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Abstract—Intraspecies genetic differentiation of nontoxigenic strains of Vibrio cholerae of El Tor biovar con-
taining one of the key pathogenicity genes, tcpA, is studied along with the phylogenetic relationships between
these strains and toxigenic isolates. Comparative analysis of the whole genome nucleotide sequences demon-
strates for the first time that ctxA–tcpA+ strains vary considerably and can be clustered into two separate
groups, the CTXϕ–RS1ϕ+VPI+VSP+/CTXϕ–RS1ϕ–VPI+VSP+ isolates and the CTXϕ–RS1ϕ–VPI+VSP–

isolates, differing in their epidemiological significance. In the course of model experiments, it is established
that nontoxigenic potentially epidemic CTXϕ–RS1ϕ+VPI+VSP+/CTXϕ–RS1ϕ–VPI+VSP+ isolates are
derivatives of toxigenic strains. The results of whole genome SNP analysis of 35 Vibrio cholerae strains con-
firm these data and indicate genetic remoteness of nontoxigenic CTXϕ–RS1ϕ–VPI+VSP– strains both from
the potentially epidemic strains and from the toxigenic isolates. It is found that the genomes of the CTXϕ–

RS1ϕ–VPI+VSP– strains contain unique SNPs which are characteristic of them alone. The new data on the
structure of the genome of nontoxigenic strains with different epidemiological significance may be further
used for their genetic differentiation.
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INTRODUCTION
The seventh cholera pandemic which has already

continued for more than 50 years has spread to many
regions of the Southeast Asia, Africa, and Latin Amer-
ica [1]. The territory of Russian Federation is not
endemic for cholera and the emerging epidemic com-
plications of this highly infectious disease are associ-
ated with its importation from the countries of the for-
mer Soviet Union and from the far abroad helped by
increased international ties. For instance, during the
period from the 2001 to the 2014, nine cases of cholera
importation were registered in Russia with two of them
leading to cholera outbreaks (Kazan in 2001 and Ros-
tov oblast in 2005) [2, 3]. A person with cholera or a
vibriocarrier is a common source of infection, as well
as water and food contaminated by them. The caus-
ative agent of the current cholera pandemic is Vibrio
cholera O serogroup 1 of El Tor biovar, whose genome
is made up of two circular chromosomes [4]. The
genome, in addition to the core genes, contains vari-
ous mobile genetic elements, encoding the traits asso-
ciated with virulence, adaptation, and persistence in
different ecological niches, as well as with antibiotic
resistance. Among them, there are virulence

prophages (CTXϕ, abbreviated from cholera toxin,
and RS1ϕ, abbreviated from repeat sequence), patho-
genicity islands (VPI-1 and VPI-2, from Vibrio patho-
genicity island), pandemicity islands (VSP-I and
VSP-II, from Vibrio seventh pandemic island), and
the environmental persistence island (EPI) [5–8],
which determine basic pathogenic and adaptive prop-
erties of the strains. The cholera causative agent is able
to survive outside the organism of its biological host
(human) and naturally occurs in aquatic ecosystems
[9–11]. Once in the digestive tract, Vibrio cholerae
bacteria colonize the mucous membrane of the small
intestine using the toxin-coregulated pili (TCP) which
are present on the bacterial cell surface. The second
key step in the course of the cholera infectious process
is the production of cholera toxin (CT) by Vibrio chol-
erae, a complex compound consisting of two subunits,
A and B, which causes profuse diarrhea, the typical
cholerogenic reaction [9]. Production of TCP and CT
is controlled by the tcpA-F gene cluster located on
VPI-1 (41.3 kb) and the ctxAB operon contained in the
CTXϕ prophage (6.9 kb), respectively. By their func-
tional significance, the tcpA-F and ctxAB genes are
assigned to the key pathogenicity genes, which are
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absolutely indispensable for development of the chol-
era infectious process [5, 11]. This gives grounds to
assume that toxigenic V. cholerae strains belonging to
the El Tor biovar, which contain VPI-1 and the CTXϕ
prophage in their genome, are epidemic strains [12].
Such strains are usually isolated from the patients with
cholera. Moreover, a relatively short time ago, the
genomes of the indicated strains revealed the presence
of the VSP-I and VSP-II pandemicity islands (16.0 kb
and 29.6 kb, respectively), which are considered as
accessory genetic markers for toxigenic epidemic
strains [6].

Currently, toxigenic strains of V. cholerae of El Tor
biovar encompass not only the typical strains which
have caused the current cholera pandemic but also the
genetic variants which emerged about 25 years ago.
The principal difference between these two groups of
strains consists in their CTXϕ prophages containing
different alleles for the ctxB gene encoding the B sub-
unit of cholera toxin. The typical strains bear the ctxB3
allele, while the genetic variants bear the ctxB1 allele.
The occurrence of the ctxB1 gene allele characteristic
of the cholera causative agent belonging to the other
biovar, the classical one, in the genome of V. cholerae
of El Tor biovar is the result of horizontal gene transfer
in the natural populations of V. cholerae.

At the same time, nontoxigenic strains lacking both
the CTXϕ prophage and pathogenicity and pande-
micity islands are quite often isolated from the envi-
ronment. Since such strains are not able to cause epi-
demics, they are considered to be nonepidemic strains
[12, 17]. At the present time, to differentiate between
the strains with different epidemiological significance,
the ctxA and tcpA genes which encode the A subunit of
CT and the main subunit of TCP (TcpA) and are a part
of the CTXϕ prophage and VPI-1, respectively, are
commonly used. Toxigenic strains possess the ctxA
and tcpA genes, while nontoxigenic strains lack them
[18, 19].

Apart from the two groups of V. cholerae discussed
above, the strains of V. cholerae of El Tor biovar whose
genomes contain an incomplete set of mobile elements
bearing the key pathogenicity genes have been
detected in waters of surface reservoirs [19, 20].
Among them, especially noteworthy are the nontoxi-
genic strains bearing the genes for toxin-coregulated
pili (ctxA–tcpA+). It became known that ctxA–tcpA+

strains exist in nature in 1998 after they were discov-
ered by Faruque et al. [21], and until recently they
were considered to be potentially epidemic. The rea-
son for accepting this level of epidemiological signifi-
cance for the ctxA–tcpA+ strains was the fact that TCPs
not only are necessary for colonization of the small
intestine but also serve as a receptor for the CTXϕ
prophage [22]. This means that nontoxigenic ctxA–

tcpA+ strains may acquire the genes for cholera toxin
encoded by the prophage through the process of phage

conversion, the evident consequence of this event
being the emergence of toxigenic epidemic strains.

Isolation of ctxA–tcpA+ strains from water is not
uncommon not only on the territories endemic for
cholera but also in the Russian Federation [3, 23].
However, the structure of the genome of these strains
is poorly studied and the origin of these strains still
remains an enigma. Another issue also remains
unsolved whether all ctxA–tcpA+ strains have retained
in their genomes the remaining key pathogenicity and
epidemicity (pandemicity) genes characteristic of
toxigenic isolates. At the same time, the development
of modern techniques of molecular biology makes it
possible to acquire new knowledge on the genome
structure of different ctxА–tcpА+ strains, which may be
further used to reevaluate the epidemiological signifi-
cance of these strains and will shed light on their ori-
gin. It thus appears to be very important to study in
detail the structure of the genome of nontoxigenic
strains bearing the tcpA gene and to understand the
genetic relationships between these strains and the
toxigenic ones.

The aim of the current work is to perform a molec-
ular genetic analysis of a number of nontoxigenic
strains of V. cholerae O subgroup 1 of El Tor biovar
bearing the tcpA gene and to study their origin on the
basis of the comparison of full genome nucleotide
sequences.

MATERIALS AND METHODS
Bacterial strains, culturing conditions. Seventeen

V. cholerae El Tor biovar strains isolated from people
and water were used in the work (Table 1). The strains
were obtained from the State Collection of Pathogenic
Bacteria of the Russian Research Anti-Plague Insti-
tute Microbe, where they were stored lyophilized. For
culturing bacteria we used Luria-Bertani (LB) broth
and agar. All procedures were carried out in accor-
dance with the currently accepted health and hygiene
standards [24].

Generation of nontoxigenic strains. Cells of the strains
grown for 18 h at 37°C on LB agar were used to prepare
a suspension with a cell concentration of 109 cfu/mL;
0.5 ml of the suspension was introduced into f lasks
containing 50 mL of sterilized river water, which were
incubated at 8°C. Plating of 0.1 mL of contaminated
river water on LB agar and incubation until isolated col-
onies appeared was repeated at intervals of 4–6 days
during the whole time of the study (45 days). Then ten
randomly selected isolated colonies for each strain
were plated onto LB agar to accumulate an amount of
bacterial cells sufficient for further isolation of DNA
and PCR-assisted analysis.

Polymerase chain reaction was performed as previ-
ously described [13]. Briefly, the reaction mixture
contained 1× PCR buffer (2.5 μL of 10× PCR buffer),
2.0 μL of MgCl2, 2.5 μL of a mixture of dNTPs,
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Table 1. Strains of Vibrio cholerae O serogroup 1 of El Tor biovar used in the study

Strain Place and year
of isolation Source

Presence of ctxA and tcpA genes according
to the PCR analysis data

ctxA tcpA

Natural strains
М299 Turkmenistan, 1965 Human – +
М139 Turkmenistan, 1965 Water – +
М888 Astrakhan, 1970 Human + +
М887 '' '' + +
М893 '' '' + +
М943 '' '' + +
М890 '' '' + +
М1056 '' '' + +
М905 '' '' + +
М996 '' '' + +
М641 Astrakhan, 1972 '' + +
М1395 Astrakhan, 1981 Water – +
М1399 Astrakhan, 1982 '' – +
Р18899 Murmansk, 2006 Human + +
М1501 Kalmyk Republic, 2011 '' – +
М1518 Kalmyk Republic, 2012 Water – +
М1524 Kalmyk Republic, 2013 '' – +

Experimentally obtained strains
M888D, derivative of M888 – +
P18899D, derivative of P18899 – +

0.05 μL of each of the oligonucleotide primers, and
0.1 U of Taq DNA polymerase. DNA amplification
was carried out in a BIS-N thermal cycler with heated
lid (Russia). Amplification products were analyzed by
electophoretic separation in 1.5–2% agarose gel made
using 1×TBE buffer with the addition of 0.5 μg/mL
ethidium bromide. Commercial DNA size marker
GenRuler TM 100 bp DNA Ladder (MBI Fermentas,
Lithuania) was used as a molecular weight control.
The results of electrophoretic separation were docu-
mented with the aid of the VersaDoc gel documenta-
tion system (Bio-Rad, United States) and Quantity
One v 4.6.9 software (Bio-Rad, United States). The
oligonucleotide primers [25–29] used in the current
work are listed in Table 2.

Southern blot hybridization with digoxigenine-
labeled probe was performed as described in the man-
ual for molecular cloning [30]. The ctxA gene ampli-
con with the size of 564 bp obtained by PCR was used
as a probe designated CT. Chromosome DNA of the
strains under study was fragmented with the aid of PstI
restriction endonuclease.

Genomic DNA isolation and purification from the
bacterial suspension was performed using the com-
mercially available Axy Prep Bacterial Genomic DNA
Miniprep Kit in accordance with the manufacturer’s
instructions. Cells were preliminarily treated with
sodium merthiolate to the final dilution of 1 : 10000
(0.01%) and preheated at 56°C for 30 min.

Whole genome sequencing and SNP typing. DNA
sequencing libraries were prepared from 0.5–1 μg of
genomic DNA in accordance with the manufacturer’s
recommendations and submitted to next generation
sequencing on an Ion PGM (Ion Torrent) genetic
analyzer. The obtained single reads were corrected
with the aid of Ion Torrent Suite Software v 4.4 and de
novo assembled using Newbler GS Assembler v. 2.6
software. With the aid of the DNAStar Lasergene
v. 11.2 software package (DNASTAR Inc., United
States) and Mega 6 software (http://www.megasoft-
ware.net/), the whole genome nucleotide sequences
for 17 V. cholerae strains de novo assembled in contigs
with the lengths of up to 510 kb were mapped succes-
sively onto the reference genome nucleotide sequences
of the N16961 strain, against which the automated
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Table 2. Nucleotide sequences for the oligonucleotide primers used in the study

Mobile
elements

tested

Primer
name

Nucleotide sequences (5'–3') for forward (F)
and reverse (R) primers

Amplified
fragment
length, bp

Reference

CTXϕ ctxA-1
ctxA-2

F:CGGGCAGATTCTAGACCTCCTG
R:CGATGATCTTGGAGCATTCCCAC 564  [25]

ctxB-1
ctxB-2

F:ATGATTAAATTAAAATTTGG
R:TTAATTTGCCATACTAATTG 354  [25]

zot-1
zot-2

F:TCGCTTAACGATGGCGCGTTTT
R:AACCCCGTTTCACTTCTACCCA 947  [25]

ace-1
ace-2

F:TAAGGATGTGCTTATGATGGACACC
R:CCGTGATGAATAAAGATACTCATAGG 289  [25]

orfU-1
orfU-2

F:CAAAATGAGCATGGCGGC
R:CCCATTGTGCAATCGGTGT 721

Calculated
by the authors

cep-1
cep-2

F:CAGAACAATTGCCCCCACCAC
R:AAGCACGCTTTCACTCGGGG 162 The same

rstA-2
rstA-1

F:ATCGTCGTGAATTTCCTTAG
R:GCGATTAGTCTCTGAGCC 400 »

rstB-1
rstB-2

F:CGTGATGGGTCTTCTGGGTC
R:TGGTGCCTCTCATTCTGAAG 240 »

rstR-1
rstR-2

F:AAGACTCAGGCACAAATG 
R:CTCTTCTTCATCTAACTGTTG 216 »

RS1ϕ rstC-1
rstC-2

F:AACAGCTACGGGCTTATTC
R:TGAGTTGCGGATTTAGGC 238  [26]

VPI-1

tcpAEl-1
tcpAEl-2

F:GAAGAAGTTTGTAAAAGAAGAACAC
R:GAAAGGACCTTCTTTCACGTTG 471  [27]

toxT-1
toxT-2

F:ATAACTTTACGTGGATGGC
R:AAAATCAGTGATACAATCG 933  [25]

aldA-1
aldA-2

F:TTTTCTTGATTGTTAGGATGC
R:ATTCTTCTGAGGATTGCTGAT 885  [28]

mop-1
mop-2

F:GAAACATCCCATGAGTTGCG
R:CGGACATATAGGGCCAGTCA 778  [29]

VPI-2 nanH-1
nanH-2

F:GACAGTCCAGCCAAACAG
R:CGTTAGCGTTGTTAGCCTC 1900  [29]

VSP-I

VC0175-1
VC0175-2

F:GGAACGTTCAGCAATGCGT
R:CTGGCAGATGCTCGAATGAT 586  [29]

VC0185-1
VC0185-2

F:TGCCCCATCCATCCCATA
R:CAAGAAGCGGAGAGATCGC 781  [29]

VSP-II

VC0497-F
VC0497-R

F:TGGAAAGAAGAGCGTTACTGC
R:CCCTGTTGATGATGTGATTTG 320

Calculated
by the authors

VC0502-F
VC0502-R

F:CTGTGATTCGGGCTTTATCGG
R:GCGTAAACTGAGCCAATAAGC 761 The same

VC0514-F
VC0514-R

F:CTTGATGGAGCGGAGAAAAC
R:CGATGAATAGCCTGTTGAAC 604 »



918

RUSSIAN JOURNAL OF GENETICS  Vol. 52  No. 9  2016

SMIRNOVA et al.

search for and identification of SNPs was performed.
Core SNPs in the genomes of the group of strains
under study were identified using Wombac 2.0 soft-
ware (http://www.bioinformatics.net.au/software.
wombac.shtml). The results were deposited in the
BioNumerics 7.1 database (Applied Maths, Belguim).
For the phylogenetic tree construction, we used
“Maximum parsimony tree” method with categorical
coefficient.

RESULTS

Comparative Analysis of the Genomes
of V. cholerae ctxA–tcpA+ Strains

As the first step of our work, we determined the
nucleotide sequences of whole genomes for nine
V. cholerae El Tor biovar strains, two of which (M888
and M18899) according to the results of PCR analysis
appeared to be toxigenic epidemic strains, while seven
other strains (M299, M139, M1395, M1399, M1501,
M1518, and M1524) were nontoxigenic potentially
epidemic (Table 1). The comparison of the nucleotide
sequences revealed that, unlike the toxigenic strains,

all the examined nontoxigenic strains indeed lacked
the CTXϕ prophage containing the genes for cholera
toxin in their genomes, but retained VPI-1 containing
the genes encoding TCP along with a number of other
mobile elements associated with pathogenicity and
persistence (VPI-2 and EPI). At the same time, it
emerged that the nontoxigenic strains under study also
lacked the VSP-I and VSP-II pandemicity islands and
the RS1ϕ prophage containing genes involved in the
control of CT biosynthesis and located in the close
proximity to CTXϕ (Table 3, Figs. 1a and 1b). It is
worth noting that all these strains were isolated at dif-
ferent times on the territories of Russia and Turkmen-
istan not endemic for cholera (Table 1).

To summarize, the results of sequencing showed that
the ctxA–tcpA+ strains under study possess the same set of
mobile elements, CTXϕ-RS1ϕ–VPI-1+VPI-2+VSP-I–

VSP-II–. For the sake of convenience, the genotype of
these strains will be further referred to as CTXϕ–

RS1ϕ–VPI+VSP–. It is clear that genomic differences
between theses strains and the toxigenic ones consist
not only in the absence in the former of the CTXϕ
prophage. The differences proved to be more pro-

Fig. 1. Schematic representation of the structure of the genome of toxigenic (ctxA+tcpA+) and nontoxigenic (ctxA–tcpA+) strains
of V. cholerae El Tor biovar with different epidemiological significance (a–f, see text).

(a)

(b)

(c)

(d)

(e)

(f)

Strains
 Epidemic ctxA+ tcpA+ strains  

Pathogenicity islands Pandemicity islands Persistence
island

6.3 kb 2.7 kb 41.3 kb 57.3 kb 16.0 kb 29.6 kb 13.5 kb

CTXϕ RS1ϕ EPI1 V I V I

Natural ctxA– tcpA+ strains 

RS1ϕ

EPI1 V

EPI1 V I V I

EPI1 V I V I

Experimentally obtained ctxA– tcpA+ strains   

RS1ϕ EPI1 V I V I

EPI1 V I V I
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Table 3. Molecular genetic characteristics of toxigenic and nontoxigenic V. cholerae El Tor biovar strains

* Indicated are natural strains whose whole genome nucleotide sequences were obtained from GenBank.
** Experimentally obtained nontoxigenic ctxA–tcpA+ strains.

Strain Place and year of isolation
Mobile elements tested

CTXϕ RS1ϕ VPI-1 VPI-2 VSP-I VSP-II

Toxigenic ctxA+tcpA+ strains

M888 Astrakhan, 1970 + + + + + +

M818 Saratov, 1970 + + + + + +

N16961* Bangladesh, 1971 + + + + + +

M1030 Turkmenistan, 1972 + + + + + +

M1275 Dagestan, 1993 + + + + + +

M1293 Dagestan, 1994 + + + + + +

P17644 Achinsk, 1997 + + + + + +

M1344 Kazan, 2001 + + + + + +

RND18826* Tver, 2005 + + + + + +

P18899 Murmansk, 2006 + + + + + +

2010EL* Haiti, 2010 + + + + + +

RND6878 Moscow, 2012 + + + + + +

L3265 Moscow, 2010 + + + + + +

RND19187* Moscow, 2010 + + + + + +

RND81* Rostov-on-Don, 2014 + + + + + +

Nontoxigenic ctxA–tcpA+ strains

GP60* India, 1973 – – + + + +

GP106* Germany, 1975 – – + + + +

GP143* Bahrain, 1978 – + + + + +

V5* India, 1989 – – + + + +

NHCM017* Bangladesh, 2001 – + + + + +

4661* Bangladesh, 2001 – + + + + +

MBRN14* India, 2004 – – + + + +

4122* Vietnam, 2007 – – + + + +

М299 Turkmenistan, 1965 – – + + – –

М139 Turkmenistan, 1965 – – + + – –

М1395 Astrakhan, 1981 – – + + – –

М1399 Astrakhan, 1982 – – + + – –

А213* Georgia, 1984 – – + + – –

Р18785* Rostov, 2005 – – + + – –

М1501 Kalmyk Republic, 2011 – – + + – –

I-1471* Altai, 2011 – – + + – –

М1518 Kalmyk Republic, 2012 – – + + – –

М1524 Kalmyk Republic, 2013 – – + + – –

М888D** derivative of M888 – + + + + +

P18899D** derivative of P18899 – – + + + +
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found, as the strains under study lacked at least three
other DNA regions containing the RS1ϕ prophage
and VSP-I and VSP-II (Figs. 1a and 1b).

In order to study the prevalence of nontoxigenic
CTXϕ– RS1ϕ– VPI+ VSP– isolates in other regions of
Russia and throughout the world, we analyzed the
generally available full genome sequences for 11 ctxA–

tcpA+ strains of V. cholerae of El Tor biovar from the
NCBI GenBank database. It appeared that among
these strains nine nontoxigenic isolates obtained in the
regions endemic for cholera contained not only VPI-1
and VPI-2 pathogenicity islands but also VSP-I and
VSP-II, three of them bearing the RS1ϕ prophage as
well (Table 3, Figs. 1c and 1d). And only two strains
isolated in Georgia and Russia (Altai) lacked the
extended DNA regions encompassing CTXϕ and
RS1ϕ prophages and VSP-I and VSP-II pandemicity
islands in their genomes.

In summary, the results of the analysis of the nucle-
otide sequences of the full genomes for 18 natural non-
toxigenic ctxA–tcpA+ strains previously considered
potentially epidemic made it possible to observe for
the first time their genetic heterogeneity and to cluster
them into two groups. The isolates included with the
first group are distinguished from the toxigenic strains
by the lack of just one or two DNA regions with the
size of 6.9 bp (CTXϕ prophage) or 9.6 bp (CTXϕ and
RS1ϕ prophages) (Figs. 1a, 1c, and 1d). At the same
time for the isolates in the second group, this differ-
ence is much more significant, these strains lacking at
least four DNA regions (the two prophages, CTXϕ
and RS1ϕ, as well as both VSP-I and VSP-II pande-
micity islands) with the total size of 54.2 kb (Fig. 1d).
These findings lead to an important conclusion that
the epidemiological significance may not be identical
for the strains in the two discussed groups, as was
thought previously. Apparently, only those nontoxi-
genic ctxA–tcpA+ strains which lack only one or two
prophages associated with CT production in the
genome may be potentially epidemic. These strains are
likely to serve as a natural reservoir out of which a toxi-
genic population may emerge as a result of CTXϕ
prophage acquisition by phage conversion in the
regions endemic for cholera. On the other hand, those
nontoxigenic ctxA–tcpA+ strains whose genome lacks
both prophages and pandemicity islands are of epide-
miological significance, but in another sense. They are
nonepidemic since the acquisition of extended DNA
regions to establish a toxigenic population is a highly
improbable event under natural conditions.

It is important to note that almost all
CTXϕ‒VPI+VSP+ strains which have lost or retained
the second virulence prophage RS1ϕ, namely, seven
out of the eight studied, were detected only in the
regions endemic for cholera, where there are stable
infection reservoirs in surface water basins. In Russia,
such strains have not been detected. The presented
data give grounds to speculate that nontoxigenic

CTXϕ–VPI+VSP+ strains may possibly derive from
toxigenic ones through adaptive changes in the
genomes of the latter under aquatic environmental
conditions. These changes may consist in the loss of a
number mobile elements dispensable for V. cholera
survival under new environmental conditions, one of
them possibly being the CTXϕ prophage with CT
genes [16].

Assessment of the Possibility for Nontoxigenic CTXϕ–

RS1ϕ+VPI+VSP+ and CTXϕ–RS1ϕ–VPI+VSP+ Strains 
to Originate from Toxigenic Strains

To confirm our assumption that nontoxigenic
CTXϕ–RS1ϕ–VPI+VSP+ and CTXϕ–RS1ϕ–

VPI+VSP+ isolates originated as a result of genome
reorganization in toxigenic strains in an aqueous envi-
ronment, we performed model experiments using nine
clinical V. cholerae ctxA+tcpA+ isolates (M888, M887,
M943, M996, M893, M890, M1056, M905, M641,
and P18899). Using Southern blot hybridization, we
preliminarily established the presence of a single copy
of CTXϕ prophage in the genome of each isolate. In
addition, it was known from the data of PCR analysis
that the chromosomes of these strains contain the
RS1ϕ prophage, VPI-1 and VPI-2, VSP-I and VSP-II
pandemicity islands, and EPI environmental per-
sistence island. We used river water as the surrounding
medium since rivers are one of the locations where
V. cholerae can be found in nature. We assumed that
one of the stressing factors inducing genome reorgani-
zation could be deficiency of nutrition components in
water. Indeed, PCR analysis of 150–170 isolated colo-
nies of each strain grown on nutrient agar revealed
that, at certain time intervals in the populations of six
strains (M888, M887, M996, M890, M641, and
P18899), there appeared clones lacking the ctxA–

gene. The time periods over which ctxA– clones
appeared in the populations under study varied for dif-
ferent strains and ranged from 4 to 45 days. The pro-
portion of ctxA– clones varied from 4.3% to 85.0% of
all the clones examined depending on the strain. Sub-
sequent verification of the identified ctxA– clones by
PCR showed that all of them had lost the CTXϕ
prophage. Their genomes lacked not only the ctxA
gene but also other genes encoded by the prophage,
namely, ctxB, zot, ace, orfU, cep, rstA, rstB, and rstR,
which made it possible to come to such a conclusion.
At the same time, we did not detect the loss by these
clones of the genes encoded by the VPI-1 (tcpA, toxT,
aldA, and mop) and VPI-2 (nanH) pathogenicity
islands, RS1ϕ prophage (rstC), and VSP-I (vc0175
and vc0185) and VSP-II (vc0497, vc0502, and vc0514)
pandemicity islands. The only exception was the
P18899 strain, which lost apart from the CTXϕ
prophage also the second prophage, RS1ϕ.

To confirm the data obtained, we determined the
full genome nucleotide sequence for two nontoxigenic
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strains designated as M888D and P18899D (GenBank
accession nos. LPXQ00000000 and LAKN00000000,
respectively) derived from the toxigenic M888 and
P18899 strains, respectively (GenBank accession nos.
LKBH00000000 and LAKM00000000, respectively).
The comparison of the genomes of the nontoxigenic
strains with the genomes of the original ones made it
possible to conclude that the differences between the
isogenic strains are caused directly by the loss by the
toxigenic strains of either the CTXϕ prophage (in the
case of M888D) or both the CTXϕ and RS1ϕ
prophages (in the case of P18899D) (Figs. 1e and 1f).

In summary, we have for the first time experimen-
tally proved the origination of nontoxigenic CTXϕ–

RS1ϕ+VPI+VSP+ and CTXϕ–RS1ϕ–VPI+VSP+ strains
from toxigenic ones when exposed to an aqueous envi-
ronment. It was demonstrated that emergence of non-
toxigenic isolates is a result of the loss of the CTXϕ
prophage encompassing CT genes by toxigenic strains.
In some cases, such reorganization of the genome is
accompanied by the loss of the RS1ϕ prophage as well.

Phylogenetic Relationships between the ctxA–tcpA+ 
Strains with Different Epidemiological Significance

The phylogeny of the genetically different strains
was studied on the basis of SNP analysis. The analysis
involved 20 nontoxigenic V. cholerae El Tor biovar
strains retaining pandemicity islands (CTXϕ–

RS1ϕ+VPI+VSP+ and CTXϕ–RS1ϕ–VPI+VSP+) and
lacking them (CTXϕ–RS1ϕ–VPI+VSP–) along with 15
toxigenic isolates (Table 3). The comparison of the full
genome nucleotide sequences for the 35 strains indi-
cated above with the reference nucleotide sequence for
the V. cholerae El Tor biovar strain N16961 revealed
12 901 single nucleotide substitutions (SNPs) in 1575
core genes and 772 intergenic regions on both chro-
mosomes constituting the genome. On the basis of the
analysis of single polymorphic nucleotides in the
genomes of these strains, we reconstructed a dendro-
gram representing the phylogenetic relationships
between them (Fig. 2). On the phylogenetic tree, one
can clearly see two distinct phylogenetic groups, which
differ from each other in 4367 SNPs on average. The
first group includes 15 toxigenic strains and all non-
toxigenic strains (10 isolates in total), the only differ-
ence of which from the former consists in their lacking
one (CTXϕ) or two (CTXϕ and RS1ϕ) prophages. Of
particular importance is the presence in this group of
the nontoxigenic M888D and P18899D strains whose
origination from toxigenic strains was experimentally
proved. This indicates the close phylogenetic relationship
between the nontoxigenic CTXϕ–RS1ϕ+VPI+VSP+ and
CTXϕ–RS1ϕ–VPI+VSP+ strains and the toxigenic
strains and gives support to the data on the origin of
the former obtained by us. The toxigenic and nontoxi-
genic strains within the first group share on the whole

a considerable number of single nucleotide substitu-
tions and differ from each other by just 1 to 137 SNPs.

The second group consists of ten nontoxigenic
strains characterized by the absence of not only both
prophages, CTXϕ and RS1ϕ, but also the two pande-
micity islands, VSP-I and VSP-II. Nearly 3000
unique SNPs have been detected in the genomes of
these strains, which have not been found in any isolate
from the first cluster and are, therefore, their charac-
teristic genetic markers. For example, the rtxA gene
encoding multifunctional autoprocessed RTX cyto-
toxin (from Repeats in toxin) [31] contains two non-
synonymous single nucleotide substitutions (G/A in
position 6901 and A/G in position 8731), which are
absent in all the examined strains in the first group.
Phylogenetic remoteness of the strains of this group
from the toxigenic isolates may be indirect evidence of
their independent origin. Moreover, the level of
genetic heterogeneity of the nontoxigenic strains in
the second group is significantly higher than the level
of heterogeneity of those in the first group. This is
indicated by the fact that the strains within the second
group differ from each other by 2935–4360 SNPs,
while the difference between the strains in the first
group ranges from 1 to 137 SNPs. These data make it
possible to subdivide the second group into at least five
subgroups (Fig. 2, group 2, subgroups a, b, c, d, e).

To summarize, the results of the whole genome
SNP analysis of 35 strains of V. cholerae El Tor biovar
suggest, first, that there are two distinct phylogenetic
groups of nontoxigenic ctxA–tcpA+ strains, each pos-
sessing a characteristic set of single nucleotide substi-
tutions. Second, the detected close genetic relation-
ship between the strains within the first group may be
indicative of toxigenic isolates being the source of
nontoxigenic CTXϕ–RS1ϕ+VPI+VSP+ strains in
nature. This observation may be of great value for epi-
demiological studies. The origin of the nontoxigenic
CTXϕ–RS1ϕ–VPI+VSP– isolates constituting the sec-
ond phylogenetic group, which are likely to be nonep-
idemic, remains unknown. The unique SNPs identi-
fied in these strains might serve as markers making it
possible to differentiate between nontoxigenic ctxA–

tcpA+ strains with different epidemiological signifi-
cance.

DISCUSSION
The analysis of the full genome nucleotide

sequences for 18 natural nontoxigenic V. cholerae El
Tor biovar strains and two experimentally obtained
isolates containing the key pathogenicity gene tcpA+

(Table 3) made it possible to show for the first time
their genetic heterogeneity. It became clear that the
ctxA–tcpA+ strains under study, which were earlier
considered as potentially epidemic, fall into two sepa-
rate groups, differing in the structure of the genomes
of the constituent strains (Fig. 2, 1 and 2). The first
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Fig. 2. Phylogenetic tree for toxigenic (ctxA+tcpA+) and nontoxigenic (ctxA–tcpA+) strains of V. cholerae El Tor biovar constructed
on the basis of the results of the whole genome SNP analysis. BioNumerics v 7.1 software, maximum parsimony tree method. (1)
Phylogenetic group including natural toxigenic strains (while ovals), natural nontoxigenic potentially epidemic strains (shaded
ovals), and experimentally obtained nontoxigenic potentially epidemic strains (gray ovals); (2) phylogenetic group including non-
toxigenic nonepidemic strains. Letters at the base of branches indicate subgroups of strains. 
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group is formed by the strains which, in contrast to
toxigenic strains, lack relatively small DNA regions in
the genome which contain structural genes for cholera
toxin (CTXϕ prophage) and, in some cases, genes
involved in the control of production of this key
pathogenicity factor (RS1ϕ prophage). The second
group includes the strains whose genomes lack not
only the CTXϕ and RS1ϕ prophages but also the VSP-I
and VSP-II pandemicity islands.

The observed differences in the genome structure
are of the utmost value for the assessment of epidemi-
ological significance of nontoxigenic strains isolated
from the water of surface reservoirs in the course of
environmental monitoring. CTXϕ–RS1ϕ+VPI+VSP+

and CTXϕ–RS1ϕ–VPI+VSP+ strains may actually be
potentially epidemic owing to the presence in their
genome of both the genes encoded by pathogenicity
islands and a full set of genes encoded by pandemicity
islands contributing to their adaptation to different
environmental conditions [5, 6]. The potentially epi-
demic status for these strains, which were isolated
mostly on the territories endemic for cholera, is deter-
mined by the actual probability of acquisition by them
of the cholera toxin genes as a part of the CTXϕ
prophage through phage conversion and, as a conse-
quence, the development of toxigenic strains [32].
This course of events appears quite possible if such
strains occur together with toxigenic ones in biofilms
on biotic or abiotic surfaces [33]. Thus, nontoxigenic
strains with the described genotype may serve as a sup-
ply of material for the development of a toxigenic epi-
demic population when toxigenic strains circulate in
the environment. The possibility of such an event was
earlier experimentally proved [21–23].

On the other hand, the second group of nontoxi-
genic CTXϕ–RS1ϕ–VPI+VSP– strains identified by us
is not epidemic, since to develop a toxigenic popula-
tion these strains have to undergo a considerable reor-
ganization of their genome, namely, to acquire from a
donor four different DNA regions with the total size of
54.2 kb containing prophages and pandemicity
islands. The possibility of such reorganization occur-
ring in nature has not yet been experimentally demon-
strated and is in fact extremely unlikely.

It is important to note that differentiation of non-
toxigenic ctxA–tcpA+ strains isolated in the course of
environmental monitoring by their epidemiological
significance on the basis of the differences in their
genomes revealed here is of great importance to epide-
miologists, since it will make it possible to differentiate
the amount of epidemic countermeasures.

The results of the model experiments which
demonstrated that, when a genetically homogeneous
population of a toxigenic strain [17] is placed under
external environmental conditions, some strains after
a certain period of time can form a heterogeneous
population which includes nontoxigenic clones
formed as a result of the loss of one of the virulence

prophages, CTXϕ, or both of them, CTXϕ and RS1ϕ,
are of interest by themselves. These results firmly sup-
port the previously obtained data indicating that stress
increases genetic diversity in prokaryotes [34]. More-
over, the data indicate that the genome of a typical
strain can undergo reorganization in response to stress
factors which leads to the loss of the virulence
prophage (or prophages), whose genes are not vital for
the bacterial cell survival under certain environmental
conditions. Secondly, we have for the first time
reported the experimental verification for the origina-
tion of potentially epidemic strains from toxigenic iso-
lates. The results are important for understanding the
mechanisms of formation of such strains and the rea-
sons underlying it.

The analysis of phylogenetic relationships based on
studying single nucleotide polymorphisms in the
genomes of 35 strains made it possible to show genetic
similarities and differences between toxigenic and
nontoxigenic strains. It was demonstrated for the first
time here that nontoxigenic ctxA–tcpA+ strains cluster
on the phylogenetic tree into two separate groups dif-
fering in their epidemiological significance according
to the rate of the intraspecies variability of their full
genome nucleotide sequences. Nontoxigenic CTXϕ–

RS1ϕ+VPI+VSP+ and CTXϕ–RS1ϕ–VPI+VSP+

strains fall in the same group as toxigenic strains, thus
indicating a close genetic relationship between these
potentially epidemic strains and the toxigenic ones
and providing support to our data on their origin.

As for the CTXϕ–RS1ϕ–VPI+VSP– strains, it was
demonstrated that they form a separate (second)
group on the phylogenetic tree and clearly diverge
from both the nontoxigenic potentially epidemic
strains and the toxigenic isolates. This observation
most likely implies that they originated independently
from toxigenic strains. We identified for the first time
single nucleotide substitutions unique to this second
phylogenetic group, which may be used as genetic
markers to differentiate nontoxigenic isolates with dif-
ferent epidemiological significance. Also of interest is
the observation that the genomes of nontoxigenic
strains from different phylogenetic groups are charac-
terized by a different level of heterogeneity.

In summary, the data presented and the results of
their analysis clearly indicate that the development of
modern molecular biology techniques has provided
fundamentally new facilities making it possible to
obtain novel data on intraspecies reorganizations of
the V. cholera genome in the course of evolution. The
new data obtained on the genome structure of non-
toxigenic strains with different genotypes may be of
significant value for further studies of the effects which
genomic reorganizations may exert on the phenotypic
properties of the pathogen, including those underlying
its virulence and persistence in various ecological
niches. In addition, identification of marker SNPs in
the full nucleotide sequences of the genomes of non-
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toxigenic strains from the second phylogenetic group
will allow proceeding to development of new diagnos-
tic means of differentiation of the natural V. cholera
strains with different epidemiological significance on
the genetic level.
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