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Abstract

Cholera s still an important public health problem in several countries, including Thailand. In
this study, a collection of clinical and environmental V. cholerae serogroup O1, 0139, and
non-01/non-0139 strains originating from Thailand (1983 to 2013) was characterized to
determine phenotypic and genotypic traits and to investigate the genetic relatedness. Using
a combination of conventional methods and whole genome sequencing (WGS), 78 V. cho-
lerae strains were identified. WGS was used to determine the serogroup, biotype, virulence,
mobile genetic elements, and antimicrobial resistance genes using online bioinformatics
tools. In addition, phenotypic antimicrobial resistance was determined by the minimal inhibi-
tory concentration (MIC) test. The 78 V. cholerae strains belonged to the following ser-
ogroups O1: (n =44), 0139 (n = 16) and non-O1/non-0139 (n = 18). Interestingly, we found
that the typical El Tor O1 strains were the major cause of clinical cholera during 1983+2000
with two Classical O1 strains detected in 2000. In 2004+£2010, the El Tor variant strains
revealed genotypes of the Classical biotype possessing either only ctxB or both ctxB and
rstR while they harbored tcpA of the El Tor biotype. Thirty O1 and eleven 0139 clinical
strains carried CTX (Cholera toxin) and tcpA as well four different pathogenic islands
(PAls). Beside non-O1/non-0139, the O1 environmental strains also presented chxA and
Type Three Secretion System (TTSS). The in silico MultiLocus Sequence Typing (MLST)
discriminated the O1 and 0139 clinical strains from other serogroups and environmental
strains. ST69 was dominant in the clinical strains belonging to the 7" pandemic clone. Non-
0O1/non-0139 and environmental strains showed various novel STs indicating genetic varia-
tion. Multidrug-resistant (MDR) strains were observed and conferred resistance to ampicil-
lin, azithromycin, nalidixic acid, sulfamethoxazole, tetracycline, and trimethoprim and
harboured variants of the SXT elements.

For the first time since 1986, the presence of V. cholerae O1 Classical was reported
causing cholera outbreaks in Thailand. In addition, we found that V. cholerae O1 El Tor vari-
ant and 0139 were pre-dominating the pathogenic strains in Thailand. Using WGS and
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bioinformatic tools to analyze both historical and contemporary V. cholerae circulating in
Thailand provided a more detailed understanding of the V. cholerae epidemiology, which
ultimately could be applied for control measures and management of cholera in Thailand.

Introduction

isthe causativegentof the severewaterydiarrhealdiseaseholera. .
is classifiednto approximatel\206serogroup®f which O1 and O139havethe potential
to causecholeraoutbreaksand areassociatewvith cholerapandemicsTheremainingser-
ogroupsdeterminednon-O1/non-O13%areoftenreferredto asenvironmentalcholera[1+3]
andpart of the normal flora of aquaticecosystemg!]. Nonethelesssomenon-O1/non-0139
strainshavethe potentialto causemild diarrhea,and outbreakshavebeenobservedn several
countriesincluding Thailand[5+7]. The serogroupO1is dividedinto two biotypesClassical
andEl Tor, basedn phenotypicdifference$2].

Sincel817 cholerahasspreadrom the Indian sub-continentand severpandemicave
beenobservedthe seventtof whichis still ongoing.Thefirst six pandemicsvereassociated
with the O1 Classicabiotypeand cease@round1923[8, 9]. In 1961 the 7" pandemicbegan
in SoutheasAsia,causedythe O1El Tor biotype[3, 10+13] Wholegenomesequence
(WGS)analysiasidentified eightdistinct phylogenetidineagest. 1-L8with L1andL3-L6
representinghe former pandemicsandL2 the presenf’™ El Tor pandemicLineages 7 and
L8areformedby uniqueisolateg12]. Thelineagel2 of the 7" pandemichasfurther beensub-
dividedinto threewavesl, Il andlll, of which,wavelll seemdo consistof severatlusterq3,
12].In generalthe clustersseparatésolatefrom Africa andIndia from thoseisolatedn Haiti,

Nepal,andSoutheasfsia[12,14].In 1992,. 0139emergedhnd causedpidemic
cholerg[15] followedin 2002by theemergencef . Olvariantsagenetiomixture of
the ClassicahndEl Tor biotypesThe . O1lvariantswerelaterreportedin several

countriesin AfricaandAsia[16+19].Since2013 afterthe containmentof the choleraoutbreak
in Haiti, the numberof reportedcholeracasesiasdecreasedlobally.In Asiahoweverthe
incidenceof cholerahasincreasedndcontinuesto poseaseriouspublic healthconcern[20].

. consistof two chromosomeandthe hallmarkof pathogenic. isthe
major virulencefactors;,choleratoxin (CT) andtoxin co-regulategilus (TCP).Thetwo viru-
lencefactorsareclusteredwithin two regionsthe pathogenicityislandl (VPI-1)
encodedby TCP[21] andthe CTX geneticelementcomprisedby acoreregionin CTX . The
lattercontainsnot only the genesf thecholeratoxin, , butalsocarriesthezonularocclu-
denstoxin ( ) andaccessorgolonizationenterotoxin( ) [22].In addition,othervirulence
genesencodinghemolysin( ), heatstableenterotoxin( ), mannose-sensitivieemagglu-
tin pilus( ), repeats-in-toxinAtoxin( ), andaToxRregulatoryprotein( ) have
beenassociatedith diarrhealdiseas¢?3, 24]. Recentlythetypelll secretiorsystem(TTSS)
hasbeenknown asakeyvirulencefactorandappearso beanimportant virulencefactorfor
pathogenicityof non-O1/non-013925].

Sincel997 endemicor sporadiccholeracasediavebeenlinked everyyearto contaminated
seafoodr potablewaterin Thailand[26]. Antimicrobial treatmentshavebeenrecommended
for only severalehydrationcasesNonethelesshe occurrenceof resistantstrainshasdramati-
callyincreased27]. The presencef the SXTelementandclasd integronhavebeenreported
to contributeto the spreadof antimicrobialresistancgenesamong . andotherbac-
teria[28].
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The objectiveof this studywasto providemore knowledgeof the genotypicvariationin .
observediuring the pastthreedecade# Thailand.A collectionof clinicalandenvi-

ronmental . serogroupO1,0139,andnon-0O1/non-0O13%strainscollectedbetween
1983and2013in Thailandwerecharacterizedby acombinationof conventionaimicrobiolog-
icaltestsmolecularmethods nextgeneratiorsequencingandbioinformaticstoolsto deter-
mine the pheno-andgenotypesin addition,thedistribution of virulence-associategenes
andtheoccurrenceof antimicrobialresistancend correspondingesistancgenesncluding
theclassl integronand SXTelementamong . strainsweresubsequentlgnalyzedo
elucidatehe emergingantimicrobialresistancandvirulenceproperties.

Materials and Methods
Bacterial strains

Atotalof 78 . strainswereselectedor this studybasedn the serogroup£1,0139,
andnon-O1/non-0139thesourcedor thesestrainswerethe clinic andenvironment,and
date(1983+2013from the culture collectionof the Departmentof Microbiology, Facultyof
PublicHealth,Mahidol University, Thailand(TableA in S1File). Theclinical strainswerepre-
viouslyisolatedfrom stoolsandrectalswabf patientssufferingfrom sporadiccasesr out-
breaksof cholerain centralThailandandthe environmentalstrainswereisolatedfrom
seafoodwater,andhandswabs.

Characterization of V. cholerae

Thepurity of all . strainswereassesseanh Thiosulfate-citrate-bilsalts-sucrose
(TCBS)agarprior to confirmation usingacombinationof biochemicalserologicaland
moleculamethodsaspreviouslydescribed29, 30]. Serogroupsind serotypesveredeter-
mined by slideagglutinationutilizing specificpolyvalentantiseraagainst. Oland
0139,andmonovalentspecificto Inabaand Ogawaantisera(S& A Reagenttab,Bangkok,
Thailand)andby touchdown-multiplexpolymerasehainreaction(TMPCR)usingspecies-

specificprimersfor . ( gene)andserogroup-specifitor O1 ( gene)and
0139( gene)[30].
All . Ol strainswereclassifiedaccordingto biotypesusingthe quality control

strains;0395(01 Classical)N16961(O1 El Tor), andMO45 (0139)andbasedn the combi-
nation of previouslydescribedconventionabiotyping methodg31] andgenotypicallyby a
bioinformaticstool: MyDbFinder (https://cge.cbs.dtu.dk/servicésyDbFinder/) aspreviously
described32].

Antimicrobial susceptibility testing

Antimicrobial susceptibilityto ampicillin (AMP), azithromycin(AZM), cefotaximgCTX),
chloramphenico[CHL), ciprofloxacin(CIP), gentamicin(GEN), meropenen{MEM), nali-
dixic acid(NAL), sulfamethoxazoléSMX), ceftazidimg CAZ), tetracyclingTET), tigecycline
(TGC),andtrimethoprim (TMP) wasperformedby broth microdilution to determinemini-
mum inhibitory concentration(MIC) with acommerciallypreparedpanelof dehydrated
antimicrobials(SensititreTREK DiagnosticSystemétd., EastGrinstead England) Antimi-
crobialsusceptibilitytestresultswereinterpretedaccordingto ClinicalandLaboratory
Standardsdnstitute (CLSI)breakpointg33], excepffor tigecyclinefor whichtheclinical
breakpointwasusedaccordingto the EuropeanCommitteeon Antimicrobial Susceptibility
Testing(EUCAST)recommendationghttp://www.eucast.org). ATCC 25922
wasusedasreferencestrainfor quality control accordingto CLSIguidelineq33].
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Whole genome sequencing

. genomicDNA wasextractedusingthe Invitrogen Easy-DNAM Kit (Invitrogen,
CarlshadCA, USA).Theconcentration®f the extractedDNA weredeterminedusinga
Qubit dsDNA BRassaxit (Invitrogen). ThegenomicDNA waspreparedor lllumina paired-
endsequencingisingthe lllumina (lllumina, Inc., SanDiego,CA) NexteraXT1 Guide
15031942503194@llowing protocolrevisionC. A sampleof pooledNexteraXTLibrarieswas
loadedonto anlllumina MiSeqgreagentartridgeusingMiSegReagenkKit v2and500cycles
with aStandard-low Cell. Thelibrariesweresequencedsingthe MiSeqlllumina platform
andMiSeqControl Software2.3.0.3All strainswerepaired-endsequenced.

Rawsequenceataweresubmittedto the EuropearNucleotideArchive (http://www.ebi.
ac.uk/enajnderstudyaccessiomo.: PRIEB1463Mittp://www.ebi.ac.uk/ena/data/vidw
PRJEB14630yherawreadsvereassembledsingthe Assemblgipeline(versionl.0)avail-
ablefrom the Centerfor GenomicEpidemiology(CGE;http://cge.cbs.dtu.dk/services/all.php
basedn the Velvetalgorithmsfor shortreadsassemblyA completdist of genomic
sequenceéatais availablen TableBin S1File.

The use of bioinformatics tools

Identification of . and determination of associatedrirulence genesand patho-
genicityislands. MyDbFinderis aBLAST-basedearch-enginéhatwasdevelopedis®an
emptydatabaseth the sameformat asthe ResFindetool [34] to identify user-definedyenes
(https://cge.cbs.dtu.dk/servicdsyDbFinder/). The usergpopulatetheir own databasby
including DNA sequencesf interestin FASTAformatinto apuretextfile. MyDbFinder
queryrawreadsor assembledenomedataand outputsthe bestmatchinggenedgrom the
user'sdatabase.

Theweb-serveMyDbFinder1.0wasusedto, , determinethe species-specifigene
(), serogroup-specifigeneg -O1, -0139), biotypes-specifigeneg , ,

), specificgene(VC2346)of the 7" pandemicstrain, putativevirulencegeneg ,
sy ; y , , , ,  TTSS)andpathogenidslands(PAl):
(VPI-1,VPI-2,VSP-1VSP-2)in all . strainswith aselectedhresholdequalto 95%
identity aspreviouslydescribed32]. Thegenesisedin this studyareshownin TableCin

S1File.

Determination of antimicrobial resistancegenesSXT element,and classl integron.
Inall . strainsantimicrobialresistancgenesveredetectechasedn the assembled
sequencessingthe ResFindetool (version2.1,80%thresholdfor %ID/ 60%minimum
length)availabldrom CGE[34]. The SXTelementclassl integron,and presencef mutation
in the DNA gyraseggene( A), andthe DNA topoisomerasé/ gene§ C and E) were
determinedusingMyDbFinderaspreviouslydescribed32]. Thenucleotidesequencef inte-
grasggeneofthe SXTelement( sxp),theclasslintegron( 1), A, C, and E genes
of the quinolone-resistant strainsfrom GenBankwereusedasreferencegTableC
in S1File).

ICE Hail (JN648379and A18 geneof SXTVO°(AY034138Wwereusedastemplates
in MyDBFinder(threshold 95%identity) to determinewhich . strainscontainedan

sxtgene.

Multilocus sequenceaype. Theassembledequencewereanalyzedo identify the MLST,
sequenceype(ST)for . usingthe MLSTtool (versionl.7)availabldrom CGE[35].
Theseverhousekeepingenes: , , , , , I, and " aspreviously
describedby Octavia . (2013)[36], wereextractedrom 78 . genomesn this
studyand6 . genomegrom the NCBI databaséM66-2,0395N16961 MO45,
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MS6,2010EL-1786)Concatenatiorof the housekeepingenesequencewasperformedwith
anin-housepythonscript. A multiple alignmentwascreatedrom the concatenatedequences
usingMUSCLEviaMEGA5[37]. Thefinal phylogenetidMLST treewasconstructedoy
MEGAS5 usingthe maximumlikelihood methodof 1,000bootstrapreplicatesisingTamura-
Nei modelfor inference[38]. Figtree(http://tree.bio.ed.ac.ukéftware/figtree/wasusedto
visualizethe tree.The confidenceof the nodesin thetreeis estimatedby bootstrapvaluescal-
culatedby samplingwith replacementfrom the multiple sequencalignment.New STswere
confirmedby PCRaspreviouslydescribedctavia . (2013)[36].

Genomicislandsin the chromosomesof . . Variation of genomicislands
including CTX, VPI-1,VPI-2,VSP-1VSP-2 andthe super-integrorwerevisualizedand
determinedbasedn chromosomd andll of thereferencegenome. N16961(acces-
sionno. AE003852nd AE003853)usingaBLASTatlas All protein sequencesom therefer-
encegenomewerealignedagainsither . genomesisingBLASTP Thepresence
andabsencef genesverevisualizedn acircle,with greatersimilarity representedby higher
intensityof color[39].

Results
Characterization of V. cholerae strains

Ofthe78 . strainsinvestigated44belongedo serogroupO1,16to O139,and 18to
non-0139/non-O1Amongthe44 . O1strains,24 strainswereidentified aslnaba
and20strainsasOgawa(Fig 1, TableD in S1File).

Thebiotypeclassificatiorof the 44 . Olstrainsrevealedl 5strainsdeterminedas
beingtypical El Tor similarto the phenotypeof El Tor strainN16961(CCA" HSE" PE VP™).
The 15strainsall carriedaccordingto MyDbFinderidenticalgenes; , and with
the exceptionof threeenvironmentalstrains(TC22,MK14,and4T5)andoneclinical strain
(TC183).Two strains(VC 01-8andVC O1-10)belongedo the biotypeClassicalexhibiting
the phenotypeCCA” HSE PB’ VP andgenotypicallysimilarto O395strain (Classical)Fur-
thermore,26 . Olstrainstestedphenotypicallyel Tor but revealedusingMyDbFin-
dermixedClassicaind El Tor genotypesnddeterminedasan El Tor variant.Finally,one .

O1 strain(MK14) expresse@henotypicallyboth biotypes( CCA" HSE" PE*VP™) and
wasdeterminedasbelongingto the hybrid biotype(Fig 1, TableD in S1File).

TheMLSTtypesofthe78 . and6 referencegenomesvereanalyzedaindassigned
to 26differentSTs(Fig 1). Theanalysishowedhat 50strainswererepresentedby ST69 mak-
ing thisthe mostcommonSTandall 50of thesestrainsrelatedto clinical strains.Among
clinical strains,38 01 El Tor and 12 serogroupO139belongedo the sameclusterwith the
pandemicstrains(N16961and MO45) andthe Haitian strain (2010EL1786) he strainshar-
boredthe 7*" pandemic-specifigene(VC2346)accordingto MyDbFinder,suggestinghat
theybelongto the sameclonallinage. The clusteris alsolinked to the pre-6" pandemicstrain
(M66-2) andthe endemicstrainfrom Thailand(MS6),which wascloselyrelatedto the cluster
of the O1 Classicastrains(ST73)including the strainsrelatedto the 6" pandemic(TableE in
S1File).All of thenon-O1/non-013%strainsandthe environmentalstrains, excepffor four
0139strainsbelongingto ST187wereassignedo differentnovelSTssuggesting high
degreeof geneticdiversity.

Distribution of virulence-associated genes and pathogenicity islands

Thedistribution of virulence-associategenesand pathogenicityislandsamongthe 78 . #
strainswasdeterminedusingMyDbFinder (Fig 1 and Tablel). All strainsharboredthe
virulence-associategenes , and , withonlythe geneabsentTenofthel?7
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Fig 1. In silico MLST tree of Vibrio cholerae strains related with virule nce gene profil es. The V. cholerae clinical () and
environmental (-) strains in Thailand were related to pandemic and epidemic strains. Seven housekeeping genes were extracted

from V. cholerae genomes. The phylogenetic tree was generated by FigTree.

doi:10.137/journal.pon@®169324.g001
6/17
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Table 1. Occurrence of virulen ce-associat ed genes among Vibrio cholerae strains from Thailand.

Serogroup Source

o1 Clinica |
(n =40)
Environm ental
(n=4)

0139 Clinica |
(n=12)
Environm ental
(n=4)

non-O1/non-0139 | Clinica |
(n=2)
Environm ental
(n=16)

Total (n =78)

All'V. cholerae strains lacked stn gene.

No. (%) of strains
ctxB zot ace tcpA hlyA mshA rtxA ompU toxR chxA | TTSS?

30 29 30 30 39 40 40 40 40 40 0 0
(75.0) | (72.5)| (75.0) (75.0)| (97.5)| (100.0)  (100.0)| (100.0) (100.0) (100.0)

0 0 0 0 0 4 3 4 2 4 1 1

(100.0)| (75.0)| (100.0)| (50.0)| (100.0)| (25.0) (25.0)

11 6 9 11 12 12 12 12 12 12 0 0
(91.7)| (50.0)| (75.0) (91.7)| (100.0) (100.0)  (100.0)| (100.0)| (100.0)  (100.0)

0 0 0 0 0 4 0 4 4 4 0 0
(100.0) (100.0) | (100.0)| (100.0)

0 0 0 0 0 2 1 2 0 2 0 1

(100.0)|  (50.0) | (100.0) (100.0) (50.0)

0 0 0 0 0 16 3 16 2 16 3 0

(100.0)| (18.8)| (100.0)| (12.5)| (100.0)| (18.8)

41 35 39 41 51 78 59 78 60 78 4 2
(52.6) | (44.9)| (50.0)| (52.6)| (65.4)| (100.0)| (75.6)| (100.0)| (76.9)| (100.0) (5.1)| (2.6)

@ positive all four genes: vesC2, vesN2, vesV2, and vspD

doi:10.137/journal.pon®169324001

virulence-associategeneg v , , , ) , and ) were
foundin 34of the clinical strains(serogroupO1 and O139).Moreover thesestrainscontained
the pathogenicityislands(PAIs) VPI-1,VPI-2,VSP-1 andVSP-2 excepffor two strainsof
0139(6668/3and 6225/3) which lackedVSP-2 All non-O1/non-013%trainsobtainedfrom

aclinicalsourceharboredthe , and geneswhereastrainlPD1231/852Bin
additionalsoharboredthe , TTSSandVPI-2.Two out of four Ol strainsof environmen-
tal origin harbored , , , andVPI-2.0nly oneO1lstraincontained

thegenes (TC22), TTSS(MK14) andVSP-1(MK14). Among environmentalstrains the
virulence-associategenesandthe PAlsof thenon-O1/non-O13%imilarto the Ol strain
weredetectedut lackedT TSSand VSP-1 All four O139strainsharbored , ,

, andVPI-2.Nine . genomedbasedn the differentserogroupshiotypesand
sourcesverecomparediusingaBLASTatlas Theatlasrevealedseveralariablegenomic
regionsin chromosomd (Fig 2A) andll (Fig 2B).VPI-1,VPI-2,VSP-1andVSP-2were
determinedin thechromosomd amongtheregionsof PAlsincluding CTX , especiallyhe
clinical strainsof O1El Tor (510/7722116P25),and0139(22136) The O1 Classica(VC
01-8)andnon-01/non-013YIPD221/844B)strainlackedVSP-1land VSP-2 Amongthe
environmentalstrains the O1 strain(MK14) harboredtwo PAIs,VSP-1landVPI-2, while both
0139(DT8) andnon-O1/non-013%trains(VCR12)harboredonly VPI-2. A largegenomic
island,super-integronjocatedin the chromosomdl, showedmore geneticdiversityand obvi-
ouslydifferedamongthesestrains.

Antimicrobial resistant strains, antimicrobial resistance genes, class 1
integron, and SXT element

TheMIC determinationofall 78 . strainsrevealedhat 48 of themoriginating between
1991and2013wereresistanto atleastoneantimicrobial(Table2). The48strainswereresistant
to TMP (52.6%) SMX (48.7%)NAL (43.6%)TET (14.1%)AMP (7.7%)and AZM (6.4%).
Moreover,27 (56.3%)of the 48 antimicrobialresistanstrainswereconsiderednultidrug
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Fig 2. Genomic variation of represen tative Vibrio cholerae strains in Thailand . BLAST atlas with chromosome | (A) and Il (B) of V. cholerae N16961
as reference strain (black) followed by the nine representative strains of serogroup O1, 0139, and non-O1/non-0139 composed of serogroup O1 (blue)
(clinical strains: 510/77, typical El Tor; VCO1-8, classical; 22116 and P25, El Tor variant; environmental strain: MK14, hybrid El Tor), 0139 (green) (clinical
strains: 22136, environmental strain: DT8), and non-O1/non-0139 (red) (clinical strains: IPD221/8 44B, environmental strain: VCR12).

doi:10.131/journal.pon8169324.9002

resistani{MDR) and conferredresistancéo threeor more antimicrobialclasseand exhibited
four distinct MDR patternsNAL-SMX-TMP,NAL-TET-TMP, NAL-SMX-TET-TMP,and
AZM-NAL-SMX-TET-TMP (TableF in S1File).lt is noteworthyto mentionthat someresis-
tancegenesvereobservedmongthe strainsbeingphenotypicallysusceptibleThesestrains
wereof O1,0139,andnon-0O1/non-0O139jsolatedbetweerl983and 2010and harboredthe
B9 (60.3%)nd R (35.9%)conferringresistancéo chloramphenico(O-acetyltransferase
activity) andflorfenicol (co-resistancéo both chloramphenicolndflorfenicol),respectively.

Thepresencef the specificintegrasegenesf classl integron( | gene)and SXTelement
( sxtgenewere determinedamongthe 78 . strainsusingMyDbFinder
(Table3). All of thestrainslackedthe | geneln contrast43strainsof . ser-
ogroupsO1,0139,andnon-O1/non-O139solatedduring 1991to 2013presentedhe sk
The SXTelementharboredthe following antimicrobialresistancgenes: 2, Al, $%,

R, A, and B, whicharemostlyassociatetith SMXand TMP resistanttrains(Fig 3).

Themajority of . strains(52.6%)wereresistanto TMP, of which strainsbelong-
ing to serogroupO1(2001+2005yontainedthe Al geneand O139strains(1991+2000)
containedthe A18 gene(Table3). All 38(48.7%strainsconferringresistancéo SMXcon-
tained 2 gene Amongthesix AMP-resistanistrains(7.7%)four O139environmental
strains(DT8,DT7,WKB T9,and PKN T5) andoneclinicalnon-O1/non-013%strain (1231/8
52B)harboredthe  pjandthe carp.ogenerespectivelywherea®only onenon-Ol/non-
0139environmentalstrain (I-WASTE-HSH1-TY2harboredthe  cars.7geneAll five clini-
calO1strains(6.4%)resistanto AZT containedthe A  genelnterestinglythe 11strains
resistanto TET lackedresistancgienesThegenes A and B conferringresistanceo
streptomycinwerepresentin 39strains(50%)including 12strains(100%)of 0139and 1 strain
(25%)of non-O1/non-0O139solatedduring 1991+2000.

Amino acidsubstitutionsn codon A (Ser83lleand C (Ser85Leujvereobservedn
34NAL-resistantstrains(43.6%)solatedbetweernl 991and 201 3belongingto serogroupO1,
0139,andnon-01/non-0139In addition,onenon-0O1/non-013%strain (1262W278)con-
ferredresistancéo quinoloneharboringthe & VC5.

Thewholegenomesequencef the strainsharboringthe SXTelementrevealeda structure
organizecsimilarto ICE Hail andSXT™°%in the GenBankFig 3). Most strainsexcept
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Table 2. Frequency of resistanc e of Vibrio cholerae strains in Thailand.

Variable Serogroup | No. of strains No. (%) of resistant strains | No. (%) of strains resistan t to various antimicr obial agents indicate d
CLSI clinical breakpo ints values ( g/ml)
AMP AZM NAL SMX TET TMP
32 12 32 512 16 4
Year:
1983+1990 o1 7 0 0 0 0 0 0 0
non 2 0 0 0 0 0 0 0
1991+2000 o1 3 0 0 0 0 0 0 0
0139 12 12 (100.0) 0 0 0| 12(100.0) 0| 12(100.0)
non 4 3(75.0) 1(25.0) 0 2 (50.0) 0 1(25.0) 2(50.0)
2001+2010 o1 32 27 (84.4) 0| 5(15.6) 27(84.4) 26 (81.3)| 10(31.3) 27 (84.4)
non 5 1(20.0) 0 0 1(20.0) 0 0 0
2011+2013 o1 2 0 0 0 0 0 0 0
0139 4 4(100.0) | 4 (100.0) 0| 4(100.0) 0 0 0
non 7 1(14.3) 1(14.3) 0 0 0 0 0
Source:
Clinical 54 40 (74.1) 1(1.9) 5(9.3)| 27(50.0) 38(70.4)| 10(18.5) 39 (72.2)
Environm ental 24 8(33.3) 5(20.8) 0 7(29.2) 0 1(4.2) 2(8.3)
Total 78 48 (61.5) 6(7.7) 5(6.4)| 34(43.6) 38(48.7)| 11(14.1) 41 (52.6)

Abbreviations: AMP, ampicillin; AZM, azithromycin; NAL, nalidixic acid; SMX, sulfamethoxazole; TET, tetracycline; TMP, trimethoprim; non, non-O1/non-
0139. No resistance observed for cefotaxime (R 4  g/ml), ceftazidime (R 16 g/ml), chloramphenicol (R 32 g/ml), cipro oxacin (R 4 g/ml),
gentamicin (R 16 g/ml), meropenem (R 16 g/ml), and tigecycline (R !2 g/ml) (tigecycline was interpreted according to EUCAST based on clinical
breakpoint.

doi:10.137/journal.pon®169324 002

for 4053024303105302430&nd 22138haredhe similar structuresof SXTelementwith
commonknown deletionsin loci VC1786ICEGNdVC1786ICE14Thevariationsin the
SXTstructuresseparatedhe individual serogroup01,0139,andnon-0O1/non-0139nto dis-
tinct branchef the phylogenetidree(Fig 3). The SXTelementof O1 strainsweredivided
into two cladeqGIl andGll). The SXTstructureof Gl washighly similar to the structureof
ICEVchHail.Nineteenlociincluding A18 and R wereabsenin Gll. The SXTstructures
amongthe O139strainsharboredloci similarto SXT°*° and ICEVchHailbut lacked25loci
including Al. Fornon-O1/non-0O13%trainsfour strainsharboredthe SXTelementand
their SXTstructuresweresimilar to thoseof O139strains.Only oneresistanstrain, VHS1-
22l,harbored R, A, B, and 2 genesTwo susceptiblstrainsandoneNAL-resistant
straindid not containtheseantimicrobialresistancgenesncluding A18 and Al.

Discussion

Sincel982,. hasbeenpresentandemergingin Thailand[40]. In thelastdecade,
sporadiccholeracasefiavebeenobservedn Thailandcausedrimarily by . Oland
0139.In this study,wefound thatthe phenotypicresultscharacterizing. wereallin
concordancevith the genotypicdatarevealedy WGStargetingthe following genes:

, , and . Theseggenehavepreviouslybeenusedto classify.

stralns[27 30 ,41+43] Thetestedstrainswereclassifiednto serogroup©1,0139,

andnon-O1/non-O13%howingthatboth . serogroupO1andO139arepresentn
Thailandandhavepotentiallycausedtholera.

In Thailand,severaktudieshavereportedtheemergencef . howeverthebio-
type . O1classicahasnot beendetectedsincel986[27,44+46] Interestingly this

PLOS ONE | DOI:10.1371/journal.pone.0169324 January 19, 2017 9/17
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Fig 3. Genetic variation of SXT element in Vibrio choler ae. The SXT structures of among 43 V. cholerae strains from Thailand were compared. Reads
were mapped to genes of ICEVcHail (accession no. IN648379) and dfrA18 gene in SXTMO10 element (accession no. AY034138).

doi:10.137/journal.pon€169324.g003

studyrevealedhattwo strainsobtainedfrom stoolsamplesn 2000wereidentified asthe Clas-
sicalbiotypeandweregeneticallysimilar to the strainsrelatedto the 6" cholerapandemic
(TableEin S1File). Thisindicatedthatthe Classicabiotypemight havere-emergedcausing
choleraoutbreaksn Thailandafterhavingbeenabsenfor severayearsduring the 6" cholera
pandemicThedeclineof typical El Tor strainscoincidedwith thefirst reportsfrom Bangla-
deshof theemergencef the El Tor variantstrain[16]. Furthermore the El Tor variantspos-
sessingpoth the Classicaind El Tor biotypeswererecoveredrom clinical strainsduring
2004+201M@etectionof the El Tor variantwaspreviouslyreportedin Cameroon|ndia, and
Thailand[18,32,41]. Thevariantof the Classicaand El Tor biotypesincreaseshe severityof
thediseasendmayresultin highermorbidity andmortality [47,48].Kim . suggestethat
the El Tor variantpossessinthe Classicabiotypeoriginatedthroughrecombinationbetween
the ClassicahndEl Tor typesof CTX [49]. Onehybrid strainof this study,MK14, originating
from ariver watersample|ackedthe biotype-specifigenesswell asthe main virulencegenes
( and ), suggesting to beanon-toxigenicstrainandin agreementith previous
reports[50, 51]. Thenon-toxigenicstrains howeverhavebeenresponsibldor causingmild to
moderatediarrheain humanvolunteerdn clinicaltrials[2]. TheseEl Tor variantstrainsclus-
teredtogetherwith theclinical strainsincluding typical El Tor biotypeand O139serogroup.
Moreoverthe MLST analysishowedhatthe clinical strainshadahighly geneticrela-
tionshipwith the pandemicand outbreakstrains.The majority of the clinical strainsO1 and
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0139belongedo ST6%ndshowedyeneticsimilarity to the 7" pandemicstrain (N16961)the
Haitian outbreakstrain (2010EL-1786)andthe Cameroonoutbreakstrains[32]. In addition,
all of the clinical strainsharborthe specificgenemarkerof the 7" pandemicclone. Thesefind-
ingssuggesthatthe clinical strains(1983+2010)n Thailandmight originatefrom acommon
ancestowf the 7" pandemicstrain. The STsof the clinical strainsshowedhat theywere
closelyrelatedto the pre 6" pandemicstrain (M66-2) anda previousoutbreakstrainin Thai-
land (MS6)[52]. Theclinical strainsof O1 and O139werehighly conservedvith regardto
MLST (ST69)but containeddifferentvirulencegenesparticularly and . Thesdind-
ingshavepreviouslybeenreportedand might bearesultof horizontalgenetransfer[36,53,
54].The MLST analysiglearlyshowedliscriminationamongsthe differentsources
(clinicalandenvironmental)and serogroup$1 and O139ascomparedwith non-O1/non-
0139strains.Theclinical strainsof O1 and O139werehighly conservedvith regardto MLST
(ST69)whilethe environmentalstrainsof O1,0139,andnon-O1/non-013%ndtheclinical
strainsof non-O1/non-013%evealedifferentandnovel STs Thisindicatesthatthe environ-
mentalstrainsincluding non-O1/non-O139werehighly diversehowevertheseresultsmight
becausedy generecombinationand/or mutation [36].

Furthermore the environmentalstrainscould bedistinguishedrom the clinical strains
using MLST basedn the differencen thevirulencegeneprofiles.Theenvironmental
strainsof O1andO139lackedthe CTX and genesespeciallyHowever thesestrains
harboredothervirulencegenessimilarto non-O1/non-0139Both andTTSSgenesvere
frequentlyfound amongnon-O1/non-O13%athogenicstrainsand associatewith diarrhea
[36,51,55]. However the environmentalO1 strainsin this studyharbored geng(TC22)
and TTSS(MK14), indicatingvirulencepotentialto causelisease.

Our studyshowedhatthe antimicrobialresistancgrofilesSMX-TMPand NAL-SMX-
TMP werepredominantamongtheclinical strainsof serogroup0139and O1, respectivelyin
addition, other clinical strainsexhibitedresistancéo TET,AZM, and AMP in contrastto the
environmentalstrainswhich weremostlyresistanto NAL followedby AMP, TMP,andTET.
Previouseportshavedescribedlifferentantimicrobialresistaniprofilescomparedwith those
from Thailand,suchasresistancéo furazolidone NAL, sulfisoxazolestreptomycinandtri-
methoprim/sulfamethoxade in Haiti [56] aswellasTET, streptomycin sulfisoxazol@andtri-
methoprimin China[57]. During 2003+2011, O1hasbeenreportedasbeing
resistanto erythromycin, TET, trimethoprim/sulfamethoxazoleand AMP in Thailand[27].

Our studyshoweda similar concordancdetweerthe antimicrobialsusceptibilitytesting
dataandthe #detectedcorrespondingesistancgenesn the . strainsusing
the ResFindebioinformaticstool [34]. A fewdisagreement&ereobservednd confirmedby
re-testingthe MIC determination. Thesediscrepancieselatedto TET-resistanstrainsin which
no conferringresistancgenesr otherresistancenechanismsouldbedetectedThis phenom-
enonis well-knownandhaspreviouslybeenreportedrelatedto potentialefflux pumps[58]. In
contrastweobservedgomestrainsthatharboredboth R and B9 but displayedasuscepti-
ble phenotypicresistancerofile. This observatiorhasalsobeendescribedn arecentpublica-
tion describingthe cholerain Haiti [56]. Similarly,susceptibl@on-O1/non-O13%strains
harboringthe& ™  genedid not expressesistanc¢o quinolone.Normally,onewould antic-
ipateisolateghatharborthegenes R and B9 would beassociatewith reducedsusceptibil-
ity to CHL [59] andthosethatharborthegene& ™  would beassociatewith quinolone
resistanceTheseabnormalitiesaremostlikely linked to incorrectinterpretativecriterion.

Accordingto World HealthOrganization(WHO) recommendationsTET and CIP arethe
drugsof choicefor the treatmentof choleraUnfortunately thereis alackof prudentusage
in Thailandbecaus¢heseantimicrobialsarebeingmisused/overuseih the agriculturalsec-
tion [60]. During 2003+£2011he endemiccholerastrainsin Thailandwereresistanto TET,
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whereagholerawasstill susceptibléo CIP asprovenby Chomvarin ., 2013[27] andin
this study.Amino acidsubstitutionsn A and C arethemain mechanisnresponsible
for quinoloneresistancén . [56,58,61].In this study,the samepoint mutationsin

A (S83l)and C (S85L)weredetectecamongNAL-resistantstrainsfoundin bothclinical
andenvironmentalsources.

The SXTelements anICE thattranslocates panelof antimicrobialresistancgenevia
horizontalgenetransfer[62]. Thefirst SXT,SXT°*° wasdiscoveredn . 0139
strainMO10.1t harboredresistantdeterminantgo trimethoprim ( A18), streptomycin
( A, B), sulfamethoxazolé 2), andchloramphenicol R) [63]. OtherICEsidentifiedin
O1andnon-O1/non-O13%arborasimilar setof resistancgenesasthe SXT°%strain[28,
64]. RecentlyWGShasheenusedto identify avariantof SXTin aHaitian O1strain,ICE #
Hailharboring Al, A, B, 2, and R [56]. Weanalyzedhegeneticvariationin SXT
elementsdby comparingwith genelociin ICE Hail and A18 in SXTM9° ICE Hail
haspreviouslybeenusedasthe referencdor comparisonwith the SXTelementin India [64].
In this study,wefound thatthe SXTin eachof the differentserogroup£1,0139,andnon-
0O1/non-0O139weredistinctly different. The SXTstructuresof the O1 strainsshoweda higher
geneticsimilarity with ICE Hail thanthe SXTstructuresof O139andnon-O1/non0139
strains.Thisindicatedthat the acquiredSXTelementn the O1 Thai strainsweresimilarto
thoseof the Haitian and Indian strains.Thesdindingsareconsistentvith apreviousstudy
that showeddentity of SXTwithin the sameserogroupof . [28].

In this study,wefound that the re-occurrencef classicaloxigenicstrainshavebeenper-
sistedsince2000in Thailand.Thevariationof phenotypicandgenotypiccharacteristicshows
thatthe . O1lbiotypeEl Tor varianthascausedhe majority of the outbreakssince
2004.The . 0O1and0O139obtainedfrom clinical sourcecommonlyharbouredCTX
and A. Converselytheir environmentalstrainslackingthosevirulencegenesouldbe
detectedMoreover the occurrenceof SXTelementandresistancgenesonferringantimi-
crobialresistancevasencounterecamongThai strains.Thesdindings suggesthatlysogenic-
ity of . O1lfor CTX andothergeneticmarkersincluding resistancgeneshouldbe
further intensivelysurveillanceand control. Futureapplicationof WGScombinedwith bioin-
formatictools,suchasMLST[35], MyDbFinder,ResFindef34], andVcTypeFinder(in devel-
opment),havein this studyproventhe powerandarehighly discriminatorymethodsin
understandinghe epidemiologyof .

Conclusions

In this study,weusedWGSandbioinformatic toolsto analyzeboth historicaland contempo-
rary . circulatingin Thailand.To our knowledgethisis thefirst time since1986that
thepresencef . Ol classicahasbeenreportedcausingcholeraoutbreaksn Thai-
land.We found that the majority of the pathogenicstrainsbelongedo . O1ElTor
variantand 0139 ( analysishowedhatthe clinical strainssharedcommongenetic
backgroundaswellasharboredvirulencegenesPAlsand mobile geneticelementsassociated
with antimicrobialresistancevhile environmentalstrainswerehighly diverse This studycon-
tributed to understandinghe epidemiologyof . in Thailandthatultimatelycanbe
appliedfor control measuresnd managemenof the diseasén Thailand.
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