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Abstract

In this paper, Vibrio cholerae, the causative agent of cholera, is examined with focus on its genetic evolution, phage interactions,
and modern gene-editing strategies for control. Cholera remains a pressing global health issue, especially in regions with
inadequate sanitation. The bacterium’s virulence depends on acquiring the CTX ¢ bacteriophage, which integrates cholera toxin
genes into its chromosome. Advances in CRISPR-Cas and recombineering now enable precise genetic manipulation to block
CTXo infection by targeting phage receptors like the toxin-coregulated pilus (TCP) or essential phage genes. The emergence of
the 0139 “Bengal” strain in the 1990s marked a major epidemiological event, illustrating how horizontal gene transfer and
microevolution fuel epidemic potential. Genome plasticity, facilitated by SXT elements and chromosomal fusion, drives
antimicrobial resistance and adaptability. Between 2015 and 2018, chromosome-fused V. cholerae strains in Dhaka highlighted
ongoing recombination as an evolutionary force. Environmental isolates also serve as reservoirs for virulence genes such as
ctxAB, tcpA, toxR, and toxT, showing that aquatic habitats sustain genetic exchange and the emergence of new variants. The
stringent-response gene relA further links nutritional stress to virulence regulation and phage immunity. Horizontal gene transfer
through the conjugative SXT element enables dissemination of resistance and virulence determinants across bacterial species.
Emerging CRISPR-Cas and BREX/DISARM systems enhance phage resistance and genome stability. Together, these insights
underscore how gene editing, synthetic biology, and genomic surveillance could revolutionize cholera prevention by designing
phage-resistant, low-virulence, and ecologically stable V. cholerae strains for sustainable disease control.
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1. Introduction

Vibrio cholerae, the causative agent of cholera, remains a
major public health threat in many parts of the world, particu-
larly in regions with poor water sanitation and limited access
to healthcare [1]. Between 2020 and 2025, global cholera
cases surged across more than 40 countries, with major out-
breaks reported in Malawi, Haiti, Mozambique, and the Dem-

ocratic Republic of Congo. WHO data show over 700,000 sus-
pected cases and 5,000 deaths in 2023 alone. Genomic sur-
veillance revealed the continued predominance of the V. chol-
erae O1 El Tor lineage, harboring new ctxB7 alleles and
SXT/R391 variants conferring multidrug resistance and phage
defense traits [26-28].

Central to the pathogenicity of toxigenic V. cholerae strains
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is their acquisition of the CTX¢ (CTX phage), a filamentous
bacteriophage that encodes the cholera toxin genes (CtxAB).
CTXo infects V. cholerae by recognizing specific host recep-
tors, such as the toxin-coregulated pilus (TCP), and integrates
its genome into the host chromosome via site-specific recom-
bination mediated by host recombinases XerC and XerD [28,

29]. The resulting lysogenic conversion not only enhances
bacterial virulence but also facilitates the horizontal transfer
of virulence genes across V. cholerae populations. The se-
quential steps of CTX¢ infection, replication, chromosomal
integration, and virion secretion are summarized in Figure 1.
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Figure 1. Schematic Representation of the CTXf Life Cycle in V. Cholerae.

a. CTXfinfects V. cholerae by first binding to TCP and then
to the inner membrane/periplasmic TolQRA complex, where-
upon the single-stranded DNA [(+) ssSDNA] loses its protein
coat and is transported into the cytoplasm.

b. The replicative or plasmid form of CTXf (pCTX) is gen-
erated when DNA complementary to the phage genome is
synthesized.

c. pCTX integrates site-specifically into the V. cholerae dif
region of chromosome |I. Integration requires the phage-en-
coded RstB protein as well as the host-encoded recombinases
XerC and XerD. This recombination occurs between homolo-
gous sequences on CTXf and the chromosome, which are de-
picted as red triangles.

d. CTXf usually integrates as tandem prophages.

e. Tandem prophages serve as a template to generate ex-
trachromosomal (+) sSDNA. This process requires RstA.

f. RstA also produces (+) ssSDNA from pCTX.

g. The phage coat and secretion proteins are expressed from
pCTX.

h and i. The phage proteins are localized to the inner mem-
brane prior to forming virions. The (+) ssDNA is thought to
be simultaneously packaged into phage particles and secreted
from the cell. Secretion of CTXf from the bacterial cell occurs
through the host-encoded EpsD channel.

Recent genomic analyses identified novel anti-phage de-
fense systems such as BREX and DISARM in V. cholerae,
complementing classical CRISPR-Cas mechanisms and en-
hancing resistance to CTX¢ infection and integration [13-15].

The coordinated action of CRISPR-Cas, BREX, and DIS-
ARM defense systems in V. cholerae is illustrated in Figure 2.
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Figure 2. Schematic representation of bacterial anti-phage defense
systems in Vibrio cholerae.
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Given the critical role of phage-host interactions in cholera
pathogenesis, disrupting these mechanisms through gene ed-
iting offers a promising avenue for disease control and syn-
thetic biology.

Advances in CRISPR-Cas systems and recombineering
technologies now allow precise modification of bacterial ge-
nomes, making it feasible to engineer V. cholerae strains that
are resistant to CTX¢ infection. By targeting key phage recep-
tors such as TCP, or essential phage genes like rstA, rstB, or
plll, researchers can potentially block phage entry, integration,
or replication. [16, 17].

This review explores current knowledge of CTX¢-V. chol-
erae interactions and evaluates emerging gene editing strate-
gies aimed at engineering phage-resistant V. cholerae. Such
interventions not only offer tools for combating cholera but
also open new possibilities for reprogramming bacterial be-
havior for beneficial purposes.

2. Methodology

This review adopted a multidisciplinary synthesis of gene-
editing perspectives. A comprehensive literature search was
conducted across PubMed, Web of Science, and Google
Scholar to retrieve peer-reviewed studies on Vibrio cholerae,
CTXo bacteriophage interactions, and gene-editing tools such
as CRISPR-Cas. Supplementary genomic and phage datasets
were explored from NCBI Genome, Integrated Microbial Ge-
nomes/Virus (IMG/VR), and PhageAl repositories to verify
viral taxonomy, host range, and resistance determinants. The
review emphasized studies addressing phage resistance, ge-
nomic plasticity, and horizontal gene transfer, with special fo-
cus on 2010-2025 advances in synthetic biology and molecu-
lar innovations targeting cholera pathogenesis.

3. The Rise and Evolution of Vibrio
cholerae O139: A New Chapter in
Cholera Epidemiology

In late 1992 and early 1993, a novel strain of Vibrio chol-
erae serogroup 0139 "Bengal" emerged in southern India and
Bangladesh, provoking large-scale cholera epidemics. This
marked the first time a non-O1 serogroup was linked to epi-
demic cholera [2]. The strain initially appeared to completely
displace the existing O1 El Tor strains in these.

3.1. Origin and Genetic Makeup

Comparative genetic analyses suggested that the O139
strain originated from an O1 background but acquired a new
O-antigen biosynthesis gene cluster through horizontal gene
transfer. Its novel O-antigen cluster (WbfA—wbfX) is ~35.8 kb
in size and inserts between conserved flanking genes found in
01 strains. Additionally, 0139 strains carry the cholera toxin
genes (ctxAB), and nearly all isolates are toxigenic, unlike
most non-O1 vibrios.

3.2. Epidemiological Transitions

After O139’s emergence, O1 strains reappeared in 1994,
triggering a period marked by the alternating dominance of O1
and 0139. In India, a new O1 genetic variant replaced 0139
in 1994-1996, but a fresh 0139 variant resurfaced in August
1996, dominating until September 1997 in Bangladesh De-
spite this, the O1 El Tor lineage maintained overall dominance,
with 0139 cases resurging in early 2002 in Dhaka-area out-
breaks. Temporal trends in the isolation of O1 and 0139
strains in India and Bangladesh during 1992—2000 are shown
in Figure 3.
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Figure 3. Isolation of V. cholerae O1 and O139 from patients admitted to Infectios Diseases Hospital in Calcuta India (upper) and from those
admitted to ICDDR, B Hospital in Dhaka Bangladesh (lower) between 1992 and 2000.


http://www.sciencepg.com/journal/bs

Biomedical Sciences

http://www.sciencepg.com/journal/bs

Table 1. Yearly isolations of different ribotypes of V. cholerae O139 in Bangladesh and India between 1992 and 2002.

Year of isolation Country of isolation

1992 India 5
1993 India 20
1994 India 20
1995 India 6
1996 India 7
1997 India 24
1998 India 6
1993 Bangladesh 11
1995 Bangladesh 5
1996 Bangladesh 9
1997 Bangladesh 24
1998 Bangladesh 9
2002 Bangladesh 63
1992-2002 Total 209

3.3. Genotypic and Phenotypic Diversity

Ongoing surveillance revealed marked genetic diversity
among 0139 isolates. At least seven ribotypes and several
CTX-genotypes have been identified, indicating multiple pro-
genitor lineages and frequent genetic reassortment. For in-
stance, isolates from different outbreaks clustered into distinct
ribotypes (e.g., B-11l in 1997) These findings suggest rapid
microevolution: 0139 periodically diversified to compete
with O1 strains and adapt to shifting host/environmental pres-
sures.

3.4. Competition and Persistence

Genetic flexibility appears to be a core survival strategy.
Under selective pressure from O1 reemergence, O139 adapted
through acquiring new surface polysaccharide loci, variations
in CTX prophage, and altered antimicrobial resistances These
changes likely enhanced its fitness, persistence and epidemic
potential [11].

3.5. Broader Implications

The emergence of 0139 presented a rare opportunity to
trace the genomic evolution of a cholera-causing pathogen

No. of strains belonging to different ribotypes, %

No. of strains analyzed

B-1 B-1I B-1II  B-IV B-V B-VI
5
13 5 1 1
5 14 1
2 3 1
7
6 17
6
3 8
2 3
9
4 20
6 1 2
63
36 145 21 2 3 1

during active epidemic phases. It highlights several key evo-
lutionary processes: Genetic displacement: a new serogroup
replacing an established one [6], clonal diversification within
a relatively short evolutionary timeframe [4], horizontal gene
transfer as a driver of epidemic potential, the interplay of en-
vironmental, bacteriophage, and host immune pressures shap-
ing the pathogen landscape.

The authors argue this evolutionary event in the Bengal re-
gion could influence cholera dynamics elsewhere, especially
in endemic and epidemic settings beyond South Asia.

4. The Contribution of Transmission
Ecology to the Genome of V. cholerae

Transmission ecology defined by the routes and reservoirs
through which Vibrio cholerae moves among aquatic environ-
ments, human hosts, and vectors directly shapes its genomic
architecture by exposing populations to distinct selective pres-
sures and facilitating horizontal gene exchange. In endemic
waters, bacteria encounter diverse filamentous CTX¢ phages
that bind the toxin-coregulated pilus (TCP) and integrate via
XerC/XerD recombinases, prompting rapid selection for mu-
tants that alter or lose TCP, thereby gaining phage resistance
but also modifying virulence factor expression.

The 1992 emergence of the 0139 “Bengal” serogroup ex-
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emplifies how transmission through densely populated re-
gions enabled acquisition of a novel O-antigen biosynthesis
cluster via horizontal transfer, displacing the dominant O1 lin-
eage and illustrating the impact of host-immune and environ-
mental pressures on serogroup switching. Between 2015 and
2018, chromosome-fused strains were identified in Dhaka,
arising from homologous recombination at the HS1 region of
pathogenicity island VPI-2, a genome-rearrangement pathway
conjugative SXT element further amplifies genomic plasticity
by mobilizing antimicrobial-resistance genes and anti-phage
defense systems (restriction-modification, BREX), linking an-
tibiotic use and phage predation to the spread of mobile ele-
ments across bacterial populations.

Natural competence on chitinous surfaces and biofilm for-
mation in riverine and estuarine habitats promote uptake of

exogenous DNA, enabling serogroup conversion and integra-
tion of new virulence loci. Consequently, each transmission
event, whether waterborne, food-borne, or person-to-person,
acts as a conduit for gene flow, selects for adaptive mutations,
and drives the mosaic, rapidly evolving genome of V. cholerae
observed in epidemic and endemic settings [10]. Phage—bac-
teria coevolution in aquatic reservoirs, influenced by seasonal
and climatic fluctuations, accelerates horizontal gene transfer
and selection of adaptive variants, shaping Vibrio cholerae di-
versity, virulence, and persistence across dynamic environmen-
tal niches [14]. A conceptual model illustrating the emergence of
pathogenic V. cholerae strains from environmental progenitors is
presented in Figure 4.
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Figure 4. Model of the origination of the new pathogenic strain of V. cholerae from the progenitor strains from the environment.

Genomic Flexibility in Cholera Pathogen: The Rise of
Chromosome-Fused V. cholerae

Researchers analyzed 467 clinical O1 isolates of Vibrio
cholerae collected in Dhaka, Bangladesh (2015-2018) using
long-read sequencing. Uniquely, 58 isolates (from 10 individ-
uals across five households) carried a single fused chromo-
some (~4 Mbp), merging the typically separate ~3 Mbp and
~1 Mbp chromosomes [3, 7].

O Os

4Mbp 3Mbp 1Mbp

Fused chromosome  Bipartite genome
(n=58) (n=409)

Figure 5. A schematic diagram showing the chromosomal fusion of
the larger and smaller chromosome in V. cholerae.
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Fusions occurred via homologous recombination at a
~12 kb shared region (HS1) present on both chromosomes
part of pathogenicity island VPI-2 and were confirmed with
PFGE. Phylogenetic analysis revealed multiple independent
fusion events, some transmitted between household members,
indicating these fusions are not rare anomalies but rather re-
curring Mobile defense islands and phage exclusion modules
embedded within SXT elements enhance Vibrio cholerae’s

adaptive immunity, linking antimicrobial resistance dissemi-
nation with phage defense and contributing to its genomic
flexibility and epidemic persistence [8, 18]. The fusion of the
two chromosomes into a single replicon is schematically de-
picted in Figure 5.

Key genomic landmarks involved in chromosome fusion,
including HS1, crtS, and replication origins, are detailed in
Figure 6.
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Figure 6. A schematic representation of chromosome fusion with the location of HS1, crtS, the origins of replications and pathogenicity islands

indicated, Chr2 in rare cases carries the additional copy of VSPI.

5. Genes Responsible for the Virulence of
V. cholerae

This study investigates the presence and expression of vir-
ulence genes in environmental strains of Vibrio cholerae iso-
lated from freshwater lakes and ponds in Calcutta, India. The
research focuses on five virulence genes: ctxAB, tcpA, toxR,
and toxT, which are critical for pathogenicity [9]. Using PCR
and Southern hybridization, the study identified 24 strains car-
rying these genes, with tcpA and ctxAB being the most preva-
lent. Notably, tcpA genes in environmental strains showed
high similarity (97.7%) to the classical biotype of V. cholerae
01, suggesting an environmental reservoir of virulence genes.

The study demonstrated that strains carrying tcpA ex-
pressed toxin-coregulated pilus (TCP), confirmed through au-
toagglutination assays and electron microscopy. Strains with
CtxAB produced cholera toxin (CT), verified by GM1 ELISA
and rabbit ileal loop tests. However, some strains positive for
CtxAB did not produce detectable CT, indicating incomplete
virulence gene expression. Ribotyping revealed genetic diver-
sity among strains, supporting the hypothesis of gene transfer
in the environment.

The findings highlight the ecological significance of envi-
ronmental V. cholerae as a reservoir for virulence genes,
which may contribute to the emergence of new pathogenic

variants through horizontal gene transfer. This study under-
scores the potential for environmental strains to play a role in
cholera epidemiology and evolution, emphasizing the need for
further research into the molecular ecology of V. cholerae.

5.1. Regulation of Virulence by relA

Study shows how disruption of the relA gene influences vir-
ulence regulation in Vibrio cholerae EI Tor C6709. The relA
gene encodes an enzyme responsible for synthesizing (p)
ppGpp, a signaling molecule central to the bacterial stringent
response and adaptation to stress [8]. Researchers cloned and
sequenced the relA homolog (reldvcr) and created a deletion
mutant strain (SHK17) by replacing part of the gene with a
kanamycin resistance cassette.

The mutant failed to accumulate (p) ppGpp during amino
acid starvation, confirming the gene’s role in the stringent re-
sponse. Under virulence-inducing (AKI) conditions, SHK17
produced about 90% less cholera toxin (CT) and markedly
lower levels of toxin-coregulated pilus (TCP) compared with
the wild type. Northern blot and RT-PCR analyses showed
significant decreases in ctxAB and tcpA transcripts, along with
down-regulation of the key regulators toxR and toxT. The mu-
tation also disrupted expression of outer membrane porins
(OmpU decreased, OmpT increased), indicating an effect on
the ToxR-dependent regulatory pathway.

In vivo assays supported these results: the mutant caused
minimal fluid accumulation in rabbit ileal loops and showed
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over a 1000-fold reduction in intestinal colonization in suck-
ling mice. These findings demonstrate that (p) ppGpp is vital
for optimal CT and TCP expression and that relA positively
regulates the ToxR—ToxT virulence cascade in V. cholerae.
Thus, the stringent-response mediator (p) ppGpp connects nu-
tritional stress to virulence regulation, influencing the patho-
gen’s ability to cause disease [19, 20]. The stringent response
mediated by (p) ppGpp not only regulates virulence but also
modulates phage immunity by influencing CRISPR-Cas acti-
vation, enhancing Vibrio cholerae’s capacity to adapt under
phage stress and environmental fluctuations.

5.2. Horizontal Gene Transfer in V cholera via
SXT

The study explores the gene transfer capabilities of the SXT
element, a conjugative, self-transmissible, chromosomally in-
tegrating element (constin) found in Vibrio cholerae 0139.
The SXT element encodes resistance to multiple antibiotics
and facilitates horizontal gene transfer among gram-negative
bacteria. It can mobilize plasmids like RSF1010 and CloDF13
in trans and chromosomal DNA in an Hfr-like manner. Unlike
its self-transfer, plasmid and chromosomal DNA mobilization
does not require excision of the SXT element from the chro-
mosome.

RSF1010 mobilization by the SXT element occurs inde-
pendently of its origin of transfer (oriT), suggesting an alter-
native mechanism. The SXT element selectively mobilizes
certain plasmids, such as CloDF13, but fails to mobilize others
like ColE1 and ColE3 [5]. The transfer of RSF1010 and
CloDF13 is independent of the SXT element’s integrase (int)
gene, indicating that excision and circularization of the ele-
ment are not required for its conjugative functions.

The SXT element also mobilizes chromosomal DNA in a
directional manner, similar to Hfr strains. Chromosomal DNA
transfer is RecA-dependent and involves homologous recom-
bination in recipient cells. This mechanism allows the transfer
of linked chromosomal genes, potentially facilitating cross-
species gene transfer. For example, the SXT element may mo-
bilize virulence gene clusters, such as the Vibrio cholerae
pathogenicity island.

The study highlights the distinct features of the SXT ele-
ment compared to other conjugative systems, such as its se-
lective plasmid mobilization and oriT-independent transfer.
These findings suggest that the SXT element plays a signifi-
cant role in horizontal gene transfer and may contribute to the
dissemination of antibiotic resistance and virulence genes in
bacterial populations. The SXT element could also serve as a
tool for mobilizing chromosomal genes in species lacking H-
like elements.

Natural competence in Vibrio cholerae is strongly induced
on chitinous surfaces and regulated by quorum-sensing sig-
nals, promoting DNA uptake from the environment. This
competence activation facilitates horizontal gene transfer, en-
abling acquisition of virulence genes, phage defense elements,

and adaptive traits essential for environmental persistence and
epidemic potential [6, 21].

6. CRISPR-Cas and Synthetic Redesign
for Cholera Control

Recent advances in CRISPR-Cas genome engineering have
enabled precise modification of Vibrio cholerae to disrupt
CTXe receptor genes, delete prophage integration sites, and
attenuate virulence pathways. Synthetic biology approaches
now integrate recombineering with programmable nucleases
to design phage-resistant or vaccine-candidate strains, en-
hancing biosafety and stability. Engineered CRISPR arrays
can also target antibiotic-resistance and mobile genetic ele-
ments, reducing horizontal gene transfer [22, 23]. These inno-
vations will provide sustainable strategies for cholera control
by reprogramming bacterial genomes toward reduced patho-
genicity and improved ecological fitness.

The phage defense arms race reflects continuous adaptive
evolution between Vibrio cholerae and its infecting phages.
As bacteria acquire systems such as CRISPR, BREX, and
DISARM to block infection, phages counter with anti-
CRISPR proteins, modified receptor-binding domains, and
genome rearrangements to evade immunity. This reciprocal
adaptation maintains dynamic genetic turnover, influencing
cholera virulence, epidemic persistence, and the long-term
stability of engineered phage-resistant strains [12, 24, 25].

7. Conclusion

In conclusion, this review highlights the pivotal role of gene
editing technologies, particularly CRISPR-Cas and recom-
bineering, in engineering Vibrio cholerae strains resistant to
CTXo¢ bacteriophage infection. By disrupting key phage - host
interactions and targeting virulence determinants, these tools
may provide innovative avenues for cholera prevention and
control. Integrating genomic surveillance with synthetic biol-
ogy approaches can enhance understanding of cholera evolu-
tion and support the development of sustainable, phage-resil-
ient intervention strategies. Future integration of phage ther-
apy, gene editing, and vaccine strategies could enhance sus-
tainable cholera prevention.

Abbreviations

WHO World Health Organization
TCP Toxin Coregulated Pilus

CRISPR  Clustered Regularly Interspaced Short
Palindromic Repeats

BREX Bacteriophage Restriction by Exclusion

DISARM Defense Island System Associated with
Restriction Modification

CT Cholera Toxin
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DNA

Polymerase Chain Reaction
Deoxyribose Nucleic Acid
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