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Abstract

The dynamics of dissemination of the environmental human pathogen Vibrio parahae-
molyticus are uncertain. The O3:K6 clone was restricted to Asia until its detection along

the Peruvian coasts and in northern Chile in 1997 in phase with the arrival of El Niño

waters. A subsequent emergence of O3:K6 strains was detected in austral Chile in 2004.

The origin of these 1997 and 2004 population radiations has not yet been conclusively

determined. Multiple loci VNTR analysis using seven polymorphic loci was carried out

with a number of representative strains from Asia, Peru and Chile to determine their

genetic characteristics and population structure. Asian and Chilean subpopulations were

the most genetically distant groups with an intermediate subpopulation in Peru.

Population structure inferred from a minimum-spanning tree and Bayesian analysis

divided the populations into two genetically distinct groups, consistent with the

epidemic dynamics of the O3:K6 clone in South America. One group comprised strains

from the original Asiatic population and strains arriving in Peru and Chile in 1997. The

second group included the remaining Peruvian Strains and Chilean strains obtained

from Puerto Montt in 2004. The analysis of the arrival of the O3:K6 clone at the Pacific

coasts of South America has provided novel insights linking the origin of the invasion in

1997 to Asian populations and describing the successful establishment of the O3:K6

populations, first in Peru and subsequently in the South of Chile owing to a possible

radiation of Peruvian populations.
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Introduction

The genus Vibrio comprises more than 50 recognized

species found in aquatic habitats of a wide range of

salinity. The particular biological features of Vibrio pop-

ulations have triggered a growing interest over the last

decades, converting this group into the best studied of

all aquatic bacteria. Vibrio species have been used as

models for the study of population structure and evolu-

tion (Bisharat et al. 2007), genomic plasticity (Han et al.
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2008), niche adaptation and biogeography (Hunt et al.

2008). Such studies have acquired heightened interest

due to human diseases associated with pathogenic Vib-

rios, which have been involved in a global expansion in

recent years (Nair et al. 2007).

Vibrio parahaemolyticus is a marine bacterium and a

natural inhabitant of estuarine areas worldwide. A mar-

ginal fraction of the populations naturally occurring in

marine ecosystems have virulence traits and the capa-

bility, under specific environmental conditions, to cause

infections in humans who consume raw or under-

cooked seafood. Until 1996, V. parahaemolyticus infec-

tions had shown a local distribution, emerging in
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different areas of the world during the warmer months

of the year. The epidemiology of V. parahaemolyticus

changed drastically in 1996, when an atypical increment

in V. parahaemolyticus infections arose in India linked to

strains belonging to a clonal group of the serotype

O3:K6 (Okuda et al. 1997; Chowdhury et al. 2000). This

clone rapidly spread throughout the majority of south-

east Asian countries within a single year (Okuda et al.

1997). The epidemic dissemination of the O3:K6 clone

was restricted to Asia until 1997 when strains belonging

to this group were detected in Peru in June of 1997

(Martinez-Urtaza et al. 2008) and subsequently in Chile

by the end of the same year (Gonzalez-Escalona et al.

2005), initiating the pandemic expansion of the O3:K6

clone. From this point on, the pandemic clone began a

global dissemination and was detected in the USA

(Daniels et al. 2000), Europe (Martinez-Urtaza et al.

2005; Quilici et al. 2005) and Africa (Ansaruzzaman

et al. 2008).

The routes and mechanisms of dissemination of the

pandemic clone have been controversial from their ori-

gin. One of the most recurrent explanations has been

based on the discharge of ballast waters from ships

travelling from areas of V. parahaemolyticus endemicity.

Ballast water discharges have been recognized as one of

the major vehicles for the worldwide dissemination of

marine species and biological invasions (Niimi 2004)

and have been identified as a reliable mechanism for

the propagation of pathogenic Vibrios (DePaola et al.

1992; McCarthy & Khambaty 1994; Ruiz et al. 2000).

Bacterial dispersal through ballast water, however,

fails to provide a consistent and comprehensive expla-

nation for the emergence of some epidemic episodes of

V. parahaemolyticus. This is especially true where infec-

tions have emerged and spread rapidly over hundreds

of kilometres of coastline, such as in the case of the arri-

val of the O3:K6 clone in Peru in 1997 (Martinez-Urtaza

et al. 2008). The infections first surfaced in the north of

the country and then spread southwards along more

than 1500 km in just 4 months until they reached the

Chilean city of Antofagasta (Gonzalez-Escalona et al.

2005). The origins and routes of dissemination of pan-

demic V. parahaemolyticus from its arrival in South

America remained unknown until a recent revision of

the oceanographic conditions existing during this per-

iod revealed that the emergence and dissemination of

the pandemic clone in Peru correlated with the dynam-

ics of progression and receding of the 1997 El Niño

waters (Martinez-Urtaza et al. 2008). According to this

study, the 1997 El Niño episode may have provided

an extraordinary corridor for the displacement of

Asian Vibrio populations to America. In 2004, new epi-

demic outbreaks of pandemic V. parahaemolyticus were

detected emerging suddenly in the austral regions of
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Chile in areas located at more than 2000 km from Anto-

fagasta. The origins of this second radiation of pan-

demic V. parahaemolyticus to Southern Chile also remain

unknown.

Even if nonnative pathogenic populations of V. para-

haemolyticus were introduced by either human-mediated

dispersal (ballast water) or were naturally spread by

the movement of waters, the epidemic dispersion of

pandemic V. parahaemolyticus in South America should

be considered as a biological invasion. However, the

spread of bacterial pathogens through natural environ-

ments and the emergence of epidemics are rarely analy-

sed from the perspective of population genetics or

species invasion. In this study, employing this alterna-

tive perspective, we developed a novel genotyping

scheme based on polymorphic regions of the genome of

V. parahaemolyticus to analyse the clonal structure of the

O3:K6 strains and discriminate among different geo-

graphical groups. Using multi-locus variable number

tandem repeat analysis (MLVA), we investigated the

genetic characteristics and population structure of a

representative number of strains originating from Asia,

Peru and Chile to infer the origin and routes of dissemi-

nation of the pandemic specimens of V. parahaemolyti-

cus along the Pacific coasts of South America.
Material and methods

Strains and DNA preparation

In total, 69 strains of Vibrio parahaemolyticus belonging

to the pandemic clonal complex were included in the

present study as representatives of three geographical

areas: southeastern Asia (Asia), Peru and Chile. Asian

strains (n = 13) were isolated between 1996 and 1999

from multiple clinical cases reported throughout seven

southeastern Asian countries: Bangladesh, India, Japan,

Korea, Laos, Taiwan and Thailand (Table 1). Among

the Asian strains, we have included the strain

RIMD2210633, which represents the only V. parahaemo-

lyticus strain with a completely sequenced genome

(Makino et al. 2003). Peruvian strains (n = 35) were

obtained between 1997 and 2003 from clinical sources

in hospitals and public health laboratories located

throughout the country (Martinez-Urtaza et al. 2008).

Chilean strains (n = 21) included isolates obtained from

the first epidemic outbreak of V. parahaemolyticus

detected in this country in 1998 in the northern city of

Antofagasta and from the later epidemic radiation of

this pathogen in the austral region of Puerto Montt in

2004 (Table 1).

Strains were cultured at 37 �C in Luria–Bertani broth

with 2% NaCl. One millilitre of an overnight culture

was centrifuged at 9000 g for 7 min. The resulting pellet



Table 1 Characteristics of the Vibrio parahaemolyticus strains included in this study

Strain Country of isolation Year Place Serotype

MLVA genotype (locus

TR-VP)

References5 10 16 18 19 21 25

VP 81 India 1996 Calcutta O3:K6 8 29 32 10 23 8 7 Matsumoto et al. (2000)

RIMD 2210633 IT (Japan) 1996 Osaka O3:K6 7 28 35 11 22 9 8 Makino et al. (2003)

DOH 958 15 IT (Taiwan) 1997 ND O3:K6 8 27 35 2 21 8 7 Chowdhury et al. (2000)

97LPV2 IT (Laos) 1997 ND O3:K6 8 19 31 2 20 8 6 Matsumoto et al. (2000)

VP47 IT (Thailand) 1998 ND O3:K6 8 29 18 10 23 9 7 Matsumoto et al. (2000)

AN 5034 IT (Bangladesh) 1998 ND O4:K68 9 20 29 10 21 8 7 Matsumoto et al. (2000)

AV16000 IT (Bangladesh) 1998 ND O1:Kut 8 30 22 9 22 8 7 Matsumoto et al. (2000)

VP2 IT (Korea) 1998 ND O3:K6 8 30 22 9 22 8 7 Matsumoto et al. (2000)

JKY Vp6 IT (Japan) 1998 ND O3:K6 8 32 29 2 24 8 7 Matsumoto et al. (2000)

AN8373 IT (Bangladesh) 1998 ND O3:K6 10 32 35 10 23 8 7 Matsumoto et al. (2000)

VPHY67 IT (Thailand) 1999 ND O3:K6 8 30 36 10 23 8 7 Laohaprertthisan et al. (2003)

VPHY145 IT (Thailand) 1999 ND O4:K68 8 30 21 11 22 7 7 Laohaprertthisan et al. (2003)

VPHY191 IT (Thailand) 1999 ND O1:K25 8 39 18 10 22 9 7 Laohaprertthisan et al. (2003)

763-97 Peru 1997 Lima O3:K6 9 30 36 9 23 9 7 Martinez-Urtaza et al. (2008)

790-97 Peru 1997 Cajamarca O3:K6 8 34 35 9 20 8 7 Martinez-Urtaza et al. (2008)

875-97 Peru 1997 Lambayeque O3:K6 8 27 40 9 19 8 7 Martinez-Urtaza et al. (2008)

948-97 Peru 1997 Lambayeque O3:K6 9 30 36 9 23 10 7 Martinez-Urtaza et al. (2008)

1171-97 Peru 1997 Monqueagua O3:K6 8 31 36 9 23 9 7 Martinez-Urtaza et al. (2008)

780-98 Peru 1998 Lima O3:K6 8 34 35 9 21 9 7 Martinez-Urtaza et al. (2008)

784-98 Peru 1998 Lima O3:K6 9 31 37 9 23 10 7 Martinez-Urtaza et al. (2008)

971-98 Peru 1998 Lima O3:K6 8 29 29 11 24 8 7 Martinez-Urtaza et al. (2008)

974-98 Peru 1998 Lima O3:K6 9 29 36 9 23 10 7 Martinez-Urtaza et al. (2008)

3435-98 Peru 1998 Lima O3:Kut 8 30 43 9 23 9 7 Martinez-Urtaza et al. (2008)

275-99 Peru 1999 Lima O3:Kut 8 33 44 9 21 9 7 Martinez-Urtaza et al. (2008)

276-99 Peru 1999 Lima O3:K6 8 29 39 10 25 9 7 Martinez-Urtaza et al. (2008)

278-99 Peru 1999 Lima O3:K6 8 29 38 10 24 9 7 Martinez-Urtaza et al. (2008)

279-99 Peru 1999 Lima O3:K6 8 33 44 9 21 9 7 Martinez-Urtaza et al. (2008)

698-99 Peru 1999 Lambayeque O3:K6 8 29 27 11 24 8 7 Martinez-Urtaza et al. (2008)

330-00 Peru 2000 Lima O3:K6 8 32 41 9 20 9 7 Martinez-Urtaza et al. (2008)

405-00 Peru 2000 Lambayeque O3:K6 9 30 32 9 23 8 7 Martinez-Urtaza et al. (2008)

430-00 Peru 2000 Lima O3:K6 8 32 37 9 20 9 7 Martinez-Urtaza et al. (2008)

462-00 Peru 2000 Lima O3:K6 9 32 39 9 19 9 7 Martinez-Urtaza et al. (2008)

511-00 Peru 2000 Lima O3:K6 10 27 42 10 22 9 7 Martinez-Urtaza et al. (2008)

706-00 Peru 2000 Lima O3:K6 9 30 32 9 23 8 7 Martinez-Urtaza et al. (2008)

056-01 Peru 2001 Lambayeque O3:K6 8 29 34 9 20 8 7 Martinez-Urtaza et al. (2008)

498-01 Peru 2001 Lima O3:K6 7 33 31 10 22 8 7 Martinez-Urtaza et al. (2008)

565-01 Peru 2001 Lambayeque O3:K6 9 33 39 9 21 9 7 Martinez-Urtaza et al. (2008)

568-01 Peru 2001 Iquitos O3:K6 7 30 21 11 22 9 7 Martinez-Urtaza et al. (2008)

572-01 Peru 2001 Iquitos O3:K6 9 23 39 9 18 9 7 Martinez-Urtaza et al. (2008)

003-02 Peru 2002 Lima O3:K6 9 34 43 9 21 9 7 Martinez-Urtaza et al. (2008)

004-02 Peru 2002 Lima O3:K6 9 34 45 9 21 9 7 Martinez-Urtaza et al. (2008)

020-02 Peru 2002 Lima O3:K6 8 34 36 9 20 8 7 Martinez-Urtaza et al. (2008)

240-02 Peru 2002 Lima O3:K6 8 37 35 9 19 7 7 Martinez-Urtaza et al. (2008)

651-02 Peru 2002 Lima O3:K6 8 35 40 10 19 9 7 Martinez-Urtaza et al. (2008)

038-03 Peru 2003 Cajamarca O3:K6 9 35 36 9 20 9 7 Martinez-Urtaza et al. (2008)

039-03 Peru 2003 Cajamarca O3:K6 8 35 40 9 19 8 7 Martinez-Urtaza et al. (2008)

131-03 Peru 2003 Lima O3:K6 8 33 36 9 20 8 7 Martinez-Urtaza et al. (2008)

302-03 Peru 2003 Cajamarca O3:K6 8 36 37 9 19 8 7 Martinez-Urtaza et al. (2008)

ATC 210 Chile 1998 Antofagasta O3:K6 8 31 36 9 23 7 6 Gonzalez-Escalona et al. (2005)

ATC 220 Chile 1998 Antofagasta O3:K6 8 32 34 9 23 7 6 Gonzalez-Escalona et al. (2005)

ATC221 Chile 1998 Antofagasta O3:K6 9 32 37 9 24 9 7 Gonzalez-Escalona et al. (2005)

PMC 37.5 Chile 2004 Puerto Montt O3:K6 8 39 38 9 19 8 7 Gonzalez-Escalona et al. (2005)

PMC 39.5 Chile 2004 Puerto Montt O3:K6 8 36 41 9 19 8 7 Gonzalez-Escalona et al. (2005)
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Table 1 (Continued)

Strain Country of isolation Year Place Serotype

MLVA genotype (locus

TR-VP)

References5 10 16 18 19 21 25

PMC 42.5 Chile 2004 Puerto Montt O3:K6 8 35 41 9 20 8 7 Gonzalez-Escalona et al. (2005)

PMC 48.5 Chile 2004 Puerto Montt O3:K6 8 36 39 9 20 8 7 Gonzalez-Escalona et al. (2005)

PMC 49.5 Chile 2004 Puerto Montt O3:K58 8 36 43 9 20 8 7 Gonzalez-Escalona et al. (2005)

PMC 57.5 Chile 2004 Puerto Montt O3:K6 9 36 41 9 20 9 7 Gonzalez-Escalona et al. (2005)

PMC 61.5 Chile 2004 Puerto Montt O3:K6 9 37 40 9 19 9 7 Gonzalez-Escalona et al. (2005)

PMC 65.5 Chile 2004 Puerto Montt O3:K6 8 36 39 9 19 9 7 Gonzalez-Escalona et al. (2005)

PMC 14.7 Chile 2007 Puerto Montt O3:K59 7 35 40 9 19 9 7 Harth-Chu et al. (2009)

PMC 16.7 Chile 2007 Puerto Montt O3:K6 7 36 40 9 19 9 7 Harth-Chu et al. (2009)

PMC 28.7 Chile 2007 Puerto Montt O3:K59 8 14 39 9 13 9 7 Harth-Chu et al. (2009)

PMC 29.7 Chile 2007 Puerto Montt O3:K6,59 8 14 39 5 20 9 7 Harth-Chu et al. (2009)

PMC 41.7 Chile 2007 Puerto Montt O3:K6 8 36 42 9 21 9 7 Harth-Chu et al. (2009)

PMC 44.7 Chile 2007 Puerto Montt O3:K59 9 36 40 9 20 9 7 Harth-Chu et al. (2009)

PMC 50.7 Chile 2007 Puerto Montt O3:K6 8 34 39 9 21 9 7 Harth-Chu et al. (2009)

PMC 55.7 Chile 2007 Puerto Montt O3:K59 8 36 40 9 20 9 7 Harth-Chu et al. (2009)

PMC 70.7 Chile 2007 Puerto Montt O3:K6,59 9 35 38 9 19 9 7 Harth-Chu et al. (2009)

PMC 73.7 Chile 2007 Puerto Montt O3:K59 8 31 39 9 19 9 7 Harth-Chu et al. (2009)

IT, international travellers, origin of travel is indicated in parentheses; ND, not determined; MLVA, Multiple loci VNTR analysis.
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was resuspended in 300 lL of 1 · TE buffer, and cell

suspensions were lysed by boiling for 10 min. The

lysate was then centrifuged at 10 000 g at 4 �C for

5 min, and the supernatant was transferred to a new

tube and stored at )20 �C until it was used.
Identification and selection of tandem repeat loci

The identification and selection of the potentially poly-

morphic tandem repeat loci of interest for the study

was carried out with a preliminary in silico search

throughout the complete genome of the strain

RIMD 2210633 of V. parahaemolyticus (GenBank acces-

sion numbers BA000031 and BA000032). Identification

of loci was performed with the use of the Microorgan-

isms Tandem Repeats online database (http://minisat-

ellites.u-psud.fr) and the Tandem Repeat Sequence

Finder program (Benson 1999). Tandem repeat loci were

selected for further analysis according to the following

criteria: (i) minimum repeat size of 6 bp, (ii) at least

three copies of the repetitive motif and (iii) conservation

between the tandem repeats >89%. In total, 25 VNTRs

were identified according to the established criteria and

designated according to the nomenclature proposed by

Le Fleche et al. (2002).

Primer sets were designed in the flanking regions of

the tandem repeats to produce fragment sizes no larger

than 500 bp (Table 2) utilizing Vector NTI software

(Invitrogen, Carlsbad, CA, USA). Predicted PCR prod-

uct sizes in the RIMD2210633 strain were obtained
� 2010 Blackwell Publishing Ltd
using the ‘Blast in the Tandem Repeats Database’

(http://minisatellites.u-psud.fr/ASPSamp/base_ms/

blast).
PCR amplification of microsatellites and genotyping

A PCR master mix (50 lL) containing 1 ng of DNA per

lL, 1· Taq Reaction Buffer (Roche, Mannheim, Ger-

many), 1 U of Taq DNA polymerase (Roche), 750 lM of

each deoxynucleoside triphosphate and 0.2 lM of each

flanking primer (for primer sequence, see Table 2).

PCRs were performed in an MJ Research PTC200 ther-

mocycler under the following conditions: initial dena-

turation at 94 �C for 5 min followed by 30 cycles of

denaturation at 94 �C for 30 s, annealing between 60 �C

and 64 �C (see Table 2) for 20 s, elongation at 72 �C for

30 s and final extension for 7 min at 72 �C. The lengths

of PCR products were analysed by capillary electropho-

resis on a microchip device using the 2100 Bioanalyzer

(Agilent Technologies, Palo Alto, CA, USA) for accurate

sizing. From these lengths, the number of repetitive

units was deduced and converted into copy numbers

for each locus, taking into account the genome of the

strain RIMD221633. Additionally, PCR products for

each selected locus from a subset of 17 strains were

sequenced to evaluate the correct assignment of the

copies of the repetitive motifs. Both strands of the PCR

products were sequenced by Macrogen sequencing ser-

vice on the 3730XL DNA Analyzer capillary electropho-

resis system (AB, USA) using the BigDye version 3.1



Table 2 VNTR loci selected in this study and their corresponding primers and amplicon sizes

Locusa Primer

Annealing

temperature (�C)

Product

size (bp)

TR-VP5_3160502 (I)_6 bp_7.3 U F: 5¢-ATCCGATGTTTGCTTTTGTACGGC-3¢ 64 257

R: 5¢-CTAGCAGTGGAAGCGCCTTCTGAA-3

TR-VP10_3077908 (I)_6 bp_28.2 U F: 5¢-ATCGACCCACATCAATATTCATCTCG-3¢ 60 316

R: 5¢-CTAACGTACGAAGGAGCTAACAACGCA-3¢
TR-VP16_1548365 (II)_6 bp_35.2 U F: 5¢-ATCGCTGCTTGAAGAAAATCCTGAT-3¢ 60 461

R: 5¢-CTAATTTTTCTGGTTGGGCTTGCG-3¢
TR-VP18_2669177 (I)_7 bp_11.1 U F: 5¢-ATCGATGAAGAAAATGCCATTGCTG-3¢ 62 231

R: 5¢-CTATGGAGAAGCCTTCAGGGAAAGTTTT-3¢
TR-VP19_2339376 (I)_6 bp_21.5 U F: 5¢-ATCCATTGGTCGATTCGAGTTGACT-3¢ 62 356

R: 5¢-CTATAACAGCGTACTTTCCAGCGAGC-3¢
TR-VP21_447465 (I)_6 bp_9.5 U F: 5¢-ATCGGTTCGACCAAGCTTAAGAGTGA-3¢ 62 330

R: 5¢-CTAATGTAACCGCTCAGCAAGGTGA-3¢
TR-VP25_744172 (II)_6 bp_7.8 U F: 5¢-ATCCATGTCTTCTATTATCCATGCTTG-3¢ 62 264

R: 5¢-CTACAACAGTACATTTTCCTTTGTGTGG-3¢

aTR-locus reference_position (chromosome)_motive size (bp)_repeats (units) in RIMD2210633 genome.

3928 J . ANSEDE-BERMEJO E T A L.
terminator technology (AB, USA). The nucleotide

sequences were deposited in GenBank under accession

numbers HM154991 to HM155109.

The allele number for each locus was simply the

number of copies of the repetitive motif observed in the

strain studied. The resulting list of allelic values for

each strain was the MLVA genotype (Table 1). Any

two MLVA profiles differing by one or more loci were

considered distinct genotypes.
Data analysis

Nei’s diversity index (D) was used as a measure of the

average genetic diversity for each marker for the total

strain set and was calculated as 1 )
P

(allele fre-

quency)2 (Nei 1987).

For all the global populations and for each subpopula-

tion, the number of alleles was determined. Genetic

diversity was estimated at each locus and averaged

across loci within each subpopulation by Nei’s gene

diversity (H; Nei 1987) and corrected for sample size

using FSTAT version 2.9.3 (Goudet 2002). Additionally, the

gene diversity was temporally and geographically exam-

ined in each subpopulation. Significant differences in the

values obtained for the different years and between

Peruvian and Chilean subpopulations were evaluated by

the analysis of variance (ANOVA) performed with the SPSS

software version 17.0 (SPSS Inc., Chicago, IL, USA).

Associations among loci were tested using the index of

multilocus linkage disequilibrium (LD) rD (Agapow &

Burt 2001) independently calculated from the overall

population and within each subpopulation using MUL-

TILOCUS version 1.3 software (Agapow & Burt 2001).

The significance of rD was tested by comparing the
observed variance with the distribution of the variance

expected under the null hypothesis of panmixia, as

determined from 1000 randomizations of the genotype

data. When the null hypothesis is rejected, a clonal pop-

ulation structure is suggested. The possible loci pair

association was examined in each subpopulation using

the FSTAT program. Significance levels were determined

according to Bonferroni corrections based on the indica-

tive adjusted P-value.

The validity of the mutation model was first evalu-

ated through the construction of a minimum-spanning

tree (MST) using Bionumerics version 5.10 (Applied

Maths, Sint-Martens-Latern, Belgium). With the help of

the MST, we estimated the proportion of strains that

differed from their closest relatives by one or by multi-

ple repeat changes to evaluate the validity of the Step-

wise Mutation Model (SMM) for our data set. The SMM

was further evaluated for each locus by calculating the

allelic changes according to repeat-number differences

using the MultiLocus Analyzer software (S. Brisse,

unpublished).

The resolving power of the VNTR markers under the

SMM may be affected by the presence of alleles identi-

cal in length but not identical by evolutionary descent,

which may arise from convergent mutational events

(homoplastic noise). Consequently, homoplasy was

evaluated along the branches of the MST and estimated

using the MultiLocus Analyzer (S. Brisse, unpublished).

Homoplasy was defined as 1 ) (K ) 1) ⁄ M, where K is

the number of alleles, and M the number of changes

along the MST. If each allele had been generated by a

single evolutionary change, the number of changes

since the ancestral state would be K ) 1, and the homo-

plasy index (P) would be equal to zero. By contrast, if
� 2010 Blackwell Publishing Ltd
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alleles had been changed by convergent evolution or

reversion to the ancestral state, M would become much

greater than K, and the homoplasy index would

increase towards 1.

The corresponding data files were analysed to exam-

ine genetic heterogeneity among the subpopulations

studied based on the SMM model. To assess the relat-

edness among the subpopulations, the genetic distance,

delta-mu squared (dl)2, was computed as defined by

Goldstein et al. (1995) using RST Calc version 2.2 soft-

ware (Goodman 1997). Subsequently, the degree of

genetic differentiation among the different subpopula-

tions was evaluated with the use of the statistic RST

(Slatkin 1995). Pairwise RST values were calculated

using RST Calc version 2.2 with 1000 randomizations.

The null hypothesis was no population differentiation.

Gene flow was determined by measuring the number of

migrants per generation (M) from the values of RST

using the RST Calc version 2.2 package.

Population structure was inferred by combining an

MST analysis of VNTR data and Bayesian analysis

(Pritchard et al. 2000). The MST was built in Bionumer-

ics version 5.10 using the Prim’s algorithm and selecting

the summed absolute distance as the coefficient for com-

puting differences between strains. Priority rules were

adopted from the BURST algorithm (Feil et al. 2004),

with the highest priority given to profiles with the larg-

est numbers of single locus variants, or double-locus

variants in case of a match. Repeat-type (RT) complexes

were defined as groups with a maximum neighbour dis-

tance of one change and a minimum size of two strains.

The Bayesian clustering algorithm implemented in

the program Structure version 2.2 (Pritchard et al. 2000)

was applied as an exploratory analysis to determine

whether the different subpopulations of V. parahaemo-

lyticus assigned according to their geographical origin

could be subdivided into K genetically distinct groups

based on allele frequencies. Genetic clusters were then

constructed from a collection of individual genotypes,

estimating the fraction of the genotype belonging to

each cluster for each strain. The following parameters

were used: admixture model, burn-in period of 105 iter-

ations, and probability estimates based on 10 000 Mar-

kov Chain Monte Carlo iterations. To determine the

most likely number of clusters (K) underlying our pop-

ulation samples, we conditioned our data on various

values of K ranging from 1 to 6. Ten runs for each num-

ber of populations (K) were performed to quantify the

variation of the likelihood for each K. The most likely

value of K to indicate underlying genetic structure was

determined using the statistic DK, which is based on

the rate of change in the probability of an existing clus-

tering between two successive K values (Evanno et al.

2005). CLUMPP version 1.1.2 (Jakobsson & Rosenberg
� 2010 Blackwell Publishing Ltd
2007) was used to average multiple Structure runs.

CLUMMP output was processed with Distruct version

1.1 (Rosenberg 2002), which allows for drawing barplots

of CLUMPP.
Results

Microsatellite data analyses

A preliminary set of 25 potentially polymorphic VNTR

loci were analysed across the collection of 69 clinical

strains of Vibrio parahaemolyticus belonging to the pan-

demic complex originating from different Southeast

Asian and Latin American countries. Of the 25 VNTR

loci, 11 loci were monomorphic, and another seven addi-

tional loci showed null alleles and were consequently

discarded. Finally, a set of seven loci were shown to be

polymorphic and were selected for further analysis.

In total, 61 different alleles were identified among the

seven microsatellites examined in the 69 V. parahaemo-

lyticus strains. The loci studied showed tandem repeat

units that varied in size between 6 to 7 bp for the differ-

ent markers. According to the number of alleles

observed, the loci studied varied in their degree of

polymorphism ranging from 3 to 20 alleles per locus for

TR-VP25 and TR-VP16, respectively (Table 3). MLVA

showed 67 different genotypes among the 69 strains.

The discriminatory capacity of each marker, measured

through Nei’s diversity index (D) for each individual

locus, ranged from 0.11 for TR-VP25 to 0.92 for TR-

VP16 (Table 3). Different allele sizes at the different

VNTR loci resulted from the loss or gain of repeat

units, which were verified by direct sequencing of the

PCR products using the VNTR primers.
Genetic diversity

Strains were initially grouped for analysis into three

groups according to their geographical origin: southeast

Asian countries (Asia), Peru and Chile. Values of

genetic diversity per locus presented highly variable

results, with the lowest diversity found in loci TR-VP18

and TR-VP25 for the three subpopulations, except for

TR-VP18 in Asian subpopulations, which in contrast

showed a value of 0.679 (Table 4). The remaining loci

showed values of diversity ranging from 0.5 to 0.91,

with a homogenous diversity within the three subpopu-

lations. The average genetic diversity across loci within

each subpopulation showed similar values for the Asian

and Peruvian subpopulations of 0.661 and 0.610, respec-

tively, whereas Chile showed an overall diversity of

0.531. The average gene diversity for the total popula-

tion investigated was 0.601 over the seven loci

(Table 4).



Table 3 Characteristics of the VNTR loci studied into Vibrio parahaemolyticus genome

Locus Identificationa Chrb

Motive

length

Copy

number

Total

length Match

Motive

sequence ORF

Alleles

observed Dc Pd

TR-VP5 3160502–3160545 I 6 7.3 43 100% CTTCTG VP2956 4 0.519 0.800

TR-VP10 3077908–3078076 I 6 28.2 168 100% ATAGAG VP2892 16 0.908 0.594

TR-VP16 1548365–1548572 II 6 35.2 212 94% AGCAAC VPA1455 20 0.920 0.525

TR-VP18 2669177–2669254 I 7 11.1 77 100% AGGTTCT OUT 5 0.478 0.555

TR-VP19 2339376–2339507 I 6 21.5 132 89% TCTGGC VP2226 9 0.830 0.578

TR-VP21 447465–447520 I 6 9.5 55 94% TGTGTC VP0446 4 0.589 0.700

TR-VP25 744172–744218 II 6 7.8 46 93% GTATCT VPA0714 3 0.110 0.333

aPosition into RIMD2210633 genome.
bChromosome.
cNei’s diversity index.
dHomoplasy index.

Table 4 Gene diversity (H) estimates per locus and subpopulation

TR-VP5 TR-VP 10 TR-VP16 TR-VP18 TR-VP19 TR-VP21 TR-VP25 Total

Asia 0.423 0.923 0.936 0.679 0.782 0.590 0.295 0.661 ± 0.241

Peru 0.568 0.903 0.934 0.388 0.857 0.597 0.029 0.610 ± 0.326

Chile 0.514 0.800 0.862 0.095 0.757 0.514 0.181 0.531 ± 0.301

Total 0.501 0.875 0.910 0.387 0.798 0.567 0.168 0.601 ± 0.290

Fig. 1 Average gene diversity (H) over all loci within the

Peruvian subpopulation throughout the period of study.
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A temporal analysis of gene diversity within the

Peruvian subpopulation revealed the highest values of

H in 1998 and 2001, although no significant differences

were detected in other years (Fig. 1).
Linkage disequilibrium

Analysis of the multilocus LD showed a significant

(P < 0.01) positive weak LD for the overall population

with a value of rD of 0.038, suggesting a clonal structure
within this group of strains. When analysing allelic pro-

files within each subpopulation, significant values were

obtained only within the Peruvian subpopulation,

which showed a low value of rD of 0.061 (P < 0.01).

Chilean and Asian subpopulations also showed low

values of rD although none of these subgroups yielded

significant values. Throughout FSTAT program analysis,

we examined locus pair associations in each subpopula-

tion after Bonferroni correction (N = 69, adjusted

alpha = 0.000794). Only the Peruvian set showed a sta-

tistical association (P < 0.001) between the locus TR-

VP19 and the loci TR-VP10 and TR-VP18.
Genetic heterogeneity between populations

The SMM model was validated for the total set of the

VNTR loci with the construction of an MST of all the

V. parahaemolyticus strains. The number of differences

in the VNTRs between closest relatives was evaluated

and showed that at least 71% of the allelic changes

were related to differences in one repeat, which fits

the SMM. The evaluation of the allelic differences per

locus showed a clear pattern of stepwise mutation for

at least the loci TR-VP5, TR-VP19 and TR-VP21. The

pattern was less clear for the two most polymorphic

loci (TR-VP10 and TR-VP16), whereas the other loci

(TR-VP18 and TR-VP25) did not have sufficient

changes.
� 2010 Blackwell Publishing Ltd
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Genetic heterogeneity among the different subpopula-

tions was investigated by computing the genetic dis-

tance, delta-mu squared (dl)2, based on the SMM

model. The highest genetic heterogeneity was observed

between Asian and Chilean specimens (0.925), whereas

a lower genetic distance was found within the South

American strains suggesting a close proximity of the

Peruvian and Chilean subpopulations (0.163). A closer

genetic relatedness was detected between Peruvian and

Asian strains (0.573) than between Asian and Chilean

strains.

The RST index showed genetic relatedness values

identical to those resulting from the genetic heterogene-

ity analysis. A significant genetic differentiation (P <

0.05) was detected between Asian and Latin American

subpopulations, although the pairwise Asia-Peru sub-

populations showed lower values of RST (0.182) than

those obtained by comparing Asian and Chilean sub-

populations (RST = 0.243). By contrast, a significant

genetic differentiation was not observed between the

Peruvian and Chilean subgroups (RST = 0.082), indicat-

ing a genetic association between these two popula-

tions. A significant (P < 0.05) genetic differentiation

within each subpopulation was only observed among

strains included in the Chilean group. Strains isolated

during the first epidemic outbreak reported in 1997–

1998 in Antofagasta showed a significant genetic differ-

entiation from the strains obtained in the epidemic
Fig. 2 Results of Bayesian clustering analysis inferred by the Structu

(red codes), Peru (black codes) and Chile (green codes). Each indivi

different clusters, and the length of the coloured segment is the fract

ture was obtained using an admixture model where K = 2.

� 2010 Blackwell Publishing Ltd
radiation of V. parahaemolyticus in Puerto Montt,

whereas strains isolated from Peru were genetically

homogeneous.

In accord with the results obtained from the genetic

differentiation analyses, estimates of the gene flow (M)

obtained from RST showed a close genetic relationship

of all the South American strains, with a high rate of

gene flow between the subpopulations from Peru and

Chile (2.789). Differences in gene flow were detected

between Asian subpopulations and the South American

subgroups, with a higher genetic relatedness between

Peruvian and Asian subpopulations (1.117) than

between Asian and Chilean subpopulations (0.774).
Population structure and phylogenetic inferences

Results of Bayesian clustering analysis identified geneti-

cally distinct populations by allele frequencies and esti-

mates of the fraction of the genotype that belonged to

each cluster for each strain. Calculation of DK deter-

mined the most likely value of K, predicting the pres-

ence of two clusters (Fig. 2). The first cluster (cluster A)

included the Asian strains and a group of closely

related strains from South America isolated during the

first epidemic expansion of pandemic V. parahaemolyti-

cus in Peru and northern Chile (Antofagasta). The sec-

ond cluster (cluster B) was composed of a second group

of strains present in Peru in 1997 and dominating the
re for all the strains included in the study obtained from Asia

dual is represented by a horizontal bar, the colours denote the

ion of the genotype belonging to each cluster. Population struc-
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Peruvian subpopulations after 2000, as well as strains

from the second epidemic radiation of pandemic

V. parahaemolyticus in Puerto Montt. Clustering results

showed a close relationship between pandemic strains

arriving in Peru in 1997, the strains isolated in Antofag-

asta towards the end of 1997, and the theoretical popu-

lation source originating in Asia, with these South

American strains sharing more than 90% of their geno-

type with the Asian strains (Fig. 2). The second inferred

cluster included strains that shared <10% of their geno-

type with the Asian strains.

MST of the 67 distinct MLVA genotypes identified

among the 69 V. parahaemolyticus strains showed highly

diverse genotypes with a T-shaped topology that dis-

tributed the different RT connected along two distinct

branches distinguishing two groups (Fig. 3). Group A

included all the strains from Asia and strains from
Fig. 3 Distribution of the different multiple loci VNTR analysis (MLV

is indicated by one node displayed as a circle that is connected by br

the genetic distances (the sum of the absolute differences between th

The code within each circle identifies each strain, and circle colours

type complexes defined as groups with a maximum neighbour dista

A and B identified by Structure are delineated by red and green lines

cies in the clustering results obtained by structure and MST.
Peru, primarily those isolated during the first years of

the arrival of the pandemic clone in Peru, as well as the

strains isolated in Antofagasta. A second group was

composed of strains from Peru predominantly isolated

before 2000 and strains from Chile exclusively detected

in Puerto Montt. The topology of the MST correlated

strongly with the population structure provided by

Structure, with two exceptions. First, the Peruvian

strains 790-97, 430-00, 020-02 and 131-03, which had

been included within the cluster B in the Bayesian anal-

ysis, were located in the MST constituting a group in

an intermediary position linking the two clusters identi-

fied by Structure. Second, two Peruvian strains, 3435-98

and 511-00, included in the Asian cluster by Structure,

were included in the group B delineated by the MST.

Most of the links in the MST corresponded to multiple

repeat changes, although most of the Chilean and Peru-
A) types in a minimum-spanning tree (MST). Each MLVA type

anches of MST. The lengths of the branches are proportional to

e values of two MLVA profiles) between neighbouring profiles.

indicate the origin of the strains. Shaded areas indicate repeat-

nce of one change and a minimum size of two strains. Clusters

, respectively, whereas strain codes in red denote the discrepan-

� 2010 Blackwell Publishing Ltd
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vian strains showed a proximity to the four RT com-

plexes identified in the MST with differences involving

small changes among RTs. The overall homoplasy index

calculated along the MST was 0.58, suggesting that the

inferred links between genotypes would not be seri-

ously affected by evolutionary convergence. The homo-

plasy was highly variable at the locus level (Table 3)

with values ranging from 0.3 to 0.8 for TR-VP25 and

TR-VP5, respectively, and intermediate indexes for the

remaining loci.

To explore the robustness of the population structure

suggested by Bayesian analysis and subsequently sup-

ported by the MST topology, Nei’s gene diversity, asso-

ciations among loci, genetic differentiation, and gene

flow were estimated for the resulting clusters obtained

from Structure. The cluster B showed a reduction in

gene diversity (H = 0.558) in contrast to cluster A

(H = 0.671). Estimated values of rD across the inferred

clusters were low and ranged from )0.020 to 0.042,

showing only a significant association (P < 0.01) in clus-

ter A between the loci TR-VP19 and TR-VP10. Results

from RST indicated a significant population differentia-

tion between the two clusters inferred by Structure

(RST = 0.260; P < 0.05). No genetic differentiation was

observed between strains isolated from Peru and Chile

belonging to cluster A (RST = 0.344; P > 0.05), showing

a close genetic relatedness between strains from Peru

and Antofagasta. Additionally, no significant differences

were detected comparing Peruvian and Chilean strains

included in cluster B (RST = 0.031; P > 0.05), and

between Asian and Chilean strains from Antofagasta

(RST = 0.213; P > 0.05). Conversely, the largest genetic

differences were detected comparing the Chilean popu-

lations belonging to clusters A (Antofagasta) and B

(Puerto Montt) (RST = 0.541; P < 0.05). Estimates of the

gene flow (M) showed results congruent with the data

of genetic differentiation. The highest values of gene

flow were obtained from the comparisons Peru B-Chile

B (7.565), Asia-Peru A (1.142) and Asia-Chile A (0.921).

Finally, the pairwise Chile A-Chile B showed the lowest

number of migrants per generation (0.211), stressing the

genetic differentiation of the subpopulations involved

in the two epidemic outbreaks in Chile.

Remote sensing data were used to explore the possi-

bility of an oceanic connection that allowed for the

polewards shift of pandemic populations from Peru to

southern Chile concurrently with the emergence of the

infections in Chile in 2004 (Fig. 4). An extraordinary

rise in seawater temperatures was observed towards

the end of 2003 along the coast of Chile, as induced by

the southwards movement of warm waters from south-

ern Peru that reached the coasts of Puerto Montt in the

final days of the year, just before the sudden emergence

of infections in the area.
� 2010 Blackwell Publishing Ltd
Discussion

One of the most extraordinary examples of the long dis-

tance spread of pathogenic Vibrio parahaemolyticus has

probably been the arrival, dissemination and establish-

ment of the O3:K6 clone populations along the Pacific

Coast of South America since 1997. DNA restriction pat-

terns of O3:K6 strains isolated in Peru and Chile have

shown profiles closely related to strains from Asian

countries obtained from the first epidemic radiation of

the group in 1996–1997 (Gonzalez-Escalona et al. 2005;

Martinez-Urtaza et al. 2008). Similar relationships were

obtained through MLST using seven housekeeping

genes (Gonzalez-Escalona et al. 2008). However, the

high uniformity of restriction patterns and sequence

types presented serious limitations in inferring the pop-

ulation sources and the origins of the invasive strains.

The use of the number of tandem repeats of microsat-

ellite motifs has provided higher resolution for detect-

ing genetic diversity among the uniform populations of

O3:K6 strains (Kimura et al. 2008). MLVA analysis

applied in this study showed a highly variable number

of VNTR profiles with only two groups, each one com-

prised of two strains with identical allele profiles.

Strains from Peru and Chile showed proximity to the

different complexes inferred by the MST with differ-

ences involving a reduced number of repeat changes,

which suggests a short evolutionary history and a

recent differentiation. The compact clustering of the

South American populations contrasts with the disper-

sion of the strains from Asia, which showed high

diverse RT, in some cases, genetically distant from

Peruvian and Chilean strains. The dispersion and domi-

nance of multiple changes affecting the Asian subpopu-

lations should be strongly influenced by the limited

number of representative strains from this area, which

should result in the absence of intermediary genotypes.

Evolutionary dynamics and mutations of microsatel-

lite loci have had a substantial impact on estimations of

population structure and levels of gene diversity.

Although the patterns of microsatellite mutations are

extremely complex (Primmer & Ellegren 1998; Brohede

& Ellegren 1999), SMM seems to account for most of

the observed patterns of microsatellite evolution (Es-

toup et al. 1995; Balloux & Lugon-Moulin 2002; Dett-

man & Taylor 2004), especially when short DNA repeat

motifs are selected (Estoup et al. 1995). The evaluation

of the SMM in the allelic changes observed in selected

VNTR of the pandemic V. parahaemolyticus identified

71% of the allelic changes related through differences

in one repeat. This value is close to the 64%, 75% and

81% observed in Mycobacterium tuberculosis (Wirth et al.

2008), Escherichia coli (Vogler et al. 2006) and yeast (Wie-

rdl et al. 1997) VNTRs, respectively, and supports the



Fig. 4 Maps showing the polewards movement of warm waters from Peru to the south of Chile over the final months of 2003 and

the beginning of 2004 and the parallel emergence of infection in different regions of Chile reported by the Ministry of Health on 15

January, 2004. Remote sensing imagery was constructed using 4 –km, 10-day composite SST fields obtained from night-time MODIS

satellite passes. Infrared SST retrievals require cloud-free pixels but greatly improve coverage in coastal zones.
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dominance of the SMM in the generation of variations

in VNTR loci.

The resolution of the population structure is substan-

tially affected by evolutionary convergence generated

by homoplastic events, which may result in a misinter-

pretation of the genetic relationships among the

V. parahaemolyticus strains resulting from the popula-

tion structure inference. Homoplasy is inherent in mi-

crosatellite markers (Dettman & Taylor 2004) and is

expected under SMM (Estoup et al. 1995); however, the

values of homoplasy estimated for the populations of

pandemic V. parahaemolyticus suggest that the inferred

links between genotypes should not be seriously

affected by homoplastic noise. A low value of homo-

plasy should also be consistent with the existence of a

small effective population (Estoup et al. 1995; Dettman
& Taylor 2004), as well as by the relatively short evolu-

tionary history of the pandemic clone, leaving a

reduced time for the evolutionary reversals or conver-

gent mutations resulting in homoplasy (Pearson et al.

2009).

The population partitioning obtained by the MST and

Bayesian analysis has been consistent with the epidemic

spreading of the O3:K6 clone in South America, clearly

reflecting two epidemic radiations involving specimens

with a marked difference in genetic diversity and allele

dominance. The first radiation has been linked to the

arrival of genetically diverse specimens to Peru and to

northern Chile with genotypes closely related to Asian

strains. The second, less diverse group, cluster B, com-

prised strains exclusively from South America, with no

genetic links to Asian strains. Both clusters were con-
� 2010 Blackwell Publishing Ltd
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nected in the MST by an intermediary group composed

of four strains, which were included in cluster B by

Structure. These strains showed a hybrid VNTR profile

with four alleles distinctive to group B and three VNTR

types characteristic of group A. However, no hybrid

populations were detected among the population parti-

tioning inferred by Structure, which suggests the simul-

taneous arrival of two independent groups in South

America in 1997. From the time of their arrival, both

clusters showed a differentiated evolutionary history,

with the group A dominating at the onset until its

decline in 2001, when group B initiated its principle

radiation in Peru and its subsequent propagation to

Chile in 2004.

Biological invasions of Vibrio populations can be medi-

ated by human activities such as ballast water discharges,

or induced by natural events such as the movement of

oceanic waters. In either case, the propagule pressure, or

number of dispersing specimens, and the genetic charac-

teristics of the invading populations should be substan-

tially different. Discharge of ballast waters should be

related to a low propagule pressure or introductory

effort: a unique introduction event of reduced genetic

variation with low chances of success of establishment in

the invading area (Lockwood et al. 2005). Ballast water-

mediated invasions have been proposed for the entrance

of O3:K6 strains into Texas in 1998 (Daniels et al. 2000)

and A Coruña, Spain, in 2004 (Martinez-Urtaza et al.

2005). In both episodes, infections caused a unique epi-

demic outbreak in areas close to ports, although strains

belonging to the O3:K6 clone were never detected in clin-

ical cases or in the environment after the outbreaks

(DePaola et al. 2000; Rodriguez-Castro et al. 2010). These

observations support the theory that ballast-associated

pathogen transport may usher transient populations of

V. parahaemolyticus into an area, rather than establish

long-term populations of pathogenic strains.

By contrast, the O3:K6 subpopulation arriving in Peru

in 1997 showed an extraordinary genetic diversity,

including specimens from multiple genetically distinct

sources. This admixture represents clear support for an

invasion mediated by an event of even higher magni-

tude than a single ballast water discharge. The El Niño

phenomenon is characterized by the arrival of equato-

rial warm waters in a sequence of invasive waves that,

in 1997, affected the coast for more than 6 months. The

repetitive invasion of tropical masses of water may have

resulted in a recurrent source of V. parahaemolyticus

populations that may produce an invasion process char-

acterized by a high propagule size in a single event or

during a number of discrete invasion events. Addition-

ally, the chance of success of a biological invasion posi-

tively correlates with the level of ecological disturbance

of the invaded environment (Crawley 1986; D’Antonio
� 2010 Blackwell Publishing Ltd
et al. 2001; Lockwood et al. 2005). The arrival of El Niño

waters in South America causes a general disruption of

the environmental conditions of coastal areas, displacing

the native species southwards. Under these exceptional

conditions, nonnative populations of V. parahaemolyticus

arriving in Peru may have found suitable conditions for

success in their establishment. The restoration of cold

waters in the area may have begun the retreat of O3:K6

populations towards tropical areas located in northern

Peru, where they remain endemic to date (Martinez-Urt-

aza, personal communication).

The interpretation of these results provides novel

information about the uncertain origin of the epidemic

radiation of the O3:K6 clone in southern Chile. Strains

from the epidemic radiation O3:K6 in the austral

regions of Chile showed genotypes unrelated to Chilean

O3:K6 strains from Antofagasta. According to these

results, strains from Puerto Montt may have originated

from an invasion of specimens belonging to cluster B

from areas of the natural occurrence of O3:K6 strains in

Peru. The Chilean coast is influenced by the highly pro-

ductive Humboldt Current, which flows northwards

along the west coast of South America ushering in low

saline cold waters (Montecino & Lange 2009) and limit-

ing the hypothetical biological transport from Peru to

Chile. However, the Peru-Chile Countercurrent has

been described in the area as a conduit for transporting

equatorial warm waters in the surface layers from

Northern Peru (8�S) to 30�S in Chile and occasionally to

40�S (Strub et al. 1995). The analysis of the surface sea-

water temperature data obtained by satellite in the days

leading up to the emergence of infections in Chile in

2004 showed a polewards progression of warm waters

from the south of Peru towards Chile that crossed the

southern boundary of 40�S and reached Puerto Montt

some days before the onset of infections. This specific

pattern of spreading suggests a coastal dispersion of the

aetiological agent of the infections from north to south

in phase with the displacement of the warm waters.

The Peru-Chile Countercurrent has been identified as a

reliable vehicle for the transport of subtropical zoo-

plankton species to Chilean areas located to the south

of Puerto Montt (Hirakawa 1989).

The study of the arrival of the O3:K6 clone on the

Pacific coasts of South America from a perspective of

biological invasion has provided new information link-

ing the origin of the invasion to Asian populations and

has described the successful establishment of the O3:K6

subpopulations, first in Peru and subsequently in Chile,

through population radiation of the Peruvian subpopu-

lation. The results obtained in this study stress the

importance of the analysis of population genetics for

inferring the dynamics of disease and the propagation

potential of environmental pathogens.
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