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Thirty single-nucleotide polymorphisms were used to
track the spread of the seventh pandemic caused by Vibrio
cholerae. Isolates from the 1991 epidemic in Latin America
shared a profile with 1970s isolates from Africa, suggesting
a possible origin in Africa. Data also showed that the ob-
served genotypes spread easily and widely.

he seventh cholera pandemic began in 1961, and by

1966, it had affected most of Asia. Cholera incidence
then decreased slightly until 1971, when an upsurge was
observed in Africa and Europe, which had been free of
cholera for >100 years (1). Cholera rates remained rela-
tively low during the 1980s, with the disease confined to
Asia and Africa. However, 2 major cholera outbreaks ap-
peared in the 1990s: first, a resurgence of cholera in Africa,
and, second, outbreaks that started in Peru became the first
cholera epidemic in Latin America since 1895 (2). In addi-
tion, a novel serotype caused major outbreaks on the Indian
subcontinent in 1992. That strain was referred to as O139
Bengal and was later shown to be a variant of the seventh
pandemic clone with its replacement of the O antigen (1).
Pulsed-field gel electrophoresis (3), amplified fragment
length polymorphism analysis (4), and ribotyping (1) have
been applied to seventh pandemic isolates but did not fully
resolve the relationships of the various outbreaks. In this
study, we used genome-wide single-nucleotide polymor-
phisms (SNPs) to track the evolution and spread of the sev-
enth cholera pandemic, including the O139 Bengal strain.

The Study
The availability of complete genome sequences of
a pre—seventh pandemic isolate, M66-2 (5), a seventh
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pandemic isolate, N16961 (6), and the partial genome
sequence of an O139 Bengal isolate, MO10 (7), enabled
identification and use of SNPs as evolutionary markers in
Vibrio cholerae. A set of 18 SNPs was chosen from 125
N16961 SNPs (5) and 12 SNPs selected from 59 iden-
tified by comparison of the N16961 and MO10 genome
sequences. The SNPs selected were mostly from genes
with known function and were distributed throughout the
2 chromosomes for the N16961 SNPs and the large chro-
mosome for the MO10 SNPs. We have previously shown
that recombinant regions could be identified by the differ-
ences in distribution of SNPs in such regions (5); for this
study, only mutational SNPs were selected.

The 30 SNPs (online Technical Appendix, www.
cdc.gov/EID/content/16/7/1130-Techapp.pdf) were used
to type a collection of 64 seventh pandemic V. cholerae
isolates. SNPs were detected by using hairpin primer real-
time PCR. SNP data for 3 complete V. cholerae genomes
(M66-2, N16961, MJ-1236) and 4 partially sequenced ge-
nomes (MO10, RC9, B33, CIRS 101) (7) were obtained
from the National Center for Biotechnology Information
(Rockville, MD, USA) and included in the analysis. The
71 isolates were divided into 10 SNP profiles by using
the 30 SNPs (online Appendix Table, www.cdc.gov/EID/
content/16/7/1130-appT.htm). Three profiles were repre-
sented by 1 isolate only, whereas the remaining profiles
contained 4—17 isolates. The Simpson index of diversity
for all SNPs combined was 0.929.

A maximum-parsimony tree (Figure) was constructed
to show the relationships of the SNP profiles. The tree was
fully resolved with no reverse or parallel changes in the
seventh pandemic isolates. The pre-seventh pandemic
strains were used as an outgroup and placed at the base of
the tree. Six groups could be distinguished, with each group
containing SNP profiles differing by no more than 1 SNP.
The ladderized tree shows the stepwise evolution of the
SNP profiles and groups. Group I at the bottom of the tree
originated in Indonesia in 1961. It contains mostly isolates
from Asia from the 1960s but continued to be isolated in
Southeast Asia. The other groups evolved sequentially.
Group II contains isolates from Africa from the 1970s to
the 1990s and all 4 isolates from Latin America; group
III contains earlier 1970s isolates from Asia and 1980s
isolates from Africa; group IV contains late 1970s and
1980s isolates from Asia only; while group V contains
1990s isolates from Asia and Africa. Group VI contains
only 0139 isolates with the same SNP profile.

Conclusions

The presence of isolates from Africa in 3 groups can be
explained by multiple introductions of cholera into Africa
from cholera-endemic regions in Asia. The isolates in the
first introduction in the 1970s shared a single origin (group
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IT). However, during the late 1980s and early 1990s, chol-
era outbreaks appeared to be caused by strains from 3 re-
lated sources. The first source came from group II, which
was already established in Aftrica, and the second and third
sources came from groups Il and V in Asia. Because both
groups were supported by multiple SNPs, it is less likely
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Figure. Maximum parsimony tree of 68 seventh cholera pandemic
and 3 pre—seventh cholera pandemic isolates. The tree was based
on 18 N16961 seventh pandemic single-nucleotide polymorphisms
(SNPs) and 12 MO10 O139 SNPs. The 3 pre—seventh pandemic
isolates were used as an outgroup. Each strain name is followed by
the year and location of isolation. All 15 O139 isolates had the same
SNP profile and are shown as group VI. The numbers on each node
represent the number of supporting SNPs. M821 and M819 from
France and Germany are likely imported from either Africa or Asia.
SNP data for the following isolates were obtained from GenBank:
accession nos. RC9, ACHX00000000; MJ-1236, CP001385/
CP001486; B33, ACHzZ00000000; CIRS 101, ACVA00000000;
MO10,AAKF00000000; N16961, AE003852; and M66—-2, CP001233.
Scale bar indicates number of nucleotide substitutions.
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that the 1970s isolates from Africa and Asia evolved in
parallel to fall into the same groups. Additionally, B33 in
Group V carries a classical CTX prophage (8), which indi-
cates that this strain likely originated in Asia.

The cholera epidemic in Latin America was originally
suspected to have come from Asia and to have been facili-
tated by the discharge of contaminated ballast water into
Peruvian ports by international trade ships (2). However,
the isolates from Latin America analyzed in this study were
closely related to isolates found in Africa in the 1970s and
1990s. Four isolates, 2 from Peru and 1 each from Brazil
and French Guiana, had an SNP profile identical to the 12
isolates from Africa that originated during that period. No
isolates from Asia fell into this group. This finding suggests
that the strain that caused the epidemic in Latin America
came from Africa rather than Asia.

The outbreak in Peru occurred in parallel with the
upsurge of cholera generally in Africa (1) and could have
been imported at that time. However, the epidemic strain
may have reached Latin America well before it caused the
epidemic in 1990s, given the ability of the organism to per-
sist in the marine environment for long periods (2). The
strain could have been brought into the region during the
mass migration from Africa to Latin America in the 1970s
(9). The isolates from Latin America differ by 1 locus from
the other seventh pandemic strains (Asia and Africa) by
multilocus enzyme electrophoresis (10) and also differ in
the Vibrio spp. seventh pandemic island-II gene cluster
(11), which suggests that further evolution occurred after
the strain separated from its likely ancestral strain from Af-
rica and supports this latter scenario. The epidemic strain
in Latin America could not have originated from the 1990s
isolates from Asia in Groups III-V because they arose later
than Group II isolates. However, a 1970s lineage in Asia
that spread to Africa may have remained in Asia until the
1990s but was not represented in the isolates sampled. Fur-
ther investigation is needed to resolve this hypothesis. Fur-
thermore, although the SNP profiles of the isolates from
Africa and Latin America are identical, they may have
diverged substantially because the SNPs used can only
determine node positions but not branch length caused by
phylogenetic discovery bias (12).

Our SNP data clearly show that O139 Bengal was a de-
rivative of the seventh pandemic, as previously suggested
(13). Nine of the 12 0139 SNPs can now be seen to have
arisen in its O1 precursor strain because they were present
in seventh pandemic isolates as early as 1979 (online Tech-
nical Appendix). These SNPs also resolved the relation-
ships of Groups IV-V. Some studies have suggested that
the O139 variant may have multiple origins (14). However,
our results suggest that these O139 isolates from the then
new epidemic have a single origin, which is consistent with
earlier ribotyping data (15).
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Our data show each of the groups/genotypes spread
easily and widely to multiple countries or regions. This
finding suggests that cholera epidemics or upsurges, which
often occurred at the same time in many countries, were
caused by the spread of newly arisen genotypes. Addition-
ally, a genotype can also persist for long periods. Thus, in
cholera-endemic regions such as Southeast Asia and Afri-
ca, cholera can be caused not only by an endemic genotype,
but also by new epidemic genotypes. This finding is useful
for control of cholera epidemics.
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Appendix Table. Single nucleotide polymorphism profiles of 71 isolates of pandemic Vibrio cholerae*

SNP N16961 SNPst* MO10 SNPst

profile VC VC VC VC VC VC VC Vvca VC VC VC VC VC vca vca VC VC Ve VC VC VC VC VC VC VC VC VC VC VC VC
Grou (no. 067 083 083 098 108 109 124 094 204 208 209 267 196 024 107 032 157 189 236 256 187 095 108 186 207 131 000 084 170 259

p isolates) 2 5 7 7 8 1 8 6 6 0 1 4 7 7 3 9 9 8 3 2 7 9 2 5 7 8 8 7 7 9
Pre- 1 (2) T A G C A C C T G C G G A C C C C G A C C C C C A G G G C
7th 2 (1) T A G C A C C T G Cc G G A Cc C Cc C A A Cc C Cc C T C A G G G Cc
| 3 (1) G G A T T T T C A T T A A C C C C G A C C C C T C A G G G C
4 (13) G G A T T T T (5 A T T A T Cc C Cc C G A Cc C Cc C T C A G G G Cc

Il 5 (17) G G A T T T T C A T T A T T T C C G A C C C C T C A G G G C
] 6 (7) G G A T T T T © A T T A T T T T T A A C C C C T C A G G G C
\ 7 (7) G G A T T T T C A T T A T T T T T A G T A T T T C A G G G C
\Y 8 (1) G G A T T T T © A T T A T T T T T A G T A T T G T T G G G C
9 (7) G G A T T T T C A T T A T T T T T A G T A T T G T T A G G C

A T T T T © A T T A T T T T T A G T A T T G T T A A A T

Vi 10(15) & ©

*SNP, single-nucleotide polymorphism. Complete details for each strain and SNP profile can be found in the online Technical Appendix (www.cdc.gov/EID/content/16/7/1130-Techapp.pdf). SNP data for 7 isolates were obtained
from GenBank (accession nos. RC9- ACHX00000000, MJ-1236- CP001385/CP001486, B33-ACHZ00000000, CIRS 101-ACVA00000000, MO10- AAKFO0000000, N16961-AE003852, M66-2-CP001233).

TSNPs were selected from a comparison of N16961 with M66-2, and N16961 with MO10. The exact location of each SNP can be found in the online Technical Appendix. SNP mutations are shaded; ancestral SNPs have been
left unshaded. The SNPs are grouped in the order in which the mutations are inferred to have occurred.
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Evolution of Seventh Cholera Pandemic
and Origin of 1991 Epidemic, Latin America

Technical Appendix

Methods

Primers and Location of Single Nucleotide Polymorphisms studied

The detection of each single nucleotide polymorphism (SNP) required 2 forward primers.
The first forward primer contained the SNP of the seventh pandemic at the 3'end, while the
second primer contained the SNP of either MO10 O139 Bengal or M66-2 pre—seventh pandemic.
A complementary tail was added to the 5’end of each forward primer to form a hairpin structure.
Alterations to the original primer sequence were also made to facilitate the folding of the primer
into a hairpin structure. Table A-1 and Table A-2 contain the name, location, forward and reverse

primer for each SNP. The same reverse primer was used for each pair of SNP reactions.

Hairpin Real-Time PCR (HP RT-PCR)

All RT-PCRs were carried out in a Rotor-Gene 6000 instrument (Corbett Life Science,
Mortlake, New South Wales, Australia) with a 72-well rotor disk. Each RT-PCR reaction
consisted of 100 ng DNA, 2.5 umol each of forward and reverse primers and 5 pL
SensiMixPlus SYBR Green (Quantace, Alexandria, New South Wales, Australia) (includes 2%
Mix containing reaction buffer), Heat- Activated Taq DNA polymerase, ANTPs 6 mM MgCI2,
SYBR Green 1. MilliQ water was added to adjust the final volume to 10 puL. The thermal cycling
conditions were set up as follows: stage 1, 95°C for 10 min to activate Taq polymerase, stage 2,
95°C for 15 s, 69°C for 30 s, repeated 10 x followed by stage 3, 95°C for 15 s, 60°C for 30 s,
repeated 40 x. On completion of each run, data were collected and analyzed with Rotor-Gene
operating software v1.7.87 (Corbett Life Science). The fluorescent signal for each reaction was
measured at the end of each cycle and plotted on a fluorescence curve. The cycle threshold (Ct)

was set across the amplification curves during the exponential fluorescence phase.
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Table A-1: Name, location and primers of 7th cholera pandemic and pre—7th pandemic single-nucleotide polymorphisms*

Locus Gene Annotation Location in 7th Pandemic M66-2 Reverse primer (5'> 3')
N16961 Forward primer (5'— 3') SNP Forward primer (5'>3" SNP
Large chromosome
vc0329 rpoC DNA-directed RNA polymerase, beta 393808 atctttaccTGTCCTGCAGCAGGTAAAGAT T gtctttaccTGTCCTGCAGCAGGTAAAGAC C GAAGTATTGAGCTGGCATGTC
subunit
vc0672 ptsP Phosphoenolpyruvate-protein 765286 ttctctacCGCCTTGGCAGTAGAGAA A ctctctacCGCCTTGGCAGTAGAGAG G TCCCCATCGAGCTTTTTA
phosphotransferase
vc0835 tepT Toxin co-regulated pilus biosynthesis 943582 caaacattAGCCGACGCGCTAATGTTTG G aaaacattAGCCGACGCGCTAATGTTTT T TGAGGTAGTTTTCGGTTCCACG
protein T
vc0837 tcpF Toxin co-regulated pilus biosynthesis 946533 ccactagGAACCATATCAGCCTAGTGG G tcactagGAACCATATCAGCCTAGTGA A GTATTTGACCACTTGTAACCAT
protein F
vc0987 hemH Ferrochelatase 1099038 ttgcagcGAGGAAGAGTGGCTGCAA A ctgcagcGAGGAAGAGTGGCTGCAG G TTTTAATGCCTTGGCGAG
vcl088 Sensor histidine kinase 1202761 agacaaAGCACTCGGGTGCCTTGTCT T ggacaaAGCACTCGGGTGCCTTGTCC C GCCTACAGCAGCATCAAAAAAT
vcl091 OppA Oligopeptide ABC transporter, periplasmic 1206798 agcggtATTCCGGAAATCACCGCT T tgcggtATTCCGGAAATCACCGCA A CTTCGCTTCTGCAATACGCTCT
oligopeptide-binding protein
vcl248 Methyl-accepting chemotaxis protein 1435093 aacgctcAACCTATCATAACGAGCGTT T gacgctcAACCTATCATAACGAGCGTC C GGCTCAGGCATGTTGTTGG
vcl579 Enterobactin synthetase component F- 1770713 atcaccatcTGCCGTTAATTGATGGTGAT T gtcaccatcTGCCGTTAATTGATGGTGAC C TGCTTGTTTATATGTTGTGCCT
related protein
vcl898 Methyl-accepting chemotaxis protein 2128112 aatgatCAGTTTTGCGCTGATCATT T gatgatCAGTTTTGCGCTGATCATC C AATGCAGCGGTTGAAACACT
vcl967 Methyl-accepting chemotaxis protein 2201875 tgtttctt GCATCAACAATCAAGAAACA A cgtttctt GCATCAACAATCAAGAAACG G ACTTGCGTTGCTTTATCGTAGG
vc2046 Conserved hypothetical protein 2287749 aagcttGTGGCCAGTGCAAAGCTT T gagctttGTGGCCAGTGCAAAGCTC C AACCTTGAGTATCCTGTGG
vc2080 Transcriptional regulator, AraC/XylIS family 2322891 agctcttATCTCCATCCGAGTTAAGAGCT T CYCtcttATCTCCATCCGAGTTAAGAGCG G GCATTATCTAACGACGGA
vc2091 sdhC Succinate dehydrogenase, cytochrome 2336169 actctcCTGACAGGTGAGGAGAGT T tctctcCTGACAGGTGAGGAGAGA A CAGCAATCGCATCCATCCT
b556 subunit
vc2674 hslu Protease HsIVU, ATPase subunit HslU 2927259 tgccttTAACCTTGATGAAAGGCA A CcgccttTAACCTTGATGAAAGGCG G TGTTGAAGTGACCCCGAAA
Small chromosome
vca0247 Transcriptional regulator, DeoR family 302905 actttgcGATACAATCGAGCGCAAAGT T gctitgcGATACAATCGAGCGCAAAGC C TCGGTTAGCCCTTTGCCAGA
vca0946 malK Maltose/maltodextrin ABC transporter, ATP- 830773 gccgctaGAACCGTCCAATAGCGGC C accgctaGAACCGTCCAATAGCGGT T GTCGTACAAATTGAGGTGCGGG
binding protein
vcal073 Bifunctional protein putA 956775 agtgtgCGATGCAGATGTGGCACACT T ggtgtgCGATGCAGATGTGGCACACC C ACTGCGTGTGCTGTTTGT

*SNP, single nucleotide polymorphism. Nucleotides in lower case indicate a complementary tail which was added to the primer to form a hairpin structure.
Bold and italic nucleotides indicate that a deliberate change has been made to the sequence to facilitate the folding of the primer into a hairpin structure.
Bold and underlined nucleotides indicate the corresponding SNP of either the 7th pandemic or M-662.
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Table A-2: Name, location and primers of the Vibrio cholerae 0139 MO10 single-nucleotide polymorphisms*

Locus Gene Annotation Location in 7th pandemic MO10 Reverse primer (5'>3")
N16961 Forward primer (5'>3") SNP Forward primer (5'>3") SNP
vc0008 Amino acid ABC transporter ATP binding protein 5414 cgataccCGGTATGTTTTTGGGTATCG G tgataccCGGTATGTTTTTGGGTATCA A GCGTGAACTTTCTTGAGC
vc0847 Phage family integrase 913179 caacagcCTTGCCGTTTGGCTGTTG G taacagcCTTGCCGTTTGGCTGTTA A GCCATCGTGATTTTATTT
vc0959 Haemolysin (putative) 1024406 gccgaaAGTTCTTGGCGATCTTTCGGC Cc accgaaAGTTCTTGGCGATCTTTCGGT T GGTCCGAGTAGAAAGTCC
vc1082 Hypothetical protein 1149897 ggccttCTTCTGGTTGAGAAGGCC C agccttCTTCTGGTTGAGAAGGCT T AGATGGGCAAATACCTTA
vcl318 ompV outer membrane protein OmpV 1401874 tggcaaCAATATCGCCTGTGTTGCCA A aggcaaCAATATCGCCTGTGTTGCCT T TACCAGCAAGGGCACAATCA
vcl707 Hypothetical protein 1838824 cgtttggaACTGTCACATTCCAAACG G tgtttggaACTGTCACATTCCAAACA A AAACTTCGATAGCGTGAT
vc1865 Hypothetical protein 2005889 accagcAATTTAACTTGCGCTGGT T cccagcAATTTAACTTGCGCTGGG G CCCGCACCCAAGGCAAGC
vcl877 1pxk Tetra-acyldisaccharide 4'-kinase 2021732 gtcgtgGATGTTACCCACCACGAC C ttcgtgGATGTTACCCACCACGAA A TATCAAACGGGCGACAAA
vc2077 Ferrous iron transport protein B 2234253 gcacacCCTCTGCATCAGGTGTGC Cc acacacCCTCTGCATCAGGTGTGT T AAAGAAGCGGTTGTGGGG
vc2362 Threonine Synthetase 2518900 ttttttc CGATTGTGCCGGAAAAAA A ctttttc CGATTGTGCCGGAAAAAG G GGTCAAGCCGTTCGCCAA
vc2562 cpdB Bi-functional 2' 3'- cyclic nucleotide 2'- 2744542 gtgtaccttGCGATCATCAAGGTACAC C atgtaccttGCGATCATCAAGGTACAT T ACATCACGTCGTTCGCTT
phosphodiesterase/3' nucleotidase periplasmic
precursor protein
vc2599 Ribonuclease R 2766113 gtgaagGCTTGCTACGGCCTTCAC C atgaagGCTTGCTACGGCCTTCAT T CACCAACGAAATCAGAGT

*SNP, single nucleotide polymorphism. Nucleotides in lower case indicate a complementary tail which was added to the primer to form a hairpin structure.

Bold and italic nucleotides indicate that a deliberate change has been made to the sequence to facilitate the folding of the primer into a hairpin structure. Bold and underlined nucleotides indicate the corresponding SNP of either the 7th pandemic or MO10.

Table A-3: Single-nucleotide polymorphism (SNP) profiles of 71 isolates of pandemic Vibrio cholerae

N16961 SNPs MO10 SNPs
Group SNP Isolate Year Location © ~ .
profile N B 5 3 &8 23 2 3 £ 8 3 ¥ v ¥ 5 23R ZIGE ¥ KRB Y 8 K I 8 5 5 2
[{) 0] 0] (2] o o N o o o o (o] (o] o — ™ n [ee] [$2] n [e0) (2] o [e0) o ™ o [o0) M~ Lo
2 8 8 8@ © Y ©° &8 © O ¢© O Y9 ®8 ®© Q@ Q9 /9 O Y Q@ ©° 9 ¢ ©v B @ v 9
(8] o (8]
> > > > > > > s > > > > > s s > > > > > > > > > > > > > > >
Pre-7th 1 M66-2t 1937 Indonesia T A G C A C C T G C G G A C C C C G A C C C C T C A G G G C
M543 1938 Iraq T A G C A C C T G C G G A C C C C G A C C C C T C A G G G C
2 M640 1954 Egypt T A G C A C C T G C G G A C C C C A A C C C C T C A G G G C
| 3 M793 1961  Indonesia G G A T T T T C A T T A A C C C C G A C C C C T C A G G G C
4 M686 1968 Thailand G G A T T T T C A T T A T C C C C G A C C C C T C A G G G C
M799 1989 HongKong G G A T T T T C A T T A T C C C C G A C C C C T C A G G G C
M803 1961 HongKong G G A T T T T C A T T A T C C C C G A C C C C T C A G G G C
M804 1962 India G G A T T T T C A T T A T C C C C G A C C C C T C A G G G C
M805 1963 Cambodia G G A T T T T C A T T A T C C C C G A C C C C T C A G G G C
M806 1964 India G G A T T T T Cc A T T A T C Cc Cc Cc G A C c c C T C A G G G C
M807 1966 Vietnam G G A T T T T Cc A T T A T C C C C G A C C C C T C A G G G C
mM808 1969 Vietnam G G A T T T T C A T T A T c Cc Cc Cc G A C C C C T C A G G G C
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M824 1987 Algeria G G C
MJ12361 1994 Bangladesh G G C
CIRS101 2002 Bangladesh G G C

T
B33t 2004 Mozambiqu G G C
e
m827 1990 Guinea
M828 1991 Morrocco
VI 10 M834 1993 Bangladesh

M833 1993 Bangladesh

M985 1992 India

Mmo87 1992 India

M989 1993 India

M988 1993 Bangladesh

M986 1992 India

M984 1992 India

M835 1993 Bangladesh

M537 1993 India

M540 1993 India

M542 1993 Bangladesh

M545 1993 India

M831 1993 Bangladesh

MO10t 1992 India

§ SNPs were selected from comparison between N16961 with M66-2 ,and N16961 with MO10. SNP mutations are shaded in blue, ancestral SNPs have been left unshaded. The SNPs are grouped in the order in which the mutations are inferred to have occurred. Horizontal

lines separate indivdual SNP profiles
T SNP data for these isolates was obtained from GenBank.(accession nos: RC9- ACHX00000000, MJ-1236- CP001385/CP001486, B33- ACHZ00000000, CIRS 101- ACVA00000000, MO10- AAKF00000000, N16961- AE003852, M66-2- CP001233)
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