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Abstract

Original Article

IntRoductIon

Cholera remains a significant global health burden and is 
endemic in many parts of the third world countries due to 
inadequate sanitation and safe drinking water resources mainly 
during the rainy season.[1] Vibrio cholerae, an extremely 
motile, halophilic, curved shaped, Gram-negative bacterium 
is known for causing profound acute secretory diarrhea, 
cholera. Although V. cholerae is a natural member of aquatic 
environments, only a small fraction of environmental strains 
are capable of causing the disease. Among the several 
known serogroups, only two serogroups, V. cholerae O1 and 
O139 can produce cholera toxin and V. cholerae O1 often 
accountable for causing the vast majority of the disease 
including recent cholera outbreaks throughout the world.[2] 

Serogroup O1 consists of biotypes ElTor and classical with 
distinct phenotypes. Both the biotypes carry two serotypes, 
Inaba and Ogawa with different disease characteristics.[3] 
Cholera has a long history; in the past 200 years, seven cholera 
pandemics have killed millions across the globe including the 
Indian subcontinent (specifically in Gangetic Bengal).[4] After 
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several devastating pandemics in the different corners of the 
globe, the seventh pandemic which originated in Indonesia 
is still ongoing.[5,6] Most recent cholera outbreaks caused by 
V. cholerae O1 occurred in Haiti, causing at least 8,183 deaths 
and above 665,000 cholera incidences till date (https://www.
cdc.gov/cholera/haiti/index.html#two).[7] Global estimates 
suggest that every year 1.3 million to 4.0 million cases of 
cholera are responsible for 21,000–143,000 deaths.[8] In 
India, 27,615 cholera cases were reported between 2010 
and 2015, reflecting the sustained presence of V. cholerae 
O1 in the country and cholera is considered to be one of the 
underreported pathogens throughout the world.[9]

Several serotypes of V. cholerae strains harbor variety of 
bacteriophages, and these are beneficial from the clinical 
viewpoint with the command to control the bacterial population 
leading to controlling the disease.[10-12] Vibrio phage plays a 
critical role in the evolution of pathogenic V. cholerae by 
mediating horizontal transfer of clusters of virulence genes, 
genomic rearrangements, as well as by bactericidal selection.[13] 
Lysogenic filamentous phage, CTXΦ, is capable of transferring 
cholera toxin genes to nontoxigenic strains leading to the 
conversion of nontoxigenic strains to toxigenic strain.[14-16] 
The presence of cholera bacteriophages was found inversely 
associated with the occurrence of viable V. cholerae in the 
aquatic environment which was found in correlation with the 
number of locally reported cholera cases.[12] Lysogenic phage 
present in some environmental V. cholerae strains of both 
epidemic and nonepidemic serogroups has the power to kill 
the epidemic strains and thus contributes to the control of the 
disease.[16]

Different bacteriophages have been used to distinguish 
pathogenic strains of bacteria from clinical isolates based 
on their phage susceptibility. Due to their natural specificity, 
ease of maintenance and straightforward production, phage 
owns several desirable characteristics which makes them 
especially suited as bacterial strains discriminator. Since the 
late 1960s when molecular and modern methods were not 
widely available, lytic phages of V. cholerae have been used 
for typing of V. cholerae O1 which remained primary choice 
for classification of V. cholerae strains. Basu and Mukherjee 
initially proposed a phage typing scheme for V. cholerae O1 
biotype ElTor in 1968, which was considered as a primary 
choice and a gold standard approach for differentiating 
V. cholerae biotype ElTor strains in the past.[17] Six phage 
types were identified by Basu and Mukherjee to characterize 
V. cholerae O1 biotype ElTor strains, among them phage 
type 2 and 4 are predominant whereas types 1, 3, 5, and 6 are 
not in circulation due to some unknown reason, investigation 
of which may require a separate study. A fundamental 
feature of the phage typing of V. cholerae was its usefulness 
in differentiating strains into several types as well as for 
differentiating classical and ElTor biotypes. Phage typing 
schemes for V. cholerae O1 and O139 were developed form 
NICED over the last few decades.[17-20]

Apart from the importance of cholera bacteriophages to 
discriminate cholera strains, phages have been used as an 
alternative to antibiotic therapy to circumvent the burden 
of antibiotic resistance.[21,22] An earlier study has found that 
V. cholerae isolates from Kolkata, India are strongly correlated 
with resistance to some antibiotics such as streptomycin, 
tetracycline, and trimethoprim–sulfamethoxazole.[23] Other 
studies conducted in Nepal on V. cholerae strains isolated 
from cholera patients have found that 6.45% of the strains 
were multidrug resistant.[24,25] These studies suggest that 
antibiotic-resistant strains of V. cholerae in the Indian 
subcontinent are on the rise.[26-28] Horizontal gene transfer is an 
widely accepted methods of antibiotics resistance spreads.[29]

To use bacteriophages for therapeutic application in cholera, 
phage candidate or phage cocktal must have a broad host 
range and minimum effect on commensal organisms. A recent 
epidemiological study had identified the cholera hot spot 
region in India, but data on the phenotypic nature of presently 
circulating vibrio strains are missing in this part of the world. 
In this study, we have not only characterized the V. cholerae 
strains but did a comparative analysis on the host range of 
these phages for future therapeutic applications. Phenotypic 
characteristics including their susceptibility to vibrio phages 
described in this study are beneficial to keep the scientific 
community better equipped with the knowledge about the 
nature of circulating strains and the capability of phages to 
kill circulating V.cholerae strains to subvert future epidemic.

mAteRIAls And methods

Bacterial strains
V. cholerae O1 biotype ElTor strain MAK 757 (ATCC 51352) 
was used as the standard propagating strain or as the host 
for the propagation of V. cholerae O1 phages. We received 
clinical and environmental samples used in this study from 
different parts of the country. We included a total of 1882 
V. cholerae O1 strains isolated from different cholera endemic 
areas in India between 2012 and 2017 in this study. We also 
included V. cholerae O139 strain NPR-4, classical biotype 
strains V. cholerae 154 and 569B which were used as negative 
control. Bacterial strains used in the recent study were grown 
in selected media (TCBS) using the standard methodology.[30]

Bacteriophages
The panel of five phages of Basu and Mukherjee phage typing 
scheme (Gr 1 to Gr V) and five phages from the new phage 
typing scheme (i.e., N4, S5, S20, M4, and D10] were used 
for phage typing study. These phages are in regular use in our 
laboratory which were reported earlier as different from each 
other and biotype specific.[18,19] All the phages were purified 
from the stock by successive single-plaque isolation against 
the respective standard propagating strain.

Propagation of bacteriophages
Standard broth lysis procedure was used to prepare phage 
lysates. Nutrient broth inoculated with 1% (vol/vol) cell 
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suspension from the overnight grown culture of MAK757 
and grown at 37°C for 4–6 h in a shaker incubator. 
Mid-logarithmic-phase cultures of V. cholerae MAK757 were 
infected with respective phages at a multiplicity of infection 
of 0.1, and the infected cultures were incubated with shaking 
at 37°C until complete lysis occurred. After complete lysis 
of the culture solution, few drops of chloroform was added 
in the lysate, mixed well and centrifuged at 10,000 rpm for 
20 min at 4°C.Phage lysate was collected and stored at 40C 
followed by centrifugation. For concentrating, phage lysate 
was centrifuged at 30,000 rpm for 2 h at 4°C using a Beckman 
50.2 Ti rotor to pellet down the phage particles, resuspended in 
0.05 M Tris [pH 7.5] with 0.02 M MgCl2 and kept at 4°C.[19] 
Broth lysis was used for preparation of larger stock. However, 
to get small volume high titer stock of phages, alternate to 
the above lysis method, plate lysis procedure was used for 
phage propagation following the standard methodology.[19] 
Bacteriophages used in the present study were purified using 
cesium chloride density (1.3–1.7 g/ml) gradient as per the 
standard protocol.[18,19]

Serotyping
Serological identification was carried out with each strain by 
using polyvalent O1 and consequently monospecific Inaba 
and Ogawa antisera (Difco, Detroit, Mich., USA) according 
to the WHO guideline (World Health Organization [1993]: 
Guidelines for Cholera Control. World Health Organization, 
Geneva).

Determination of routine test dilution and Phage typing
Phage typing was carried out based on the standard 
technique regularly performed in our laboratory.[18,19] 
A panel of the typing phages were used to type all the 
1882 V. cholerae O1 biotype ElTor strains used in this 
study. Briefly, a single colony of V. cholerae strain grown 
in nutrient agar media was inoculated in nutrient broth 
and incubated under static conditions for 4–5 h at 37°C. 
An aliquot of the fresh culture (0.1 ml) was mixed with 
molten 0.8% soft agar (3.5 ml, maintained at 42°C) and 
poured onto a nutrient agar plate to prepare a uniform 
lawn of bacteria. Routine test dilutions (RTDs) of the 
phages were determined by the method as described by 
Chattopadhyay et al.[18] In brief, bacteriophage stock was 
serially diluted and the dilutions were spotted onto the lawn 
of the standard propagating host strain. Lowest dilution 
which was capable to lyse or react positively (appearance 
of at least five plaques) was considered as RTD and used 
for phage typing.[18,19]

Phage typing was performed as per the standard protocol 
of our laboratory.[19] Mid logarithmic phase young culture 
of V. cholerae (0.1 ml.) was mixed with molten soft agar 
and poured onto a nutrient agar plate. The plates were then 
kept to dry at room temperature (20–30 min) followed by 
the application of small drops of all the typing phages at the 
respective RTD dilutions. The drops on the plates were allowed 
to dry at room temperature for around 10 min and incubated 

at 37°C for 16–18 h. V. cholerae MAK757 was used in each 
set of an experiment as a positive control due to the ability 
of all the typing phages to lyse MAK757. Presence of a clear 
lytic zone or appearance of at least five or more plaques for 
individual phage drop was considered as positive reaction.

Phage sensitivity
We have calculated individual phage sensitivity by dividing 
the total number of strains sensitive for specific phage with 
the total number strain studied.[18,20]

Results

Bacteriophage and host range
A total of ten bacteriophages which are in routine use for phage 
typing in Vibrio phage reference laboratory were used in this 
study to determine phenotypic characterization of V. cholerae 
strains circulating in India. V. cholerae O1 biotype ElTor 
strain MAK757 (ATCC 51352) was found sensitive to all the 
ten bacteriophages but V. cholerae O1 classical biotype strain 
569B and V. cholerae 154 were found resistant to these ten 
ElTor phages. Strains of common enteropathogens such as 
Salmonella, Shigella, and enteropathogenic Escherichia coli 
were not sensitive to these phages.

Biotyping and serotyping
All the 1882 strains used in this study were characterized 
and confirmed as V. cholerae. Our result showed that all the 
strains included in this study belonged to V. cholerae O1 
biotype ElTor [Table 1]. This result is indicative of complete 
replacement of classical biotypes by ElTor and revealed that 
V. cholerae O1 biotype ElTor is the only circulating pathogenic 
strain in India.

Based on cholera strains O1 antigen seroreactivity V. cholerae 
O1 strains can be divided into three groups, Inaba, Ogawa, and 
Hikojama. 1882 strains of V. cholerae O1 biotype ElTor were 
serotyped in our laboratory. Results indicated 1754 (93.2%) 
strains belonged to serotype Ogawa. Only 128 (6.8%) strains 
were found as serotype Inaba. We did not found any Hikojima 
serotype in our analysis [Table 1].

Phage typing
A total of 1882 V. cholerae O1 biotype ElTor strains isolated 
from different cholera endemic areas in India were used for 
phage typing with the set of typing phages available in the 
Vibrio Phage Reference Laboratory. Out of the ten phages, 
five phages were from Basu and Mukherjee scheme and five 
were from the new phage typing scheme.

Basu and Mukherjee phage typing
Five phages of the Basu and Mukherjee phage typing scheme 
was used to discriminate the ElTor strains and our results 
indicated that the strains were typed into two different phage 
types, phage type 2 (T-2) and phage type 4 (T-4). It was 
found that 1529 (81.25%) strains were grouped as T-2 and 
334 (17.75%) were grouped as T-4. Almost 1% strains were 
found untypeable (UT) [Table 1].
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New phage typing
Along with the Basu and Mukherjee typing phages, new 
phage typing[18] scheme was simultaneously used to classify 
the 1882 V. cholerae O1 isolates. In contrast to Basu and 
Mukherjee’s scheme, new phage typing scheme, developed in 
our institute has a better discriminatory power and is capable 
of differentiating V.cholerae O1 biotype ElTor strains into 27 
different types. Phage typing analysis based on the lytic reaction 
with the phages from the new phage typing scheme [Table 1] 
indicated 100% type ability of V. cholerae O1 biotype El Tor 
strains. Analysis revealed that V. cholerae O1 biotype ElTor 
strains were distributed into several different phage tapes of 
which  (Types 27, 26, 23.24,13,21 and 25) were the major types 
that represented almost 81% of the total typed strains in this study 
[Table 2]. Majority of the 1882 strains belonged to phage 
type 27 (60.41 %). Phage type 26 (8.66%) was the next major 
phage type followed by type 23 (4.94%), type 24 (4.41%), 
type 13 (3.82%), type 21 (3.08%) and type 25 (2.92%) [Table 1]. 
It was found that the V. cholerae O1 biotype ElTor strains 
belonging to phage type 27 were widely and almost equally 
distributed in all the nine states from where strains were 
selected for the present study.

Identification of candidate phage for an alternative therapy
Sensitivity of the circulating V. cholerae strains against the five 
phages of the new phage typing scheme was calculated and it 
was found that all the phages have the ability to lyse at least 
80% of the circulating strains in India. As shown in Table 3, 
phage N4 can lyse 91.17% strains, phage S20 can lyse 83.95%, 
phage M4 can lyse 86.29% of strains and phage D10 can 
lyse 80.49%. However, phage S5 has shown highest lethality 
which can kill or lyse 94% of the circulating V. cholerae O1 
biotype El Tor strains.

dIscussIon

We are using phage typing as one of the primary methods 
in monitoring the V. cholerae strains responsible for cholera 
infection in India at Vibrio Phage Typing Reference Laboratory. 
Besides potential application of phage typing scheme to 
distinguish cholera strains, our study will definitely contribute 

to an improved understanding of possible application of the 
phages as biocontrol agents during cholera outbreak.

Most of the cholera cases during the period from 2010 to 
2015 in India were reported from West Bengal, Karnataka, 
Assam, Madhya Pradesh, Maharastra, Gujrat, and Punjab.[9] 
We incorporated V. cholerae strains in our present study which 
were received from these cholera endemic states of India as 
shown in Table 1. West Bengal reported 5,914 cholera cases 
in this time frame and other states were also considered to 
be cholera endemic due to the frequent cholera outbreaks in 
recent past.[7]

We have characterized and confirmed all the strains used in 
this study as V. cholerae O1 biotype ElTor. The frequency of 
serogroup O139 has declined significantly over the past few 
years consistent with our findings as well. Analysis of serotype 
distribution in our present study indicates the dominance of 
Ogawa serotype among the circulating V. cholerae O1 strains 
in India irrespective of demography and period which matches 
well with the earlier findings in India.[20,31] The capability of 
the strains belonging to Inaba serotype to convert into Ogawa 
serotype may explain the dominance of Ogawa serotype in 
our present study.[32,33] Clinical symptoms of patients infected 
with Ogawa or Inaba serotype of V. cholerae showed different 
disease pattern as explained elsewhere.[34] Infection with 
Ogawa strains are associated with shorter duration of diarrhea 
with more frequent abdominal pain, vomiting and need for 
more intravenous fluids when compared with infection with 
Inaba strain of V. cholerae.[34] Recent Cholera outbreaks in Haiti 
indicates that toxigenic V. cholerae O1 serotype Ogawa can 
rapidly change into Inaba serotype with the potential to cause 
disease in individuals who have acquired immunity against 
Ogawa serotype which supports the hypothesis that periodic 
shift may occur due to a consequence of host immunity against 
different serotypes of V. cholerae O1.[32] Findings of our present 
study may challenge the previous hypothesis of cyclic shift of 
V. cholerae O1 serotype due to induction of population-level 
immunity against dominant strain during an outbreak season. 
In India, so far, there is no report available regarding the shift 
in serotypes during different outbreak seasons irrespective 

Table 1: Distribution of phenotypes of Vibrio cholerae O1 strain isolated from different states in India

State No of 
Strains

Biotype Serotype Basu & Makherjee   New Phage type 

Classical Eltor Ogawa Inaba T‑2 T‑4 UT 27 26 23 24 13 21 25
Gujrat 604 0 604 549 55 521 80 3 338 47 27 25 20 13 25
Andhra Pradesh 180 0 180 172 8 144 36 0 114 18 10 10 11 5 2
New Delhi 82 0 82 78 4 75 4 3 47 9 5 4 5 6 0
Karnataka 18 0 18 18 0 15 3 0 9 2 3 3 0 0 0
Maharastra 503 0 503 468 35 400 93 10 311 55 21 24 19 19 15
Madhyapradesh 69 0 69 59 10 39 29 1 41 5 2 3 4 0 1
Tamil Nadu 67 0 67 65 2 60 5 2 29 5 6 7 3 5
West Bengal 136 0 136 128 8 102 34 0 110 13 2 3 1 0 2
Punjab 223 0 223 217 6 173 50 0 138 9 17 4 9 10 10
Total % 100 93.2 6.8 81.25 17.75 1 60.41 8.66 4.94 4.41 3.82 3.08 2.92
Total 1882 0 1882 1754 128 1529 334 19 1137 163 93 83 72 58 55
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of the geography or ethnicity of the infected host indicating 
equilibrium may have achieved between Ogawa and Inaba 
strains which require further investigation on responsible host 
factors associated with dominating serotypes to fine-tune the 
earlier proposed hypothesis.

Phage typing is a classical method to discriminate bacterial 
strains into different phage types based on the sensitivity 
pattern of a panel of typing phages with the bacterial host of 
the same species. It is a phenotypic characterization method of 
bacterial strains; much used in the microbiological community 
and has been around for several decades. The method itself 
requires that the different phages are available and therefore 
can generally only be performed at reference laboratories. 
Vibrio phage Reference Laboratory is involved in phage 
typing study over the decades using different phage typing 
schemes. Although Basu and Mukherjee scheme can classify 
V. cholerae O1 strains into six different types, over the years 
only two dominating types was found in circulation, reasons 
for abolition of other four types may demand a different study. 
In the current study, all of the 1882 strains clustered into two 
phage types only (either type 2 or type 4) when phage typing 
was performed using Basu and Mukerjee’s scheme [Table 1]. 
Moreover 1% of the isolates remained untypeable. An 
earlier study also reported existence of significant number 
of untypable strains of V. cholerae O1 biotype ElTor when 
phage typing was performed using Basu and Mukherjee’s 
scheme.[20] Another drawback of this scheme is that the finer 
distinction is missing and our result indicates that this scheme 

lacks true identification of origin or clonality of the disease 
dissemination. Therefore, a different scheme with better 
discrimination power and better typeability was essential. New 
phage typing scheme which was developed based upon phages 
isolated from NICED, Kolkata can distinguish V. cholerae 
O1 strains into 27 different types and is useful to achieve 
more type distinction and improved discrimination within 
the biotype ElTor strains to get a better idea on the origin and 
clonality route of the outbreak.[18] The present study has shown 
that type 27 is the dominant phage type in every state with 
maximum percentage [80%] from West Bengal [Figure 1], 
indicating the dissemination of cholera outbreak may have 
occurred from common precursor strain. These observations 
reveal a common origin and probably the pathogenic strains of 
cholera belong to the same clone. O1 strains from Maharashtra, 
Andhra Pradesh and Gujarat exhibited the maximum number 
of phage types where chorea is endemic over last 5 years. 
Co-occurrence type 27 and incidence of cholera indicates 
that V. cholerea O1 strains belonging to phage type 27 might 
be primarily responsible for outbreaks in recent past in India.

Apart from the phages characterized in our laboratory to 
distinguish V. cholerae O1, naturally occurring similar kind of 
lytic phages may play an essential role in controlling the spread 
of cholera infection. In the recent past, a model was proposed 
to understand how equilibrium exists between vibriophages 
and its host contributing to an outbreak. In an outbreak, 
increase load of V. cholerae leads to an increase in vibriophage 
population, which subsequently results in declining of vibrio 
population and helps in controlling outbreak.[35] A recent 
study suggests that a cholera patient having vibriophages in 
their stool less likely to transmit cholera infection through 
household contact when compared with patients without any 
vibrophage in their stool.[36] Later it was found that phage 
positive vibrio samples are non-motile under dark field 
microscope supporting the role bacteriophages in controlling 
and spread of an outbreak.

Bacteriophages are a cost effective alternative to antibiotics 
and sometimes may be used for therapeutic purposes to treat 
multi drug resistance (MDR) bacteria with limited success.[37-41] 
In India, the history of phage therapy dates back to 1930s 
when vibriophages had been successfully used to treat cholera 
infection in the pre-antibiotic era.[42-44]

Phage therapy remained a standard part of the healthcare 
systems in Eastern Europe and the USSR since the second half 
of the 20th century.[45] However, it was largely neglected in the 
other part of the world due to easy availability of antibiotics 
for treatment. Widespread use of antibiotics resulted in the 
development of MDR bacteria which is a major problem 
in healthcare units today. Increase in multidrug resistance 
phenotype of V. cholerae O1 biotype ElTor makes the 
population vulnerable to a new pandemic.[46,47] To overcome 
the problem of MDR phenotypes of V. cholerae, phage therapy 
may be a better option. Earlier studies have shown that cocktail 
of the five bacteriophages reduced the V. cholerae load in a 

Table 2: Major Phage type classification based upon 
sensitivity to phages N4, S5, S20, M4 and D10. (+) 
indicates sensitive to specific phage, (−) indicates 
resistance to specific phage

Phage Type N4 S5 S20 M4 D10 no of strain
13 - + + + + 72
21 + + - - + 58
23 + + - + + 93
24 + + + - - 83
25 + + + - + 55
26 + + + + - 163
27 + + + + + 1137

Table 3: Comparative analysis of vibriophage 
susceptibility. All the 1882 strains used in the present 
study were analyzed for sensitivity against the individual 
phages. Maximum number of strains were found sensitive 
to phage S5 followed by N4, M4, S20 and D10

Phage No of specific phage sensitive strain 
out of total 1882 Vibrio strains

Sensitivity to 
individual phages (%)

N4 1716 91.17
S5 1770 94.04
S20 1580 83.95
M4 1624 86.29
D10 1515 80.49
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rabbit model of infection when administered 6 or 12 h after 
the pathogen challenge.[48] In other similar studies virulent 
vibriophages were used to control diseases in the animal 
model.[10,21] We found that typing phages are highly reactive to 
circulating ElTor strains [Table 2]. Our analysis revealed that 
the ability of the phages to cause lysis of V.cholerae strains 
ranges between 80%–94%, signifying their probable usages as 
candidate for phage cocktail for therapeutic uses. Moreover, 
as 94% of the circulating strains are susceptible to S5 phage, 
vibriophage S5 alone may also be used as an ideal candidate 
for phage therapy. Therefore a cocktail of these vibriophages 
or vibriophage S5 in combination with lytic phages of other 
diarrhea causing organisms may be considered as an universal 
cocktail for the prophylaxis of diarrheal diseases.[41,49-51] 
Hopefully future studies will be helpful to ascertain the decisive 
use of phages to treat diarrheal diseases. Cholera typing phages 
used in this study were found nonreactive (inability to cause 
bacterial lysis) to other commensals which makes them more 
suitable than antibiotics to manage cholera outbreak.

conclusIon

We have demonstrated that phage typing is still an internationally 
recognized method of choice for characterizing circulating 
strains. The present study has identified and characterized 
dominant cholera strains circulating in India throughout the 
year. This knowledge will be helpful to design a novel strategy 
to manage cholera outbreak in different parts of the country. 
Moreover, this study indirectly supports the use of phages as 
a cost-effective alternative to control the disease and antibiotic 
resistance burden of V. cholerae strains. We also advocate the 
use of these typing phages by directly applying them to water 
bodies and drinking water supply systems to reduce the burden 
of cholera incidence in the cholera hot spot region in India or 
anywhere in the world.

Acknowledgment
We would like to thank Dr. B. L Sarkar for his enthusiastic 
support, guidance and helpful advice in preparation of this 

manuscript. We are thankful to Mr. Motilal Gupta for technical 
support. This study was supported by the Indian Council of 
Medical Research as an Institutional service project.

Financial support and sponsorship
This study was funded by ICMR-NICED institutional grant.

Conflicts of interest
There are no conflicts of interest.

RefeRences
1. Sack DA, Sack RB, Nair GB, Siddique AK. Cholera. Lancet 

2004;363:223-33.
2. Clemens JD, Nair GB, Ahmed T, Qadri F, Holmgren J. Cholera. Lancet 

2017;390:1539-49.
3. Mandal S, Mandal MD, Pal NK. Cholera: A great global concern. Asian 

Pac J Trop Med 2011;4:573-80.
4. Sur D, Dutta P, Nair GB, Bhattacharya SK. Severe cholera outbreak 

following floods in a northern district of West Bengal. Indian J Med Res 
2000;112:178-82.

5. Feng L, Reeves PR, Lan R, Ren Y, Gao C, Zhou Z, et al. A recalibrated 
molecular clock and independent origins for the cholera pandemic 
clones. PLoS One 2008;3:e4053.

6. Hu D, Liu B, Feng L, Ding P, Guo X, Wang M, et al. Origins of 
the current seventh cholera pandemic. Proc Natl Acad Sci U S A 
2016;113:E7730-9.

7. Barzilay EJ, Schaad N, Magloire R, Mung KS, Boncy J, Dahourou GA, 
et al. Cholera surveillance during the Haiti epidemic-the first 2 years. 
N Engl J Med 2013;368:599-609.

8. Ali M, Nelson AR, Lopez AL, Sack DA. Updated global burden of 
cholera in endemic countries. PLoS Negl Trop Dis 2015;9:e0003832.

9. Ali M, Sen Gupta S, Arora N, Khasnobis P, Venkatesh S, Sur D, et al. 
Identification of burden hotspots and risk factors for cholera in India: An 
observational study. PLoS One 2017;12:e0183100.

10. Letchumanan V, Chan KG, Pusparajah P, Saokaew S, Duangjai A, 
Goh BH, et al. Insights into bacteriophage application in controlling 
Vibrio species. Front Microbiol 2016;7:1114.

11. Naser IB, Hoque MM, Abdullah A, Bari SM, Ghosh AN, Faruque SM. 
Environmental bacteriophages active on biofilms and planktonic 
forms of toxigenic Vibrio cholerae: Potential relevance in cholera 
epidemiology. PLoS One 2017;12:e0180838.

12. Faruque SM, Naser IB, Islam MJ, Faruque AS, Ghosh AN, Nair GB, 
et al. Seasonal epidemics of cholera inversely correlate with the 
prevalence of environmental cholera phages. Proc Natl Acad Sci U S A 
2005;102:1702-7.

13. Brüssow H, Canchaya C, Hardt WD. Phages and the evolution of 
bacterial pathogens: From genomic rearrangements to lysogenic 
conversion. Microbiol Mol Biol Rev 2004;68:560-602.

14. Hassan F, Kamruzzaman M, Mekalanos JJ, Faruque SM. Satellite phage 
TLCφ enables toxigenic conversion by CTX phage through dif site 
alteration. Nature 2010;467:982-5.

15. Waldor MK, Mekalanos JJ. Lysogenic conversion by a filamentous 
phage encoding cholera toxin. Science 1996;272:1910-4.

16. Faruque SM, Mekalanos JJ. Phage-bacterial interactions in the evolution 
of toxigenic Vibrio cholerae. Virulence 2012;3:556-65.

17. Basu S, Mukerjee S. Bacteriophage typing of Vibrio eltor. Experientia 
1968;24:299-300.

18. Chattopadhyay DJ, Sarkar BL, Ansari MQ, Chakrabarti BK, Roy MK, 
Ghosh AN, et al. New phage typing scheme for Vibrio cholerae O1 
biotype El Tor strains. J Clin Microbiol 1993;31:1579-85.

19. Chakrabarti AK, Ghosh AN, Nair GB, Niyogi SK, Bhattacharya SK, 
Sarkar BL. Development and evaluation of a phage typing scheme for 
Vibrio cholerae O139. J Clin Microbiol 2000;38:44-9.

20. Sarkar BL, Bhowmick TS, Das M, Rajendran K, Nair GB. Phage types 
of Vibrio cholerae O1 and O139 in the past decade in India. Jpn J Infect 
Dis 2011;64:312-5.

21. Yen M, Cairns LS, Camilli A. A cocktail of three virulent bacteriophages 

Figure 1: Distribution of strains belong to phage Type 27 [T‑27] in different 
states of India isolated from 2012 to 2017



Chakrabarti, et al.: Phenotypic characterization of Vibrio cholerae 01 in India

Journal of Global Infectious Diseases ¦ Volume 12 ¦ Issue 2 ¦ April-June 2020100

prevents Vibrio cholerae infection in animal models. Nat Commun 
2017;8:14187.

22. Bhandare S, Colom J, Baig A, Ritchie JM, Bukhari H, Shah MA, 
et al. Reviving phage therapy for the treatment of cholera. J Infect Dis 
2019;219:786-94.

23. Sarkar A, Morita D, Ghosh A, Chowdhury G, Mukhopadhyay AK, 
Okamoto K, et al. Altered integrative and conjugative elements (ICEs) 
in recent Vibrio cholera O1 isolated from cholera cases, Kolkata, India. 
Front Microbiol 2019;10:2072.

24. Gupta PK, Pant ND, Bhandari R, Shrestha P. Cholera outbreak 
caused by drug resistant Vibrio cholerae serogroup O1 biotype ElTor 
serotype Ogawa in Nepal; a cross-sectional study. Antimicrob Resist 
Infect Control 2016;5:23.

25. Rijal N, Acharya J, Adhikari S, Upadhaya BP, Shakya G, Kansakar P, 
et al. Changing epidemiology and antimicrobial resistance in Vibrio 
cholerae: AMR surveillance findings (2006-2016) from Nepal. BMC 
Infect Dis 2019;19:801.

26. Uppal B, Mehra B, Panda PS, Kumar SK. Changing epidemiology and 
antimicrobial resistance pattern of Vibrio cholerae isolates at a tertiary 
care health laboratory in North India (2011-2015). Trop J Med Res 
2017;20:132-8.

27. Sharma NC, Mandal PK, Dhillon R, Jain M. Changing profile of Vibrio 
cholerae O1, O139 in Delhi and its periphery (2003-2005). Indian J 
Med Res 2007;125:633-40.

28. Rashed SM, Hasan NA, Alam M, Sadique A, Sultana M, Hoq MM, 
et al. Vibrio cholera O1 with reduced susceptibility to ciprofloxacin and 
azithromycin isolated from a rural coastal area of Bangladesh. Front 
Microbiol 2017;8:252.

29. Das B, Verma J, Kumar P, Ghosh A, Ramamurthy T. Antibiotic resistance 
in Vibrio cholerae: Understanding the ecology of resistance genes and 
mechanisms. Vaccine 2019. pii: S0264-410X(19)30793-5.

30. Huq A, Haley BJ, Taviani E, Chen A, Hasan NA, Colwell RR. Detection, 
isolation, and identification of Vibrio cholerae from the environment. 
Curr Protoc Microbiol 2012; Chapter 6, Unit6A.5. Sep 2006.

31. Ansari MQ, Pal SC. Phage typing of Vibrio cholerae 01 biotype ElT or 
strains. Indian J Med Res 1990;91:263-5.

32. Alam MT, Ray SS, Chun CN, Chowdhury ZG, Rashid MH, 
Madsen Beau De Rochars VE, et al. Major shift of toxigenic 
V. cholerae O1 from Ogawa to Inaba serotype isolated from clinical and 
environmental samples in Haiti. PLoS Negl Trop Dis 2016;10:e0005045.

33. Stroeher UH, Karageorgos LE, Morona R, Manning PA. Serotype 
conversion in Vibrio cholerae O1. Proc Natl Acad Sci U S A 
1992;89:2566-70.

34. Khan AI, Chowdhury F, Harris JB, Larocque RC, Faruque AS, Ryan ET, 
et al. Comparison of clinical features and immunological parameters 
of patients with dehydrating diarrhoea infected with Inaba or Ogawa 
serotypes of Vibrio cholerae O1. Scand J Infect Dis 2010;42:48-56.

35. Jensen MA, Faruque SM, Mekalanos JJ, Levin BR. Modeling the role 
of bacteriophage in the control of cholera outbreaks. Proc Natl Acad Sci 

U S A 2006;103:4652-7.
36. Nelson EJ, Chowdhury A, Harris JB, Begum YA, Chowdhury F, 

Khan AI, et al. Complexity of rice-water stool from patients with Vibrio 
cholerae plays a role in the transmission of infectious diarrhea. Proc 
Natl Acad Sci U S A 2007;104:19091-6.

37. Furfaro LL, Payne MS, Chang BJ. Bacteriophage therapy: Clinical trials 
and regulatory hurdles. Front Cell Infect Microbiol 2018;8:376.

38. Vahedi A, Soltan Dallal MM, Douraghi M, Nikkhahi F, Rajabi Z, 
Yousefi M, et al. Isolation and identification of specific bacteriophage 
against enteropathogenic Escherichia coli (EPEC) and in vitro and 
in vivo characterization of bacteriophage. FEMS Microbiol Lett 
2018;365. pii: fny136.

39. Chadha P, Katare OP, Chhibber S. Liposome loaded phage cocktail: 
Enhanced therapeutic potential in resolving Klebsiella pneumoniae 
mediated burn wound infections. Burns 2017;43:1532-43.

40. Harper DR. Criteria for selecting suitable infectious diseases for phage 
therapy. Viruses 2018;10 (4): 177.

41. Sarker SA, Sultana S, Reuteler G, Moine D, Descombes P, Charton F, 
et al. Oral phage therapy of acute bacterial diarrhea with two coliphage 
preparations: A randomized trial in children from Bangladesh. 
EBioMedicine 2016;4:124-37.

42. Morison J, Vardon AC. A cholera and dysentery bacteriophage. Indian J 
Med Res 1929;17:48-54.

43. Morison J. Bacteriophage in the Treatment and Prevention of Cholera. 
London: H. K: Lewis and Co.; 1932. p. 12-3.

44. Summers WC. Cholera and Plague in India: The Bacteriophage Inquiry 
of 1927–1936. J Hist Med Allied Sci, 1993; 48(3):275–301.

45. Kuchment A, editor. They’re not a panacea: Phage therapy in the Soviet 
Union and Georgia. In: The Forgotten Cure: The Past and Future of 
Phage Therapy. New York, USA: Springer; 2012. p. 53-62.

46. Dengo-Baloi LC, Semá-Baltazar CA, Manhique LV, Chitio JE, 
Inguane DL, Langa JP. Antibiotics resistance in El Tor Vibrio cholerae 
01 isolated during cholera outbreaks in Mozambique from 2012 to 2015. 
PLoS One 2017;12:e0181496.

47. Torane V, Kuyare S, Nataraj G, Mehta P, Dutta S, Sarkar B. Phenotypic 
and antibiogram pattern of V. cholerae isolates from a tertiary care 
hospital in Mumbai during 2004-2013: A retrospective cross-sectional 
study. BMJ Open 2016;6:e012638.

48. Jaiswal A, Koley H, Ghosh A, Palit A, Sarkar B. Efficacy of cocktail 
phage therapy in treating Vibrio cholerae infection in rabbit model. 
Microbes Infect 2013;15:152-6.

49. Chan BK, Abedon ST, Loc-Carrillo C. Phage cocktails and the future of 
phage therapy. Future Microbiol 2013;8:769-83.

50. Summers WC. Cholera and plague in India: The bacteriophage inquiry 
of 1927-1936. J Hist Med Allied Sci 1993;48:275-301.

51. Nelson EJ, Harris JB, Morris JG Jr., Calderwood SB, Camilli A. Cholera 
transmission: The host, pathogen and bacteriophage dynamic. Nat Rev 
Microbiol 2009;7:693-702.


