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Introduction

Vibrio cholerae serogroup O1 strains have been classified

into two biotypes, classical and El Tor, based on their

microbiological characteristics [10]. Strains belonging to

each biotype contain biotype-specific cholera toxin phage

(CTX), and thus produce biotype-specific cholera toxin

(CT). CTX-cla contains ctxBcla (ctxB1), whereas CTX-1

contains ctxBEl Tor (ctxB3). The two cholera toxin types are

distinguished by two amino acids difference (39th and 68th

position) in the binding subunit (B subunit). 

Classical biotype strains have been considered responsible

for the first six cholera pandemics from the early 19th

century [5, 10]. Although various CTX arrays were suspected

in classical strains, two most studied classical biotype

strains (O395 and 569B) contained a TLC (toxin linked

cryptic):truncCTX-cla:CTX-cla on chromosome 1 and a solitary

CTX-cla on chromosome 2 [1]. 

El Tor biotype strains that have caused the current 7th

cholera pandemic are divided into several subgroups

(Waves) by variations in the genome and the CTX phages

they harbor [16]. Wave 1 strains, which had been prevalent

worldwide from the beginning of the 7th cholera pandemic

(early 1960s) to the 1990s, contain CTX-1 (CTXEl Tor) on

chromosome 1, frequently together with a satellite phage,

RS1. Generally, the Wave 1 strains do not contain any

element on chromosome 2. Various CTX-1 and RS1 arrays,

such as TLC:CTX-1:RS1, TLC:RS1:CTX-1:RS1, and TLC:CTX-

1:CTX-1:RS1, have been identified in the Wave 1 strains [7].

From the early 1990s, atypical El Tor strains that produce

classical CT have emerged from the Ganges Delta area and

have replaced the Wave 1 strains globally [11]. The Wave 1

strains have not been isolated, at least clinically, since the

late 1990s. Atypical El Tor strains have been categorized

into two main groups, Wave 2 and Wave 3 El Tor strains.

Wave 2 strains typically contain a tandem repeat of CTX-2

on chromosome 2, and various arrays of CTX-1 and RS1 on

chromosome 1 [13]. A genetic mechanism of the generation

of Wave 2 strains from a Wave 1 strain, the acquisition of

CTX-2 and gradual loss of CTX-1 and RS1, has been

suggested [11, 12]. 

A TLC:RS1:CTX array has been identified in most Wave 3

Received: July 8, 2016

Revised: August 29, 2016

Accepted: August 30, 2016

First published online

September 2, 2016

*Corresponding author

Phone: +82-31-400-5806;

Fax: +82-31-400-5958;

E-mail: dongwook@hanyang.ac.kr

†These authors contributed 

equally to this work.

pISSN 1017-7825, eISSN 1738-8872

Copyright© 2016 by

The Korean Society for Microbiology 

and Biotechnology

Vibrio cholerae O1 serogroup Wave 3 El Tor strains are presently prevalent worldwide. The

Wave 3 El Tor strains contain a TLC:RS1:CTX array on chromosome 1, and no element is

integrated on chromosome 2. A multiplex PCR optimized to identify the TLC:RS1:CTX array

of Wave 3 strains has been developed in this study. By using eight primers, the multiplex PCR

can identify the characteristic CTX and RS1 array of Wave 3 strains from various arrays of

strains belonging to other Waves. The four amplified DNA fragments of Wave 3 strains have

been cloned in a vector, which could be used as a positive control for the multiplex PCR. This

multiplex PCR and the positive control set could be useful tools for rapid recognition of Wave

3 El Tor strains. 
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strains [19]. The CTX phages in the Wave 3 strains are

distinguished from CTX-1 in Wave 1 strains mainly by

ctxB; however, detailed sequence analysis showed that the

CTX phages in the Wave 3 strains have been generated by

homologous recombination between CTX-1 and RS1 [12].

CTX-3-CTX-6, depending on the recombination position,

have been recognized among the Wave 3 strains. From

2006, variants of Wave 3 strains that contained a new type

of ctxB, ctxB7, have been spreading globally [3, 11]. At least

two new variant CTX phages (CTX-3b and CTX-6b) that

contained ctxB7 have been noticed. Recent surveillance

data showed that the strains containing ctxB7 have replaced

strains with ctxB1 in India and other regions [11, 18, 24]. 

The global V. cholerae population seems to have changed

regularly at 20- to 30-year intervals [11]. Wave 3 El Tor

strains are prevailing worldwide, and a rapid and simple

test to discriminate the Wave 3 strains from others is

necessary to monitor the spread of Wave 3 strains and

potential population changes of V. cholerae. A mismatch-

amplification mutation PCR assay (MAMA-PCR) and the

double-mismatch-amplification mutation PCR assay

(DMAMA-PCR) have been developed for discrimination of

ctxB1/ctxB3 and ctxB1/ctxB7, respectively [15, 18]. These

methods have been proven to be valuable tools to trace the

population changes V. cholerae [8]. However, a number of

characteristics, such as variations in CTX phage genome,

tcpA, and amount of cholera toxin production, have been

shown to vary within Wave 3 strains [8, 17], which suggest

that additional tests are required for the monitoring of

current Wave 3 strains. 

Various combinations of PCR have been developed for

determination of the CTX and RS1 array in V. cholerae

strains [2, 4, 21]. In this study, a multiplex PCR using four

pairs of primers has been developed for rapid determination

of the TLC:RS1:CTX array on chromosome 1 and no

element on chromosome 2 in the Wave 3 strains. Various

arrays of CTX and RS1 in Wave 1 and 2 El Tor strains and

classical biotype strains could be discriminated by this

multiplex PCR. The PCR products of each primer pair have

been cloned into a vector, which could be used as a positive

control. 

Materials and Methods

Bacterial Strains

Seven V. cholerae strains were recruited for evaluation of the

multiplex PCR developed in this study (Table 1). A Wave 1 El Tor

strain, N16961, contained the TLC:CTX-1:RS1 array on chromosome

1. O395, a classical strain, contained the TLC, truncated CTX-cla,

followed by an authentic CTX-cla on chromosome 1 and a solitary

CTX-cla on chromosome 2. Three Wave 2 strains that contained

different CTX array have been analyzed in this study. MG116025

contained a TLC:RS1:CTX-1:RS1 array on chromosome 1 and no

element on chromosome 2. V212-1 and B33 contained a tandem

repeat of CTX-2 on chromosome 2 in common; however, V212-1

contained the TLC:RS1:CTX-1:RS1 array on chromosome 1 and

B33 contained no element. Wave 3 El Tor strains that contained

TLC:RS1:CTX-3 (IB4122) or TLC:RS1:CTX-3b (IB5230, a clinical

isolate from the 2010 Haitian cholera outbreak) were included in

this study.

PCR Optimization 

Primers used in this study are listed in Table 2. A primer ctxAF2

was designed in this study and all other primers were previously

reported for individual PCRs [4]. The PCR was performed in a

25 μl reaction volume containing 2.5 μl of 10× reaction buffer

(20 mM Tris-HCl, pH 8.0; 100 mM KCl, 0.1 mM EDTA, 1 mM DTT,

0.5% Tween 20, 0.5% Nonidet P-40, 50% glycerol), 1.25 U Takara

Ex Taq DNA polymerase (TaKaRa Bio, Japan), 2 μl of 2.5 mM

dNTPs, 2 μl of template (bacterial colony resuspended in 200 μl of

LB, or purified plasmid DNA), 8 μl of primers (1 μl of each primer

in various concentrations), and 10.25 μl of distilled water. The

PCR condition was predenaturation at 94°C for 5 min, 30 cycles of

denaturing at 95°C for 30 sec, annealing at 63°C for 30 sec, and

elongation at 72°C for 3 min, followed by an extension at 72°C for

10 min. The annealing temperature was adjusted to 63°C from the

best result of the reactions tested at 50-65°C. The concentration of

each primer was adjusted to 10, 5, and 2.5 pmol per microliter to

optimize the reaction condition (Table 2). The MAMA-PCR, and

Table 1. V. cholerae strains used in this study.

Strains Chromosome 1 Chromosome 2 Biotype Genome sequence information

N16961 TLC:CTX-1:RS1 None Wave 1 El Tor AE003852/AE003853

O395 TLC:TruncCTX-cla:CTX-cla CTX-cla Classical CP000626/CP000627

MG116025 TLC:RS1:CTX-1:RS1 None Wave 2 El Tor ERS013135

V212-1 TLC:RS1:CTX-1:RS1 CTX-2:CTX-2 Wave 2 El Tor ERS013132

B33 No TLC, no element CTX-2:CTX-2 Wave 2 El Tor ACHZ00000000

IB4122 TLC:RS1:CTX-3 None Wave 3 El Tor ERS013264

IB5230 TLC:RS1CTX-3b None Wave 3 El Tor AELH00000000.1
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the DMAMA-PCR for discrimination of ctxB1, ctxB3, and ctxB7

were performed as described previously [15, 18].

Cloning of PCR Products

The PCR-amplified product of the individual PCRs with the

four primer sets (Ch1F/rstCR4, rstCF4/cepR, ctxAF2/Ch1R, and

Ch2F/Ch2R) of a Wave 3 strain, IB4122, were purified using a

Qiagen PCR purification spin kit (Qiagen, Germany), and cloned

into a plasmid vector by using the Qiagen PCR cloning kit

(Qiagen). These four recombinant plasmids were used as a

positive control for the multiplex PCR of Wave 3 El Tor strains. In

addition to the four fragments amplified from Wave 3 strains,

other DNA fragments amplified from various primer pairs in

diverse arrays (Ch1F/cepR, rstCF4/Ch1R, ctxAF2/rstCR4, Ch2F/

cepR, ctxAF2/Ch2R, and ctxAF2/cepR) were also cloned into the

pDrive vector. 

Results

Optimization of Multiplex PCR 

The possible amplified products from the multiplex PCR

based on the primer annealing position and the CTX/RS1

element array of each strain are listed in Table 3. Four DNA

fragments could be amplified by the combination of four

primer pairs (Ch1F/rstCR4. rstCF4/cepR, ctxAF2/Ch1R, and

Ch2F/Ch2R) from the TLC:RS1:CTX array on chromosome 1

and chromosome 2 of Wave 3 strains. Each individual PCR

was shown to produce amplified fragments [19]. 

The multiplex PCR with the initial condition (10 pmol

each primer and annealing temperature 58°C) generated

PCR products that do not coincide with the expected

results when tested with one strain belonging to each Wave

of El Tor strains (Fig. 1).

For example, five fragments (primer pairs Ch1F/cepR1,

ctxAF2/rstCR4, ctxAF2/Ch1R, rstCF4/Ch1R, and Ch2F/

Ch2R) were expected from N16961. Although three

amplified DNA bands (rstCF4/Ch1R of 630 bp, Ch2F/

Ch2R of 910 bp, and Ch1F/cepR of 3,112 bp) were clearly

Table 2. Primers used in this study.

Primer Primer sequence Amount used per reaction (25 µl) Reference 

Ch1F GACCACTCAGGCCGCTGAAAT 2.5 pmol [4]

Ch1R CCGCGCTCAAGTGGTTATCGG 5 pmol [4]

cepR1 AAACAGCAAGAAAACCCCGAG 10 pmol [4]

rstCF4 AAATCCGCAACTCAAGGCATTGA 5 pmol [4]

rstCR4 TAAGCGCCTGAACGCAGATATAAAG 5 pmol [4]

ctxAF2 CTAGGTGTAAAATTCCTTGAC 10 pmol This study

Ch2F AACAACAGGTTGCAAGAGAGCATT 5 pmol [4]

Ch2R TATTGCTTTTTTAATGGCCGTT 5 pmol [4]

Table 3. Expected PCR products from the V. cholerae strains

used in this study.

N16961 ctxAF2/Ch1R (3,884 bp)

ctxAF2/rstCR4 (3,158bp)

Ch1F/cepR1 (3,112 bp)

Ch2F/Ch2R (910 bp)

rstCF4/Ch1R (630 bp)

IB4122 Ch1F/rstCR4 (3,078 bp)

rstCF4/cepR (2,663 bp)

ctxAF2/Ch1R (1,159 bp)

Ch2F/Ch2R (910 bp)

IB5230 Ch1F/rstCR4 (3,078 bp)

rstCF4/cepR (2,663 bp)

ctxAF2/Ch1R (1,159 bp)

Ch2F/Ch2R (910 bp)

B33 ctxAF2/cepR (3,324 bp)

Ch2F/cepR (2,904 bp)

ctxAF2/Ch2R (1,330 bp)

O395 Ch2F/cepR (2,904 bp)

ctxAF2/Ch2R (1,330 bp)

ctxAF2/Ch1R (1,159 bp)

V212-1 ctxAF2/Ch1R (3,884 bp)

ctxAF2/cepR (3,324 bp)

ctxAF2/rstCR4 (3,158 bp)

Ch1F/rstCR4 (3,078 bp)

Ch2F/cepR (2,904 bp)

rstCF4/cepR (2,663 bp)

ctxAF2/Ch2R (1,330 bp)

rstCF4/Ch1R (630 bp)

MG116025 ctxAF2/Ch1R (3,885 bp)

ctxAF2rstCR4 (3,158bp)

Ch1F/rstCR4 (3,078 bp)

rstCF4/cepR (2,663 bp)

Ch2F/Ch2R (910 bp)

rstCF4/Ch1R (630 bp)
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shown, the DNA fragments expected to be amplified by

ctxAF2/rstCR4 and ctxAF2/Ch1R were not shown in the

agrose gel (Fig. 1, lane 1). Similarly, four fragments (3,078,

2,663, 1,159, and 910 bp) were expected from the Wave 3

strain (IB4122), but two bands were observed on the

agarose gel (Fig. 1, lane 2). 

The PCR condition was optimized by varying the

annealing temperature (55-65°C) and the amount of each

primer (10, 5, and 2.5 pmol) with the bacterial resuspension

as the template to generate the best results for Wave 3

strains. The final optimum reaction condition was

determined to be the annealing temperature of 63°C and

various amounts of each primer as shown in Table 2 (2.5

pmol for Ch1F, 10 pmol for cepR and ctxAF2, and 5 pmol

for other primers per 25 µl reaction), and four amplified

DNA fragments were observed from Wave 3 strains (Fig. 2).

Other strains showed differences in the agarose gel from

the expected results; however, the multiple band pattern

on the agarose gel was sufficiently diverse to discriminate

the TLC:RS1:CTX array of Wave 3 strains from other strains.

Construction of Positive Control Templates

The DNA fragments from each individual PCR of Wave 3

strains were cloned in PCR cloning system. Four PCR

amplified DNA fragments (amplified by primer pairs

Ch1F/rstCR4, rstCF4/cepR, ctxAF2/Ch1R, and Ch2F/

Ch2R) from the Wave 3 strain were cloned in the pDrive

vector (Qiagen PCR cloning kit) to develop a positive

control template for the multiplex PCR. 

To set up the positive control, a mixture of 10 ng of each

plasmid (pDrive-Ch1F/rstR4, pDrive-rstCF4/cepR, pDrive-

ctxAF2/Ch1R, and pDrive-Ch2F/Ch2R) was tested in the

multiplex PCR; however, the efficiency of amplification of

DNA fragment from each plasmid varied. Therefore, the

amount of each plasmid was adjusted to give the best

results in the multiplex PCR condition that was optimized

for the bacterial resuspension. The optimum amount of

each plasmid was determined as 5 ng for pDrive-Ch1F/

rstCR4 and pDrive-rstCF4/cepR, and 10 ng for pDrive-

ctxAF2/Ch1R and pDrive-Ch2F/Ch2R, for 25 µl multiplex

PCRs (Fig. 2, lane 1).

MAMA-PCR and DMAMA PCR 

MAMA-PCR to discriminate ctxB1 (classical ctxB) and

ctxB3 (El Tor ctxB) and DMAMA-PCR to discriminate ctxB7

and ctxB1 were applied to the V. cholerae strains [15, 18]. As

shown in Fig. 3, two PCR sets specifically amplified type-

specific ctxB. The ctxB3-specific fragment was amplified in

MAMA-PCR from the strains N16961 and MG116025, the

ctxB1-specific fragment was amplified from strains O395,

B33, and IB4122, and ctxB7 was amplified from strain

Fig. 1. Agarose gel electrophoresis of the multiplex PCR

products. 

The primer amount was adjusted at 10 pmol per reaction. Strains

N16961 (Wave 1, lane 1), IB4122 (Wave 3, lane 2), B33 (Wave 2, lane 3),

and a mixture of three strains (lane 4) were used as the template. M:

DNA size marker.

Fig. 2. Agarose gel electrophoresis of the multiplex PCR

products in the optimized condition. 

The PCR condition was optimized (described in the main text) for the

PCR amplification of the Wave 3 strains. The mixture of four

recombinant plasmids (pDrive vectors harboring each of DNA

fragments amplified from Wave 3 strains) was used as a positive

control (lane 1). Strains N16961 (Wave 1, lane 2), IB4122 (Wave 3,

Lane 3), IB5230 (Wave 3, lane 4), B33 (Wave 2, lane 5), O395 (classical

biotype strain, lane 6), V212-1 (Wave 2 strain, lane 7), and MG116025

(Wave 2, lane 8) were tested. M: DNA size marker.
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IB5230. As expected, both ctxB1- and ctxB3-specific fragments

were amplified from strain V212-1, which contained CTX-1

and CTX-2. 

Discussion

The global population of V. cholerae O1 serogroup El Tor

strains has changed at least twice since the first emergence

of prototype Wave 1 El Tor strains in the early 1960s [11,

23]. The Wave 1 strains has been replaced by Wave 2 and 3

strains in the 1990s, which could be characterized by the

change of CTX phage and the ctxB they contained. The

Wave 2 strains have diminished, while the Wave 3 strains

have remained prevalent [16]. The Wave 2 and 3 strains

have been called atypical El Tor strains, since they

produced the classical biotype cholera toxin. It is perhaps

not appropriate to describe the atypical El Tor strains as

atypical, since they have entirely replaced the prototype El

Tor strain. Therefore, a new description as Wave has been

used to distinguish the atypical strains from the prototype

El Tor strains [16, 22]. 

Diverse CTX/RS1 arrays in El Tor biotype strains have

been described; however, current Wave 3 El Tor strains

contain a simple uniform array on chromosome 1,

TLC:RS1:CTX. A multiplex PCR to determine this array has

been developed in this study by utilizing eight primers,

which showed distinct amplified DNA patterns compared

with various CTX/RS1 arrays of strains belonging to other

Waves. 

The eight primers designed in this study can amplify

virtually all the possible CTX/RS1 arrays found in

V. cholerae strains. Ch1F, Ch2F, cepR, and rstCR4 can

identify if the array on chromosomes 1 and 2 starts with

either CTX or RS1. Similarly, ctxAF2, rstCF4, Ch1R, and

Ch2R can determine if the array ends with CTX or RS1 on

chromosomes 1 and 2. The CTX:RS1, RS1:CTX, CTX:CTX,

and RS1:RS1 arrays can be determined by the primer pairs

ctxAF2/rstCR4, rstCF4/cepR, ctxAF2/cepR, and rstCF4/

rstCR4, respectively. Ch1F/Ch1R and Ch2F/Ch2R can

determine that no element is incorporated in the CTX

integration loci on chromosomes 1 and 2. The multiplex

PCR condition described in this report is optimized for the

recognition of TLC:RS1:CTX on chromosome 1 and no

element on chromosome 2. The reaction condition could be

further modified for better results for other arrays.

A number of detailed features of the CTX/RS1 array

cannot be determined by these primers. Although various

arrays can be determined by the combinations of primers

listed in this study, the multiplex PCR cannot provide

information if a particular array is repeated or present in

multiple positions. Some strains, including B33 in this

study, have lost the TLC element and Ch1F cannot be used

in these strains. Alternatively, primer Ch1F0 (GCG AGT

AAT GTT GAG CAT TTT CCT CAC) could be used to

determine the CTX array in strains that have lost the TLC

element [4].

Although the Wave 3 strains have been prevalent

worldwide during the last decade, the global V. cholerae

population may change sooner or later [11]. Multiple

genotyping methods have been developed to discriminate

the V. cholerae strains, such as MLVA, ctxB typing, and

genome sequencing [6, 9, 14, 20]. To monitor the population

change, whole-genome sequencing may be the ultimate

choice; however, a simple method is also necessary for

rapid identification. The multiplex PCR developed in this

Fig. 3. MAMA (A) and DMAMA (B) PCR assays of six

reference strains used in this study. 

(A) MAMA-PCR with a primer combination FW con/RV El for

detection of ctxB3 (lanes 1-6) and a primer combination FW con/RV

Cla for detection of ctxB1 (lanes 7-12). Amplified DNA fragment of

186 bp is shown in each strain. The strain V212-1 contained both ctxB3

(El Tor type ctxB, lane 3) and ctxB1 (classical type ctxB, lane 9). Lanes

1 and 7, strain N16961; lanes 2 and 8, strain MG116025; lanes 3 and 9,

strain V212-1; lanes 4 and 10, strain O395; lanes 5 and 11, strain B33;

lanes 6 and 12, strain IB4122. M: DNA size marker (1000, 850, 650, 500,

400, 300, 200, and 100 bp standard size marker fragments are shown).

(B) DMAMA-PCR with the primer combination ctxBF3/Cla for

detection of ctxB7 (lanes 1-4) and the primer combination ctxBF4/Cla

for detection of ctxB1 (lanes 5-8). A 191 bp DNA fragment was

amplified from the DMAMA-PCR. Lanes 1 and 5, IB5230; lanes 2 and

6, O395; lanes 3 and 7, B33; and lanes 4 and 8; IB4122.
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study to identify the TLC:RS1:CTX array, together with

DMAMA-PCR, which can distinguish the ctxB type, could

be applied for rapid recognition of Wave 3 El Tor strains in

a laboratory where a regular PCR is routinely performed.

A few notable genetic characters within Wave 3 strains

have been described; namely, the presence of variation in

VSP-2 (Vibrio seventh pandemic island) and SXT, and some

SNPs in multiple genes such as rtxA and tcpA [3, 16, 25, 26].

A further genotyping method for detailed characterization

of clinical isolates could be developed by targeting these

specific traits for additional confirmation of the identification

of Wave 3 strains.
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