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1

GENERALPRESENTATION

1.1/ INTRODUCTION

PseudomonasaeruginosaisaGram-negativebacteriumthatcausessignificant
mortalityandmorbidityamongcompromisedpatients,likethosesufferingfrom
cysticfibrosis.ItstreatmentiscomplicatedbythenoticeableabilityofP.aerug-
inosatodevelopresistancetoalmostallantibiotics. Thisisachievedthrough
theselectionofgenemutations,suchas:(i)resistancetocephalosporinsafter
mutationsinthemanyregulatorsofAmpCcephalosporinase,(ii)tocarbapen-
emsafterinactivationoftheporinOprD,or(iii)tofluoroquinolones,aftermu-
tationsinquinolone-resistancedeterminingregions(QRDR)[Fournieretal.,
2013,SchmidtkeandHanson,2008,Poole,2011],andthespreadofhorizontally
acquiredresistance[Livermore,2002].Environmentalandclinicalisolatesowe
theirextraordinaryabilitytothriveinmanyecologicalnichesandtoharmmany
hoststotheconservationofmetabolicandvirulencegenesinthegenomeofthe
species[Valotetal.,2015,Grosso-Becerraetal.,2014,Wolfgangetal.,2003].

P.aeruginosahasanon-clonalstructure,butsomesequencetypes(STs)re-
portedas‘high-riskclones’arefrequentandwidelydistributed,suchasST111,
ST175,ST235,ST244,andST395.Uptonow,ST235isthemostwidespread
clonesassociatedwithmulti-andhigh-levelantibioticresistance[Curranetal.,
2004,Maatallahetal.,2011,Pirnayetal.,2002,Woodfordetal.,2011,Kosetal.,
2015,Oliveretal.,2015].

Recentlyreportedresultsfoundthattheacquisitionofresistancegenesarere-
latedtoapproximately100differenthorizontally-acquiredresistanceelementsin
ST235isolates[Livermore,2002,ZengandJin,2003,Potronetal.,2015,Oliver
etal.,2015].Theexpressionoftheseacquiredgenes,togetherwithintrinsicre-
sistancemechanisms,considerablyreducesthetherapeuticoptionsforthetreat-
mentofinfectionsduetothisST235P.aeruginosa.P.aeruginosaalsohasmech-
anismsforacuteinfectionthroughitsvirulencefactors,e.g.,thispathogenutilizes
thetypeIIIsecretionsystemtoinjectgeneticelementsintohostcellandthus
copewithhostimmunesystem.

3



4 CHAPTER1. GENERALPRESENTATION

1.2/ PRESENTATIONOFTHEPROBLEMS

WhileP.aeruginosaST235obviouslyhasawideinfluenceonclinicalproblems,
themolecularbasisforthesuccessofthisclonewas,uptonow,hardtodecipher.
EventhoughP.aeruginosaST235isolatesarehighlightedintheliteraturedueto
theirassociationwithinfectionandextensivedrugresistance,itremainsunclear
whetherthedisseminationoftheST235lineagereliesexclusivelyonresistance
toantibioticsorifotherfeaturessuchasvirulencefactorsaremajorcontributors.

Inaddition,althoughthespreadofST235hasbeendocumentedinmanyloca-
tions,littleisknownabouttherelationshipbetweenisolatesfromdifferentcoun-
tries,andabouttheevolutionandemergenceofthisclone.Indeed,available
studiesthathaveanalyzedthegenomecontentofacollectionofST235isolates
didnotresolvethegeographicalortemporaloriginoftheirancestor[Kosetal.,
2015,vanBelkumetal.,2015].

1.3/ OBJECTIVEOFTHETHESIS

PotentiallyallthePseudomonasaeruginosaclonescanbepathogenforthehu-
manbeing.However,epidemicoutbreaksaremostofthetimeduetotheafore-
mentionedhighriskclones.And,amongthediversesequencetypes(STs)that
havebeenreportedaccordingtotheirpopulationstructure,theso-calledST235
isthemostfrequentone.Suchclonesarefoundoneverycontinents,andthey
frequentlyaremulti-resistanttoantibioticsthankstotheacquisitionofresistance
genesandtochromosomalmutations.

Theobjectiveofthisthesisistoknowthereasonswhythesecloneshavesuc-
cessfullyspreadaroundtheworld,throughtheexampleofST235.Eitherthese
clonesareubiquitousandveryfrequent(morethanthenonpandemicclones)in
theenvironment,whichacquireinasecondphasesomeresistancegenes(hy-
pothesisnumberone).Orthediffusionismorerecent,promotedbythediffusion
ofsubclonesthathavepreviouslyacquiredsomeresistancegenes(hypothesis
number2).Thissecondhypothesishasbeenobservedinthecaseofthepan-
demiccloneofanotherpathogenEscherichiacoliST131.Thefirstobjectiveof
thisthesisisthustodetermine,bythemeanofbioinformaticsstudiesonbig
genomicdata,thephylogeneticstructureoftheST235clone,tounderstandthe
rhythmofitsbiologicalclock,todeterminetheantibioticsthatcouldhavefavored
itsemergenceandspread,andtodatetheworldwidediffusionofthishigh-risk
clone.

Todoso,wewillhavetocollectalargenumberofisolatesofthisST235clone,
comingfromthefiveinhabitedcontinents. Wewillthenhavetoanalyzethesin-
glenucleotidepolymorphisms(SNPs)ofthecoregenomeoftheseisolates,for
phylogeneticstudies.Thesestudieswillnecessitatethedesignofbioinformatics
pipelines,encompassingexistingtoolsbasedonMarkovchainsormaximumlike-
lihood,andnewalgorithmstodesign.Thispipelinewillbeappliedonthesetof
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originaldataandontheobtainedphylogeny,inordertoprovideevidencesabout
theemergence(dateandlocation)oftheST235clone. Wewillhavetopayspe-
cialattentionontheinsertionsequences,whichshouldnecessitatetodesignde
novoalgorithmsofdetection.

1.4/ ORGANIZATIONOFTHETHESISMANUSCRIPT

Thisthesisisorganizedasfollows.Inthenextchapterthatfollowsthisintro-
ductorypart,variousbasicrecallsandtoolsarepresented. Thefirstsection
dealswiththebioinformaticsanalysisofbacterialgenomeevolution,through
threemaindirections:genomesequencing,phylogeneticanalysis,andcompara-
tivegenomics.ItisfollowedbyvariousstateoftheartknowledgesaboutPseu-
domonasaeruginosa,encompassingitsecologicalniche,itspathogenicity,popu-
lationstructure,resistance,andgenomeevolutionandadaptation.

Thesecondpartofthismanuscriptisdevotedtoourpersonalcontributions.It
isdividedintwochapters,correspondingtothetwomainworksweperformed
duringthisthesis.Inthefirstchapter,wepresentedacompletepipelineapplied
onalargeandoriginalsetofP.aeruginosaST235. Theobjectiveofthisfirst
chapteristounderstandthereasonsoftheemergenceandtheworldwidespread
ofthisclone.Inparticular,materialsandmethodsareintroduced,aphylogenetic
networkiscomputed,andamostrecentcommonancestoranalysisisperformed.
ThespatiotemporaloriginoftheST235cloneisdiscovered,anditsemergenceis
associatedwiththeextensiveuseofaparticularclassofantibiotics.

ThisfirstchapterofcontributionisfollowedbythepresentationofpanISa,our
newtooltofindinsertionsequences(ISs)fromNGSdata. Wewillpresentfirst
alltheelementsofimplementationofourtool,andthenhowwehaveconstructed
adatasetforvalidation.Thisvalidationhasbeenachievedbyartificiallyinserting
ISsinreferencegenomes,andbycheckingwhetherpanISaisabletorecover
welltheseinsertionsequences.Thistoolhasfinallybeenappliedtoanepidemic
strainofPseudomonasaeruginosa.

Thismanuscriptendsbyaconclusionpart,inwhichourcontributionsaresum-
marizedandintendedfutureworkareoutlined.Finally,acompletebibliography
bringsthisdocumenttoaclose.

1.5/ PUBLICATIONS

1.5.1/ PEER-REVIEWEDINTERNATIONALJOURNALS

1. P.Treepong,V.Kos,C.Guyeux,D.Blanc,X.Bertrand,B.Valot,andD.Hoc-
quet.Globalemergenceofthehigh-riskPseudomonasaeruginosaST235



6 CHAPTER1. GENERALPRESENTATION

clone. ClinicalMicrobiologyandInfection(I.F.5.292(2016),rankedQ1
(8/84)inInfectiousdiseasesandQ1(18/124)inMicrobiology).

2. P.Treepong,C.Guyeux,B.Valot,andD.Hocquet.PanISa:anewtoolto
findinsertionsequencesfromNGSdata.Undersubmission.

1.5.2/ POSTER

1. BassamAlkindy,BasharAl-Nuaimi, HudaAl’Nayyef,PanisaTreepong,
ChristopheGuyeux,Jean-FrançoisCouchot,MichelSalomon,andJacques
Bahi.“BioinformaticsApproachesonGenomicEvolutioninFemto-ST(Core
Genome,PhylogeneticAnalysis,TransposableElements,andAncestral
Reconstruction)”. WorkshopofFemto-ST,June2015,Besançon,France.
Note:Poster.

1.5.3/ SEMINARS

1. Structuredepopulation mondialeduclone épid́emiquePseudomonas
aeruginosaST235.PanisaTreepong,VeronicaN.Kos,ChristopheGuyeux,
DominiqueBlanc,XavierBertrand,BenôıtValot, DidierHocquet. 36e
ŔeunionInterdisciplinairedeChimioth́erapieAnti-infectieuse. D́ecembre
2016-PARIS,France.

2. P.Treepong. PanISa:atoolforinsertionsequencedetectioninbacterial
genomes.ANDteamseminar,28thofJune,2017.Belfort.

3. Theemergencehistoryofthehigh-riskPseudomonasaeruginosaST235
clone.Chronoenvironnementseminar,5thofSeptember,2017.Besançon.
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STATEOFTHEART

2.1/ BIOINFORMATICS ANALYSIS OF BACTERIAL

GENOMEEVOLUTION

Thenext-generationsequencingtechnologieshavecontinuouslydeliveredhigh
volumeandvarietyofbacterialgenomessinceitsemergence.Suchhugedata
canbeanalyzedforthebenefitofclinicalstudiessuchasoutbreakinvestigation,
ortounderstandtheevolutionandspreadofdrugresistance.Butsuchinvestiga-
tionsnecessitatethedevelopmentanduseofbioinformaticstoolsonNGSdata
(seeFigure2.1),thelatterbeingdetailedinthischapter.

2.1.1/ SEQUENCINGGENOMESWITHNEXT-GENERATIONDNASE-

QUENCING(NGS)TOOLS

Thefirstcompletegenomeofabacteria,namelyofHaemophilusinfluenzae,was
sequencedbytheso-calledSangershotguntechniquein1995.Thissequenc-
ingtechniqueisbasedontheDNAchainterminatordideoxynucleotide(ddNTP).
Althoughthistechniqueisabletogenerateacompletegenomewith99.99%of
accuracy,butisexpensiveandtimeconsuming. Theselimitationswerefixed
adecadelater,wherenext-generationorhigh-throughputDNAsequencingbe-
cameabletodealwithahugeamountofdata(oftheorderofabillion)inparallel.
NGStechnologyisfasterandcheaperthantheSangerchemistry[Lomanetal.,
2012,LomanandPallen,2015].Inaddition,severalNGSplatformsareavailable
formicrobiologicalresearch;theyaredifferentinfeatures,strengths,andweak-
nessessummarizedinTable2.1.

2.1.1.1/ NEXT-GENERATIONSEQUENCEDATA

Thesequencedata,producedbyNGSplatformsfordownstreamanalysis,are
providedinvariousformats,dependingonthesequencingplatform:
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Figure2.1:Anoverviewofbioinformaticanalysisofbacterialgenomeevo-
lution.

•SFF(StandardFlowgramFormat):abinaryfileformatencodingpyrose-
quencingresultsfromRoche454andIonTorrentwhichcollectsinformation
offlowgram,calledsequence,qualities,andtherecommendedqualityand
adaptorclipping;

•HDF5:adatamodel,library,andfileformatforstoringandmanagingdata
ofPacBio;

•BCL(basecall):aprimarysequencingoutputforstoringbasecallandits
qualityinper-cycleofillumina.
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2.1.1.2/ ALIGNMENTOFREADS

EvenifshortreadscontainedinFASTQfilesareadequateinvolumeandofgood
quality,theyarenotreadytobeanalyzediftheyarenotaddressedinthecorrect
position.Thisiswhyalignmentofreadsisusuallyperformedbymappingthem
againstareferencegenome.

Thissectionintroducesthealgorithmsandtoolsassociatedtoreadalignment.
Thesealignmentalgorithmscanbecategorizedintothreegroups:(1)hashing
basedmethods,(2)Burrows-WheelerTransform(BWT)basedalgorithms,and
(3)mergesortingmethod.AsthelastoneisonlyusedinSlider[LiandHomer,
2010],wewillthusonlyfocusonthemostcommonlyusedalgorithms,namelythe
hashing-basedandBWTalgorithms.

Hashingbasedalgorithms useahashtabletotransformsubsequencesin
keysthataredividedintwotypes:readhashesandreferencegenomeones.Han-
dlingwithlargesequences,a“seedandextend”methodisappliedtostorethecut-
sequenceask-mersforhashtablemapping.Forinstance,inFigure2.2[Schbath
etal.,2012],westartbycuttingthegenome“GCACAGCACA”intooverlapping
3-mers.Then,wedefinetheirpositions(PartA),andwealsocutread“ACAGCA”
into3-mers(PartB).Then3-mersofreadsaremappedtotheoverlapping3-mers
ofgenomebasedonthehashtable,afterwhattheseedpositionsaresorted(Part
C).Finally,theseedpositionsareverifiedandthensaved(PartD).

Figure2.2:Hashtablebasedonseedandextendmethod.

Inthecaseofsmallmismatches,wecanapplyeithera“pigeonhole”ora“q-gram
filtering”methodtoperformseedandextend. Althoughthepigeonhole(Fig-
ure2.3A)andq-gramfilteringaresimilarincuttingthereadsintosmallersizeand
allowingsmallerrorsinmapping,theq-gramfilteringcutsreadsbyoverlapping,
e.g.,readACGTwillbecutinAC,CG,andGT.Ifmanymismatchesarepermit-
ted,wewillusetheso-calledspacedseedsmethod.Figure2.3Bshowshowto
maptheGTCAreadontheGATTACAgenomeusingthisspacedseedsmethod.
Inthisexample,thespacedseedsare“xT”and“xA”,andthelattercontain“x”or
blackboxpositionstoallowerrors/mismatches[Schbathetal.,2012].

Inallcasesdescribedabove,the“extend”phaseistimeconsuming,whilethe
Smith-Watermanalgorithmisabletoincreasethealignmentspeed[Flicekand
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Figure2.3:Methodsofhashtablehandlingmismatches/indels.

Birney,2009,LiandHomer,2010](seeanextsectionfordetailsaboutthis
algorithm).

Burrows-Wheelertransformbasedalgorithms arecurrentlythemostpopu-
laralignmentmethods,sinceBWTisabletorapidlysearchexactmatches.The
datastructurebasedonsuffixtreeandsuffixarraywithBWTarethekeysfor
shrinkingdata.

Figure2.4: Thesuffixtreeof GAT-
TACA.

A suffix tree is a tree stor-
ing suffixes of sequences from
root to leaves in path for-
mat. Even though the suf-
fix tree is proper for storing
reads and reference genomes,
it is not a good choice for
large genomes like the human
one. Figure 2.4 displays sam-
ple suffixes of “GATTACA”, in
which the dotted arrows rep-
resent the continued paths
and double circles represent
a suffix end. [Schbath et al.,
2012].

Asuffixarrayisthesetofallsuffixesofagivengenomestoredinanarray,
leadingtoabetterabilitytodealwithlargegenomeswhencomparedwiththe
aforementionedsuffixtree. Figure2.5showsanalgorithmofstoragedatain
suffixarraywhichconsistsinthe3processesbelow:

1. mark“$”attheendofgenometogeneratethesuffixesandrepeatedlymove
“$”untilitisinthefirstposition;

2. sortallsuffixesbylexicographicorder;
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3. takethelastcolumnintotheBWTandstartpositionsofthelexicographically
sortedsuffixesintosuffixarray.

Figure2.5:Thesuffixarrayindexingdatainthreesteps.

Withthisdatastructure,theorderoftheoriginalgenomeisupdatedinsucha
waythatthecharacterinBWTcolumncomesbeforetheoneinthesuffixarray
column.LetusconsidertheexampleprovidedinFigure2.5.Ifthefirstposition
ofgenome“GATTACA”startsatindex0,thepositionofTis3,whileitisinthe
firstBWTrow.ItisfollowedbyA,whichisthe4thBWTposition.Letusillustrate
nowhowtosearch“GAT”.Thissearchisperformedonebyonecharacter,from
theendofthesequenceuntilitsfirstposition,thatis,“T”,“A”,andthen“G”.First,
considering“T”inthesortedsuffixcolumn,itspossiblepositionsaccordingtothe
suffixarrayare3and2.Then,duetoBWT,thepossiblecharactersbefore“T”
are“T”(inposition2)and“A”(inposition1). Wethensave“A”(positionof1),
sinceitcorrespondstothesecondfinding. Bycontinuingtheprocess,wefind
thecharacterbefore“A”orattheposition1insuffixarray,whichleadsto“G”
accordingtoBWT,andthisisthe3rdcharacterfound. Wecanfinallyconclude
thatthe“GAT”wordispresentinthegenomeGATTACA[Schbathetal.,2012].

Alignmenttools Morethan60toolswereavailablein2012[Fonsecaetal.,
2012].SomeofthemarepresentedinTable2.2togetherwiththeirfeatures[Bao
etal.,2011,Schbathetal.,2012,Fonsecaetal.,2012].Mostofthemreturnalign-
mentoutputinSAMformatandsupportmulti-threading.Almostallthepresented
toolsacceptmismatcheddatainalignmentwhichisbeneficialformutationstud-
ies.Performanceofalignmenttoolshavebeenmeasuredforbacterialgenomes,
seeTable2.3,andalsoforhumangenome,aslistedinTable2.4.Accordingto
thesestudies,SOAPisthefastesttoolforlargescalealignments,whileSHRiMP
istheslowestone,seeTable2.4.ThebesttoolsforbacterialgenomesareBowtie,
BWA,andPerM,astheirnumbersofunmappedreadsarelowerthanwhatcan
befoundusingtheothertools.Takingallfactorsunderconsideration,BWAisthe
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besttoolforbacterialgenomes:ithasverygoodperformancesintermsofaccu-
racy,sensitivity,andmemoryusage,whileitsprocessingtimeisquitenormal.

Table2.3:Mappingresultsforeachprogramrunonthe3mismatchesbac-
terialgenomes[Schbathetal.,2012].

Readsuniquelyretrieved Readswithmultiplehits

Software
Unmapped
reads

Nbb Noretr.c Nbb
Nbhits
mean[sd]

Noretr.c

BWA 212 7,301,261 66 2,698,527 8.99[40.62] 2
Novoalign 89 7,333,124 31,764 2,666,787 8.41[36.54] 20,154
Bowtie 214 7,301,200 3 2,698,586 8.99[40.63] 14
BFAST 172,360 7,280,690 39,839 2,546,950 4.09[2.31] 94,442
SSAHA2 17 6,994,428 2,377,585 3,005,555 6.98[24.32] 1,367,027
GASSST 363,984 7,025,957 17,266 2,610,059 9.03[40.90] 8,774
PerM 185 7,301,206 8 2,698,609 8.99[40.63] 41

Table2.4:Performanceofalignmenttoolsintheexperimentofsimulated
illuminareads[Baoetal.,2011].

Task Tools[version]
Reads
mapped

Readsmapped
correctly

Processed
time(m)

RAMd

(GB)
Bowtie[0.12.5] 79.19% 79.05% 271.37 5.09
BWA[0.5.9] 96.11% 92.54% 324.31 3.17
Mosaik[1.1.0021] 78.50% 77.61% 315.26 20.61
PASS[1.2] 19.30% 9.23% 177.95 18.69
RMAP[2.05] 75.28% 75.08% 397.845 6.1
SeqMap[1.0.13] 79.19% 76.11% 5049.433 8.01
SHRiMP[2.0.1] 99.93% 96.28% 9389.71 ∼32
SOAP[2.2] 79.19% 78.67% 96.61 8.25

SEe

SSAHA2[2.5.3] - - - -
Bowtie[0.12.5] 0.02% 0.01% 227.25 5.09
BWA[0.5.9] 99.46% 98.35% 616.8 3.2
Mosaik[1.1.0021] 78.52% 77.59% 576.8 20.67
PASS[1.2] - - - -
RMAP[2.05] 0.39% 0.03% 1399.29 30.35
SeqMap[1.0.13] - - - -
SHRiMP[2.0.1] 95.13% 94.34% 15846.21 ∼32
SOAP[2.2] 62.51% 62.43% 116.27 12.63

PEf

SSAHA2[2.5.3] 97.84% 96.01% 2884.5 13.38

bNumberofmappedreads
cTheoriginalpositionhasnotbeenretrieved
drandom-accessmemory
esingle-endreadsmapping
fpaired-endreadsmapping
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2.1.1.3/ DE NOVO ASSEMBLY

De novo assembly is a self-alignment of reads that focuses on overlapping re-
gions. It merges overlapping sequence reads into contiguous sequences, or
contigs, without any reference genome. General methods of such de novo ap-
proaches are string-based and graph-based ones.

The string-based method is known as Greedy algorithm too. It joins couples
of reads that have the best overlap, and it repeats the process until the quality
becomes good enough according to a predefined quality threshold. Even though
Greedy method is simple, it is unable to deal with highest repetitive genomic se-
quences [Simpson and Pop, 2015].

The graph-based methods use the graph theory to represent read sequences
as nodes, and their relationships as edges. Contigs are created thanks to some
particular travellings on the obtained graph. Since they define the erroneous
paths caused by repeats, they are able to reduce the number of incorrectly as-
sembled contigs. The main graph-based methods are described hereafter.

Figure 2.6:Graph-based methods for genome assembly[Henson et al., 2012].

OLC graph stands for “overlap, layout, and consensus”. The detection of
overlappingpairs of reads is firstly performed. Then, a proper ordering and ori-
entation (layout) of the reads is achieved from the graph. Finally, layouts of the
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readsareusedtocomputetheconsensussequence.

Figure2.6BdepictstheOLCgraphstructureofthe8sequencereadsprovidedin
Figure2.6A.Eachsequencereadisanode.Apairofnodesthatoverlapsinat
least5bases(inourillustrationexample)willbelinkedbyanedge.Forinstance,
thefirstreadislinkedtothesecondonedueto6overlappingbases(CTGATC),
anditisalsotransitivelylinkedtothethirdreadthanksto5overlappingbases
(TGATC).Thismethodisabletospeeduptheoverlapdetectionviaak-mers
indexation. However,ifhigh-throughputshortreaddatacontainnumerous
overlaps,thiswillincreasethegraphsize.Thisproblemcanbesolvedusingde
Bruijngraphdescribedbelow[SimpsonandPop,2015].

DeBruijngraph: nodesarek-merswhileedgesarecoupleofreadscon-
tainingthecontinuedk-mers.

LetusillustratetheDeBruijngraphonthesameexampleaspreviously.The3
firstsequencereadsfromFigure2.6Aaretransformedtothefollowing5-mers:
ACCTG→ CCTGA→ CTGAT→ TGATC,whichareconnectedinapath,see
Figure2.6C.Thepathdepictedbelow,namelyAGCCA→ GCGAT→ CGATC,
correspondsforitsparttothereadsnumber4and5.Thesetwopaths,corre-
spondingtothereadsfrom1stto5th,includetoothe6thread. Thustheyare
linkedtoGATCAnode,andthelatterisfinallyfollowedbythepathsofk-mers
rangingfromthe6threadtothe8thone,asdepictedinFigure2.6C.

Thismethodisabletoreducethememoryconsumption,asitsnodescontainnot
thereadsbutsubsequencesoflengthkcalledk-mers.ThedeBruijngraphis
thusanefficientmethodforshortreadsassemblyofbacterialgenomes[Simpson
andPop,2015].Itneedshoweveradditionalalgorithmstostorek-mersoflarge
genomeassembly,likehashtable,bitarray,andFM-index[SimpsonandPop,
2015].

Stringgraph isanhybridofstring-basedandgraph-based methods. It
takesthepropertyofrepeatsreductionfromthedeBruijngraph,andthenit
appliesitwiththeoverlap-basedmethod.Therefore,inthestringgraph,itisnot
necessarytobreakthereadsintok-mers,whilesomeinterestingpropertiesof
deBruijnarestillpreserved.

InFigure2.6D,eachnodecontainsareadfromFigure2.6A,whileeachedge
representstheextendedbasesbetweenthecorrespondingnodes.Forexample,
“AC”,thelabelontheedgebetweenthe1stnodeandthe2ndone,istheextension
of1streadwhencomparedwiththe2ndone.

Letusfinallyremarkthat,inthecaseoflargegenomes,theefficiencyofthis
methodcanbeimprovedbyapplyingtheFMindex[SimpsonandPop,2015].

Denovotools arepresentedinFigure2.7.Theyhavebeendevelopedduring
years2005-2010,byfollowing4majorstrategies:Greedy,OLCgraph,deBruijn
graph,andStringgraph.
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Magocetal.[Magocetal.,2013]haveevaluatedtheassemblysoftwareinthe
bacterialgenomecasebymeasuringthe“correctedN50size”,seeTable2.5.
TheN50sizeisthesizeofthesmallestcontig,suchthatthat50%ofthegenome
iscontainedincontigsofsizeatleastequaltoN50.AndthecorrectedN50sizeis
theN50sizeobtainedaftersplittingcontigsateacherror.Theresultsshownthat
MaSuRCA[Ziminetal.,2013],whichisastringgraph-basedmethod,strongly
providesthebestresultsonHiSeqreads(3of3species),whileitprovidesgood
resultsonMiSeqreads(similarlytoSPAdes[Bankevichetal.,2012],whichisa
deBruijngraph-basedmethod).

Figure2.7: Toolsfordenovoassemblywhichareimplementedin2005-
2010[Zhangetal.,2011].

Table2.5: Comparisonofcorrected N50contigsizes,showninkilo-
bases[Magocetal.,2013].

Speciesassembled
HiSeq(100bp)reads MiSeq(250bp)readsAssembler

R.sphaeroides M.abscessus V.cholerae B.cereus R.sphaeroides M.abscessus V.cholerae
ABySS 13.0 115.7 93.0 130.6 21.4 68.5 60.3
CABOG 11.2 78.2 48.8 150.5 30.5 8.3 32.5
MIRA 17.7 129.2 87.1 100.0 15.4 75.0 108.7
MaSuRCA 176.8 194.0 236.4 246.7 130.7 36.2 71.6
SGA 12.1 27.9 23.4 25.5 9.1 12.8 27.3
SOAPdenovo 10.5 147.2 106.5 246.3 33.5 113.3 65.5
SPAdes 83.5 147.9 77.1 103.7 118.1 215.4 246.6
Velvet 13.1 60.3 39.5 24.5 24.2 41.5 67.1
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2.1.2/ PHYLOGENETICANALYSIS

Anyphylogeneticanalysismainlycontains3steps,whicharethemultiplealign-
mentofconsideredsequences,theselectionofamutationmodel,andthedis-
coveryofthebestevolutionarytreethatisabletorecoverthealignmentprofile,
consideringthemutationmodel.Thesethreestepsaredetailedhereafter.Note
thatthestate-of-the-artpartrelatedtomultiplesequencealignmentandtheiruse
forphylogeneticanalysishasbeenstudiedincommonwithmycolleagueBashar
Talib,andwritten“fourhands”asourinvestigationsinthisfieldhavebeenper-
formedtogether,inteam.

2.1.2.1/ MULTIPLESEQUENCEALIGNMENT(MSA)

Multiplesequencealignmentisanexpansionofpairwisealignmenttocombine
morethantwosequencesatatime.Theyareimplementedtoidentifyconserved
regionsamongasetofsequences,evaluatingbydoingsoiftheyareevolutionarily
related.Alignmentsarealsousedtohelpinbuildingevolutionaryrelationshipson
phylogenetictreesconstruction,asdescribedinthenextsection.

ThegoalofMSAistoalignallofthesequencesinagivensetifpossible. A
MSAisthusacollectionofthreeormorenucleotideoraminoacidsequences
thatarealignedpartiallyorentirely.Identicalresiduesarealignedincolumns
acrossthelengthofthesequences.Thesealignedresiduesarehomologousin
afundamentalsenseoreveninanEvolutionaryone:theyhaveprobablyderived
fromacommonancestor.

Figure2.8isanexampleoftheresultofMSAappliedonMycobacteriumtubercu-
losis.However,assoonasthesequencesexhibitsomedivergence,theproblem
ofmultiplealignmentsbecomesextraordinarilydifficulttosolve.Andifexactap-
proachesproduceoptimalalignments,theyarenotfeasibleintimeorspacefor
morethanafewsequences.Letusfinallynoticethatthealignmentaccuracycan
behardtoestimateandtheiractualbiologicalsignificancecanbeambiguous.

Inpractice,averypopularprogressivesequencealignmenttoolistheClustal
family[HigginsandSharp,1988],inparticulartheweightedvariantClustalWthat
isincorporatedinmanywebtoolslikeGenomeNet7orEBI8.Anotherimportant
progressivealignmentapproachiscalledT-Coffee[Notredameetal.,2000],which
operatesasapostprocessingonvariousMSAsofthesamesetofsequences
thatareprovidedbyotherexistingmethodslikeClustal. Duetoitsprincipleof
conception,T-CoffeeisslowerthanClustalanditsderivativesbut,ingeneral,it
yieldsmoreaccuratealignmentsfordistantlyrelatedsequencesets.

7http://align.genome.jp/
8http://www.ebi.ac.uk/clustalw

http://align.genome.jp/
http://www.ebi.ac.uk/clustalw
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Figure2.8:MultiplesequencealignmentofvarioussequencesofMycobac-
teriumtuberculosis.

2.1.2.2/ NUCLEOTIDESUBSTITUTIONMODELANDTOOL

Substitution models Overtime,nucleotidesequencescan”evolve”through
substitution.Thisprocesscancauseanucleotide(A,C,TorG)tochangeinto
anothernucleotide,andthisisoneofthemostcentraldrivingforcebehindevolu-
tion.ThismodificationinaDNAsequencemayleadtoaninactivationofagene
ortoamutationintheproteinthatthesequencecodes.Asproteinsarethebuild-
ingblocksoforganiclife,thismaycausesignificantvariationsinanorganism’s
characteristics. Alternatively,thismodificationmayhavenoeffectatall,being
silent.

Estimatingtheevolutionoforganismsoverhundredsofmillionsofyears,models
ofnucleotideevolutionarehelpfulinspeculatinghowonesequenceofnucleotides
mayhaveevolvedfromanother.Thesemodelscanbeinferredbyeitherassuming
thattwogivensequenceshadsharedacommonDNAancestororbyassuming
thatonesequenceevolvedintotheother.

Atthesimplestlevel,theproportioncanbeusedtodefinesuchamatrixPof
nucleotidesubstitution:

Pd=
nd
n

(2.1)

wherenindicatesthetotalnumberofnucleotidesinthesequence,andndisthe
numberofbased,whered∈{A,C,G,T}.Otherricherprobabilisticmodelshave
beenproposedintheliterature,toprovideamoreaccurateestimationofthemu-
tationmatrixP,likeJukesandCantor[WilsonandSarich,1969],Kimura[Kimura,
1980],andTamuraandNei[TamuraandNei,1993].Someofthemaredetailed
hereafter.

Afirstmodelforgenomeevolutionwasproposedin1969byThomasJukesand
CharlesCantor(JCmodel[WilsonandSarich,1969]).Thisfirstmodelisvery
simple,asitsupposesthateachnucleotideA,C,G,Thasthesameprobabilitya
tomutatetoanyothernucleotide,asshowninFigure2.9.

JukesCantor:a=
−3

4
ln(1−(

4p

3
)) (2.2)

In1980,MotooKimura[Kimura,1980]proposedtoconsiderdifferentparameters
fortransversionsandtransitions.Letusrecallthatatransitionisanucleotide
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Figure2.9:TheJukes&Cantor(JC)modelassumesthatallthesubstitution
probabilitiesareequal.

changebetweenpurinesAandG,orbetweenpyrimidinesTandC,whilea
transversionisapurine↔pyrimidinechange.Kimurathusproposestoconsider
atransitionrateα(perunittime)andadifferenttransversionrateβ,asshownin
Figure2.10.

Figure2.10:TheMotooKimuramodelassumesdifferentratesoftransitions
andtransversions.

Sincethen,nucleotidesubstitutionmodelshavebeendevelopedintomanydiffer-
enttypesthatarebiologicallyplausible.Amongthem,themostgeneralnucleotide
substitutionmodelisthegeneraltime-reversibleone(GTRmodel[Tavaŕe,1984]),
whichhasunequalbasefrequenciesandalsoinvolves9parameters,including3
differentstationaryprobabilitiesand6differentsubstitutionratesamongthefour
A,C,G,Tstates.Finally,assomeresearchersconsideredthatsomenucleotide
sitesmaybeinvariantovertime,ithasbeenproposedtomodelthesubstitution
ratesofthevariantsitesbyaGammadistribution[TamuraandNei,1993,Neiand
Gojobori,1986,Yang,1994].ThisleadstoanextensionoftheGTRmodel,which
iscalledGTR+I+Γ.Istandsfortheproportionofinvariantsitesthatfitsthestable
dataset,whileΓstandsforgammadistributedratesamongthevariantsitesthat
areabletomodelheterogeneity.ThusIandΓarenegativelycorrelated,asΓ
reflectstheabsenceofIinsimulations[Lemeyetal.,2009].

Notethat,insteadofconsideringthesubstitutionrateamongnucleotidesym-
bols(A,T,C,G),wecanfocusonamino-acidsforproteinsasshowninFig-
ure2.11.Letusrecallthateachcombinationofthreenucleotides,calledacodon,
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encodesoneaminoacid.Sincethereare64codonsandonly20aminoacids,
thegeneticcodeisthusredundant,andamutationinanucleotidedoesnotnec-
essarilyleadtoamutationintheamino-acid.Thisexplainswhylarger(20×20)
mutationmatricesofaminoacidshavebeeninvestigatedtoo,torefinetheinfor-
mationprovidedbythenucleotidemutationones9.

Assubstitutionmodelsprovideamutationratepertimeunit,theycanbeusedto
measurethe“distance”betweentwosequences,estimatingthedatewhenthey
startedtodivergefromacommonancestor.Andgivenasetofsequences,group-
ingthem2by2accordingtotheirproximity,andputtingatlinknodethesequence
atmid-distanceofboth,leadstofirstideasonhowtoinferaphylogenetictree.
Thisiswhy,inordertoestimatethespeciestree,amodelfortheevolutionof
SNPsovertimeisneeded.Itisappliedonalignedsequences,thataredescribed
below.

Figure2.11:Thegeneticcodeistheuniversalsystemthatassignsamino
acidsaccordingtocodons[Godfrey-SmithandSterelny,2008].

JModeltest Accordingtotheirownwebsite,jModelTest[Darribaetal.,2012]
isatooltocarryoutstatisticalselectionofbest-fitmodelsofnucleotidesubstitu-
tion.Fivedifferentmodelselectionstrategiesareembedded,namely:hierarchical
anddynamicallikelihoodratiotests,AkaikeandBayesianinformationcriteria(as
knownasAICandBIC),andadecisiontheorymethod.Italsoprovidesestimates
ofmodelselectionuncertainty,parameterimportanceandmodel-averagedpa-
rameterestimates,includingmodel-averagedtreetopologies.

jModelTest2,foritspart,includeshighperformancecomputingcapabilities.Addi-
tionalfeaturesareembeddedtoo,likeheuristicfiltering,newstrategiesfortreeop-
timization,model-averagedphylogenetictrees(bothtopologyandbranchlength),
andautomaticloggingofuseractivity.Forfurtherinformation,see,e.g.,[Darriba
etal.,2012]

9jModeltest2.0[Posada,2008]canbeusedtoestimatedthebest-fitsubstitutionmodelfora
givendataset,seeafurthersection.
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2.1.2.3/ PHYLOGENETICTREEANDPHYLOGENETICNETWORKS

Aboutphylogenetictrees Anevolutionaryorphylogenetictreeisanacyclic
graph(orbranchingdiagram,seeFigure2.12)thatisusedtoemphasizeevolu-
tionaryrelationshipsamonggroupsofbiologicalspecies,thatis,theirphylogeny
baseduponsimilaritiesandvariationsintheirgeneticorphysicalcharacteristics.
Thenodesareconnectedinthetreebybranches.Thelatterhighlighttherelation-
shipbetweentaxonomicunits(TU)attheleavesofthetreeandtheirancestors,
correspondingtotheinternalnodesofthegraph.Eachbranchhasalengththat
represents,forexample,thenumberofexpectedmutationspersite(inamino-
acidsornucleotidesequences)thathaveprobablyhappenedinthesebranches,
inasequencebasedphylogeny.Thus,branchlengthsprovidethetimeofvaria-
tionbetweentwoorganismsandtheircommonancestor.Therearebasicallytwo
kindsofphylogenetictrees:

Figure2.12:Exampleofaphylogenetictreestructure.

•TheunrootedPhylogeneticTrees:evaluatetherelationshipsbetweenall
thegivenTUs.However,theyusuallydonotprovidesufficientinformation
todeducetheevolutionfromthelastcommonancestors.

•TherootedPhylogeneticTrees: embedarootnodethatrepresentsthe
lastcommonancestorofallTUsinthetree.Themainwaytorootatreeis
tospecifyanoutgroup,whichisaTUknowntobeoutsidethegroupofTUs
underconsideration.Thislattercanbeaspeciesknowntohavediverged
beforethedivergenceoftheconsideredTUs.

Itcanbenoticedthatthetimeofevolutionofarootedspeciesrepresented
byarootedphylogenetictreecanbecomputedfromeachsub-ancestorto
thelastcommononewheneitherthedateofdivergenceorthedivergence
rateareknown.Untilnow,however,thisquestionisstillanintensivesubject
ofresearch.Forfurtherinformation,see,e.g.,[Soltisetal.,1999,Pevsner,
2005,EatonandRee,2013].
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Themostknownandcommonlyusedmethodsoftreeconstructioncanbeclas-
sifiedintotwocentraldivisions:distance-basedandcharacter-basedmethods.

Distance-basedmethodsbeginbytransformingtheoriginaldataintoamatrixof
pairwisedistancevalues.Thenextstageistoinferatreeeitherbysequential
joiningapproaches,orbyestimatingasetofcandidatetreesandapplyingatype
ofoptimalitycriteriontechniquetoselectthebestone.Undertheminimumevo-
lutioncriterion,thetreethathasaminimumsumofbranchlengthsisselectedas
thebestestimate.Distance-basedalgorithmsencompassUPGMAandNeighbor-
Joining,thislatterbeingexplainedinthenextsubsection.

Character-basedmethodscandependonadivergenceofphylogeneticcharac-
terssuchasgeneticandmolecularattributestoconstructphylogenetictrees.As
longasthatthereisdivergenceamongtaxainthecharacteristicandthatthechar-
acteristicisheritable,itcouldprobablybeacceptedasaphylogeneticcharacter.
Protein,DNA,andRNAsequencescanbeconsideredasphenotypicattributes.
Molecularphylogeneticsattemptstoestimatetheratesandpatternsofchange
occurringinthesequencesandtoreconstructtheevolutionaryhistoryoforgan-
isms.

Algorithmsusedtocreatephylogenetictreesusingcharactersaremorecom-
plicatedthandistance-basedmethods[Felsenstein,1988].Thealgorithmsare
basedonanoptimizationcriterionsuchasMaximumLikelihood,MaximumParsi-
mony,orBayesianmethodsinordertofindthebesttreeaccordingtotheconsid-
eredcharacters.Forthesakeofillustrations,wewilldetailsuchmethodsatthe
endofthischapter.

Neighbor-JoiningAlgorithm Aspreviouslysaid,theneighbor-joiningalgo-
rithmconstructsunrootedphylogenetictreesusingdistancemethods.Bothtopol-
ogyandbranchlengthsarecomputedbyiterativelyspecifying(basedonadis-
tancematrix)aneighborasapairofTUsthatarejoinedinasingleinternalnodeX
inanunrootedtree,dependingonthepreviouslycomputeddistancematrix.An
iterationoftheneighbor-joiningalgorithmconsistsofthefollowingsteps:

1. ConstructanunresolvedtreewithallTUsinastarlikestructurewithno
hierarchy.

2. Constructadistancematrixbypairwisecomparisonandcalculatethevalue
ofbranchlengths,toidentifythetwomostrelatedsequences(TUs): NJ
seekstobuildatreethatminimizesthesumofallbranchlengths.

3. DeterminewhichTUsareconnectedtoaninternalnodeX.Theyaretreated
nowasonesinglenewTU.

4. Jointheclosestneighbors(TUswithsimilarcharacters),thatis,thebase
pairthathasthesmallestsum-of-branch-lengths.

5. Thealgorithmisrepeateduntilthetopologyofthetreeisobtained.
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Theneighbor-joiningmethodproducesanunrootedtree.Thesumofthebranch
lengthsofNTUsinthetreeiscalculatedasfollows.LetusdefineDijandLABas
thedistancebetweenTUsiandjandthebranchlengthbetweennodesAand
Brespectively.Thesumofbranchlengthsofthetreeisdefinedbasedonthe
followingformula:

S=
N

i=1

LiX=
1

N−1
i<j

Dij/

ThedistancebetweennodesXandYiscalculatedasfollows:

LXY=
1

2(N−2)




N

k=3

(D1k+D2k)−(N−2)(L1X+L2X)−2
N

i=3

LiY


.

TheterminsidethebracketsisthesumofalldistancesincludingLXY,andthe
outerterm 1

2(N−2)
istoeliminateunrelatedbranchlengths.Formoreinformation,

see[SaitouandNei,1987,Brunoetal.,2000].

Neighbor-joining[SaitouandNei,1987]isamethodwhichisespeciallysuited
fordatasetscomprisinglineageswithbroadlyvaryingratesofevolution.Itcan
beusedincombinationwithtechniquesthatallowcorrectionforsuperimposed
substitutions.

MaximumParsimony Themaximumparsimonymethod[Tatenoetal.,1994]
aimsatminimizingbranchlengthsbyreducingthenumberofmutations.Thisap-
proachpredictstheevolutionarytreethatminimizesthenumberofactionsneeded
togeneratethemarkedvariationinthesequencesfromcommonancestralse-
quences.Inamaximumparsimonyphylogeneticstudy,forgivensequences,a
MSAalgorithmisusedtoalignthesequences,andtoidentifytheinformativepo-
sitions,thatis,columnsinthemultiplesequencealignmentwithnogapandat
leasttwocharacters.

Thenextstepistocountthenumberofchangesandassignthiscosttoeach
generatedphylogenetictree.ThemethodthencomputesthetotallengthLfor
eachtree,whichiscalculatedaccordingtothefollowingformula:

L=
C

j=1

wjlj,

whereljisthecostforcharacterj,Cisthetotalnumberofcharacters,andwiis
theassignedweightforeachcharacter,whichissetto1inmostcases.Thetree
thatmaximizesthisLvalueisfinallyselected.

Bayesian methods Forthesakeofcompleteness,weevokeherethewell-
knownandfrequentlyusedBayesianmethods[Huelsenbecketal.,2001],which
estimatethephylogenybycalculatingtheconditionalprobabilitygiventhemodel,
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basedonthefollowingformula:

Pr[Tree|Data]=
Pr[Data|Tree]×Pr[Tree]

Pr[Data]

wherePr[Tree|Data]iscalledaposteriorprobabilitydistribution10.

Bayesianmethodscanthusapplyamodelofsequenceevolutionandareideal
forbuildingaphylogenyusingsequencedata.

MaximumLikelihood TheMaximumLikelihood(ML)criteriarequiresaproba-
bilisticmodelfortheevolutionaryprocessandfindsthemostlikelytree,giventhe
probabilisticmodelandtheknownsequencesattheleaves.Inotherwords,ML
techniquesareusedtodeterminethetopologyandbranchlengthsthathavethe
largestlikelihoodtoproducethealigneddata,providingthesubstitutionmodel
andthetree.Thelikelihoodvalueiscomputedafterthealignmentstageandby
consideringsomeDNAoraminoacidssubstitutionmodels.

InMLmethod,thesearchingspaceisfulfillusingaquartetprogram.Thislatter
findsallpossiblesequencecombinationsfortreereconstruction,whiletheMaxi-
mumParsimonycriteriapreferssolutionsthatminimizethenumberofmutations
alongthetreeedges[Addario-Berryetal.,2004].BayesianmethodsandMax-
imumlikelihoodcanapplyamodelofsequenceevolutionandareidealtocon-
structaphylogenyusingdatasequences.Themaindrawbackofthesemethods
isthattheyarecomputationallyexpensive.However,withtoday’scomputers,this
isnottoomuchaproblem.

Oneofthemostcommontestsusedtoevaluatethereliabilityofadeducedtree
istheso-calledFelsenstein’sbootstraptest[Felsenstein,1985],whichisusually
estimatedusingEfron’sbootstrapresamplingtechnique[Efronetal.,1996].It
isaccomplishedinpracticebysamplingtheinputdata[Soltisetal.,2003]and
measuringtheproportionofdeducedtreesthatsupporteachbranchofthebest
treepreviouslyobtained.Asaglobalrule,ifthebootstrapvalueforagiveninternal
branchis95%orhigher,thetopologywillbeconsidered“valid”atthatbranch11.

PhylogeneticnetworksandNeighborNet Ifphylogenetictreesaretheusual
mathematicalmodelstorepresenttheevolutionofspeciesorgenes,theyare
notabletorepresenteventslikerecombination,hybridization,orevenhorizontal
genetransfer.Whensucheventsoccur,somebranchesofthetreemustcombine
intoareticulationnode,andbydoingso,thetreebecomesanetwork.Theways
toconstructsuchnetworksdependsontheavailabledata. Suchdatacanbe
ofdifferentkinds:sequences,distancesbetweenthesesequences,rootedor
unrootedtrees,triplets(rootedtreesonthreeleaves),quartets(unrootedtrees

10Aposteriorprobabilityistheprobabilitythatthetreeisconsideredtobecorrect,ifithasthe
maximumprobability.
11InBayesianapproaches,thisistheposteriorprobabilityitselfthatgivesanevaluationofro-
bustness:thesupportofabranchincreaseswithitsprobability.
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onfourleaves),splits(bipartitionsofthesetofleaves),clusters(subsetofleaves
whichshouldappeartogetherinthenetwork),andsoon.

Variousproblemsarerelatedtophylogeneticnetworks,likehowtographically
representthemorhowtocomparetwonetworks.Someofthemarepolynomial
whileothersareNP-completeones. Fixed-parametertractable,approximation
algorithms,orheuristicshavethusbeendevelopedtosolvethem.Dependingon
theproblemaddressed,anditscomplexity,thenetworkusedintheanalysismay
beanexplicitphylogeneticnetworkifitdescribesbiologicalevents,oranabstract
phylogeneticnetworkifitsedgesmaynotbeinterpretedbiologically.Apopular
exampleofsuchabstractnetworksisthesplitnetwork,whichcanbeusedasa
visualizationofasetofincompatiblephylogenetictrees,thereforegivingsome
understandingontheconflictspresentinthedata.

Awell-knownalgorithmforconstructingphylogeneticnetworksistheso-called
NeighborNet[BryantandMoulton,2002],whichislooselybasedontheneighbor
joiningalgorithmpresentedpreviously.Likeneighborjoining,themethodtakes
adistancematrixasinput,andworksbyagglomeratingclusters. However,the
NeighborNetalgorithmcanleadtocollectionsofclustersthatoverlapanddonot
formahierarchy,andarethusrepresentedusingasplitnetwork.Thismethod
isimplementedintheSplitsTreepackage[HusonandBryant,2006].Forfurther
information,see,e.g.,[Husonetal.,2011].

2.1.2.4/ TIMETOTHEMOSTRECENTCOMMONANCESTOR

TheTimetotheMostRecentCommonAncestor(TMRCA)istheamountoftime,
ornumberofgenerations,sinceindividualshavesharedtheirlastcommonan-
cestor.Sincemutationsoccuratrandom,theestimateoftheTMRCAisnotan
exactnumber(i.e.,tengenerations)butratheraprobabilitydistribution.Indeed,
theTMRCAestimatebecomesmorerefinedwhenmoreinformationiscompared.

Ingeneral,thedivergencedateanalysisrequires2elementsofcalibrations[Ho
andPhillips,2009].

•Calibrationsofnodesintheevolutionarytree,whichcanbedividedin:(i)ter-
minalnodesforheterochronoussequencedataanalysisorincludingdated
fossilsinmorphologicalcharacteranalysis,(ii)internalnodes(divergenceof
coalescentevents)analysisthatusesfossilrecordordatedbiogeographic
eventstogetherwithanaprioriknowledgeoftaxarelationships.

•Calibrationofsubstitutionratewhichcanbeestimatedfrommolecularclock
model.

Interestingly,thestructuredcoalescentmethod,whichisinMultiTypeTreetem-
plateofBEAST2,isvaluableforepidemiologicalstudysincespatialdataistaken
intoaccounttoestimateTMRCA.Furtheradditionalassignscanberequiredfor
thegeneralcalibrations,suchasthelocationofterminalnodesandamigration
modelfortheinternalones[MüllerandVaughan,2017].
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Tosumup,theestimationofthedivergencetimecanbecomputedusingBEAUti
andBEAST[Bouckaertetal.,2014].Afterhavingimportedthesequencesand
computedtheiralignment,wehavetosetthedatesofthetaxa(bydefault,they
haveadateofzero,whichwillbecorrectifallthesequencesweresampledat
approximatelythesamepointintime). Then,theevolutionarymodelmustbe
chosenwithitssubstitutionrates,forinstanceprovidedbyJModelTest2. Next,
clockmodelandpriorsshouldbespecified. Finally,theMarkovchainMonte
Carlo(MCMC)methodcanberun,tofindthesearchedTMRCA.

2.1.3/ COMPARATIVEGENOMIC

Inthissection,somewell-knowntoolsincomparativegenomicsarerecalledwith
theirfunctioning.Theobjectivehereisnottobeexhaustive,buttofocusontools
wefinallyselectedaftervariousintensivetests.

2.1.3.1/ GENOMEALIGNMENTUSINGMUMMER

MUMmer[Delcheretal.,1999b]isasystemforrapidlyaligningentiregenomes.
Usinganefficientdatastructurecalledasuffixtree(cf. aprevioussection),
thesystemisabletorapidlyalignsequencescontainingmillionsofnucleotides.
MUMmercanalsoalignincompletegenomes:asexplainedinitswebsite,MUM-
mercaneasilyhandlethe100sor1000sofcontigsfromashotgunsequenc-
ingproject,andwillalignthemtoanothersetofcontigsoragenomeusingthe
NUCmerprogramincludedwiththesystem.Ifthespeciesaretoodivergentfora
DNAsequencealignmenttodetectsimilarity,thenthePROmerprogramcangen-
eratealignmentsbaseduponthesix-frametranslationsofbothinputsequences.
MUMmer4isplannedtobereleasedin2017,inwhichtheNUCmerprogramcan
handlegenomesofunlimitedsizeandrunsmulti-threaded.

2.1.3.2/ GENESEARCH:BLAST,BLAT,ANDGMAP

BLAST BasicLocalAlignmentSearchTool(BLAST)isadatabasesequence
searchengineproposedbytheNationalCenterforBiotechnologyInformation
(NCBI).ThefirstversionofBLASTwaspublishedin1990anditsupportedonly
ungappedsearches.Thesecondversion,releasedin1997[AltschulandGish,
1996],hasbeendesignedtodeterminehigh-scoringlocalalignmentsbetween
sequences,withoutdiscreditingthespeedofsuchsearches.BLASTaddresses
thusanessentialprobleminbioinformaticsresearch.Itusesaheuristicprocess
thatattemptslocalascrossedtoglobalalignmentsand,therefore,itissuitable
toidentifyrelationshipsbetweensequences(aminoacidsequencesofproteinsor
thenucleotidesofDNAsequences)whichshareonlyisolatedregionsofsimilar-
ity[Altschuletal.,1990].
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Table2.6displaysthedifferentBLASTprogramsavailableontheNCBIweb
server.

Table2.6:BLASTprograms. http://www.ncbi.nlm.nih.gov/BLAST/
Program Comparison Application

BLASTN
DNAvs.DNA.Comparesanucleotide
querysequenceagainstanucleotide
sequencedatabase.

FindDNAsequences
thatmatchthequery

BLASTP
Proteinvs.Protein.Compares
anaminoacidquerysequence
againstaproteinsequencedatabase.

Findidentical(homologous)
proteins

BLASTX
DNAvs.Protein.Comparesanucleotide
querysequencetranslatedinallreading
framesagainstaproteinsequencedatabase.

Findproteindatabasesusing
atranslatednucleotidequery

TBLASTN
Proteinvs.DNA.Comparesaproteinquery
sequenceagainstanucleotidesequencedatabase
dynamicallytranslatedinallreadingframes.

Findgenesinunknown
DNAsequences

TBLASTX

DNAvs.DNA.Comparesthesix-frame
translationsofanucleotidequerysequence
againstthesix-frametranslationsof
anucleotidesequencedatabase.

Finddegreeofhomology
betweenthecodingregionofthequery
sequenceandknowngenesinthedatabase.

BLAT BLAT[Kent,2002],whichstandsfor“BLAST-likealignmenttool”,issimilar
inmanywaystoBLAST.Theprogramrapidlyscansforrelativelyshortmatches
andextendstheseintohigh-scoringpairs.However,BLATdiffersfromBLASTin
somesignificantways:

•BLASTbuildsanindexofthequerysequenceandthenscanslinearly
throughthedatabase. Conversely,BLATbuildsanindexofthedatabase
andthenscanslinearlythroughthequerysequence.

•WhereBLASTtriggersanextensionwhenoneortwohitsoccurinproximity
toeachother,BLATcantriggerextensionsonanynumberofperfector
near-perfecthits.

•BLASTreturnseachareaofhomologybetweentwosequencesasseparate
alignments,whileBLATstitchesthemtogetherintoalargeralignment.

•Finally,BLASTdeliversalistofexonssortedbysize,withalignmentsex-
tendingslightlybeyondtheedgeofeachexon.BLAT,foritspart,effectively
“unsplices”mRNAontothegenome–givingasinglealignmentthatuses
eachbaseofthemRNAonlyonce,andwhichcorrectlypositionssplice
sites.

GMAP GMAP[Wuand Watanabe,2005]isastandaloneintegratedgenomic
mappingandalignmentprogramforcDNAsequences–bothmessengerRNAs
(mRNAs)andexpressedsequencetags(ESTs)– mappedandalignedtoa
genome. Comparedtothestateoftheart,thisprogramshowsimprovedper-
formances(intermsofspeedandaccuracy)andenhancedfunctionality,making
itpossibleto:

http://www.ncbi.nlm.nih.gov/BLAST/
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1. mapandalignasinglecDNAinteractivelyagainstalargegenomeinabout
asecond,withoutthestartuptimeofseveralminutestypicallyneededby
existingmappingprograms;

2. switcharbitrarilyamongdifferentgenomes,withouttheneedforapre-
loadedserverdedicatedtoeachgenome;

3. runtheprogramoncomputerswithaslittleas128MBofRAM(random
accessmemory);

4. performhigh-throughputbatchprocessingofcDNAsbyusingmemorymap-
pingandmultithreadingwhenappropriatememoryandhardwareareavail-
able;

5. generateaccurategenemodels,eveninthepresenceofsubstantialpoly-
morphismsandsequenceerrors;

6. locatesplicesitesaccuratelywithouttheuseofprobabilisticsplicesitemod-
els,allowinggeneralizeduseoftheprogramacrossspecies;

7. detectstatisticallysignificant microexonsandincorporatethemintothe
alignment;andfinally

8. handlemappingandalignmenttasksongenomeshavingalternateassem-
blies,linkagegroupsorstrains.

Thereaderisreferredto[WuandWatanabe,2005]forfurtherinformation.

2.1.3.3/ INSERTIONSEQUENCES(IS)TOOLSANDDATABASE

Basicrecalls Letusfirstlyrecallthatinsertionsequencesarerelativelyshort
andgeneticallycompactDNAsegments(between0.7and3.5kbp)encodingno
functionotherthanthoseinvolvedintheirmobility. Many,butnotall,carryshort
(<40bp)imperfectinvertedrepeats(IR)attheirendsandgenerateasmall(be-
tween2and14bp)duplicationofthetargetDNAflankingthepointofinsertion
(DR,seebelow). Atpresent,anestimated3500differentISshavebeende-
tectedfrombothbacteriaandarchaea[Hickmanetal.,2010,Zhouetal.,2008].
Theyhavebeenobservedinmostbacterialgenomesandplasmidswherethey
maybepresentinhighnumbers[Siguieretal.,2006b,Siguieretal.,2012].IS
elementshaveanimportantroleinthediversificationandevolutionofbacterial
genomes[Ookaetal.,2009].

ISsareclassifiedinfamilies(seeFigure2.13,Tables2.7,2.8[Siguieretal.,2014])
usingalargevarietyofcharacteristics[MahillonandChandler,1998],including
thefollowingones:

1. thelengthandsequenceoftheshortimperfectterminalinvertedrepeats
(IRs)carriedbymanyISsattheirends(TIRsorITRsineukaryotes);
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2. thelengthandsequenceoftheshortflankingdirecttargetDNArepeatsDRs
(TSD,targetsiteduplication,ineukaryotes)oftengeneratedoninsertion;

3. theorganizationoftheiropenreadingframes;

4. thetargetsequencesintowhichtheyinsert.

However,theprincipalfactorinISclassificationisthesimilarity[Siguieretal.,
2014],attheprimarysequencelevel,oftheenzymeswhichcatalyzetheirmove-
ment,namelytheirtransposases(Tpases)–see“MajorISgroupsaredefinedby
transposasetype”inFigure2.13.

Figure2.13:DistributionofISfamiliesintheISfinderdatabase. Thehis-
togramshowsthenumberofISofagivenfamily,asdefinedinthetext,inthe
ISfinderdatabase(June2013).Thehorizontalboxesindicatethenumberand
relativesizeofdifferentsubgroups(seeTable1forthesubgroupnames)within
thefamily.TheyaregroupedbycolortoindicatethetypeofTpaseused:DDE,
blue;undetermined,purple;DEDD,green;HUH,red;andSerine,orange.

Tothebestofourknowledge,thereareonlysixtoolsthatdealwithdetectingIS
elementswithinprokaryoticgenomes.ISAisnotpubliclyavailable,whileIScan,
ISsaga,andOASISaredownloadable.ThebiggestISdatabaseofbacteriaand
sixstate-of-the-arttoolsarepresentedthereafter.

ISFinderThisisadatabasededicatedforbacterialinsertionsequencesde-
velopedin2006byP.Siguieretal. Thesesequencesrepresentoneofthe
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largestgroupsof mobilegeneticelements,whicharesegmentsofDNAthat
encodeenzymesandotherproteinsthatmediatethemovementofDNAwithin
genomes(intracellularmobility)orbetweenbacterialcells(intercellularmobility),
see,e.g.,[ChandlerandMahillon,2002,Frostetal.,2005,Craigetal.,2002].
OneoftheISfindercapabilityistoassignISnamesandtoprovideafocalpoint
foracoherentnomenclature.Itisalsoarepositoryforinsertionsequences.Each
newISisindexedtogetherwithinformationsuchasitsDNAsequenceandopen
readingframesorpotentialcodingsequences,thesequenceoftheendsofthe
elementandtargetsites,itsoriginanddistributiontogetherwithabibliography
whenavailable.AnotherobjectiveistocontinuouslymonitorISstoprovideup-
datedcomprehensivegroupingsorfamilies.

IScanIScanidentifiesbacterialISsandtheirsequenceelements–invertedand
targetdirectrepeats–inmultiplegenomesusingmultipleflexiblesearchparame-
ters.Thistool,developedbyWagneretal.[Wagneretal.,2007],hasbeenpro-
posedin2007.InvertedrepeatsarefoundusingSmith-Waterman12algorithm.
IScanhasbeenappliedon438completelysequencedbacterialgenomesbyus-
ingBLASTwithreferencedtransposases,todeterminewhichtransposasesare
relatedtoinsertionsequences.IScanidentifiesISsinthreemajorsteps.

•IdentificationoftransposaseORFs: IScanidentifiestheORFsofan
ISthroughatblastnsearch(using WUBLAST[Altschuletal.,1997],
http://blast.wustl.edu/)whichmatchesthequeryaminoacidsequence(s)to
thetranslationproductsofthegenomicsequenceinallsixpossiblereading
frames.

•Identificationof(candidate)invertedrepeats: IScanappliesauser-
specifiablealignmentalgorithm,suchasSmith-Watermanlocalalignment
one[SmithandWaterman,1981].

•Identificationof(candidate)directrepeats:thefinalstage.

ISAISAhasbeencreatedbyZhouetal.in2008[Zhouetal.,2008].Thisanno-
tationprogramdependsonbothNCBIannotationsandISFinder.Moreprecisely,
authorsmanuallycollected1,356ISelementswithbothsequencesandtermi-
nalsignalsfromtheISFinderdatabase,whichhavebeenusedastemplatesfor
identificationofallISelementsandmapconstructioninthetargetedgenomes.
ISA,whichisnotpubliclyavailable,hasfinallybeenusedforananalysisof19
cyanobacterialand31archaealannotatedgenomesdownloadedfromNCBI.

12TheSmith-Watermanalgorithmperformslocalsequencealignmentfordeterminingsimilar
regionsbetweentwostrings(nucleotideorproteinsequences).Insteadoflookingatthetotalse-
quencelikeinNeedleman-Wunsch,Smith-Watermancomparessegmentsofallpossiblelengths
andoptimizesthesimilaritymeasure.ThealgorithmwasfirstproposedbyTempleF.Smithand
MichaelS.Watermanin1981.
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Asanillustrativeapplication,theauthorsofISAfocusedontherecentlyactiveIS
elements(raIS),whicharedefinedasISelementswithmultiplecopiesofhighly
similarsequencesinthesamegenome[Rayetal.,2007].Theyfoundthat:

1. theactivitiesofISelementsheavilydependontheenvironmentswherethe
hostorganismslive;

2. thenumberofrecentlyactiveISelementsinagenometendstoincrease
withthegenomesize;

3. theflankingregionsoftherecentlyactiveISelementsaresignificantlyen-
richedwithgenesencodingDNAbindingfactors,transportersandenzymes;
and

4. ISmovementsshownotendencytodisruptoperonicstructures.

ISsagaISsaga13,foritspart,hasbeendevelopedin2011byVaranietal.[Varani
etal.,2011].ISsagaisanensembleofweb-basedmethodsforhighthroughput
identificationandsemiautomaticannotationofinsertionsequencesinprokaryotic
genomes.TheyusedeightdifferentbacterialgenomesdownloadedfromNCBI,
andproducedawebapplicationpipelinethatallowssemi-automatedannotations
basedonBLASTagainsttheISFinderdatabase.Amodularconstructionallows
theannotationprocesstobebrokendownintothreeinterconnectedsteps:protein
(IS-associatedORFidentification);nucleotide;andvalidationsteps.Thevalida-
tionstepprocessestheresultgeneratedbytheprevioussteps,andexportseach
predictedISidentifiedinthenucleotidesteptotheannotationtable.Thisisan
entirelymanualprocedure,wheretheannotatormustverifyeachISprediction
result. Obviously,thisrequiressomeISannotationexpertiseand,asaconse-
quence,ISsagacannotautomaticallyidentifynewinsertionsequenceswhichare
notalreadypresentinISFinderdatabase.

ISsagacanfundamentallycontributetoinsertionsequencestudiesintwoways.
Firstly,byenrichingtheISfinderdatabasebyhighthroughputannotationofcom-
pletelyassembledandscaffold-basedgenomes.Andsecondly,byadirectanaly-
sisofthemetagenomesthemselves.Althoughtypicalsequencerunsinmetage-
nomicanalysesareshort,enoughinformationcanbeavailabletoidentifyapar-
ticularISfromfragmentsattheDNAorproteinlevel.Anotheradvantageprovided
byacompletegenomeISannotationisthatitpermitsadetailedbasisonwhich
tocomparestrainsandspecies[Parkhilletal.,2003].

OASIS AnewcomputationaltoolforautomatedannotationofISshasbeenre-
leazedin2012byRobinsonetal.[Robinsonetal.,2012].Thistoolhasbeen
calledOASIS,whichstandsfor“OptimizedAnnotationSystemforInsertionSe-
quences”.Theyworkedwith1,737bacterialandarchaealgenomesdownloaded
fromNCBI.

13http://issaga.biotoul.fr/ISsaga/issagaindex.php

http://issaga.biotoul.fr/ISsaga/issaga_index.php
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OASISidentifiesinsertionsequencesineachgenomebyfindingconservedre-
gionssurroundingalreadyannotatedtransposasegenes.Itusesamaximum
likelihoodalgorithmtodeterminetheedgesofmulticopyISsbasedonconserva-
tionbetweentheirsurroundingregions.Fordefininginvertedrepeats,thesame
strategyasIScanwasused(Smith-Watermanalignment).Authorsalsousedhier-
archicalagglomerationclusteringtoidentifygroupsofISsbasedontheirlengths.

TheISssetisthenclassifiedaccordingtothefamilyandgroupafteraBLASTP
besthitinISFinderdatabasewithane-valuelowerthan10−12. Whenacluster
cannotmatchwithanyentryofthedatabase,theISsetisconsideredasnew,
seeinFigure2.14thefullwork-flowofOASIS.ThusOASIShastheabilityto
discovernewinsertionsequences,thatis,whichcannotbefoundinISFinder.

TheoutputsofOASISisconstitutedbytwofilesforeachgenome:afastafileand
agenefeaturegffone.Thegfffilecontainsonelineforeachinsertionsequence.
Anexamplelinelookslike:

NC002516.2OASISIS499832501193.+.setid“1”;family“IS3”;group“IS3”;
IRL“ATGGACTCCTCCC”;IRR“ATGGACTCCTCCC”;

Alongwiththeusualgffdata(chromosome,source,feature,start,end,score,
direction,andstrand),OASISprovidesattributesthatdescribetheinsertionse-
quence:

•setid:ISswithinagenomearedividedintosets,eachcontainingnearly
identicalcopies.

•family:Theidentifiedfamilyoftheinsertionsequence,basedontheIS-
finderdatabaseofISelements.

•group:Thegroupoftheinsertionsequence(subclassofISfinderfamily).

•IRL:Theleft(definedasupstreamofthecodingsequence)invertedrepeat
sequence,ifoneisfound.

•IRR:Theright(definedasdownstreamofthecodingsequence)inverted
repeatsequence,ifoneisfound.

ThefastafilecontainsthenucleotidesequenceofeachISandoneaminoacid
sequenceforeachopenreadingframe(ORF),seeFigure2.15. Recallthatan
ORFisthepartofareadingframethathasthepotentialtocodeforaprotein
orpeptide. AnORFisacontinuousstretchofcodonsbeginningwithastart
codon(usuallyATG)andendingwithastopcodon(usuallyTAA,TAG,orTGA),
see[Brown,2010]).

Table2.9showsthecomparisonbetweenOASISandthethreeothertoolsde-
scribedpreviously.

Infact,ISdetectioncanbeperformedoneitherfinishedgenomesorondraft
assembledones.But,obviously,thenumberofidenticalISsthatareinmultiple
copiescannotbereportedcorrectlyinthefirstkindofgenomes.Thisiswhywe
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Figure2.14:FlowchartportrayingthefullworkflowofOASIS[Robinsonetal.,
2012].

haveconsideredthat,todetecttheexactnumberofISs,wehavetoworkwith
readdata.

breseq isaworkflowtoidentifyandannotatemutationsofbacteria,bycompar-
ingreaddata(fastq)withacloselyrelatedreferencegenome.ItsISdetection
procedureisdescribedbelow[Barricketal.,2014].

•MapreaddatawithreferencegenomeusingBowtie2;

•Identifythejunctionevidence(JC)fromasplit-readmatchingatalocation
tofindinthereference,andmatchitagaininadistantsite.

•Predictthemobileelementinsertion(MOB).Thisstepisperformedifwe
havebeenabletorecover2JCsinthepreviousstep.

Breseqhasthreemainlimitations,whicharelistedhereafter:(i)itisunabletofind
newsequencesthatdonotexistinthereference,(ii)mutationsinrepeatregions
areproblematic,and(iii)chromosomalinversionsandrearrangementsthrough
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Figure2.15:ExampleofafastafileoutputtedbyOASIS.ItcontainstheIS
nucleotideswithstartandendpositions,andtheaminoacidsequence.

repeatsequencescannotbeconsidered.Letusfinallyremarkthatbreseqsup-
portsUnix/Linux,MacOS,andWindows,asitsprogramminglanguagesareC++
andR.

ISMapperisaninterestingtoolforISdetectionusingshortreaddatainfastq
formatandareferencegenome(fastaorgenbank).ItalsorequiresISsequences
infastaformatasalibraryforISidentification.

Firstly,itperformsamappingofreadstoitsISlibrarybyBsingWAu.ASAMfile
thatincludesleft-rightflankingreadsandsoftclippedreadsisthenoutputtedat
theendofthisstep.Afterthat,itmapsflankingreadsandsoftclippedreadstothe
referencegenome,whileremovinglowcoverageregionsbyconsideringdepthof
mappedoutput.Next,sequencesadjacenttotheISareidentifiedbycomparing



38 CHAPTER2.STATEOFTHEART

regionsoftheleftandrightendblockstothereferencegenome.Inthecaseof
knownISpositions,thecomparedregionswillbeintersected.Conversely,inthe
caseofanovelISposition,thecomparedregionsmustbecloseandcontainthe
overlappingsequencesfromleftandrightends.Finally,theprogramreturns2
outputfiles:(i)agenbankfileofthereferencesequence,and(ii)atabularfile
indicatingtheposition,orientationofeachinsertionsite,andsomeinformation
aboutthegenesflankingtheinsertionsite[Hawkeyetal.,2015].

LetusfinallyremarkthatISMapperiscompatiblewithUnix/Linux,MacOS,and
Windows.ItsprogramminglanguageisPython. Beforebeingabletouseit,
theuserhastoinstallthefollowingsoftware/libraries:BWA,SAMtools,Bedtools,
BLAST,Samblaster,andBiopython.

Otherrelatedworks Insertionsequenceshavebeenregardedtoointhefol-
lowingresearchworks:

•Thestudyontheplant-pathogenicprokaryoteXanthomonasoryzaepv.
oryzae(Xoo),whichcausesbacterialblight(oneofthemostimportantdis-
easesofrice)waspublishedin2005byOchiaietal.[Ochiaietal.,2005].
TheyusedGeneHacker[YadaandHirosawa,1996],GenomeGamblerver-
sion1.51,andGlimmerprogram[Delcheretal.,1999a]forcodingsequence
prediction.InsertionsequenceswerefinallyclassifiedbyaBLASTanalysis
usingISFinderdatabaseevokedpreviously.

•Touchonetal.,fortheirparts,haveanalyzed262differentbacterialand
archaealgenomesdownloadedfromGenBankNCBI14in2007[Touchon
andRocha,2007].AcodingsequencehasthenbeenconsideredasanIS
elementifitsBLASTPbesthitinISFinderdatabasehasane-valuelower
than10−10.

•In2010,Plagueetal.analyzedtheneighboringgeneorientations(NGOs)
ofallISsin326fullysequencedbacterialchromosomes. Theyobtained
primaryannotationsfromtheComprehensiveMicrobialResourcedatabase
(release1.0-20.0)attheInstituteforGenomicResearch15.Theirapproach
forextractingISelementsfromthesegenomeswastoconsiderthatacoding
sequencewithabestBLASTXhite-valuelowerthan10−10isaninsertion
sequence[Plague,2010].

•Finally,in2014,theanalysisoftheNGOsforallISelementswithin155
fullysequencedArchaeagenomeswaspresentedbyFloreketal.[Florek
etal.,2014].Todoso,theyhavelaunchedaBLASTPintheISFinder,with
ane-valuelesserthanorequalto10−10,forallproteincodingsequences
downloadedfromNCBIthatarerelatedtoISs.

14ftp://ftp.ncbi.nih.gov/genomes/
15http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi

ftp://ftp.ncbi.nih.gov/genomes/
http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi
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Twomajorconcernswiththetoolsdetailedinthischaptercanbeemphasized.
Firstly,mostofthemcannotdetectnewinsertionsequences.Secondly,mostof
thesetoolsarebasedonNCBIannotations,whichareofveryrelativeandvariable
qualities–exceptISsaga,whichcouldworkwithotherannotationtools(butit
dependsonlyontransposaseORFsthathavebeenalreadydefinedinISFinder).
Ourobjectiveinanextchapterwillbetoproposeapipelinethatsolvesthesetwo
issues,beingabletodealwithunannotatedgenomesandtodetectunknownISs.

2.2/ PSEUDOMONASAERUGINOSA

2.2.1/ GENERALPRESENTATIONANDECOLOGICALNICHE

Pseudomonasaeruginosaisoneofthemostfrequentandseverecausesofhu-
manopportunisticandacuteinfectionslikeventilatorassociatedpneumoniaand
burnwoundinfections[Vincent,2003,GellatlyandHancock,2013].Itisknownto
beaseveredriverofchronicrespiratoryinfectionsincysticfibrosispatients[Oliver
etal.,2008],anditisalsorelatedtovariousotherinfections,likeotitis,bac-
teriemia,enterocolitis,meningitis,orfolliculitis,tonameafew.

Althoughnotconsideredpartoftheresidenthumanmicrobiota,gastrointestinal,
upperrespiratorytractorcutaneouscolonizationmayoccur,particularlyamong
hospitalizedpatients[Oliveretal.,2015].Indeed,duetoitsremarkablemetabolic
plasticityandversatility,thisubiquitousmicroorganismisableofcolonizinga
widerangeofecologicalniches,includingaquaticandsoilhabitats,animals,and
plants,asreportedin[Silbyetal.,2011].

2.2.2/ PATHOGENICITY

P.aeruginosaisconsideredasoneofthemajornosocomialpathogenduetoits
remarkableabilitytofaceantimicrobialtreatments,anditsadaptabilityoriginated
fromitslargenumberofregulatorygenesandofvirulencedeterminants[Gellatly
andHancock,2013,Breidensteinetal.,2011].Relevanttreatmentsaredramati-
callyreducedbytheincreasingprevalenceofchronicandnosocomialinfections
causedbymultidrug-resistant(MDR)orextensivelydrug-resistant(XDR)strains.
Asaconsequence,P.aeruginosaisincreasinglyassociatedwithsignificantmor-
bidityandmortality[Mesarosetal.,2007,Livermore,2009].

Attheoriginofthisincreasingthreat,wefindthenoticeableabilityofP.aerug-
inosatodevelopresistancetoalmostallantibiotics.Thisisdonethankstothe
selectionofmutationsinchromosomalgenes,totheincreasingprevalenceof
transferableresistancedeterminants,liketheonesencodingclassβcarbapene-
mases(metallo-β-lactamases)orextended-spectrumβ-lactamases(ESBLs),see,
e.g.,[Livermore,2002,Listeretal.,2009]andtotheenhancedspontaneous
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mutationratesinmutatorisolates,particularlyfoundinchronically-infectedpa-
tients[Macíaetal.,2005].

Relationsbetweenpathogenicity,epidemicity,andantibioticresistanceareusu-
allyconsideredwhentryingtounderstandtheworldwidespreadofanypathogen,
whicharerelatedto[Oliveretal.,2015]:

•regulatorynetworksthatestablishinterconnectionsbetweenresistanceand
virulence[Balasubramanianetal.,2013,GooderhamandHancock,2009];

•thefitnesscostofantibioticresistance mechanisms[Anderssonand
Hughes,2010,Beceiroetal.,2013];

•antibioticresistancedeterminantsandclonalsuccesslinkedbyso-called
geneticcapitalism,andachievedwithnaturalgeneticengineering[Baquero,
2004,Mart́ınezandBaquero,2002].

2.2.3/ POPULATIONSTRUCTURE

FirststudiesinpopulationstructureofP.aeruginosaindicatedapanmicticorfully
sexualstructure[Picardetal.,1994,Denamuretal.,1993],whilefurtherinves-
tigationsemphasizeapopulationstructureinnetwork,withalotofrecombina-
tionsbetweenisolates[KiewitzandT̈ummler,2000].Theseearlystudieshave
finallyledtoaconsensus,claimingthenonclonalepidemicpopulationstructure
ofP.aeruginosa[Maatallahetal.,2011,Curranetal.,2004,Kiddetal.,2012].In
otherwords,wehaveareducednumberofwidespreadclonesthatareextracted
fromalargernumberofrare,unrelatedgenotypesthatarehighlyrecombining,
assummarizedin[Pirnayetal.,2002,Oliveretal.,2015].Furtherstructurean-
alyzes,beingpossibleduetoanincreasingaccesstowholegenomesequence
data[Dettmanetal.,2013,Crameretal.,2011,Jeukensetal.,2014],haveem-
phasizedaconservedcore(seeSection2.2.5.1),whiletheaccessorygenome
ofP.aeruginosaiscomposedbyextrachromosomalelements(e.g.,plasmidsand
blocksofDNAinsertedinvariousloci),asdescribedin[Klockgetheretal.,2011].
Thislatterhasprobablybeenacquiredduringhorizontalgenetransferfromdiffer-
entsources(evenotherspecies,see[Oliveretal.,2015]).

ThemostpopularapproachtostudyP.aeruginosapopulationsisthemultilo-
cussequencetypingMLSTscheme(seeFigure2.16)thathasbeenintroduced
in[Curranetal.,2004].Itisbasedonthesequencingof7well-definedgenes
evenlydistributedinthecoregenomeofthisbacteria,namely:acs,aro,gua,,
nuo,pps,andtrp.Beinghousekeeping,thesegenesarenotsubjectedtopositive
selection.TheMLSTdatabase16hasreferencedover5,900isolates,presenting
morethan2,600sequencetypes(STs).Theyaresuchthatmostofthemare
representedbysingleisolates,whileabouttwentySTsarerepresentedbymore
than10isolatesfromatleastthreedifferentcountries(successfulclones).Atthis
stage,wecanremarkthat:

16Availableathttp://pubmlst.org/paeruginosa,Lastupdated:2017-08-30

http://pubmlst.org/paeruginosa
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Figure2.16:PopulationsnapshotinMLSTschemeofPseudomonasaerugi-
nosabasedon2,266sequencetypes(STs)fromPubMLSTdatabaseinApril
2016[Aguilar-Rodeaetal.,2017].BlackdotsrepresentSTswhilelinesconnect
single-locusvariants(SLVs).BluepointsrepresentfounderSTs.Thestrictclonal
complexes(CC)arehighlightedingreenwhicharethesetofSTssharing6of7
alleles.

•TheMLSTschemeonlyprovidesinformationonthecoregenome.

•Theover-representationofparticulartypesofisolatessuchasthoseshow-
ingantibioticresistance,thoserecoveredfromcysticfibrosispatientsor
thoseobtainedfromcertaingeographicareas,ishighlysignificantinterms
ofepidemiology[Oliveretal.,2015].

•MutationofmutLisafrequentcauseofthemutatorphenotypespositively
selectedinchronicinfections,asthisgeneencodesacomponentofthe
DNAmismatchrepairsystem[Oliveretal.,2002,Garćıa-Castilloetal.,2012,
Menaetal.,2008].

AmongothersfrequentsequencetypesarefoundthewidespreadcloneC(ST17)
andPA14(ST253)clones,high-riskclonesassociatedwithMDR/XDRnosoco-
mialinfections(likeST111,ST175,orST235thatwillbefurtherstudiedinthis
manuscript)orCFepidemicclonessuchasST146(LES).Evenifupto838STs
areclassifiedassingletons[Oliveretal.,2015],someoftheaforementionedfre-
quentclonesareatthebasisofclonalgroupsrangingfrom2tomorethanone
hundredofSTs:

•ThelargestclonalcomplexincludesST111,ST146(LES),andST17(that
is,cloneC),whichisprobablythefounderofthisverylargegroup. Note
that,withinthisgroup,theinternationalhigh-riskcloneST111isthefounder
ofaverylargesubgroup.
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•Internationalhigh-riskcloneST235isthefounderofthesecondlargest
clonalcomplexthathas43STs.

•Finally,theinternationalhigh-riskcloneST175isthefoundercloneofa
smallerclonalcomplex,whichcontains12STs.

Forfurtherdetails,pleaseread[Oliveretal.,2015].

2.2.4/ RESISTANCE

The WHOdefinesP.aeruginosaresistanttocarbapenemsas majorsuper-
bugs[Lawe-DaviesandBennet,2017].Itcanbecomereadilyresistanttomultiple
classesofavailableantimicrobialdrugs,likeaminoglycosides,fluoroquinolones,
andβ-lactamases.Thisisduetoitscapabilitytonaturallyresisttoawiderange
ofantibiotics(called’intrinsicresistance’)andtoacquireresistancedeterminants
toantipseudomonalagents(called’acquiredresistance’).

Intrinsicresistancemechanismscomefromexistinggenesencodinginher-
entpropertiesofcellstructuresandcompositionthatpreventfromantibiotics
andtoxic molecules. Figure2.17Adisplaystheextracellularpolymericsub-
stances(EPS)inwhichsomenon-specificporinproteinsarereplacedbyspe-
cificones,inordertolimittheantibioticuptaking. This mechanismincludes
AmpCproductionandoverexpressionofmultidrugeffluxpumps: MexAB-OprM
andMexXY/OprM(OprA)topumpantibioticsoutfromcell[Breidensteinetal.,
2011,Moradalietal.,2017].

Acquiredresistancemechanisms arerelatedtomutationsonintrinsicgenes
orhorizontalacquisitionofgeneticelementsfromplasmids,transposons,inte-
grons,prophages,andresistanceislands.

P.aeruginosa canreadilyacquireforeigngenes,likethoseencodingthe
extended-spectrumβ-lactamases(ESBLs)andcarbapenemasesasinFig-
ure2.17B:carbapenem-resistantgeneshavebeenfoundinallcontinents.

Themutationsofchromosomalgenesisthemostfrequentmechanismofresis-
tancetoantibiotic.Mutationscanoccurin(i)targetgenesasquinoloneresistance
determiningregion(QRDR)ofDNAgyrase(gyrAandgyrB)andtopoisomerase
IV(parCandparE),(ii)oprDgene,(iii)transcriptionalrepressorsleadingto
upregulationofresistancegenesandeffluxpumps,and(iv)genesrelatedLPS
(lipopolysaccharide)components[Listeretal.,2009,Moradalietal.,2017](see
Figure2.17B).Forinstance,fluoroquinoloneresistancecanoccurfrommutation
withinthetargetsoffluoroquinolone(gyrA,gyrB,parC,andparE)oroverex-
pressionofeffluxpumps.Inaddition,amutationinOprDgene(asinactive)can
leadtoalossorreductionofcarbapenemtransferthatisspecifictoOprD.
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Figure2.17:AntibioticsresistancemechanismsofP.aeruginosa[Moradali
etal.,2017].Starsrepresentantibioticsanddashed/wavylinesrepresenttran-
scriptionallevelsincludingtheircolorsdependingonantibiotics.Theabbreviation
ofantibioticsareCar.(Carbapenems),Ceph.(Cephalosporins),Pen.(Peni-
cillins),Ami.(Aminoglycosides),Flu.(Fluoroquinolones),Mac.(Macrolides),and
Pol.(Polymyxins). OthersabbreviationareEPS(extracellularpolymericsub-
stances),LPS(lipopolysaccharide,CM(cytoplasmicmembrane)andOM(outer
membrane).

Asaconsequence,mechanismsofacquiredgenescanleadtomultidrugand
pandrugresistancewhichisaseriousthreatinclinicaltreatments[Potronetal.,
2015].

Adaptiveresistance mechanisms areinducedbyeitherantibioticsorother
environmentaleventssuchasmutationsintargetgenesorregulators,seeFig-
ure2.17C.Sincethetwo-componentsystemPhoP-PhoQ,inwhichPhoQacts
asasensorkinasethatphosphorylatesandactivatesthetranscriptionfactor
PhoP[Breidensteinetal.,2011],ismutated,thisleadstoamutationintheLPS
structureandthusfinallytoaresistanceagainstpolymyxin.
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2.2.5/ GENOMEEVOLUTION/ADAPTATION

2.2.5.1/ COREANDPANGENOMES

Thecoreandpangenomeshavebeeninvestigatedin[Valotetal.,2015]usinga
clusteringapproach.Using17distinctclones,authorsofthisarticlefoundthatthe
averageP.aeruginosagenomecontained5,972genes,whilethepan-genomeis
of9,344genesandthecoregenomehas5,233genes. Usingasmallersetof
genomes,otherauthorsfoundcomparableresults[Matheeetal.,2008,Klock-
getheretal.,2011,Royetal.,2010].Thecoregenomeisthushighlyconserved
andrepresentsca.88%oftheaveragegenome,andthefullsequencingofa
P.aeruginosastrainallowstheobservationofca.two-thirdsofthepan-genome.
Inparticular,mostfundamentalfunctionscanbestudiedwithamodelstrainand
extrapolatedtothespecies.

Forthesakeofcomparisonandfollowing[Valotetal.,2015],letusemphasize
thatP.aeruginosahasalargergenomethanthoseofthetwoothermajornosoco-
mialpathogens,namelyEscherichiacoliandStaphylococcusaureus:theformer
hasanaveragesizeof4,721andthelatterof3,118genes,see[Touchonetal.,
2009,Boissyetal.,2011].TheubiquityofP.aeruginosareliesonitsmetabolic
versatilityandonthelargerangeofitshosts.Accordingto[Valotetal.,2015],
thesepropertiesareaconsequenceofthelargegenomeofthespecies,while
thesmallsizeoftheaccessorygenomeofP.aeruginosareflectstheabsence
ofstrainclusteringduringevolutionandtheminimaladaptationtoenvironmental
niches.

2.2.5.2/ VIRULENCEFACTORS

MultiplevirulencefactorshavebeenreportedconcerningthepathogenesisofP.
aeruginosa[GellatlyandHancock,2013].Itcanberemarkedthatmanyofthese
factorsarelocatedintheaccessorygenomeaspartofpathogenicity(PAPI)or
genomic(PAGI)islands,see,e.g.,[Battleetal.,2008].Assignaledin[Oliveretal.,
2015],ahabitat-independentinterclonalgradientofvirulencehasbeenrevealed
throughthepangenomeanalysisofisolatescomingfromvariousinfections[Hilker
etal.,2015]. Furthermore,ithasbeenreportedintheliterature[Sawaetal.,
2014,Linaresetal.,2005,Mart́ınez-Ramosetal.,2014,Skurniketal.,2013]that
antibioticresistancemechanismscan:

1. haveadirecteffect(positiveornegative)onvirulence,

2. eitherdetermineornotabiologicalcostcompromisingbacterialvirulence,
and

3. bestatisticallyrelatedtosomevirulencetraits.

ThetypeIIIsecretionsystem(TTSS)isoneofthemostrelevantP.aeruginosa
virulencefactors.Asrecalledin[Oliveretal.,2015],thissecretionsysteminjects
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potentcytotoxins,includingExoS,ExoT,ExoU(determiningthegreatestimpact
inbacterialvirulence),orExoY,intoeukaryoticcells[Hauser,2009].Thedistribu-
tionofgenesencodingsuchcytotoxinsisnotuniformamongthestrains,someof
thesegenesbeingmutuallyexclusive.Notethateachoftheaforementioneden-
zymesdeterminesadistincthosttissueinjury.TheTTSSgenotypeisthuslinked
toclonallineages,andforthisreason,itmayplayamajorroleintheirintrinsic
virulencelevels.

Asaconsequence,TTSSgenotypeisconsideredasa majorfactorinthe
virulenceandclinicaloutcomesassociatedtohigh-riskclones[Pẽnaetal.,
2012,Edelsteinetal.,2013].However,notallMDRisolatesbecomewidespread
high-riskclones.So,ifresistanceplaysamajorroleinthesuccessofhigh-risk
clones,additionalfactorsofthissuccessshouldexist,andrecentstudiesempha-
sizethatvirulencefactorsshouldprobablybepartoftheexplanation[Kosetal.,
2015,Turtonetal.,2015].

2.2.5.3/ HORIZONTALGENEACQUISITION

Horizontalgenetransfer(HGT)isanimportantmechanism,alreadyevokedin
thismanuscript,thatactsonevolutionofbacterialgenomesbyDNAtransferring
betweenthenonparent-childorganisms.Itbringsaboutbroadlydistributionof
antibioticresistancegenesvia4mechanisms,showninFigure2.18,whichare
listedbelow[vonWintersdorffetal.,2016]:

•ConjugationistheDNAtransferringfromcelltocellthroughalinkofpilus
oradhesinbyplasmid,orintegrativeconjugativeelement(ICE)workingas
transporter.

•TransformationistheDNAuptakefromenvironmentintocell.

•TransductionistheDNAtransferringfrominfectedcelltoanothercellby
bacteriophage(bacterialviruses).

•Genetransferagents(GTAs)areDNAtransferredbybacteriophage-like
particlesthatareencodedfromhostcell.

ThemainmechanismsofHGTarefrequentlymentionedasconjugation,trans-
formation,andtransduction[Summersetal.,2005,Bennett,2008,Kungetal.,
2010,DaubinandSz̈oll̋osi,2016]. Evenifalldescribedgeneticelementshave
uniquecharacteristics,theyarealikeincelltransfermechanisms,beingconsid-
eredasmobilegeneticelements(MGEs). Generallyspeaking,MGEscanbe
classifiedin2groupsaccordingtotheirtransferability:theintercellularMGEson
theonehand,andtheintracellularMGEsontheotherhand.IntercellularMGEs
likeplasmidsandbacteriophagesareabletotransferthemselvesbetweenbacte-
rialcells,whileintracellularMGEs(e.g.,transposons,genecassettes,andinser-
tionsequences)requireanintercellularintegrationtoachievesuchatransfer.We
willdescribeinwhatfollowsthemainMGEsofP.aeruginosa.
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Figure2.18:Mechanismsofhorizontalgenetransferinbacteria[vonWinters-
dorffetal.,2016].

Plasmids Plasmidsaresmallandcircular, withadouble-stranded DNA.
Theyhavesomecapabilityinstabilization,copynumbercontrolling,andself-
replication. Someofthemarereportedasresistantplasmids,sincetheycar-
riedantibioticresistancegenessuchasplasmidRP1[Bennett,2008],plasmid
pCOL-1,andplasmidpPA-2.Eventhoughthetwolastaforementionedplasmids
aredifferentinsize(pCOL-1:31,529bpandpPA-2:7,995bp),theyaresimilarin
carbapenemresistance,astheybothcontainblaKPC-2genes[Naasetal.,2013].

Integrativeandconjugativeelements(ICEs)ICEsareself-transmissiblege-
neticelementsthatencodethemachineryforconjugationandintegrationinto
repliconsofthehostchromosome(seeFigure2.19).ICEsaresimilartoplas-
mids:theyaremobilecircularelementsbeforetheirselforconjugativetransfer.
Theysharesimilaritiestoowithbacteriophages,transposons,andinsertionse-
quences,astheyintegratethemselvesintohostchromosome.Thecommonsize
ofP.aeruginosaICEsrangesfrom81kbto108kb,andtheir72ORFsshare
morethan75%ofidentity[Kungetal.,2010].Theyconfervariousphenotypes,
e.g.,antibioticresistancefromPAGI-3,virulencefactorsandregulationofbiofilm
formationfromPAPI-1[WozniakandWaldor,2010],andsoon(seeTable2.10).

Bacteriophages Bacteriophagesarebacterialvirusesthatarecomposedby
protein-coatedDNAorRNA.Theycarryonlythegeneticelementsneededto
infectthehostcellandthereplicationmachinery. Sincephagesdockonhost
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Figure2.19:TransfermechanismsofICE[Kungetal.,2010].

cells,theytransfergeneticelementstothehosttocompleteinfection,byusing
oneofthethreemodesbelow:

•lyticphase:phageslysetheirbacterialhostcells;

•replication:phages,calledprophages,areintegratedintohostchromo-
some,whichleadstomutations;

•phagescarrier:phagesarenotintegratedwithhostchromosome,orphages
arestableasepisome.Thus,episomephagescanasymmetricallysegre-
gatecellsinplaceofreplication[Blasdeletal.,2017].

P.aeruginosaphagesactonpathogenicity,likeforinstance:(i)phageD3112de-
creasesbiofilmdevelopmentwhilelipopolysaccharide(LPS)-specificphageE79
increasesit,(ii)φCTXcontainsageneencodingapore-formingtoxinwhichin-
creasevirulence,(iii)phageOMKO1causesadecreaseofantibioticresistance,
duetothefactthatthisphageusesmembraneporinMforbindingsiteinlyticpro-
cess–but,normally,porinMfunctionaspumpantibioticsoutsofhostcells[Blas-
deletal.,2017].OtherexamplesareprovidedinTable2.11.

Insertionsequences(ISs)Asalreadymentionedinthischapter,ISsaresmall
DNAfragmentsthatencodeenzymesfortheirmovements. Theymustbein-
tegratedintoplasmidsorbacteriophagesforcell-celltransferring.Theyconsist
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ofterminalinvertedrepeats(IRs)fortransposases(Tpases)bindingsitesand
alsosplittingpointsleadingtotransposition[MahillonandChandler,1998].Most
ofISsareflankedbyshortsequences,calleddirecttargetrepeats(DRs)[Sigu-
ieretal.,2015].SinceISsarevariousinmechanismsandfeatures,theyhave
beenclassifiedasfamiliesby(i)orforganization;(ii)transpositionchemistry;(iii)
featuresoftheirendingterminalinvertedrepeats(IRs);and(iv)theirtargetse-
quences[MahillonandChandler,1998].ISsaffectnotonlythegeneexpression
butalsohaveimpactonneighbouringgeneexpression.ThefollowingISshave
aninfluenceonantibioticresistance:

•IS1999insertsatupstreamofblaVEB-1genethatincreaseexpressionofthe
extended-spectrum-lactamase(ESBL)orresistancetoceftazidime[Kung
etal.,2010].

•ISPa12insertsatupstreamofblaPER-1genewhichincreaseexpressionof
ESBLorresistancetopenicillins,cefotaxime,ceftibuten,ceftazidimeand
aztreonam[Vandecraenetal.,2017].

•IS6100isassociatedwithESBLexpression[Kungetal.,2010].

•otherISsinsertasgeneinactivation,theyareinTable2.12.

Table2.12:IS-mediatedgeneinactivationaffectingresistanceofP.aerugi-
nosa[Vandecraenetal.,2017].

Antibioticresistance Gene ISelement ISfamily

β-lactamR
ampD IS1669 IS5
mexR IS21 IS2

CarbapenemR oprD

ISPa133 IS13
ISPa1328 IS256
ISPa46 IS256
ISPa1635 IS4
ISPa45 IS4
ISPa26 IS5
ISPa8 IS5
ISPre2-like IS5

2.2.5.4/ CRISPR-CASSYSTEMS

Clusteredregularlyinterspacedshortpalindromicrepeats(CRISPR)–CRISPR-
associatedgenes(Cas)systemsareadaptiveimmunesystemsofbacteriafor
preventionfromphage/plasmidinfection.ThesystemsarecomposedofCRISPR
locusandCasgenes.TheFigure2.20displaysCRISPR–Cassystemsworkas
defencein3phases:
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1. Adaptation: CRISPR locus, which are spacers or non-repetitive sequences
from acquired MGEs (colored regions in Figure 2.20) partition on repetitive
sequences or repeats (white regions in Figure 2.20), are integrated with the
new spacer.

2. Biogenesis of crRNAs: CRISPR loci are transcribed to pre-CRISPR RNA
(pre-crRNA), and cleavage repeated into short elements called crRNAs.
Next, crRNAs and Cas proteins are formed as CRISPR-Cas complex for
phages/plasmids inspector.

3. Interference: CRISPR-Cas complex recognizes phages/plasmids DNA
thanks to crRNAs.

Figure 2.20:Mechanism of CRISPR–Cas systems[Samson et al., 2013].

Generally speaking, CRISPR–Cas systems are classified into 3 types, usually de-
noted by I, II, and III. In the particular case ofP. aeruginosa, only type I has been
reported but with 3 subtypes, namely: I-C, I-E, and I-F [van Belkum et al., 2015].
Interestingly, type I-F CRISPR–Cas systems inP. aeruginosahave been signaled
to be involved in biofilm development. More precisely, systems of this type interact
with a specific protospacer sequence in phage/plasmid DMS3 to inhibit biofilm for-
mation [Cady et al., 2012]. This system participates to the bacteriophage infection
defense, since it places a chromosomally integrated element without chromoso-
mal degradation [Samson et al., 2013]. Finally, CRISPR-Cas systems play an
important role in controlling horizontal gene transfer and potentially impact on the
acquisition of antibiotic resistance genes.
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ANALYZESOFGLOBALCLONEST235

Despitethenon-clonalepidemicpopulationstructureofPseudomonasaerugi-
nosa,severalmulti-locussequencetypesaredistributedworldwideandarefre-
quentlyassociatedwithepidemicswheremultidrugresistanceconfoundstreat-
ment.ST235isthemostprevalentoftheseso-called‘international’or‘high-risk’
clones.TheevolutionofST235andthemolecularbasisforitssuccessarepoorly
understood.Hereweexaminethegenomesof79P.aeruginosaST235isolates
collectedworldwideovera27-yearperiod.Bayesianphylogeneticreconstruction
suggeststhattheST235sublineageemergedinEuropeinapproximately1984,
coincidingwiththeuseoffluoroquinolonesasantipseudomonaltreatments.The
ST235sublineageseeminglyspreadfromEuropeviatwoindependentclones.
ST235isolatesthenappearedtoacquireresistancedeterminantstoaminogly-
cosides,β-lactams,andcarbapenemslocally.Additionally,wefoundthatallthe
ST235genomescontainedtheExoU-encodedexotoxinandidentified22ST235-
specificgenesclusteringinblocksandimplicatedintransmembraneefflux,DNA
processingandbacterialtransformation. Theseuniquegenesmayhavecon-
tributedtothepooroutcomeassociatedwithP.aeruginosaST235infectionsand
increasedtheabilityofthishigh-riskclonetoacquireforeignresistanceelements.

3.1/ INTRODUCTION

Pseudomonasaeruginosaisa majoropportunisticpathogenresponsiblefor
nosocomialinfectionsinhumansandformorbidityinindividualsafflictedwith
cysticfibrosis[GellatlyandHancock,2013,Lyczaketal.,2002].Thisubiquitous
Gram-negativebacillihasanon-clonalepidemicpopulationstructurewithhow-
everseveralsequencetypes(ST111,ST175,ST235,ST244,andST395)dis-
tributedworldwideandfrequentlyassociatedwithoutbreaks.ST235isthemost
prevalentoftheseso-called‘international’,‘high-risk’,or‘widespread’clonesas-
sociatedwithpoorclinicaloutcomesinpartduetomulti-andhigh-levelantibiotic
resistance[Curranetal.,2004,Maatallahetal.,2011,Pirnayetal.,2002,Wood-
fordetal.,2011,Kosetal.,2015,Oliveretal.,2015].TreatmentofP.aeruginosa
infectionsreliesonthreemajorantibioticfamilies:theβ-lactams,aminoglyco-
sides,andfluoroquinolones.Highlevelsofresistancetothesecompoundscan
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bereadilyrenderedbychromosomalchanges. Furthermore,acquisitionofre-
sistancegenesbornebyspecificgenomicislandsandassociatedtransposonsis
particularlycommonamongP.aeruginosaclinicalisolates,withnearly100dif-
ferenthorizontally-acquiredresistanceelementscurrentlyreportedinST235iso-
lates[Livermore,2002,ZengandJin,2003,Potronetal.,2015,Oliveretal.,2015].
Theexpressionoftheseacquiredgenes,togetherwiththeintrinsicresistance
mechanisms,considerablyreducesthetherapeuticoptionsforthetreatmentof
infectionscausedbyST235P.aeruginosa.

Additionally,P.aeruginosahastheabilitytocausesevereinfectionsduetoits
manyvirulencefactors.Duringacutedisease,thispathogenutilizesthetoxinsof
thetypeIIIsecretionsystemtocircumventthehostimmunesystemandestablish
infection.Ofthefourexotoxins(ExoS,ExoT,ExoU,ExoY),ExoUapotentphos-
pholipasethatdisruptstheplasmamembraneandleadstorapidcelldeathisthe
mostvirulent[Satoetal.,2003].

Despiteitsclinicalimportance,themolecularbasisforthesuccessoftheST235
cloneispoorlyunderstood.Inaddition,althoughthespreadofST235hasbeen
documentedinmanygeographiclocations,littleisknownabouttheevolutionand
emergenceofthiscloneonaglobalscale.

TobetterunderstandthehistoryoftheP.aeruginosaST235lineageasahigh-
riskinternationalclone,wecarriedouttheprocessdepictedinFigure3.1. A
Bayesianphylogeneticreconstructionusing79P.aeruginosaST235isolatescol-
lectedfromfivecontinentsovera27-yearperiod.Genomecomparisonofthese
isolatesidentifiedantibioticresistancedeterminants,virulencegenesandST235-
specificgenesthatmayhavecontributedtothesuccessofthisclone.

3.2/ MATERIALSANDMETHODS

3.2.1/ ST235EXTRACTIONFROMNCBICOLLECTION

AllnucleotidesequencesofPseudomonasaeruginosahavebeenretrievedin
November2014fromtheNCBIdatabase.Toidentifythesequencetype,weap-
pliedtheblastnprogramfromtheBasicLocalAlignmentSearchTool(BLAST)
2.2.30+standaloneversion,recalledinSection2.1.3.2ofthestate-of-the-art
chapter.

Ithasbeenlaunchedwith100%identicalmatches(pidentparameter)and100%
querycoveragepersubject(qcovs).Thequerydatainblastnwasdownloaded
fromthepubmlstdatabase(http://pubmlst.org),accordingtothefollowingpro-
file:acs-38,aro-11,gua-3,mut-13,nuo-1,pps-2,andtrp-4(7locisequencesof
ST235).Finally,wevalidatedtheblastnresultswithMLST1.7tool[Larsenetal.,
2012]andfoundthat14strainsfromtheNCBIdatabasebelongtoST235.

http://pubmlst.org


3.2. MATERIALSANDMETHODS 57

Figure3.1:Theproposedpipeline.
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3.2.2/ SEQUENCETYPE(ST) 235GENOME COLLECTION

The genomes of 79 isolates representing ST235P. aeruginosaclonal cluster were
obtained from various sources collected over a 27-year period [van Belkum et al.,
2015, Cholley et al., 2014, Hocquet et al., 2012, Kos et al., 2015]. The 17 newly
sequenced isolates used in this study were deposited at DDBJ/EMBL/GenBank
(see Supplementary material at the end of this chapter, Table 3.2). The isolates
came from 23 countries in 5 inhabited continents as follows: Africa (n=6), Asia
(n=7), Europe (n=34), North America (n=21), and South America (n=11), see
Figure 3.2.

Figure 3.2:Worldwide distribution of the 79 ST235 isolates ofP. aeruginosa
which genomes were used in this study.The countries of origin of the isolates
are shaded in gray. Pie chart diameters are proportional to the number of isolates
collected from each country. The area of each slice is proportional to the quantity
of isolates of each cluster.

3.2.3/ CORE GENOME DETERMINATION

To define the ‘core’ genome of ST235 sublineage, the 79 genomes were aligned
toP. aeruginosareference isolate NCGM2.S1 using MUMmer [Kurtz et al., 2004].
Since our data are close strains, we applied the delta-filter of MUMmer with 98%
identity to find highly conserved regions and also apply show-coords to extract in-
formation such as position, identity percentage, and length of conserved regions.

Among these conserved regions, we only kept the ones that were found in
all strains, which approximately represents 61.2% of the size of the reference
genome. However, some isolates contain more than one region in the same
strict conserved one, which raises difficulties during the alignment process. T-
Coffee [Notredame et al., 2000] described previously was used to align multiple
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sequences and measure the similarity of each sequence alignment by using the
simmatidmat parameter. Thus the chosen alignment of each strict conserved
region is the one that has the largest simmatidmat score. The MSA has been
preprocessed by removing all gaps before concatenation in the complete align-
ment.

Figure 3.3:Phylogenetic network of ST235P. aeruginosa.The alignment of
strict conserved regions from 79 isolates was used to construct the phyloge-
netic network by SplitsTree4 with the NeighborNet method. Bootstrapping was
computed for 1,000 replicates then clustered them with APCluster package in R.
The clusters, labeled from C1 to C14 and shaded with different colors for clarity,
formed two groups (Group I and Group II) separated by a dashed line. Moreover
CRISPR-Cas systems have been found in C5 of which is I-C type

3.2.4/ PHYLOGENETIC NETWORK

The evolutionary relationship between the 79 ST235 isolates was investigated us-
ing an unrooted phylogenetic network constructed from the sequence alignment
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generatedbySplitTree4[HusonandBryant,2006]Thesplitnetworkwasob-
tainedfromaHammingdistance-basedmethod,namelytheNeighborNet[Bryant
andMoulton,2002]alreadypresentedinthismanuscript. Bootstrappingtech-
niquewasappliedtogenerate1,000networks.Theaveragescoreoftheboot-
strappednetworksisapproximately88%.Theconsensusisdrawnfromtheboot-
straps,soreliablerelationshipamongstraincanbecaptured.

Weidentifiedthetaxaclustersinconsensusnetworkusingthesplitpatternsob-
tainedfromSplitsTree4.Accordingly,thesplitpatternsweretransformedinma-
trixformatwithrowrepresentingsplitpositionswhilecolumnaretaxa.Then,the
transformedsplitpatternswereusedtogenerateclustersofstrainsbytheaffinity
propagationclustering(APcluster)R-package[Bodenhoferetal.,2011,Freyand
Dueck,2007].

APclusterisanexemplar-basedagglomerativeclusteringtechnique,whichiden-
tifiesclusterexemplarsusingasimilaritymatrix. Thispackageprovidesmany
functionsforgeneratingthesimilaritymatrixandmeasuringdistances.Inthis
study,weusedthefollowingnegDisMatfunction:

s(x,y)=−d(x,y)r,

wherer=2anddistheEuclideandistance.Asaresult,14clusterswereobtained
for79taxa,whichhavebeenlabeledfromC1toC14.

Figure3.4:RelationsbetweenclustersandSNPs.

ThenetworkisdepictedinFigure3.3,whiletherelationbetweenSNPsandob-
tainedclustersisrepresentedinFigure3.4.Ascanbeseen,singlenucleotide
polymorphismprofilescannotbeincriminatedintheappearanceofourclusters.
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3.2.5/ NUCLEOTIDESUBSTITUTIONMODELSELECTION

Asstatedinthepreviouschapter,severalsubstitutionmodelsareavailablefor
phylogeneticstudies,andweneedtofindtheonethatfitthemostourdata.To
achievethisgoal,oneofthemostinterestingtoolisjModelTest2.1.7[Darriba
etal.,2012,GuindonandGascuel,2003],whichprovidesthebest-fitmodelsof
nucleotidesubstitutiontogetherwithotherimportantparametersforphylogeny
reconstruction.AsrecalledinSection2.1.2.2,itrequiresanalignmentfileinphylip
formattocomputethelikelihoodscores. Thislatterhasbeencomputed,and
wethenhavelaunchedjModelTestwiththefollowingsettings:11fornumberof
substitutionschemes,Fforbasefrequencies,IandGasratevariation,anumber
ofcategoriesof4,aMLoptimizedbasetreeforlikelihoodcalculations,andfinally
thebestofbothNNIandSPRforthebasetreesearch.

Thelikelihoodscoreforthe88modelshasbeencomputed,andthebestmodel
hasbeenselectedaccordingtotheAIC,AICc,andBICcriteria.Asthismodel
selectionhasbeenappliedinordertodatethemostrecentcommonancestor,our
alignmentfileonlycontained69alignmenttaxa(theoneswhosecollectiondate
wereknown).Theobtainedmodelistheso-calledgeneraltimereversible(GTR),
whichhasbeenincreasinglyusedoverthepastdecade.Obtainedproportionof
invariablesiteswereequaltoI=0.997,whilegammadistributionwhereG=0.17.
Finally,estimatedrateswererespectivelyR(a)0.7306,R(b)1.9489,R(c)1.1260,
R(d)0.8309,R(e)1.3081andR(f)1.

3.2.6/ TIME OFTHEMOSTRECENTCOMMONANCESTOR(TM-

RCA)ANALYSIS

TodeterminethemostlikelyevolutionaryscenariofortheST235clone,wecal-
culatedthetimeoftheMRCAfromthecoregenomeof69isolateswithknown
collectiondates,usingtheBEAST2package[Bouckaertetal.,2014]onamulti-
TypeTreetemplate.Thefollowingparametershavebeenconsidered:

•tipdates:yearsincesometimeinthepast;

•gammasitemodel:GTR+I+G;

•gammacategorycount:4;

•clockmodel:strictclock;

•clockrate:1;

•priorsmodel:coalescentconstantpopulation;

•andMCMCchainlength:5millions.

ThegeneratedXMLfilehasbeenparsedwithBEASTfortreeinference,while
theoutputarelogandtreesfilesthatrepresenttheevolutioneventswithtiming
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informationandconfidencelevel.ThelogfileisviewedbyTracertoprovidethe
effectivesamplesizes(ESS)oneachparameter.Thetreesfilecontainsthein-
ferredtreesusedtoconstructaconsensustreebysummarizingthemaximum
cladecredibilitytreetoestimatetheposteriorusingTreeAnnotator.Thelaststep
isthetreevisualization,thefinaltreefromTreeAnnotatorcanbeviewedusing
FigTreev1.4[Rambaut,2014].Itcontainsdetailssuchasposteriorprobability,
ageofeachnodeandwithcredibilityinterval(height95%HPD),etc.

3.2.7/ RESISTANCEGENEHIERARCHICALCLUSTERING

Wecomputedahierarchicalclusteringofresistancegenes(seeFigure3.2.7)in
ordertoinvestigatetheirevolution.ResFinderv2.0[Zankarietal.,2012]hasbeen
usedtoidentifytheacquiredantimicrobialresistancegenesonourdata.Genome
sequencesofour79isolateshavebeenuploadedtotheCGEserverwiththe
followingsetting:all-antimicrobial,98%thresholdfor %ID,and60%minimum
length.

Wefound838geneswithsomeofthemcontaining morethanonereplicate
(812withoutduplication). Wethenfocusedonthepresencestatus,leadingto
abinarymatrixofresistancegenesthathasbeenclusteredbythepvclustR-
package[SuzukiandShimodaira,2006].Thispackageprovidesahierarchical
clusteringwithbothAU(approximatelyunbiased)p-valueandBP(bootstrapprob-
ability)value.AUp-valueiscomputedbymultiscalebootstrapresampling,while
BPvalueiscomputedbyanormalbootstrapresampling.Theirthresholdswere
setto0.95.

3.2.8/ RESISTANCE GENESEARCHAND MUTATIONSIDENTIFICA-

TION

GenomesofallST235isolateswerescaffoldedusingRagoutv2.0b[Kolmogorov
etal.,2014]withtheP.aeruginosaNCGM2.S1genomeasareference[Kol-
mogorovetal.,2014],toidentifytheacquiredantimicrobialresistancegenes
withResFinderv2.0[Zankarietal.,2012].Inordertodetectmutationsthat
conferhigh-levelresistancetoβ-lactamsandfluoroquinolones,welookedfor
non-synonymous mutationsandinsertionsequencesinthegenesencoding
thecephalosporinaseAmpC:ampD,ampDh2,ampDh3,ampG,ampO,ampP,
ampR,dacBanditsregulators,inoprD,andinthequinolone-determiningregions
(QRDR)ofgyrA,gyrB,parC,andparE.

3.2.9/ VIRULENCEFACTORGENEIDENTIFICATION

Allpossiblevirulencefactor(VF)genesofPseudomonasweredownloadedfrom
virulencefactordatabase(VFDB[Chenetal.,2005])forusingasquery. We
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searchedforthevirulencefactorgeneson79scaffoldandcompletegenomes
withgmapversion2016-04-04[WuandWatanabe,2005]andfilteredtheresults
with95%identityand60%coverage.ThenwehaveidentifiedtheST235-specific
VFsbycomparingVFslistfrom79ST235isolateswithVFslistfrom17otherSTs
isolatesofP.aeruginosa[Valotetal.,2015].

3.2.10/ ST235-SPECIFICGENEIDENTIFICATION

ST235-specificgenesweredefinedbyfirstlysearchingforallpossibleST235-
similargenesfromalignmenttothe6,358genespresentinNCGM2.S1byGMAP
with95%identityand60%coverage[WuandWatanabe,2005].ThenST235-
specificgenesweredefinedasthosepresentin 95%ofthegenomesST235
isolates(i.e., 75outofthe79testedones)andabsentfromallotherisolatesof
thegenusPseudomonaswithcompletelyclosedgenomesavailableviatheNCBI
referencesequencedatabaseinOct.2016(i.e.,65non-ST235P.aeruginosa
isolatesand177Pseudomonassp.ones).

3.2.11/ CRISPR-CASSYSTEMS

Clusteredregularlyinterspacedshortpalindromicrepeat(CRISPR)andCRISPR-
associatedproteins(CRISPR-Cas)weredetectedwithPILER-CRandBLAT,
respectively[Edgar,2007,Kent,2002]. TheCRISPR-associatedproteinssub-
typeswereobtainedfromNCBIdatabase(accessionno. WP019726852,WP-
019726853,WP034009156,WP019726855,WP025981579,WP025981580,
andWP031628761).ObtainedresultsaredepictedinFigure3.3.

3.3/ RESULTSANDDISCUSSION

3.3.1/ ST235POPULATIONSTRUCTUREBYPHYLOGENETICNET-

WORKANALYSIS

Aphylogeneticnetworkbuiltfromthecoregenomealignmentdepicted14distinct
clusters(C1toC14;Figure3.3).Thelargestsamplingofisolateswithinthiscol-
lectioncamefromtheUnitedStates(US,19isolates)andFrance(10isolates).
Theseisolateswerescatteredthroughoutthephylogeneticnetwork,withisolates
collectedintheUSappearingin7clustersandthosefromFrancein4clusters.
Focusingonthespatiotemporaldistributionofisolateswithineachcluster,4clus-
terswerefoundtobecomprisedofisolatesfromasinglecountryorcontinentof
origin:

•C1andC2included3and4isolates,respectively,fromFrance(C1)and
Europe(Spain,Germany,Hungary,andBulgaria;C2);
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•C3included5isolatesfromSouthAmerica;

•andC4included5isolatesfromNorthAmerica(Figure3.3).

AlthoughamajorityoftheST235clusterssuggestsaglobaldispersion,country-
widespreadsareconfirmed(Figure3.2).IsolatesfromC1,C2,andC3shared
ageographicalorigin(FranceforC1,Spain/Germany/Bulgaria/HungaryforC2,
Argentina/BrazilforC3;Figure3.3,andalsoTable3.2).Incontrast,theremain-
ingclustersincludedisolatesobtainedfrom2to4continents.Mostexemplaryof
theworldwidespreadofthecloneST235wasidentifiedinC8(7isolates)which
werecollectedwithina2-yeartimeframe(2011-2013)from4distinctcontinents
(Africa,NorthAmerica,AsiaandEurope).

3.3.2/ SPATIOTEMPORALORIGINOFTHEST235CLONE

TheMRCAappearedapproximately32yearsago(≈1984)withaveryhighcred-
ibilityinterval(95%CI,29.12to30.82yearsfromthedateofisolationofthelatest
isolatein2014)(Figure3.5A).Theoldestisolatewithinthecurrentcollectionwas
isolatedinFrancein1988(78FR88),4yearsaftertheMRCA.Thecladeof
Frenchisolatesinthetimescaleanalysissuggeststhatthecloneemergedinthis
country(Figure3.5A).Asplitofmorerecentisolatesintwosub-lineages(Groups
IandII,Figure3.3)wasretrievedbybothphylogeneticanalyses.Hence,100%
ofthe1,000phylogenetictreesthatwereaggregatedtobuildthenetwork(Fig-
ure3.3)identifiedthesplitintothe2groupsIandII.Thissplitwasconfirmed
independentlywithaBayesianapproach(Figure3.5)withaposteriorprobabil-
ityscoreof1.0.ThesedatasuggestedthattheinternationalspreadofST235
impliesatleasttwoindependentclades.TheSNPsthatdiscriminatedthesetwo
cladeswereneitherinresistancegenesnorinvirulencegenes.GroupIconsisted
ofcladesthatsharedacommonancestorthatemergedin≈2001(C3,C4,C7,
C9,C11,andC13)witholderisolatesthatwereidentifiedinEurope(C1,C2,and
C12;Figure3.3and3.5A).GroupII(C5,C6,C8,C10,andC14)sharedacom-
monancestorwhichemergedin≈1999andthenappearedtospreadworldwide.

3.3.3/ CUMULATIVERESISTANCETOANTIBIOTICSBYCHROMOSO-

MALMUTATIONS

Wespecificallysearchedfornon-synonymousmutationsintheQRDRsofeach
isolateandcorrelatedthemwiththeirdateofisolation.Thetwoearliestisolates
(78FR88and87FR91,retrievedinFrancein1988and1991,respectively)
hadwild-typeQRDRsequencescompatiblewithafullsusceptibilitytofluoro-
quinolones(Figure3.5B).Amongthefiveisolatesretrievedin1992,fourdisplayed
aT83IoraD87YchangeinGyrA.MutationsintheQRDRofparCfirstappeared
in1992inisolate06FR92.Analysisofisolatescollectedpost-1992showedthat
thenumberofQRDRmutationsperanisolateseeminglygrewovertimewiththe
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lateisolates(2011to2014)accumulatingmostlyT83IchangeinGyrA(33of38
isolates)andS80LchangeinParC(24of38isolates),withoccasionaladditional
substitutioninposition87ofGyrA,inGyrB,andinParE(Figure3.5B).

Mutation-dependentoverproductionofintrinsicβ-lactamaseAmpCisthemain
causeofresistanceofclinicalstrainsofP.aeruginosatoantipseudomonalpeni-
cillinsandcephalosporins[Berrazegetal.,2015].Additionally,lossoralteration
oftheoutermembraneporinproteinOprDisbyfarthemostcommonmechanism
ofresistancetothecarbapenems(includingimipenem)inP.aeruginosa[Fournier
etal.,2013].Hence,wesearchedfornon-synonymousmutationsandinsertion
sequencesingeneswhoseinactivationupregulatesAmpCcephalosporinasepro-
ductionandinoprD(Figure3.5B).Outofthe79isolates,36hadacquiredoneor
moreAmpCregulatormutations(Figure3.5B,andalsoTable3.3). Ofthese36
isolates,27producedamutatedtranscriptionalregulatorAmpD.Sequenceanal-
ysisoftheOprDporinshowed39isolateshadacquiredmutationswhichpresum-
ablyaffecttheporinactivity.ThegenesampDandoprDhad15and29different
typesofnon-synonymousmutations,respectively. MutationsamongtheAmpC
regulatorsandOprDweremostlyuniqueincontrasttotherelativeuniformityin
theQRDRmutations(T83IinGyrA,S80LinParC)inthelateisolates.

3.3.4/ HIGHDIVERSITY OFFOREIGNANTIBIOTICRESISTANTDE-

TERMINANTSAMONGTHEST235ISOLATES

Figure3.7detailstheantibioticresistancegenesacquiredbytheisolates(see
alsoFigure3.8).Analysisoftheaminoglycoside-modifyingenzyme(AME)con-
tentamongthecollectionrevealedthatamajority(72outof79)ofST235isolates
harbouredatleastoneAMEpotentiallyconferringadecreaseinaminoglycoside
susceptibility(cf.Figure3.8).

Approximately40%(32outof79)oftheisolatespossessedatleastoneof23
β-lactamasescharacterizedashavingextendedspectrumactivity(Figure3.7).
Sevenisolatesaccumulatedtwoβ-lactamaseswithanextendedspectrum,mostly
combiningtheproductionofanextended-spectrumoxacillinase(ES-OXA)with
thatofanextended-spectrumβ-lactamase(ESBL)ora metallo-β-lactamase
(MBL).Extended-spectrumenzymesweregenerallyaccumulatedwithinspecific
sub-lineages. Forexample,blaOXA−17andblaOXA−129wereuniquelyidentifiedin
isolatesbelongingtoC3,blaOXA−19toC5,blaKPC−2toC9,blaGES−19,blaPER−1and
blaOXA−74toC10,andblaIMP−34toC11(Figure3.7). WithinC5,thethreeGreek
isolatesharbouredeitherblaVIM−2,blaVIM−4,blaOXA−19,orblaOXA−35whilethetwo
isolatesfromPhilippineshadblaIMP−26orblaVIM−2.Otherrareextended-spectrum
enzymesweresharedbyclusterswithblaIMP−1harbouredbyisolatesfromC8(1
of7isolates)andC10(1of6isolates),andblaVIM−2presentinisolatesofC5(2of
6isolates)andC7(2of5isolates)whichweremostlikelyacquiredindependently.
Acquiredresistancedeterminantswerenotdetectedwithinsixoftheisolatesof
thecollection(C603CO11,C644CH12,C6BL14USun,C6BWHUS13,
C6BWHPUS13,andC1458FR12)withfiveoftheseisolatesoriginatingfrom
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diversegeographiclocationsclusteringinC6(seeFigure3.8).Thenumberof
acquiredresistancegeneswassignificantlylower(p-value,0.05)intheisolates
collectedatanearliertimepoint(1988-1997,11ofisolates)thanthosecollected
between2011-2014(38ofisolates).

Thevarietyofantibioticresistancegenesindicatesindependentandlocalac-
quisitionofresistancegenesbymembersofthecloneST235,consistentwith
observationsforother‘high-risk’internationalclonesandthatthesuccessof
theselineagesincausinginfectionisnotexclusivelydependentonantibioticre-
sistance[Turtonetal.,2015,Oliveretal.,2015].

Altogether,themosaicofeitheracquiredormutationalresistancedeterminantsto
extended-spectrumcephalosporinsandtocarbapenemssuggeststhatthesean-
timicrobialagentsplayedaminorroleintheinternationalspreadofST235clone
(Figure3.7,Figure3.5B).

3.3.5/ CRISPR-CASTYPEI-CDETECTED WITHINCLUSTER5

CRISPR-Casbacterialadaptiveimmunesystemsplayanimportantroleinshap-
ingtheaccessorygenomesofP.aeruginosabutarenotthoughttopreventthe
acquisitionofantibioticresistanceelements[vanBelkumetal.,2015].Asearch
ofthe79ST235isolatesidentifiedonlysixST235isolatesharbouringaCRISPR-
Cassystem;allbeingoftypeI-CandfallingwithinC5ofthephylogenetictree
(Figure3.3).TheclusterC5includedisolatesfromthePhilippines(n=2)and
Greece(n=3)alongwithoneisolatefromRussia.Interestingly,allC5isolates
werefrom2012andsharedacommonancestordatingfrom2007(Figure3.5A).
SuchalowprevalenceofCRISPR-CasintheST235lineageisinlinewithprevi-
ousdata[vanBelkumetal.,2015,Touchonetal.,2012].

TheC5typeI-CCRISPR-Casisolatesalsocarriedacquiredresistancedeter-
minantspreviouslyidentifiedtobeassociatedwithclassIintegrons[Kosetal.,
2015].Thisisinlinewiththeabsenceofclearcorrelationbetweentheacquisition
ofantibioticresistancegenesviaplasmidsandclassIintegronsinGram-negative
bacilliandthepresenceofCRISPR-Cassystems[Touchonetal.,2012,van
Belkumetal.,2015]. Thefactthattheaveragesizeofthechromosomeof
CRISPR-CascontainingC5isolates(6.88Mbp)issimilartothatoftherestofthe
ST235clone(6.87Mbp)givesindirectevidenceofthepoorroleofCRISPR-Cas
systemsintheacquisitionofforeignDNA.P.aeruginosaCRISPR-Cassystems
maythenbeconsideredpreferablyasaprotectionagainsttemperatebacterio-
phagesorgenomicislandsratherthanagainstthetransferofresistancegenes
directly.

3.3.6/ ST235-SPECIFICDETERMINANTS

OnecouldimaginethattheglobalsuccessofP.aeruginosainternationalclones
(e.g. ST111,ST175,ST235,ST244,ST395)couldrelyonspecificdetermi-
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nants.Unfortunately,wedidnotretrieveanygenesignaturesharedamongthese
widespreadclones(datanotshown). Wethenidentifiedgenespresentinthe
genomeofallST235isolatesbutabsentfromamajorityofthenon-ST235iso-
lates. ThetypeIIIsecretionsystemexotoxinencodedbytheexoUgenewas
presentinalloftheST235genomes,althoughnotspecificofthislineage.Hence,
theanalysisof65non-ST235genomesofP.aeruginosaalsodetectedthepres-
enceoftheexoUgenein18strainsrepresentativeofST253(e.g.strainPA14),
ST313,ST316,ST357,ST823,ST1024,ST1047,ST1971,andanunassigned
ST(strainMTB-1). Wefurtheridentified22ST235-specificgenes.Amajorityof
thesegenesclusteredintothreeblocks(Table3.1).

Block1contained9genesandwasapartofExoUislandA.Threegenes
(NCGM21830toNCGM21832)encodedhomologsofthecomponents(TolC,
EmrA,EmrB)ofatripartiteeffluxpump.Twootherscontiguousgenes(NCGM2-
1836,NCGM21837)encodedaputativetransporterandaperiplasmicadaptor,
respectively,thatcouldacttogetherasanothereffluxpump.Theproductionof
thesetwoeffluxpumpscouldspecificallyenhancetheresistanceofST235iso-
latestoantibiotics. Block2included10geneswith9encodingproteinsimpli-
catedinDNAprocessing(aP-loopNTPase,twotype-1restrictionendonucleases
-HsdRandHsdS,aUvrD/REPhelicase,aSMCdomain-containingprotein,two
DNAmethylases,DprAandRecQ).

3.4/ DISCUSSION

3.4.1/ ST235-SPECIFICDETERMINANTS

Weidentified dprAasaspecificdeterminantofST235sublineage. DprAisre-
quiredforprotectionofincomingsingle-strandedDNAandinteractswiththeubiq-
uitousrecombinaseRecAtointegratetheacquiredDNAintothehostchromo-
someofnaturallytransformablebacterialspeciessuchasStreptococcuspneu-
moniae[Johnstonetal.,2014].RecQisaDNAhelicasethataffectsDNAtrans-
formationinGram-negativeandGram-positivebacteria[Bolotinetal.,2001].Of
note,therestofthetransformationmachinery(i.e.,secretionchannelPilQ,DNA
receptorComE,transmembranechannelComA,translocaseComFA,andthe
competenceactivatorTfox)wasconservedinthespeciesP.aeruginosa[John-
stonetal.,2014,Valotetal.,2015].

ST235displaysaveryhighdiversityofacquiredresistancegenes(Figure3.7
and3.8).DprAuniversalityamongtransformablespeciesanditsdemonstrated
roleinhomologousrecombinationprovideevidencethatitspresenceinST235
possiblyincreasestheabilityofthiswidespreadclonetoacquireandmaintain
foreignresistanceelementsatagreaterratethanotherP.aeruginosaclones.
Overall,22geneswerefoundtobeuniquetotheST235sublineageanden-
codedproteinsimplicatedinDNAprocessing,transportthroughthemembrane,
andbacterialtransformation.TheroleoftheseST235-specificproteinsinthesuc-
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cessoftheclone(viahigherintrinsicresistancetoantibioticsoreasieracquisition
offoreignresistancedeterminants)isspeculativebutdeservesexperimentalver-
ification.

AlthoughnotfullyspecificoftheST235clone,exoU-encodedexotoxinwasre-
trievedinallST235isolates.ThepresenceandproductionofExoUisamarker
forearlymortalityassociatedwithP.aeruginosainfections.ThevirulenceinP.
aeruginosaismultifactorialandcombinatorial,howeverthesedatasuggestthat
ExoUproductioncouldparticipatetothepooroutcomeofinfectionsduetoST235.

3.4.2/ HIGH DIVERSITY OF RESISTANCE DETERMINANTS TO

AMINOGLYCOSIDES AND TO β-LACTAMSINST235 ISO-

LATES

Thevarietyofbothchromosomalandacquireddeterminantsofresistanceto
aminoglycosidesandβ-lactamsinthecloneST235(Figure3.5,Figure3.7)indi-
catesindependentandlocalacquisitioninlinewithpreviousobservation.Hence,
onecanhypothesizethattheglobalspreadoftheselineagesdoesnotfullyrely
onresistancetoaminoglycosidesandtoβ-lactams. Thishighdiversityoffor-
eignresistancedeterminantsinST235contrastswiththatobservedinanother
widespreadclone,ST175,inwhichtheresistancetoantibioticsmainlyoccursvia
chromosomalmutations.Altogether,themosaicofeitheracquiredormutational
resistancedeterminantscouldargueforalimitedroleoftheselectivepressureof
theseantimicrobialagentsintheinternationalspreadofST235clone(Figure3.7,
Figure3.5B).

3.4.3/ ROLE OFTHEFLUOROQUINOLONESINTHESPREADAND

EMERGENCEOFST235

Interestingly,theemergenceofST235sublineagein1984coincideswiththebe-
ginningoftheuseofantipseudomonalfluoroquinolones(pefloxacin,ofloxacin,
andciprofloxacin)between1984and1987[Rubinstein,2001].Theemergence
offluoroquinolone-resistantmutantsofP.aeruginosaaftertreatmentwiththese
compoundshasbeenwelldocumented[Ball,1990,Carmelietal.,1999]. The
expansionofST235mayhavebeenfavouredbytheextensiveuseoffluoro-
quinolones,selectingforQRDRmutations.Similarly,theworldwideexpansionof
themajorpathogensEscherichiacoliST131H30-Rx,methicillin-resistantStaphy-
lococcusaureusEMRSA-15tothemid-1980s,andthatofClostridiumdifficile027
intheearly1990salsoincriminatedtheclinicaluseoffluoroquinolones[BenZa-
kouretal.,2016,Holdenetal.,2013,Heetal.,2013].

AlthoughQRDRmutationshavebeenobservedinmanyotherclonesofP.aerug-
inosa,ithasbeenexperimentallydemonstratedthatthefitnesscostofmuta-
tionsintheQRDRofP.aeruginosadependsonthegeneticbackgroundofthe
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strains[Kugelbergetal.,2005]. Hence,ithasbeenrecentlyshownthatmuta-
tionsinparCincreaseorhavenoeffectonthefitnessofexoU-strains,whilethey
decreasethatofexoS-strains[Agnelloetal.,2016].Thisdifferencewasdue,at
leastinpart,toabetterabilityofExoU-strainstomaintaintheDNAsupercoiling
levelsoftheparentstrain.Inaddition,Agnelloetal.alsodemonstratedthatparC-
mutantsofExoU-strains,after7daysofculturehaveahighermutationfrequency
thanparC-mutantsofexoS-strains[Agnelloetal.,2016].Overall,althoughother
featuresofST235mayhavecontributedtoitsspread,fluoroquinoloneusecould
havehighlyfavoredthespreadofexoU-strains(includingST235)inwhichthe
fitnessburdenoftheresistancetothesemajorantibioticsislower.

3.4.4/ WEAKNESSESANDLIMITATIONSOFTHESTUDY

Althoughathoroughgenotypicanalysiswascompletedontheseisolates,the
correspondingphenotypicantibioticresistancelevelofamajorityoftheisolates
wasunknown. However,previousstudieshaveillustratedsignificantcorrela-
tionbetweenthegenotypeandphenotypeforβ-lactams,fluoroquinolonesand
cephalosporins.Despitetheparticulareffortswemadetocollect‘historic’ST235
genomescollectedpre-1992andthehighdegreeofconfidenceoftheMRCAage,
therelativelownumberofearlyisolatescouldhavebiasedtheresult.Addition-
ally,theisolatecollectionexploredhere(n=79)isoflimitedsizeandsuffersfrom
abiasingeographicaldistribution,withalowrepresentationofisolatescoming
fromAsiaandAfricawhencomparedwithisolatescomingfromNorthAmerica
andEurope.

3.5/ CONCLUSION

Analysisofthegenomesequencesof79isolatesofP.aeruginosaST235ob-
tainedovera27-yearperiodfromdiverseregionsoftheglobewereusedtogain
anunderstandingoftheepidemiologyofthisinternationalhigh-riskclone.Cluster-
inganalysisconfirmedthatclonalspreadsoccuronacountryorregionalscalebut
alsorevealedthatST235subclonescanspreadacrosscontinents.Analysisofa
timescaleofaphylogenetictreesuggestedthattheST235disseminatedveryre-
centlysincethelate20stcentury(≈1984).TheST235seeminglyspreadfromEu-
ropeworldwideinthe1998-2000withatleasttwoindependentgroups.Thevery
highdiversityofacquiredresistancegenes,whichcontrastswiththerelativelyre-
centageoftheST235ancestor,istypicalofhigh-riskclonesandhasalsobeen
reportedwithintheST111clone[Turtonetal.,2015].Itindicatesindependentand
localacquisitionofmobileresistancegenes.Inaddition,themosaicofmutational
andacquiredresistancedeterminantstoextended-spectrumcephalosporinsand
carbapenemssuggeststhattheseantimicrobialagentsplayedaminorroleinthe
internationalspreadoftheST235clone.Incontrast,thedateofemergenceof
thecloneandthesimilarQRDRchangeinnearlyallisolatesretrievedafter1992
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stronglysuggeststhatST235worldwidespreadhasbeenfavoredbytheexten-
siveuseoffluoroquinolonessincethemid-1980s.Althoughpinpointingthege-
neticbasisofthesuccessofanepidemicpathogeniscomplex,tworecentstudies
demonstratedthattheemergenceofEscherichiacoliST131H30-Rxandthatof
StaphylococcusaureusEMRSA-15reliedontheacquisitionofavirulencefactor
orongeneticchangesleadingtoanadaptationtohospitalenvironmentalongwith
theacquisitionofdrugresistance[BenZakouretal.,2016,Holdenetal.,2013]
(31,32).Similarly,oncearrivinginaregion,ST235P.aeruginosasubsequently
acquireresistancedeterminantstoaminoglycosides,β-lactamsandcarbapen-
emstocreatelocaloutbreakswithpooroutcomedueinparttotheproductionof
ExoU.WefoundthatmostST235isolatesdidnotharborCRISPR-Cassystems
withtheexceptionofisolatesofclusterC5.Twenty-twogeneswerefoundtobe
uniquetoST235sublineageandencodedproteinsimplicatedinDNAprocess-
ing,transportthroughthemembrane,andbacterialtransformation.Thesetwo
latterfeaturescouldhavehelpedthishigh-riskclonetoenhanceitsintrinsicresis-
tancetotoxiccompoundsandtoacquirenewdeterminantsofresistancetomajor
antipseudomonalantibiotics.

Insummary,P.aeruginosaST235clonehasbecomeprevalentacrosstheglobe
duetotheselectivepressureofantimicrobialsandtheirabilitytoadaptthrough
mutationandreadilyacquireresistanceelements.

3.5.1/ DATAACCESS

The sequence data from this study have been submitted to the
DDBJ/EMBL/GenBankunderNCBIprojectid.PRJNA311177.Rawsequencing
dataareavailableunderaccessionno.SRP076542.
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Figure3.5:TimeofMostRecentCommonAncestor(MRCA)ofP.aeruginosa
ST235andchromosomalmutationsconferringhigh-levelresistancetoflu-
oroquinolones,extended-spectrumcephalosporinases,andcarbapenems.
(A)Phylogenetictreewithtimescalewascalculatedfromthe69genomesofiso-
lateswithknownisolationdatewithBEAST2usingcontinentoriginasco-variable.
Theestimatedmutationratewas4.8510-6(95%CI,4.5910-6-5.1510-6)per
siteperyear.ThetimeofMRCAis≈30yearsagofrom2014.Thetipsarelabeled
withtheisolatenameandarecoloredbycontinentoforigin(seeinsert).Names
oftheisolatesareprefixedwiththeclustertowhichtheybelong.Isolateswith
typeI-CCRISPR-Cassystemaremarkedwithanasterisk.(B)Mutationsinthe
QRDRofgyrA,gyrB,parC,andparE,intheregulatorsofthecephalosporinase
AmpCandinoprD.FortheQRDR,thenumbersofthecorrespondingcodonsin
Escherichiacoliareinparentheses.Blackcellsandwhitecellsindicatethepres-
enceorabsenceofagivenmutation,respectively.Formutationineachregulator
ofthecephalosporinaseAmpCandinoprD,everysinglemutationisrepresented
byasinglecolor.Whitecellsindicateanintactprotein.Thedetailofthemutations
isgivenintheTable3.3.Everyproteinwascomparedtoitsclosesthomologborn
byaβ-lactamsusceptibleisolateofP.aeruginosa(strainM18forampD,ampP,
dacB;strainPA14forampDh2,ampG,ampO,oprD;strainMBT-1forampDh3,
ampR).ampOpolymorphismforalltheisolatesofthecollection:S125T,D256E.
ampPpolymorphismforalltheisolatesofthecollection:L74FandL98F.
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Figure3.6:Thehierarchicalclusteringofresistancegene.
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Figure3.7: Genesacquiredby ST235isolatesthatconferresistance
toaminoglycosides,toextended-spectrumβ-lactams,tocarbapenems,
andfluoroquinolones. aGenesencodingresistancedeterminantstofluoro-
quinolonesandtoaminoglycosides.bGenesencodingresistancedeterminants
tofluoroquinolones.Thegeneaph(3’)-IIbwaspresentinalltheisolates(except
44CH12,43US06and18CF11).ThegenesblaOXA-50,blaAmpC,andfosA
werepresentinalltheisolatestested.
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Table3.2:Originandmetadataofthe79P.aeruginosaST235isolatesused
todeterminetheworldwidepopulationstructureofthisclone.

Strainnamea Origin Siteofisolation Countryofisolation Year of
isolation

Totalsequence
length(bp.)

Numberof
contigs

GInumber NCBIReferenceSeq. Reference

1900JP12 Human Urine Japan 2012 6814936 1 AP014622 AP014622 Unpublished
1984JP12 Human Urine Japan 2012 6850954 1 AP014646 AP014646 Unpublished
6077USun Human Eye UnitedStates Unknown 6971023 45 553794551 NZAXRE00000000 Unpublished
BL08USun Human Eye UnitedStates Unknown 6946790 31 553772209 NZAXPS00000000 Unpublished
BL14USun Human Eye UnitedStates Unknown 7101427 24 553768504 NZAXPM00000000 Unpublished
BL17USun Human Eye UnitedStates Unknown 6865653 18 553766645 NZAXPJ00000000 Unpublished
BWHUS13 Human Urine UnitedStates 2013 6451019 66 685985247 NZJIED00000000 Unpublished
BWHPUS13 Human Lung UnitedStates 2013 6930020 20 553793043 NZAXQW00000000 Unpublished
E2UoSUSun Environment Soil UnitedStates Unknown 6634585 341 514930350 NZASQV00000000 [1]
JJ692USun Human Urine UnitedStates Unknown 6735382 17 553797072 NZAXRH00000000 Unpublished
NCGMJP02 Human Urine Japan 2002 6764661 1 AP012280 AP012280 [2],[3]
P235ES08 Human Blood Spain 2008 6929551 123 671279092 JNHD00000000 [4]
U2504USun Human Urine UnitedStates Unknown 7049946 28 553796923 NZAXRG00000000 Unpublished
WS394 ROun Human Skin Romania Unknown 6754356 198 698162563 CBYA000000000 [5]
01US12 Human Urine UnitedStates 2012 6735127 137 1125616863 LYTT00000000 [6]b

09RU12 Human Urine Russia 2012 6736869 154 1125616898 LYTU00000000 [6]b

22TH12 Human Lung Thailand 2012 6840910 178 1125617038 LYTV00000000 [6]b

33RU13 Human Lung Russia 2013 7068739 363 1125617870 LYTW00000000 [6]b

35RU13 Human Urine Russia 2013 6881324 210 1125617615 LYTX00000000 [6]b

37RU13 Human Abdomen Russia 2013 7109932 352 1125618029 LYTY00000000 [6]b

49NG13 Human Abdomen Nigeria 2013 6888143 161 1125618040 LYTZ00000000 [6]b

92AR12 Human Lung Argentina 2012 6829516 163 1125616452 LYTQ00000000 [6]b

94AR12 Human Lung Argentina 2012 6819863 186 1125616528 LYTR00000000 [6]b

98ZA12 Human Abdomen SouthAfrica 2012 6803192 160 1125616460 LYTS00000000 [6]b

00ES10 Human Urine Spain 2010 6858205 108 728982976 JTOU00000000 [7]
02AR08 Human Lung Argentina 2008 6886932 98 728993746 JTSN00000000 [7]
02PH12 Human Lung Philippines 2012 7131510 160 729010743 JTXD00000000 [7]
03CO11 Human Lung Colombia 2011 6882469 106 728982655 JTOR00000000 [7]
03PH12 Human Abdomen Philippines 2012 6892377 201 729010642 JTXC00000000 [7]
05GR12 Human Urine Greece 2012 6888268 240 729010543 JTXA00000000 [7]
06GR12 Human Abdomen Greece 2012 6921381 149 729009856 JTWZ00000000 [7]
06US11 Human Lung UnitedStates 2011 6832413 109 728982336 JTOO00000000 [7]
08GR12 Human Abdomen Greece 2012 6707536 187 729009836 JTWX00000000 [7]
10US12 Human Lung UnitedStates 2012 6748304 147 729009409 JTWW00000000 [7]
12HR08 Human Lung Croatia 2008 6835920 89 728992820 JTSD00000000 [7]
15DE11 Human Urine Germany 2011 6804229 113 728981344 JTOF00000000 [7]
19CO12 Human Lung Colombia 2012 6855346 190 729007718 JTWN00000000 [7]
20CO12 Human Urine Colombia 2012 6802126 235 729007823 JTWM00000000 [7]
Tobecontinued
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Strainnamea Origin Siteofisolation Countryofisolation Year of
isolation

Totalsequence
length(bp.)

Numberof
contigs

GInumber NCBIReferenceSeq. Reference

21CO12 Human Abdomen Colombia 2012 6867543 164 729007613 JTWL00000000 [7]
22US09 Human Urine UnitedStates 2009 6732223 90 729015496 JTYK00000000 [7]
23IT12 Human Lung Italy 2012 6639036 171 729007139 JTWJ00000000 [7]
26US12 Human Urine UnitedStates 2012 6885273 164 729006706 JTWG00000000 [7]
30AR05 Human Abdomen Argentina 2005 6816534 150 729003105 JTVE00000000 [7]
30IT12 Human Lung Italy 2012 6865760 198 729005870 JTWC00000000 [7]
32US12 Human Lung UnitedStates 2012 6793558 196 729005659 JTWA00000000 [7]
42US06 Human Urine UnitedStates 2006 6889407 80 729001609 JTUS00000000 [7]
43US06 Human Urine UnitedStates 2006 6737478 125 729001522 JTUR00000000 [7]
49AR09 Human Lung Argentina 2009 6899528 77 728988868 JTQS00000000 [7]
53FR10 Human Abdomen France 2010 6835254 123 729016788 JTZA00000000 [7]
58FR12 Human Lung France 2012 6567883 103 728977063 JTMO00000000 [7]
63BR12 Human Lung Brazil 2012 6768150 113 728976370 JTMJ00000000 [7]
68HR09 Human Lung Croatia 2009 6897223 123 728986708 JTQA00000000 [7]
74US07 Human Lung UnitedStates 2007 6850351 170 728997582 JTTO00000000 [7]
79AR10 Human Unknown Argentina 2010 6948193 132 729017191 JTZD00000000 [7]
79US10 Human Urine UnitedStates 2010 6751299 125 728985228 JTPP00000000 [7]
80MX10 Human Unknown Mexico 2010 6855952 112 729016970 JTZC00000000 [7]
87HR07 Human Abdomen Croatia 2007 6903570 114 728995829 JTTB00000000 [7]
89MX12 Human Lung Mexico 2012 7252889 216 729013444 JTXP00000000 [7]
90RO12 Human Urine Romania 2012 6730564 106 729013122 JTXO00000000 [7]
94RO12 Human Urine Romania 2012 6964286 268 729012972 JTXK00000000 [7]
06FR92 Human Unknown France 1992 6847965 74 956329076 LLOT00000000 [8]
09BG97 Human Skin Bulgaria 1997 6701776 136 957353945 LLUY00000000 [8]
47DE97 Human Skin Germany 1997 6868312 143 957106286 LLTH00000000 [8]
68HU97 Human Skin Hungary 1997 6763374 115 957253774 LLTZ00000000 [8]
70FR92 Human Unknown France 1992 6813449 119 955923662 LLLZ00000000 [8]
76FR92 Human Unknown France 1992 6730794 163 955940558 LLMF00000000 [8]
76TR97 Human Skin Turkey 1997 6723240 103 957283235 LLUC00000000 [8]
77FR92 Human Unknown France 1992 6761710 180 955995171 LLMG00000000 [8]
78FR88 Human Unknown France 1988 7489959 199 956281714 LLOC00000000 [8]
86FR92 Human Unknown France 1992 6754761 167 956029546 LLMQ00000000 [8]
87FR91 Human Unknown France 1991 6566958 88 956314600 LLOL00000000 [8]
08CI08 Human Unknown IvoryCoast 2008 6780875 1584 - SRX1844435 [9]c

15DNGun Human Unknown Nigeria Unknown 7368341 2204 - SRX1844429 [9]c

18CF11 Human Wound CentralAfricanRepublic 2011 7024837 1937 - SRX1844430 [9]c

23CH14 Human Urine Switzerland 2014 7527497 1667 - SRX1844434 Unpublished,
D.S.Blancc

36DNGun Human Unknown Nigeria Unknown 7160894 992 - SRX1844431 [9]c

44CH12 Human Ear Switzerland 2012 6658646 1979 - SRX1844433 Unpublished,
D.S.Blancc

Tobecontinued
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length(bp.)
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48CH06 Human Nose Switzerland 2006 7316038 1727 - SRX1844432 Unpublished,
D.S.Blancc

SPaeFR04 Human Lung France 2004 6717652 130 1125603363 LYLN00000000 [10]
Endoftable

[1]StewartL,FordA,SangalV,JeukensJ,BoyleB,Kukavica-IbruljI,etal.Draftgenomesof12host-adaptedandenvironmentalisolatesofPseudomonasaeruginosaandtheirpositionsin
thecoregenomephylogeny.PathogDis2014;71:20-5

[2]ShimizuW,KayamaS,KoudaS,OguraY,KobayashiK,ShigemotoN,etal.PersistenceandepidemicpropagationofaPseudomonasaeruginosasequencetype235cloneharboringan
IS26compositetransposoncarryingtheblaIMP-1integroninHiroshima,Japan,2005to2012.AntimicrobAgentsChemother2015;59:2678-87.

[3]SekiguchiJ-I,AsagiT,Miyoshi-AkiyamaT,FujinoT,KobayashiI,MoritaK,etal.Multidrug-resistantPseudomonasaeruginosastrainthatcausedanoutbreakinaneurosurgerywardand
itsaac(6’)-Iaegenecassetteencodinganovelaminoglycosideacetyltransferase.AntimicrobAgentsChemother2005;49:3734-42.

[4]ViedmaE,VillaJ,JuanC,OliverA,ChavesF.Draftgenomesequenceofcolistin-only-susceptiblePseudomonasaeruginosastrainST235,ahypervirulenthigh-riskcloneinSpain.Genome
Announc2014;2.doi:10.1128/genomeA.01097-14.

[5]VorḧolterF-J,ArnoldM,WibbergD,BlomJ,WinklerA,ViehoeverP,etal.DraftgenomesequenceofPseudomonasaeruginosastrainWS394,amultidrug-resistantandhighlycytotoxic
woundisolatefromchroniculcuscruris.GenomeAnnounc2014;2.doi:10.1128/genomeA.01325-14.

[6]Unpublished,InternationalHealthManagementAssociation,AstraZeneca

[7]KosVN,D́eraspeM,McLaughlinRE,WhiteakerJD,RoyPH,AlmRA,etal.TheresistomeofPseudomonasaeruginosainrelationshiptophenotypicsusceptibility.AntimicrobAgents
Chemother2015;59:427-36.

[8]vanBelkumA,SoriagaLB,LaFaveMC,AkellaS,VeyrierasJ-B,BarbuEM,etal.PhylogeneticdistributionofCRISPR-Cassystemsinantibiotic-resistantPseudomonasaeruginosa.MBio
2015;6:e01796-15.

[9]CholleyP,KaR,GuyeuxC,ThouverezM,GuessenndN,GhebremedhinB,etal.PopulationstructureofclinicalPseudomonasaeruginosafromwestandcentralAfricancountries.PLoS
One2014;9:e107008.

[10]HocquetD,LlanesC,ThouverezM,KulasekaraHD,BertrandX,PĺesiatP,etal.Evidenceforinductionofintegron-basedantibioticresistancebytheSOSresponseinaclinicalsetting.
PLoSPathog2012;8:e1002778.

[a]Thenameofisolateswasdefinedastheconcatenationoftheisolatenumberorstrainname,thecountryofcollection(usingtheISO31662-lettercountrycode),andtheyearofcollection
(2figures,or“un”forunknownwhenthedateofisolationwasmissing).

[b]SequencesgeneratedbyIlluminaandrawreaddatawasassembledbyCLCGenomicWorkbench7.0.4.

[c]SequencesgeneratedbyIonTorrentPGMandrawreaddatawasassembledbyRay.
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Table3.3:Detailsofthemutationsingeneswhoseinactivationup-regulates
AmpCcephalosporinaseproductionandinoprDinacollectionof79isolates
ofPseudomonasaeruginosaST235.

Cluster Isolate ampD ampDh2 ampDh3 ampR ampG ampO ampP dacB oprD

C1 76FR92 ISPa7a - - - - - - - ISPpu21b

77FR92 ISPa7c - - - - - - - ISPpu21b

86FR92 ISPa7a - - - - - - - ISPpu21b

C2 00ES10 GCC→ACC
(A96T)

- - - - - - - Insert
(GTCCG)1206

09BG97 - - - - - - - - -
47DE97 - - - - - - - - CAG→TAG

(Q415stop)
68HU97 - - - - - - - - GAA→TAA

(E171stop)
C3 30AR05 AAC→AGC

(N111S)
- - - - - - - -

63BR12 - - - - - - - - -
79AR10 AAC→AGC

(N111S)
- - - - - - - -

92AR12 AAC→AGC
(N111S)

- - - - - - - InsertC1203

94AR12 AAC→AGC
(N111S)

- - - - - - - CAG→TAG
(Q415stop)

C4 06US11 GGC→GAC
(G84D)

- - - - - - - AAG→TAG
(K296stop)

22US09 GGC→GAC
(G84D)

- - - - - - - ∆T907

42US06 GGC→GAC
(G84D)

- - - - - - - -

43US06 GGC→GAC
(G84D)

- - - - - - - -

79US10 GGC→GAC
(G84D)

- - - - - - - -

C5 02PH12 - - - - - - - - -
03PH12 - - - - - - - - ∆935-952
05GR12 - - - - - - - - ∆935-952
06GR12 - - - - - - - - -
08GR12 - - - - - - - - ∆260-405
09RU12 - - - - - - - - ∆260-405

C6 03CO11 - - - - - - - - ∆450-459
44CH12 - - - - - - - - InsertC1016
BL14USun - - - - - - - - -

Tobecontinued
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Cluster Isolate ampD ampDh2 ampDh3 ampR ampG ampO ampP dacB oprD
BWHUS13 - - - - - - - - -
BWHPUS13 ∆267-283 - - - - - - - ∆C825

C7 01US12 GGG→GAG
(G121E)

- - - - - - - ∆588-603

23IT12 ATC→ACC
(I69T)

- - - - - - - -

33RU13 - - - - - - - - ∆T907
35RU13 - - - - - - - - ∆T323
98ZA12 CGC→TGC

(R176C)
- - - - - - - -

C8 15DNGun - - - - - - - - -
18CF11 - - - - - ∆699-1176 - - -
22TH12 - GCC→GTC

(A239V)
- - - GCG→GAG

(A378E),
CCA→GAT
(P379D),
CCC→CAA
(P380Q)

- ∆1-142,
∆895-1515

TCC→TAG
(D100stop)

26US12 - - - - - - GGG→TGG
(G410W),
GAA→GGA
(E413G),
TGA→CGA
(Stop415R)

- -

36DNGun - - - - - ∆994-1176 - - -
37RU13 - - - - - - - - TGG→TGA

(W417stop)
49NG13 - GCC→GTC

(A239V)
- - - CCA→GCT

(P379A)
- - -

C9 19CO12 - - - - - - - - -
20CO12 - - - - - - - - -
21CO12 - - - - - - - - -
BL17USun - - - - - - - - InsertA983
E2UoSUSun - - - - - - - - -
JJ692USun - - - - - - - - -
U2504USun - - - - - - - - -

C10 23CH14 - - - - - - - - -
80MX10 - - - - - - - - -
94RO12 - - - - - - - - CAA→TAA

(Q164stop)
NCGMJP02 - - - - - GCC→ACC

(A329T)
- - -

Tobecontinued
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Cluster Isolate ampD ampDh2 ampDh3 ampR ampG ampO ampP dacB oprD
P235ES08 - - - - - - - - -
WS394 ROun - - - - - - - - CAA→TAA

(Q164stop)
C11 12HR08 - - - - - - - - -

1900JP12 - - - - - - - - TGG→TGA
(W138stop)

1984JP12 - - - - - - - - TGG→TGA
(W138stop)

30IT12 TTC→TCC
(F90S)

- - - - - - - TCC→CCC
(S278P)

68HR09 - - - - - - - - -
87HR07 - - - - - - - - -

C12 06FR92 GTC→GGC
(V11G)

- - - - - - - -

08CI08 GTC→GGC
(V11G),
∆C48

- - - - ∆722-1176 - - ∆G631,
CAG→TAG
(Q327stop)

48CH06 - - - - - ∆824-1176 - - CAG→TAG
(Q340stop)

53FR10 GTC→GGC
(V11G)

- - - - - - - TAC→TAA
(Y294stop)

70FR92 GTC→GGC
(V11G)

- - - - - - - ∆G389

76TR97 - - - - - - - - CAG→TAG
(Q340stop)

87FR91 GTC→GGC
(V11G)

- - - - - - - -

90RO12 GGC→AGC
(G157S)

- - - - - - - -

C13 10US12 CCG→CTG
(P162L)

- - - - - - - InsertC1206

15DE11 TGT→TAT
(C92Y)

- - - - - - - -

32US12 - - - - - - - - -
74US07 - - - - - - - - ∆G179
SPaeFR04 - - - - - - - - TAC→TAG

(Y294stop)
C14 02AR08 - - - - - - - - ∆1136-1145

49AR09 - - - - - - - - ∆1136-1145
58FR12 - - - GAC→AAC

(D135N)
- - - - GCC→TCC

(A8S)
Tobecontinued
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Cluster Isolate ampD ampDh2 ampDh3 ampR ampG ampO ampP dacB oprD
6077USun ACG→GCG

(T139A)
- - - - - - - -

78FR88 - - - - - - - - -
89MX12 - - - - GCG→GTC

(A586V)
- - - -

BL08USun - - - - - - - - -
Endoftable

(a)ISPa7was473bpandwasinsertedbetweennucleotides71and75ofthecodingregionoftheampDgene.

(b)ISPpu21was475bpandwasinsertedbetweennucleotides1137and1141ofthecodingregionoftheoprDgene.

(c)ISPa7was474bpandwasinsertedbetweennucleotides71and75ofthecodingregionoftheampDgene.

AllinsertionsequenceswereidentifiedusingISfinderdatabase(SiguierP,PerochonJ,LestradeL,MahillonJ,ChandlerM.ISfinder:thereferencecentreforbacterialinsertionsequences.
NucleicAcidsRes2006;34:D32-6.).
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Figure3.8:Resistancegenesacquiredbythe79P.aeruginosaST235iso-
lates.
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PANISA:ANEWTOOLTOFIND
INSERTIONSEQUENCESONNGSDATA

4.1/ INTRODUCTION

Wealreadyhavestated,inapreviouschapter,thatanInsertionSequence(IS)is
asmallDNAfragmentencodingtransposase(Tpase)gene,thathastheabilityto
movewithincellsandtorepeatitselfthankstonewinsertions.Itcanbeintegrated
byeitherplasmidsorbacteriophages,tomovebetweengenomesasanhorizontal
genetransfer[Siguieretal.,2014].

ThecommonISstructureconsistsof1-2Tpaseopenreadingframe(s)(orf),
withterminalinvertedrepeats(IRs)forTpase-mediatedcleavagerecognitionand
Tpasebindingsites. Directrepeatedsequences(DRs),whichareshorttarget
DNAflankingISs,arealwaystakenintoaccountwhenreferringtotheISorgan-
isation[Siguieretal.,2015]. Accordingtotheirdiversityoforganization,their
mechanismsandfeatures,insertionsequencesareclassifiedwithinfamiliesus-
ingthe4attributesbelow(see,e.g.,[MahillonandChandler,1998]):

1. arrangementoforf;

2. transpositionchemistry;

3. featuresoftheirendingterminalinvertedrepeats;and

4. theirdestinationsequences.

Atthebeginningoftheirstudy,17familieshavebeenfoundfrom443insertion
sequences,andthisnumberhasthenbeenincreasedtoreach29familiesusing
morethan4,000ISsinISfinderdatabasepreviouslyintroduced[Siguieretal.,
2015,MahillonandChandler,1998].

Insertionsequenceshavevariousimpactsonhostgenomes,liketheirreductionin
sizeduetoISexpansionsthatmaycausemutation,deletion,andrearrangement
inthehostsequence[Siguieretal.,2014].Inaddition,insertionsequenceshave
someeffectsongenomeexpressioneitherduetoaninactivationcausedbyan

83
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insertionwithinagiventargetgene,orconverselyanactivationbyanupstream
insertion.

Therepercussionsarefeltbyimportantphenotype modifications,intermsof
virulence,antibioticresistance,andmetabolism[Vandecraenetal.,2017].For
instance,anincreasingoffluoroquinolonesresistancecausedbyIS1orIS10
insertionupstreamofacrEFhasbeenreportedinSalmonellaenterica[Olliver
etal.,2005]. Similarly,inactivationofthegeneoprDbyISinsertioninduced
imipenem-resistanceinPseudomonasaeruginosaclinicalstrainisevokedin[Sun
etal.,2016].DuetothissignificantroleofISsintheevolutionofhostmicrobial
genomes,thedetectionofsuchsequencesisimportantinevolutionarystudies:
thisdetectionmayhelptoreveal,forinstance,howantibioticresistanceoccurs,
orthewidespreaddistributionofsuchresistancegenes.

Next-generationsequencingofwholebacterialgenomeshasbecomeastandard
intheanalysisofgenomicsevolutionandstructure,allowingforinstancethede-
tectionofmutationsbyaligningreadsagainstagenomereference. However,
ISanalysisismorecomplicatedduetotherepeatednatureofsuchelements
andthelimitedsizeofreadsequences. Severaltoolshavebeendevelopedto
overcomethisproblem[Ewing,2015].SomeofthemrequireanISdatabaseas
templaterecognitionforidentifyingIS,likeISMapper[Hawkeyetal.,2015]and
RetroSeq[Keaneetal.,2012]:theytakebenefitsfrommanualfeatureorfunction
confirmationsinthecaseofknownISs. However,thereisnodenialinthefact
thatmanyunknownISsarestillwaitingtobediscovered.Thisiswhysomede-
tectiontools,likeDDDETECTION[Kroonetal.,2015]orMobster[Thungetal.,
2014],donotrequireanyISdatabase.But,unfortunately,theyareonlysuitable
forhumangenomes.

Hence,tofulfillthestudyofinsertionsequencesinbacteriawiththeabilitytodis-
covernewkindofISs,wehavedesignedpanISa,whichisasensitiveandprecise
ISsdetectiontool.Ithasbeendevelopedtobeeasytouseandtonecessitate
onlyreadmappingsequences(BAM)asinput:inotherwords,noISlibraryis
needed.

ThereasontobeofpanISahasappearedtousduringarealbioinformaticsin-
vestigation,whichisreportedinthefollowingsection.

4.2/ AREALCASESTUDYATTHE ORIGIN OFPANISA

DESIGN

4.2.1/ AFIRSTPIPELINEFORISSTUDYOFST233STRAINS

4.2.1.1/ WGSOFP.aeruginosaSTRAINS

FivestrainsofST233P.aeruginosa,isolatedfromOct.2007toMay2008,have
beencollectedintheBesançonhospital.AfterDNAextraction,strainswerese-
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quencedusingIlluminaHiSeq,with2x150bpandsubsamplingof80x,andaran-
domselectionofpaired-endreads.

ThefirstisolatewasassembledusingRaysoftwaresetwithdefaultvaluesfor
Illuminadata[Boisvertetal.,2010],leadingto118contigsforatotalof6,997,480
bp. ThisgenomewassecondlyannotatedusingProdigal[Hyattetal.,2010]
(5,086genes)andhomologousproteinsweresearchedwithblastPagainstthe
proteomeofP.aeruginosa(Uniprot,50,812entries).The4nextWGSdatawere
finallyalignedagainstthefirstoneusingbwa-mem[LiandDurbin,2009].

4.2.1.2/ GENOMECOMPARISON
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Genomecomparisonwasperformedbyvariantcallingusingfreebayes[Garrison
andMarth,2012].Thisanalysisallowedtofind437mutations(SNP/INDEL)in
allstrains. UsingPAO1genomeasareference,aphylogeneticanalysiswas
performedusingMrBayes[HuelsenbeckandRonquist,2001]withaGTR+G+I
modelonamultiplealignmentof516,277bp. Mutationrateofeachstrainwas
measuredexperimentally[Oliveretal.,2000].

Figure4.1:PhylogenyofST233P.aeruginosa.

4.2.2/ ACRITICALISSUEINOURNGSPIPELINE

AlargenumberofmutationshasoccurredduringthespreadoftheST233epi-
demicclonebetweenOctober2007andMay2008.Theyaremainlyconcentrated



86CHAPTER4.PANISA:ANEWTOOLTOFINDINSERTIONSEQUENCESONNGSDATA

inthe11-2007strain,withabout300mutations,whiletheyarelowerthantenmu-
tationsfortheotherstrains(seeFigure4.1).Thesemutationsarewidelyspread
alongthegenome,whichisnotcompatiblewithafewhorizontaltransferevents.

The11-2007strainseemstohaveahighmutationrate(hyper-mutator)thatwas
confirmedexperimentallywithavalueof2.4E−6,whichshouldbecomparedto
theotherstrains,thathaveamorenormalmutationraterangingfrom2E−8to
5E−9.However,nomutationwasdiscoveredinthemutSandmutLDNArepara-
tiongenes,whenapplyingaclassicalNGSanalysis,whichissurprisinginview
ofthemutationrateoftheconsideredstrain. Toremovesuchacontradiction,
weassembledthegenomeofthe11-2007strain.Aninvestigationoftheafore-
mentionedgenesrevealedthatmutSisindeedsplit(cut)intwocontigs,withpar-
tialsequencesattheendofeachcontig.AsequencealignmentwithISPa1635
(AY539834)demonstratedthatthismutSgenewasinactivatedbyanISinsertion.

ToaddressthisISinsertionwasadifficulttask,andphenotypehasorientedour
detection.WesearchedfortoolsthatareabletofindISsonourparticularkindof
data,butwefoundthatnoneoftheavailablesoftwarearededicatedtobacterial
insertionsequencesonaligneddataofdraftgenomes(i.e.,withnoISannota-
tion),thuswithoutknowledgeofISlikeinBreseq[Barricketal.,2014]orISMap-
per[Hawkeyetal.,2015].ThislackhasledustodesignthePanISasoftware,
whichisdescribedbelow.

4.3/ OUR PANISA DETECTION TOOL: DESIGN AND

EVALUATION

4.3.1/ SOFTWAREGENERALITIES

PanISaprogramisapythonscriptthatparsesareadmappingfile(samorbam)
usingthepysamlibrary[Hegerandcontributors,2009]. Additionally,todetect
potentialinvertedrepeatregions,weusedtheeinvertedexecutableprogramfrom
thewell-knownEMBOSSpackage[Riceetal.,2000].

PanISascriptisdevelopedundertheGPLv3license,andsourcesareavailable
atGithub(https://github.com/bvalot/panISa).

4.3.2/ IMPLEMENTATION

Lookingatalignmentdata,wediscoveredaparticularpatternatinsertionsites:a
largenumberofclipreads(readsthatareonlypartiallymapped)endingatone
sideofthedirectrepeatregion. Mostofexistingtoolsusesdiscordantmate-
pairedreadscombinedwitheithergenomeannotationsofrepeatregionsoralist
ofknowIS[Ewing,2015],whileourstrategyisdifferent,byusingonlyclipreadsto
findpotentialISinsertions,thatareconfirmedinasecondstagebyreconstructing

https://github.com/bvalot/panISa
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thebordersofISsequence.

AsshowninFigure4.2,panISaprogramfilteredreadsinordertoonlyselectclip
reads,anditgroupedthembypositionandside(leftorright)oftheclip.Iftwo
positionswithsufficientnumberofclipreadsinoppositesidearecloseenough,
wecreateda”potential”IS.Fromtheclipread,panISaprogramthencreated
consensussequencesofthedirectrepeat,andoftheleftandrightendsofthe
insertedsequences.Thelatterweresearchedforpotentialinvertedrepeats.All
potentialISinsertionswerereportedonatextfile(tabularformat).Inaddition,
Figure4.3illustratesthepseudocodeofpanISaincludingallcutoffvaluesasthe
optimalparametersforfittingwithrealdata.

Figure4.2:SchemaofpanISaworkflow.

Bynature,alltypesofinsertionorrearrangementeventscouldbedetectedby
oursoftware,includingothertransposableelements(suchasbacteriophage,ICE,
andsoon).Thus,thelistofpotentialinsertionsequencesmustbemanuallyin-
spectedandvalidatedtoconcludetoanISinsertion. MostofISs[Siguieretal.,
2014]haveaninsertedrepeatandthedetectionbypanISaofitisagoodindi-
cationofpotentialIS.Moreover,reconstructionofleftandrightbordersallowsan
alignmentagainsttheISFinderdatabase,leadingtoapotentialhomologyvalida-
tiontoareferencedIS[Siguieretal.,2006a].
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Figure 4.3:The activity diagram of panISa.
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4.3.3/ EVALUATIONPROTOCOL

4.3.3.1/ REFERENCEGENOMEANDISELEMENT

WehaveevaluatedourpanISaproposalonasetofartificiallyinsertedISsingiven
bacterialgenomes.Aftersuchmanualinsertions,wearethenlefttomeasureto
whichextendourtoolisabletorecoverthem.

TosimulateISelementinsertions,wehaveusedsixreferencegenomesequences
of5organisms,namelyofEscherichiacoli,Mycobacteriumtuberculosis,Pseu-
domonasaeruginosa,Staphylococcusaureus,andVibriocholerae. Sequence
datahavebeenobtainedfromtheNCBIdatabase,seeTable4.1forfurtherrefer-
ences.

Table4.2:ISsinformationinthesimulation.

Organism ISName ISFamily IS
Group

DR
length

IS
length

IR

Escherichiacoli

ISEc1 ISAs1 - 8-10 1291 Y
ISEc10 IS21 - 4-8 2410 Y
ISEc17 IS3 IS3 3-4 1258 Y
ISEc18 IS481 - 4-15 1020 Y
ISEc20 IS110 - 0 1459 N
ISEc23 IS66 - 8-9 2532 Y
ISEc29 IS4 IS10 9 1325 Y
ISEc30 IS1 - 8-9 766 Y
ISEc35 IS5 IS903 9 1051 Y
ISEc38 ISL3 - 8 1722 Y
ISEc41 IS200/IS605IS605 0 1841 N
ISEc42 IS200/IS605IS1341 0 1291 N
ISEc51 ISKra4 ISAzba10 2857 Y
ISEc58 IS256 - 8-9 1342 Y
ISEc61 IS5 IS1031 3 954 Y
ISEc66 IS110 IS1111 0 1441 Y
ISEc68 IS5 IS5 4 1197 Y
ISEc70 IS1595 IS1595 8 1018 Y
ISEc75 IS1595 IS1016 7-9 717 Y
ISEc9 IS1380 - 4-5 1656 Y
ISEcB1 IS3 IS150 3-4 1441 Y
TnEc1 Tn3 - 0 3854 Y

Mycobacterium
tuberculosis

ISMt1 IS5 IS427 2-4 969 Y
ISMt2 IS21 - 4-8 2645 Y
ISMt3 IS21 - 4-8 2213 Y

Pseudomonas
aeruginosa

ISPa12 IS4 ISH8 10 1387 Y
ISPa1328IS256 - 8-9 1328 Y
ISPa14 IS1 - 8-9 788 Y

Tobecontinued
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Organism ISName ISFamily IS
Group

DR
length

IS
length

IR

ISPa18 IS200/IS605IS1341 0 1339 N
ISPa20 IS3 IS3 3-4 1246 Y
ISPa27 IS256 - 8-9 1361 Y
ISPa30 IS66 - 8-9 2436 Y
ISPa33 IS1380 - 4-5 1561 Y
ISPa35 IS5 IS903 9 1031 Y
ISPa38 Tn3 - 0 6455 Y

Pseudomonas
aeruginosa

ISPa39 IS3 IS407 4 1254 Y
ISPa40 Tn3 - 0 6592 Y
ISPa45 IS4 IS4 10-13 1637 Y
ISPa47 IS630 - 2 1107 Y
ISPa56 IS3 IS2 5 1359 Y
ISPa59 IS30 - 2-3 1113 Y
ISPa60 ISAs1 - 8-10 1228 Y
ISPa61 ISL3 - 8 1219 Y
ISPa62 IS110 IS1111 0 1382 Y
ISPa65 IS21 4-8 2520 Y
ISPa67 IS5 IS427 2-4 852 Y
ISPa7 IS1182 - 0-60 1669 Y
ISPa72 IS1595 IS1595 8 1048 Y
ISPa8 IS5 IS5 4 1324 Y
ISPa9 IS5 IS5 4 1207 Y

Staphylococcus
aureus

ISSau1 IS30 - 2-3 1070 Y
ISSau2 IS3 IS150 3-4 1660 Y
ISSau3 IS1182 - 0-60 1946 Y
ISSau4 IS3 IS150 3-4 1261 Y
ISSau5 IS30 - 2-3 1136 Y
ISSau6 IS6 - 8 793 Y
ISSau8 ISL3 - 8 1498 Y
ISSau9 IS21 - 4-8 2446 Y

Vibriocholerae

ISAlg IS3 IS3 3-4 1258 Y
ISVch1 IS481 - 4-15 1023 Y
ISVch3 IS21 - 4-8 2593 Y
ISVch4 IS3 IS3 3-4 1258 Y
ISVch5 IS5 IS5 4 1197 Y
ISVch6 IS630 - 2 1088 Y
ISVch7 IS66 ISBst12 8-9 1588 Y
ISVch8 IS5 IS903 9 1053 Y
ISVch9 IS5 IS5 4 1195 Y

Endoftable

TheISfamiliesthatareknowntobepresentwithintheseorganismsarelistedin
Table4.2.TheyhavebeendownloadedfromtheISfinderdatabase[Siguieretal.,
2006b].
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4.3.3.2/ SIMULATIONDATA

ToevaluatedpanISaprogram,wehaveartificiallyinsertedISsonthereference
genomeofeachspecies.Foreachsimulation,30ISswererandomlypickedfrom
ourlist(Table4.2),andinsertedrandomlyinthegenomewithadirectrepeat
lengthinagreementwiththeconsideredISfamily.Fromeachsimulatedgenome,
Illuminashortreadswerecreatedusingdwgsimv.0.1.11-3[Homer,2014]and
alignedagainstthewildtypegenomeusingbwa-mem[LiandDurbin,2009].IS
detectionwereperformedwithourprogramonthealignedreadsandcompared
totherecordedISinsertion.AlldescribedstepsaredrawninFigure4.4

Toevaluatetheimpactofreadsdata,weperformedsimulationsforeachgenome
withthreereadlengths(100bp,150bp,and300bp),andfivedifferentcoverage
(20x,40x,60x,80x,and100x). Eachstepwererepeatedtentimesleading
to27,000simulatedISinsertionswhencombiningallpossiblegenomes,read
lengths,andreadcoverages.

4.3.4/ VALIDATIONONSIMULATEDDATA

ISdetectionAscanbeseeninFigure4.5,thesensitivityofISdetectionatvari-
ousreadlengthsandcoverageinallstrainsindicatessometendenciesrelatedto
thecoverage.Accordingtoobtainedstatisticalresults,thereisnosignificantdif-
ferencesrelatedtoreadlengthvariation,whileweobtainedsignificantdifferences
whenregardingspeciesorcoverage(seeTable4.3).

Table4.3:ThesummaryresultsofANOVAtest.
Factor Df F-value p-value Sig.level

coverage 4 16.796 1.84e−09 ***
readlength 2 0.423 0.65708Sensitivity
species 4 4.808 0.00187 **
coverage 4 11.545 4.07e−07 ***
readlength 2 22.348 4.35e−08 ***Precision
species 4 3.331 0.0153 *

Oursensitivityisthusassumedtobeindependentfromthechosensequencing
technologyofIllumina,asweobtainednosignificantdifferenceswhenfocusing
onreadlength.Conversely,inthecaseofspecies,smalldifferenceshavebeen
found,andthentheTukey’stestshownonlythatP.aeruginosaismuchdetected
thanM.tuberculosis,correspondingtothetwoextremes. Whenconsideringthe
variouspossiblecoveragerates,wefoundthat20xissignificantlylowerfromthe
otherones.Thiscoverageisthentoolowtohavesufficientsensitivity.

Whenconsiderallsimulationsbetween40xto100xcoverage,thesensitivity
reachesameanof98%,witha95%CIequalto[97.9%-98.2%].PanISasoftware
isthenverysensitive.
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Figure 4.4:The activity diagram of evaluation on simulated data.

The precision of IS detection (see Figure 4.6) is very significantly different be-
tween read coverage and read length (Table 4.3). According to Tukey results,
100bp read shows a significantly lower precision in comparison to 150bp or
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Figure4.5:Sensitivityoftheproposal.

300bp.Thisprecisionisalsoaffectedbyatoohighcoverage(100xand80x).
Theseprecisionvaluesareindeedverylargeinaverage(largerthan95%),which
isveryencouraging. Mostoffalsepositivepositionsfoundcorrespondtosmall
repeatregions.Byincreasingthecoverage,weobtainedmorelowqualityclipped
readontheseregionsuptothethreshold.Thisproblemcouldbeovercomeby
sub-samplinghighcoveragesequencingdataorbyincreasingtheminimumnum-
berofclippedreadthreshold.

Inconclusion,theoptimumreadcoverageisaround40x-60x,astheypresent
stablepositivevaluesinthetwosimulationgraphs,whichshouldbehighforboth
sensitivityandprecision.Similarly,aminimumof150bplengthisnecessarytoa
limitedlossofaccuracy.

Directandinvertedrepeatsdetection Twootherinformationareprovidedby
panISa,namely:(1)thepositionandsequenceofthedirectrepeat,and(2)the
presenceofaninvertedrepeatbetweentheleftandrightsequenceoftheIS.

Bycollectingallsimulationresults,wecanclaimthatacorrectDRpositionand
lengthisobservedinonly56.8%ofthecases(95%CI:[55.5%-57.5%]).Notethat
incorrectreportscorrespondinmajority(at99.5%)toabiggerlengthof1to5bp.
ThiselementisrelatedtothelocationwheretheISisinserted.Ifthebeginningof
theIScorrespondstothegenomesequence,thereadmappingoverlapsaregion
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Figure4.6:Precisionoftheproposal.

largerthantheoriginalDRandthentheclippositionisshifted.

ConcerningthedetectionofanIR,thesensitivityhasavalueof74%(95%CI:
[71.2%-76.8%])andtheprecisionavalueof99.9%(95%CI:[99.87%-100%]).
ThislowsensitivityvalueofIRdetectionisdirectlyrelatedtowhichISisinserted.
Forinstance,theIRofISVch7andISPa61wereneverdetectedbecausetheir
IRsaretoomuchdivergent.

4.4/ SCREENINGISSINP.aeruginosaSTRAINSUSING

PANISA

PanISawererunwithitsdefaultparametersoneachalignedST233strain.Left
andrightsequencesofpotentialISswereclusteredusingsumaclust[Mercier
etal.,2013]withanidentitycutoffsetto95%.Eachrepresentativehasthenbeen
searchedforhomologyintheISFinderdatabase[Siguieretal.,2015,Mahillon
andChandler,1998],andcompleteISsequenceswereamplifiedbyPCRand
thensequenced(seeTable4.4).
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Table4.4:PrimerlistusedforISamplification.
HomologousIS Forward Reverse
ISPa1635 TGTAGGTGGATTTACCGCCC GCTACTTCATCGAGCTGCCA
ISPa45 AGGAAATCCGCCTGGAACTG CTTTTCGTTGGCACGCTACC
ISUnCu3/ISPpu7 GTGCGCGAATCCGAAAATGA CGTAAAAAGGCGCGACACAA
ISPst3 CCTGTCCCGGTGTCTTTAGG TTACCTATCAAGGCGCACCA
ISPpu7partial TGACGAATGCAGGAGAGGTG TACGCGATGCTGCTGATACC
ISPst5 GGTAGATGGACGGTTCCCAG TAGCGCTATGGCCTTGGTTG

Wefound46possibleinsertionsduringthespread. Afterclusteringofleftand
rightinsertionsequences,only8differentsequenceswerefound.Aftervalidation
withalignmentsagainsttheISFinderdatabase,6sequencesshownahighhomol-
ogytoaknowIS,correspondingtothe44insertionsthatarelistedinTable4.5.
Thetwopossibleinsertedsequencesthathavebeenremovedcorrespondtoa
smallinsertionof18bpontheonehand,andafalsepositivedetectionduetoa
palindromicregionontheotherhand.

Figure4.7:ValidationofISinsertionbyPCR.

Tovalidatetheinsertionsinvivo,wedesignedprimerssurroundingthepositions
detectedbyoursoftwareandweamplifiedthemusingPCR.Consideringthe10-
2007strainascontrol,fiveofthesixISsshownabandwithanincreaseof1500
to2500bp(seeFigure4.7).Oneamplificationwithsimilarsize(ISPpu7partial)
indicatedafalsepositivedetection. Asequencingoftheseamplificationshas
finallyvalidatedtheinsertionsequences.Inconclusion,ISinsertionshavebeen
confirmedfor43positionsinthe46onesdetectedbyoursoftware,resultingona
precisionof93.5%,asomewhatlowervaluethanobtainedinsimulation.
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AsearchofvalidatedISsinthefirststrainshownthattheseISswerealready
presentatthebeginningoftheepidemic.Duringthespread,theISswere1to3
timescopiedinnewlocations,exceptISPa1635thathas36newinsertions(cf.
Table4.5). Thirty-fourwerepresentinthehypermutatorstrain11-2007. This
resultseemstoindicatethatthelooseofDNArepairmechanismhasinduceda
proliferationcycleofISPa1635inthisstrain[Siguieretal.,2014].

Table4.5:DetectedofnewISinsertiononP.aeruginosastrainusingpanISa.
Homologous
IS

Validated
byPCR

Presentin
10-2007

11-2007 01-2008 04-2008 05-2008

ISPa1635 Yes Yes 34 2
ISPa45 Yes Yes 1
ISUnCu3/
ISPpu7

Yes Yes 2 1

ISPst3 Yes Yes 2
ISPpu7
partial

No NA 1

ISPst5 Yes Yes 1

4.5/ CONCLUSION

Duetoanobviousissueappearedinarealcasestudy,wedevelopedatoolcalled
panISatosearchnewISinsertionsonre-sequencingdata.Thistoolhasshown
tobeabletodetectISsonsimulateddata,withagoodsensibilityandprecision.

ItsapplicationonaepidemiccloneofP.aeruginosahasallowedtoidentify5
differenttypesofISswith43insertionson4strains.Threeofthemcorrespondto
newlydescribedISsinPseudominasaeruginosa.Onestrainhasanhypermutator
phenotypeduetoanISPa1635insertiononthemutSgene,andthishasinduced
anexpansionphase(34newinsertions)ofthisIS.

Reanalysisofpublishedsequencingdatasetofclonalepidemicstrainswith
PanISacouldrevealsomemissingresistanceorvirulencevariationsduetoISin-
sertions.Weintendtoinvestigatesystematicallythispossibilityinafurtherwork.
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5

CONCLUSIONANDFUTURE WORK

5.1/ CONCLUSION

PseudomonasaeruginosaisamajornosocomialpathogenwithST235beingthe
mostprevalentoftheso-called‘international’or‘high-risk’clones.Thiscloneis
associatedwithpoorclinicaloutcomesinpartduetomulti-andhigh-levelan-
tibioticresistance. Despiteitsclinicalimportance,themolecularbasisforthe
successoftheST235cloneispoorlyunderstood.Thusthisthesisaimedtoun-
derstandtheoriginofST235andthemolecularbasisforitssuccess,including
thedesignofbioinformaticstoolsforfindinginsertionsequences(IS)ofbacterial
genomes.

Tofulfilltheseobjectives,thisthesiswasdividedinto2parts.

First,thegenomesof79P.aeruginosaST235isolatescollectedworldwideover
a27-yearperiodwereexamined.AphylogeneticnetworkwasbuiltusingHam-
mingdistance-basedmethod,namelytheNeighborNet.Thenwehavefoundthe
TimetotheMostRecentCommonAncestor(TMRCA)byapplyingaBayesian
approach. Additionally,wehaveidentifiedantibioticresistancedeterminants,
CRISPR-Cassystems,andST235-specificgenesprofiles.Theresultssuggested
thattheST235sublineageemergedinEuropearound1984,coincidingwiththe
introductionoffluoroquinolonesasanantipseudomonaltreatment.TheST235
sublineageseeminglyspreadsfromEuropeviatwoindependentclones.ST235
isolatesthenappearedtoacquireresistancedeterminantstoaminoglycosides,β-
lactams,andcarbapenemslocally.Additionally,alltheST235genomescontained
theexoU-encodedexotoxinandidentified22ST235-specificgenesclusteringin
blocksandimplicatedintransmembraneefflux,DNAprocessingandbacterial
transformation.Theseuniquegenesmayhavecontributedtothepooroutcome
associatedwithP.aeruginosaST235infectionsandincreasedtheabilityofthis
internationalclonetoacquiremobileresistanceelements.

ThesecondpartwastodesignanewInsertionSequence(IS)searchingtool
onnext-generationsequencingdata,namedpanISa.ThistoolidentifiestheIS
position,directtargetrepeats(DR)andinvertedrepeats(IR)fromshortread
data(.bam/.sam)byinvestigatingonlythereferencegenome(withoutanyIS
database).Tovalidateourproposal,weusedsimulatedreadsfrom5majorbac-

101
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terialpathogenicspecies:Escherichiacoli,Mycobacteriumtuberculosis,Pseu-
domonasaeruginosa,Staphylococcusaureus,andVibriocholerae. Theex-
perimentsetisconstitutedbyreadsofvariouslengths(100,150,and300nu-
cleotides)andcoverageofsimulatedreadsat20x,40x,60x,80x,and100x. We
performedsensitivityandprecisionanalysestoevaluatepanISaandfoundthat
thesensitivityofISpositionisnotsignificantlydifferentwhenthereadlengthis
changed,whilethemodificationsbecomesignificantdependingonspeciesand
readcoverage.

Whenfocusingonthedifferentreadcoverage,wefoundasignificantdifference
onlyat20x.Intheothersituations(40x-100x)weobtainedaverygoodmeanof
sensitivity,whichisequalto98%(95%CI:[97.9%-98.2%]).Similarly,themeanof
precisionforISpositionislargerthan95%,whichisalsoagoodscore.Interms
ofIRevaluation,althoughthemeanofsensitivityshouldbeimproved(74%),the
meanofprecisionisextremelygood(99.9%).IncaseofDRassessment,the
accuracyisonlyequalto56.8%,whichisquitelowsincethemajorityoferrors
containsalargersizeofapproximately1-5bp.However,panISahasbeenval-
idatedonrealdataofPseudomonasaeruginosaST233andalsoconfirmedby
PCR.AndtheresultofISdetection,whichisequalto93.5%,isreallysatisfactory.

Inconclusion,P.aeruginosaST235(i)hasbecomeprevalentacrosstheglobepo-
tentiallyduetotheselectivepressureoffluoroquinolonesand(ii)readilybecame
resistanttoaminoglycosides,β-lactams,andcarbapenemsthroughmutationand
acquisitionofresistanceelementsamonglocalpopulations.Concerningthesec-
ondpoint,ourpanISaproposalisasensitiveandhighlyprecisetoolforidentifying
ISsfromshortreadsofbacterialdata,whichwillbeusefultostudytheepidemi-
ologyandbacterialevolution.

5.2/ FUTURE WORK

WGSpipelineanalysisisapowerfultooltodecipherbacterialepidemiologyat
aglobaloralocalscale. Havingsuchtoolsonhand,wewillidentifythefac-
tors(antibioticprescription,lackofhygiene,transmissionvector,humanbehav-
ior,bacterialvirulencefactors)thatcouldhavefavoredthespreadofbacterial
pathogens.Itwouldalsobeinterestingtocomparethegeographicalprogressof
differentpathogensovertime,andtheoccurrenceoftheirmulti-andhigh-level
antibioticresistance. Wewillwonder,ateachtime,ifthesuccessofeachclone
hasamolecularbasis,orifotherexplanationsmustbefound.

Wehavealreadypointedoutthelimitationofexistingdatafortheglobalclone
ST235analysis,andthatthesedataarebiasedintheirgeographicalandtempo-
raldistributions.Forinstance,wehaveonlyafewnumberofstrainsfromAsia
andAfrica,andconverselyalargenumberofsequencesfromNorthAmerica
andEurope. And,inparticular,themajorityofearlyisolatesarefromEurope
whichmayinfluencetheTMRCAestimation.Thus,infutureworks,wewillexpand
theanalysistootherhigh-riskclonesofPseudomonasaeruginosa(e.g.ST111,
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ST175,ST244,andST395).AsintheST235case,wewillcollectnewgenomic
datarepresentingtheworldwidediversityofeachoftheseclones,sequencingde
novonewgenomesifneeded.Then,afterhavinglocatedanddatedwelleach
sequenceofeachtype,wewillperformasimilarstudythaninChapter3,en-
compassingaphylogeneticanalysisandatimetomostrecentcommonancestor
evaluation,inordertoobtain,foreachstrain,themostsupportedevolutionary
scenario.

Thisstudymaybeapplied,mutatismutandis,tootherkindsofbacteriawiththeir
high-riskclones,inwhichsomestrainshavepresentedasimilarwayofrecent
emergenceandglobalwidespreadcoupledwithmulti-andhigh-levelantibiotic
resistance. Wewillinvestigateinparticularwhetheragenericpipelinemaybe
ofinterest,thatwillreceiveacollectionofsequencesofagivenST,withboth
locationanddate,andthatwillprovidefirstaphylegeneticstudy,andthenvarious
possiblemolecularandenvironmentalscenarioexplainingthecloneevolutionwith
itsacquisitionofresistancegenes.

Theexpectedoutputsareabettercharacterizationofthespreadofbacterial
pathogensatdifferentscale(fromahospital-scaletoworldwide)toinformpub-
lichealthauthoritiesaboutinterventionsthatshouldbeprioritizedtocontrolthe
emergence,thetransmissionandthediffusionoftheseorganisms.

AccordingtotheresultsofST235-specificdeterminants,weshoulddovalidation
byfocusingonthefunctionalityofthetransformationpathwayandalsoperform
phenotypetest.

Concerningoursecondcontribution,animportantissueshouldbepointedout.
WehaveemphasizedtheabilityofpanISatoreachagoodperformanceforclose
mappinginput,orforanyreadsthathavebeenmappedwithclosereference
strains. Conversely,ifalignedreadshavebeenmappedwithdistantreference
strains,theresultfrompanISawillcontainothermutationsthanISregions.Al-
thoughthisissueisquitecomplicatedtosolve,panISacanbeimprovedbythe
followingfutureworks.

Firstofall,wewanttoimprovetheinvertedrepeatsensitivity,whosemeanmust
beatleastequalto95%.Otherindicatorsofgoodperformancelikethesensitivity
ofDRidentificationmustbeimprovedtooifpossible,andanintensivecomparison
withstate-of-the-arttoolsmustbeperformedonalargersetofwellannotated
genomes,toplacepanISaamongthemostaccuratetoolsforinsertionsequence
detection.

Secondly,technicalimprovementsarepossibletoo,tomakepanISaawidelyused
state-of-the-artdetectiontool. Wefirstintendtodesignaneasy-to-useservice
whichwillbeintegratedto“GalaxyToolShed”,sothatpanISacanbeeasilyin-
tegratedinanyhomemadebioinformaticspipeline,suchasBLASTtosearchfor
identicalorhomologousIS.Furthermore,wewanttoinvestigateotherkindsof
mobileelementslikeeucarkyotictransposonsandretrotransposons,reflectingon
thewaystoextendoursecondcontributiontosuchkindofelements.

Finally,wecanapplypanISaonthemajorpathogenicdatasetreleasedinourpre-
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viouslypublishedresearch.Thiswillbedonenotonlyasadditionalvalidationof
thistool,butalsotodiscoverhiddenISs,andpossiblytoexplorehowtheevolution
ofthosebacteriahasbeeninfluencedbysuchISs.
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compounds can be readily rendered by chromosomal changes.

Furthermore, acquisition of resistance genes borne by specific

genomic islands and associated transposons is particularly com-

mon amongP. aeruginosaclinical isolates, with nearly 100 different

horizontally acquired resistance elements currently reported in

ST235 isolates[4,5]. The expression of these acquired genes,

together with the intrinsic resistance mechanisms, considerably

reduces the therapeutic options for the treatment of infections

caused by ST235P. aeruginosa.

Additionally,P. aeruginosahas the ability to cause severe in-

fections due to its many virulence factors. During acute disease, this

pathogen uses the toxins of the type III secretion system to

circumvent the host immune system and establish infection. Of the

four exotoxins (ExoS, ExoT, ExoU, ExoY), ExoU, a potent phospho-

lipase that disrupts the plasma membrane and leads to rapid cell

death, is the most virulent[6].

Despite its clinical importance, the molecular basis for the

success of the ST235 clone is poorly understood. In addition,

although the spread of ST235 has been documented in many

geographic locations, little is known about the evolution and

emergence of this clone on a global scale.

To better understand the history of theP. aeruginosaST235

lineage as a high-risk international clone, we carried out a Bayesian

phylogenetic reconstruction using 79P. aeruginosaST235 isolates

collected fromfive continents over a 27-year period. Genome

comparison of these isolates identified antibiotic-resistance de-

terminants, virulence genes and ST235-specific genes that may

have contributed to the success of this clone.

Materials and methods

Sequence type 235 genome collection

The genomes of 79 isolates representing sequence type (ST) 235

P. aeruginosaclonal cluster were obtained from various sources

collected over a 27-year period (Fig. 1,Table 1). The 17 newly

sequenced isolates used in this study were deposited at DDBJ/

EMBL/GenBank (see Supplementary material, Table S1). The

isolates came from Africa (n¼6), Asia (n¼7), Europe (n¼34),

North America (n¼21) and South America (n¼11 ) (Fig. 1).

Core genome determination and ST235-specific gene identification

To define the‘core’genome of ST235 sublineage, the 79 ge-

nomes were aligned toP. aeruginosareference isolate NCGM2.S1

using MUMmer[7]. The‘core’genome consists of regions that

shared at least 98% identity and were present among all 79 ST235

genomes. The regions were then aligned with T-Coffee[8]. ST235-

specific genes were defined byfirst searching for all possible ST235-

similar genes from alignment to the 6358 genes present in

NCGM2.S1 by GMAP with 95% identity and 60% coverage[9e11 ].

Then ST235-specific genes were defined as those present in 95%

of the genomes ST235 isolates (i.e. 75 out of the 79 tested) and

absent from all other isolates of the genusPseudomonaswith

completely closed genomes available via the NCBI reference

sequence database in October 2016 (i.e. 65 non-ST235P. aeruginosa

isolates and 177Pseudomonassp. isolates).

Phylogenetic network

The evolutionary relationship between the 79 ST235 isolates

was investigated using an unrooted phylogenetic network con-

structed from the sequence alignment generated by SPLITTREE4 and

clades were identified with the affinity propagation clustering

(APCLUSTER) R-package[12,13]. The split network was obtained from

a Hamming distance-based method, namely NeighborNet[14].

Bootstrapping techniques were applied to generate 1000 networks.

Most Recent Common Ancestor analysis

To determine the most likely evolutionary scenario for the

ST235 clone, we calculated the time of the Most Recent Common

Ancestor (MRCA) of the 69 isolates with known collection dates

using the BEAST2 package on a multi-TypeTree template with a

strict clock model and 5 000 000 Markov chain Monte Carlo iter-

ations, using the core genome determined as described above[15].

Fig. 1.Worldwide distribution of the 79 ST235 isolates ofPseudomonas aeruginosawhich genomes were used in this study. The countries of origin of the isolates are shaded in grey.

Pie chart diameters are proportional to the number of isolates collected from each country. The area of each slice is proportional to the quantity of isolates of each clade.
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Table 1

Genes acquired by ST235 isolates that confer resistance to aminoglycosides, to extended-spectrumb-lactams, to carbapenems andfluoroquinolones

Isolate Country Genes encoding aminoglycoside-modifying enzymes Genes encodingb-lactamase with extended-spectrum FAa Qb
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76_FR_92 France 1

77_FR_92 France

86_FR_92 France

00_ES_10 Spain 2

09_BG_97 Bulgaria

47_DE_97 Germany

68_HU_97 Hungary

30_AR_05 Argentina 3

63_BR_12 Brazil

79_AR_10 Argentina

92_AR_12 Argentina

94_AR_12 Argentina

06_US_11 USA 4

22_US_09 USA

42_US_06 USA

43_US_06 USA

79_US_10 USA

02_PH_12 Philippines 5

03_PH_12 Philippines

05_GR_12 Greece

06_GR_12 Greece

08_GR_12 Greece

09_RU_12 Russian Federation

03_CO_11 Colombia 6

44_CH_12 Switzerland

BL14_US_un USA

BWH_US_13 USA

BWHP_US_13 USA

01_US_12 USA 7

23_IT_12 Italy

33_RU_13 Russian Federation

35_RU_13 Russian Federation

98_ZA_12 South Africa

15D_NG_un Nigeria 8

18_CF_11 Central African Republic

22_TH_12 Thailand

26_US_12 USA

36D_NG_un Nigeria

37_RU_13 Russian Federation

49_NG_13 Nigeria

19_CO_12 Colombia 9

20_CO_12 Colombia

21_CO_12 Colombia

BL17_US_un USA

E2UoS_US_un USA

JJ692_US_un USA

U2504_US_un USA

23_CH_14 Switzerland 10

80_MX_10 Mexico

(continued on next page)
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Table 1(continued)

Isolate Country Genes encoding aminoglycoside-modifying enzymes Genes encodingb-lactamase with extended-spectrum FAa Qb
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94_RO_12 Romania

NCGM_JP_02 Japan

P235_ES_08 Spain

WS394_RO_un Romania

12_HR_08 Croatia 11

1900_JP_12 Japan

1984_JP_12 Japan

30_IT_12 Italy

68_HR_09 Croatia

87_HR_07 Croatia

06_FR_92 France 12

08_CI_08 Ivory Coast

48_CH_06 Switzerland

53_FR_10 France

70_FR_92 France

76_TR_97 Turkey

87_FR_91 France

90_RO_12 Romania

10_US_12 USA 13

15_DE_11 Germany

32_US_12 USA

74_US_07 USA

SPae_FR_04 France

02_AR_08 Argentina 14

49_AR_09 Argentina

58_FR_12 France

6077_US_un USA

78_FR_88 France

89_MX_12 Mexico

BL08_US_un USA

aGenes encoding resistance determinants tofluoroquinolones and to aminoglycosides.
bGenes encoding resistance determinants tofluoroquinolones. The geneaph(30)-IIbwas present in all the isolates (except 44_CH_12, 43_US_06, 18_CF_11). The genesblaOXA-50,blaAmpC, andfosAwere present in all the isolates

tested.
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Resistance and virulence gene identification

Genomes of all ST235 isolates were scaffolded using RAGOUTwith

theP. aeruginosaNCGM2.S1 genome as a reference[16]. Sequences

sharing 95% identity over 60% of the gene length with resistance

and virulence determinants of the ResFinder and VFDB databases

were identified using GMAP[9e11 ]. Virulence factors were

compared to those of the core genome of the species[17]. To detect

mutations that confer high-level resistance tob-lactams andfluo-
roquinolones, we looked for non-synonymous mutations and

insertion sequences in the genes encoding the cephalosporinase

AmpC and its regulators, inoprD, and in the quinolone-determining

regions (QRDR).

Results

ST235 population structure by phylogenetic network analysis

A phylogenetic network built from the core genome alignment

depicted 14 distinct clades (C1 to C14;Fig. 2). The largest sampling

of isolates within this collection came from the USA (19 isolates)

and France (ten isolates). These isolates were scattered throughout

the phylogenetic network, with isolates collected in the USA

appearing in seven clades and those from France in four clades.

Focusing on the spatiotemporal distribution of isolates within each

clade, four clades were found to be comprised of isolates from a

single country or continent of origin: C1 and C2 included three and

four isolates, respectively, from France (C1) and Europe (Spain,

Germany, Hungary and Bulgaria; C2); C3 includedfive isolates from

South America; and C4 includedfive isolates from North America

(Fig. 2). Although a majority of the ST235 clades suggests a global

dispersion, countrywide spreads are confirmed (Fig. 1)[18,19].

Isolates from C1, C2 and C3 shared a geographical origin (France for

C1, Spain/Germany/Bulgaria/Hungary for C2, Argentina/Brazil for

C3;Fig. 2, and seeSupplementary material, Table S1). In contrast,

the remaining clades included isolates obtained from two to four

continents. Most representative of the worldwide spread of the

clone ST235 was C8dseven isolates collected within a 2-year time

frame (2011e2013) from four distinct continents (Africa, North

America, Asia and Europe).

Spatiotemporal origin of the ST235 clone

The MRCA appeared approximately 32 years ago (~1984) with a

very high confidence interval (95% CI 29.12e30.82 years from the

date of isolation of the latest isolate in 2014) (Fig. 3a). The oldest

isolate within the current collection was isolated in France in 1988

(78_FR_88), 4 years after the MRCA. The clade of French isolates in

Fig. 2.Phylogenetic network of ST235Pseudomonas aeruginosa. The clades, labelled from C1 to C14 and shaded with different colours for clarity, formed two groups (Group I and

Group II) separated by a dashed line.
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the time-scale analysis suggests that the clone emerged in this

country (Fig. 3a). A split of more recent isolates in two sub-lineages

(Groups I and II,Fig. 2) was retrieved by both phylogenetic analyses.

Hence, 100% of the 1000 phylogenetic trees that were aggregated to

build the network (Fig. 2) identified the split into the two groups, I

and II. This split was confirmed independently with a Bayesian

approach (Fig. 3) with a posterior probability score of 1.0. These

data suggested that the international spread of ST235 implies at

least two independent clades. The single nucleotide poly-

morphisms that discriminated these two clades were neither in

resistance genes nor in virulence genes. Group I consisted of clades

that shared a common ancestor that emerged in ~2001 (C3, C4, C7,

C9, C11 and C13) with older isolates that were identified in Europe

(C1, C2 and C12;Figs. 2 and 3a). Group II (C5, C6, C8, C10 and C14)

shared a common ancestor that emerged in ~1999 and then

appeared to spread worldwide.

Cumulative resistance to antibiotics by chromosomal mutations

We specifically searched for non-synonymous mutations in the

QRDRs of each isolate and correlated them with their date of

isolation. The two earliest isolates (78_FR_88 and 87_FR_91,

Fig. 3.Time of Most Recent Common Ancestor (MRCA) ofPseudomonas aeruginosaST235 and chromosomal mutations conferring high-level resistance tofluoroquinolones,

extended-spectrum cephalosporinases, and carbapenems. (a) Phylogenetic tree with time scale was calculated from the 69 genomes of isolates with known isolation date with

BEAST2 using continent origin as co-variable. The estimated mutation rate was 4.85 106(95% CI 4.59 106to 5.15 106) per site per year. The time of MRCA is ~30 years ago

from 2014. The tips are labelled with the isolate name and are coloured by continent of origin (see insert). Names of the isolates are prefixed with the clade to which they belong. (b)

Mutations in the quinolone-determining regions (QRDRs) of GyrA, GyrB, ParC and ParE, in the regulators of the cephalosporinase AmpC and in OprD. For the QRDR, the numbers of

the corresponding codons inEscherichia coliare in parentheses. Black cells and white cells indicate the presence or absence of a given mutation, respectively. For mutation in each

regulator of the cephalosporinase AmpC and in OprD, every single mutation is represented by a single colour. White cells indicate an intact protein. The detail of the mutations is

given in theSupplementary material (Table S3). Every protein was compared with its closest homologue born by ab-lactam-susceptible isolate ofP. aeruginosa(strain M18 for
AmpD, AmpP, DacB; strain PA14 for AmpDh2, AmpG, AmpO, OprD; strain MBT-1 for AmpDh3, AmpR). AmpO polymorphism for all the isolates of the collection: S125T, D256E. AmpP

polymorphism for all the isolates of the collection: L74F and L98F.
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retrieved in France in 1988 and 1991, respectively) had wild-type

QRDR sequences compatible with a full susceptibility tofluo-

roquinolones (Fig. 3b). Among thefive isolates retrieved in 1992,

four displayed a T83I or a D87Y change in GyrA. Mutations in the

QRDR ofparCfirst appeared in 1992 in isolate 06_FR_92. Analysis of

isolates collected post-1992 showed that the number of QRDR

mutations per isolate seemingly grew over time with the late iso-

lates (2011 to 2014) accumulating mostly T83I change in GyrA (33

of 38 isolates) and S80L change in ParC (24 of 38 isolates), with

occasional additional substitution in position 87 of GyrA, in GyrB,

and in ParE (Fig. 3b).

Mutation-dependent overproduction of intrinsic b-lactamase
AmpC is the main cause of resistance of clinical strains of

P. aeruginosato antipseudomonal penicillins and cephalosporins.

Additionally, loss or alteration of the outer membrane porin protein

OprD is by far the most common mechanism of resistance to the

carbapenems inP. aeruginosa[20]. Hence, we searched for non-

synonymous mutations and insertion sequences in genes whose

inactivation up-regulates AmpC cephalosporinase production and

inoprD(Fig. 3b). Out of the 79 isolates, 36 had acquired one or more

AmpC regulator mutations (Fig. 3b, and see Supplementary

material, Table S2). Of these 36 isolates, 27 produced a mutated

transcriptional regulator AmpD. Sequence analysis of the OprD

porin showed that 39 isolates had acquired mutations that pre-

sumably affect the porin activity. The genesampDandoprDhad 15

and 29 different types of non-synonymous mutations, respectively.

Mutations among the AmpC regulators and OprD were mostly

unique in contrast to the relative uniformity in the QRDR mutations

(T83I in GyrA, S80L in ParC) in the late isolates.

High diversity of foreign antibiotic resistant determinants among

the ST235 isolates

Table 1details the antibiotic resistance genes acquired by the

isolates (seeSupplementary material, Table S3). Analysis of the

aminoglycoside-modifying enzyme content among the collection

revealed that most (72 out of 79) of the ST235 isolates harboured at

least one aminoglycoside-modifying enzyme potentially conferring

a decrease in aminoglycoside susceptibility (seeSupplementary

material, Table S3).

Approximately 40% (32 of 79) of the isolates possessed at least

one of 23b-lactamases characterized as having extended spectrum
activity (Table 1). Seven isolates accumulated twob-lactamases
with an extended spectrum, mostly combining the production of an

extended-spectrum oxacillinase with that of an extended-

spectrum b-lactamase or a metallo-b-lactamase. Extended-
spectrum enzymes were generally accumulated within specific

sub-lineages. For example,blaOXA-17andblaOXA-129were uniquely

identified in isolates belonging to C3,blaOXA-19to C5,blaKPC-2to C9,

blaGES-19,blaPER-1andblaOXA-74to C10, andblaIMP-34to C11 (Table 1).

Within C5, the three Greek isolates harboured either blaVIM-2,bla-

VIM-4,blaOXA-19,orblaOXA-35 whereas the two isolates from the

Philippines hadblaIMP-26orblaVIM-2. Other rare extended-spectrum

enzymes were shared by clades withblaIMP-1harboured by isolates

from C8 (one of seven isolates) and C10 (one of six isolates), and

blaVIM-2present in isolates of C5 (two of six isolates) and C7 (two of

five isolates), which were most likely acquired independently. Ac-

quired resistance determinants were not detected within six of the

isolates of the collection (C6_03_CO_11, C6_44_CH_12,

C6_BL14_US_un, C6_BWH_US_13, C6_BWHP_US_13 and

C14_58_FR_12) withfive of these isolates originating from diverse

geographic locations but clustering in C6 (seeSupplementary

material, Table S3). The number of acquired resistance genes was

significantly lower (p 0.05) in the isolates collected at an earlier

time-point (1988e1997, 11 isolates) than those collected between

2011 and 2014 (38 isolates).

ST235-specific determinants

One could imagine that the global success ofP. aeruginosain-

ternational clones (e.g. ST111, ST175, ST235, ST244 and ST395)

could rely on specific determinants. Unfortunately, we did not

retrieve any gene signature shared among these widespread clones

(data not shown). We then identified genes present in the genome

of all ST235 isolates but absent from a majority of the non-ST235

isolates. The type III secretion system exotoxin encoded by the

exoUgene was present in all of the ST235 genomes, although not

specific for this lineage. Hence, the analysis of 65 non-ST235 ge-

nomes ofP. aeruginosaalso detected the presence of theexoUgene

in 18 strains representative of ST253 (e.g. strain PA14), ST313,

ST316, ST357, ST823, ST1024, ST1047, ST1971, and an unassigned ST

(strain MTB-1). We further identified 22 ST235-specific genes

which clustered into three blocks (Table 2). Block 1 contained nine

genes and was part of ExoU island A. Three genes (NCGM2_1830 to

NCGM2_1832) encoded homologues of the components (TolC,

EmrA, EmrB) of a tripartite efflux pump. Two other contiguous

genes (NCGM2_1836 and NCGM2_1837) encoded a putative

transporter and a periplasmic adaptor, respectively, that could act

together as another efflux pump. The production of these two efflux

pumps could specifically enhance the resistance of ST235 isolates to

antibiotics. Block 2 included ten genes with nine encoding proteins

implicated in DNA processing (a P-loop NTPase, two type-1 re-

striction endonucleasesdHsdR and HsdS, a UvrD/REP helicase, an

SMC domain-containing protein and two DNA methylases, DprA

and RecQ).

Discussion

ST235-specific determinants

We identifieddprAas a specific determinant of ST235 sub-

lineage. DprA is required for the protection of incoming single-

stranded DNA and interacts with the ubiquitous recombinase

RecA to integrate the acquired DNA into the host chromosome of

naturally transformable bacterial species such asStreptococcus

pneumoniae. RecQ is a DNA helicase that affects DNA trans-

formation in Gram-negative and Gram-positive bacteria[21].Of

note, the rest of the transformation machinery (i.e. secretion

channel PilQ, DNA receptor ComE, transmembrane channel ComA,

translocase ComFA, and the competence activator Tfox) was

conserved in the speciesP. aeruginosa[17].ST235 displays a very

high diversity of acquired resistance genes (Table 1, see also

Supplementary material, Table S3)[4]. DprA universality among

transformable species and its demonstrated role in homologous

recombination provide evidence that its presence in ST235 possibly

increases the ability of this widespread clone to acquire and

maintain foreign resistance elements at a greater rate than other

P. aeruginosaclones. Overall, 22 genes were found to be unique to

the ST235 sublineage and encoded proteins implicated in DNA

processing, transport through the membrane, and bacterial trans-

formation. The role of these ST235-specific proteins in the success

of the clone (via higher intrinsic resistance to antibiotics or easier

acquisition of foreign resistance determinants) is speculative and

deserves experimental verification.

Although not fully specific for the ST235 clone,exoU-encoded

exotoxin was retrieved in all ST235 isolates. The presence and

production of ExoU is a marker for early mortality associated with

P. aeruginosainfections[22]. The virulence inP. aeruginosais

multifactorial and combinatorial; however, these data suggest that
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ExoU production could participate in the poor outcome of in-

fections due to ST235[4,23].

High diversity of resistance determinants to aminoglycosides and to

b-lactams in ST235 isolates

The variety of both chromosomal and acquired determinants of

resistance to aminoglycosides andb-lactams in the clone ST235
(Fig. 3,Table 1) indicates independent and local acquisition in line

with previous observations[4,24]. Hence, one can hypothesize that

the global spread of these lineages does not fully rely on resistance

to aminoglycosides and tob-lactams. This high diversity of foreign
resistance determinants in ST235 contrasts with that observed in

another widespread clone, ST175, in which the resistance to anti-

biotics mainly occurs via chromosomal mutations[25].

Altogether, the mosaic of either acquired or mutational resis-

tance determinants could argue for a limited role of the selective

pressure of aminoglycosides andb-lactams in the international
spread of ST235 clone (Table 1,Fig. 3b).

Role of thefluoroquinolones in the spread and emergence of ST235

Interestingly, the emergence of the ST235 sublineage in 1984

coincides with the beginning of the use of antipseudomonalfluo-

roquinolones (pefloxacin, ofloxacin and ciprofloxacin) between

1984 and 1987. The emergence offluoroquinolone-resistant mu-

tants ofP. aeruginosaafter treatment with these compounds has

been well documented[26]. The expansion of ST235 may have been

favoured by the extensive use offluoroquinolones, selecting for

QRDR mutations. Similarly, the worldwide expansion of the major

pathogensEscherichia coliST131 H30-Rx, methicillin-resistant

Staphylococcus aureusEMRSA-15 in the mid-1980s, and that of

Clostridium difficile027 in the early 1990s also incriminated the

clinical use offluoroquinolones[27e29]. Although QRDR mutations

have been observed in many other clones ofP. aeruginosa, it has

been experimentally demonstrated that thefitness cost of muta-

tions in the QRDR ofP. aeruginosadepends on the genetic back-

ground of the strains[30]. Hence, it has been recently shown that

mutations inparCincrease or have no effect on thefitness ofexoU

strains, whereas they decrease that ofexoSstrains[31]. Overall,

although other features of ST235 may have contributed to its

spread,fluoroquinolone use could have highly favoured the spread

ofexoUstrains (including ST235) in which thefitness burden of the

resistance to these major antibiotics is lower.

Weaknesses and limitations of the study

Although a thorough genotypic analysis was completed on these

isolates, the corresponding phenotypic antibiotic resistance level of a

majority of the isolates was unknown. However, previous studies

have illustrated significant correlation between the genotype and

phenotype forb-lactams,fluoroquinolones and cephalosporins
[32,33]. Despite the particular efforts we made to collect‘historic’

ST235 genomes collected pre-1992 and the high degree of confidence

of the MRCA age, the relatively low number of early isolates could

have biased the result. Additionally, the isolate collection explored

here (n¼79) is of limited size and suffers from a bias in geographical

distribution, with a low representation of isolates from Asia and Africa

compared with isolates from North America and Europe.

Conclusion

Analysis of the genome sequences of 79 isolates ofP. aeruginosa

ST235 obtained over a 27-year period from diverse regions of the

Table 2

Description of the 22 genes highly conserved in and specifictoPseudomonas aeruginosaST235 lineage

Block

number

Gene symbol in

strain NCGM2.S1

Domain Additional description Accession no. of the closest homologue

(name, bacterial species, % identity)

1 NCGM2_1826 Transposase d d

NCGM2_1828 a/bhydrolase family protein d d

NCGM2_1829 Pirin-related protein Putative transcriptional regulation d

NCGM2_1830 Putative RND outer membrane protein

(TolC family)

d NP_417507 (TolC,Escherichia coli, 22%)

NCGM2_1831 Putative RND membrane fusion protein

(ErmA family)

d NP_417170.1 (EmrA,E. coli, 50%)

NCGM2_1832 Putative MFS multidrug efflux transporter

(EmrB family)

d NP_418166.1 (EmrB,E. coli, 24%)

NCGM2_1836 Putative transporter membrane protein d WP_058142560.1 (P. aeruginosa, 99%)

NCGM2_1837 Putative RND membrane fusion protein

(HlyD/EmrA family)

d d

NCGM2_1838 PucR C-terminal helix-turn-helix Probable transcriptional regulator NP_391122.1 (Bacillus subtilis, 45%)

2 NCGM2_3761 Hypothetical protein d d

NCGM2_3762 P-loop NTPase Involved in replication WP_025991883.1 (P. aeruginosa, 99%)

NCGM2_3765 Type-I restriction endonuclease HsdR Restriction-modification system d

NCGM2_3766 Type-I restriction endonuclease HsdS Restriction-modification system d

NCGM2_3767 UvrD/REP helicase d d

NCGM2_3768 SMC domain-containing protein Replication, recombination

and DNA repair

d

NCGM2_3769 N-6 DNA methylase d d

NCGM2_3770 N-7 DNA methylase d d

dprA DNA protection protein Dedicated to natural bacterial

transformation

d

recQ ATP-dependent DNA helicase Involved in genome maintenance d

leuS Leucyl-tRNA synthetase d d

3 NCGM2_6332 Hypothetical protein d d

NCGM2_6333 DEAD/DEAH box helicase d d
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globe was used to gain an understanding of the epidemiology of

this international high-risk clone. Clustering analysis confirmed

that clonal spreads occur on a country or regional scale but also

revealed that ST235 subclones can spread across continents.

Comparative genomic analysis suggested that the ST235 most likely

emerged as a global clone due to a unique combination of chro-

mosomal genes (exoU,dprArelated gene) and the ability of the

clone to readily acquire antibiotic resistance genes that limit anti-

biotic treatment options.
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Scḧonfelder,T.,T̈urk,O., Wiehlmann,L., Ẅolbeling,F.,Gulbins,E.,Goes-
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lecloneST235áemerǵeenEuropeen1984et
quetouslesisolatesST235produisentl’exotoxine
ExoU.Nousavons égalementidentifíe22g̀enes
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