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Vibrio cholerae (VC) is the causative agent of the severe dehydrating diarrheal disease
cholera. The primary treatment for cholera is oral rehydration therapy (ORT). However, in
case of moderate to severe dehydration, antibiotics are administered to reduce morbidity.
Due to the emergence of multidrug resistant (MDR) strains of VC routinely used
antibiotics fail to be effective in cholera patients. Antimicrobial resistance (AMR) is
encoded in the genome of bacteria and is usually acquired from other organisms
cohabiting in the environment or in the gut with which it interacts in the gut or
environmental niche. The antimicrobial resistance genes (ARGs) are usually borne on
mobile genetic elements (MGEs) like plasmids, transposons, integrons and SXT constin.
Horizontal gene transfer (HGT) helps in the exchange of ARGs among bacteria leading to
dissemination of AMR. In VC the acquisition and loss of AMR to many antibiotics have
been found to be a dynamic process. This review describes the different AMR
determinants and mechanisms of resistance that have been discovered in VC. These
ARGs borne usually on MGEs have been recovered from isolates associated with past
and present epidemics worldwide. These are responsible for resistance of VC to common
antibiotics and are periodically lost and gained contributing to its genetic evolution. These
resistance markers can be routinely used for AMR surveillance in VC. The review also
presents a precise perspective on the importance of the gut microbiome in the emergence
of MDR VC and concludes that the gut microbiome is a potential source of molecular
markers and networks which can be manipulated for the interception of AMR in the future.
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INTRODUCTION

Vibrio cholerae (VC) is the causative agent of the severe diarrheal illness, cholera. Among the 209
different serogroups of VC O1 and 0139 have the potential to cause epidemic cholera. O1 has two
biotypes, namely, the classical and the EI Tor. The El Tor biotype is responsible for the ongoing
seventh pandemic which started in the year 1961. Due to cholera 21000 to 143000 deaths occur
annually (1, 2). Cholera is widespread among populations lacking access to clean water and
sanitation (2). Morbidity in cholera patients can be improved with fluid replacement (2). Oral
rehydration therapy using polymer-based or glucose-based rehydration solutions are
complemented with antibiotic therapy to decrease morbidity and mortality (2). Antibiotics help
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in reduction of severity of symptoms, duration of illness and
volume of stool (3). However, antibiotic resistance in bacteria
leading to the emergence of multi-drug resistant (MDR) and
extensively drug resistant (XDR) strains has challenged the
effectiveness of antibiotic therapy including combination
therapy (4). The latest weekly epidemiological report of cholera
published by the World Health Organization has declared that
the number of cholera cases have actually amplified in 2019
compared to that in 2018, stating the trend as retrogressive in
cholera control (5). In this scenario, antibiotic therapy would
serve as an essential component of treatment for cholera patients
and therefore it evokes the requirement for alleviation of AMR in
cholera for empirical drugs to continue to be effective while the
search for newer drugs is ongoing. Therefore, controlling the
spread of AMR in cholera is essential and for this step
understanding the reservoirs, mechanisms and routes of AMR
dissemination is the need of the hour.

Antimicrobial resistance (AMR), the phenomenon wherein,
bacteria develop resistance to one or more antibiotics is a severe
crisis worldwide and more so in countries like India which has a
huge impoverished and uneducated population (6, 7). The AMR
crisis in such countries has attained appalling heights due to their
misuse and over-use. These are easily available over-the-counter
without the requirement of a prescription of a registered
physician. Due to the exorbitant use of antibiotics in
agricultural, aquacultural, animal and poultry farms antibiotics
have entered the food-chain leading to farm-to-fork
transmission (8, 9). Moreover, failure of disposal of sewage and
effluents contaminated with antibiotics flouting the correct
methods of disposal have added to the nuisance and led to the
accumulation of antibiotics in the environment (10). Antibiotics
are also found naturally in the environment due to the presence
of natural antibiotic producers (11). All these factors necessitated
bacteria in different ecosystems to acquire genes that encode
resistance to antibiotics and hence called antibiotic resistance
genes (ARGs) for survival against antibiotic induced stress (10,
12). The threat of AMR is growing at an alarming rate and it is
estimated that by 2050 there would occur 10 million deaths each
year due to antibiotic-resistant pathogens (13).

Common bacterial pathogens have developed resistance to
antibiotics including broad-spectrum ones belonging to all the
major classes of antibiotics which have been empirically used for
their treatment (12). The problem of AMR in VC is growing at a
threatening pace (14). It is a common food-borne pathogen and
the most common water-borne pathogen indicating its high
chances of infecting the human population (14). Its resistance
profile has been cautionary and calls for immediate action to
revert the AMR crisis in VC (14, 15).

AMR in VC was not common till the early 1970s when the
first reports on resistance in VC started emerging (16). Since the
mid-20" century (1960’s) tetracycline and azithromycin have
been the drugs of choice. These were superior to others like
chloramphenicol and streptomycin resulting in pronounced
improvement in morbidity of cholera victims, in both children
and adults (17). Trimethoprim was effective against both classical
and El Tor biotypes (18). Sulfamethoxazole was effective against

El Tor and a combination of the two drugs proved synergistically
effective against the classical and El Tor (18). VC gradually
started developing resistance against these drugs (19). In
December 1979, a strain of O1 VC was isolated from a cholera
patient at the Matlab Hospital in Bangladesh which was found to
be resistant to tetracycline, ampicillin, kanamycin, streptomycin,
and trimethoprim-sulfamethoxazole (19). Strains collected 6
months prior to this also were found to be resistant to these
drugs (19). Contemporary reports on resistance of VC against
chloramphenicol, furazolidone, and sulphonamides also
existed (20).

Thus, evidence of AMR in VC has been documented from the
1970s (16) and many of the AMR determinants were found to be
carried on plasmids indicating the role that mobile genetic
elements (MGEs) played towards introduction of AMR in VC
(16, 19-21).

The epidemic causing 0139 serogroup on its emergence in
1992 in India, was found to be resistant to major antibiotics like
ampicillin, chloramphenicol and co-trimoxazole and also
revealed significant difference in its antibiotic sensitivity
pattern from that of O1 (22). Although the problem of AMR
has been prevalent since the 1970s the crisis has aggravated over
the years and is critical at present (15, 23). At present, 100%
clinical VC isolates are resistant to nalidixic acid and
sulfamethoxazole-trimethoprim (24). In clinical and
environmental isolates ARGs which have never been detected
in VC previously thereby conferring resistance to antibiotics
which worked successfully in its treatment earlier have started
appearing, like, the blaxypy.; carbapenemase encoding gene
isolated in environmental and clinical strains of VC (25, 26).
Above and over that, novel MGEs have started being frequently
isolated and the genetic analysis of these novel ARGs (25, 26) and
MGEs (27, 28) and the frequency of their isolation indicate
frequent genetic exchange of VC with other bacterial
species (29).

Some common drugs which have been historically
successfully used worldwide against VC are: ampicillin,
azithromycin, chloramphenicol, ciprofloxacin, ceftriaxone,
doxycycline, erythromycin, gentamycin, neomycin, nalidixic
acid, norfloxacin, ofloxacin, streptomycin, cotrimoxazole,
tetracycline, meropenam, spiromycin, aztreonem singly or in
combination (30). Table 1 outlines the salient features of the
major classes of antibiotics used against VC.

Due to the emergence of drug resistance to single (31) and
multiple antibiotics (22) different patterns of sensitivity to these
drugs have been reported from time to time revealing temporal
variation. A classic example is that of Polymixin B resistance. The
classical biotype has been sensitive to Polymixin B but the El Tor
biotype was resistant (32, 33). This difference in the resistance
pattern to Polymixin B served as an important phenotypic
marker of demarcation between the two biotypes (32).
Polymixin B and Polymixin E (colistin) have been considered
to be the last resort drugs for the treatment of Gram-negative
bacteria (34). Therefore, with the emergence of El Tor VC
crept in the problem of Polymixin B resistance (32). Later,
hybrid VC O1 strains like the Matlab I, IT and III exhibited
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TABLE 1 | Common antibiotics used against Vibrio cholerae, their mode of action and resistance mechanism

Class and
characteristics

Antibiotic Mode of Action Mechanism of resistance

2. Azithromycin Macrolide;

Semi-synthetic

Inhibits RNA-dependant protein synthesis by binding reversibly to 1. macrolide phosphotransferase encoded by mph
50S subunit of 70S ribosome inhibiting translocation leading to genes

cell growth inhibition and cell death

3. Spiramycin Macrolide Inhibits protein synthesis
Natural

4. Erythromycin Macrolide Diffuse through bacterial cell membrane and reversibly binds to
Natural, broad- 508 ribosomal subunit and inhibits its protein synthesis
spectrum

5. Streptomycin Aminoglycoside Inhibits protein synthesis
Natural

Broad-spectrum

2. Eflux pump encoded by mefC gene; RND
(Resistance Nodulation Cell Division) efflux pumps
comprising operons vexCD and vexAB among six
operons

Efflux pump VarABCDEF under the control of var

regulon with varR as the transcriptional activator

1. RND efflux pump

2. Mutations in rRNA genes like A, 122 etc

1. Chemical modification of the antibiotics by aminoglycoside
modifying enzymes like aminoglycoside nucleotidy!
transferase (ANTs) and aminoglycoside adenyltransferase

2. Also, mutations in ribosomal protein encoding gene
like rpsL and A1408G

mixed sensitivity to polymixin B (35). Recently, O1 El Tor strains
from different parts of India were found to be sensitive to
Polymixin B (36). 260 clinical strains of VC O1 from 12 states
in India tested for Polymixin B susceptibility using Kirby-Bauer
disc diffusion method and Polymixin B plate susceptibility
assay revealed 88.85% strains were sensitive (36). Another
study conducted using 1200 VC O1 isolates collected from
1995-2019 revealed that sensitivity of VC O1 El Tor strains
arose in 2005 (37). Additionally, on comparison of recent reports
on the antibiotic sensitivity profile of VC strains (24) with that of
strains isolated a decade ago (38) it was found that a stark

difference in the overall antimicrobial resistance profile exists.
These findings reveal that AMR in VC is a highly dynamic
phenomenon and is prone to variation and evolution with time
due to different selective pressure of antibiotics (39). Apart from
mutations in genes involved in resistance mechanisms (40) the
reason for temporal variation in the resistance pattern observed
in the case of many antibiotics can be accredited to the role of the
MGEs (23, 41). Most of the ARGs in VC are acquired from other
organisms and are found on MGEs and are intermittently lost
and gained (23). The microbiome plays a potential role in the
dissemination of ARGs and in shaping the genome and hence the
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AMR profile of pathogens (24, 39). Most of the AMR
determinants discovered in VC from time to time have been
found to originate in taxonomically related and unrelated
organisms (23, 28, 42). The spread of ARGs is facilitated in
polymicrobial ecosystems like the gut and environment where
the different inhabitants of the ecosystem are exposed to an
interactive milieu conducive for genetic exchange of ARGs (24,
43). Genetic exchange occurs by horizontal gene transfer (HGT)
and the major vehicles of HGT are the MGEs like plasmids,
transposons, integrons and SXT constin.

AMR in VC is determined by traditional phenotypic methods
like disk diffusion method on agar plates or by broth micro
dilution methods (24). Alternatively, molecular methods like
polymerase chain reaction (PCR) have been widely applied for
rapid detection of AMR in VC (24). With the advent of next-
generation sequencing (NGS), whole genome sequencing (WGS)
is currently used in many molecular epidemiology laboratories
(44). It is a non-targeted approach and provides information on
the entire genomic composition of the isolates (23, 44). These
methods are beneficial for epidemiological surveillance (44). The
recent years have seen more refinement in metagenomic
sequencing and analysis pipelines (45). This has yielded more
precise information regarding abundance and taxonomic
diversity of ARGs and has helped in identification of resistance
determinants existing in extremely low concentrations below the
detection level of the method used or detection of minority
populations harboring resistance determinants (45). These
developments taking place at a rapid pace have helped to
uncover the enormous diversity of resistance genes and their
sources (45). Metagenomic analysis of clinical and
environmental samples has provided real-time information
about the composition and genetic repertoire of different
microbial communities (43). This has made resistome analysis
conceivable and has generated immense information about the
reservoirs of ARGs that facilitate dissemination into other
vulnerable organisms like VC (43, 46). This information has
made epidemiological tracking of AMR reservoirs easy and
effective for containment measures (15). These analyses help us
to foresee what kind of AMR trend may be encountered in the
near future (24). This is significant for defining treatment
modules for cholera patients. In addition, the innumerable
molecular markers which are present in the microbiome and
those components playing a significant role in the acquisition
and expression of AMR can serve as potential agents for
manipulation to be used to alleviate the AMR crisis in the
future (47). These may include the plethora of bacteriocins and
other antimicrobial secondary metabolites found in surplus in
the gut microbiome and which have the potential to be developed
into novel antimicrobial agents (43, 48). In addition, natural
antagonism among bacterial communities can be used for the
development of techniques and probiotics which will not only
help in reducing diarrheal morbidity but also help to circumvent
the problem posed by drug-resistant bacteria (47, 49). The review
provides a precise insight into the different antibiotic resistance
determinants found in MGEs and resistance mechanisms that
have been reported in VC from time to time as a result of

antimicrobial resistance surveillance and molecular typing.
These resistance determinants have contributed to the
evolution of its AMR (24). It also highlights the prominent
role that gut and environmental microbiome have played in the
evolution of the acquired AMR of VC and upholds the
mechanisms at play within these communities which enable
the transmission of these MGES and ARGs residing in them
into VC leading to its evolution for its enhanced survival against
the selective forces of nature (15, 46). The review concludes that
by manipulation of the microbiome intervention strategies for
interception of AMR can be attained (44, 47). Therefore, the
microbiome is not only the source of AMR but also a potential
tool for the containment of the AMR crisis (15, 23, 44, 47).

MECHANISM OF ANTIMICROBIAL
RESISTANCE IN V. cholerae

Resistance to antibiotics in VC arises by the following
mechanisms: (i) Efflux proteins/ pumps (EPs) in the cell
membrane. Many of the efflux pumps have additional
functions apart from antibiotic and heavy metal efflux. These
include virulence gene expression, adaptation and stress
response (50). (ii) Point mutations or multiple mutations in
genes which form the basis for antibiotic action (iii) Introduction
of new antibiotic resistance gene cassettes. (iv) Many antibiotics
themselves serve as inducers for activating SOS response in many
bacteria and in turn undergo degradation (51). (v) The outer
membrane and outer membrane proteins of VC help it to survive
against high molecular weight antibiotics like vancomycin which
fail to penetrate the outer membrane barrier (52). (vi) Enzymatic
degradation of antibiotics. (vii) Target modification by
enzymatic action.

Bacterial efflux systems have been classified into 5 families
based on sequence similarity (53). These require an energy
source for pumping the drug out of the bacterial cell and may
be present in the plasma membrane or cytosol (53). These are
MATE (multidrug and toxic compound extrusion), MFS (major
facilitator superfamily), RND (resistance-nodulation-cell
division), SMR (small multidrug resistance) and ABC (ATP-
binding cassette) and have been reported in VC (53). RND efflux
pumps have broad substrate specificity and have been shown to
be involved in resistance against a host of antimicrobial agents
like bile acids, antimicrobial peptides, and antibiotics in VC (54).
There are 6 MATE family pumps in VC (55). These are NorM,
VerM, VemA, VemB, VemD, VemH and VemN . Efflux
activities of NorM, VcrM, VemA, VemB, VemD, VemH are
Na'-dependent, but that of VemN has been found to be Na*-
independent (56). The putative multidrug efflux pump, EmrD-3,
belonging to the MFS efflux pump was identified in the classical
VC 0395 (57) It was found to be involved in the efflux of
ethidium (57). It was tested for activity against several
antimicrobials and was found to enhance resistance against
linezolid, rifampicin, tetraphenylphosphonium chloride,
erythromycin, minocycline, trimethoprim, chloramphenicol,
ethidium bromide and rhodamine (57).
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One of the most important mechanisms of antimicrobial
resistance in Gram-negative bacteria arises due to hydrolysis of
B-lactam amide by P-lactamases (58). Different B-lactamases
have been identified in VC encoding resistance to different
B-lactam antibiotics like ampicillin, penicillin, carbenicillin,
cephalosporin (30). B-lactamase SAR-1 was isolated from VC
O1 isolates from Tanzania (59). The enzyme encoded resistance
to carbenicillin and penicillin G (59). Carbapenemase and ESBL
producing VC isolates have been reported worldwide (30). A
recent isolate of VC from India was found to carry blaNDM-1
and blaDHA-1 genes (26). VC isolated from environmental
water samples in New Delhi was found to carry blaNDM-1
gene (25).

Enzymatic modification of the drug target is another
mechanism of antimicrobial resistance in VC. Polymixins are a
class of detergent-like antimicrobial peptides which are the last
line of defense in Gram-negative pathogens. The LPS of the outer
membrane is the target of action for polymyxins. Polymyxin
selectively binds to LPS. An electrostatic interaction occurs
between the o,y-diaminobutyric acid (Dab) residue of the
positively charged polymyxin on one side and the phosphate
groups of the negatively charged lipid A membrane on the other
side. Consequently, divalent cations (Ca®" and Mg**) are
displaced from the negatively charged phosphate groups of
membrane lipids and LPS is therefore destabilized. This
increases the permeability of the bacterial membrane, leading
to leakage of the cytoplasmic content and ultimately causing cell
death (60). Henderson et al. presented a Lipid A glycylation
pathway in VC and mediated by the AImEFG operon involved in
elicitation of AMR due to enzymatic modification of the drug
target (61).

Quinolone resistance due to point mutations in chromosome
is an instance where chromosomal mutations lead to drug
resistance (62). Quinolones are broad-spectrum antibiotics
(62). These have been one of the most widely used antibiotics
for clinical and veterinary practices and animal husbandry (62).
They are naturally synthesized as secondary metabolites in many
bacteria like the 2-alkyl-4(1H)-quinolones of P. aeruginosa
(63, 64). They are also derived from plant alkaloids and are
also chemically synthesized (62). The use and overuse of
quinolones and its chemically modified synthetic derivatives
fluoroquinolones have given rise to bacterial resistance against
these drugs (65). Nalidixic acid, the first synthetic quinolone
antibiotic (64) isolated as a by-product of chloroquine synthesis
(66) and fluoroquinolones like norfloxacin, ciprofloxacin and
ofloxacin are recommended drugs for the treatment of cholera
(67-69). Till the late 1980s VC was sensitive to these antibiotics
(70, 71). Nalidixic acid resistance in VC started in the 1990s (72)
and today almost 100% isolates from any outbreak are found to
be resistant to nalidixic acid (23, 65). In VC quinolone resistance
occurs due to point mutations in the genes encoding DNA
Gyrase (topoisomerase II) and Topoisomerase IV enzymes
which play a vital role in DNA replication and repair
mechanisms (62). These enzymes are the targets for the drug
(62). Gyrase is composed of two subunits GyrA and GyrB (in
Gram positive these are GrlA and GrlB respectively) (62).

Topoisomerase IV is composed of two subunits ParC and ParE
(62). Quinolones intercalate into DNA at both the cleaved bonds
produced during replication and prevent ligation of the cut-ends
thereby interfering with replication mechanism (62). The drug
binds non-covalently at the enzyme-DNA interface at the
cleavage-ligation active site. It uses serine at position 83 and
acidic amino acid residues at position 87 as an anchoring point to
form a water-metal ion bridge to reach the enzyme (62). The
most commonly mutated amino acids are the serine and acidic
amino acid residues (62). These mutations consequently disrupt
the dug-enzyme binding leading to quinolone resistance (62). It
has been found that the serine residue provides protection to
bacterial gyrase against naturally occurring antibiotics. This is
why it is highly conserved across the kingdom Bacteria (62).
Sequence analysis of the enzyme subunits from quinolone
resistant spontaneous mutants of E.coli KL16 showed that
resistance occurred due to point mutations in the region
between amino acid 67 and 106, especially in the vicinity of
the amino acid 83 in GyrA protein (73, 74). The small region
near the N-terminal region in the GyrA subunit in which the
point mutations leading to quinolone resistance occurred and
this region was close to the Tyr at position 122 which has been
shown to be the site covalently bound to DNA (73). This region
was termed as quinolone-resistance determining region (QRDR)
(74). Later, Friedman et al. showed that even amino acid at 51
position was susceptible to mutation and Ala at this position was
mutated to Val in 3 E.coli mutant strains which they studied,
giving rise to quinolone resistance and providing cues for the
expansion of the QRDR (75). Thus, these single nucleotide
polymorphisms (SNPs) in chromosomal genes modify the
structure of the target site of drugs leading to weaker drug-
protein interactions (62) and leading to resistance against
the drug.

In VC SNPs in the genes gyrAB and parCE in the quinolone-
resistance determining (QRDR) regions have been reported
frequently (24). These have been shown to interfere with the
action of quinolones and fluoroquinolones rendering the strains
resistant to these drugs (76). Kim et al. reported mutations in
gyrA and parC genes in clinical isolates of VC from Bangladesh
collected from 2002-2008. These mutations could be correlated
to reduced susceptibility to ciprofloxacin. The mutations
observed were in gyrA encoding Ser83Ile and in parC encoding
Ser85Leu (76) Quilici et al. reported mutations in gyrA encoding
Ser83Ile and in parC encoding Ser85Leu in VC O1 isolates from
Nigeria (77). These mutations were responsible for reduced
susceptibility to ciprofloxacin (77).

SOURCE OF ANTIMICROBIAL
RESISTANCE

Usage of antibiotics is an ancient practice (78) and has existed
before the discovery of antibiotics (penicillin) in 1928 by
Alexander Fleming (79) and before the discovery of
chemotherapy by Paul Ehrlich in 1909 (80). With these
discoveries started the “antibiotic era”. The 1950s-1960’s when
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most of the antibiotics were discovered is called the “golden age
of antibiotics” (79). However, for millennia antibiotics have been
used to treat infections as evidenced from the practice of using
molds, honey, soil and herbal extracts to cure infections in the
ancient civilizations of the world (78, 80). These rituals were
prominent factors which contributed to the accumulation of
antibiotic resistance in human populations (80). The
introduction of antibiotics in clinical practice was followed by
the discovery of antibiotic resistance (AR). Discovery of
sulfonamide resistance in the late 1930s and that of
penicillinase in 1940 were the first instances of AMR discovery
(79). Resistance against streptomycin was observed soon after its
implementation in 1944 for the treatment of TB (Tuberculosis).
Staphylococcus aureus was the first bacteria in which penicillin
resistance was reported in 1947 four years after the mass-
production of the drug started (79, 81). In the 1950s-1960s the
accidental discovery of R factors (episomes) with functional
similarity to F factors bearing multiple resistance genes in
multi-drug resistant Shigella dysenteriae led the discovery for
the first evidence of transmissible genetic element which could be
disseminated by bacterial conjugation (82). AMR is governed by
genetic determinants (79). Chakrabarty et al. in 1990 (83) and
Webb and Davies in 1993 (84) reported about the presence of
chromosomal DNA of fermentative organisms used for
fermentative production of antibiotics in the preparations of
antibiotics (84). They demonstrated the subsequent uptake of
small amounts of these nucleic acids with intake of antibiotics
(84). They proposed that under the selection pressure of the
antibiotic, uptake of some of these resistance genes by some
members of the microbial population of the host would occur
(84). Subsequent inter- and intraspecific genetic transfers would
ensue leading to acquisition of resistance in other microbes.
AMR has existed in the pre-antibiotic era (80). It is a natural
phenomenon and has evolved alongside the producers of
antibiotics and carriers of ARGs in nature (11, 85). These
conclusions have been based on phylogenetic analysis of
antimicrobial resistance genes and enzymes (80). Phylogeny of
serine and metallo-B-lactamases helped to establish that these
have existed in nature for over 2 billion years (80). The bla(OXY)
gene of Klebsiella oxytoca was found to be evolving along with
the host for almost 100 million years (85). Actinomycetes which
are more ancestral to most bacteria including pathogenic Gram-
positive, Gram-negative and Chlamydia sp. are believed to be the
origin of antimicrobial resistance genes in pathogenic bacteria
(86). This has been demonstrated by Woo et al. on the basis of
phylogenetic analysis of 16s rRNA gene and 15 housekeeping
genes from 90 bacterial genomes which established that
Actinomycetes are more ancestral than pathogenic bacteria
(86). The same study also showed that tetracycline resistance
gene from Bifidobacterium longum is more ancestral to that of
Actinomycetes (86). Molecular analysis of ARGs encoding -
lactamases isolated from Alaskan soil revealed that evolutionary
forces lead to the evolution of ARGs in the environment (87).
Apart from the environment, ARGs have been found even in the
human gut and oral microbiome recovered from the medieval
ages (88). From these relics putative antibiotic-resistance genes

including beta-lactamases, penicillin-binding proteins, resistance
to fosfomycin, chloramphenicol, aminoglycosides, macrolides,
sulfa, quinolones, tetracycline and vancomycin, and multi-drug
transporters were identified bearing evidence of human
microbiome serving as a reservoir of AMR in the pre-antibiotic
era (89). The environment has been the origin of AMR which
later found its way into the clinic (88). The environment acts as a
hub of origin and evolution of new mechanisms of AMR and
new ARGs (90). In the environment like freshwater habitats
allochthonous species introduced through effluents, sewage,
agricultural run-off and autochthonous species which harbor
intrinsic AMR mechanisms can easily engage in genetic
exchange (90). This facilitates HGT often between
taxonomically distant bacteria (11) and finally these ARGs
enter into pathogenic and clinically relevant bacteria (90).

The evolutionary history of ARGs have been classified into
macro- and micro-evolutionary periods (11). During the former
and which took place in the pre-antibiotic era, and hence also
called the “pre-antibiotic period”, the ARGs underwent
evolutionary changes due to mutations and duplications and
limited contribution from HGT (11). During the latter also called
the “antibiotic period” due to the large-scale production and
subsequent introduction of antibiotics to environmental
ecosystems due to anthropogenic activities selective pressure
shaped the selection and enrichment of ARGs in these ecosystems
(11). These were disseminated from the environmental reservoirs
into taxonomically diverse commensals and pathogens and HGT
mediated by MGEs played a pivotal role in the process (11, 90).

In VC the majority of ARGs and gene cassettes which
contribute to AMR are acquired by lateral gene transfer (LGT).
These reside in the MGEs, usually have their source in the
environment (91, 92) and often have been found to originate
in bacterial and bacteriophage genomes (93). By HGT
mechanisms like natural transformation by direct DNA uptake,
by bacteriophage mediated transduction or by conjugation these
ARGs become a part of the VC genome by transmission through
MGEs like plasmids, integrons, transposons and integrative
conjugative elements (ICE) (23).

DISSEMINATION OF AMR IN
V. cholerae AND ITS MGES

HGT is the most decisive mechanism of AMR dissemination via
MGEs. It helps in intra- and inter-species exchange of virulence
genes and ARGs overriding taxonomic barriers and helping
bacterial strains to assimilate genetic information from
distantly related organisms and enrich their genetic diversity
(94). The dissemination of ARGs is favored in biofilms (95) and
in polymicrobial communities like the microbiome. It is
stimulated in response to certain environmental signals and
the presence of antibiotics (96-98). The three major
mechanisms of HGT are conjugation, transformation and
transduction and the vehicles facilitating HGT in VC are
plasmids, integrons, SXT and transposons. MGEs carrying
ARGs have been found to be associated with enhanced
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bacterial fitness which may explain the underlying impetus to the
acquisition of ARGs (99).

In bacteria, conjugation, a unidirectional, multi-step process,
occurs between mating pairs and requires cell-to-cell contact
between these. By this process plasmids, both conjugative and
non-conjugative, transposons and ICEs are transferred (100). It
involves the transfer of DNA from the donor, which contains the
F factor and hence designated F" to the recipient which is F’
through the conjugation tube/bridge also called the pilus formed
between the two bacterial cells. In some bacterial mutants like Ti
plasmid Vir mutants of Agrobacterium tumefaciens DNA
transfer has been found to occur without the formation of
pilus (101, 102). The major component of the pilus is the
protein pilin (103). At the distal end of the pilus is the adhesin
molecule which helps to make cell-to-cell contact (103). The
type-IV secretion system (T4SS) is used by Gram-negative
bacteria for DNA delivery and pilus biogenesis (101, 103). On
formation of the mating pair one strand of the DNA of the F
plasmid is cleaved and the single-stranded DNA is transported to
the recipient (101, 103). Thereafter, in both the donor and the
host DNA replication occurs by the rolling-circle model of DNA
replication (104). The transport of the DNA requires the
coupling protein (T4CP), VirD4 which binds to the
relaxosome (the protein complex involved in the initiation of
transfer of conjugative and mobilizable elements) and mediates
the transfer of the nucleoprotein complex to the membrane
channel (103). The mobilization of the DNA requires MOB
genes, the tra genes apart from the transfer of the DNA has a
host of other functions like biosynthesis of pilin, nicking and
unwinding of the DNA before initiation of transfer, MPF genes
are required for the mating pair formation (103, 105).
Conjugative transposons however, are transferred via
formation of a non-replicative circular intermediate which
forms after the excision of the element from the chromosome
(106). ARGs and genes determining resistance to heavy metals
carried by the MGE:s are transferred into the recipient by means
of conjugative transfer (107). In this manner AMR has been
found to be disseminated from environmental strains and
commensals into pathogenic strains rendering the pathogens
more virulent (46, 108). This process has contributed to the
emergence of virulent MDR strains which have caused cholera
epidemics worldwide (108, 109). The SXT element which was for
the first time reported in O139 strains (110) responsible for the
cholera epidemic in 1992 which started in Vellore (111) was later
found to have actually originated in environmental strains (108).
It was shown that by conjugative transfer the element harboring
sulll, strAB and dfr18 and circulating before 1992 had spread to
0139 and O1 strains (108). The SXT is transferable to a number
of Gram-negative organisms, helps in transfer of certain
mobilizable plasmids and also chromosomal DNA in an Hfr-
like fashion (106).

Natural transformation (NT) is a mechanism of direct DNA
uptake by bacteria involving the employment of a DNA uptake
system and without the requirement of any extrachromosomal
element (112, 113). The process involves internalization of
foreign genetic material and its chromosomal integration by

homologous recombination (112). To undergo transformation a
bacterial cell must acquire competence (113). Competence is
induced by a number of factors like environmental signals,
quorum sensing, growth phase (97). The main objective of NT
is generation of genetic diversity for genomic evolution or
chromosomal repair and curing of their genome of their
infectious parasitic MGEs as suggested by many authors (112-
114). According to other authors, natural transformation, is a
serendipitous occurrence accompanying bacterial adhesion and
twitching motility which increase under stressful conditions,
thereby facilitating DNA uptake in the process (115). Carvalho
et al., has recently, successfully proposed through a
computational model the underlying reason behind the
occurrence of natural transformation by unifying all the above
hypothesis (114). According to the authors, although costly for
bacterial cells, MGEs encode functions which may also be
beneficial to bacteria under stressful conditions like the
presence of ARGs (114). In stochastic environments, an
intermediate transformation rate maximizes bacterial fitness by
allowing the reversible integration of MGEs carrying resistance
genes, although the MGEs are costly for host cell replication
(114). Based on this dual function (MGE acquisition and
removal), transformation would be a key mechanism for
stabilizing the bacterial genome in the long term, thereby
explaining its striking conservation (114). Hence, natural
transformation is a mechanism which enhances bacterial
fitness for survival and leads to the acquisition of ARGs (115).
Moreover factors inducing stress like antibiotics also promote
DNA uptake thereby, enhancing the chances of acquisition of
ARGs (115). In VC, it has been recently demonstrated that
lysogenic strains use a prophage-dependent adaptive strategy
wherein, they induce neighbor predation and acquisition of
DNA by natural transformation in chitin microcosms (116).
This conclusion was deduced by conducting an experiment
wherein, the authors inactivated dprA (a gene that is essential
for NT but is not required for transduction as phage-mediated
transfer usually occurs by transduction) in VC O1 El Tor strains
(116). It was concluded that the HGT observed is due to the
transfer of DNA from the nonlysogen to the lysogen (116).
Bacteria of diverse taxonomy and phylogenetically distant
species share conserved uptake and processing proteins and
may differ in inducing factors and regulatory mechanisms
(112, 113). In VC the process has been well studied. In VC NT
occurs in chitinous surfaces and later it was shown that it is
induced by chitin, biopolymer of B- 1,4-linked N-
acetylglucosamine (GlcNAc) (117). Competence requires a
type IV pilus assembly complex, a putative DNA binding
protein, and three convergent regulatory cascades, which are
activated by chitin, increasing cell density, and nutrient
limitation, a decline in growth rate, or stress (117). Chitin
induces the expression of a 41-gene regulon involved in chitin
colonization, digestion, transport, and assimilation, including
genes predicted to encode a type IV pilus assembly complex
(117). Meibom et al., demonstrated that chitin induces
competence in VC (117). The authors grew VC O1 El Tor
strain A1552 in a liquid minimal medium containing 2.5 mM
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(GleNAc)g and genomic DNA from the VC O1 El Tor strain
VCXB21 which harbors a chromosomal gene for kanamycin
resistance was added to the culture of A1552 (117). After 18 h of
growth, the culture was plated onto antibiotic-free and
kanamycin-containing LB agar which yielded a transformation
frequency [kanamycin-resistant (Knr) colony-forming units
(CFU)/ total CFU] of 2.7 x 105 (117). In the absence of donor
DNA or when deoxyribonuclease (DNase) and donor DNA were
added simultaneously, no Knr colonies were detected (118). The
induction of competence was also tested using other
carbohydrates including the chitin monomer GIcNAc, which
does not upregulate the chitin regulon (117). Accordingly, only
chitin induced the competence phenotype (117). When glucose
was combined with (GlcNAc)s, competence was inhibited, which
suggested catabolite repression of the competence phenotype
(117). Chitin-induced NT with genomic DNA from the
prototroph strain VCXB21 also restored prototrophy to two
amino acid auxotrophic mutants that had deletions in either the
proC or hisD gene and consequently were impaired of the ability
to synthesize proline or histidine (117). The deleted version of
the hisD gene was replaced by the wild-type copy from the donor
DNA (117). Thus, the authors through their classical
experiments demonstrated that the growth of VC O1 with a
soluble chitin oligosaccharide induced transformation
competence and the ability to acquire different genes (117).
Chitin through TfoX" induces the expression of a competence
pseudopilus and other genes required for the degradation and
uptake of chitin (117). Increasing cell density, along with
effectors of increased RpoS abundance, enhance the expression
of hapR, required for the positive regulation of competence
(117). Both HapR and TfoXVc are required for the expression
of the VC1917 gene that encodes a protein with a signal peptide
and a motif homologous to the DNA-binding helix-hairpin-helix
domain (117). The VC1917 was found to be required for
competence (117). HapR and TfoX regulate the expression of
another competence regulator, QstR (118). The molecular killing
machinery T6SS (type VI secretion system) in VC also
participates in NT in VC and is regulated by the same
transcriptional regulators TfoX and QstR (119). It is used for
killing neighboring non-immune cells resulting in the release of
DNA and facilitating HGT (120). DNA released by an individual
bacteria would be taken up by other members in a biofilm,
thereby, indicating the role of biofilms in enhancing frequency of
transformation and dissemination of genes like ARGs by NT
(117). Quorum-sensing associated autoinducers control the
degradation of exogenous DNA towards the uptake of intact
DNA strands in competent-induced cells of VC (121, 122).
comEA, which encodes a putative periplasmic DNA-binding
protein and comEC, which encodes a DNA internalization-
related competence protein are QS-regulated genes which are
involved in DNA uptake and are strictly dependent on positive
regulation by HapR (122). NT occurs in high cell density when
dns gene is downregulated by higher HapR expression (122).
Lloyd et al, has recently shown that NT can be induced in
Classical VC which are naturally incapable of transformation due
to a mutation in the master regulator hapR gene (118). The

authors showed using a plasmid they constructed which
expresses both TfoX and QstR which rendered the 0395
Classical strain carrying a hapR plasmid capable of NT (118).
Dalia et al., found the existence of a HGT transferred element,
IdeA (ICE-encoded DNase) and globally distributed in VC
which inhibits natural transformation even if all the genes
required for NT are present in the genome (123). This element
was discovered in the 2010 outbreak clinical isolates of VC O1 El
Tor and was found to be present in the 97.7 kb ICE similar to
VchInd5, a commonly occurring ICE (123). It was ubiquitously
present in the Haitian strains (123). IdeA inhibits NT in cis via
DNA endonuclease activity that is localized to the periplasm
(123). The authors generated isogenic mutants of IdeA and
observed that the mutants showed improved efficiency for NT
(123). However, frequency of isolation of VC strains harboring
this element has undergone a reduction in the recent years (123).
This may consequently lead to higher chances of NT in VC and
greater dissemination of ARGs.

Transduction is bacteriophage-mediated transfer of genes and
gene cassettes from one bacteria to another. Three principal
methods of transduction exist namely, generalized, specialized
and lateral transduction (124). Among the HGT mechanisms,
transduction is considered to be the major route of gene
acquisition for their rapid adaptation to environmental
challenges (124). The general mechanism of transduction
encompasses the excision of host bacterial DNA, packaging
them into transducing particles, infection of other cells and
release of these particles into the recipient. The DNA either
recombines into the recipient chromosome or replicates
independently as a plasmid (124). In VC a number of
pathogenicity islands like TCP, VPI-2, VSP-1 and VSP-2 exist
which have been acquired by phage transduction (125). Phages
have been found to be integrated in chromosome (126, 127) and
plasmids in VC (128). Many phages have been found to confer
the ability of conjugative transfer to the plasmids (128, 129).
Phages are of common occurrence in VC and two types of
bacteriophages have been identified (129). The lytic phages and
lysogenic phages (129). An intermediate type has been reported
too, the pseudotemperate lifestyle, wherein, the phage does not
integrate with the host chromosome but remains as linear or
circular plasmids (130). However, recent evidence suggests that
upon infection the temperate phages can either be induced into a
Iytic life-cycle or a lysogenic one (131). Recently, it was shown by
Silpe and Bassler that the QS AI determines which life-cycle
would be activated in VC (131). VP882 phage encoded protein
gp56 (VqmAppage) which bears homology with the VC encoded
VaqmAy, receptor of Al 3,5-dimethylpyrazin-2-ol (DPO) can
serve as a receptor for the VC QS AI DPO (131). It binds DPO
and controls QS regulon in VC while propagating itself in the
process as it switches on the lytic cycle with the mediation of
another phage encoded antirepressor protein gp55 also known as
Qtip (quorum-triggered inactivator of cI protein) (131). This
inactivates the phage encoded repressor cI and inhibits its
binding to q promoter DNA (131). However, if the temperate
phage chooses to enter lysogeny then its repressor, (cI in A
phage) inhibits transcription of its genes required for its lytic
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cycle and the prophage becomes quiescent and concomitantly its
DNA is replicated with the host chromosome during cell cycle
(130). The genetic evolution of VC is mostly associated with the
lysogenic phages (132).

The existence of generalized transducing phages of VC were
reported in 1982 and included the VcA-1, Vc-A2, Vc-A3, all
temperate phages capable of lysogeny in both the biotypes and all
were serologically related to the common kappa-type phage (129).
They had the capability of randomly inserting into different sites in
the VC chromosome (129). Later, the transducing phage CP-T1
was isolated from an apparently lysogenic El Tor strain (129). It
had the ability to transduce widely separated markers and to
propagate in both the biotypes (129). An association of lysogenic
phages of VC and its virulence was shown by many researchers
(129). In epidemic associated El Tor strains isolated between 1930
and 1960 it was found that those strains which released prophages
were associated with disease severity while those which did not
release prophage caused mild or asymptomatic cholera (129).
Later, the chromosomally integrated CTX@ temperate phage was
isolated and was shown to encode the major virulence factor of
VG, cholera toxin (CTX) using toxin co-regulated pilus (TCP) as
its receptor (126, 127). It could be transferred from pathogenic to
benign cells contributing to transfer of virulence (126, 127). The
CTX element under certain conditions is self-transmissible and
replicates independently like a plasmid forming extracellular
particles (CTX¢ ) containing single-stranded DNA consisting
entirely of CTX element (127). These findings point to the
significant role that phage-mediated transduction plays in the
genetic evolution of VC (126, 127, 132). Although phages have
been associated with the propagation of AMR, there are rare
reports of phage genome being linked with ARGs (133, 134). One
such rare report has been presented by Moon et al., from a recent
analysis involving the investigation of the presence of ARGs from
viral contigs recovered from urban surface water viral
metagenome data (134). They identified sequences of diverse
ARGs, including polymyxin resistance genes, multidrug efflux
proteins, and PB-lactamases (134). On employment of a lenient
threshold of e value of < 1 x e and query coverage of > 60%
in the Resfams database, novel B-lactamases blapgry.; and
blagryar; were found (134). These genes had unique sequences
and formed distinct clades of class A and subclass B3 B-lactamases,
respectively (134). Minimum inhibitory concentration (MIC)
analyses for E. coli strains harboring blayggry.; and blagrya i
and catalytic kinetics of purified HRV-1 and HRVM-1 showed
reduced susceptibility to penicillin, narrow- and extended-
spectrum cephalosporins, and carbapenems (134). These genes
were also found in bacterial metagenomes, indicating that they
were harbored by actively infecting phages (134). The study
showed that viruses in the environment carry novel functional
ARGs, in small quantities suggesting that environmental
bacteriophages could be reservoirs of diverse, unknown
ARGs that could be disseminated via virus-host interactions
(134). Enault et al., employed bioinformatics to detect ARGs in
phage genomes (134). They found that ARG abundances in 1181
phage genomes were vastly overestimated using exploratory
thresholds due to low similarities and matches to protein

unrelated to AMR (134). They found experimentally that 4 of
these ARGs predicted using exploratory thresholds failed to confer
antibiotic resistance in E. coli (134). The authors on the basis of
their findings reasserted the traditional view that phage genomes
rarely encode ARGs (134). A recent study by Verma et al., was
conducted to extensively characterize the genetic diversity and
AMR traits of 443 isolates of VC collected from diarrheal patients
in India from 2008 - 2015 and identified MDR, XDR strains, and
acquired resistance traits based on the identification of ARGs
physically linked to MGEs like plasmids, ICEs and transposons
(22). Although prophages were present in these strains, none of
the ARGs were physically linked to the phage genome (22). In this
study the authors carried out WGS of 4 isolates encompassing
MDR 01, 0139, non-O1/non-0139 strains (22) and found that
5% of the strains harbored different MGEs like pathogenicity
islands (PIs), metabolic islands, prophages, plasmids, and
transposons that have been acquired by HGT from closely or
distantly related bacterial species (22). Integration of most of these
MGEs in VC chromosomes is reversible, and can be excised and
propagated to other VC cells showing the potential of MGEs in the
propagation of AMR (22). The MGE:s linked to VC AMR and
which have been derived as a result of extensive genetic analysis of
VC strains isolated from the environment or associated with
cholera have been discussed below. Table 2 outlines the key
features of these elements helping to differentiate among them.
Table 3 presents the various MGEs reported in VC, their
resistance markers and the ARGs that they have been found
to carry.

Plasmid

Plasmids are extrachromosomal circular DNA capable of
autonomous replication and may be self-mobilizable or non-
mobilizable (135). The former is called conjugative plasmid while
the latter is non-conjugative plasmid (135). The non-conjugative
plasmids may be transferred with the help of self-conjugative
systems/transfer systems of a co-resident conjugal plasmid or
may use a process called conduction/conjugation to move from
donor to recipient cells (136). In VC a conjugal system was
discovered by Bhaskaran in 1958 and the fertility factor of VC
corresponding to the F-factor of E.coli was called sex factor P
(129). Plasmids are often associated with antibiotic and heavy
metal resistance gene cassettes and may harbor other MGEs like
transposons, integrons and ICE (29, 42, 107). Plasmids, thus
encode various functions like antibiotic resistance (107), heavy
metal resistance (107), toxin production (137), adhesin secretion
(137) and cellular and metabolic functions like synthesis of
membrane proteins and peptidoglycan (138). Many plasmids
have been identified in VC in environmental reservoirs and also
in clinical isolates of different serogroups including O1 and
0139. Some examples are pVC, pSDH-1, pSDH-2 (138, 139).
From a recent VC non-O1/non-0139 clinical strain, HC-1A2,
collected from cholera outbreak in Haiti, Ceccarelli et al,
characterized two novel circular plasmids and completely
sequenced these (138). They are the pSDH-1(4985bp) and
pSDH-2 (5580bp) (138). The plasmids were characterized
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TABLE 2 | Features of MGEs contributing to transmission of antibiotic resistance in V.cholerae.

Plasmid

Extrachromosomal circular DNA may
harbor other mobile genetic elements like
transposons, integrons and ICE.

In VC trimethoprim, beta-lactams,
quaternary ammonium compounds, and
aminoglycosides and also Chloramphenicol
kanamycin sulfonamide and tetracycline.
dfrA15, blaP1, and gacH-aadA8 cassettes,
cat1, aph, sul2, tetG resistance genes
reported

Capable of transcription of gene cassettes

capable of autonomous replication

Capable of self-mobilization,

Occurs in Gram-positive and Gram-
negative bacteria and can be used
for molecular typing

Integron

Gene-capture system, capable
of site-specific recombination
mediated by intl, capturing and
mobilizing gene cassettes
(0.5-1kb) ;

Carried on chromosomes or
plasmids; Has site-specific
recombination system

In VC encodes resistance to
ampicillin, tetracycline,
aminoglycosides, trimethoprim,
sulfamethoxazole, kanamycin,
gentamycin,

Chloramphenicol, rifampicin
qnrVC, sull, sul2, cat1, aph,
tetG, dfrA1, dfrA15, blaP1, and
gacH-aadA8 cassettes, aadA1,
aadA2, aar-3, aacA4,

has promoters for transcription
of these genes

Not capable of autonomous
replication

They cannot cause their own
excision if integrated on
chromosomes.

Gram-negative and Gram-
positive bacteria and can be
used for molecular typing

Located in plasmid or chromosome, carries the compulsory
marker, insertion sequence example 1S200, IS1004 which
encode transposase; They usually have their recombination
system and site-specific recombinases

A number of transposons described in VC, associated
with antibiotic resistance like Tn1

Transposon ICE

Integrate into host
chromosome, at prfC
locus can cause their
own excision and
mobilization.

May excise and form
plasmids and transfer by
conjugation

In VC encodes resistance
to streptomycin,

(ampicillin) ; sulfisoxazole/
Tn1701 (ampicillin, sulfonamide, streptomycin) etc. sulfamethoxazole, and
trimethoprim

May carry promoters induced by integration into

StrA/B, sul2, and dfrA1

Cant transcribe genes

host genome

May undergo autonomous replication
(conjugative transposon, ICE)

May be self-trans missible

Occurs in Gram-positive and Gram-negative bacteria

May replicate on their
own, usually replicate
passively with
chromosomal replication
Capable of self-
mobilization,
self-excision, self-
transmissible)
Gram-negative bacteria
Important for multi-drug
resistance dissemination

using single-cell genomics (138). These were found to be self-
mobilizable and in pSDH-2 a toxin- antitoxin (TA) system was
identified (138). It was further concluded that this plasmid uses
the ColE1 model of plasmid replication (138). Both the plasmids
were found to be widespread among environmental non-O1/
non-0139 isolates (138). On detailed analysis different genes
borne on these were found to have similarity with homologues
from V. parahemolyticus, Moraxella maccacae and Vibrio
tasmaniensis (138). On the basis of these observations it was
concluded that plasmids are propagated by conjugal transfer and
contribute to clonal divergence as they harbor genes from diverse
phylogenetic origin (138). In VC plasmids have been found to
enhance virulence and pathogenicity (137) induce drug
resistance and also help in mobilization and transfer of non-
conjugative genomic islands harboring ARGs (29) thereby
explaining the role of plasmids in genomic evolution by
conferring the ability of enhanced survival and persistence.
Some recently described plasmids, playing a role in antibiotic
resistance acquisition and dissemination in VC have been
described below and which have been isolated from different
geographical locations in clinical and environmental isolates.
The p3iANG conjugative plasmid was reported by Ceccarelli et
al. as a result of one such investigation (42). The plasmid was
found carrying a set of 3 classl integrons, harboring dfrAI5,
blaP1, and qacH-aadA8 cassettes, which code for resistance to
trimethoprim, 3-lactams, quaternary ammonium compounds,

and aminoglycosides and also chloramphenicol (catl),
kanamycin (aph), sulfonamide (sul2) and tetracycline (tetG)
genes (42). The plasmid was detected as a result of a study
aimed at resistance profiling and understanding its correlation
with MGEs in the VC Ol clinical and VC O1I and non-O1
environmental isolates from different provinces of Angola and
collected between 1991 and 1996 (42). The clinical O1 isolates
were found to contain this large conjugative plasmid with a set of
three class 1 integrons harboring the above mentioned ARGs
clustered in a 19kb region (42). This plasmid was found to be
present ubiquitously in isolates from all provinces from north to
south and the integrons carried resistance cassettes not found in
Africa before (42). dfrA15 and blaPIcassettes were identical to
the cassettes observed by the same investigator previously in
Thailand (42). These findings highlight the significant role
plasmids play in the dissemination of ARGs among isolates of
VC across different geographical locations (42). Toxigenic VC
O1 MDR clinical isolates of 2008 from an outbreak in South
Africa were found to harbor a ~140kb plasmid carrying blargy,
gene encoding TEM-63 B-lactamase which had been associated
with nosocomial infections caused by K. pneumoniae in South
Africa till then (140). This report revealed the role plasmids play
in transfer of ARGs between bacteria of diverse taxonomy and
their importance in the evolution of VC.

Another family of plasmid, the IncA/C conjugative plasmids
have been often detected in VC and have been shown to play a
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TABLE 3 | Recent discoveries in V. cholerae mobilome associated with MDR.

Mobile genetic element (MGE) Location
1. IncA/C Transposon Plasmid

2. pVC1307 plasmid(type 2 A/C2group, IncA/C family) Plasmid

3. MGIVchHai6 Chromosome
(mobilizable genomic island(MGlI) containing mercury-resistance

transposon and integron IN104-like multidrug resistance element.

Its excision and mobilization is dependent on IncA/C plasmid.

Discovered at 3’ end of trmE, on chr1 in VC non-O1/non-0139

2010 MDR clinical isolate HC-36A1 from Haiti)

4. ICEVchCHN1307(a hybrid SXT element discovered in Chromosome
O1 clinical isolate)

5. ICEVchHait Chromosome
(In 2010EL-1786 strain from Haiti, 97.9kb, has 95 ORFs)

6. p2012EL-2176(IncA/C2) plasmid

7. SXT Chromosome
8. pVCR94 (IncA/C)(From a clinical VC outbreak isolate in Plasmid
Rwanda in 1994)

9. pvC2 Plasmid

Encoding resistance to antibiotics/resistance markers Reference

Macrolide, Penicillin, chloramphenicol, sulfamethoxazole,
trimethoprim, streptomycin

blaCTX-M-14, gacEAl, sull, aadA2-orfF-dfrA12, aac(3)lld—
tnplS26¢cp1, blaTEM-1-tnpAcp2, strAB-sul2-tnp
B-Lactams, sulfamethoxazole, trimethoprim,streptomycin,
aminoglycoside

(142)

(224)

(225)
B-lactams, sulfamethoxazole, tetracycline, chloramphenicol,
trimethoprim, streptomycin, spectinomycin

sul2—strA-strB, tetA-tetR-merR-strB, folR, dfrA34
Sulfamethoxazole, trimethoprim, streptomycin, tetracycline,
chloramphenicol

dfrA1, floR, strAB, and sul2

(224)

(226)

aac-lla, blacmy-2, blactym-2, blatem.1, dfrA15, mphA, sul1, and
tetA cmy-2 insertion regions and a putative arr3-drfA27-aadA16-
sull resistance gene cassette at the Tn-21 location.ampicillin,
amoxicillin/clavulanic acid, cefoxitin, ceftriaxone, ceftiofur,
tetracycline, ciprofloxacin

aadA1, aadA2, sull, strA, strB, dfrAt, dfrA15, dfrA5, dfrA12,
dfr18, floR

Sulfamethoxazole, trimethoprim, streptomycin, chloramphenicol,
nalidixic acid, tetracycline, erythromycin;

sulfamethoxazole, trimethoprim, ampicillin, streptomycin,
tetracycline, and chloramphenicol.

rifampicin, ciprofloxacin, tetracycline, neomycin and aztreonam

(145)

©1)

(227)

(3)

pivotal role in MDR dissemination (142). It has been found to
encode resistance to macrolide, penicillin, chloramphenicol,
sulfamethoxazole, trimethoprim, streptomycin (142).

Wang et al., identified mega-plasmids from MDR VC O139
strains in China (141). One plasmid belonged to the IncA/C
family and 10 ARGs were found in the MDR regions, including a
blaTEM-20 gene and these conferred resistance to 7 antibiotics
(141). This kind of plasmid was positive in 71.2% toxigenic 0139
strains (141). Wang et al., identified an O1 El Tor strain isolated
from a patient in 1998 which showed was intermediate
susceptibility or resistance to 13 antibiotics and could potentially
produce extended-spectrum [-lactamase (ESBL) (143). Three
genetic elements were identified namely, a hybrid SXT element
(ICEVchCHN1307), a new IncA/C plasmid (pVC1307) and a
chromosomal integron (143). Twenty ARGs were located on
them, including blaTEM-1, blaCTX-M-14 and phenotypically
silenced fefRA genes (143). An IncA/C plasmid was isolated from
two high minimum inhibitory concentration (MIC) azithromycin-
resistant VC strains of the two serogroups, O1 and 0139, isolated in
China (31). In the 172 predicted open reading frames (ORFs), 16
genes were related to AMR, of which 5 were associated with
macrolide resistance which were distributed in two clusters,
mphR-mrx-mph(K) and mel-mph2, flanked by insertion sequence
elements and involving two kinds of resistance mechanisms (31).
Deletion of the complete region of the two clusters deceased the
azithromycin MIC from >64 pg/mL to <0.5 pug/mL (31). In addition
to 11 ARGS, 5 ARGs encoding macrolide resistance with other
functions were accumulated repeatedly through transposition on

one plasmid (31). This genotype could not be simply explained by
antibiotic stress applied on the host from the environment or
treatment (31). These phosphorylases and transmembrane
transporters might be involved in the transport and metabolism
of other non-antibiotic substances, enabling this kind of plasmid to
propagate better in the host (31). This study highlights the
importance of plasmid-mediated HGT for optimum adaptation
of VC (31).

Walsh et al. detected NDM-1 gene encoding a carbapenemase
in environmental VC strains from India. Walsh et al. was the first
to report about the presence of NDM-1 gene in VC (25). The
study encompassed the detection of NDM-1 gene for the
evaluation of its prevalence in drinking water and seepage
water samples from India (25). Two VC strains were isolated
in the study from waste seepage water samples and both were
found to carry transmissible NDM-1 genes by PCR and DNA
probing and the existence of IncA/C plasmid in these strains was
confirmed by Inc typing on blaypyy 1 positive plasmids (25). One
of the strains was shown to carry chromosomal NDM-1 gene as
well (25). Later, Mandal et al., reported about a plasmid-borne
blaNDM-1 gene in a clinical strain isolated from the fecal sample
of a cholera affected 2-year old patient in India (26). The strain
was resistant to ampicillin, ceftriaxone, cotrimoxazole, and
furoxone and sensitive to ciprofloxacin and tetracycline (26).
The phenotypic tests for ESBL detection and PCR for detection
of the ESBL genes were both negative (26). Therefore, the authors
tested for the AmpC type of B-lactamase production (26). The
strain, an AmpC B-lactamase producer, was found positive for
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the blaDHA gene by multiplex PCR (26). The blaDHA gene on
sequencing was found to be 99% identical to Klebsiella
pneumoniae P-lactamase blaDHA-1 gene (GenBank accession
no. AY635140.1) (26). Carbapenems are considered the
treatment of choice for AmpC-producing organisms (26).
Therefore, the strain was tested for the production of
carbapenemase (26). It was found to be a carbapenemase
producer by a positive modified Hodge test and by the EDTA
disk synergy test (26). The multiplex PCR for the detection of
carbapenemase genes followed by sequencing confirmed it to be
blaNDM-1 gene with 100% identity with E.coli strain HK-01
plasmid pNDM-HK (GenBank accession no. HQ451074.1) (26).
The presence of a plasmid bearing the blaNDM-1 gene was
confirmed by the isolation of the plasmid using the alkaline lysis
method followed by subjecting it to multiplex PCR to detect the
carbapenemase genes (26). It confirmed the presence of
the blaNDM-1 gene (26).

A recent investigation on the antimicrobial susceptibility of the
2010 outbreak strains from cholera patients in Haiti was carried out
(145). A report of the AMR traits of the typical outbreak strain
(2010EL-1786) revealed resistance to streptomycin, sulfisoxazole,
trimethoprim/sulfamethoxazole, and nalidixic acid, and decreased
susceptibility to ciprofloxacin and chloramphenicol (145).
Resistance was caused by mutations in the QRDR regions of
the gyrA and parC genes and presence of ICEVchHail
containing the dfrAl, floR, strAB, and sul2 resistance genes (145).
Another isolate, 2012EL-2176, showed the typical resistance
phenotype of the outbreak strain but additional resistance to
ampicillin, amoxicillin/clavulanic acid, cefoxitin, ceftriaxone,
ceftiofur and the tetracycline MIC was intermediate (145). PCR
and WGS analysis with ResFinder helped to identify the original
outbreak resistance determinants and additional determinants (aac
(3)-Ia, blacry o, blacrx v bIaTEM-1, dfrA15, mphA, sull, and
tetA) (145). Plasmid transfer by electroporation into E.
coli (DH10B) confirmed that the ARGs were plasmid encoded
(145). PCR-based replicon testing identified an IncA/C2 plasmid,
and PCR and WGS confirmed that the plasmid encoded a
unique set of resistance determinants (aac(3)-Ila, blacyy o
blacrx a2 blatea.y, dfrA15, mphA, sull, and tetA) and a second
copy of the resistance genes floR, strAB, and sul2 identical to the
ones found in ICEVchHail (145). Antimicrobial susceptibility
testing of the transformant demonstrated transfer of the
resistance profile and additional resistance to chloramphenicol,
tetracycline, and decreased susceptibility to azithromycin (145).
The plasmid was mobilizable by conjugation (conjugation
efficiency = 1.3-14 x 107%) when E. coli J53 was used as the
recipient (145).

Hammerl et al. reported about the presence of VCC-1
carbapenemase gene blaycc ; borne on pVCC plasmid in four
strains of non-toxigenic carbapenem resistant nonO1/non-0139
environmental strains of VC isolated from coastal waters in
Germany, using WGS (144). The blaycc.;-coding sequences and
flanking nucleotide sequences were 100% identical among the
strains (144). This study showed that environmental VC is a
reservoir of carbapenem resistance and the authors have
proposed that from the water these resistant strains may enter

into mussels, fish and shrimps and may eventually enter the food
chain (144).

A recent investigation by Verma et al. led to the identification of
two large plasmids pVC1 and pVC2 in XDR VC strains from India
(23). pVC2 was found to carry ARGs bla, ant(3'), and aac(3') and
was experimentally confirmed to confer resistance to rifampicin,
ciprofloxacin, tetracycline, neomycin and aztreonam (23). Both the
plasmids had a much lower GC content of ~ 40% compared to the
host genome and both encoded mobility-associated genes like
tra genes (23). Another large plasmid (~94 kb) encoding
B-lactamases, chloramphenicol acetyltransferase, aminoglycoside
3’-phosphotransferase, aminoglycoside N(3’) acetyltransferase,
and bleomycin resistance protein were found in another strain (23).

The description of these plasmids and their genetic analysis
proved that plasmids have played a substantial role in
introducing different ARGs into the VC genome (25) helping
in clonal divergence (138), enhanced adaptation (31) and
dissemination of MDR traits across different bacterial species
(138) and in different geographical locations (42).

Integron

Integrons are gene-capture systems, carried on chromosomes or
plasmids and capable of site-specific recombination, capturing
and mobilizing gene cassettes (0.5-1kb) (146-148). They have
promoters for transcription of these genes (147, 148). They
cannot cause their own excision if integrated on chromosomes
(147, 148). The clinical integrons are borne on plasmids (146,
148). Superintegrons are located on chromosomes (146-148). In
VC integrons are located in chromosome 2 (149, 150) and also
plasmids like p3iANG have been found to carry integrons (28,
42). These MGEs have been found to encode resistance to
ampicillin, tetracycline, aminoglycosides, trimethoprim,
sulfamethoxazole, kanamycin, gentamycin, chloramphenicol,
rifampicin in VC (42, 93). Resistance genes gnrVC, gqnrVCl,
qnrVC2, sull, sul2, catl, aph, tetG, dfrAl, dfrAl5, blaP1 and
qacH-aadA8 cassettes, aadAl, aadA2, aar-3, aacA4 have been
frequently observed associated with integrons in VC (42, 93,
151). Integrons are more frequently found in Gram-negative
bacteria than in Gram-positive bacteria (147). Five classes of
integrons have been reported in bacteria till date (148, 152). In
VC classes 1, 2 and 4 have been found (93). Shi et al. conducted
an investigation for the detection of class 1, 2 and 4 integrons in
133 clinical strains of O1, 0139 and non-O1 non-O139 VC
isolates from Kolkata by PCR and sequencing methods (93).
These strains were isolated from 1992 to 2000 (93). Class 1
integron harboring genes aadAl, aadA2, blaP1, aar-3, aacA4,
and dfrA1 and dfrA15 were detected in 7 strains of O1, 1 strain of
0139 and 6 strains of non-O1 non-0139 serogroups (93). None
of the clinical isolates were found to carry class 2 integron (93).
All the strains possessed class 4 integrons (93). This study
revealed that class 4 integrons are present in all clinical strains
of VC irrespective of serogroup while class 1 integron does not
occur in all clinical strains (93). Class2 integrons harboring
antibiotic resistance genes have been reported to be less
frequently isolated in VC, however they are located in the
chromosome of environmental and clinical isolates of non-O1/
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non-0139 serogroups like the strains RC121 (027) and B0320
(039) (153).

Several recent studies have reported about the detection of
integrons in current isolates of VC from different regions of the
world and experimentally deciphered their value in the genomic
evolution and AMR of VC (27, 154-156). Aberkane et al.
identified a non-O1/non-0139 VC isolate from cloacal swab
sample of a yellow-legged gull in southern France producing
both VIM-1 and VIM-4 carbapenemases (154). The blayy genes
were found to be part of a class 1 integron structure located in an
IncA/C plasmid (154). A PcS (strong) promoter variant,
divergent to the integrase gene, was identified in the class 1
integron, with a functional P2 promoter located downstream of
the PcS in the att]] site as a consequence of insertion of three G
residues (154). The PcS-P2 association is believed to confer high-
level gene cassette expression (154). Wu et al., detected PER-1
extended-spectrum B-lactamase (ESBL) in a clinical non-O1/
non-0139 VC strain from China (154). ISCR1-mediated bla
(PER-1) was embedded in a complex In4 family class 1 integron
belonging to the lineage of Tnl696 on a conjugative IncA/C
plasmid (155). A free 8.98-kb circular molecule present with the
ISCR1-bla(PER-1)-truncated 3'-conserved sequence (CS)
structure was detected in this isolate (155). VC non-O1l/non-
0139 isolates recovered in Germany, from organs of domestic
ducks with serious disease symptoms were investigated for
phenotypic traits and by WGS (156). WGS data revealed only
a distant phylogenetic relationship between the isolates
determined using a CSI Phylogeny (version 1.4)-based single
nucleotide polymorphism (SNP) tree (156). Three isolates
showed susceptibility to a number of tested antimicrobials, and
one strain possessed ARGs encoded on an integron (156).
Accordingly, isolates were susceptible to most of the tested
antimicrobial agents and one strain (CH415) displayed
resistance to trimethoprim and sulfamethoxazole (156). A high
MIC value against nalidixic acid was observed in the same strain
(156). All isolates displayed resistance to colistin (156). In isolate
17-VB00405, only a catB9 gene was present (156). The nalidixic
acid resistance of strain CH415 may be due to a mutation in
the gyrA gene leading to an amino acid substitution (aspartic acid
to glycine) in position 87 (156). The AMR genes sull,
aadAl and dfrAl of strain CH415 were physically linked to a
class 1 integron integrase gene intll (156). Recently, Morita et al.,
detected integrons in the genomic islands of non-O1/non-0139
non-toxigenic VC isolated from cases of diarrhea-like illness in
Kolkata, India, collected from 2007 to 2014 (28). Out of 25
strains analyzed 13 were antibiotic-resistant and 6 strains were
resistant to more than 4 antibiotics (28). WGS was used to
identify the ARGs (28). Accordingly, dfrA, floRsull, tet, mer
operon, blacarp.os wWere detected (28). Four strains possessed
Class 1 integrons in their genomes and 3 of these 4 integrons
were found to be located in their genomic islands which were
determined as novel types (28). Intl1 was detected in 4 strains
and 1 strain possessed intSXT (28). the Class 1 integrons of 2
strains included tni module genes and hence, these Class 1
integrons were considered as members of a Inl6 family (28).
Class 1 integron of the third isolate contained 1S6100, indicating

that this might be related to the In4 family and this isolate also
contained IS26-mphA-mrx-mphR-IS6100 unit, an MGE (28). As
the Class 1 integron of one of the strains contained the gene
cassette, dfrA15-qacEAl- sull, the integron was regarded as the
member of In192 (28). One of the strains possessed an SXT
element harboring a mer operon encoding the mercury
resistance gene (28). The authors detected GIs in 4 strains with
Class 1 integron and in 3 of the strains it was located at the 3’ end
of trmE in the VC0003 region of the VC genome (28). The
arrangement of the GIs resembled that of AGI1 more than 99%
which is a member of the SGI1 (Salmonella genomic island 1)
family or contained regions from PGI1 in addition to the region
from AGII (28). One of the strains possessed another GI which
was 100% identical to GIVchHai8 of the VC strain HE-45 from
Haiti and the third strain also carried regions from this GI (28).
The MDR region of the GIs harbored several ARGs which
included a dfrAl, sull, and mer operon; dfrAl, sull, and mphA
operon; and dfrA15, sull, and mer operon (28).

Integrons play a significant role in the dissemination and
emergence of MDR strains due to insertion or deletion of large
portions of mobile gene cassettes (MGCs) or single MGCs (28,
149) and therefore, chromosomal integrons can be successfully
employed for sensitive phylogenetic analysis of pandemic strains
(149). Labbate et al. used PCR-based analysis of integron arrays
to differentiate between pandemic and non-pandemic isolates
(149). Differentiation was based on the MGC size class
represented by the size of the PCR product (149). Seventh
pandemic prototype O1 El Tor strain N16961 which contains
179 MGCs was used as the reference (149). The investigators
arrived at the conclusion that pandemic VC strains arose from a
common progenitor as the MGC composition was found to be
relatively conserved among them (149). It helped to resolve the
evolution of 0139 from a subgroup of O1 El Tor. Overall, this
method proved to possess greater sensitivity than single-gene
based phylogeny and multi locus sequence analysis (149).

SXT

These are self-transmissible, integrative and conjugative
elements, integrated into a single site (5" end of the prfC locus)
in the host chromosome and belong to the SXT/R391 family
(106). They are not capable of autonomous replication (106,
157). They are transposon-like elements and are categorized
under ICE (Integrative Conjugative Elements) and may carry
integrons (157). These are hybrid structures bearing transposon
associated ARGs and also ARGs borne on plasmids and phages
(157). Tt is a 99,483bp long insert in VC, has 87 putative ORFs
and encodes resistance to sulfamethoxazole, trimethoprim,
streptomycin, chloramphenicol, nalidixic acid, tetracycline,
erythromycin and have been found to carry ARGs like aadAl,
aadA2, sull, strA, strB, dfrAl, dfrA15, dfrA5, dfrA12, dfr18, floR,
mphA (106, 158, 224). The ARGs are carried in a composite
transposon-like element that interrupts the SXT encoded rumAB
operon (159). The conjugative transfer of SXT utilizes a
conjugation system related to the F plasmid (159). Two of its
loci setC and setD encode regulators that activate the
transcription of genes involved in SXT excision and transfer
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(159). Another regulatory gene setR whose product resembles the
lambdoid phage CI repressors are involved in regulation of SXT
gene expression (106). The setR encoded repressor represses the
expression of SetCD, whose overexpression would otherwise be
deleterious for the host (96). For optimal transfer of SXT,
integration host factor (IHR) is an essential component
required by VC for being a host or a recipient (160). IHF is a
heterodimeric protein whose subunits are encoded by
the himA and himD genes, and it helps regulate expression of
F conjugation genes and stimulates the Tral-mediated cleavage
of its origin of transfer (oriT) (160). IHF is required for both
integration and excision of A (160).

The SXT element was discovered in the O139 VC which is the
only non-O1 serogroup that can cause epidemic cholera (96). It was
isolated from MQO10, an O139 strain, in 1993 (110). Later, the SXT
element was found in O1 El Tor strains (161). However, the SXT
element of the O1 El Tor designated as SXT *" did not carry the
same resistance genes as SXT of VC 0139 strain MO10 (159). The
trimethoprim resistance gene was present 70kb away from the other
resistance genes in SXT *' (159). The SXTM?'® acquired its ARGs
and some adjacent sequences by a transposition event which
introduced a 17.2-kbp region containing all five resistance genes,
floR, dfr18, sulll, strA, strB into rumB, the second gene of
the rumAB operon (159). The 17.2-kbp sequence is flanked both
by an 8-bp direct repeat (corresponding to amino acids [aa] 76 to 78
of rumB) and by 16-bp imperfect inverted repeats, structures often
found at the boundaries of transposons (159). The SXT element
hasbeen isolated from VC strains associated with epidemics around
the world like Bangladesh, Mozambique, Kenya (159, 162, 163).
Recent WGS analysis of environmental isolates of toxigenic O1 VC
from Lake Victoria in Tanzania showed the existence of an SXT
element with deletions in vital ARGs (164). Initial analysis using
MyDbFinderl.2. revealed the absence of common genes like
sul2, dfrAl, dfrAl8, floR, strA, and strB in some of these strains
(164). Subsequently, a detailed analysis was performed which
revealed that fragments of strA, strB, Sul2, floR genes were
present in the SXT and about 1100 bp gaps between nucleotide
position 98500bp-102450 bp occurred in these strains (164). SXT
elements are wide-spread in VC and other gram-negative bacteria
(159) and newer insertion of gene cassettes in these elements are
reported quiet frequently (158). SXT elements play a significant role
in phylogenetic profiling helping in tracing the origin, transmission
and dissemination of SXT-borne ARGs (158).

A number of variants of the VC 0139 SXT element has been
described by a number of authors (161, 165, 166). SXT elements
have been later found in other Vibrio species as well (165). A
variant of the VC SXT element was reported in a V. fluvialis
strain H-08942 isolated from a 6-month aged infant with
cholera-like diarrhea in India (165). The element was found to
be shorter than that of the VC element and conferred resistance
to the antibiotics typically displayed by SXT elements (165).
Accordingly, genes strA, floR, sulll and dfr18 for resistance
against streptomycin, chloramphenicol, sulfamethoxazole and
trimethoprim were detected using PCR and the integrase gene
and the attP attachment site for SXT were also found to be
present in the strain (165). The integrase enzyme is required for

excision of the SXT element from the chromosome and its site-
specific integration into the host chromosome (106). The SXT
encodes its own integrase gene which is related to integrases of
the A family of phages (106). It is located at the 5’ end of the SXT
element (106). The integrase Int is a recombinase which helps in
the formation of the non-replicative, extrachromosomal circular
form of SXT, which is an intermediate in the form in the transfer
of SXT (106). The integrase gene of the V. fluvialis strain detected
by Ahmed ef al in the study described above was 1242 bp in
length and 413 amino acid residues and was found to be a variant
of the SXT element of 0139 VC (165). The attP site was shorter
comprising 641bp as opposed to the 785bp long attP site of SXT
of 0139 VC (165). ICEs derived from different organisms on
comparison have been found to have a standard size ranging
from 79,733 bp to 108,623 bp and contain syntenous sets of 52
conserved core genes comprising their genetic backbone and
each ICE also has genes specific for individual elements (167).
There are variable regions of 676 to 29, 210 bp too, mainly
concentrated in 5 hotspots which are intergenic regions of
insertions/acquisitions of new DNA in the genetic backbone of
the SXT element (167). These observations were derived by
comparison of the SXT of VC O139 with that of R391 strain
of Providencia rettgeri using the programs MAUVE and LAGAN
which enable visualization of core and variable regions on a
global scale (166, 167). The hotspots are HS1-HS5 (167). The
first one occurs between sO43 and tral, the second one lies
between trA and sO54, and the third one between sO73 and traF
(166). Toma et al. identified a new SXT designated SXT LAOS that
contains 2 novel open reading frames (ORFs) in the third hot
spot (between sO73 and traF) (166). It is different from
SXT®" which contains a class 9 integron in hot spot sO73-traF
that harbors dfrA1 as a gene cassette (166). In SXTMC'°, the gene
encoding trimethoprim resistance, dfr18 is encoded in the =17.2-
kbp composite transposon-like element which interrupts the
SXT-encoded rumAB operon (166). SXTY49% does not
encode dfrl18 nor dfrAl (166). On sequence analysis the
authors found that the region between sO43 and tral showed
97% identity to the corresponding region of P. rettgeri R391
which encodes 2 hypothetical proteins (ORF 37 and ORF 38)
(166). The region between traA and sO54 showed 97% identity to
the corresponding region of SXT°' and that the region
between 5026 and s027 in SXT“*% is also different from
SXTMC'® (166). Wang et al. reported about the presence of
two distinct types of ICEs in China among the 11 distinct SXT
elements that they sequenced (224). These elements differed
from one another on the basis of sequences of conserved genes
(224). In addition, there was a deletion of 17.8kb region from
5026 to s040 in all of the 11 SXT elements and all the 11 SXT
elements were found to have insertions at H3 and H4 (224).
Rashed et al., conducted molecular characterization and
antibiotic susceptibility screening of 97 VC Ol strains from
Bangladesh collected during 2010 and 2014 (168). Except two
strains, all others were found to harbor the intSXT gene, the gene
for SXT related integrase and 93% of the strains were MDR
(168). 100% of the strains showed resistance to streptomycin (S)
and sulfamethoxazole-trimethoprim (SXT) in 2010, 2011, and

Frontiers in Tropical Diseases | www.frontiersin.org

July 2021 | Volume 2 | Article 691604


https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles

Evolution of Antimicrobial Resistance

2012 (168). However, S and SXT resistance fell to 96% the
following 2 years, 2013 and 2014 (168). The SXT-related
integrase (intSXT) was detected in all isolates resistant to S and
SXT, suggesting that the SXT/R391 ICE has mediated resistance
to S and SXT (168).

Recently, Sarkar et al. reported about two variants of SXT
elements in strains from cholera patients in Kolkata, collected
from 2008-2015 (27). The two elements were designated as ICE TET
and ICE “*™ and were the major determinants of AMR in
these strains (27). ICE ™7 carried tetA, sulll, strAB, dfrAl while
ICE ©*N carried floR, sulll, strAB, dfrAl (27). ICES™N resembled
the ICEVchInd5 with 99% identity at 100% query coverage while
the ICE'™™" had only 99% identity at 70% query coverage (27).
ICE®EN was found to be 96.7 kb while ICE "E¥ was 91.5kb (27).
The findings clearly depict that recombination in SXT is a
frequent event and HGT of SXT is a common mechanism of
dissemination of AMR in VC. Beaber et al, had shown that
although the G+C content of the SXT region was 47.1% similar to
that of the VC genome (47.6%), there were certain regions within
the SXT element with different G+C composition like the ARGs
embedded in the transposon-like structure which has a G+C
content of 51.9% (106). Beaber et al, has demonstrated how
environmental factors and antibiotics induce the activation of
SOS response which in turn alleviates the expression of SetR, the
repressor of activators of genes used for SXT transfer (96).
Therefore, antibiotics via SOS response increases the expression
of genes required for SXT transfer and hence increases the
frequency of transfer (96). This phenomenon was demonstrated
by growing VC cells in the presence of ciprofloxacin and also
mitomycin C, a known DNA damaging agent. The transfer
frequency of SXT element increased via induction of the SOS
response (96). The authors proposed a regulatory pathway to
demonstrate the SOS induction mediated augmentation of SXT
transfer in VC (96). Accordingly, the co-protease activity of RecA
protein becomes activated during the SOS response (96).
Activated RecA facilitates the autocleavage of SetR and
alleviates the repression of s086, setD and setC expression (96).
Increased levels of SetC and SetD lead to the autoactivation of
setD and setC and also of the tra and int loci (96). The studies
described have provided with a clear perspective on the structural
aspects of the SXT ICE and the mechanism it utilizes to excise and
transfer from one host to another thereby contributing to the
dissemination of MDR traits which are constantly undergoing
rearrangement (27, 166) in response to the driving force for
dissemination, namely, antibiotics and other environmental
signals (96, 106, 157).

Transposons

These are mobile genetic elements that integrate into non-
homologous target sites in plasmids or chromosomes (169-
171). Some transposons show target site selectivity while others
show little selectivity wherein they avoid certain sites or regions
(169). Target site selectivity ensures safe propagation of these
elements and optimum host-element relationship (169, 170).
Transposons were originally discovered as MGEs which confer
antibiotic resistance (170). They exist either as part of a plasmid

or on a chromosome (171). They can jump from one plasmid to
another, from plasmid to a chromosome or from one part of a
chromosome to another part or from one chromosome to
another (171). They contain inverted repeat (IR) sequences
and a recognizable IS (insertion sequence) element flanking an
ARG (170). The genes for drug resistance and other functions
like heavy metal resistance and those enhancing metabolic
plasticity (172) appear between the IR sequences (170). The IR
along with these genes is called a transposon (Tn) which is
therefore, longer than an IS element as a Tn contains the protein-
coding genes (170). In many instances IR sequences have been
found to be a pair of IS elements (170). Transposons and IS
elements are grouped together under Transposable elements
(170). Other genetic sequences associated with transposons are
transposase gene (tnpA), resolution site (res) and resolvase gene
(tnpR) (173) which are involved in target site selection. tnpA
encodes the transposase, which is usually the element-encoded
recombinase which promotes transposition (169). There are two
mechanisms of recombination called transposition and
retrotransposition respectively (169). During transposition the
ends of the mobile element is cleaved from the donor site and
these cleaved ends are joined to the target site by DNA strand
transfer reactions (169). Prokaryotic TEs use this pathway,
usually (174). In the other pathway, DNA, RNA and reverse
transcriptase participate in the recombination (169, 174).
Elements which employ this pathway are called PolyA+ or
non-LTR retrotransposons (169). During retrotransposition
DNA cleavage takes place at the target site of element
insertion, exposing a 3’-OH which provides a primer for
reverse transcription, uses an element RNA as the template
and finally the DNA form of the element is inserted at this site
(169). A number of transposons have been described in VC,
associated with antibiotic resistance like Tnl (ampicillin) (175).
Transposons have been classified into retrotransposons (class I)
and DNA transposons (class II) (176). Bacterial transposons are
class II transposons (176).

Transposons have been traditionally used for DNA fingerprinting
of VC due to the IS elements that are characteristic traits of these
MGE:s (177). Bik et al., characterized a novel IS element 1S1004 in
Vibrio sp (177). It is a 628bp element containing an ORF whose
product showed a large degree of sequence identity with the Tpase
encoded by 15200 (177). It was successfully used to differentiate
between O1 and non-O1 strains, and within the O1 serotype it was
possible to distinguish between the classical and El Tor biotypes
(177). IS elements are usually involved in no other function other
than their mobility, contain sequences which participate in
recombination and define the boundary of the element (178).
They usually do not contain any other genetic sequences other
than that encoding the transposase (Tpase) which processes these
recombinationally active ends (178). These terminal IR sequences are
a short stretch of 10bp-40bp (178). ISs are classified according to
(i) the length and sequence of IR, (ii) the length and sequence of
direct target DNA repeats (DR), (iii) the organization of their open
reading frames (ORFs), (iv) target sites, (v) Tpases (174).

Apart from being used for molecular typing and as genetic
manipulation tools (169) transposons help to disseminate ARGs
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(175, 179). Goldstein et al., found the existence of a transposon
Tn1527 in the VC El Tor strain BM2508 which was isolated from
the feces of a child suffering from severe diarrhea (179). It was
14kb and closely related to Tn7 (179). This transposon was found
to confer resistance to trimethoprim and O/129 (179). Resistance
to the former was due to a dihydrofolate reductase type I and
resistance to streptomycin-spectinomycin was due to a 3",9-
aminoglycoside-aminocyclitol adenylyltransferase (179). The
ARGs were not transferable to E.coli and were found to reside
on the chromosome (179). The ARGs were transposed to
multiple sites of plasmids belonging to incompatibility groups
6-C and P and introduced into BM2508 and subsequently
transferred to other Gram-negative bacteria (179).

Recently, in a V. cholerae non-O1/non-O139 clinical isolate
HC-36A1 from Haiti, isolated in 2010, a mobilizable genomic
island MGIVchHai6 was discovered in chromosome 1 by Carraro
et al. (142). MGIVchHai6 contains a mercury resistance
transposon and an integron Inl04-like multidrug resistance
element (142). It was found to confer resistance to B-lactams,
SXT, tetracycline, chloramphenicol and streptomycin/
spectinomycin (142). It was shown that MGIVchHai6 excises
from the chromosome in an AcaCD-dependent manner and is
mobilized by ACPs (142). ICEs described in the preceding section
4c carry resistance determinants against an array of antibiotics
(106). They are conjugative transposons and may replicate
autonomously by rolling circle model of replication and require
the mediation of relaxase and specific helicase (180).

THE ROLE OF THE MICROBIOME IN THE
EVOLUTION OF THE ACQUIRED
RESISTOME OF V. cholerae

The analysis of the resistance determinants in VC show that
most of these have been acquired from other organisms from
time to time like the blaTEM encoding TEM-63 [B-lactamase
borne by a plasmid and which had been associated with
nosocomial infections due to K. pneumoniae in South Africa
and later acquired by VC O1 (140). Fonsesca et al. isolated Class
1 integron borne qnr-like genes (qnrVCI and gnrVC2) in clinical
Ol VC strains from Brazil (151). gnr genes have been found
mainly in the family Enterobacteriaceae, and borne on plasmids
(151). Vibrionaceae is considered to be the source of these genes
(151). However, TMQR (transferable mechanisms of quinolone
resistance) had not been earlier reported in VC (181) till 1998
when the first TMQR, QnrA was reported (181). These findings
indicate that the transferable gnr genes have been introduced
into VC from another organism with the help of MGEs and
therefore, gnr genes borne on MGEs have started being isolated
(151, 181). These findings revealed the importance of the MGEs
in dissemination of resistance determinants overriding
taxonomic boundaries and introducing novel resistance
determinants and mechanisms of resistance in VC (151, 181).
The dissemination of ARGs occur in response to antibiotics and
other environmental signals and may also be induced by

predatory mechanisms of VC (96, 119). VC has been found to
employ its T6SS machinery for neighbor predation and in the
process, the DNA that is released from the destroyed non-
immune neighboring cells induces NT in VC (119). Many of
the genes encoding antibiotic resistance help to enhance fitness
and survival of VC enabling it to tide over the deleterious
antibiotics (31, 114). These genetic exchanges have been
facilitated by the ecological interactions of these organisms in
different ecosystems like the gut and the aquatic ecosystem which
is the natural habitat of VC (14, 15, 39, 144).

Revolutionary discoveries on the structure and function of the
gut and environmental microbiome where these interactions
occur have been facilitated by NGS techniques like
metagenomic analysis (39, 44, 182). These have provided an
insight into the ecological role of the organisms that constitute
the microbiota and engage in the social and adaptive interactions
(15, 43). It is now evident that organisms do not exist in isolation
but reside in a milieu in which they have to closely interact with
other organisms (15, 43, 182, 183). These interactions often
shape their core and pan-genome and contribute to their
genomic evolution (46, 184). Recent evidence provided by
extensive genetic analysis of VC strains from diarrheal patients
has shown the presence of a wide diversity of AMR determinants
including novel ARGs and novel MGEs in the VC genome (26,
27). The MGEs on which the ARGs reside have the capacity to
excise and transfer to other cells by the various HGT
mechanisms already discussed in the review (23). Therefore,
this is how VC acquires ARGs from other organisms resulting in
development of AMR and consequently, of variable pattern of its
AMR (23). The microbiota has been found to exert significant
influence on the generation of genomic diversity of VC w.r.t. its
virulence and MDR traits (46, 185, 186). Therefore, it plays a
crucial role in determining virulence, pathogenicity and its
response to antibiotics (14, 185). Genetic exchange in the
microbiota does not occur randomly (187). It is facilitated only
between certain groups of bacteria engaging in social interaction
(187). These groups comprise what is known as exchange
communities (182, 183, 187). HGT does not occur by random
connivance but due to need (96, 115). This has been
demonstrated by Jain et al., who analyzed 20,000 ORFs (Open
Reading Frames) in 8 free-living prokaryotic genomes and
concluded that HGT occurs between communities which share
similar factors and is influenced by internal and environmental
factors (187) which include genome size, G/C composition,
carbon utilization, oxygen tolerance, synergism and
competitive inhibition and selective forces in the environment
(39, 187, 188). These are the same factors, therefore, which also
facilitate HGT of ARGs (115, 187). Therefore, VC is also engaged
in ecological relationship with certain members of the microbiota
which influence its genetic evolution (189). Recent studies have
clearly demonstrated this (189). Recent studies have shown that
cholera is accompanied by a dysbiosis of the gut microbiome
(189). The severe dehydration in cholera due to profuse efflux of
water and electrolytes into the gut lumen results due to the effect
of the enterotoxin CT (cholera toxin) (190). Before the onset of
cholera, the microbiota bears a specific signature revealed from
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comparison of gut microbiome of cholera patients in the
recovery phase with that of healthy adults and children (189).
This signature has been found to consist of Bacteroides,
Prevotella, Ruminococcus/Blautia, and Faecalibacterium (e.g.,
B. vulgatus, P. copri, R. obeum, and Faecalibacterium
prausnitzii) and the relative abundance of these bacteria was
found to increase with a shift from diarrheal to healthy adult
state (191). This is disrupted by the entry of VC (191). These
microbes can contribute significantly to healing of cholera and
assumed to be involved in repair of the wounded gut (191). These
members of the healthy gut is resurrected when the infection
subsides (189). When VC enters the gut, it is found to eliminate
the inherent flora by ejection of rice watery stool and comprises
50% of the bacterial burden in adult cholera stool in the diarrheal
phase (189) and declines within hours of administration of ORS,
where in Streptococcus sp. or Fusobacterium sp. or Campylobacter
sp. become dominant (191). The organisms with which VC co-
exists during diarrhea, may exert influence on VC w.r.t various
aspects like niche competition, colonization resistance
mechanisms, such as antimicrobial peptide production,
nutrient competition, and intestinal barrier maintenance while
VC senses those signals and modulates the expression of relevant
genes to circumvent those stresses during infection, leading to
successful colonization on the surface of small intestinal
epithelial cells by employment of T6SS, QS, reactive oxygen
species (ROS)/pH stress and bioactive metabolites (192). It is also
in this milieu that optimal exchange of ARGs can occur (46) as
exchange of ARGs is stress induced (96, 115, 119). This is
possible, because the microbiome houses diverse ARGs of
diverse taxonomic origin (43). It also has a high abundance of
ARGs as revealed by several novel studies (45).

Advanced software are available for metadata analysis and
these have helped in enhanced characterization of the
microbiome, enabling us to get a clear picture of the
taxonomic composition and also the transcriptome and
proteome (44, 45). Its benefit has been revealed in the
successful detection and estimation of higher abundance and
diversity of resistance determinants in the gut than previously
thought of (45). Lanza et al, developed ResCap, a targeted
sequence capture platform based on SeqCapEZ (NimbleGene)
technology, which includes probes for 8667 canonical resistance
genes (7963 ARGs and 704 genes conferring resistance to metals
or biocides), and 2517 relaxase genes (plasmid markers) and
78,600 genes homologous to the previous identified targets
(47,806 for antibiotics and 30,794 for biocides or metals)
(45). Its outcome was compared with that of metagenomic
shotgun sequencing method in 17 fecal samples comprising 9
humans and 8 swine) (45). ResCap was proved to have enhanced
capacity of identifying higher gene abundance and diversity and
also helped in the identification of novel genes involved in
antimicrobial and biocide resistance (45). With the aid of
advanced platforms and by virtue of recent investigations it
has been concluded that gut microbiome harbors a rich
diversity of ARGs (45). Mu et al. used shotgun metagenomic
sequencing of a human fecal sample from a nosocomial outbreak
and a neural network algorithm based on tetranucleotide

frequency profiling and reconstructed the genome of Klebsiella
pneumoniae carbapenemase (KPC)-producing K. pneumoniae in
the patient fecal sample, thereby confirming the causative agent
of the nosocomial outbreak and also a vancomycin-resistant
Enterococcus faecium as a persistent colonizer of the patient
(193). The study showed that the gut harbors ARGs against -
lactams, glycopeptides, macrolides, aminoglycosides, and
tetracyclines (193). Another report based on whole-genome
shotgun metagenomics performed using the Illumina MiSeq
platform and analyzed with ABRicate showed that diarrheal
fecal samples contain a pool of resistance determinants against
the major classes of antibiotics and that Eschericia sp. was found
to be the origin of most of these ARGs even in the gut
metagenome obtained from cholera patients (43).

A recent study showed that the fecal gene pool contained
ARGs many of which were found to be absent in the VC strains
isolated from the same fecal sample (24). Molecular typing
methods PCR and Sanger sequencing were aptly employed to
study ARG diversity in diarrheal fecal samples (24). ARGs
against 6 classes of antibiotics (macrolides, tetracyclines,
aminoglycosides, sulphamethoxazole, trimethoprim,
amphenicol) which are indispensable for diarrheal treatment
were detected (24). This study showed that the gut microbiome
serves as a reservoir of ARGs (24). The same study also reported
the existence of markers of integrons and transposons which are
essential for HGT (24). These conditions may facilitate the HGT
of ARGs from the gut microbiome gene pool into VC genome
(46). Several studies have demonstrated that the gut microbiota
facilitates the transmission of ARGs into bacterial genome by
HGT (194). Liu et al. identified 13,514 HGT genes in 308 human
microbes and constructed an HGT event network which
suggested that the human microbes could be divided into
specific communities which only partly overlap their
distribution in human body (194). The study showed that the
human microbiome may facilitate frequent HGT among bacteria
in the human body (194). Therefore, the role of the microbiome
in the acquisition of AMR and consequently in its evolution
becomes evident from these studies (24, 43, 194). Among the
organisms with which VC was found to co-exist in the gut
microbiome during the diarrheal phase (191) many commensals
like F. prausnitzii and Bifidobacterium sp. have been found to be
resident members of the commensal gut flora (43, 195). These
commensals have often been found to be carriers of ARGs which
reside in MGEs (195, 196). The microbiota having abundant
resistance determinants (43, 45) facilitate transformation of VC
in the gut in a contact-dependent manner or by direct uptake of
exogenous DNA (197, 198). Evidence in favor of this hypothesis
has already been provided by a recent study showing the
significant role that the microbiome plays in the transfer of
AMR to VC (46). The study involved characterization of AMR
phenotypes and genotypes of five dominant commensal enteric
bacteria isolated from the gut of adult healthy Indians and also
characterization of the resistome of the fecal samples (46). The
commensals included were, Faecalibacterium prausnitzii Indica,
Megasphaera elsdenii Indica, Prevotella copri Indica, Collinsella
aerofaciens Indica, Bifidobacterium longum Indica (46). In the
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resistome genes associated with tetracycline resistance were the
most abundant in all the six metagenomes (46). B-lactamases
were the second most abundant resistance genes across all the
metagenomes (46). Genes that encoded resistance against
macrolides, streptogramin, lincosamide, aminoglycosides,
vancomycin, and fluoroquinolones were also detected in all the
metagenomes (46). Bacteroides was the major genus contributing
to the resistome, followed by Bifidobacterium, Escherichia, and
Campylobacter (46). The enteric commensals were found to be
MDR too when tested for antibiotic susceptibility and also on
WGS analysis (46). More than 25 AMR genes that can encode
resistance against PB-lactam, aminoglycoside, macrolides,
tetracycline, and fluoroquinolones were identified (46). The
genes encoding antibiotic resistance were found to be
physically linked with MGEs, namely, IS elements, complex
transposons, bacteriophages, and GIs and could disseminate
vertically to the progeny and laterally to the distantly related
microbial species (46). VC was experimentally shown to take up
these resistance genes by natural transformation from the pool of
genomic DNA of enteric bacteria (46). The study successfully
demonstrated that ARGs present in the chromosome of
commensal gut bacteria was a source of resistance in VC
thereby, clearly proving the role of the gut microbiome in
shaping the acquired resistome of VC (46).

CONCLUSION

The VC genome comprises regions composed of genetic material
acquired from exogenous sources (125). Analysis of these
acquired genetic fragments have helped in the accumulation of
evidence on the different HGT events and MGEs which have
contributed towards this mosaic structure (137, 138). MGEs are
the major vehicles of evolution, are propagators of ARGs and
influence survival of the bacteria in its ecological niche in the
environment and hosts (107). These assimilate genetic
information from a multitude of organisms overriding
taxonomic boundaries eventually leading to the evolution of
the host cell acquiring it (29, 138). ARGs are exchanged within
exchange communities and are induced by a host of internal and
external factors (187). In VC genetic exchange with other
organisms occur in the environment and the gut (14, 199). It
also occurs among VC strains (14). Garg et al. found that non-
O1/non-0139 and O1 VC influence the AMR profile of 0139
strains circulating at the same time and spread rapidly giving
rising to MDR strains (22). There are several reports which have
revealed that ARGs located on MGEs have been introduced into
VC by HGT (200). MGEs like plasmids and integrons carrying
ARGs have been found to occur across different members of y-
Proteobacteria like the plasmid bearing the blatgy gene
encoding TEM-63 B-lactamase which was initially found in K.
pneumoniae in South Africa and later isolated from VC in South
Africa (140). Homologues of many ARGs which have been found
to originate in Enterobacteriaceae have also been detected in VC
(142, 201). The cat (chloramphenicol acetyltransferase)
orthologs are distributed across y-Proteobacteria (200). catl

gene is found in Enterobacteriaceae and catB9 gene in
Vibrionaceae (200). However, Ceccarelli et al., showed the
presence of catl gene in VC (42). These findings have proved
that transmission of ARGs across different taxonomic levels like
bacterial families, genera and species occur and which are
brought about by HGT and the same mechanisms affect the
AMR evolution of VC (142). HGT occurs when presence of
signals like stress (115), scarcity of nutrients (114), necessity for
chromosomal repair (114), presence of antibiotics (96) stimulate
the need for acquisition of genes that will help in adaptation and
survival (115, 192). Exchange of genes, occurs within exchange
communities within the microbiome (187) which provides the
optimum milieu for genetic exchange by providing the optimum
ambience and parameters required to induce HGT like niche
competition, stress and adaptation (192). However, there are also
several barriers to HGT and therefore, often, introduction of
exogenous DNA into VC is a challenging affair (129). There are
several decisive factors influencing the success of HGT
mechanisms (202) . For conjugation to occur, the presence of
F-factor is a prerequisite for mating pair formation (203). The
frequency of transfer of a gene depends on its distance from the
origin (203). Strains deficient in F-plasmid are incompetent to
engage in conjugal transfer (203). Plasmid transfer efficiency
depends on a number of biotic and abiotic parameters like
temperature, nutrient concentration, pH, moisture, population
densities, cell signaling, cell physiology, type of plasmid, donor,
or recipient, and growth on surfaces versus in well-mixed liquids
(202). Since conjugation relies on cell-cell contact and biofilms
facilitate this physical contact therefore previously, it was
considered that biofilms were hotspots of conjugation,
however, this paradigm has been ruled out due to observations
disfavoring this hypothesis (202). Accordingly, it was found that
conjugation occurred with high frequency in certain well-defined
narrow zones, in the initial stages of contact between distinct
colonies of donors and recipients (202). Cellular segregation of
individuals with distinct genotypes occur while only closest
neighboring cells come in physical contact (202). Apart from
these requirements environmental and cellular signals are
required to induce transfer competence in donors of
conjugative plasmids (202). Moreover, if non-conjugative
elements are involved in conjugation, these have to be
associated with the regulatory machinery of a conjugative
plasmid for its mobilization and transfer thereby highlighting
the stringent circumstances essential for the success of HGT (29).
Regulatory mechanisms in response to environmental and
physiological signals such as QS, the SOS response,
extracytoplasmic stress and gene silencing by histone-like
nucleoid structuring protein (H-NS) also affect conjugative
transfer of some plasmids (202). Apart from these parameters,
due to divergent evolution the machinery for conjugative transfer
is often not compatible between different bacteria thereby serving
as a barrier to conjugation (135).

NT too, have several prerequisites for DNA uptake to occur
like the availability of chitin, inhibition of DNAses and
restriction modification systems, availability of non-degraded
intact DNA strands, activation of DNA transfer genes, activation
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of QS, presence of autoinducers, high cell density in biofilms with
higher expression of the master regulator HapR which also
represses the dns gene (122, 204, 205). However, MGEs like
IncC plasmid, a common conjugative plasmid of Vibrionaceae
and Enterobacteriaceae and a common propagator of MDR in
VC has been found to have the capacity to overcome the
inhibition by restriction-modification systems, including the
CRISPR-Cas system of VC which accords adaptive immunity
with the help of a conserved operon containing five genes
(verx089-verx093) that confer a novel host defense evasion
(hde) phenotype (205). vcrx089-verx090 promote resistance
against type I restriction-modification while vcrx091-vexr093
promote CRISPR-Cas evasion by repairing double-strand DNA
breaks via recombination between short sequence repeats (205).
verx091, verx092 and verx093 encode a single-strand binding
protein, and a single-strand annealing recombinase and double-
strand exonuclease related to Redf} and AExo of bacteriophage A,
respectively (205). Homologous genes of the ICE R391 also
confer CRISPR-Cas evasion ability (205). Therefore, the
conserved hde operon helps to expand the host range of large
families of MGEs helping in dissemination of MDR (205). These
findings reveal adaptations of MGEs occasionally found in VC
which help these to override the barriers posed on HGT (205).
The IncC plasmid is a common spreader of MDR in VC (29). Its
conjugative transfer is activated by AcaCD, the master activator
which also controls the excision and transfer of chromosomally
integrated GIs like MGIVchHai6 (29). The latter is a MDR GI
integrated at the 3" end of trmE (mnmE or thdF) in chromosome
1 of non-O1/non-0139 VC clinical isolates from the cholera
outbreak of 2010, in Haiti (29). In the presence of an IncC
plasmid expressing AcaCD, MGIVchHai6 excises from the
chromosome and transfers at high frequency (29). AcaCD
drives the expression of genes, including xis and mobIM,
involved in excision and mobilization and which are borne by
the GI (29). A 49-bp fragment upstream of mobIM serves as the
minimal origin of transfer (oriT) of MGIVchHai6 (29). IncC
plasmid-encoded factors, including the relaxase Tral, were found
to be required for GI transfer (29). In silico exploration of y-
Proteobacteria genomes led to the identification of 47 novel
related and potentially AcaCD-responsive Gls in 13 different
genera (29). These Gls integrate at trmE, yicC, or dusA and carry
a diverse cargo of genes involved in phage resistance (29).
However, drug-resistance genes were not found in these GIs
suggesting their ancient origin and that MDR has been acquired
recently (29). Thus, VC has to encounter innumerable adversities
in the polymicrobial ecological niche it occupies in the gut and
environment which necessitates the acquisition of these ARGs as
an outcome of social adaptive behavior (206). These mechanisms
have enabled the bacteria to successfully thrive against the forces
of extinction for years and evolve its pathogenicity and acquire
resistance from time to time necessitated by requirement for
adaptation to the changing environmental scenario and continue
its struggle against extinction due to natural antagonism and
human intervention with antibiotics.

AMR in pathogens has emerged as one of the most critical
problems in the domain of health-care (13). The indiscriminate

use of antibiotics for clinical, veterinary, poultry, animal
husbandry and agricultural usage, consumption of antibiotics
in sub-lethal doses, disposal of industrial run-off from antibiotic
manufacturing units and usage of non-pharmaceutical
antibiotics have led to the severe AMR crisis challenging the
antibiotic treatment regime today (8). The World Health
Organization (WHO) recommends the use of azithromycin,
erythromycin, tetracycline for the treatment of cholera (207).
Recent studies showed VC strains to be susceptible to these drugs
in a cholera endemic region (24), however, the gut microbiota
was found to harbor genetic determinants for resistance against
macrolides, aminoglycosides and tetracyclines in the fecal
samples from which the VC strains were isolated (24). Given,
the existence of MGEs like IncA/C plasmids which can overcome
the barriers of HGT, it is not unlikely that most of these ARGs
would enter the VC genome (205). Other studies discussed in the
review also have shown the abundance of ARGs against different
classes of antibiotics in the gut (193). At present isolates of VC
from outbreaks in different geographical regions of the world are
MDR (27, 28, 42, 142). Acquisition of drug-resistance is being
triggered due to increased environmental pollution by antibiotics
and other bacterial stress inducing factors (15). Environmental
strains of VC belonging to serotypes other than O1 and 0139
from water samples, animals and birds have also been found to
harbor a wide range of ARGs located on MGEs including those
encoding carbapenemases and other 3-lactamases (25, 154, 155).
These findings show that environmental strains are serving as a
reservoir of 8-lactamases in VC (13, 155). Some of these ARGs
like NDM-1 are new for VC AMR (25). Bacterial species
belonging to the family Enterobacteriaceae have been found to
be challenged with the development of critical $3-lactamase
resistance (208). Genetic analysis of VC AMR has shown that
many of these ARGs have originated from Enterobacteriaceae
(26) indicating that genetic exchange between members of
Enterobacteriaceae and VC occurs in the different ecosystems
(140) and the influence of Enterobacteriaceae on the genetic
evolution of VC (140). NDM-1 in VC was first reported by
Walsh et al. who detected the gene in seepage water samples
from India and found it to be borne on the IncA/C plasmid (25).
These have also found their way into clinical strains of VC (26).
This is of tremendous concern for the health care domain (25).
ARGs from environmental sources are a terrible nuisance (144).
These enter into the food-chain from environmental strains (14,
144) as VC is associated with phytoplanktons, zooplanktons and
also copepods in its natural habitat (14, 209). Copepods serve as
food for human populations (14). Clinical strains may also
contaminate environmental strains (25). The discovery of
MDR environmental isolates of VC without MGEs are also of
major concern (210, 211). Chromosomal inheritance of genes
acquired by HGT and integrated with the chromosome are
vertically transferred leading to inherited AMR traits and
highlights the eventual disastrous consequences of HGT lying
in chromosomal inheritance of laterally acquired traits (212). As
already mentioned, need for adaptation leads to acquisition of
genes of metabolic importance by HGT (11, 39). These integrate
with the chromosome and are vertically inherited by later
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TABLE 4 | Multidrug efflux pumps in V. cholerae and their genetic markers.

Name of efflux pump MDR Markers

1.MATE (multi-drug and toxin extrusion) Family

verM,norM

2.RND (Resistance-Nodulation-Division) VexB, vexH, VexD, VexKAcrB,
AcrD

3. ABC (ATP-Binding Cassette) multi-drug vcaM

resistance superfamily macAB

4.MFS (Major Facilitator Superfamily) vceAB-vceC/ veeAB-tolC
emrD-3
lys-R, varR

tetA, tetB, floR, cmlA

5.SMR (small multi-drug resistant superfamily) SugE, qack
6.Tripartite system vceABC
macB
varABCDEF
AcrA/AcrB/TolC

TABLE 5 | Resistance genetic markers.

Antibioticclass and example

vemN, vmrA, matk, ydhC, ydhE,

Activity reported against Reference
Acriflavine (228-230)
Norfloxacin, Ciprofloxacin, (Fluoroguinolones)
Erythromycin, Penicillin, Polymixin B, Novobiocin, Ampicillin (54, 231, 232)
Macrolide (233-235)
Nalidixic (57, 236-239)
Acid, Deoxycholate
Linezolid, Rifampin, Erythromycin, Minocycline, Trimethoprim,
Chloramphenicol
B-lactams
Tetracycline, Chloramphenicol,
Quarternary (240)

Ammonium Compounds

Rifampicin, Erythromycin, Nalidixic Acid and Chloramphenicol (237, 238, 241,

Macrolide 242)
Macrolide
Resistance Marker Reference

1. Pennicillin (Ampicillin)
mrcA, vexBDKH

Integron 1 (dfrA12, addA2)Other ESBLs
mphR, mrx, mph(K) , mel, mph2, mefC
(also present in IncA/C plasmid)

2. Third generation Macrolide
(Azithromycin)

TEM1, TEM2, SHV-1(present in Tn1 transposon borne in plasmid)

(91, 175, 231)

(31, 168, 243)

erm(A), erm(B), erm(C), ere(A), ere(B), mph(A), mph(B), mph(D), mef(A), and msr(A)

varABCDEF
vexAB; ereA2 (Integron1), mphA(SXT)

3. Macrolide Spiromycin
4. Macrolide Erythromycin
5. Streptomycin and aadA1, aadA2, strA,strB, aadA16
Spectinomycin

6. Sufamethoxazole
7. Trimethoprim

Sult

8. Quinolone(Ciprofloxacin)
vcAO421, qnrD, qnrS aac(6') -Ib-cr
gyrA, parC
nfsA, nfsB

9. Quinolone(Nalidixic acid)
10. Furozolidine

dfrA1, dfrA15, dffAb, dfrA12, dfr18, dffA34, dffA27

QRDR (Quinolone Resistance Determining Regions) gyrA, parC, parkE, qnrV/C1, qnrVC2, gnrVVC3, qnr\/C7,

(238)
(91, 158, 244,
245)
(91, 246)

@1

(91, 159, 224,
246)

(151, 247-250)

(248)
(251)

11. Tetracycline
12. Carbapenem (Meropenem)
13. Cephalosporins(Ceftriaxone)

tetA, tetB, tetD, tetE, tetG, tetH,, tetM, tetQ, tetX, tetZ, tetBP, tetR, pCT105 (chromosomal and plasmid borne)
blaycc.1, bla-NDM-1; varG
ESBLs (blatep; first generation

(252, 253)
(26, 144, 253)
(213, 214, 224)

blacrx--14 third generation)

generations (212). Therefore, acquisition of AMR by HGT (210,
211) leads to persistence of AMR against common antibiotics in
future generations (212). Tables 3-5 enumerate the different
resistance markers associated with VC antibiotic resistance (AR)
and which are useful for rapid screening and molecular detection
of AMR. MGEs are major agents of VC evolution (125) and their
contribution in the emergence of MDR VC has been
acknowledged in the review (23, 138). In many instances it was
found that the MGEs were novel indicating newer sources of
introduction of AMR at play in VC indicating not only the
evolution of AMR in VC but also of MGEs (27, 28, 166).

The review attempted to address the different resistance
determinants that have been identified in VC and explore the

mechanism of their acquisition and acknowledge the significance
of MGEs and reservoirs of ARGs in the microbiome that have
shaped the evolution of AMR in VC. It was evident that
numerous environmental factors drive the occurrence of HGT
and although, ARG transfer may not be the primary goal of ARG
dissemination always, acquisition of resistance to antibiotics
occurs as a side-effect of other adaptive strategies like adhesion
and twitching motility induced by stress (115) although the
selection pressure of antibiotics and other stress inducing
parameters in the aquatic environment and the gut are crucial
drivers for the spread and acquisition of resistance genes in VC
(15, 23). AMR has emerged as one of the health-care priorities
globally and efforts aiming to alleviate the crisis are being
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rigorously leveraged (13, 215). In the wake of these efforts the
demand for new antimicrobials and alternative treatment with
probiotics have been evoked (48, 215, 216). De et al., carried out
WGS on Illumina MiSeq system and assembly of raw reads using
metaSPAdes v3.9.1 to study the gut resistome of diarrheal
patients and reported about the presence of 491 resistance
determinants (43). Biosynthetic gene clusters (BGCs)
associated with secondary metabolites were also recovered
from the resistome and annotated with the help of antiSMASH
algorithm (43). The authors found that bacteriocins and
nonribosomal peptide synthetase (NRPS) were highly
abundant in the diarrheal resistome (43), not only indicating
antagonism in the gut (43) but also revealing the gut to be a
source of novel antimicrobials (4, 217). Swift et al., investigated
the potential of anaerobic gut fungi to synthesize natural
products that could regulate the gut microbiome (216). They
generated a catalog of natural products of anaerobic gut fungi
and identified 146 genes that encode biosynthetic enzymes for
diverse types of natural products like bacteriocins, NRPS and
polyketide synthases (216). Experimentally the authors
confirmed that 26% of total core biosynthetic genes in all the
strains were transcribed (216). 30% of total biosynthetic gene
products were detected via proteomics when grown on cellobiose
(216). Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) helped to detect 72 likely natural products from A.
robustus alone (216). A compound produced by all the strains of
anaerobic fungi was putatively identified as the polyketide-
related styrylpyrone baumin (216). The authors also detected
three groups of natural products which were unique to anaerobic
fungi (216). Bacteriocins are antimicrobial peptides and have
been considered as promising alternative novel antimicrobials
(218) and their potential of serving as probiotics has already been
demonstrated (217). Bacteriocins have also been found to be able
to inhibit growth of antibiotic-resistant pathogens without
affecting the commensal flora and reestablishing resistance to
the growth of the resistant pathogen, thereby, helping to inhibit
AMR (219). Kim et al., showed that a four-strained consortium
of commensal bacteria that contained Blautia producta
BPscsk was able to reverse antibiotic-induced susceptibility to
vancomycin-resistant Enterococcus faecium (VRE) infection
(219). The authors showed that BPgcsk reduced growth of
VRE by secreting a lantibiotic similar to the nisin-A produced by
Lactococcus lactis (219). Growth of VRE was inhibited by BPgcgk and
L. lactis in vitro (219). BPgcgk colonized the colon and reduced VRE
density in vivo (219). Compared to nisin-A, the BPgcsx lantibiotic had
reduced activity against intestinal commensal bacteria (219). Several
new techniques of reverting AMR have been demonstrated (220,221)
. One such technique is based on DNA sequence of the pathogen
(221). Guanines in DNA or RNA assemble to form G-quadruplex
(GQ) structures which have shown the potential of serving as drug
targeting sites for pathogenic bacteria and viruses (221). Shankar et
al., performed a genome-wide screening in VC using a bioinformatic
approach (221). The authors observed ~85 G-quadruplex forming
motifs (VC-PGQs) in chromosome I and ~45 putative G-
quadruplexes (PGQs) in chromosome II of VC (221). Ten such
motifs (VC-PGQs) were selected on the basis of conservation

throughout the genus and functional analysis was performed
revealing their location in the essential genes encoding bacterial
proteins like methyl-accepting chemotaxis protein, orotate
phosphoribosyl transferase protein, amidase proteins, etc. (221).
The predicted VC-PGQs were validated using different
biophysical techniques like Nuclear Magnetic Resonance
(NMR) spectroscopy, Circular Dichroism (CD) spectroscopy,
and electrophoretic mobility shift assay (EMSA) (221). These
demonstrated the formation of highly stable GQ structures in VC
(221). The interaction of these VC-PGQs with specific known GQ
ligand, TMPyP4, was analyzed using ITC and molecular dynamics
studies which displayed the stabilization of the VC-PGQs by the
GQ ligands (221). The authors demonstrated the potential of this
technique to serve as therapeutic strategy against VC by inhibiting
the PGQ harboring gene expression, thereby inhibiting bacterial
growth and virulence and has the potential to be used to treat the
MDR problem of VC (221).

Apart from the currently available strategies being used for
containing the AMR crisis, newer methods targeting the
interruption of HGT mechanisms within the microbiome
could be focused as HGT is the major route of AMR
acquisition. Considerable amount of research is already being
undertaken and steady progress has already been achieved in this
direction (47). Few recent work include use of sex pilus-specific
(SPS) phage to reduce the carriage of AMR plasmids (220),
targeted killing of pathogenic bacteria (222), use of pathogen-
microbiota antagonism and exploiting the barriers of HGT (47),
plasmid curing and anti-plasmid methods (223).

Colom et al. using lytic bacteriophages which use plasmid-
associated sex pili as attachment points demonstrated that SPS
phage can kill drug-resistant E. coli and select for AMR plasmid
loss in vitro (220). The authors demonstrated that SPS phage can
inhibit the spread of resistant Salmonella enteritidis infection in
chickens and shift the bacterial population towards antibiotic
sensitivity (220). The authors used a model system comprising the
Flac plasmid in a laboratory E. coli strain, and the SPS RNA phage
MS2 30 to study plasmid loss in vitro (220). They also transferred the
plasmid to a Salmonella enterica ser. Enteritidis strain to study phage
activity and plasmid loss i vivo in a chicken model of infection (220).

Lopez-Igual et al., has exploited the targeted killing of
pathogenic bacteria without affecting the beneficial members of
the host microbiota to cure infections, rectify antimicrobial-
related dysbiosis and inhibit the development of AMR by
engineering toxins that are split by inteins and delivering them
to a mixed population of bacteria (222). The authors reported
that the toxin-intein antimicrobial was activated only in bacteria
which harbored certain specific transcription factors and used
the technology to specifically target and kill antibiotic-resistant
VC in mixed populations with the outcome that 100% antibiotic-
resistant VC receiving the plasmid were killed (222). Escape
mutants were found to be extremely rare (107°-107%) and the
authors showed that conjugation and specific killing of targeted
bacteria could be achieved in the microbiota of zebrafish and
crustacean larvae, the natural hosts for Vibrio sp. (222).

Baumgartner et al. has exploited the gut microcosm to quantify
the effect of three human gut microbiome communities on growth
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and resistance evolution of a focal strain of E. coli and found that the
resident microbial communities not only showed antagonistic effect
by suppressing the growth and colonization by focal E. coli but also
prevented it from evolving AMR upon exposure to a $3-lactam
antibiotic (47). It was observed that with samples from all three
human donors, the focal E. coli strain used in the study only evolved
AMR in the absence of the resident microbial community, although
resistance genes, including a highly effective resistance plasmid, in
resident microbial communities were found (47). Physical
constraints on plasmid transfer was responsible for inhibition of
acquisition of ARGs by the focal E. coli strain and the authors
observed that some chromosomal resistance mutations were only
beneficial in the absence of the resident microbiota (47). The study
revealed that depending on in situ gene transfer dynamics,
interactions with resident microbiota can inhibit AMR evolution
of individual species (47).

Most of these novel strategies have been developed utilizing
the potential of the microbiome and aim to strike at the root of
the problem by targeting HGT (47). Although, these are still in
their infancy and confined to the experimental stage, being
trialed and tested, appear to be promising. More focus should
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clinic would help to alleviate the AMR crisis in VC.
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