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Abstract

Cholera is still an important public health problem in several countries, including Thailand. In

this study, a collection of clinical and environmental V. cholerae serogroup O1, O139, and

non-O1/non-O139 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), O139 (n = 16) and non-O1/non-O139 (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 O139 clinical

strains carried CTX� (Cholera toxin) and tcpA as well four different pathogenic islands

(PAIs). Beside non-O1/non-O139, the O1 environmental strains also presented chxA and

Type Three Secretion System (TTSS). The in silico MultiLocus Sequence Typing (MLST)

discriminated the O1 and O139 clinical strains from other serogroups and environmental

strains. ST69 was dominant in the clinical strains belonging to the 7th pandemic clone. Non-

O1/non-O139 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 O139 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
������ ����	�
	 is thecausativeagentof thesevere,waterydiarrhealdiseasecholera.�. ����	�
	
isclassifiedinto approximately206serogroupsof whichO1andO139havethepotential
to causecholeraoutbreaksandareassociatedwith cholerapandemics.Theremainingser-
ogroups;determinednon-O1/non-O139areoftenreferredto asenvironmentalcholera[1±3]
andpartof thenormal floraof aquaticecosystems[4]. Nonetheless,somenon-O1/non-O139
strainshavethepotentialto causemild diarrhea,andoutbreakshavebeenobservedin several
countriesincludingThailand[5±7].TheserogroupO1isdividedinto two biotypes:Classical
andEl Tor, basedon phenotypicdifferences[2].

Since1817,cholerahasspreadfrom theIndian sub-continentandsevenpandemicshave
beenobserved,theseventhof which isstill ongoing.Thefirst sixpandemicswereassociated
with theO1Classicalbiotypeandceasedaround1923[8, 9]. In 1961,the7th pandemicbegan
in SoutheastAsia,causedby theO1El Tor biotype[3, 10±13].Wholegenomesequence
(WGS)analysishasidentifiedeightdistinctphylogeneticlineages:L1-L8with L1andL3-L6
representingtheformerpandemicsandL2 thepresent7th El Tor pandemic.LineagesL7and
L8areformedbyuniqueisolates[12]. ThelineageL2of the7th pandemichasfurther beensub-
dividedinto threewaves;I, II andIII, of which,waveIII seemsto consistof severalclusters[3,
12].In general,theclustersseparateisolatesfrom Africa andIndia from thoseisolatedin Haiti,
Nepal,andSoutheastAsia[12,14].In 1992,�. ����	�
	 O139emergedandcausedepidemic
cholera[15] followedin 2002by theemergenceof �. ����	�
	 O1variants;ageneticmixtureof
theClassicalandEl Tor biotypes.The�. ����	�
	 O1variantswerelaterreportedin several
countriesin Africa andAsia[16±19].Since2013,afterthecontainmentof thecholeraoutbreak
in Haiti, thenumberof reportedcholeracaseshasdecreasedglobally.In Asiahowever,the
incidenceof cholerahasincreasedandcontinuesto poseaseriouspublichealthconcern[20].

�. ����	�
	 consistsof two chromosomesandthehallmarkof pathogenic�. ����	�
	 is the
majorvirulencefactors;choleratoxin (CT) andtoxin co-regulatedpilus(TCP).Thetwo viru-
lencefactorsareclusteredwithin two regions;the������ pathogenicityislandI (VPI-1)
encodedbyTCP[21] andtheCTX geneticelementcomprisedbyacoreregionin CTX�. The
lattercontainsnot only thegenesof thecholeratoxin, ���
�, but alsocarriesthezonularocclu-
denstoxin (���) andaccessorycolonizationenterotoxin(
�	) [22]. In addition,othervirulence
genesencodinghemolysin(���
), heatstableenterotoxin(���), mannose-sensitivehemagglu-
tin pilus(���
), repeats-in-toxinA toxin (���
), andaToxRregulatoryprotein (����) have
beenassociatedwith diarrhealdisease[23,24].Recently,thetypeIII secretionsystem(TTSS)
hasbeenknownasakeyvirulencefactorandappearsto beanimportant virulencefactorfor
pathogenicityof non-O1/non-O139[25].

Since1997,endemicor sporadiccholeracaseshavebeenlinkedeveryyearto contaminated
seafoodor potablewaterin Thailand[26]. Antimicrobial treatmentshavebeenrecommended
for only severedehydrationcases.Nonetheless,theoccurrenceof resistantstrainshasdramati-
callyincreased[27]. Thepresenceof theSXTelementandclassI integronhavebeenreported
to contributeto thespreadof antimicrobialresistancegenesamong�. ����	�
	 andotherbac-
teria[28].

Vibrio cholerae in Thailand
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Theobjectiveof thisstudywasto providemoreknowledgeof thegenotypicvariationin �.
����	�
	 observedduring thepastthreedecadesin Thailand.A collectionof clinicalandenvi-
ronmental�. ����	�
	 serogroupO1,O139,andnon-O1/non-O139strainscollectedbetween
1983and2013in Thailandwerecharacterizedbyacombinationof conventionalmicrobiolog-
ical tests,molecularmethods,nextgenerationsequencing,andbioinformaticstoolsto deter-
mine thepheno-andgenotypes.In addition,thedistribution of virulence-associatedgenes
andtheoccurrenceof antimicrobialresistanceandcorrespondingresistancegenesincluding
theclass1 integronandSXTelementamong�. ����	�
	 strainsweresubsequentlyanalyzedto
elucidatetheemergingantimicrobialresistanceandvirulenceproperties.

Materials and Methods

Bacterial strains
A totalof 78�. ����	�
	 strainswereselectedfor thisstudybasedon theserogroupsO1,O139,
andnon-O1/non-O139,thesourcesfor thesestrainsweretheclinic andenvironment,and
date(1983±2013)from theculturecollectionof theDepartmentof Microbiology,Facultyof
PublicHealth,Mahidol University,Thailand(TableA in S1File).Theclinicalstrainswerepre-
viouslyisolatedfrom stoolsandrectalswabsof patientssufferingfrom sporadiccasesor out-
breaksof cholerain centralThailandandtheenvironmentalstrainswereisolatedfrom
seafood,water,andhandswabs.

Characterization of V. cholerae
Thepurity of all �. ����	�
	 strainswereassessedon Thiosulfate-citrate-bilesalts-sucrose
(TCBS)agarprior to confirmationusingacombinationof biochemical,serological,and
molecularmethodsaspreviouslydescribed[29,30].Serogroupsandserotypesweredeter-
minedbyslideagglutinationutilizing specificpolyvalentantiseraagainst�. ����	�
	 O1and
O139,andmonovalentspecificto InabaandOgawaantisera(S& A ReagentsLab,Bangkok,
Thailand)andby touchdown-multiplexpolymerasechainreaction(TMPCR)usingspecies-
specificprimersfor �. ����	�
	 (���� gene)andserogroup-specificfor O1(���� gene)and
O139(���� gene)[30].

All �. ����	�
	 O1strainswereclassifiedaccordingto biotypesusingthequalitycontrol
strains;O395(O1Classical),N16961(O1El Tor), andMO45(O139)andbasedon thecombi-
nationof previouslydescribedconventionalbiotypingmethods[31] andgenotypicallybya
bioinformaticstool:MyDbFinder(https://cge.cbs.dtu.dk/services/MyDbFinder/)aspreviously
described[32].

Antimicrobial susceptibility testing
Antimicrobial susceptibilityto ampicillin (AMP), azithromycin(AZM), cefotaxime(CTX),
chloramphenicol(CHL), ciprofloxacin(CIP),gentamicin(GEN),meropenem(MEM), nali-
dixic acid(NAL), sulfamethoxazole(SMX),ceftazidime(CAZ), tetracycline(TET), tigecycline
(TGC),andtrimethoprim (TMP) wasperformedbybroth microdilution to determinemini-
mum inhibitory concentration(MIC) with acommerciallyprepared,panelof dehydrated
antimicrobials(Sensititre;TREKDiagnosticSystemsLtd.,EastGrinstead,England).Antimi-
crobialsusceptibilitytestresultswereinterpretedaccordingto ClinicalandLaboratory
StandardsInstitute(CLSI)breakpoints[33], exceptfor tigecycline,for whichtheclinical
breakpointwasusedaccordingto theEuropeanCommitteeon Antimicrobial Susceptibility
Testing(EUCAST)recommendations(http://www.eucast.org).����	�����
 ���� ATCC25922
wasusedasreferencestrainfor qualitycontrol accordingto CLSIguidelines[33].

Vibrio cholerae in Thailand
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Whole genome sequencing
�. ����	
�	 genomicDNA wasextractedusingtheInvitrogenEasy-DNATM Kit (Invitrogen,
Carlsbad,CA,USA).Theconcentrationsof theextractedDNA weredeterminedusinga
Qubit dsDNABRassaykit (Invitrogen).ThegenomicDNA waspreparedfor Illumina paired-
endsequencingusingtheIllumina (Illumina, Inc.,SanDiego,CA) NexteraXT1 Guide
150319425031942followingprotocolrevisionC.A sampleof pooledNexteraXTLibrarieswas
loadedonto anIllumina MiSeqreagentcartridgeusingMiSeqReagentKit v2and500cycles
with aStandardFlowCell.ThelibrariesweresequencedusingtheMiSeqIllumina platform
andMiSeqControl Software2.3.0.3.All strainswerepaired-endsequenced.

Rawsequencedataweresubmittedto theEuropeanNucleotideArchive(http://www.ebi.
ac.uk/ena)understudyaccessionno.:PRJEB14630(http://www.ebi.ac.uk/ena/data/view/
PRJEB14630).TherawreadswereassembledusingtheAssemblepipeline(version1.0)avail-
ablefrom theCenterfor GenomicEpidemiology(CGE;http://cge.cbs.dtu.dk/services/all.php)
basedon theVelvetalgorithmsfor �	 ���� shortreadsassembly.A completelist of genomic
sequencedataisavailablein TableB in S1File.

The use of bioinformatics tools
Identification of �. �������� anddetermination of associatedvirulencegenesandpatho-

genicity islands. MyDbFinderisaBLAST-basedsearch-enginethatwasdevelopedasªan
emptydatabaseºin thesameformatastheResFindertool [34] to identify user-definedgenes
(https://cge.cbs.dtu.dk/services/MyDbFinder/).Theuserspopulatetheir owndatabaseby
includingDNA sequencesof interestin FASTAformat into apuretext file.MyDbFinder
queryrawreadsor assembledgenomedataandoutputsthebestmatchinggenesfrom the
user'sdatabase.

Theweb-serverMyDbFinder1.0wasusedto, �� ������, determinethespecies-specificgene
(����), serogroup-specificgenes(����-O1, ����-O139), biotypes-specificgenes(����, ����,
���
), specificgene(VC2346)of the7th pandemicstrain,putativevirulencegenes(���
, ����,
���, 
�	, ���
, ���
, ���, ���
, ���
, ����, ����, ���
, TTSS),andpathogenicislands(PAI):
(VPI-1,VPI-2,VSP-1,VSP-2)in all �. ����	�
	 strainswith aselectedthresholdequalto 95%
identity aspreviouslydescribed[32]. Thegenesusedin thisstudyareshownin TableC in
S1File.

Determination of antimicrobial resistancegenes,SXTelement,andclass1 integron.
In all �. ����	�
	 strains,antimicrobialresistancegenesweredetectedbasedon theassembled
sequencesusingtheResFindertool (version2.1,80%thresholdfor %ID/ 60%minimum
length)availablefrom CGE[34]. TheSXTelement,class1 integron,andpresenceof mutation
in theDNA gyrasegene(���A), andtheDNA topoisomeraseIV genes(�
�C and�
�E) were
determinedusingMyDbFinderaspreviouslydescribed[32]. Thenucleotidesequenceof inte-
grasegeneof theSXTelement(��� SXT), theclass1 integron(���I), ���A, �
�C, and�
�E genes
of thequinolone-resistant�. ����	�
	 strainsfrom GenBankwereusedasreferences(TableC
in S1File).

ICE��Hai1 (JN648379)and���A18 geneof SXTMO10 (AY034138)wereusedastemplates
in MyDBFinder(threshold,95%identity) to determinewhich�. ����	�
	 strainscontainedan
��� SXTgene.

Multilocus sequencetype. Theassembledsequenceswereanalyzedto identify theMLST,
sequencetype(ST)for �. ����	�
	 usingtheMLSTtool (version1.7)availablefrom CGE[35].
Thesevenhousekeepinggenes:
��, ����, �	��, ���, ���
, � �!, and���" aspreviously
describedbyOctavia	� 
�. (2013)[36], wereextractedfrom 78�. ����	�
	 genomesin this
studyand6 �. ����	�
	 genomesfrom theNCBI database(M66-2,O395,N16961,MO45,
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MS6,2010EL-1786).Concatenationof thehousekeepinggenesequenceswasperformedwith
anin-housepythonscript.A multiple alignmentwascreatedfrom theconcatenatedsequences
usingMUSCLEviaMEGA5[37]. Thefinal phylogeneticMLSTtreewasconstructedby
MEGA5usingthemaximumlikelihoodmethodof 1,000bootstrapreplicatesusingTamura-
Nei modelfor inference[38]. Figtree(http://tree.bio.ed.ac.uk/software/figtree/)wasusedto
visualizethetree.Theconfidenceof thenodesin thetreeisestimatedbybootstrapvalues,cal-
culatedbysamplingwith replacementsfrom themultiple sequencealignment.NewSTswere
confirmedbyPCRaspreviouslydescribedOctavia	� 
�. (2013)[36].

Genomicislandsin the chromosomesof �. ��������. Variationof genomicislands
includingCTX,VPI-1,VPI-2,VSP-1,VSP-2,andthesuper-integronwerevisualizedand
determinedbasedon chromosomeI andII of thereferencegenome�. ����	�
	 N16961(acces-
sionno.AE003852andAE003853)usingaBLASTatlas.All proteinsequencesfrom therefer-
encegenomewerealignedagainstother�. ����	�
	 genomesusingBLASTP.Thepresence
andabsenceof geneswerevisualizedin acircle,with greatersimilarity representedbyhigher
intensityof color [39].

Results

Characterization of V. cholerae strains
Of the78�. ����	�
	 strainsinvestigated,44belongedto serogroupO1,16to O139,and18to
non-O139/non-O1.Amongthe44�. ����	�
	 O1strains,24strainswereidentifiedasInaba
and20strainsasOgawa(Fig1,TableD in S1File).

Thebiotypeclassificationof the44�. ����	�
	 O1strainsrevealed15strainsdeterminedas
beingtypicalEl Tor similar to thephenotypeof El Tor strainN16961(CCA+ HSE+ PBr VP+).
The15strainsall carriedaccordingto MyDbFinderidenticalgenes;����, ����, and���
 with
theexceptionof threeenvironmentalstrains(TC22,MK14,and4T5)andoneclinicalstrain
(TC183).Twostrains(VC O1-8andVC O1-10)belongedto thebiotypeClassical,exhibiting
thephenotypeCCA- HSE- PBsVP- andgenotypicallysimilar to O395strain(Classical).Fur-
thermore,26�. ����	�
	 O1strainstestedphenotypicallyEl Tor but revealedusingMyDbFin-
dermixedClassicalandEl Tor genotypesanddeterminedasanEl Tor variant.Finally,one�.
����	�
	 O1strain(MK14) expressedphenotypicallybothbiotypes(CCA+ HSE+ PBsVP+) and
wasdeterminedasbelongingto thehybrid biotype(Fig1,TableD in S1File).

TheMLSTtypesof the78�. ����	�
	 and6 referencegenomeswereanalyzedandassigned
to 26differentSTs(Fig1).Theanalysisshowedthat50strainswererepresentedbyST69,mak-
ing this themostcommonSTandall 50of thesestrainsrelatedto clinicalstrains.Among
clinicalstrains,38O1El Tor and12serogroupO139belongedto thesameclusterwith the
pandemicstrains(N16961andMO45)andtheHaitian strain(2010EL1786).Thestrainshar-
boredthe7th pandemic-specificgene(VC2346)accordingto MyDbFinder,suggestingthat
theybelongto thesameclonallinage.Theclusterisalsolinked to thepre-6th pandemicstrain
(M66-2)andtheendemicstrainfrom Thailand(MS6),whichwascloselyrelatedto thecluster
of theO1Classicalstrains(ST73)including thestrainsrelatedto the6th pandemic(TableE in
S1File).All of thenon-O1/non-O139strainsandtheenvironmentalstrains,exceptfor four
O139strainsbelongingto ST187,wereassignedto differentnovelSTs,suggestingahigh
degreeof geneticdiversity.

Distribution of virulence-associated genes and pathogenicity islands
Thedistribution of virulence-associatedgenesandpathogenicityislandsamongthe78�. ���#
�	�
	 strainswasdeterminedusingMyDbFinder(Fig1andTable1).All strainsharboredthe
virulence-associatedgenes���
, ���
, and����, with only the��� geneabsent.Tenof the17

Vibrio cholerae in Thailand
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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:10.1371/journal.pone.0169324.g001
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virulence-associatedgenes(���
, ����, ���, 
�	, ���
, ���
, ���
, ���
, ����, and����) were
found in 34of theclinicalstrains(serogroupO1andO139).Moreover,thesestrainscontained
thepathogenicityislands(PAIs)VPI-1,VPI-2,VSP-1,andVSP-2,exceptfor two strainsof
O139(6668/3and6225/3),whichlackedVSP-2.All non-O1/non-O139strainsobtainedfrom
aclinicalsourceharboredthe���
, ���
, and���� genes,whereasstrainIPD1231/852Bin
additionalsoharboredthe���
, TTSS,andVPI-2.Twoout of four O1strainsof environmen-
tal origin harbored���
, ���
, ���
, ����, ����, andVPI-2.Only oneO1straincontained
thegenes���
 (TC 22),TTSS(MK14),andVSP-1(MK14).Amongenvironmentalstrains,the
virulence-associatedgenesandthePAIsof thenon-O1/non-O139similar to theO1strain
weredetectedbut lackedTTSSandVSP-1.All four O139strainsharbored���
, ���
, ����,
����, andVPI-2.Nine �. ����	�
	 genomesbasedon thedifferentserogroups,biotypes,and
sourceswerecomparedusingaBLASTatlas.Theatlasrevealedseveralvariablegenomic
regionsin chromosomeI (Fig2A) andII (Fig2B).VPI-1,VPI-2,VSP-1,andVSP-2were
determinedin thechromosomeI amongtheregionsof PAIsincludingCTX�, especiallythe
clinicalstrainsof O1El Tor (510/77,22116,P25),andO139(22136).TheO1Classical(VC
O1-8)andnon-O1/non-O139(IPD221/844B)strainlackedVSP-1andVSP-2.Amongthe
environmentalstrains,theO1strain(MK14) harboredtwo PAIs,VSP-1andVPI-2,whileboth
O139(DT8) andnon-O1/non-O139strains(VCR12)harboredonly VPI-2.A largegenomic
island,super-integron,locatedin thechromosomeII, showedmoregeneticdiversityandobvi-
ouslydifferedamongthesestrains.

Antimicrobial resistant strains, antimicrobial resistance genes, class 1
integron, and SXT element
TheMIC determinationof all 78�. ����	�
	 strainsrevealedthat48of themoriginatingbetween
1991and2013wereresistantto at leastoneantimicrobial(Table2).The48strainswereresistant
to TMP (52.6%),SMX(48.7%),NAL (43.6%),TET(14.1%),AMP (7.7%),andAZM (6.4%).
Moreover,27(56.3%)of the48antimicrobialresistantstrainswereconsideredmultidrug

Table 1. Occurrence of virulen ce-associat ed genes among Vibrio cholerae strains from Thailand.

Serogroup Source No. (%) of strains

ctxA ctxB zot ace tcpA hlyA mshA rtxA ompU toxR chxA TTSSa

O1 Clinica l 30 29 30 30 39 40 40 40 40 40 0 0

(n = 40) (75.0) (72.5) (75.0) (75.0) (97.5) (100.0) (100.0) (100.0) (100.0) (100.0)

Environm ental 0 0 0 0 0 4 3 4 2 4 1 1

(n = 4) (100.0) (75.0) (100.0) (50.0) (100.0) (25.0) (25.0)

O139 Clinica l 11 6 9 11 12 12 12 12 12 12 0 0

(n = 12) (91.7) (50.0) (75.0) (91.7) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0)

Environm ental 0 0 0 0 0 4 0 4 4 4 0 0

(n = 4) (100.0) (100.0) (100.0) (100.0)

non-O1/ non-O139 Clinica l 0 0 0 0 0 2 1 2 0 2 0 1

(n = 2) (100.0) (50.0) (100.0) (100.0) (50.0)

Environm ental 0 0 0 0 0 16 3 16 2 16 3 0

(n = 16) (100.0) (18.8) (100.0) (12.5) (100.0) (18.8)

Total (n = 78) 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)

All V. cholerae strains lacked stn gene.
a Positive all four genes: vcsC2, vcsN2, vcsV2, and vspD

doi:10.1371/journal.pone.0169324.t001
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resistant(MDR) andconferredresistanceto threeor moreantimicrobialclassesandexhibited
four distinctMDR patterns:NAL-SMX-TMP,NAL-TET-TMP,NAL-SMX-TET-TMP,and
AZM-NAL-SMX-TET-TMP (TableF in S1File).It isnoteworthyto mentionthatsomeresis-
tancegeneswereobservedamongthestrainsbeingphenotypicallysusceptible.Thesestrains
wereof O1,O139,andnon-O1/non-O139,isolatedbetween1983and2010andharboredthe
�
�B9 (60.3%)and���R (35.9%)conferringresistanceto chloramphenicol(O-acetyltransferase
activity)andflorfenicol(co-resistanceto bothchloramphenicolandflorfenicol),respectively.

Thepresenceof thespecificintegrasegenesof class1 integron(���I gene)andSXTelement
(��� SXTgene)were�� ������ determinedamongthe78�. ����	�
	 strainsusingMyDbFinder
(Table3).All of thestrainslackedthe���I gene.In contrast,43strainsof �. ����	�
	 ser-
ogroupsO1,O139,andnon-O1/non-O139isolatedduring 1991to 2013presentedthe��� SXT.
TheSXTelementharboredthefollowingantimicrobialresistancegenes:� �2, ���A1, ���$%,
���R, ���A, and���B, whicharemostlyassociatedwith SMXandTMP resistantstrains(Fig3).

Themajority of �. ����	�
	 strains(52.6%)wereresistantto TMP,of whichstrainsbelong-
ing to serogroupO1(2001±2005)containedthe���A1 geneandO139strains(1991±2000)
containedthe���A18 gene(Table3).All 38(48.7%)strainsconferringresistanceto SMXcon-
tained� �2 gene.AmongthesixAMP-resistantstrains(7.7%),four O139environmental
strains(DT8,DT7,WKB T9,andPKN T5) andoneclinicalnon-O1/non-O139strain(1231/8
52B)harboredthe��
 P1andthe��
 CARB-9gene,respectively,whereasonly onenon-O1/non-
O139environmentalstrain(I-WASTE-HSH1-TY2)harboredthe��
 CARB-7gene.All fiveclini-
calO1strains(6.4%)resistantto AZT containedthe���A gene.Interestingly,the11strains
resistantto TET lackedresistancegenes.Thegenes���A and���B conferringresistanceto
streptomycinwerepresentin 39strains(50%)including12strains(100%)of O139and1strain
(25%)of non-O1/non-O139isolatedduring 1991±2000.

Amino acidsubstitutionsin codon���A (Ser83Ile)and�
�C (Ser85Leu)wereobservedin
34NAL-resistantstrains(43.6%)isolatedbetween1991and2013belongingto serogroupO1,
O139,andnon-O1/non-O139.In addition,onenon-O1/non-O139strain(1262W278)con-
ferredresistanceto quinoloneharboringthe&��VC5.

Thewholegenomesequenceof thestrainsharboringtheSXTelementrevealedastructure
organizedsimilar to ICE���Hai1 andSXTMO10 in theGenBank(Fig3).Moststrainsexcept

Fig 2. Genom ic variation of represen tative Vibrio cholerae strains in Thailand . BLAST atlas with chromosome I (A) and II (B) of V. cholerae N16961
as reference strain (black) followed by the nine representative strains of serogroup O1, O139, and non-O1/non-O139 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), O139 (green) (clinical
strains: 22136, environmental strain: DT8), and non-O1/non-O139 (red) (clinical strains: IPD22I/8 44B, environmental strain: VCR12).

doi:10.1371/journal.pone.0169324.g002
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for 4053024303,4053024306,and22138sharedthesimilarstructuresof SXTelementwith
commonknowndeletionsin loci VC1786ICE6andVC1786ICE14.Thevariationsin the
SXTstructuresseparatedtheindividual serogroupO1,O139,andnon-O1/non-O139into dis-
tinct branchesof thephylogenetictree(Fig3).TheSXTelementsof O1strainsweredivided
into two clades(GI andGII). TheSXTstructureof GI washighlysimilar to thestructureof
ICEVchHai1.Nineteenloci including ���A18 and���R wereabsentin GII. TheSXTstructures
amongtheO139strainsharboredloci similar to SXTMO10 andICEVchHai1but lacked25loci
including ���A1. Fornon-O1/non-O139strains,four strainsharboredtheSXTelementand
their SXTstructuresweresimilar to thoseof O139strains.Only oneresistantstrain,VHS1-
22I,harbored���R, ���A, ���B, and� �2 genes.Two susceptiblestrainsandoneNAL-resistant
straindid not containtheseantimicrobialresistancegenesincluding ���A18 and���A1.

Discussion
Since1982,�. ����	�
	 hasbeenpresentandemergingin Thailand[40]. In thelastdecade,
sporadiccholeracaseshavebeenobservedin Thailandcausedprimarily by �. ����	�
	 O1and
O139.In thisstudy,wefound that thephenotypicresultscharacterizing�. ����	�
	 wereall in
concordancewith the�� ������ genotypicdatarevealedbyWGStargetingthefollowinggenes:
����, ����, ����, ����, ����, and���
. Thesegeneshavepreviouslybeenusedto classify�.
����	�
	 strains[27,30,41±43].Thetestedstrainswereclassifiedinto serogroupsO1,O139,
andnon-O1/non-O139showingthatboth �. ����	�
	 serogroupO1andO139arepresentin
Thailandandhavepotentiallycausedcholera.

In Thailand,severalstudieshavereportedtheemergenceof �. ����	�
	 however,thebio-
type�. ����	�
	 O1classicalhasnot beendetectedsince1986[27,44±46].Interestingly,this

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 �!2 �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

O139 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

O139 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-

O139. 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:10.1371/journal.pone.0169324.t002
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studyrevealedthat two strainsobtainedfrom stoolsamplesin 2000wereidentifiedastheClas-
sicalbiotypeandweregeneticallysimilar to thestrainsrelatedto the6th cholerapandemic
(TableE in S1File).This indicatedthat theClassicalbiotypemight havere-emerged,causing
choleraoutbreaksin Thailandafterhavingbeenabsentfor severalyearsduring the6th cholera
pandemic.Thedeclineof typicalEl Tor strainscoincidedwith thefirst reportsfrom Bangla-
deshof theemergenceof theEl Tor variantstrain[16]. Furthermore,theEl Tor variantspos-
sessingboth theClassicalandEl Tor biotypeswererecoveredfrom clinicalstrainsduring
2004±2010.Detectionof theEl Tor variantwaspreviouslyreportedin Cameroon,India, and
Thailand[18,32,41].Thevariantof theClassicalandEl Tor biotypesincreasestheseverityof
thediseaseandmayresultin highermorbidity andmortality [47,48].Kim 	� 
�. suggestedthat
theEl Tor variantpossessingtheClassicalbiotypeoriginatedthroughrecombinationbetween
theClassicalandEl Tor typesof CTX� [49]. Onehybrid strainof thisstudy,MK14,originating
from ariver watersample,lackedthebiotype-specificgenesaswellasthemainvirulencegenes
(���
� and���
), suggestingit to beanon-toxigenicstrainandin agreementwith previous
reports[50,51].Thenon-toxigenicstrains,however,havebeenresponsiblefor causingmild to
moderatediarrheain humanvolunteersin clinical trials [2]. TheseEl Tor variantstrainsclus-
teredtogetherwith theclinicalstrainsincluding typicalEl Tor biotypeandO139serogroup.
Moreover,the�� ������ MLSTanalysisshowedthat theclinicalstrainshadahighlygeneticrela-
tionshipwith thepandemicandoutbreakstrains.Themajority of theclinicalstrainsO1and

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 ICEVcHai1 (accession no. JN648379) and dfrA18 gene in SXTMO10 element (accession no. AY034138).

doi:10.1371/journal.pone.0169324.g003
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O139belongedto ST69andshowedgeneticsimilarity to the7th pandemicstrain(N16961),the
Haitian outbreakstrain(2010EL-1786),andtheCameroonoutbreakstrains[32]. In addition,
all of theclinicalstrainsharborthespecificgenemarkerof the7th pandemicclone.Thesefind-
ingssuggestthat theclinicalstrains(1983±2010)in Thailandmight originatefrom acommon
ancestorof the7th pandemicstrain.TheSTsof theclinicalstrainsshowedthat theywere
closelyrelatedto thepre6th pandemicstrain(M66-2)andapreviousoutbreakstrainin Thai-
land(MS6)[52]. Theclinicalstrainsof O1andO139werehighlyconservedwith regardto
MLST(ST69)but containeddifferentvirulencegenes,particularly���
� and���
. Thesefind-
ingshavepreviouslybeenreportedandmight bearesultof horizontalgenetransfer[36,53,
54].The�� ������ MLSTanalysisclearlyshoweddiscriminationamongstthedifferentsources
(clinicalandenvironmental)andserogroupsO1andO139ascomparedwith non-O1/non-
O139strains.Theclinicalstrainsof O1andO139werehighlyconservedwith regardto MLST
(ST69),while theenvironmentalstrainsof O1,O139,andnon-O1/non-O139andtheclinical
strainsof non-O1/non-O139revealeddifferentandnovelSTs.This indicatesthat theenviron-
mentalstrainsincludingnon-O1/non-O139werehighlydiverse;however,theseresultsmight
becausedbygenerecombinationand/ormutation [36].

Furthermore,theenvironmentalstrainscouldbedistinguishedfrom theclinicalstrains
using�� ������ MLSTbasedon thedifferencein thevirulencegeneprofiles.Theenvironmental
strainsof O1andO139lackedtheCTX� and���
 genes,especially.However,thesestrains
harboredothervirulencegenessimilar to non-O1/non-O139.Both���
 andTTSSgeneswere
frequentlyfoundamongnon-O1/non-O139pathogenicstrainsandassociatedwith diarrhea
[36,51,55].However,theenvironmentalO1strainsin thisstudyharbored���
 gene(TC22)
andTTSS(MK14), indicatingvirulencepotentialto causedisease.

Our studyshowedthat theantimicrobialresistanceprofilesSMX-TMPandNAL-SMX-
TMP werepredominantamongtheclinicalstrainsof serogroupO139andO1,respectively.In
addition,otherclinicalstrainsexhibitedresistanceto TET,AZM, andAMP in contrastto the
environmentalstrainswhichweremostlyresistantto NAL followedbyAMP, TMP,andTET.
Previousreportshavedescribeddifferentantimicrobialresistantprofilescomparedwith those
from Thailand,suchasresistanceto furazolidone,NAL, sulfisoxazole,streptomycin,andtri-
methoprim/sulfamethoxazole in Haiti [56] aswellasTET,streptomycin,sulfisoxazoleandtri-
methoprimin China[57]. During 2003±2011,�. ����	�
	 O1hasbeenreportedasbeing
resistantto erythromycin,TET,trimethoprim/sulfamethoxazole,andAMP in Thailand[27].

Our studyshowedasimilarconcordancebetweentheantimicrobialsusceptibilitytesting
dataandthe�� ������#detectedcorrespondingresistancegenesin the�. ����	�
	 strainsusing
theResFinderbioinformaticstool [34]. A fewdisagreementswereobservedandconfirmedby
re-testingtheMIC determination.Thesediscrepanciesrelatedto TET-resistantstrainsin which
no conferringresistancegenesor otherresistancemechanismscouldbedetected.Thisphenom-
enoniswell-knownandhaspreviouslybeenreportedrelatedto potentialeffluxpumps[58]. In
contrast,weobservedsomestrainsthatharboredboth ���R and�
�B9 but displayedasuscepti-
blephenotypicresistanceprofile.Thisobservationhasalsobeendescribedin arecentpublica-
tion describingthecholerain Haiti [56]. Similarly,susceptiblenon-O1/non-O139strains
harboringthe&���"' genedid not expressresistanceto quinolone.Normally,onewouldantic-
ipateisolatesthatharborthegenes���R and�
�B9 wouldbeassociatedwith reducedsusceptibil-
ity to CHL [59] andthosethatharborthegene&���"' wouldbeassociatedwith quinolone
resistance.Theseabnormalitiesaremostlikely linked to incorrectinterpretativecriterion.

Accordingto World HealthOrganization(WHO) recommendations,TETandCIParethe
drugsof choicefor thetreatmentof cholera.Unfortunately,thereisalackof prudentusage
in Thailandbecausetheseantimicrobialsarebeingmisused/overusedin theagriculturalsec-
tion [60]. During 2003±2011,theendemiccholerastrainsin Thailandwereresistantto TET,
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whereascholerawasstill susceptibleto CIPasprovenbyChomvarin	� 
�., 2013[27] andin
thisstudy.Amino acidsubstitutionsin ���A and�
�C arethemainmechanismresponsible
for quinoloneresistancein �. ����	�
	 [56,58,61].In thisstudy,thesamepoint mutationsin
���A (S83I)and�
�C (S85L)weredetectedamongNAL-resistantstrainsfound in bothclinical
andenvironmentalsources.

TheSXTelementisanICEthat translocatesapanelof antimicrobialresistancegenesvia
horizontalgenetransfer[62]. Thefirst SXT,SXTMO10, wasdiscoveredin �. ����	�
	 O139
strainMO10.It harboredresistantdeterminantsto trimethoprim (���A18), streptomycin
(���A, ���B), sulfamethoxazole(� �2), andchloramphenicol(���R) [63]. OtherICEsidentifiedin
O1andnon-O1/non-O139harborasimilarsetof resistancegenesastheSXTMO10 strain[28,
64].Recently,WGShasbeenusedto identify avariantof SXTin aHaitian O1strain,ICE���#
Hai1harboring���A1, ���A, ���B, � �2, and���R [56]. Weanalyzedthegeneticvariationin SXT
elementsbycomparingwith geneloci in ICE���Hai1 and���A18 in SXTMO10. ICE���Hai1
haspreviouslybeenusedasthereferencefor comparisonwith theSXTelementin India [64].
In thisstudy,wefound that theSXTin eachof thedifferentserogroupsO1,O139,andnon-
O1/non-O139weredistinctlydifferent.TheSXTstructuresof theO1strainsshowedahigher
geneticsimilarity with ICE���Hai1 thantheSXTstructuresof O139andnon-O1/nonO139
strains.This indicatedthat theacquiredSXTelementin theO1Thaistrainsweresimilar to
thoseof theHaitian andIndian strains.Thesefindingsareconsistentwith apreviousstudy
thatshowedidentity of SXTwithin thesameserogroupof �. ����	�
	 [28].

In thisstudy,wefound that there-occurrenceof classicaltoxigenicstrainshavebeenper-
sistedsince2000in Thailand.Thevariationof phenotypicandgenotypiccharacteristicsshows
that the�. ����	�
	 O1biotypeEl Tor varianthascausedthemajority of theoutbreakssince
2004.The�. ����	�
	 O1andO139obtainedfrom clinicalsourcecommonlyharbouredCTX�
and���A. Conversely,their environmentalstrainslackingthosevirulencegenescouldbe
detected.Moreover,theoccurrenceof SXTelementandresistancegenesconferringantimi-
crobialresistancewasencounteredamongThaistrains.Thesefindingssuggestthat lysogenic-
ity of �. ����	�
	 O1for CTX� andothergeneticmarkersincluding resistancegenesshouldbe
further intensivelysurveillanceandcontrol.Futureapplicationof WGScombinedwith bioin-
formatictools,suchasMLST[35], MyDbFinder,ResFinder[34], andVcTypeFinder(in devel-
opment),havein thisstudyproventhepowerandarehighlydiscriminatorymethodsin
understandingtheepidemiologyof �. ����	�
	.

Conclusions
In thisstudy,weusedWGSandbioinformatic toolsto analyzebothhistoricalandcontempo-
rary �. ����	�
	 circulatingin Thailand.To our knowledge,this is thefirst time since1986that
thepresenceof �. ����	�
	 O1classicalhasbeenreportedcausingcholeraoutbreaksin Thai-
land.Wefound that themajority of thepathogenicstrainsbelongedto �. ����	�
	 O1El Tor
variantandO139.(� ������ analysisshowedthat theclinicalstrainssharedcommongenetic
backgroundaswellasharboredvirulencegenes,PAIsandmobilegeneticelementsassociated
with antimicrobialresistancewhileenvironmentalstrainswerehighlydiverse.Thisstudycon-
tributed to understandingtheepidemiologyof �. ����	�
	 in Thailandthatultimatelycanbe
appliedfor control measuresandmanagementof thediseasein Thailand.
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