichhaspurgedharmful,non-synonymousmutations.Thesamephenomenonhasalso
beenobservedin apreviousstudybyCastillo-Ramirez�� ��. (2011)[30]. Furthermore,fewer
SNPsthat resultin astopcodonwerebroughtin byhomologousrecombinationeventsthan
byverticallyinheritedmutations,whichcanalsobeexplainedby thisprocess.

Thelengthsof therecombinedregionshaveanapproximatelyexponentialdistribution
(rateof decay= 7.52x 10�5 bp-1), with themajority of eventsbeingsmall(<10,000bp)and
largeeventsoccurringrelativelyinfrequently(Fig 1C).Themedianrecombinationfragment
lengthin eachof thesix lineagesrangedfrom 5,613bp(ST578)to 12,757bp(ST37),whilethe
largestpredictedregionis94,790bp(ST37).Largerecombinationsegmentshavealsobeen

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 (MGEs) (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�í5 bp-1.

https://doi.org/10.1371/journal.pgen.1006855.g001
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found in otherspecies,suchas���������
� ��������� [31], ���	������
� ���������� [32] and
���	������
� 	��
������ [33]. In thelatter,asimilardistribution of fragmentsizesastheone
describedherefor �. 	��
��	���� wasalsoreported,suggestingthat transformationisopti-
misedfor exchangingshortsequencesratherthanlargefeaturessuchascompleteoperons
[33]. Thisscenariocouldbefavouredasit allowsfor largernumbersof potentiallyadvanta-
geousallelecombinationsto betested.

Hotspots of homologous recombination in L. pneumophila
Next,wedeterminedwhetherthereareanygenomicregionsthatareassociatedwith ahigher
numberof homologousrecombinationevents,whichcouldrevealgenesthatareunderdiversi-
fying selectionpressure.Wethuscalculatedthenumberof eventspredictedbyGubbinsthat
overlapwith eachgenewith respectto thereferencegenomesof thesixdisease-associatedSTs.
A totalof 32hotspotregionsweredefined(seeMaterials& Methods),includingat leastonein
all sixdisease-associatedSTs(S3Table).A totalof 10hotspotregionswereidentifiedin the
ST1lineageand,remarkably,oneregioncontainedgenesthatarepredictedto havebeen
involvedin up to 27recombinationevents(Fig 2A). Bycontrast,in theotherfiveSTs,the
highestnumberof eventsaffectinggenesrangedfrom 2 (ST37/ST578)to 4 (ST42/ST62).We
acknowledgethat thenumberof recombinationeventsdetectedpergene,particularlyin hot-
spotregions,couldbeslightlyunderestimateddueto thepossibleoccurrenceof overlappingor
nestedrecombinedregionsimportedon thesamebranchof thephylogenetictree.Gubbinsis
likely to predicttheseassingleratherthanmultiple events,andgenomicregionswith ahigher
numberof recombinationeventscouldbedisproportionatelyaffected.Nevertheless,theiden-
tification of hotspotregionsprovidesgoodevidencethat theeffectof recombinationin �.
	��
��	���� is to increasethegeneticdiversityavailablefor naturalselectionto work on,and
that thisdiversifyingselectionactsnon-randomlyon thegenome.

Theprominent ST1recombination hotspot. Themostprominenthotspotidentifiedin
theST1lineagethatcontainsgenesinvolvedin up to 27recombinationeventsisa47,174bp
regionthat rangesfrom �		���� to �		���� in theParis(ST1)genome(Fig 2B).Thegenein
this regionthat ispredictedto havebeeninvolvedin 27eventsis ����/�		����, aporphobili-
nogensynthase(delta-aminolevulinicaciddehydratase),whichisanenzymeinvolvedin the
biosynthesisof tetrapyrroles.Thesurroundinggenes,�		����, �		��� and�		���!, arealso
predictedto havebeeninvolvedin 25recombinationeventseach.To further confirm the
highly recombinogenicnatureof this region,wealsoanalysedit with arecentlypublished
recombinationdetectiontool, fastGEAR[34], whichestimateslineagespresentin agiven
alignmentandrecombinationsbetweenthelineagesor from externalorigins.ThefastGEAR
algorithmwasrun separatelyon all 34genesin thehotspot(�		����-�		����), aswellas10
genesupstreamanddownstream,usingacompletealignmentof all 536�. 	��
��	����
genomesusedin thisstudy(ratherthanST-specificalignmentsasusedwith Gubbins).In con-
cordancewith Gubbins,it predictedthat thegeneswith thehighestnumbersof recombination
eventsimportedinto theST1lineagein this regionare�		���� and�		���� (S3Fig & S4
Table).Furthermore,of the46recombinationeventsin theentirehotspotregion(�		����-
�		����) that fastGEARpredictsto havebeenimportedinto thesix lineagesof interest,29
(63.0%)haveaffectedST1isolates,further confirming theprominenceof thishotspotin the
ST1lineagewith respectto theotherSTs(S4Fig & S4Table).

Intriguingly, thereisno obviousreasonwhythemetabolicgene����"�		���� (predicted
byGubbinsto bethemostrecombinogenic)shouldbeunderstrongdiversifyingselection.
However,while thetwo immediateflankinggenes(�		���� and�		��� ) bothencodeªhypo-
theticalproteinsº,�		���!, whichhasbeeninvolvedin 25recombinationevents,hasbeen
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shownto encodeanoutermembraneproteinof �. 	��
��	���� in apreviousstudy[35]
andhashighsimilarity to the���� gene,conservedacrossmanybacterialspecies.In #�������
���� ����, theFadLprotein is essentialfor uptakeof long-chainfattyacidsandalsoactsasa
phagereceptor[36] while in ��������� 	�����	��, it hasbeendemonstratedto behighly
immunogenic[37]. In �. 	��
��	����, FadLcouldbeunderahigh selectionpressureto
varyin order to eitherescapeprotozoanpredation(differentprotozoanspeciesmayhave
differentspecificityto outermembranestructures),to adaptto differenthostsor to cope
with animmuneresponseduring infectionof hostcells.However,sinceprotozoado not
haveanadaptiveimmuneresponse,thelatterpossibilityis unlikelyunlessmorecomplex
organisms(e.g.humans)arealsopart of theinfectioncycle.While human-to-humantrans-
missionof �. 	��
��	���� hasbeendemonstratedonly once[38], therecentandindepen-
dentemergenceof severalmajordisease-associatedSTshasalsoraisedthepossibilityof
humaninfectionbeingpart of thepropagationcycle[22]. However,anotherpossible

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 lpp1761 to lpp1794. 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://doi.org/10.1371/journal.pgen.1006855.g002
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explanationfor thehigh recombinationfrequencycouldbethatgeneswithin this region
havebeenfrequentlygainedandlost throughevolutionarytime.

Interestingly,a����-like gene($� %�����; �		��� ) isalsofoundwithin arecombination
hotspotin theST62lineage,whereit is involvedin two recombinationevents(aspredictedby
Gubbins),althoughit is found in adifferentpartof thegenometo theST1hotspotregion.Fur-
thermore,asmaller6,778bphotspotregionin theST23lineage($ !%������$ !%���&�'
�		���&-�		����) overlapswith theST1hotspotregion.However,theregionin theST23line-
agecentreson thegene,$ !%���&�/�		����, whichis involvedin threerecombinationevents
andencodestheoutermembraneproteinassemblyfactor,BamA.Thesameresultwasalso
foundusingfastGEAR,whichdetectedrecombinationin theST23lineagein only the$ !%��
��&/�		����, $ !%���&�/�		���� and$ !%���&�/�		���� genes(of the54genestested)(S4
Table).Interestingly,�		���� is involvedin ªjustº 18recombinationeventsin theST1lineage,
comparedwith �		���� that is involvedin 27(aspredictedbyGubbins).Furtherstudies,per-
hapsinvolvingalargernumberof isolates,wouldbeusefulto confirm thegene(s)thataredriv-
ing thesehotspotsandto determinewhethertheprominenthotspotregionin theST1lineage
isalsoanimportant hotspotregionin otherlineages,or whetherit representsauniqueselec-
tion pressurein ST1isolates.

TheLPSlocus. Thesecondmostprominenthotspotin theST1lineageisa13,607bp
regionthat rangesfrom �		�&�� to �		�&!� in theParisgenome,andwhichcontainsgenes
affectedbyup to 7 recombinationevents(S5Fig).Thishotspotis fully containedwithin the
lipopolysaccharide(LPS)locus,whichspansaregionfrom �		�&�� to �		�&�!. Manyof the
genesin thishotspotregionhavebeenimplicatedin LPScoreoligosaccharidebiosynthesis,
including thosebelongingto the��� family,andO-antigenbiosynthesis,including ��
(,
��
�, ��
�, )��(, )*� and)*� [39]. Interestingly,thegenesaffectedby thehighestnumber
of recombinationeventsare)��( but also�		�& ����, whichareannotatedaspseudogenesin
theoriginalannotationof theParisgenome[26]. All threegenesencodeªhypotheticalpro-
teinsºalthough�		�& �� hasasignalpeptideandthusmaybesecreted,while �		�& �+ hasa
pectinlyasefold, amotif whichhasalsobeenfound in genesbelongingto ���������� ����+���
���� andis thoughtto degradethepecticcomponentsof plantcellwalls.Furthermore,the
ST62lineagealsohastwo genesfrom theLPSlocusthatarein hotspotregions.It isunsurpris-
ing that theLPSlocuswasfoundasarecombinationhotspotsinceLPShaspreviouslybeen
shownto bethemajor immunodominantantigenof �. 	��
��	���� in thelaboratory[40,41].
However,thespecificreasonsthatvariability in theLPSisbeingselectedfor couldbeanyof
thosealreadydescribedfor FadL.Horizontalexchangeof theLPSlocusalsoexplainsaprevi-
ousobservationthatserogroup1 isolatescanhavediversegenomicbackgrounds,andthatser-
ogroupsoftendo not correlatewith overallgenomicrelatedness[42].

Outer membraneproteins. Acrossall sixdisease-associatedSTs,outermembranepro-
teinsarecommonlyfoundwithin recombinationhotspotregions.Excludingthosementioned
already(i.e.FadLandBamA),theseincludeTolC or TolC-likeproteins,involvedin two
recombinationeventsin theST23lineage($ !%�����/�		��,�) andalsoin two eventsin the
ST578lineage(�	�%�� ,�/�		�&&�-, andwhichhavebeenimplicatedin thevirulenceof �.
	��
��	���� [43]. Otheroutermembraneproteinsfoundwithin recombinationhotspots
include$ !%��� &/�		���� in ST23and$!�%�� ��/�		���� in ST37[35]. Furthermore,the
�		���� gene,involvedin four recombinationeventsin theST1lineage,encodesaprotein
homologousto AsmAin #. ����, whichis involvedin theassemblyof outermembraneproteins.
Thus,of themanyoutermembraneproteinslikely expressedon thesurfaceof �. 	��
��	����,
theseresultsprovidecluesasto whicharebeingselectedfor variationandarethereforepartof
dynamicenvironmentalinteractions.
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Dot/Icm effectors. A numberof genesencodingputativeor confirmedDot/Icm effectors
arealsofoundwithin recombinationhotspotsacrossthedifferentlineages.Dot/Icm effectors,
whicharesecretedbyatypeIVB secretionsystemof �. 	��
��	���� andof whichthereare
over300described,manipulateawiderangeof hostcellprocessesandareessentialto �. 	��
�
��	���� pathogenesis[44]. Thosefound in hotspotsinclude�		�!,� and�		 ,�� in ST1,
whichencodeanankyrin repeat-containingproteinoriginally foundonly in theParisgenome
[26] andtheSdbBeffector,respectively.A further threeankyrin repeat-containingeffector
geneswereidentifiedwithin ST23hotspotsincluding $ !%� ���"�		 ,�� (encoding
LegA14),$ !%����,"�		��,� (encodingLegA8)and$ !%����,"�		���� (encodingLegA7).
Thefirst describedDot/Icm effector,RalF,encodedby $ !%���!&/�		��! , wasalsofound
within aST23hotspotandpredictedto havebeeninvolvedin two recombinationevents.It
will beintriguing to decipherwhethervariationisbeingselectedfor within theseeffectorsin
orderto takeadvantageof awidevarietyof hostcells,or to counterdefencestrategiesbyproto-
zoanhosts.Largersetsof genomicdatawouldbeusefulto confirm theexistenceof thesehot-
spotsandfurther exploredifferencesbetweenlineages,whichcouldsuggestdifferencesin
hostsandinfectionstrategies.

Enhancedentry proteins. Finally,whileonly 11homologousrecombinationeventswere
detectedwithin theST42lineage,geneswithin one14,572bpregionhavebeenaffectedbyup
to four recombinationevents.Thehotspotregioniscentredon $� %� ,�,/�		 ��!, which
encodestheenhancedentryproteinEnhB,but alsoincludestheotherenhancedentryproteins
EnhAandEnhC.While little isknownaboutEnhB,EnhChasbeenshownto beimportant for
entry into hostcells[45] andto facilitateintracellulargrowthof �. 	��
��	���� byevading
immunerecognitionby thepatternrecognitionreceptor(PRR),Nod1,in macrophages[46].
Furtherstudiesarerequiredto understandwhyvariabilitywithin theenhancedentryproteins
might beadvantageous,andalsowhythesegeneswerefound in ahotspotin theST42lineage
andnot others.

Inference of recombination donors
To predicttheorigin of thehomologousrecombinationregions,536�. 	��
��	���� genomes
werefirst dividedinto clustersusinghierBAPS[47], whichweremappedonto aphylogenetic
tree(Fig 3).Thegenomescomprisethosebelongingto isolatesfrom thesixmajordisease-
associatedSTs(� = 291)(S1Table)andothersfrom alarge,species-widecollection(� = 245)
(S5Table).EightBAPSclusterswereidentified,sevenof whichcomprisedisolatesfrom the�.
	��
��	���� 	��
��	���� subspecies(BAPSclusters1±6,8),andonewith isolatesfrom �.
	��
��	���� ������� (BAPScluster7).Of the318homologousrecombinationeventsgreater
than500bppredictedin thesixmajordisease-associatedlineages,potentialdonorswerepre-
dictedfor 292(91.8%)(seeMaterials& Methods).Manyof thehitswerealmostperfect
matcheswith 122(41.8%)of thefragmentshavingover99.9%nucleotideidentity,and155
(53.1%)havinghits thatcoveredthefull lengthof therecombinationfragment(S6Fig).

Thenumberof homologousrecombinationeventsin eachof thesixmajordisease-associ-
atedlineagesthatwerepredictedto bederivedfrom eachof theeightBAPSclusterswerecal-
culatedandvisualisedin aheatplot (Fig 4A). Any eventswith equallygoodhits (i.e.with the
samenucleotidesimilarity andfragmentlengthcovered)to isolatesin morethanoneBAPS
clusterwerediscardedfor thisanalysis(ªNo donor assignedº).Theheatplot illustratesthat,in
fiveof thesixSTs,recombinationdonorsmostoftenbelongedto thesameBAPSclusterasthe
recipient.This isanexpectedfinding sincehomologousrecombinationrequireshigh,or even
perfect,sequencesimilarity betweenthedonorandrecipientatbothendsof therecombination
fragment[1], ascenariowhich ismorelikely betweenclosely-relatedbacteria.Theexceptionis
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ST37in whichthehighestnumberof recombinationfragmentsisderivedfrom BAPScluster
4,althoughits owncluster(BAPScluster3) accountedfor thesecondhighestnumber.How-
ever,all STs,with theexceptionof ST578,arealsopredictedto haveacquiredrecombination
fragmentsfrom clustersotherthantheir own,demonstratingtheoccurrenceof homologous
recombinationbetweenmajorclustersof the�. 	��
��	���� 	��
��	���� subspecies.This
resultisconfirmedby thefastGEARanalysisof theprominentST1hotspotregion,whichdem-
onstratesthesharingof allelesbetweendifferentBAPSclusters(S4Fig).Overall,thefinding
suggeststhatdifferentcladeshaveat leastpartiallysharedthesameecologicalnicheandper-
hapseventhesameindividual hostcellsin whichrecombinationmayhaveoccurred.Impor-
tantly,this freedomof genomicexchangehasprovidedpotentialopportunitiesfor new
adaptationsto besharedfreelyamongstdifferentclusters,whichwehypothesisehasbeenan
important factorin therecentemergenceof multiple majordisease-associatedSTsfrom
diversegenomicbackgrounds[22]. Interestingly,someBAPSclustersactfrequentlyasdonors
to otherclusters(e.g.BAPSclusters4 and5),whileothershardlydonateexceptto isolatesof
their owncluster(e.g.BAPSclusters2 and3) (Fig 4A). Similarpatternswherebydifferentline-
agesdonateandreceiveDNA atdifferentrateshavealsobeenobservedin otherspeciessuch
as. 	��
������ [10], �. ����������� [11] and#. ���� [48].

Furthermore,just two events(oneeachin ST23andST62)arederivedfrom the�. 	��
���
	���� ������� subspecies(BAPScluster7).Giventhat this lineageshareslessthan95%nucleo-
tide identity with the�. 	. 	��
��	���� subspecies,thiswasnot anunexpectedfinding, given
thehigh levelof similarity requiredfor homologousrecombination.It couldbethat thesetwo

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://doi.org/10.1371/journal.pgen.1006855.g003
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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.org/10.1371/journal.pgen.1006855.g004
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subspecieshavegraduallydivergeddueto differing ecologies,andthateventuallytheymay
becomedifferentspeciesthatarefully incapableof exchange��� homologousrecombination.

Forall homologousrecombinationeventsdetectedin thesixSTs,thenucleotideidentity
betweentheimportedfragmentandtherecipientgenomethatwasreplacedby thefragment
wascalculated(Fig 4B).Thiswasto investigatethedivergencelevelsbetweenrecombining
bacteria,but it alsoprovidedameansof verifyingour predictionsof therecombination
donors.Thisanalysisshowedthat70%of homologousrecombinationeventsoccurred
betweencloselyrelatedisolateswith >98%nucleotidesimilarity in theaffectedregion,which
agreeswith our previousfinding thatmostfragmentsarederivedfrom thesameBAPScluster
astherecipient.Interestingly,two peakscanbeobservedat~98%identity and~99.5±100%
identity.Theselevelsof divergencecorrespondto thenucleotidesimilarity observedbetween
isolatesbelongingto differentclustersor thesamecluster,respectively(Fig 4C),andthusthey
representrecombinationbetweenandwithin clusters.It isalsointerestingto notethat thedis-
tribution of pairwisenucleotidesimilaritiesof genomesfrom differentclustershasamajor
peakaround~98%(Fig 4C),whichalignswith previousfindingsthathomologousrecombina-
tion tendsmakeclustersequidistantfrom eachother[49,50].

Recombinationhotspotregionswerenextre-analysedto investigatewhetherthehotspots
weredrivenby recombinationeventsfrom thesameor differentBAPSclusters.Theanalysis
focusedon theST1lineage,whichwaspreviouslyfound to containthehighestnumberof
recombinationeventsandthemostprominenthotspots.Themostnotablehotspotregion
(hotspot6),whichwasfound to containgenesinvolvedin up to 27recombinationevents,was
found to bedrivenmostlyby recombinationregionsderivedfrom thesameBAPSclusterto
whichST1belongs(BAPScluster2) (S7Fig).However,asmallnumberof recombination
eventsthatarepredictedto befrom BAPScluster5werealsoobservedin this region.While
theanalysisof this regionusingfastGEARisnot directlycomparableto theresultsusingGub-
bins,it doesalsosuggestthat therecombinedregionshavebeenimportedfrom both thesame
anddifferentBAPSclusters(S4Fig).Meanwhile,whilesomeof therecombinationevents
affectingtheLPSlocus(hotspot3) couldnot beassignedadonor,otherswerederivedfrom
BAPSclusters1,2and5,suggestingthathighdiversityin this regionmaybeespeciallyimpor-
tant.Hotspot4 appearsto bedrivenbyrecombinationeventsfrom BAPSclusters5,6 and8
andcontainsno eventsderivedfrom BAPScluster2 (to whichST1belongs).However,the
smallnumberof eventswith predicteddonorsin mostof thesehotspotslimits theconclusions
thatcanbemade.

Finally,thehomologousrecombinationeventsthatwerepredictedwithin theST1lineage
weremappedonto thephylogenetictreetogetherwith information regardingtheir predicted
origin (Fig 5).Thiswasto searchfor evidenceof multi-fragmentrecombination,aprocessin
whichmultiple non-contiguoussegmentsthatoriginatefrom thesamemoleculeof DNA are
importedinto arecipientgenomein asingleepisodeof recombination.Thisprocessiswell
documentedin . 	��
������ [33,51,52].Sincetherecombiningfragmentsarenon-contigu-
ous,Gubbinswill detecttheseasseparateeventsalthoughtheeventsshouldbepredictedto
haveoccurredon thesamebranchandhavethesamepredicteddonor.Indeed,wefound
someevidencefor theoccurrenceof thisprocessin �. 	��
��	����, sincemanyeventswith
thesamepredicteddonor,downto theBAPSclusterlevelandeventheindividual isolatelevel,
areco-localisedon branches(Fig 5).Forexample,8 recombinantregionsdistributedthrough-
out thechromosomethatoccurredon theterminalbranchleadingto ST1_28arepredictedto
haveoriginatedfrom BAPScluster4,andmorespecifically,astrain(or multiple strains)
closelyrelatedto EUL25(ST44)(S8Fig).Furthermore,someof theseimportedregionsalso
shareverysimilarSNPdensitieswith respectto EUL25(i.e.5eventshaveSNPdensitiesfrom
0±0.06%and3 eventshaveSNPdensitiesfrom 0.28±0.33%),reinforcingthepossibilitythat
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someof theserecombiningfragmentscouldhavebeenacquiredfrom thesamedonor in the
sameevent.However,it couldalsobethat therecombiningisolateshavesharedacommon
nichefor aprolongedperiodof time,andthatmultiple independentrecombinationevents
haveoccurredduring this time.Thus,further experimentalstudieswill berequiredto confirm
theoccurrenceof thisprocessin �. 	��
��	����.

In summary,thisstudyhasdemonstratedamajor role for homologousrecombinationin
shapingthepopulationstructureandevolutionof �. 	��
��	����, andprovideddetailed
insightsinto recombinationdynamicswithin thespecies.Wepredictthathomologousrecom-
binationhasplayedacritical role in theemergenceof thisenvironmentalbacteriumasan
important humanpathogenandsuggestthat futurestudiesarerequiredto further delineate
theroleof homologousrecombinationin thevirulenceandadaptationof �. 	��
��	���� to
modern,man-madeenvironments.

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://doi.org/10.1371/journal.pgen.1006855.g005
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Materials & methods

Bacterial isolates
�. 	��
��	���� isolatesbelongingto sixmajordisease-associatedlineagesareprimarily used
in thisstudy(� = 291),all of whichhavebeenpreviouslysequenced[21,22,27,53±55].These
include81ST1(or ST1-derived),42ST23,72ST37,15ST42,35ST62,and46ST578isolates
(S1Table).A further 245�. 	��
��	���� isolates,whichbelongto arangeof STs,werealso
usedin theinferenceof recombinationdonors(S5Table).WGSdatafrom all but fiveof these
isolateshavebeenpublished[20±22,26±28,55±60].Importantly, theseincludeasetof
genomesthatwereselectedfor sequencingusingsequence-basedtyping(SBT)data,analogous
to MLST,with theaimof encompassingasmuchof thespeciesdiversityaspossible[55].
Accessionnumbersor referencesfor all genomesareprovidedin S1TableandS5Table.

Reference genomes
Sequencereadsfrom isolatesbelongingto eachof thesixdisease-associatedSTs(1,23,37,42,
62and578)weremappedto areferencegenomeof thesameSTto enableeachlineageto be
studiedatahigh resolution.Thecompletegenomesof Paris[26] andAlcoy[28] wereusedfor
ST1andST578,andreferencegenomespreviouslygeneratedusingaPacificBiosciences(Pac-
Bio) RSIIsequencerwereusedfor STs23(EUL28),37(EUL165),42(EUL120)and62
(H044120014)[27]. All sixreferencegenomeswereannotatedusinganin-housepipelineat
theWellcomeTrustSangerInstitute(WTSI),whichusesProkka[61]. Thefour annotatedref-
erencegenomesobtainedusingPacBiosequencingareavailablefrom theEuropeanNucleo-
tideArchiveundertheaccessionnumbersGCA_900119755.1(EUL28),GCA_900119775.1
(EUL165),GCA_900119785.1(EUL120)andGCA_900119765.1(H044120014).Repetitive
regionsover100bpweredetectedin thesixreferencegenomesusingrepeat-matchfrom
MUMmer v3.0[62] (S2Table).

Whole genome sequencing, mapping and SNP calling
All processingandsequencingof genomicDNA from thefivenewlysequencedisolateswas
performedby thecoresequencingfacility at theWTSI.Pairedendlibrarieswerecreatedas
describedpreviously[63] andsamplesweresequencedusingtheIllumina HiSeqplatformand
paired-endreadsof 100bases.Sequencereadsof all isolatesbelongingto thesixmajordisease-
associatedSTsunderstudyweremappedto theappropriatereferencegenomeof thesameST
usingSMALTv0.7.4(availableat:http://www.sanger.ac.uk/science/tools/smalt-0).All isolates
usedin thestudy(� = 536)werealsomappedto theParis(ST1)referencegenome[26] in
orderto studythespecies-widephylogeneticstructure.An in-housepipelineat theWTSIwas
usedto callbasesandidentify SNPsaspreviouslydescribed[64].

De novo assembly
All assemblieswereproducedfrom theIllumina datausingapipelinedevelopedby thePatho-
genInformaticsteamat theWTSI.This firstly usesVelvetOptimiser(https://github.com/
tseemann/VelvetOptimiser)to determinetheoptimalkmersizebeforeusingVelvetto pro-
ducetheassembly[65]. Theassemblywasfurther improvedusingSSPACE[66] to scaffoldthe
contigsof theassemblyandGapFiller[67] to closegapsof 1 or morenucleotides.

Recombination detection, phylogenetic analysis and BAPS clustering
Recombinedregionsweredetectedin thealignmentsof thesixdisease-associatedSTsusing
Gubbins[24]. Phylogenetictreesof theselineagesweregeneratedusingRAxML v7.0.4[68],
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firstly usingall SNPsto laterallowancestralsequencereconstruction,andsecondlyusing
only theverticallyinheritedSNPs(i.e.excludingSNPsin recombinedregions).A phylogenetic
treeof thetotal536isolateswasconstructedusingall thedetectedSNPs,asthehighdiversity
of thewholecollectionrendersrecombinationdetectionverydifficult. In all cases,theGTR
+GAMMA methodfor amongsiteratevariationwasusedand100bootstrapreplicateswere
performedto assesssupportfor nodes.Thealignmentof all 536genomesagainsttheParisref-
erencegenomewasalsousedto grouptheisolatesinto clustersusinghierBAPS[47].

Detection of mobile elements and genomic islands
Theannotationfilesfrom eachof thesixreferencegenomeswereparsedto detectregions
annotatedasªintegraseº,ªtransposaseº,ªrecombinaseº,ªphageº,ªlvrAº, ªcsrAº,ªHTXº,
ªhelix-turn-helixº,ªxreº,ªconjugalº,ªconjugationº,ªtraº, ªtrbº, ªvirº andªmobileº.Boththe
publishedannotationfilesof theParis(ST1)andAlcoy(ST578)completegenomesandthose
generatedusingthein-housepipelineat theWTSIwereused.However,thenewannotations
wereonly consideredwhentheoriginalonewasaªhypotheticalproteinº in orderto respect
experimentallyprovenannotations.Plotsshowingthemappingcoverageof eachisolate
againstthecorrespondingreferencegenomewerealsoevaluated.Regionsover8kbwith no
coverageandthatdid not matchrepetitiveregionswereconsideredaspotentialmobile
regions.Othersoftwareto detectmobilegeneticelements(MGEs)wasalsousedincluding
AlienHunter [69] andIslandViewer,thelatterof whichincorporatesIslandPick,IslandPath-
DIMOB andSIGI-HMM [70]. However,theseresultswerediscardeddueto major incongru-
encesbetweenthem.Finally,manualcurationof all predictedMGEswasperformedusing
Artemisv15.0.0[71] (S2Table).

Determination of homologous recombination hotspots
In eachof thesix lineages,anyrecombinedregionspredictedbyGubbinsthatoverlapwith
eitherrepetitiveregionsor putativeMGEsin thereferencegenomewerediscardedfor the
majority of theanalysisin thisstudy,leavingonly putativehomologousrecombination
regions.An in-housescriptwasusedto calculatethenumberof timeseachgeneandeachbase
hadbeeninvolvedin ahomologousrecombinationevent.Recombinationªhotspotsºwere
definedasgeneswith arecombinationfrequencyabovethe95th percentileobservedin that
particularSTandthathavebeeninvolvedin at leasttwo events.Basedon thesecriteria,the
minimum numberof recombinationeventsthatagenemusthavebeeninvolvedin to becon-
sideredwithin ahotspotregionwasfour eventsin theST1lineageandtwo eventsin the
remainingfiveSTs.

Analysis of the prominent ST1 hotspot with fastGEAR
FastGEAR[34] wasrun on 54individual genealignments,comprisingall 536strainsincluded
in thestudy,whichwereextractedfrom thealignmentof all genomesagainsttheParisrefer-
ence.ThesegenesspantheprominentST1hotspot(�		����-�		����) andalsoinclude10
flankingloci on eitherside.Thesoftwareinfersthepopulationstructureof individual align-
ments,allowingdetectionof lineagesin analignmentandªancestralºandªrecentºrecombina-
tionsbetweenthem.Theresultswerecomparedto thosefrom Gubbinsin termsof the
numberof recombinationeventspredictedin eachgeneandthesharingof allelesamongthe
differentpredictedlineages.Notably,if arecombinationspanstheentirelengthof analign-
ment,fastGEARwill detectthisasanotherlineagein thealignment,ratherthanarecombina-
tion. Therefore,to makerecombinationcountsbetweenfastGEARandGubbinscomparable,
weusedtheestimatedphylogenyandpost-processedfastGEARoutputby identifyingbranches
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in thetreewherethepopulationstructurechanged,andinterpretedtheseasrecombinations
(thesecanbeseenasªblocksºwith acolourdifferentfrom yellowin S3BFig andS4Fig).The
scriptsusedto makethiscalculationandto produceS3BFig andS4Fig canbefound in
https://users.ics.aalto.fi/~pemartti/fastGEAR/.

Inference of recombination donors
Homologousrecombinationregionswereextractedfrom theancestralsequencesinferred
from thenodesof thesixphylogenetictrees,constructedprior to recombinationremoval,
usingPAML 4 [72]. Specifically,ancestralrecombinationsequenceswereextractedfrom the
nodedownstreamof thephylogenetictreebranchon whichtherecombinationeventwaspre-
dictedto haveoccurred.A customgenomeBLASTdatabase(BLASTv2.2.30+)[73] wascon-
structedusing�� ���� assembliesand/orcompletegenomesfrom all 536�. 	��
��	����
isolatesusedin thisstudy.Thereconstructedrecombinedregionswereusedasqueryseq-
uencesin BLASTsearchesagainstthecustomgenomedatabaseandtheNCBI non-redundant
nucleotidedatabase.Theresultinghitswerefilteredto removethoseagainstisolatesthatare
descendedfrom thebranchin whichtherecombinationeventwasdetected.Of theremaining
hits,theBAPSclustercontainingtheisolatewith thehighestbit scorewasconsideredasthe
potentialdonor,providedthat thehit coveredat least50%of therecombinationfragment
lengthandhadaminimum of 99%nucleotideidentity.Recombinationfragmentswith no hits
thatmetthesethresholdswerenot assignedadonor cluster(ªNo donor predictedº).Only
recombinedregionsgreaterthan500bpwereusedin thisanalysis,firstly becausetheywere
deemedmorelikely to beaªtrueº event,andsecondlybecausesmallregionswould likely have
highsimilarity to manygenomes.

Supporting information
S1Table.�. ��������	
� isolates(� = 291)belongingto six major disease-associatedline-
ages.Theseinclude81ST1(or ST1-derived),42ST23,72ST37,15ST42,35ST62and46
ST578isolates.(1) in theªSTºcolumnindicatesST1-derivedisolates.ST:sequencetype;Sg:
serogroup;clin: clinical;env:environmental;U/k: unknown;TA: travel-associated.
(DOCX)

S2Table.Genomicpositionsof repetitive regionsandpredictedmobile geneticelements
(MGEs)in the six referencegenomes(Paris/ST1;EUL28/ST23;EUL165/ST37;EUL120/
ST42;H044120014/ST62;Alcoy/ST578).
(DOCX)

S3Table.Genesin recombination hotspotsin the six major disease-associatedSTs.
(DOCX)

S4Table.Thenumber of ªrecentº recombination eventspredictedby fastGEARin eachof
the genesfrom the prominent ST1hotspot (
�����-���), aswell as10genesupstream
anddownstreamof this region.Thenumberof eventsthathaveaffectedall 536isolatesused
in thestudyareshown,aswellasthenumbersthathaveaffectedisolatesbelongingto the6
STsof interestonly.An extracolumn(ST1_blocks)wasincludedwith thenumberof recombi-
nationsobtainedbypost-processingthefastGEARoutputbydetectingrecombinationsusing
thephylogeny(seeMethods),correspondingto thecolouredblocksdifferentfrom theback-
groundin S3BFig, to maketheresultscomparablewith Gubbins.Thescriptusedto getthese
recombinationcountscanbefound in https://users.ics.aalto.fi/~pemartti/fastGEAR/.
(DOCX)
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S5Table.Additional �. ��������	
� isolates(� = 245)usedin the inferenceof the recom-
bination donors.ST:sequencetype;Sg:serogroup;U/k: unknown;TA: travel-associated;NA:
not applicable.
(DOCX)

S1Fig.Boxplotsshowingthe number of homologousrecombination eventsdetectedper
vertically inherited SNP(�/� ratio) on eachof the branchesof the phylogenetictrees
belongingto the six major disease-associatedSTs.
(TIF)

S2Fig.Phylogenetictreeof the ST1lineagewith bootstrapvaluesbasedon 100replicates.
Thescaleshowsthenumberof SNPs.
(TIF)

S3Fig. Recombinationeventspredictedin theprominentST1hotspotasinferredbyGubbins
(A) andfastGEAR(B). (A) wasextractedfrom Fig 2 andshowsthezoomed-inillustrationof
hotspot6 in theST1lineage(�		����-�		����). Thehomologousrecombinationeventsaredis-
playedasblocksandcolouredaccordingto theBAPSclusterfrom whichtheyarepredictedto
bederived.Thegenesshownat thetop of thefigurearecolouredby thenumberof timesthat
theyhavebeenaffectedbyahomologousrecombinationevent,aspredictedbyGubbins(see
keyat thetop right). (B) showsregionsof sharedancestryfor thishotspotin theST1lineage,
aspredictedby fastGEAR.Thegenesat thetop arecolouredby thenumberof recombinations,
correspondingto blocksof segmentsdiffering from theyellowbackgrounddetectedin this
subset(seekeyat thetop right).
(TIF)

S4Fig.FastGEARpopulation structure resultsof the gene-by-geneanalysisperformed on
54loci including the most prominent ST1hotspot (34genes,
������
�����) plus ten
flanking geneson eachside.Theleft panelshowsthemaximumlikelihoodtreeof thecore
genomealignmentof the536�. 	��
��	���� genomesincludedin thestudy.Themain6STs
arehighlightedin thetreewith thebackgroundcolourrepresentingtheir BAPScluster(seeFig
3).FastGEARoutput isshownpergene,with coloursrepresentingthedonor lineagesof both
ªrecentºandªancestralºrecombinationevents.Lineagecolourswerereorderedatdifferent
genesto optimizevisualizationasin [34].
(TIF)

S5Fig.The lipopolysaccharide(LPS)locus,comprising hotspot 3 (
����������� to

������), in the ST1lineage.Therecombinationeventsaredisplayedasblocks,coloured
accordingto theBAPSclusterfrom whichtheyarepredictedto bederived.Thegenesare
shownat thetop of thefigureandcolouredby thenumberof overlappingrecombination
regions.A maximumlikelihoodtree,constructedusingonly verticallyinheritedSNPs,isalso
shownon theleft andthescaleindicatesthenumberof SNPs.
(TIF)

S6Fig. Thepercentagenucleotideidentity of therecombinationfragmentsto thehighest-
scoringBLASThit (A) andthepercentagelengthof therecombinationfragmentcoveredby
thehighest-scoringBLASThit (B).
(TIF)

S7Fig.Thenumber of recombination eventsper basedetectedin the ST1lineagethat are
derivedfrom the different BAPSclusters(excludingBAPScluster7 from which no events
werepredictedto bederived).Theverticalgreybarscorrespondto therecombination
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hotspots.
(TIF)

S8Fig.Thepercentagenucleotideidentity of 8 recombination fragmentsidentified in
ST1_28(BAPS2) to an isolate,EUL25(ST44),from the predicteddonor BAPScluster
(BAPS4), and to aclonally relatedisolate,ST72_1,from the sameST1lineage.
(TIF)
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