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Salmonella enterica is a significant and phylogenetically diverse zoonotic pathogen. To
understand its genomic heterogeneity and antimicrobial resistance, we performed long-
read sequencing on Salmonella isolated from retail meats and food animals. A collection
of 134 multidrug-resistant isolates belonging to 33 serotypes were subjected to
PacBio sequencing. One major locus of diversity among these isolates was the
presence and orientation of Salmonella pathogenic islands (SPI), which varied across
different serotypes but were largely conserved within individual serotypes. We also
identified insertion of an IncQ resistance plasmid into the chromosome of fourteen
strains of serotype | 4,[5],12:i:— and the Salmonella genomic island 1 (SGI-1) in five
serotypes. The presence of various SPIs, SGI-1 and integrated plasmids contributed
significantly to the genomic variability and resulted in chromosomal resistance in
55.2% (74/134) of the study isolates. A total of 93.3% (125/134) of isolates carried
at least one plasmid, with isolates carrying up to seven plasmids. We closed 233
plasmid sequences of thirteen replicon types, along with twelve hybrid plasmids. Some
associations between Salmonella isolate source, serotype, and plasmid type were
seen. For instance, IncX plasmids were more common in serotype Kentucky from
retail chicken. Plasmids IncC and IncHI had on average more than five antimicrobial
resistance genes, whereas in IncX, it was less than one per plasmid. Overall, 60%
of multidrug resistance (MDR) strains that carried >3 AMR genes also carried >3
heavy metal resistance genes, raising the possibility of co-selection of antimicrobial
resistance in the presence of heavy metals. We also found nine isolates representing
four serotypes that carried virulence plasmids with the spv operon. Together, these
data demonstrate the power of long-read sequencing to reveal genomic arrangements
and integrated plasmids with a high level of resolution for tracking and comparing
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resistant strains from different sources. Additionally, the findings from this study will help
expand the reference set of closed Salmonella genomes that can be used to improve
genome assembly from short-read data commonly used in One Health antimicrobial

resistance surveillance.

Keywords: Salmonella, multidrug resistance (MDR), plasmid, Salmonella genomic island (SGl), Salmonella

pathogenicity island (SPI)

INTRODUCTION

SalmonellallentericaNisKanXimportantXzoonoticXpathogenXthatX
causesXover¥oneXmillionXillnessesKinXtheXUnitedXStatesKeachX
yearX(Scallanietial. )2011).KS.RentericalhreilassicallylsubdividedX
intoMserotypesKandXoveriX2,6008serotypesKhaveXbeenXidentifiedX
thusKfar XWhileXmanyXserotypesKmayXbeNcapableXofcausingX
infectionsX in¥ humansX andX animals,} a limitedX numberiX of
serotypesXcausemosthumaninfectionsXinKtheUnitedXStates.X
RecentMhdvancementsfn®¥vholefgenomeMequencing WGS)bbfferX
a¥uniqueXopportunityXtoXdissectland¥investigateX Salmonellal
serotypesitifheMucleotidefeveldndMoMurther®urdinderstanding®
aboutbhotablelvolutionary®@hanges. R hefnainMeaturesissociatedX
withl$.Bnterica®volutionBncludefcquisitiondnddecombinationX
oftnobilelgenetic®lements¥uchMsienomiclslands,Mransposons,X
integrons,Xand¥lasmids,fmongibthersd Partridgeletial. }2018).X
Anln-depthMinalysistbfheseMeaturesdvillfhel pMisdoMinderstandX
driverskbfresistance XhostthndXenvironmentalkhdaptations,KandX
sourcestdBesistantdialmonellalinfections.X
WhileXmostXSalmonellaXinfections¥areMself-limiting,KseriousX
infectionsX canX requirel antimicrobial¥ therapyX (TackX et al.,X
2020).MAntimicrobialfesistance AMR)@anlompromiseMherapy,X
increasefhealthcarelosts,Xandiostdives Abebelethal. [2020).XnK
Salmonella,XA MRMs®ypicallyFattaineddbybhorizontalkhcquisitionX
ofintimicrobialMesistanceldenesf{ ARGs),MIthough®hromosomalX
mutationsilsobplaybdMoled McDermotth&tal. 2016).K
OnelwayXthat¥SalmonellalstrainsXacquireXA RGsXisXthroughX
acquisitiontbf¥plasmids{ Emond-Rheaul il 2020) KPlasmidsK
carryXnot¥onlyARGs,Mbutalso¥heavyXmetal¥andXdisinfectantX
resistanceX genes, X whichX mayX contributel to co-selectionXforX
AMRK(VijayakumarkandXSandle,}2019) XMI'hektypesKofplasmidsX
thatX Salmonella carryX canX varyl considerably,X asX theyX mayX
includeMpecies-specifichon-conjugativelplasmids,Mrionjugativel
plasmidsfound®videlydmongMEnterobacterales{Redondo-Salvol
etial. [X2020).XSomeMplasmidXtypesKareXhighlyKassociatedXwithX
specifiderotypestindourcesd Zhaolethl.,x2020),Bhuskplasmids¥
provideXimportant¥information®ordbutbreakMnvestigationskandX
AMRKsourcebhttribution Kl raditionally,Xncompatibility®plasmidX
typeskhavelbeenKusedXtoMassignkplasmidsKintoMdifferentXgroupsX
based®nkplasmidXreplication®nachineryX Carattoli,x2013).XlhisX
approachMoeskhotlhccountorkhlldplasmidiypesihndXtMskbftenX
unclear®vhich®replicationXnachinerylsiominant,XespeciallyXnX
hybridiplasmidsMrisingfromMecombination{Hsulét}l.,2019).K
CharacterizationXofXplasmidsKandXother}resistanceXelementsX
inKSalmonellalhasXbeenXstudiedXextensivelyXbyXW GS KTheluseX
ofhort-readequencingfinionjunction®vith¥programsFuchkasX
PlasmidSpades,®’°LACnetBribthersthavebhelpedixpandfnalysesi
offsenomesMeriveddromBhort-readdequencing®ataX delI'orol

ethhl 0148 ntipoviethal. )2016) Rl herethavebbeen®elativelyMewX
large-scale,Mong-read®equencingltudies,MvhichanKield¥moreX
completelgenomiclinformation®viththigherMesolution.X
AsideMfromMplasmids,XARGsKalsoXareMcommonlyXcarriedXbyiX
chromosomallyMencodedXSalmonellalgenomicKislandsX(SGIs).X
SGI-1RvasirsteporteddniS.MI'yphimuriumXDT104KnX2001. X tX
containedl® 7BkblbackbonelplusthXl 5MkbiomplexBvithMilassk X
integron,Mvith¥A RGsMonferring®esistanceloMivefantimicrobialX
classes{Boydital.,x2000) Mifferent¥rariantsfh B GI- 1thavebbeenX
described RvithMMiversitybb XA RGMllelesnMnultidrugiesistanceX
(MDR)®regionsX Hall,x2010).XAdditionallSGIs,MncludinglGI-0,X
SGI-2,8GI-3,MndS GI-4,thavelbeenddentifiedfbasedbnigenomicX
structurelndMesistancefgenelontents.BothBGI-0MndB GI-2MreX
inkthelsameMocationfasiSGI- 1MandXhared®helSGI-1KbackboneX
sequenceM|Levingsitidl. [2008;MeblCurraizelétiil. 2020).8GI-38ndX
SGI-4XverelnitiallyMlescribeddsMistinctl GIs,ButfheyMreMniheX
samelhromosomalNocation,MhavehelamelsequencelbackboneX
structurelandXareXconsideredXthelsameXSGIX( A railetial.,X2019;X
Branchuletal )2019) BGI-4kidXhotkarry®A MRXzenes,XnsteadX
itiarriedX®@4bheavylinetaliesistantienes HMRGs)H Arailetihl., X
2019) Ml'ogetherXthelhcquisitionXfXA MRMdeterminants,XmobileX
genetickelementsicontributeltolhelzenomicKdiversityXfoundXinX
Salmonella.X
SalmonellalpathogenicXislandsX(SPIs)XplayXaXpivotalkroleXinX
Salmonellalrirulencel Hensel )2004;&Rychliki (1. 52009) Kl hereX
arel24KknownXSPIsKandXseveralKarelassociatedXwithKparticularX
mechanismsdbf&irulencel Chengletal. }2019).MPI-16ndMSPI-2,K
which¥encodetypeXIKsecretionXsystems,XareXconservedXacrossX
Salmonella,Xalong{withXSPIsK3-6,XSPI1-9,XandXSPI-11K(JenningsX
ethal. )20 17X oubketlhl. k019X haolethal. 2020) MMosttbtherlS PIsK
arelrariablefhcrossiéerotypestndinaydhccountoridifferences¥niX
virulencelimong®almonellaerotypes{ Zhaolethal. x2020) Rlhus,X
theRpresenceMandXorganizationXofXtheseXSPIsKareXimportantXtoX
understandinghelévolutiondMndbpathogenicitylnBalmonella ¥
ThebhistorydbfalmonellakpidemiologyPhasielied®nXrariousX
featuresXtocategorizeMstrains XFollowingkbiochemicalXprofiling,X
serotypingthasfonglbeenfhelbasisthfalmonellaltraindypinglndX
tracking M ater,}plasmid¥profilingkbyielectrophoresisind®pulsedX
fieldb¢el®lectrophoresis PFGE)MvereMised Mor¥A MRMnonitoringX
in¥ nationalX programsX suchX asX thed UnitedX StatesX NationalX
Antimicrobial¥ ResistanceX MonitoringX SystemX (NARMS),X
minimum&inhibitory®concentrationX( MIC)XtestingXfollowedXbyX
multiplex®CRMndXonjugationMssaysfhavelbeenommonlydisedX
toracklphenotypickhndXzenotypickresistance XWithXtheXadventX
ofthffordableW GS,Ksurveillancefb A MRKSalmonellalandibtherX
pathogensXcan¥nowkbedonelroutinelyXusingXshortlreadXDNAKX
sequencing¥chemistries XWhileXthisXprovidesKaKcomprehensiveX
pictureblbfPtrainkrelatednesskindieneitarriage XlosedenomesX
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areXneededX toX reveal thel detailedX geneX arrangementsX andX
structural®hanges MnRhiskeport,BveltlescribeltheliselbPacBioX
long-read¥equencingfolharacterizeM 34¥solates,Mepresenting83KX
Salmonella§erotypes,Msolated¥romMawdneatsfnddoodMinimals.X
ThisKstudyXhelpedXusKtoKelucidate}theMgenomicXstructuredandX
locationXofivirulencelandiresistancedgenes,BheirXolocationXoniX
mobilefDNARIements,nddhowkheseMraitsielate®olbalmonellaX
evolution W eMlsobproposeddbhewlpproachMoBimplifydhamingX
oS GlstbasedMbnlheirkgenomichposition.X

MATERIALS AND METHODS

Isolate Sources and PacBio Sequencing
OneXhundredNthirty-fourllisolates,XrepresentingX33Xserotypes,X
werelcollectedXsXpartMofXroutinelsurveillancelbyXtheXNARMS.X
Thel sourcesi of}l thesel isolatesK wereX chicken,X turkey,X beef,X
andX pork productsX asi wellX as¥ cecal/gutl samplesX collectedX
atllslaughterd fromX swine,X turkey,X cattle M andX chickenX fromX
2016-2018XacrossX 31K different¥statesMIsolatesk wereMselectedX
for Pacific¥ BiosciencesX (PacBio)X long-readX sequencingi to
representX diversel resistancel patterns¥ includingX threeX pan-
susceptiblelisolates,¥diverseMserotypesXandXdifferent NARMSK
sourcesqSupplementaryXablel ). X

Forlong-readXsequencing,X DNAXIibrariesX werel preparedX
usingXaX10XkbXtemplateMpreparationXprotocolXwithXSMRTbellX
templatelprepikitl¥iX .0.Bequencinglvaskperformedtising®PacificX
Biosciences®echnologyfnMhelbequeldplatformBvithiequencing®
kit}.0,MsMescribedMpreviously Tateletl.,021) K

SequencingX  data areX availableX inX BioProjectX
PRJNA292661 KIsolate-levelXaccessionXnumbersXarellistedXinX
SupplementaryableX .X

Resistance Gene and Plasmid
Identification

AntimicrobialresistanceXgenes,XbiocideXresistanceMgenes,XandX
HMRGsXwerelidentified¥withX AMRFinder® PlusX versionX 3.8X
(Feldgardenl®tal. [2019). KI'heXAMRFinder®Plus¥/irulencelenesX
andBARGsMutsideMhelA MRFinder®orelgenesHverebhotiteported,X
dueMoMheirflimited®elevanceMoMhisialmonellaBtudy.X

ToX identify} plasmidX repliconX sequences¥ wel usedX
PlasmidFinderXwithXcutoffsKofX90%KidentityKandX60%XlengthX
(Carattolikethhl. K0014) Xl'helbequencebdbthelspvRA BCDMperonk
waskxtracteddromMihelplasmid¥pOU1115KarriedibyHbS.EDublinX
strain®(AccessionXDQ115388) XAKocalkblastnfanalysiskwithXtheX
sameMcutoffskwasKperformedXtoXidentifyXtheMpresencelof}thisX
spvibperon.X

IntegratediplasmidsiverellsodentifiedbylNimilardpproach,X
withXPlasmidFinder®beingXusedXtoKidentifyXreplicons MnKsomelX
cases,Mlastnianalysisfvasidonducted®oMdentifyMsimilarity®withX
knownbplasmidsqTableX2).X

Salmonella Pathogenic Islands and

Salmonella Genomic Island Identification
Sequencestb R4 PIsKvereflownloadeddromMGenBankMoMMocalX
databaseXFookesith1.,X0011;Xaywardithl. X2014;MChenghethl.,X

2019;XHsuletXal. }2019) KT helsizeMoXthelSPIsKrangedXfromX1.7X
toll 33.3%kb,lncodingX -2 1K/irulencelgenes XD uelokhelrariableX
lengthMndienelontenttd S PIs,BpecificdbPIsMvereddentified®sX
presentXiffhnyMofMitskhssociatedXvirulenceXzenesXinktheXiatabaseX
developedipreviouslydBlondelléthal. 20098 uezbethdl. 201 3;8 haok
ethhl. }2020)Bvereldentified®vithdB5%KXdentitykandkh tieastk70%X
lengthXbyXblastnXyv.2.7KandXanchoredXbyXblastingXchromosomel
sequencesivithhelteferencelSPIskequencedising®B5%KdentityX
andMtleast® 0%Mength M PI-8BndMPI-13Mhavelheamelgenomick
locationXadjacentXtoXtRNA-phe VR(Espinozaletial. [X2017),KandX
sevenisolatesKfromXfourserovarsicarriedX1 7XkbX(70% )XSPI-13KX
sequencebbutMvithoutlitsiirulencebgenesBverelgivenhebhamelbX
SPI-13* inMhiskpaper.X

SGI-1Bnd¥otential¥ariantBequencesBvereMnitially¥dentifiedX
by blast¥ withX 85%N identityX andX 70%X lengthX toX 47X kbX ofX
referencell SGI-1X sequenceX fromX S.X TyphimuriumX DT104X
(BoydN¥etXal.X2000).X FurtherManalysisX toidentifyMadditionalX
SGI-1H sequencesX involvedX identifyingl insertionsX betweenX
yidY (5" )X andX thdF(3’),X with¥ sevenl additionalX SGIX variantsX
identified XT'helxistencefo B GI-4BvaskiscoveredXisingalblastX
queryX ofX chromosomalX sequencesX againsti SGI-4X referencel
(MN730129.1)Kwith¥5%KcoverageXandX70%EhomologyXcutofts.X
ThelhdditionalSGI-4KwasiiscoveredibyXaligning®heXN165319X
andXother® S.X AlachuaXwithoutMresistanceX genes.X Thel otherX
islandsX with¥ ARGsKand/orfX HMRGsX wereX discoveredX using®
comparisonsXtoXchromosomes¥within¥theXsameNserotypesKinX
isolatesflacking®A RGslnd®HMRGs.X

Phylogenetic Tree
TheRprogramXKSNP3.08vasKised®oseneratefbinglelNucleotideX
PolymorphismsX (SNPs)X fromX a¥ subsetd ofl 44X completeX
chromosomesiX tol representX all¥l 33K serotypesX andX casesX ofl
chromosomalXheterogeneityXwithinXserotypes®(GardnerietXal.,X
2015).MPriorXtoXSNPNgeneration,XtheXkmerNXsizeXwasKchosenX
by KchooserXincludedXinX KSNP3.0K (Gardnerilet¥al. [K2015).K
TheX maximumN likelihoodX phylogenyX treeX wasi constructedX
byXMEGA7.08 withX 250K bootstraps.X Thel cladeMincludingX S.X
MontevideoMnd¥.Bchwarzengrund¥vaskplacedf tfhelfootbasedX
onlestablishedMiteraturel{ Worleyl¢thal. 2018).K

RESULTS

Presence of Salmonella Pathogenic
Islands and Arrangement in the

Chromosome

Assemblyl of]long-readX sequencest producedX circular¥ closedX
chromosomesKnXl 16bfheXl 34Kalmonellaisolates,XanginginX
sizefromX#,492,868Xb pKinXS.XBredeneyXtokb,073,615Kb pkinXS.XIX
4,[5],12:1:- KNinelisolatesXshowedXgenomicKsizel>5,000,0008bp,X
withXsixXofXthemX1X4,[5],12:i:- M twol S.K AgonakandX oneX S.K
Typhimuriumi (SupplementaryXTableX 1).X OurX dataXshowedX
thatKadditional¥accessaryXgenomicXelements,Xsuch¥as¥phage,X
integrationtffplasmidsiin®hromosomeld Gl ontributedXolheX
largerbenomes.X
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FIGURE 1 | Presence of SPIs in different Salmonella serotypes. (A) A phylogenetic tree was constructed based on chromosomal SNPs of each of the isolates.
(B) SPI arrangements are listed with representative sequences of each serotype. Red indicates that SPIs are conserved in all serotypes, yellow indicates insertions of
SGls or plasmids. Other colors represent SPIs whose presence are variable among different serotypes/isolates. (C) The conserved structure across all serotypes is

shown.

SalmonellapathogenicXislands¥containKaXvarietyMofXgenesX
that¥contributeXtoXSalmonellaXvirulenceXasXpartXofXSalmonellaX
serotypell evolutionX (Marcusi et al. X 2000).K ToX assessX thel
complementX ofX SPIsX thatX contributeX toX theX diversityX of
chromosomalX¥equencesfromMifferentBerotypes BvelonstructedX
alphylogeneticXtreeMusingXSNPsKacrossk44KchromosomesXfromX
34KserotypesX(FigureX1 A) XThisXtreeXreflectsXtheXphylogeneticX
relationshipsi amongM differentX Salmonella serotypesX andX isX
reflectiveldfMheirdntirelfenomicontent.X

ThelSPIsKL -6,K5P1-9,K5PI-11,kandXSPI-24MwerelpresentXnkallX
isolatesM(FigureX1 BXandXSupplementaryXTableX1 ) XSPI-24KwasX
previously®alled®MCS54XSabbaghiétil. [2010),ButlaterfenamedX
asKSPI-24X(Chengletial. X2019) KEachXofXtheseMconservedXSPIsX
werelllargelyMinXconservedXlocationsXasXwell NexceptXforXlargeX
inversionsXencompassing®multipleXMSPIsXinKserotypesKInfantis,X
Muenchen,R'yphimurium,Bnd¥Enteritidisq{Figuresd B,C) R'hreeX
SPIs,Mncluding®$PI-20,8P1-21,Mnd¥PI-22 KverebhotldentifieddnX
ourfsolatelollection.®
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Salmonella¥pathogenicMislandsBvereMargelydonserved®vithinX
serotypesXbutllshowedXvaryingXdegrees¥ofXdiversityXbetweenX
serotypes,BonsistentXvithbpreviousteportsi{Hsule k1. ,/2019;B haoll
ethal. 2020) KAskxpectedromMheltlosedelationshiptbetweenld.X
TyphimuriumfhndXitsXimonophasicivariantXS. KN4, [5],12:1:- (IdoX
ethal. )2014) Bheiromplementfb S PIs¥vas¥dentical{ FigureX ).X
InMfact,@heMargeitladefbielated®erotypeslromXI'yphimuriumi
toXLitchfieldXallXhadXalmostXidenticalcombinationsKofXSPIsX
(Figurel B).[DOnlydMewlerotypesilisplayedlPIXariabilitymongX
their}lstrains.XInterestingly,¥nonelofXtheXSPIsXwerelserotype-
specific,siachibheX 1MdentifieddS PIsKvereMistributeddmongX
multiplelerotypes.M.argeMnversions¥verefbbserved¥vithinomeX
serotypes.XForXexample, XinKoneXofXtwoKS.XEnteritidiskstrains,XaX
largeMragmentM¥romMSPI-68oMS PI-178vasKinverted,MindX¥nlbnelb X
thelS.Xnfantisktrains@hel-egionfbetweenlSPI- 12K oM PI-14KvasX
inverted{FigureMd B).X

Acquisition of Genomic Islands and
Associated Antimicrobial Resistance

Genes and Heavy Metal Resistant Genes
Inkthiskstudy, M GI-1KandXGI- 1KvariantsiiverelfoundhmongXi 2K
strainsXincludingierotypesKI'yphimuriumX#X=K5),Kenftenbergi
(nX=RR) XDerbyX n=kB),MaintpaulX nX=Xl ),KandXAlachual nX=Xi )X
(TablelX1) XTheKlocationXofinsertionKofXSGI- 1KwasKconsistentX
acrossiheseldlifferenterotypes,Bpresentbbetweents PIsHhndiRnX
thefssembled®hromosomes.Xl'hefbackboneandXARGsXnkSGIsX
varied¥reatly¥nMifferent®trains MAlMivelS X'yphimuriumBGI-1X
carried¥imilarbbackboneltructurelindXARGs ¥adA2-qacEdelta-
sull-floR-tet(G)-blaCARB-2-qacEdeltaX asX previouslyX reportedX
(GenBankMccessionthumberd\ F261825) BxceptlhatiniN175016,X
whoseXSGINwasX9XkbXshorterandXcontainedXonlyXsu/1XMandX
blacars—ARGs.X
TheXthreeXS.XDerbyKstrainsKcarriedXsimilar}SGI- 1backboneX
structurel(43.9-44.9Xkb )KaskheXS. MI'yphimuriumtrain,KandXallX
threelarrieddMbimilariesistancelgenelassettel TableX ) BvithiXeX
toMMA RGsMndM¥inercuryMesistancelgenes.X
Thelremainingour¥SGI- 18sequencesivariedXgreatlyXinksize,X
from29.7kbNNMMS.MaintpauldtrainMoN 17.kbNNMS.Menftenbergi
strainX(TableX1) XThelstructuresXand¥resistancelgenelcontentX
varied®onsiderably,Hvithi-6MARGsMndM-6BnercuryMesistancelX
genesX TableX ) Mnterestingly,Mlthough®heltopXNCBIMlastihitsX
werelforXSalmonella KallXSGI- 1 sKareXfoundXtoXbeXhomologousX
oripartiallyXhomologousX(TableXl )XtoXthelgenomickislandsKonX
Proteus Rlhelb.Benftenbergl GI- 1R¥vaskparticularlydhotablelinceX
ithppearedXtokhavelakhybridXoriginKwithX5 1XkbMaligningKwithX
otherXSGI-1KsequencesXandX¥ai67XkbXhomologyXwithKthatKofX
Citrobacter{TableX ) X
SGI-4MMN730129.1)BvasdoundXnMens. XX, [5],12:i:- strains¥
andXvasocatedbetweenlPI-4dndSPI-6XTableM ) M shpreviouslyX
reported MtkidkhotiarryXARGsMandXonlykearriedXHHMRGs¥pco, X
silndMirsdencodingiforikesistanceoopperBilver,nddrsenic,X
respectively¥Bearsont4l.,52020).K
AnKadditional¥potential¥estimatedX84XkbXgenomicislandX
(TableX1)XwasKfound®inXS.KAlachuaX(TableX1).XItXhasKsomeX
homology®olGI-4Kvith}5%Ndentitybhnd®0%MHength KAlthoughX
notlexperimentally®ralidatedXsihnfS GI,Mtkhas¥nanyMimilaritiesX

toXSGI-4KincludingXitsKlocationXbetweenXSPI-4XandXSPI-6KandX
presencelbithelbilhnddpco”HMRGs Kl hiskregionilsokhasigenesX
relatedMolonjugativeMransferndbpartitioning MndicatingMhatiitX
istlikelyfaMnobileflement.X

Integration of Plasmids Into the
Chromosome and Associated
Antimicrobial Resistance Genes and

Heavy Metal Resistant Genes
IncQbplasmidiepliconsMvereletecteddin@hromosomal¥equencesX
offourteenXS.XM4,[5],12:i:- isolatesX| TableX2) M nterestingly,XtheX
locationXofXIncQ¥plasmidsXwaskKinXthelsameXregionXasKtheXfljBX
genelencodingXtheMphaseXtwoXHXantigenXinXS.XTyphimurium,X
andXtheX fljB¥region®missinginKS.XIX4,[5],12:1:- (FigureX2).X
ThisMindingluggestsk¥plasmidolhromosomelecombinationX
eventNthatNtransformedXstrains¥fromXserotyped TyphimuriumX
toXIX4,[5],12:i:- KInKeachKofXtheXS.KIX4,[5],12:i:- genomesHinX
thisKstudyXtheXrecombinationXeventXhadXintroduced®sul/2XandX
inkallbutMonelisolateetBXblatrn— iwandXaph(3'’)-Ib/aph(6)-1dX
werelntroduced.X
AnotherfsimilarXrecombinationieventfvasiietectedXnbtrainX
N17S166XofXserotypeXI.4,[5],12:r:- XInXthisXisolateNaKfragmentX
of¥152KkbKfromMaiincHIXplasmidX(pN17S1352-1)XcarriedXmcr-
9.1 X aadA1¥ aac(3)-ViaX sulI¥ and¥ twoX HMRGsX pcoSH andX
arsCMntegratedXinto®heXhromosomelbetweeniSPI- 1KandXSPI-
9X inX thel samel regionX where S. X HeidelbergX carriedX aX f[jBX
genel{Tablel2).X
ThereKareXadditional¥examplesKofXA RGsXorH MR GsKinKthelX
chromosomelthatnaykhavelesultedromplasmidintegrationsX
(TableX 2).X Forl threeld S.X Typhimurium strains¥ fromM retailX
chickenX(N18S0597,XN18S51595,KandXIN18S2170),XthereXareXtwolX
chromosomalXregions¥withKARGsXandXHMRGs. X TheXfirstXisX
anXupX toX 1078 kb regionKlocatedX betweenX SPI-6K andX SPI-
16X withX merRX tet(A),XandX sul2,X andX canX be) tracedX backX
toX ani IncCX plasmidX¥ pN18S1634-2.X Thel secondX regionX isX
aboutX85KkbXandXhasKoverX70%KalignmentdtoXaX previouslyX
publishedXIncHIXplasmid¥(nucleotideRaccessionXMH287085.1).K
ThiskB5KkbMregionXearrieskiveXA RGskndXl 6XHMRGs.XAnother
commonNinsertion¥includedXaX31.6K kb elementX withKsilverX
andXcopperiresistanceXgenes XT'hisKinsertionKwasKfoundXinXtheX
chromosomesHofXninelisolates,KincludingXserotypesMuenster,X
Johannesburg XSenftenberg,XHeidelberg,XSchwarzengrund,MandX
Agona,XandNacrossXmultipleXanimalXsourcesX(TableX2) XThisX
insertionhaskhighbequencelhomologyMwithheMncHIXplasmidX
pF185044-1X(TableX2) XTheseXindingsXrevealXhowXplasmidsKorX
theirfremnantsian®ontributelolhehromosomallacquisitionX
offARGsMndBHMRGs.X
ThelnostlommonierotypesivithihromosomalXA RGsXverelX
Typhimuriumi (20/24Kisolates), XX 4,[5],12:1:- (15/16),X AgonaK
(10/10),KandXHeidelbergi(7/7) MnKcontrast,MserotypesiKentuckyX
(0/11)MndReadingd0/6)MidkhotthavelanylthromosomalARGs.X
AmongKtheXnineisolatesXthatXdidXnotRcarryKanyKplasmids,Xnok
chromosomalXARGsXwereXfoundXinXthreeXisolatesX(N175192,X
N17S312,MandXN1851429)XwhichXwerelpan-susceptibleXtoXallX
antimicrobialsi tested,X fosAK wasX foundX inX twol (N1850476X
andXN1850722),KandXtheMremainingXfourX(N175107,XN17S834,X
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TABLE 1 | Putative Salmonella genomic islands in the genomes of Salmonella isolates.

Strain ID Serotype SGl Size Accession Position Top non-Salmonella hit Accession# Resistance genes
of organism and
coverage, identity

F185012 Typhimurium SGI-1 47,722 OK209931 SPI-3, SPI-4 Proteus mirabilis (89%, KJ186152.1 gacEdeltal blacars- 2 tet(G) floR

F18S028 100%) sull gacEdeltal aadA2

F18S031

N16S132

N17S016 Typhimurium SGI-1 38,450 OK209935 SPI-3, SPI-4 Proteus mirabilis (89%, KJ186152.1 sul1l gacEdeltal blacars—2
100%)

N17S1441 Derby SGI-1 43,948 OK209937 SPI-3, SPI-4 Proteus mirabilis (89%, MK422178.1 tet(A) merR merT merP merC sull

N18S0357 100%) gacEdeltal

N18S0789 Derby SGI-1 44,852 OK209939 SPI-3, SPI-4 Proteus mirabilis (64%, MK422178.1 tet(A) merR merT merP merC sull
100%) gacEdeltal aadA2 dfrA12

N16S319 Alachua SGI-1 63,305 OK209933 SPI-3, SPI-4 Proteus mirabilis (93%, KJ439039.1 merE merD merF merP merT merR
100%) sull gacEdeltal aadA1 tet(A)

aph(6)-1d aph(3”)-Ib

F18S026 Senftenberg SGI-1 47,273 0OK209932 SPI-3, SPI-4 Proteus mirabilis (86%, KJ439039.1 merE merD merF merP merT merR

100%) sull gacEdeltal aadA1 tet(A)
aph(6)-1d aph(3”)-Ib aph(3')-la

N17S834 Senftenberg SGI-1 117,891 OK209936 SPI-3, SPI-4 Citrobacter koseri (66%, CP026697.1 merP merT merR sull qacEdeltal
89%) dfrA5 tet(A) aph(6)-Id aph(3”)-Ib

N18S0175 Saintpaul SGiI-1 29,745 OK209938 SPI-3, SPI-4 Proteus mirabilis (97 %, KJ439039.1 blatem—1 sull qacE aadA2
100%) ant(2"”)-la

F18S010 | 4,[5],12:i:- SGl-4 81,780 MN730129.1 SPI-4, SPI-6 Citrobacter sp. (45%, 97 %) CP056647.1 pcoS pcoR pcoD pcoC pcoA silP

F185014 silA silB silF silC silR silS silE arsC

F18S032 arsBarsA arsD arsR

F185040

F18S043

F16S144

N17S056

N1751466

F185030

N18S0173

N16S319 Alachua SGl-4 ~85,000 OK209934 SPI-4, SPI-6 Enterobacter hormaechei CP042551.1 SilE silS silR silC silF silB silA silP

(97%, 100%)

pPCcoA pcoB pcoC pcoD pcoR pcoS
pcoE

Tewn
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TABLE 2 | Putative integrated plasmids in Salmonella isolates.

ID Serotype Estimated size of Location of AMR and HMR on inserted Match with reference Plasmid types
plasmid on insertion plasmid plasmid (accession No)
chromosome
F18S002 F18S010  14,[5],12:i:- 16 kb SPI-1, SPI-9 tet(B) merR merT merP merC ~ pHCM1 (CP029645.1) IncQ
F18S014 F185032 sul2 aph(3")-Ib aph(6)-Id
F18S040 F185043 blatenm— 1
F18S045 N16S144
N17S107 N17S380
N17S1466
N18S0173
N17S146 | 4,[5],12::- 12 kb SPI-1, SPI-9 sul2 merC merP merT merR ~ pHCM1 (CP029645.1) IncQ
tet(B)
F18S001 Muenster 31.6 kb SPI-5, SPI14 SilE silS silR silC silF silB silA pF188044-1 (ready for IncHI2 IncHI2A
SilP pcoA pcoB pcoC pcoD submission)
pcoR pcoS pcoE
F18S023 Johannesburg 31.6 kb SPI-6, SPI14 SilE silS silR silC silF silB silA  pF18S044-1 (ready for IncHI2 IncHI2A
SilP pcoA pcoB pcoC pcoD submission)
pcoR pcoS pcoE
N1750834 Senftenberg 31.6 kb SPI-3, SPI-8 SIlE silS silR silC silF silB silA  pF18S044-1 (ready for IncHI2 IncHI2A
F18S026 SilP pcoA pcoB pcoC pcoD submission)
N18S0991 PCcoR pcoS pcoE
N18S0017 Agona 31.6 kb SPI-3, SPI-8 SilE silS silR silC silF silB silA  pF18S044-1 (ready for IncHI2 IncHI2A
SilP pcoA pcoB pcoC pcoD submission)
pcoR pcoS pcoE
F18S033 Heidelberg 31.6 kb SPI-5, SPI14 SilE silS silR silC silF silB silA  pF18S044-1 (ready for IncHI2 IncHI2A
SilP pcoA pcoB pcoC pcoD submission)
pcoR pcoS pcoE
N17S1304 Schwarzengrund  31.6 kb SPI-3, SPI-13 SilE silS silR silC silF silB silA pF18S044-1 (ready for IncHI2 IncHI2A
N18S1602 SilP pcoA pcoB pcoC pcoD submission)
pcoR pcoS pcoE
F18S034 Derby 77.3 kb SPI-1, SPI-3 SIlE silS silR silC silF silB silA  pF18S029-1 (ready for IncHI2 IncHI2A
SilP pcoA pcoB pcoC pcoD submission)
PCOR pcoS pcokE tet(A) merR
merT merP bleO
F18S013 Typhimurium 71 kb SPI-5, SPI14 blacpy—2 pF18S007-1 (ready for Incl
submission)
N16S098 Heidelberg 71 kb SPI-6, SPI-16 blacpy—2 pF18S007-1 (ready for Incl
submission)
F18S033 Heidelberg 54 kb SPI-4, SPI-6 gacEdeltal cmlA5 ant(2"')-la p24358-2 (CP051360.1) IncC
tet(A) aph(6)-Id aph(3")-Ib
sul2
N18S0597 Typhimurium 85 kb SPI-1, SPI-9 ter\V terZ terD tet(C) aadA1 pSDC-F2_12BHI2 IncHI2 IncHI2A
N18S1595 aac(3)-Vla qacEdeltal sull (MH287085.1)
N18S2170 merE merD merA merT merR
SilE silS silR silC silF silB silA
silP
N18S0981 Typhimurium 76.4 kb SPI-1, SPI-9 terWV terZ terD tet(C) aadA1 pSDC-F2_12BHI2 IncHI2 IncHI2A
aac(3)-Vla qacEdeltal sull (MH287085.1)
merE merD merA merT merR
SilE silS silR silC silF silB silA
silP
N18S0597 Typhimurium 107 kb SPI-6, SPI-16 merR tet(A) sul2 pN18S1634-2 IncC
N17S0520
N18S0666
N18S0981
N18S2170
N1750520 Typhimurium 83.5 kb SPI-6, SPI-16 merR tet(A) sul2 pN18S51634-2 IncC
N18S0666
N18S0981
N18S2170
(Continued)
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TABLE 2 | (Continued)

ID Serotype Estimated size of Location of AMR and HMR on inserted  Match with reference Plasmid types
plasmid on insertion plasmid plasmid (accession No)
chromosome
N18S1595 Typhimurium 56 kb SPI-6, SPI-16 merR tet(A) sul2 pF18S004 Unknown - not closed
N17S0166 | 4,[5],12:r:- 158 kb SPI-1, SPI-9 pcoS mcr-9.1 arsC aadA1 pN53053 (CP049311.1) IncHI2 IncHI2A
aac(3)-Vla qacEdelta sull
N18S0736 I.4,[5],12:r-  38kb SPI-1, SPI-9 sull, gacEdeltal, aac(3)-Vla, pPN53053 (CP049311.1) IncHI2 IncHI2A
aadAl, arsR
F18S004 Typhimurium 21 kb SPI-6, SPI-9 tetW tetZ tetD pF18S044-1 IncHI2 IncHI2A
F185013 Typhimurium 3.8 kb SPI-5, SPI-14 blacgyy—2 pF18S003-1/pF18S007- IncC/Incl/IncB/O/K/Z
1/pN16S065-2
N16S021 N16S070  Typhimurium 3.8 kb SPI-9, SPI-12 blacgmy—2 pF18S003-1/pF18S007- IncC/Incl/IncB/O/K/Z
N16S089 N16S098 1/pN16S065-3
N16S189 N16S214
N18S0645
1881677
N18S2188
N18S0406 Bredeney 3.8 kb SPI-3, SPI-13 blacpy—2 pF18S003-1/pF18S007- IncC/Incl/IncB/O/K/Z
1/pN16S065-10
F18S049 Hadar 15.0-19.3 kb SPI-2, SPI-12 aph(3")-Ib aph(6)-Id tet(A) pH1038-142(KJ484634.1) IncN IncFll
N17S1270
N18S1943
N18S2154
N18S2042 Infantis 91 kb SPI-2, SPI-12 tet(A) merR merT merP merC ~ pN16S024 (CP052840.1) IncHI2

blacrx-m-65

the chromosome.

FIGURE 2 | IncQ plasmid integrated into Salmonella | 4,[5],12:i:- chromosome. The circle on the left represents a chromosome structure of a S. Typhimurium strain
F18S013 with SPIs (in red) distributed on the chromosome. The green area was the sequence homologous to a Salmonella | 4,[5],12:i:- strain F18S010. The gray
area shows differences between the two strains. The detailed comparison of the genomic structure of the two strains on the right is from the area with black box on

N18S0173,6and®N18S2170)Rarried¥nultiplehromosomalXARGsX
(SupplementaryXTableX1) XTheseMisolatesXencompassedXseveniX
different®erotypes.X

ChromosomalXHMRGsXwereXfoundXinX51XofX134Nisolates,X
includingienesiencodingiresistancelolopper,Msilver,Xmercury,X
andMhrsenic XI'hesecomprisedX@ 2R urkey,Xl 4%wine Xl 1Kchicken,X
andX4XcattleMisolates M hirty-nineMofXtheXfifty-onelisolatesKwithX
morelhan®hreehromosomalkHMRGsklsofhad®hromosomalX
ARGs NInXNmanyXcases FHMRGsKandX ARGsKwerelphysicallyX
linked{Tablel®).X

TogetherNtheseXfindingsKamongl 134X SalmonellalgenomesX
showl thatX theX maintenanceX andX spreadX ofX chromosomalX
ARGsHandXHMRGsKinXSalmonellaXisKaccomplishedXthroughX
aXl complexl interplay¥ ofl genomicX islandsX andX integratedX

plasmids.¥ FurtherX workl willX beX neededX toX understandX
whether¥ acquisition ofXl thesel genesX isX specificallyX selectedX
forlbyX exposurel toX heavyM metalsXand/orantimicrobialsX orX
connectedX tol otherl survivalX andX fitnessX challenges¥ facedX
bySalmonellaX

Plasmid Types and Association With
Resistance Genes, Sources, and

Serotypes
FromXthel134KSalmonellaisolatesXweldevelopedXhigh-quality®
sequences®ork856plasmids,K45M MvhichBvelully®esolveddntoX

circulari¥structures. XOnXaverageltherelwereXtwoNplasmidsXperX
isolate,KalthoughMsevenXisolatesXhadXnoXplasmidsKandXoneXhadX
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plasmid types are represented in the figure.

FIGURE 3 | Plasmid types present across different food animal sources. Replicon information was based on analysis from PlasmidFinder. Only the most common

TABLE 3 | Association of plasmid types with antimicrobial resistance genes (ARGs) and heavy metal resistant genes (HMRGs).

Plasmid types Total number Avg. size in kb (range) Most common serotype (number) Avg. ARGs (range) Avg. HMRGs (range)
IncA 2 133 (90-176) Heidelberg, I. 4,[5],12:i:- (1) 5.5 (5-6) 2.5(0-5
IncB/O/K/Z 1 115 Kentucky 4 4

IncC 36 142 (52-232) Typhimurium (11) 6.6 (0-13) 3.8 (0-8)
IncF 23 112 (16-164) Kentucky (9) 2.1 (0-6) 0.8 (0-7)
IncH 15 270 (145-354) Kentucky (3) 5.4 (1-14) 13.9 (3-22)
Incl 39 99 (563-125) Kentucky, I. 4,[5],12:i:- (7) 1.6 (0-4) 0.7 (0-15)
IncN 3 57 (43-71) Enteritidis, Heidelberg, | 4,[5],12:i:- 3(1-5) 0

IncP 1 18 | 4,[5],12:i:- 2 0

IncQ 11 11 (8-12) Reading (5) 3.3 (1-4) 0

IncR 1 70 Muenster 10 0

IncX 22 42 (31-53) Kentucky (9) 0.4 (0-6) 0

IncY 1 92 I. 4,[5],12:0:- 0 0

Col 69 5 (2-15) Typhimurium (11) 0.3(0-2) 0
Phage-like 1 91 Typhimurium 0 0
Combination 12 237 (75-389) Infantis (4) 6.3 (0-12) 6.3 (0-18)
Unknown (no replicon) 28 18 (1-186) Typhimurium (5) 0.6 (0-6) 0.5 (0-14)
Chromosome 134 4.8 Mb (4.5-5.1 Mb) N/A 1.7 (0-7) 7.3 (0-25)

asfmanyMasievenkplasmids,Mbaseddbnitlosed Krircularequencest
(SupplementaryXTableXl ) XW elsoughtioMdentifylheXA MRMindX
HMRGsKonKtheselplasmidskhndXevaluatedXifany¥plasmidskhadX
animalXsourceXorserotype-specificity HAlthoughBsomeXplasmidX
typesdveredmostiommonMniertainfsources,XnostdvereMvidelyX
distributedMcrossdliMnimaldources{Figurel);BomeMssociationX
betweenbplasmidypelndBerotypelvasilsobhoticed{ Tableld).X

IncC

SizesXofXthelB6XIncCXplasmidsivariedonsiderably,Mromi62KtoX
2320kb,MndXvereflounddmongilinimal¥ourcesi{Tabled) K 'heseX
plasmidsXwereXfoundXamongi1 1¥different¥serotypes,XwithXtheX
mosthprevalentbeingd$.K'yphimurium BomelommoniesistanceX
patternsimerged,Mndib 40 Rhebplasmidsthad®u/2hndderA FndX
22BhadBIbMblacmy — 2.HloRBndMiph(6)-1d/aph(3”)-Ib R welveld X

theNsolatesflsobhadM tleasttbnelladgenedndX Phadkh tHeastibneX
mercuryMesistancelfene.X

IncHI

ThereMverel 5MncHIMlasmids¥dentifieddmongMwelvelifferentX
serotypes,Kpresentnfhllooddnimalisources,Mvithwinelbeingi
most¥lcommoniX(7/15,847%) KAllXwereMlargeXplasmidsKofX145-X
354HkbMindbpossesseddrombbneMoMourteenEARGs . MevenilsohadX
theljacERbiocideMesistancelene, FandkhlkhadkhtleastfbneMnetalX
resistanceddperon,BncludingihoselonferringiesistanceMolilver,X
copperBnercury,ndirsenic.X

Incl
TherelverelB9XncIdplasmids¥iniburktollectionfb il 34Kzenomes,X
fromX 9Mifferent¥erotypes,XvithMtHeastdbn el RGMoundHnid 31X
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thelplasmids XI'heyXrangedXnkbizelrom&s 2R okl 25KkbkandXvereX
foundXfromXallXfourfood¥animalXsources XTI heXmost¥commonX
ARGHBvasiheltlinically®elevant®blacyry — 2, BvhichBvasKoundXniX
15Ksolates,Mncluding®ixd.Mentucky®romletaillhicken.MOnlyX
twolbfithebplasmidskhadXHMRGs,MandRhelXjac EXgenelvaskseen
inkeightdbfhelkplasmids XI'helmostrommonkanimallsourcelorX
IncIfplasmids¥vaslurkey,Bvith®2Rsolates,Mndibk heseRverelnX
serotypelid,[5],12:1:-X

Other Plasmid Types
SeveralXother}plasmid¥typeskwereXidentified Xincluding®IncXR,X
AXB/O/K/Z,XQ,RN,XPKEandXY K nMescending®A RGRprevalence,X
respectively.XTheX27XIncFXplasmids¥most¥commonlyKencodedX
eitherfhoMXARGsX10/27)lbbnlylhminoglycosidedndMetracyclineX
resistancelgenes}8/27).MOnlyM/15MncXMlasmidsEncodedA RGs.X
SmallXCol-typelplasmidsKcontainedXfewKA RGs,XwithKonlyX7/72K
encodinglanyXARGs,Mspread¥widelyRacrossXdifferentlsourcesX
(Figurel3) XThereXwereX11KIncQlplasmids¥(asideXfromXthoselX
integrated¥ntoMhelthromosome)Mound®mongMiverselerotypesi
and¥ources,Mhineldf¥vhichBhadXhebgenes®ul2,lph(6)-Id/aph(3”)-
IbMAndMerA R'herelvereldlsoMhreeMncNMplasmids,HwolncA MndX
onefplasmidiachtbHAncPMncR AncY,BndincB/O/K/Z.K
TwelvelplasmidsthadMnultipleMepliconMypes,MndicatingMikelyX
recombinationfbetweenMnultiplefplasmid®ypes Xl'heseMncludedX
IncHILMIncCMncL,XncN XncEXncPXIincQ,MandXncXKrepliconsX
(SupplementaryXlableX ) KAl utkoneldfhesebhybrid¥plasmidsX
hadX®ARGsMorftHeastMhreeMifferentMirughtlasses.X
AXtotal¥ofl44/285K plasmidsXdidknotlhavelhitskbasedXonX
PlasmidFinder,X indicatingl alX failurelX ofl conventionalX typingX
techniquesioMdentifylthem XEven&though®heselplasmidsXvereX
un-typeable,MhreelontainedXA RGsXSupplementaryXablel ).X
Overall Mherelverel3Malmonellaerotypesiepresented BvithX
somefinterestingierotype-specifidindings.BerotypedgonalhadX
blacyy — xasipartdbfnultidrug-resistantlncCplasmidsMni$ixkb X
tenMsolates Bimilarly,MMDRRAncClplasmidsHvereMoundEnbalIMourX
S.BMontevideoMndilMivel$. Newportlsolates.X
SerotypeKentuckykhlsofhadXncX18plasmids¥nienkbfelevenX
isolates,MwithXeachXbfithesefbeingfromlhickenXsources Xl'herel
wasXonelS. XKentuckyKisolateMfromXturkeyXwhichXdidXnotXhaveX
thiskplasmiddndX tiid%hotipossessknyXA RGsK SupplementaryX
TablelX1) XSevenXS.KKentuckyXisolatesXalsoXhadXIncFXplasmidsX
with® aph(3')-1b/aph(6)-1dX andX tet(A);X this¥ combinationX ofX
plasmidMtypelandMresistanceMgenesXwasKnotMobservedXinKanyX
otherlerotypes.X
OtherlserotypesXalsoMhadXspecifidkplasmid/resistanceXgenel
combinations.XForMinstance,Mivelo fixXS.XMReadingXisolateskhadX
IncQlplasmidsXwithKtheMARGsKaph(3')-Ib/aph(6)-1d,Ksul2 KandX
tet(A),Famongbnlykhinelotaldsolates®vith®hiskombinationibfX
plasmidXtypeandXresistanceMgenes XAlXbutXonelofXtheseXnineX
isolatesverelromiurkeydources. MOfMmportanceMobalmonellal
virulencelsihatip1¥bperondverelfoundXnkhinelsolateskdfourX
serotypes,Kincluding)five)T'yphimurium,Mone)Ii4,[5],12:i:- Xtwol
Dublin,inddbneXEnteritidis. XincFX IncFII(S)¥ubtype)Xepliconsi
werelpresent¥inkallMbutkbneXplasmidXvithMsprbbperon,BrithXneX
missingihisKepliconNikelylbecauseltivasthotully®ircularized X
IncCHndlncHIplasmidiypeskvereMnostdtronglyMssociatedXvithX
ARGs{Table3).X

Somebgenes®hatlverefplasmid-specificincludeldatAndNncr-
PonlydonXncHIFplasmids¥ Tysonlethal. 2020)kndXynrB19%bnlyX
onlCollplasmids.tOtherlgenes,BuchBsiblarey— imandHet(B),RBverelX
morefvidelyMistributeddcrossilifferentbplasmidMypesi{Figureid).X
Overall BherelvasknlhssociationtbetweenMhelpresencefb A RGsK
andMhebpresenceld MR GslbnMhelamebplasmid{Figurels).X

DISCUSSION

Herelvelpresent®helresultsfromXong-readXequencingXofXi 34X
Salmonellafgenomes,Bncludingldverdwolhundred¥plasmidsivithX
circularized®equences Xl hisiequencingleffort¥producedibeveralX
important}findings,NincludingXinsightXintoXtheXacquisitionXofX
virulencednd¥\ MRMleterminants.X
Thelizelb BB PIsKanged®romX . 780k 33.3%kb,encodingX 21K
virulencelgenes KAKphylogeneticreelbasedidnkhelpresencelandX
absencelbfreneskinkachiSPIromfburXpreviousktudylshowedX
that,XasideMfromXserotypelCholeraesuis,XmanyXotherKserotypesX
showedHgreatXdiversity,MparticularlyNewport,XDerby,KXAgona,X
Anatum,MindRl'yphimuriumMZhaoletal. )2020) omelfPIsHvereX
moreconservedEcrossiserotypes,KuchXaskKSPIsKI - 5,KwhichkhadX
>96%KdentitylandX2%MengthMlignment¥vith®¥heleferencefS PIX
inKallXisolates XSomeXSPIskhadXgreaterXvariability,XsuchXasXSPI-
6,8vhichXinlomeiaseskhadid7 %K dentitykbutionlyb®1%XengthX
alignmentXvithMheMeferencel$PIHIthoughMtsbpositionitelativeMoX
otherPIsXvasionsistentiinf1Ifsolates. MespiteMhelgreatMiversityX
ofXSPIs XthelvirulencelgenesKarehighlyXspecifickitoRindividualX
SPIs Rlhelpresencefb S PIsKrarieddnMifferenterotypestbutvasi
largelydonsistent¥vithinMndividualderotypesH{FigureX ) MeveralX
publications¥showedXdifferentXSPIXprofilesXbyXusingXdifferentX
methodsKoXdentify®helpresencelbEPIsK A mavisithetal. K2003;X
Suezbethal.}2013) MnKhisktudy,MMombined¥nethodMpresenceX
of¥rirulencelgene,lgenomiclocationnd PR eferenceltructuresi
wasthisedMoNdentifyMhel§ PIs.X
Rarely,Bome}irulencelenes®vereMoundindnultipleMocation,X
forexample,Xytr AKsenesKwerelshared®byXbothXSPI-16XandXSPI-
17 KSincelthelgenomicKlocationXofleachKSPIXisKconservative,X
theMpresencelofXSPI-16KorXSPI-17KwereXeasilyXdecidedXbyXthisX
combined¥nethod.X
InNthisMstudy,NitkwasKfoundXthatXtheXrelativeMpositionXofX
SPIsKoXeachMotherXwasKgenerallyXstable XEvenXSPIsKthathreXinX
phylogeneticallyXdistant®serotypes,Msuch®asKSPI-18XinKKiambuX
andXBredeney,XhadXconservedXinsertionXlocations.X ThisKwasX
truelevenXthoughXtheXnumberKofX SPIsKwasXvariableXacrossX
differentMserotypes,KindicatingKaXkeyXroleMforXtheXSPIsXinKtheX
evolutiontbferotypes.X
ThelpresenceldMbdditionalklementsivasilsofibleMobbelasilyX
identifieddnMeferenceModhelS PIMpositions,MsBhownHEnFigureld X
ThektonserveddPIenomicdocationsiankhelploldentifyMargeX
insertions,Buchfsl GIskbrdbtherdhccessorylements MnbhlRases)
thelombinations M PIsMverelonsistentMvithin¥erotypes,XvhichX
canbpotentiallylbelisedMobbrientdssemblies®¥vithB¥hort-readMata,X
actingl s caffoldMoMinderstand¥helrrangement®fheldenome.X
RecentMresearch®showsKthat}SGI- 1KisKanXintegrativeXmobile
elementithatiplayskhnKimportantXoleXinXintroducingfntibioticX
resistanceX inX variousX Gram-negativel bacteria,¥ includingX
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FIGURE 4 | Plasmid-resistance gene associations. The information above relates to plasmids with typing information and does not include those with zero or

multiple replicon types.

FIGURE 5 | Correlation between presence of antimicrobial resistance genes (ARGs) and heavy metal resistant genes (HMRGs). This depicts information related to

plasmids and the presence of these genes.

SKentericaX Proteus¥ mirabilis X andX Acinetobacterd baumannii
(Cumminskthal. 2020) AV eldentifieddwelveNdsolatesMyvith GI- 1K
sequences,Xitherfbyfhomology®olthel-eferenceSGI-18equencel
orfromMnsertionsEnMhelametegion M\ IIX 208 GIsMverelimilarboX
SGIsKnKProteus®nirabilisoutheirkloseielativesklsolncludedX
sequencesX fromi Citrobacter andX Enterobacter X ThisK finding®
furtherbhelpediisMoMinderstandfhowHhesedgenomiclslands¥vereX
horizontallyMcquired¥{TableX ).X
Wekhad¥otherfhovel®findings,Xincluding®anXSGI- 18sequencel
inKserotypeXAlachuaandXlargeMSGI-1sKofXdifferentMoriginXinX
serotypesXSenftenberg,fand¥aintpaul XI'hoselSGI-1EhadkhlmostX
nolhomology®opreviously®reported®GI-1.XI'helsreatiiversity®
madeltmpossibledofhamelhelariantsthlphabeticallybhsiypicalX
approach.MnMhisktudyXvelhlsoXesolvelheNssuelhssociated®vithX
thefhaminglb 8 GIN¥equencesydproposinglbhewdpproachtbasedX
onMheirMelativelpositiondnMhelfenome For¥nstance,BGI-0BndX
SGI-2qLevingsiethhl. 20088 ebCurraizeletial. [2020)BsdpreviouslyX

nameltanilPhameddsBGI- 1basedbndheironsistentdpositionsH
withMther®GI- 1Kariants MAnMdditional®xampleld B GIMiversityX
ishownlbylbhovelBGINsland®ontaining®HMRGsNHnM$. B lachua.X
Even®houghNtthasHimitedthomologyMvithtMpreviously®eportedX
SPI-4X(95%KidentityXandi40%Klength),Xit)wasMnamedXasXSGI-4X
variantbecauseldfltsienomiclocation BybhamingBGlsfhaseddnX
location,XveMhopeMortNtreamlinediprocessorGIMhomenclatureX
inXfutureXworkMhsXdiverseXSGIKsequenceskareXidentified XitXcanX
helpModentifyMhelpotentialhewrariants Nt¥vouldbelinterestingX
toMfurtherM¥nvestigatelhelprevalencebnd®istributionfb B GIsKnX
Salmonellalsolated®romMbtherdources,Mncluding®romfhumanX
andNsickManimalsXInKthisKstudy,Xwelalsokfound¥ ARGsKandX
HMRGsMbnMnanylhromosomal¥equences®vith® 00%MhomologyX
tobplasmids,Mndicating®ragmentbbffplasmid¥ntegrationdntohelX
chromosomeX(TableX2) KInXfourteenXisolatesXofXS. X4, [5],12:i:-,X
MDRNIncQRplasmids¥wereXinsertedXintoXtheMsameXlocationXinX
thelchromosomeX(FigureX2) XThiskmonophasic¥serotypeXoftenX
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resultsromMifferent®nsertions,Xeletions,Morfbther®isruptionsi
offhelfljBenednBerotypell'yphimurium¥ Yanghthl.,2015) BV eX
believelburitesultsihrelthelirsttoldentifykinsertionXbfXincQxatK
thisBitendX¥naybhaveMtesulteddnd$. X yphimuriumionversiondoX
serotypelid,[5],12:i:-X

Asiexpected MmostKA MRKvasXnediatedkbybplasmids.XARotalX
ofX147¥plasmidskhadXoneXorXimoreA RGsKeomparedXtoXonlyXr4X
chromosomes,XsomeXoflwhichMcarriedXintegratedXplasmidsXasX
wellkasXgenomidXislands.XAlthough®therelwereXcertainkplasmidX
type/resistancel genelX associationsX foundX onlyX inX particularX
serotypes,KmostlwereXnotXtypicallyXsourceMor¥serotype-specifick
andXcarried®diverselplasmidXtypesKlinkedXwithXdifferentXA MRX
genesXandXHMRGs XInKaddition XweKfoundXthatXd60%XMDRKX
(>3KAMRGS)®trainskhlsoktarried®> 3®HMRGs,Xncluding®thoselX
conferringiresistanceXtoXcopper,Xgold, Xmercury,Xsilver,Karsenic,X
andMelluriumX SupplementaryXlableXMindX¥Figurels) Xl hisko-
existing®ofXA MRsXandXHMRsKisXofXinterest¥asXtheMpresenceXof
anydbfheselnetals¥nMoodMnimalbproductionthavelhebpotentialX
tolto-selectorlXA MR Rl hisKskbXparticulardignificancelhsiheseX
congregated®HMRGsMverefoundibnbhewlyMliscoveredGI-4MndX
plasmidsKconferring®resistanceltoXthreeMorXmoreXantimicrobialX
classesqFigurels).X

Therel wereX somel limitationsX inX thisX study.X OnlyX 134X
SalmonellalisolatesBverelsequenced,@heydverelexclusivelydromX
food¥nimalsdndfetaildneats,MndM¥helsolatesdverelfhotfandomlyX
chosen MAsMXesult,Mindings¥romMhisktudydnaydotfbebbroadlyX
applicableMoballalmonellaerotypestbrigenomesMromMifferentX
animals,Xfoods,XorXenvironments.XInKaddition,KweKfocusedXourX
sequencingXonXmultidrug-resistantXisolates,Xso¥someXplasmidsX
foundXtokbeXfrequentlyXassociatedXwithKA MRXmayXhaveMowerX
associationsXinXaXbroaderXcontext®ofXSalmonellakserotypeXorX
genomidXdiversity ¥Also,MourXworkXhighlightsXaXdrawbackXofX
usingncompatibility®ypingoXdentify¥plasmid®ypes,faskomelX
plasmidsibftenfhaveltitherdnultipleepliconequenceskbr¥hone.X
Furthermore,MisolatesXwithXtheXpESIXplasmidXinXS.KInfantisX
werelonlyXidentified¥withXIncFXreplicons,MdespitelthelfactithatX
this¥plasmidXresultedromEXcombinationXofXmultipleplasmidX
typesK(TysonXetial. X2021) KGivenXtheseXchallenges,KalternativeX
approachesMuchlhsRheMiselbfPlasmid¥laxonomicXUnitsMouldX
helpbhddressthtieastiomebdMhesedssues{ Redondo-Salvolethal. X
2020).MDespitethelimitations,XthisKstudyXrepresents¥perhapsi
theMargestiollectionfdlosedXalmonellalenomesieportedioX
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