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Abstract: Vibrio metoecus is a recently described aquatic bacterium and opportunistic pathogen, closely
related to and often coexisting with Vibrio cholerae. To study the relative abundance and population
dynamics of both species in aquatic environments of cholera-endemic and cholera-free regions,
we developed a multiplex qPCR assay allowing simultaneous quantification of total V. metoecus
and V. cholerae (including toxigenic and O1 serogroup) cells. The presence of V. metoecus was
restricted to samples from regions that are not endemic for cholera, where it was found at 20% of
the abundance of V. cholerae. In this environment, non-toxigenic O1 serogroup V. cholerae represents
almost one-fifth of the total V. cholerae population. In contrast, toxigenic O1 serogroup V. cholerae was
also present in low abundance on the coast of cholera-endemic regions, but sustained in relatively
high proportions throughout the year in inland waters. The majority of cells from both Vibrio
species were recovered from particles rather than free-living, indicating a potential preference for
attached versus planktonic lifestyles. This research further elucidates the population dynamics
underpinning V. cholerae and its closest relative in cholera-endemic and non-endemic regions through
culture-independent quantification from environmental samples.

Keywords: Vibrio cholerae; Vibrio metoecus; qPCR; serogroup; toxigenic and non-toxigenic; O1;
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1. Introduction

Vibrio cholerae is an autochthonous aquatic bacterium [1] which shows variable physiologies,
from non-pathogenic to extremely virulent strains capable of causing a life-threatening diarrheal
infection: cholera [2]. According to the World Health Organization (2016), every year, 1.4 to 4 million
people are infected with cholera, and 21,000 to 143,000 people die from this disease [3]. This species
comprises over 200 serogroups [4], but strains of the O1 and O139 serogroups are distinguished as
the most virulent, having caused some of the most devastating pandemics in human history [5–8].
Other serogroups are collectively known as non-O1/non-O139 and can cause sporadic outbreaks of
diarrheal disease less severe than cholera [9]. V. cholerae O139 was only found to be associated with
isolated cholera cases after two epidemics occurred in 1993 and in 2002 [10,11]. During 2005, the O139
serogroup was isolated sporadically from both clinical and environmental samples in Bangladesh
but there was no reported large-scale outbreak of cholera caused by this serogroup. Further studies
confirmed that four V. cholerae isolated from cholera patients identified as V. cholerae O139 during 2013
and 2014 in Bangladesh by typing and whole genome sequencing [2,12,13]. However, V. cholerae O1
has been prevalent in the Ganges Delta for several hundred years; this remains the only place in the
world where cholera has been continually endemic since the first modern pandemic in 1817 [14,15].
Much research has been done to characterize the physiology of pathogenic V. cholerae strains, but still,
we have limited understanding of the variation of V. cholerae population composition and abundance
over time and between areas, which influences where and when epidemics are likely to occur.

Vibrio metoecus is a recently described species, which has been co-isolated with V. cholerae from
aquatic environments in the USA East coast [16–18]. Based on biochemical, genotypic and phylogenetic
evidence, V. metoecus is the closest known relative of V. cholerae [16]. It has been recovered not only
from the environment but also from a variety of human specimens (blood, stool, ear and leg wounds)
in opportunistic infections across the USA (CDC, Atlanta, GA, USA) [16]. Currently, no studies have
assessed the abundance of V. metoecus in aquatic habitats. Information on the distribution of V. metoecus
in its natural reservoirs is essential not only to provide insight into transmission routes from the
environment to humans, but also because of its co-occurrence with V. cholerae and the possibility of
horizontal gene transfer (HGT) between the species, which could lead to the evolution of more virulent
strains of V. metoecus [19].

Most surveys of V. cholerae have used culture-based methods, requiring significant time and
effort, and their reliance on selective enrichment prevents any form of absolute quantification [20].
Moreover, these culture-based techniques are unable to detect the viable but non-culturable (VBNC)
form of V. cholerae [21–23] and thus underestimate the abundance of toxigenic and non-toxigenic
V. cholerae in the environment [24]. To circumvent this problem, several studies have used antibody or
hybridization-based molecular detection of toxigenic V. cholerae from clinical [25,26] and environmental
samples [20,27–30], but most are qualitative, and none have been field-tested to comprehensively
survey its abundance in natural environments [31,32]. Another molecular tool, real-time quantitative
PCR (qPCR), has been used to measure both the presence and abundance of target species [33,34].
This technique can estimate the presence of as few as three bacterial genome equivalents in a sample and
provides the high throughput required to investigate the ecological distribution of the organism [35].
Several gene markers have been developed for the detection of the V. cholerae species by qPCR, including
the ompW gene encoding the outer membrane protein [36], the hlyA gene encoding for hemolysin [36,37]
and gbpA gene encoding the N-acetyl glucosamine-binding protein A [38], and the rtx gene cluster
encoding the repeats in toxin protein [39]. During the assessment of different primers used in previous
studies, it was found that the commonly used primers designed for ompW also amplified that gene
from V. metoecus (in this study) and Vibrio mimicus [40]. Copy number is also a confounding factor,
as rtx [39], hlyA and ctxA can be present in multiple copies in V. cholerae genomes [41,42]. Although
gbpA is present as a single copy, it can also be found in environmental strains belonging to other
Vibrio species including Vibrio alginolyticus, Vibrio metschnikovii, Vibrio mimicus, Vibrio vulnificus and
Vibrio parahaemolyticus [43]. Lack of species specificity and the presence of multiple copies in single
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cells make quantitative estimates unreliable. Furthermore, given that a single lineage of V. cholerae is
responsible for all major outbreaks [phylocore genome/pandemic generating (PG) V. cholerae] [8,44]
(Supplementary Figure S1), detection of other, mostly harmless, genotypes can be misleading in
evaluating the risk of outbreaks. Attempts to accurately quantify toxigenic V. cholerae using the cholera
toxin (CT) gene ctxA have been made; while the reference El Tor strain N16961 carries a single copy
of this gene, other V. cholerae strains carry several copies of this element and it is also occasionally
found in other Vibrio species [41,45–47]. The rfbO1 gene targeting V. cholerae strains carrying the O1
antigens has also been used to detect pandemic V. cholerae [48,49]. Although it is a single copy gene,
many strains unrelated to this lineage can also carry it [50].

To overcome the limitations of currently used molecular markers, we developed a multiplex qPCR
assay for simultaneous detection and quantification of V. cholerae O1 (rfbO1), toxigenic V. cholerae (ctxA),
total V. cholerae (viuB) and V. metoecus (mcp). This optimized qPCR technique allows the quantitative
study of V. cholerae populations directly from DNA extracted from aquatic biomass, without the need
for cultivation. This overcomes the problem that many V. cholerae cells in water are viable but not
culturable (VBNC) [27], which has so far made it difficult to the study this organism in the environment.
Quantifying the presence of ctxA and rfbO1 simultaneously resolves drawbacks specific to the separate
use of these two gene markers. Overestimation of the number of toxigenic cells because of the presence
of multiple copies of ctxA in single cells is detected as discrepancies with rfbO1 abundance. Likewise,
overestimation of toxigenic O1 cells due to the presence of non-toxigenic O1 strains is identified
through discrepancies with ctxA counts.

Furthermore, by measuring the relative abundance of toxigenic and O1 serogroup strains in the
total V. cholerae population as well as V. metoecus abundance, this assay provides information about
intraspecies and interspecies population dynamics, which could yield insights into variations in the
natural abundance of toxigenic strains. It is also useful to look at the total V. cholerae population,
as some strains lacking the two main virulence factors for cholera—CT and the toxin-coregulated pilus
(TCP)—can still be pathogenic to humans [51]. This assay has both a low detection limit (three copies
per reaction) and higher specificity than comparable assays. Besides being the first assay to allow
molecular quantification of V. metoecus, it is also the first one to extensively test environmental samples
for V. cholerae by measuring the absolute abundance of the species and its O1 serogroup and toxigenic
subpopulations in areas that are endemic for cholera.

2. Results and Discussion

2.1. A Specific and Efficient Multiplex qPCR Assay to Detect V. cholerae and V. metoecus

We developed a specific and sensitive qPCR method for the quantification of total V. cholerae and
V. metoecus, as well as toxigenic and O1 serogroup V. cholerae, all sampled from their natural aquatic
environments (Figure 1). Primers and probes developed for all four marker genes displayed 100%
specificity (Table 1) using 50 bacterial strains, including 27 V. cholerae strains of various serogroups
and toxigenic potential, as well as 18 V. metoecus and closely related Vibrio species. This assay was
more specific than any previously published, with no cross-amplification between V. cholerae and
other bacteria, including its closest relative, V. metoecus. The efficiency of each assay was 95% to 100%
(R2 value 0.99 and slope—3.3 ± 0.07) (Figure 2).
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Figure 1. Sampling sites for environmental water samples collected to evaluate the qPCR assay
developed in this study. (A) Oyster Pond (Falmouth, MA, USA) a non-endemic site for cholera. (B) Map
of Bangladesh, identifying the two coastal regions (Kuakata and Mathbaria) and inland region (Dhaka)
where samples were collected.

Table 1. Bacterial strains used to validate specificity of the primers and probes designed to detect
V. cholerae, its toxigenic serogroup O1 and V. metoecus.

Target
Genes

Species No. of Strains viuB ctxA rfbO1 mcp

Vibrio cholerae non O1 17 + - - -
Vibrio cholerae O1 CTX- 2 + - + -
Vibrio cholerae O1 CTX+ 8 + + + -
Vibrio parahaemolyticus 1 - - - -

Vibrio vulnificus 3 - - - -
Vibrio metoecus 18 - - - +
Vibrio mimicus 3 - - - -
Escherichia coli 3 - - - -

Pseudomonas aeruginosa 3 - - - -

+ indicates the target primers were amplified for all strains via qPCR; - indicates no amplification.

The viuB and mcp markers are specific to V. cholerae and V. metoecus and present in single copies,
facilitating quantification of the absolute abundance of these two species. Additionally, the ctxA
and rfbO1 markers are specific for detection of toxigenic and O1 serogroup strains, respectively.
Previous qPCR studies often took advantage of these two genes but did not combine them, resulting in
missed information that was required to correlate toxigenic V. cholerae and strains representing the PG
lineage [30,36]. Although the region selected for ctxA gene amplification to indicate the presence of
toxigenic V. cholerae is specific to this particular species [52], the presence of ctxAB has been reported in
CTXϕ phages present in aquatic environment, which can be the source of ctxA positive results [53].
Multiple copies of ctxA can also be present in certain V. cholerae genomes, biasing quantification
results [47,54]. The simultaneous amplification of the single copy rfbO1 specific for V. cholerae O1
strains compensates for these flaws, as the vast majority of cholera cases are caused by CTX positive
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strains of the O1 serogroup. The co-occurrence of these two markers at similar levels allows accurate
quantification of toxigenic O1 strains.
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Figure 2. Multiplex real-time qPCR for simultaneous detection and quantification of V. cholerae
and V. metoecus. Four gene markers with fluorogenic probes were used: viuB (V. cholerae specific),
ctxA (toxigenic V. cholerae specific), rfbO1 (V. cholerae O1 specific) and mcp (V. metoecus specific).
Template DNA was purified from reference cultures (V. cholerae N16961 and V. metoecus RC341) and
was serially diluted in 10-fold increments to yield concentration ranging from 3 × 106 to 3 copies per
reaction (from left to right). Fluorescence was measured in relative units. The panel (A) illustrates
amplification curves and the panel (B) shows their corresponding standard curves. Each reaction was
done in triplicate.

There are many rapid assays already being used to detect certain serotypes of V. cholerae, but most
of them are confined to qualitative detection and do not provide any data on the abundance of this
organism in the environment [52,55–57]. A few available assays are quantitative, but the limitations in
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sensitivity are >5 to 50 gene copies per reaction [38,58], and they detect no more than two marker genes,
or lack specificity [32]. For example, a real-time PCR assay using four different genetic markers i.e., rtxA,
epsM, ompW and tcpA to detect V. cholerae also detected V. mimicus non-specifically by amplification
of ompW [32]. Other genes currently used for detection and/or quantification of V. cholerae such as
hlyA, zot, ompU, toxR and groEl, also suffer from a lack of species specificity [52,55,59]. Many of these
genes share sequence similarity with homologs in closely related species or can be present in multiple
copies in Vibrio genomes, and therefore can pose problems for specific detection and quantification.
Moreover, there is no published assay that detects and quantifies the abundance of V. metoecus along
with V. cholerae. Most assays have been evaluated by artificially spiking water samples with known
concentrations of laboratory strains, and none has been directly applied to a significant number of
environmental samples in a region that is endemic for cholera.

It is important for any environmental application to determine the sample limit of detection.
This value represents the lowest quantity of the target DNA that can be reliably detected and quantified
in a certain volume of sample at a probability level of 95% [60]. In this study, we found the analytical
detection limit for all four gene markers to be three copies per reaction (Figure 2), with 1.5 × 106 copies/L
of water as the lowest detectable number without filtration, which is comparable to previous studies [59].
Concentrating samples by filtration of large volumes of water (0.05 L to 10 L) made it possible to lower
the detection limit. This limit was 9.0 × 102 copies/L for Oyster Pond (USA) samples after filtering
566 mL of water (Figures 3 and 4B). The lowest detection limits after filtration of 3.0 × 103 copies/L
(from 10 L of water) (Figures 5 and 6A) and 1.5 × 104 copies/L (from 50 mL of water) (Figure 7) were
determined for samples from the Kuakata and Dhaka (Bangladesh) sites, respectively.
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Figure 3. Temporal variation of abundance for V. cholerae along with its toxigenic and serogroup O1
subpopulations and its close relative V. metoecus in Oyster Pond, MA, USA. Environmental water
samples collected during the months of June to August in two successive years: 2008 (A) and 2009 (B),
were analyzed using the developed qPCR assay. The viuB gene was used to quantify total V. cholerae;
ctxA and rfbO1 were used to measure toxigenic V. cholerae and V. cholerae O1, respectively; the abundance
of V. metoecus was estimated using the mcp gene. All four genes were tested for each sample and the
absence of a bar in the graph denotes that the target gene was absent or present below the detection
limit of the assay. Each qPCR reaction was run in triplicate. Mean values are shown with error bars
indicating the standard deviation between three technical replicates. ctxA could not be detected at any
time sampled at this site.
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Figure 4. Distribution in different water fraction sizes of V. cholerae along with its toxigenic and serogroup
O1 subpopulations and its close relative V. metoecus in Oyster Pond, MA, USA. Environmental water
samples were collected during the months of June (A), July (B) August (C) and September (D) in 2009.
These samples were fractionated by size through sequential filtration and bacteria were quantified by
qPCR of marker genes on DNA extracted from the filters. The viuB gene was used to quantify total
V. cholerae; ctxA and rfbO1 were used to measure toxigenic V. cholerae and V. cholerae O1, respectively;
the abundance of V. metoecus was quantified using the mcp gene. Each qPCR reaction was run in
triplicate. Mean values are shown with error bars indicating the standard deviation between technical
replicates. Temperature, pH and salinity of water collected each month are shown in boxes on the
upper right corner of each graph. ND indicates not done.
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Figure 5. Abundance of V. cholerae along with its toxigenic and serogroup O1 subpopulations and its
close relative V. metoecus in two different coastal regions in Bangladesh. Environmental water samples
were collected from Kuakata and Mathbaria during the month of May in 2014 and bacteria were
quantified by qPCR of marker genes. The viuB gene was used to quantify total V. cholerae; ctxA and
rfbO1 were used to measure toxigenic V. cholerae and V. cholerae O1, respectively; the abundance of
V. metoecus was quantified using the mcp gene. Each qPCR reaction was run in triplicate. Mean values
are shown with error bars indicating the standard deviation between technical replicates.Pathogens 2020, 9, x FOR PEER REVIEW 9 of 21 
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Figure 6. Abundance of V. cholerae along with its toxigenic and serogroup O1 subpopulations and its
close relative V. metoecus in two different coastal regions in Bangladesh. Environmental water samples
were collected from Kuakata (A) and Mathbaria (B) during the month of May in 2014 and bacteria were
quantified by qPCR of marker genes. The viuB gene was used to quantify total V. cholerae; ctxA and
rfbO1 were used to measure toxigenic V. cholerae and V. cholerae O1, respectively; the abundance of
V. metoecus was quantified using the mcp gene. Each qPCR reaction was run in triplicate. Mean values
are shown with error bars indicating the standard deviation between technical replicates.
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Figure 7. Temporal variation of abundance for V. cholerae along with its toxigenic and serogroup
O1 subpopulations and its close relative V. metoecus in a central region of Bangladesh (Dhaka).
Environmental water samples were collected bi-weekly from the months of October 2015 to March 2016
and bacteria were quantified by qPCR of marker genes. The viuB gene was used to quantify total V.
cholerae; ctxA and rfbO1 were used to measure toxigenic V. cholerae and V. cholerae O1, respectively; the
abundance of V. metoecus was quantified using the mcp gene. Each qPCR reaction was run in triplicate.
Mean values are shown with error bars indicating the standard deviation between technical replicates.

The sensitivity of PCR-based assays for quantifying V. cholerae from environmental samples is
highly dependent on efficient DNA extraction and removal of potential inhibitors. All the environmental
DNA samples were treated with One step PCR inhibitory removal kit after DNA extraction to reduce
residual inhibitors. Samples were assessed in ten-fold dilutions (1/10) to determine the effect of
inhibitors in the assay. The 10× dilution of samples shifted the Cq values by 3.3 cycles ± 0.05
(Supplementary Figure S2), which is consistent with no significant inhibition.

2.2. V. cholerae and V. metoecus Co-Occur Seasonally in a Temperate Coastal Location

With an optimized multiplex qPCR assay, it was possible for the first time to determine the
abundance of V. cholerae and V. metoecus simultaneously in water reservoirs in a cholera non-endemic
area (USA). V. cholerae is an ubiquitous member of bacterial communities in temperate and tropical
aquatic environments around the world [5] whereas V. metoecus is a recently described species, which has
been co-isolated with V. cholerae from the USA East Coast aquatic environment and associated with eel
fish in Spain, as well as clinical cases from around the USA [16,61–63].

To compare the qPCR assay to culture-dependent methods of detection, it was applied to samples
from which V. cholerae and V. metoecus had been isolated by cultivation and samples from which
no organisms had been isolated (Table 2). These water samples were collected in summer (June to
September) over two successive years (2008 and 2009) from Oyster Pond in Falmouth (MA) on the
East Coast of the USA. Using our novel multiplex assay on DNA extracted from biomass of the same
samples, we found the abundance of V. cholerae was 1.4 × 105 to 8.2 × 105 copies/L in Oyster Pond
from June to September in 2008 and 2009 (Supplementary Figure S3). Strikingly, V. metoecus was only
detected at the end of the season (the months of August and September) in both years, at abundances
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of approximately 5.6 × 104 to 1.0 × 105 copies/L (Figure 3). V. cholerae was consistently more abundant
than V. metoecus and present throughout the summer. Using a culture-based approach, it has been
suggested that V. cholerae is ten times more abundant than V. metoecus at that particular location [62].
Based on the qPCR approach used here, V. cholerae was approximately three times more abundant than
V. metoecus, suggesting that the former is more readily culturable than the latter (Figure 3). Moreover,
V. metoecus was neither isolated by conventional culture method nor detected by qPCR in Bangladesh,
suggesting a different geographical distribution than V. cholerae (Figure 5).

Table 2. Comparative results of the conventional culture method and developed qPCR technique used
in this study.

Site Time Cultivation qPCR

V. cholerae V. cholerae O1 V. metoecus V. cholerae V. cholerae O1 V. metoecus

Kuakata May’14 + - - + + -
Mathbaria May’14 + - - + - -

Dhaka Oct’15 + + - + + -
Nov’15 + - - + + -
Dec’15 + - - + + -
Jan’16 + - - + + -
Feb’16 + - - + + -
Mar’16 + - - + + -

Oyster
Pond

Jun’08 ND ND ND + - -
Jul’08 ND ND ND + + -

Aug’08 ND ND ND + + +
Sep’08 ND ND ND + - +

Oyster
Pond

Jun’09 ND ND ND + - -
Jul’09 ND ND ND + + -

Aug’09 + - + + + +
Sep’09 + - + + - +

+ indicates samples were positive for corresponding organism; - indicates there was no isolation and/or negative by
qPCR; ND indicates not done.

2.3. O1 Serogroup Strains Are Important Members of a Temperate Coastal V. cholerae Population

The presence/absence of toxigenic or O1 serogroup V. cholerae was determined using two sets
of primers targeting ctxA and rfbO1. There was no amplification of ctxA in the Oyster Pond
samples, but rfbO1 was present sporadically: 1.1 × 105 copies/L were present in June 2008 and
6.2 × 104/L in September 2008 (Figure 3), while 2.6 × 105 copies/L rfbO1 were detected in July 2009 and
8.2 × 104 copies/L in August of 2009 (Figure 3). The proportion of rfbO1 positive V. cholerae was, on
average, ~18% of total V. cholerae in Oyster pond over these periods of sampling, ranging from 15%
to 21% in individual samples. O1 serogroup of V. cholerae were consistently found during the four
warmest months (June to September) of 2008 and 2009 (Figure 3). Interestingly, in water samples that
were fractionated by size (2009), rfbO1 was detected only in the largest size fraction (>63 µm) (Figure 4).

No O1 serogroup strains could be obtained from Oyster pond samples by conventional culture
methods, despite the isolation of over 385 V. cholerae strains [62] (Table 2). V. cholerae enters into VBNC
form due to environmental stress condition, where cells remain alive but cannot be revived using
standard cultivation methods [64]. During inter-epidemic periods, toxigenic V. cholerae are believed to
be maintained in low numbers, attaching to particles in a state of VBNC [65].

The inability to isolate V. cholerae O1 in most of the samples indicates that culture-based methods
could lead to an underestimation of the occurrence of V. cholerae O1 in environmental reservoirs due
to their low abundance or VBNC state [36]. The inability to isolate V. cholerae O1 strains in 2009
samples collected from Oyster pond together with their detection at a relatively high abundance
(Table 2, Figure 3) by qPCR likely indicates the presence of VBNC cells, questioning the assumption
that V. cholerae O1 is rare in cholera-free regions [66].
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2.4. Toxigenic O1 Serogroup Strains Are Constantly Present at Dangerous Levels in Dhaka Freshwater

In Bangladesh, data on the incidence of cholera show that the disease occurs year round in the
Ganges delta region of Bangladesh with seasonal peaks typically before (March to May) and after
(September to December) monsoon [67,68]. However, using culture-based methods, direct isolation of
toxigenic V. cholerae O1 from aquatic reservoirs was not readily possible even during the peak season
unless further enrichment in an alkaline peptone water medium was performed [28]. To determine if
culture-based monitoring underestimates the presence of toxigenic V. cholerae O1, bi-weekly sampling
was done over six consecutive months in the Rampura area of Dhaka city in Bangladesh.

Biomass was collected from water samples by filtration on 0.22 µm membranes with no size
fractionation. The abundance of the viuB marker gene, which corresponds to the total V. cholerae
population, ranged from 1.3 × 105 to 4.0 × 105 copies/L from October 2015 to March 2016 (Figure 7).
The ctxA gene used to track toxigenic V. cholerae was found at 3.6 × 104 copies/L to 3.2 × 105 copies/L and
the rfbO1 gene used to track V. cholerae O1 was detected at similar levels, ranging from 1.5 × 104 copies/L
to 2.9 × 105 copies/L, corresponding to 50–60% of the total V. cholerae population (Figure 7). There was
consistent occurrence of V. cholerae and its toxigenic and serogroup O1 subpopulations at similar
abundances throughout the six months of sampling, suggesting that both genes were found in the
same cells, which is typical of 7th pandemic V. cholerae El tor strains that are currently responsible for
most cholera cases in Bangladesh [8]. Conventional culture methods only recovered V. cholerae O1
from October 2015, and V. cholerae non-O1 was isolated from each of these six months (Table 2).

Unexpectedly, analysis of water samples from the Rampura area (Dhaka, Bangladesh) (Figure 1)
revealed persistent toxigenic V. cholerae O1 at a low abundance (1.3 × 105 to 4.0 × 105 copies/L),
but a high proportion of the total V. cholerae population (up to 84%) (Figure 7). With the infectious
dose of V. cholerae being in the order of 103 to 108 bacterial cells [69]; the water in this region is a
permanent reservoir of toxigenic V. cholerae that can readily cause potential outbreaks when ingested
with contaminated water or food. Water bodies around Dhaka city are surrounded by a dense human
population that extensively interacts with them, potentially resulting in the circulation of pathogenic
V. cholerae in that particular environment, even outside of periods in which cholera cases are frequent.
This stands in contrast with the megacity experiencing two seasonal outbreaks of cholera before the
monsoon in March to May and just after the monsoon in September to November [70]. The lack of
correlation between toxigenic Vibrio cholerae in water reservoirs and the number of cholera cases in
Dhaka remains to be elucidated: both public health (such as changes in drinking water sources or
flooding) and biological (seasonal change in virulence levels) explanations for this discrepancy should
be explored.

Another interesting observation at the inland Dhaka site was that the number of ctxA gene copies
detected was always slightly higher than rfbO1 (~20%). It is known from previous research that El Tor
strain N16961 carries a single copy of the cholera toxin prophage whereas there could be variation
in copy number in other El Tor V. cholerae strains arising from selective pressure [8,47,71,72]. Also,
the presence of CTX phages in the aquatic environment may significantly impact the abundance of
ctxA positive cells in the environment.

In contrast to the inland Dhaka site, the O1 serogroup was only detected at low abundance
or was undetectable at the two coastal sites sampled in Bangladesh. V. cholerae O1 was found at
very low abundance in Kuakata (May 2014) and absent from Mathbaria during the single month
sampled (Figure 5, Figure 6), whereas in a previous study, detection of toxigenic V. cholerae O1 by DFA
(direct fluorescent antibody) in water samples collected bi-weekly from March to December 2004 from
six ponds in Mathbaria fluctuated from <10 to 3.4 × 107 CFU/L [67]. It is noteworthy that during the
period of this latter study, many cholera cases were recorded in Mathbaria, while they were much
rarer in 2014. In the same 2004 study, no strains belonging to the O1 serogroup were found among
the six hundred strains isolated from coastal areas in Bangladesh, confirming our observations in an
area (Oyster pond, MA, USA) non-endemic for cholera that V. cholerae O1 is challenging to isolate
(Table 2). The constant presence of V. cholerae O1 in Dhaka as opposed to a more stochastic appearance
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in coastal locations suggests that the level of human interaction with water bodies influences its
population dynamic.

Higher abundance of V. cholerae and V. metoecus in larger size fractions indicates preference for
particle association. Amongst the samples collected from endemic (Bangladesh) and non-endemic
(Oyster Pond, MA, USA) regions, overall counts of V. cholerae ranged from 1 × 104 copies/L to
1 × 106 copies/L for each sample (Figures 3, 5 and 7). In Oyster pond, most of V. cholerae (~93%),
including ~18% of the O1 serogroup V. cholerae, were detected in the largest fraction size (>63 µm).
Similarly, the majority of V. cholerae cells from coastal areas of Bangladesh (~62%) were detected in the
largest fraction size (> 63 µm) (Figures 5 and 6). The toxigenic V. cholerae ctxA marker gene and O1
serogroup strains rfbO1 gene were found only in the >63 µm size fraction and at very low abundance
in Kuakata (3.4 × 103 and 2.9 × 103 copies/L, respectively) (Figure 6).

This skewed distribution of V. cholerae toward the largest fraction size (Figures 4 and 6) suggests that
most cells are associated with large particles, zooplankton, or phytoplankton hosts in environmental
reservoirs [6,8,53,73]. This explains why in rural areas of Bangladesh, filtering environmental water
through folded cloth facilitates the reduction of particles and debris and significantly lowers the risk of
cholera [74].

3. Materials and Methods

3.1. Bacterial Cultures and DNA Template Preparation

Different isolates of Vibrio spp that were used to validate primer specificity and assay sensitivity
in this study are listed in Table 1 and Supplementary Table S1. All Vibrio strains were grown in tryptic
soy broth (TSB) (Becton Dickinson, Franklin Lakes, NJ, USA) with 1.0% NaCl (BDH), incubated at
30 ◦C and 200 rpm. For non-Vibrio strains (Supplementary Table S1), TSB without 1.0% NaCl was
used under the same growth conditions. Genomic DNA was extracted from overnight cultures using
the DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany) and quantified using the Quant-iT
PicoGreen dsDNA Assay Kit (Molecular Probes, Eugene, OR, USA) with a Synergy H1 microplate
reader (BioTek, Winooski, VT, USA).

3.2. DNA Extraction from Biomass and Isolation of Organisms from Environmental Water Samples

Water samples were collected from Bangladesh (a cholera-endemic region) and the USA East
Coast (a cholera-free region) (Figure 1) at different time points. Environmental water samples from
Oyster Pond (Falmouth, MA, USA) were collected during the months of June to September, 2008 and
2009, as previously described [62]. Briefly, triplicate samples were obtained at a 0.5 m depth and a
distance of 5 m from each other. Samples from 2009 were size fractionated, where ten litres of water
were first filtered through a 63µm nylon mesh net to capture large particles such as zooplankton.
Large particles were crushed in a 50 mL tissue grinder after transfer using 20 mL of sterile filtered local
water. Two milliliters of crushed material (equivalent to one litre of water) was resuspended in 48 mL
of sterile filtered local water and pushed through a 4.5 cm Millipore Durapore filter (0.22 µm pore size)
using a polypropylene syringe.

Similarly, one litre of water passed through the mesh net was pushed through a series of in-line
4.5 cm Millipore Durapore filters (sizes 5µm, 1µm and 0.22µm) using a peristaltic pump. All disposable
equipment was sterile, and all filter casing and tubing was sterilized before sampling. DNA extraction
from the filters using a QIAGEN DNeasy Blood and Tissue Kit was performed as follows: 0.25 g of
sterile zirconium beads were added to cut-up filter pieces in a 1.5 mL screw cap tube with 360 µL Cell
Lysis Buffer ATL, and bead beating was performed for 30 s at maximum speed. Proteinase K (40 µL)
was added, and the tubes were vortexed for several seconds. Further steps followed the instructions of
the manufacturer. Environmental strains of V. cholerae and V. metoecus were isolated from the August
and September 2009 filters, as previously described [62].
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Three different regions in Bangladesh were selected to collect environmental water samples:
two coastal regions (Kuakata and Mathbaria) and an inland region (Dhaka). Collection of water
samples and extraction of DNA from filters from coastal Bangladesh sites (Kuakata and Mathbaria)
were done at a single time point (May 2014) using the same protocol as the Oyster Pond sampling [62].
The Dhaka samples were collected from Rampura, Dhaka, Bangladesh (Figure 1) bi-weekly from
October 2015 to March 2016. Water samples (50 mL) were collected using 60 mL sterile polypropylene
syringe and filtered through 0.22 µm Sterivex filters (Millipore, Burlington, MA, USA). Total DNA
extraction from the biomass on the filters was done by following four consecutive steps: cell lysis and
digestion, DNA extraction and DNA concentrating, and washing according to the protocol described
by Wright et al. [75]. Environmental strains of V. cholerae were isolated from the water samples collected
in Dhaka by following the protocol previously described [28].

To reduce impurities that can act as inhibitors during PCR amplification, all extracted DNA
samples were further treated with One step PCR inhibitory removal kit (The Epigenetics Company,
ZYMO Research, Irvine, CA, USA), following the protocol in the user manual. Treated samples were
kept at −20 ◦C for further analysis.

3.3. Design and Evaluation of Primers and Fluorogenic Probes for Real–Time qPCR

To design a primer set suitable for the amplification of products that are unique to V. cholerae
strains, protein-coding genes from a dataset of 52 Vibrio genomes were analyzed as outlined in
Kirchberger et al. [76]. Briefly, the genes of V. cholerae and its close relative, V. metoecus were clustered
into families based on 30% similarity of amino acid sequence of proteins through OrthoMCL [77].
Alignments of core gene families exclusive to V. cholerae were created via CLUSTALW 2.0 [78], with single
gene trees constructed through RAxML 8.0 [79]. Gene sequences were further inspected to find optimal
sites for non-degenerate primer/probe design. The viuB gene, encoding the vibriobactin utilization
protein B (WP_000064348.1) for V. cholerae [80,81], was selected after examination of candidates.
Primers (forward and reverse) and probe (Table 2) for a 77-bp product were designed using the
software tool PrimerQuest from integrated DNA technologies (IDT, Coralville, IO, USA) according to
supplied guidelines.

To design primers specific for V. metoecus, Intella (https://www.vound-software.com/) was used to
analyze the unique gene contents of V. metoecus. Alignments of the sequence of alleles from single
copy gene families present in all V. metoecus in the dataset were performed by using an in-house
script (available upon request). The gene encoding a methyl-accepting chemotaxis protein (MCP)
(EEX66169.1) was selected for the presence of ideal primer and probe sites [82], as designed using the
software PrimerQuest tool from Integrated DNA technologies (IDT, Coralville, IO, USA). This gene
was targeted using the probe 5′-/5Cy5/TTG TCC GTT TCG ACA CTG AAA TCA/3IAbRQSp/-3′,
and forward and reverse primers, 5′-GCA GTC TCT TGC CGA AAC ACT A-3′ and 5′-ATG AAC AGC
TTA TCT TGC CAT TC-3′, respectively, yielding an 81-bp product. The designed primers were tested
for specificity by end point PCR with spiked water samples.

For estimation of toxigenic V. cholerae abundance, 106 bp of the ctxA gene (Table 3) was targeted
as part of the genetic element encoding the major virulence factor cholera toxin, and thus one
of the signature genes for toxigenic potential in V. cholerae [47]. In the case of the V. cholerae O1
serogroup, the target was a 113 bp product of the rfbO1 gene (Table 3) as it detects explicitly V. cholerae
belonging to the O1 serogroup, which includes the vast majority of strains responsible for past and
ongoing cholera pandemics. Primers and probes for both of these genes were designed in this study
to ensure compatibility of the assay. FAM, 6-carboxyfluorescein; Cy5, Cyanine 5 dye and HEX,
Hexacholo-fluorescein dye were used as a reporter dye. ZEN-Iowa Black FQ and Iowa Black RQ were
used as quenchers.

https://www.vound-software.com/
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Table 3. Target genes and sequences of primers and probes used in this study.

Target Gene Primer and Probe Sequence (5′-3′) Amplicon Size (bp)

viuB Probe 56-FAM/TCATTTGGC/ZEN/CAGAGCATAAACCGGT/3IABkFQ 77
Forward primer TCGGTATTGTCTAACGGTAT
Reverse primer CGATTCGTGAGGGTGATA

ctxA Probe 5Cy5/AGGACAGAGTGAGTACTTTGACCGAGG/3IAbRQSp 106
Forward primer CAGGTGGTCTTATGCCAAG
Reverse primer CTAACAAATCCCGTCTGAGTT

rfbO1 Probe 5HEX/AGAAGTGTG/ZEN/TGGGCCAGGTAAAGT/3IABkFQ 113
Forward primer GTAAAGCAGGATGGAAACATATTC
Reverse primer TGGGCTTACAAACTCAAGTAAG

mcp Probe 5Cy5/TTGTCCGTTTCGACACTGAAAATCA/3IAbRQSp 81
Forward primer GCAGTCTCTTGCCGAAACACTA
Reverse primer ATGAACAGCTTATCTTGCCATTC

3.4. Real-Time qPCR Amplification

Dynamite qPCR Mastermix used in this study is a proprietary mix, developed and distributed by
the Molecular Biology Service Unit at the University of Alberta, Edmonton, AB, Canada. It contains
Tris (pH 8.3), KCl, MgCl2, glycerol, Tween 20, DMSO, dNTPs, ROX as a normalizing dye, and antibody
inhibited Taq polymerase. The volume of the PCR reaction was 10 µL containing 5 µL of 2× Dynamite
qPCR master mix, 1 µL of each of 500 nM primer-250 nM probe mix, 1 µL of molecular grade water and
2 µL of DNA template. Real-time quantitative PCR was performed under the following conditions:
initial primer activation at 95 ◦C for 2 min followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min in
the Illumina Eco Real-Time PCR system. The assay includes standards of known copy number and
negative control with no template added to assess the potential presence of contamination (Figure 2).

3.5. Generation of Standard Curves and Calculation of qPCR Efficiency

Standard curves were prepared by amplifying gene sequences from corresponding reference
strains for each target. For the preparation of standard curves, the viuB, ctxA and rfbO1 genes of the
pandemic V. cholerae El Tor O1 N16961 reference strain were used for total V. cholerae count, toxigenic
V. cholerae and V. cholerae O1, respectively. To make the standard curve for the V. metoecus specific gene
(mcp), the V. metoecus RC341 was used. Both strains were grown on LB agar (BD Difco, Franklin Lakes,
NJ, USA) with 0.5% NaCl at 30 ◦C for overnight and DNA extraction was done by DNeasy Blood and
Tissue Kit (QIAGEN). Specific forward and reverse primers targeting each gene of interest were used
for PCR amplification (Table 3). A standard PCR protocol was followed for this amplification: 1 µL
each of 10 pmol forward and reverse primer, 0.4 µL of 10 mM dNTP-Mix (ThermoFisher, Waltham,
MA, USA), 0.4 µL Phire Hot Start II DNA Polymerase (ThermoFisher), 4 µL of 5× Phire Buffer, 12.2 µL
of molecular biology grade water and 2 µL of template DNA. The PCR reaction was performed as
follows: initial denaturation at 98 ◦C for 30 s, followed by annealing at 55 ◦C for 5 s and extension
72 ◦C for 1 min for 35 cycles and a final extension of 72 ◦C for 1 min. PCR products were purified using
the Wizard SV Gel and PCR Clean-up System (Promega, Madison, WI, USA). The concentrations of
amplified PCR products were measured using the Quant-iT PicoGreen dsDNA Assay Kit (Molecular
Probes, Eugene, OR, USA) and the Synergy H1 microplate reader (BioTek, Winooski, VT, USA).

Calculations mentioned in the Applied Biosystems Guideline [83] for creating qPCR standard
curves were used for determining the mass of amplified gene templates that correspond to copy
numbers of target nucleic acid sequences. A series of standards were prepared in which a gene of
interest is present at 3 × 105 copies, 3 × 104 copies, 3 × 103 copies, 3 × 102 copies 30 and 3 copies
per 2 µL of the template. Once prepared, the standards were stored in 100 µL aliquots at −80 ◦C.
The standard curve was generated by plotting the log value of calculated gene copies per reaction over
the quantitative cycle value (Cq) (Figure 2). The Cq is described as the cycle at which the fluorescence
from amplification exceeds the background fluorescence in the MIQE guideline [60].
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If a sample contains more targets, the fluorescence will be detected in earlier cycles; low Cq
values represent higher initial starting copies of the target gene. The qpCR efficiency of the assay was
calculated (Figure 2) using the following formula:

Efficiency = 10
−1

Slope (1)

(http://efficiency.gene-quantification.info/) by Illumina Eco Real-Time PCR system software.

3.6. Limit of Detection (LOD) and Impact of Inhibition Testing

The LOD of the assay was determined for each of the marker genes based on the standard curve of
amplified genes from reference strains (V. cholerae N16961 and V. metoecus RC341) (Figure 2). The LOD
of sample (per liter of water) before filtration was calculated from the LOD of the qPCR assay. We did
not evaluate the quantifiable lowest minimum number of copies in the environmental water sample
before any filtration step.

To test for qPCR inhibition, we compared the Cq values for 10× dilution of treated (with One
step PCR inhibitory removal kit) extracted DNA samples from study sites and spiked positive
and negative samples. The differences in Cq values between diluted samples were recorded
(Supplementary Figure S2).

3.7. Specificity Testing

The specificity of the qPCR assay was evaluated using genomic DNA from bacterial strains listed
in Table 2. Non-O1 V. cholerae (17) from environmental sources, ctxA positive and negative V. cholerae
O1 (8 and 2 isolates, respectively), from both clinical and environmental sources, and V. metoecus (18)
from environmental sources were tested (Supplementary Table S1). Three other Vibrio species:
V. parahaemolyticus, V. vulnificus and V. mimicus, were also tested, as well as two non-Vibrio
gammaproteobacteria: Pseudomonas aeruginosa and Escherichia coli.

4. Conclusions

This research for the first time describes a sensitive multitarget real-time qPCR application for the
simultaneous detection and quantification of V. cholerae and V. metoecus from environmental water
samples. The viuB and mcp markers are specific to V. cholerae and V. metoecus, respectively, and made
it possible to quantify the absolute abundance of members of these two species in DNA extracted
from environmental biomass. The ctxA and rfbO1 markers are specific for detection of toxigenic and
O1 serogroup strains, allowing determination of the proportion of the total V. cholerae population
represented by these strains. This is also the first fundamental study on quantification of V. cholerae on
a significant scale in a cholera-endemic area. Although cholera has two seasonal peaks in this region,
we showed that toxigenic V. cholerae O1 was persistent in the inland water reservoir at levels that pose
a risk to human health. V. metoecus was not detected in this area, indicating a different geographical
distribution and seasonal presence compared to that of its closest relative. The sporadic presence of
V. cholerae O1 at a substantial proportion of the local V. cholerae total population in a region not endemic
for cholera also highlights the wide distribution of this lineage displaying potential for the emergence
of novel virulent variants. As demonstrated by the volume of samples analyzed here, this method
has a throughput that is high enough to allow for the determination of the source of an outbreak and
tracking its dispersal across aquatic environments or a drinking water distribution system.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/12/1053/s1,
Figure S1: Phylogeny of the pandemic generating lineage of V. cholerae. Figure S2: Testing of inhibition in qPCR
amplification. Supplementary Figure S3: Biological replications of the quantification of V. cholerae along with its
toxigenic and Serogroup O1 subpopulations and its close relative V. metoecus in Oyster Pond, MA, USA. Table S1:
Bacterial strains used for validating primers and probes in this study.

http://efficiency.gene-quantification.info/
http://www.mdpi.com/2076-0817/9/12/1053/s1


Pathogens 2020, 9, 1053 16 of 20

Author Contributions: T.N. performed experiments, analyzed data and, together with N.A.S.H. and Y.F.B.,
wrote the manuscript and generated figures. M.T.I., P.C.K. and F.D.O. performed computational analysis. M.A.
provided samples. T.N., S.K.Y. and Y.F.B. planned the project. The funding for this project was provided by Y.F.B.
All authors edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Sciences and Engineering Research Council of Canada
(NSERC), grant number RGPIN-2020-04422, and the Integrated Microbial Biodiversity program of the Canadian
Institute for Advanced Research to Y.F.B. We also acknowledge the support of graduate student scholarships from
NSERC to T.N., Alberta Innovates-Technology Futures to T.N., M.T.I., F.D.O. and P.C.K., the Faculty of Graduate
Studies and Research, University of Alberta to T.N., N.A.S.H., M.T.I. and F.D.O., the Department of Biological
Sciences University of Alberta to N.A.S.H., Student Aid Alberta to N.A.S.H. and the Bank of Montréal Financial
Group to F.D.O.

Acknowledgments: M.A. of ICDDR, B thanks the governments of Bangladesh, Canada, Sweden and the United
Kingdom for providing unrestricted core support. The authors would also like to thank Norman Neumann
(University of Alberta) for discussions and feedback on the manuscript prior to submission.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Colwell, R.; Kaper, J.; Joseph, S. Vibrio cholerae, Vibrio parahaemolyticus, and other vibrios: Occurrence and
distribution in Chesapeake Bay. Science 1977, 198, 394–396. [CrossRef] [PubMed]

2. Alam, M.; Hasan, N.A.; Sadique, A.; Bhuiyan, N.A.; Ahmed, K.U.; Nusrin, S.; Nair, G.B.; Siddique, A.K.;
Sack, R.B.; Sack, D.A.; et al. Seasonal cholera caused by Vibrio cholerae serogroups O1 and O139 in the coastal
aquatic environment of Bangladesh. Appl. Environ. Microbiol. 2006, 72, 4096–4104. [CrossRef] [PubMed]

3. WHO. Number of Reported Cholera Cases. Available online: https://www.who.int/gho/epidemic_diseases/
cholera/cases_text/en/ (accessed on 27 August 2020).

4. Thompson, F.L.; Iida, T.; Swings, J. Biodiversity of vibrios. Microbiol. Mol. Biol. Rev. 2004, 68, 403–431.
[CrossRef] [PubMed]

5. Kaper, J.B.; Morris, J.G., Jr.; Levine, M.M. Cholera. Clin. Microbiol. Rev. 1995, 8, 48–86. [CrossRef]
6. Ali, M.; Lopez, A.L.; You, Y.A.; Kim, Y.E.; Sah, B.; Maskery, B.; Clemens, J. The global burden of cholera.

Bull. World Health Organ. 2012, 90, 209–218A. [CrossRef]
7. Islam, M.S.; Hasan, M.K.; Miah, M.A.; Yunus, M.; Zaman, K.; Albert, M.J. Isolation of Vibrio cholerae

O139 synonym Bengal from the aquatic environment in Bangladesh: Implications for disease transmission.
Appl. Environ. Microbiol. 1994, 60, 1684–1686. [CrossRef]

8. Chun, J.; Grim, C.J.; Hasan, N.A.; Lee, J.H.; Choi, S.Y.; Haley, B.J.; Taviani, E.; Jeon, Y.S.; Kim, D.W.;
Lee, J.H.; et al. Comparative genomics reveals mechanism for short-term and long-term clonal transitions in
pandemic Vibrio cholerae. Proc. Natl. Acad. Sci. USA 2009, 106, 15442–15447. [CrossRef] [PubMed]

9. Dutta, D.; Chowdhury, G.; Pazhani, G.P.; Guin, S.; Dutta, S.; Ghosh, S.; Rajendran, K.; Nandy, R.K.;
Mukhopadhyay, A.K.; Bhattacharya, M.K.; et al. Vibrio cholerae non-O1, non-O139 serogroups and
cholera-like diarrhea, Kolkata, India. Emerg. Infect. Dis. 2013, 19, 464–467. [CrossRef] [PubMed]

10. Ghosh, R.; Sharma, N.C.; Halder, K.; Bhadra, R.K.; Chowdhury, G.; Pazhani, G.P.; Shinoda, S.;
Mukhopadhyay, A.K.; Nair, G.B.; Ramamurthy, T. Phenotypic and Genetic Heterogeneity in Vibrio cholerae
O139 Isolated from Cholera Cases in Delhi, India during 2001-2006. Front. Microbiol. 2016, 7, 1250. [CrossRef]
[PubMed]

11. Faruque, S.M.; Sack, D.A.; Sack, R.B.; Colwell, R.R.; Takeda, Y.; Nair, G.B. Emergence and evolution of Vibrio
cholerae O139. Proc. Natl. Acad. Sci. USA 2003, 100, 1304–1309. [CrossRef] [PubMed]

12. Rashed, S.M.; Iqbal, A.; Mannan, S.B.; Islam, T.; Rashid, M.U.; Johura, F.T.; Watanabe, H.; Hasan, N.A.;
Huq, A.; Stine, O.C.; et al. Vibrio cholerae O1 El Tor and O139 Bengal strains carrying ctxB (ET), Bangladesh.
Emerg. Infect. Dis. 2013, 19, 1713–1715. [CrossRef] [PubMed]

13. Chowdhury, F.; Mather, A.E.; Begum, Y.A.; Asaduzzaman, M.; Baby, N.; Sharmin, S.; Biswas, R.; Uddin, M.I.;
LaRocque, R.C.; Harris, J.B.; et al. Vibrio cholerae Serogroup O139: Isolation from Cholera Patients and
Asymptomatic Household Family Members in Bangladesh between 2013 and 2014. PLoS Negl. Trop. Dis.
2015, 9, e0004183. [CrossRef] [PubMed]

14. Mutreja, A.; Kim, D.W.; Thomson, N.R.; Connor, T.R.; Lee, J.H.; Kariuki, S.; Croucher, N.J.; Choi, S.Y.;
Harris, S.R.; Lebens, M.; et al. Evidence for several waves of global transmission in the seventh cholera
pandemic. Nature 2011, 477, 462–465. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.910135
http://www.ncbi.nlm.nih.gov/pubmed/910135
http://dx.doi.org/10.1128/AEM.00066-06
http://www.ncbi.nlm.nih.gov/pubmed/16751520
https://www.who.int/gho/epidemic_diseases/cholera/cases_text/en/
https://www.who.int/gho/epidemic_diseases/cholera/cases_text/en/
http://dx.doi.org/10.1128/MMBR.68.3.403-431.2004
http://www.ncbi.nlm.nih.gov/pubmed/15353563
http://dx.doi.org/10.1128/CMR.8.1.48
http://dx.doi.org/10.2471/BLT.11.093427
http://dx.doi.org/10.1128/AEM.60.5.1684-1686.1994
http://dx.doi.org/10.1073/pnas.0907787106
http://www.ncbi.nlm.nih.gov/pubmed/19720995
http://dx.doi.org/10.3201/eid1903.121156
http://www.ncbi.nlm.nih.gov/pubmed/23622872
http://dx.doi.org/10.3389/fmicb.2016.01250
http://www.ncbi.nlm.nih.gov/pubmed/27555841
http://dx.doi.org/10.1073/pnas.0337468100
http://www.ncbi.nlm.nih.gov/pubmed/12538850
http://dx.doi.org/10.3201/eid1910.130626
http://www.ncbi.nlm.nih.gov/pubmed/24050113
http://dx.doi.org/10.1371/journal.pntd.0004183
http://www.ncbi.nlm.nih.gov/pubmed/26562418
http://dx.doi.org/10.1038/nature10392
http://www.ncbi.nlm.nih.gov/pubmed/21866102


Pathogens 2020, 9, 1053 17 of 20

15. Boucher, Y.; Orata, F.D.; Alam, M. The out-of-the-delta hypothesis: Dense human populations in low-lying
river deltas served as agents for the evolution of a deadly pathogen. Front. Microbiol. 2015, 6, 1120. [CrossRef]
[PubMed]

16. Kirchberger, P.C.; Turnsek, M.; Hunt, D.E.; Haley, B.J.; Colwell, R.R.; Polz, M.F.; Tarr, C.L.; Boucher, Y.
Vibrio metoecus sp. nov., a close relative of Vibrio cholerae isolated from coastal brackish ponds and clinical
specimens. Int. J. Syst. Evol. Microbiol. 2014, 64, 3208–3214. [CrossRef]

17. Haley, B.J.; Grim, C.J.; Hasan, N.A.; Choi, S.Y.; Chun, J.; Brettin, T.S.; Bruce, D.C.; Challacombe, J.F.; Detter, J.C.;
Han, C.S.; et al. Comparative genomic analysis reveals evidence of two novel Vibrio species closely related
to V. cholerae. BMC Microbiol. 2010, 10, 154. [CrossRef]

18. Choopun, N. The Population Structure of Vibrio Cholerae in Chesapeake Bay. Ph.D. Thesis, University of
Maryland, College Park, MD, USA, June 2004.

19. Orata, F.D.; Kirchberger, P.C.; Meheust, R.; Barlow, E.J.; Tarr, C.L.; Boucher, Y. The Dynamics of Genetic
Interactions between Vibrio metoecus and Vibrio cholerae, Two Close Relatives Co-Occurring in the
Environment. Genome Biol. Evol. 2015, 7, 2941–2954. [CrossRef]

20. Baron, S.; Chevalier, S.; Lesne, J. Vibrio cholerae in the environment: A simple method for reliable identification
of the species. J. Health Popul. Nutr. 2007, 25, 312–318.

21. Colwell, R.R.; Brayton, P.; Herrington, D.; Tall, B.; Huq, A.; Levine, M.M. Viable but non-culturable Vibrio
cholerae O1 revert to a cultivable state in the human intestine. World J. Microbiol. Biotechnol. 1996, 12, 28–31.
[CrossRef]

22. Colwell, R.R.; Huq, A. Vibrios in the Environment: Viable but Nonculturable Vibrio cholerae. In Vibrio
cholerae and Cholera: Molecular to Global Perspectives; Wachsmuth, I.K., Blake, P.A., Olsvik, O., Eds.; American
Society for Microbiology: Washington, DC, USA, 1994; pp. 117–133. [CrossRef]

23. Miller, C.J.; Drasar, B.S.; Feachem, R.G. Response of toxigenic Vibrio cholerae 01 to physico-chemical stresses
in aquatic environments. J. Hyg. (Lond.) 1984, 93, 475–495. [CrossRef]

24. Huq, A.; Xu, B.; Chowdhury, M.A.; Islam, M.S.; Montilla, R.; Colwell, R.R. A simple filtration method to remove
plankton-associated Vibrio cholerae in raw water supplies in developing countries. Appl. Environ. Microbiol.
1996, 62, 2508–2512. [CrossRef] [PubMed]

25. Lobitz, B.; Beck, L.; Huq, A.; Wood, B.; Fuchs, G.; Faruque, A.S.; Colwell, R. Climate and infectious disease:
Use of remote sensing for detection of Vibrio cholerae by indirect measurement. Proc. Natl. Acad. Sci. USA
2000, 97, 1438–1443. [CrossRef] [PubMed]

26. Qadri, F.; Hasan, J.A.; Hossain, J.; Chowdhury, A.; Begum, Y.A.; Azim, T.; Loomis, L.; Sack, R.B.; Albert, M.J.
Evaluation of the monoclonal antibody-based kit Bengal SMART for rapid detection of Vibrio cholerae O139
synonym Bengal in stool samples. J. Clin. Microbiol. 1995, 33, 732–734. [CrossRef] [PubMed]

27. Colwell, R.R.; Brayton, P.R.; Grimes, D.J.; Roszak, D.B.; Huq, S.A.; Palmer, L.M. Viable but Non-Culturable
Vibrio cholerae and Related Pathogens in the Environment: Implications for Release of Genetically Engineered
Microorganisms. Nat. Biotechnol. 1985, 3, 817–820. [CrossRef]

28. Huq, A.; Colwell, R.R.; Rahman, R.; Ali, A.; Chowdhury, M.A.; Parveen, S.; Sack, D.A.; Russek-Cohen, E.
Detection of Vibrio cholerae O1 in the aquatic environment by fluorescent-monoclonal antibody and culture
methods. Appl. Environ. Microbiol. 1990, 56, 2370–2373. [CrossRef] [PubMed]

29. Theron, J.; Cilliers, J.; Du Preez, M.; Brozel, V.S.; Venter, S.N. Detection of toxigenic Vibrio cholerae from
environmental water samples by an enrichment broth cultivation-pit-stop semi-nested PCR procedure.
J. Appl. Microbiol. 2000, 89, 539–546. [CrossRef] [PubMed]

30. Blackstone, G.M.; Nordstrom, J.L.; Bowen, M.D.; Meyer, R.F.; Imbro, P.; DePaola, A. Use of a real time
PCR assay for detection of the ctxA gene of Vibrio cholerae in an environmental survey of Mobile Bay.
J. Microbiol. Methods 2007, 68, 254–259. [CrossRef]

31. Neogi, S.B.; Chowdhury, N.; Asakura, M.; Hinenoya, A.; Haldar, S.; Saidi, S.M.; Kogure, K.; Lara, R.J.;
Yamasaki, S. A highly sensitive and specific multiplex PCR assay for simultaneous detection of Vibrio
cholerae, Vibrio parahaemolyticus and Vibrio vulnificus. Lett. Appl. Microbiol. 2010, 51, 293–300. [CrossRef]

32. Gubala, A.J. Multiplex real-time PCR detection of Vibrio cholerae. J. Microbiol. Methods 2006, 65, 278–293.
[CrossRef]

33. Haugland, R.A.; Siefring, S.C.; Wymer, L.J.; Brenner, K.P.; Dufour, A.P. Comparison of Enterococcus
measurements in freshwater at two recreational beaches by quantitative polymerase chain reaction and
membrane filter culture analysis. Water Res. 2005, 39, 559–568. [CrossRef]

http://dx.doi.org/10.3389/fmicb.2015.01120
http://www.ncbi.nlm.nih.gov/pubmed/26539168
http://dx.doi.org/10.1099/ijs.0.060145-0
http://dx.doi.org/10.1186/1471-2180-10-154
http://dx.doi.org/10.1093/gbe/evv193
http://dx.doi.org/10.1007/BF00327795
http://dx.doi.org/10.1128/9781555818364.ch9
http://dx.doi.org/10.1017/S0022172400065074
http://dx.doi.org/10.1128/AEM.62.7.2508-2512.1996
http://www.ncbi.nlm.nih.gov/pubmed/8779590
http://dx.doi.org/10.1073/pnas.97.4.1438
http://www.ncbi.nlm.nih.gov/pubmed/10677480
http://dx.doi.org/10.1128/JCM.33.3.732-734.1995
http://www.ncbi.nlm.nih.gov/pubmed/7751386
http://dx.doi.org/10.1038/nbt0985-817
http://dx.doi.org/10.1128/AEM.56.8.2370-2373.1990
http://www.ncbi.nlm.nih.gov/pubmed/2206100
http://dx.doi.org/10.1046/j.1365-2672.2000.01140.x
http://www.ncbi.nlm.nih.gov/pubmed/11021588
http://dx.doi.org/10.1016/j.mimet.2006.08.006
http://dx.doi.org/10.1111/j.1472-765X.2010.02895.x
http://dx.doi.org/10.1016/j.mimet.2005.07.017
http://dx.doi.org/10.1016/j.watres.2004.11.011


Pathogens 2020, 9, 1053 18 of 20

34. Abdullah, A.S.; Turo, C.; Moffat, C.S.; Lopez-Ruiz, F.J.; Gibberd, M.R.; Hamblin, J.; Zerihun, A. Real-Time
PCR for Diagnosing and Quantifying Co-infection by Two Globally Distributed Fungal Pathogens of Wheat.
Front. Plant. Sci. 2018, 9, 1086. [CrossRef]

35. Kralik, P.; Ricchi, M. A Basic Guide to Real Time PCR in Microbial Diagnostics: Definitions, Parameters,
and Everything. Front. Microbiol. 2017, 8, 108. [CrossRef] [PubMed]

36. Bliem, R.; Schauer, S.; Plicka, H.; Obwaller, A.; Sommer, R.; Steinrigl, A.; Alam, M.; Reischer, G.H.;
Farnleitner, A.H.; Kirschner, A. A novel triplex quantitative PCR strategy for quantification of toxigenic
and nontoxigenic Vibrio cholerae in aquatic environments. Appl. Environ. Microbiol. 2015, 81, 3077–3085.
[CrossRef]

37. Lyon, W.J. TaqMan PCR for detection of Vibrio cholerae O1, O139, non-O1, and non-O139 in pure cultures,
raw oysters, and synthetic seawater. Appl. Environ. Microbiol. 2001, 67, 4685–4693. [CrossRef] [PubMed]

38. Vezzulli, L.; Stauder, M.; Grande, C.; Pezzati, E.; Verheye, H.M.; Owens, N.J.; Pruzzo, C. gbpA as a Novel qPCR
Target for the Species-Specific Detection of Vibrio cholerae O1, O139, Non-O1/Non-O139 in Environmental,
Stool, and Historical Continuous Plankton Recorder Samples. PLoS ONE 2015, 10, e0123983. [CrossRef]
[PubMed]

39. Lin, W.; Fullner, K.J.; Clayton, R.; Sexton, J.A.; Rogers, M.B.; Calia, K.E.; Calderwood, S.B.; Fraser, C.;
Mekalanos, J.J. Identification of a vibrio cholerae RTX toxin gene cluster that is tightly linked to the cholera
toxin prophage. Proc. Natl. Acad. Sci. USA 1999, 96, 1071–1076. [CrossRef] [PubMed]

40. Gubala, A.J.; Proll, D.F. Molecular-beacon multiplex real-time PCR assay for detection of Vibrio cholerae.
Appl. Environ. Microbiol. 2006, 72, 6424–6428. [CrossRef]

41. Heidelberg, J.F.; Eisen, J.A.; Nelson, W.C.; Clayton, R.A.; Gwinn, M.L.; Dodson, R.J.; Haft, D.H.; Hickey, E.K.;
Peterson, J.D.; Umayam, L.; et al. DNA sequence of both chromosomes of the cholera pathogen Vibrio
cholerae. Nature 2000, 406, 477–483. [CrossRef]

42. Ghosh, S.; Rao, K.H.; Sengupta, M.; Bhattacharya, S.K.; Datta, A. Two gene clusters co-ordinate for a
functional N-acetylglucosamine catabolic pathway in Vibrio cholerae. Mol. Microbiol. 2011, 80, 1549–1560.
[CrossRef]

43. Stauder, M.; Huq, A.; Pezzati, E.; Grim, C.J.; Ramoino, P.; Pane, L.; Colwell, R.R.; Pruzzo, C.; Vezzulli, L.
Role of GbpA protein, an important virulence-related colonization factor, for Vibrio cholerae’s survival in
the aquatic environment. Environ. Microbiol. Rep. 2012, 4, 439–445. [CrossRef]

44. Boucher, Y. Sustained Local Diversity of Vibrio cholerae O1 Biotypes in a Previously Cholera-Free Country.
mBio 2016, 7. [CrossRef] [PubMed]

45. Faruque, S.M.; Ahmed, K.M.; Siddique, A.K.; Zaman, K.; AbdulAlim, A.R.M.; Albert, M.J. Molecular analysis
of toxigenic Vibrio cholerae O139 Bengal strains isolated in Bangladesh between 1993 and 1996: Evidence for
emergence of a new clone of the Bengal vibrios. J. Clin. Microbiol. 1997, 35, 2299–2306. [CrossRef] [PubMed]

46. Dalsgaard, A.; Serichantalergs, O.; Forslund, A.; Lin, W.; Mekalanos, J.; Mintz, E.; Shimada, T.; Wells, J.G.
Clinical and environmental isolates of Vibrio cholerae serogroup O141 carry the CTX phage and the genes
encoding the toxin-coregulated pili. J. Clin. Microbiol. 2001, 39, 4086–4092. [CrossRef] [PubMed]

47. Mekalanos, J.J.; Swartz, D.J.; Pearson, G.D.; Harford, N.; Groyne, F.; de Wilde, M. Cholera toxin genes:
Nucleotide sequence, deletion analysis and vaccine development. Nature 1983, 306, 551–557. [CrossRef]
[PubMed]

48. Yamasaki, S.; Hoshino, K.; Shimizu, T.; Garg, S.; Shimada, T.; Ho, S.; Bhadra, R.K.; Nair, G.B.; Takeda, Y.
Comparative analysis of the gene responsible for lipopolysaccharide synthesis of Vibrio cholerae O1 and
O139 and those of non-O1 non-O139 Vibrio cholerae. In Proceedings of the 32nd Joint Conference U.S.-Japan
Cooperative Medical Science Program, Cholera and Related Diarrhoeal Diseases Panel, Nagasaki, Japan,
14–16 November 1996; p. 24.

49. Hoshino, K.; Yamasaki, S.; Mukhopadhyay, A.K.; Chakraborty, S.; Basu, A.; Bhattacharya, S.K.; Nair, G.B.;
Shimada, T.; Takeda, Y. Development and evaluation of a multiplex PCR assay for rapid detection of toxigenic
Vibrio cholerae O1 and O139. FEMS Immunol. Med. Microbiol. 1998, 20, 201–207. [CrossRef]

50. Pang, B.; Yan, M.; Cui, Z.; Ye, X.; Diao, B.; Ren, Y.; Gao, S.; Zhang, L.; Kan, B. Genetic diversity of toxigenic
and nontoxigenic Vibrio cholerae serogroups O1 and O139 revealed by array-based comparative genomic
hybridization. J. Bacteriol. 2007, 189, 4837–4849. [CrossRef]

http://dx.doi.org/10.3389/fpls.2018.01086
http://dx.doi.org/10.3389/fmicb.2017.00108
http://www.ncbi.nlm.nih.gov/pubmed/28210243
http://dx.doi.org/10.1128/AEM.03516-14
http://dx.doi.org/10.1128/AEM.67.10.4685-4693.2001
http://www.ncbi.nlm.nih.gov/pubmed/11571173
http://dx.doi.org/10.1371/journal.pone.0123983
http://www.ncbi.nlm.nih.gov/pubmed/25915771
http://dx.doi.org/10.1073/pnas.96.3.1071
http://www.ncbi.nlm.nih.gov/pubmed/9927695
http://dx.doi.org/10.1128/AEM.02597-05
http://dx.doi.org/10.1038/35020000
http://dx.doi.org/10.1111/j.1365-2958.2011.07664.x
http://dx.doi.org/10.1111/j.1758-2229.2012.00356.x
http://dx.doi.org/10.1128/mBio.00570-16
http://www.ncbi.nlm.nih.gov/pubmed/27143391
http://dx.doi.org/10.1128/JCM.35.9.2299-2306.1997
http://www.ncbi.nlm.nih.gov/pubmed/9276406
http://dx.doi.org/10.1128/JCM.39.11.4086-4092.2001
http://www.ncbi.nlm.nih.gov/pubmed/11682534
http://dx.doi.org/10.1038/306551a0
http://www.ncbi.nlm.nih.gov/pubmed/6646234
http://dx.doi.org/10.1111/j.1574-695X.1998.tb01128.x
http://dx.doi.org/10.1128/JB.01959-06


Pathogens 2020, 9, 1053 19 of 20

51. Faruque, S.M.; Chowdhury, N.; Kamruzzaman, M.; Dziejman, M.; Rahman, M.H.; Sack, D.A.; Nair, G.B.;
Mekalanos, J.J. Genetic diversity and virulence potential of environmental Vibrio cholerae population in a
cholera-endemic area. Proc. Natl. Acad. Sci. USA 2004, 101, 2123–2128. [CrossRef]

52. Goel, A.K.; Ponmariappan, S.; Kamboj, D.V.; Singh, L. Single multiplex polymerase chain reaction for
environmental surveillance of toxigenic-pathogenic O1 and non-O1 Vibrio cholerae. Folia Microbiol. (Praha)
2007, 52, 81–85. [CrossRef]

53. Faruque, S.M.; Albert, M.J.; Mekalanos, J.J. Epidemiology, genetics, and ecology of toxigenic Vibrio cholerae.
Microbiol. Mol. Biol. Rev. 1998, 62, 1301–1314. [CrossRef]

54. Faruque, S.M.; Abdul Alim, A.R.; Roy, S.K.; Khan, F.; Nair, G.B.; Sack, R.B.; Albert, M.J. Molecular analysis of
rRNA and cholera toxin genes carried by the new epidemic strain of toxigenic Vibrio cholerae O139 synonym
Bengal. J. Clin. Microbiol. 1994, 32, 1050–1053. [CrossRef]

55. Singh, D.V.; Isac, S.R.; Colwell, R.R. Development of a hexaplex PCR assay for rapid detection of virulence and
regulatory genes in Vibrio cholerae and Vibrio mimicus. J. Clin. Microbiol. 2002, 40, 4321–4324. [CrossRef]
[PubMed]

56. Koskela, K.A.; Matero, P.; Blatny, J.M.; Fykse, E.M.; Olsen, J.S.; Nuotio, L.O.; Nikkari, S. A multiplatform
real-time polymerase chain reaction detection assay for Vibrio cholerae. Diagn. Microbiol. Infect. Dis. 2009,
65, 339–344. [CrossRef] [PubMed]

57. Chua, A.L.; Elina, H.T.; Lim, B.H.; Yean, C.Y.; Ravichandran, M.; Lalitha, P. Development of a dry reagent-based
triplex PCR for the detection of toxigenic and non-toxigenic Vibrio cholerae. J. Med. Microbiol. 2011, 60,
481–485. [CrossRef] [PubMed]

58. Rashid, R.B.; Ferdous, J.; Tulsiani, S.; Jensen, P.K.M.; Begum, A. Development and Validation of a Novel
Real-time Assay for the Detection and Quantification of Vibrio cholerae. Front. Public Health 2017, 5, 109.
[CrossRef]

59. Fykse, E.M.; Skogan, G.; Davies, W.; Olsen, J.S.; Blatny, J.M. Detection of Vibrio cholerae by real-time nucleic
acid sequence-based amplification. Appl. Environ. Microbiol. 2007, 73, 1457–1466. [CrossRef]

60. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.;
Shipley, G.L.; et al. The MIQE guidelines: Minimum information for publication of quantitative real-time
PCR experiments. Clin. Chem. 2009, 55, 611–622. [CrossRef]

61. Boucher, Y.; Cordero, O.X.; Takemura, A.; Hunt, D.E.; Schliep, K.; Bapteste, E.; Lopez, P.; Tarr, C.L.; Polz, M.F.
Local mobile gene pools rapidly cross species boundaries to create endemicity within global Vibrio cholerae
populations. mBio 2011, 2. [CrossRef]

62. Kirchberger, P.C.; Orata, F.D.; Barlow, E.J.; Kauffman, K.M.; Case, R.J.; Polz, M.F.; Boucher, Y. A Small
Number of Phylogenetically Distinct Clonal Complexes Dominate a Coastal Vibrio cholerae Population.
Appl. Environ. Microbiol. 2016, 82, 5576–5586. [CrossRef]

63. Carda-Dieguez, M.; Ghai, R.; Rodriguez-Valera, F.; Amaro, C. Wild eel microbiome reveals that skin mucus
of fish could be a natural niche for aquatic mucosal pathogen evolution. Microbiome 2017, 5, 162. [CrossRef]

64. Colwell, R.R. Viable but nonculturable bacteria: A survival strategy. J. Infect. Chemother. 2000, 6, 121–125.
[CrossRef]

65. Sultana, M.; Nusrin, S.; Hasan, N.A.; Sadique, A.; Ahmed, K.U.; Islam, A.; Hossain, A.; Longini, I.; Nizam, A.;
Huq, A.; et al. Biofilms Comprise a Component of the Annual Cycle of Vibrio cholerae in the Bay of Bengal
Estuary. mBio 2018, 9. [CrossRef] [PubMed]

66. Islam, A.; Labbate, M.; Djordjevic, S.P.; Alam, M.; Darling, A.; Melvold, J.; Holmes, A.J.; Johura, F.T.;
Cravioto, A.; Charles, I.G.; et al. Indigenous Vibrio cholerae strains from a non-endemic region are
pathogenic. Open Biol. 2013, 3, 120181. [CrossRef] [PubMed]

67. Alam, M.; Sultana, M.; Nair, G.B.; Sack, R.B.; Sack, D.A.; Siddique, A.K.; Ali, A.; Huq, A.; Colwell, R.R.
Toxigenic Vibrio cholerae in the aquatic environment of Mathbaria, Bangladesh. Appl. Environ. Microbiol.
2006, 72, 2849–2855. [CrossRef] [PubMed]

68. Faruque, S.M.; Naser, I.B.; Islam, M.J.; Faruque, A.S.; Ghosh, A.N.; Nair, G.B.; Sack, D.A.; Mekalanos, J.J.
Seasonal epidemics of cholera inversely correlate with the prevalence of environmental cholera phages.
Proc. Natl. Acad. Sci. USA 2005, 102, 1702–1707. [CrossRef]

69. Schmid-Hempel, P.; Frank, S.A. Pathogenesis, virulence, and infective dose. PLoS Pathog. 2007, 3, 1372–1373.
[CrossRef]

http://dx.doi.org/10.1073/pnas.0308485100
http://dx.doi.org/10.1007/BF02932143
http://dx.doi.org/10.1128/MMBR.62.4.1301-1314.1998
http://dx.doi.org/10.1128/JCM.32.4.1050-1053.1994
http://dx.doi.org/10.1128/JCM.40.11.4321-4324.2002
http://www.ncbi.nlm.nih.gov/pubmed/12409420
http://dx.doi.org/10.1016/j.diagmicrobio.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19729262
http://dx.doi.org/10.1099/jmm.0.027433-0
http://www.ncbi.nlm.nih.gov/pubmed/21183596
http://dx.doi.org/10.3389/fpubh.2017.00109
http://dx.doi.org/10.1128/AEM.01635-06
http://dx.doi.org/10.1373/clinchem.2008.112797
http://dx.doi.org/10.1128/mBio.00335-10
http://dx.doi.org/10.1128/AEM.01177-16
http://dx.doi.org/10.1186/s40168-017-0376-1
http://dx.doi.org/10.1007/PL00012151
http://dx.doi.org/10.1128/mBio.00483-18
http://www.ncbi.nlm.nih.gov/pubmed/29666284
http://dx.doi.org/10.1098/rsob.120181
http://www.ncbi.nlm.nih.gov/pubmed/23407641
http://dx.doi.org/10.1128/AEM.72.4.2849-2855.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597991
http://dx.doi.org/10.1073/pnas.0408992102
http://dx.doi.org/10.1371/journal.ppat.0030147


Pathogens 2020, 9, 1053 20 of 20

70. Alam, M.; Islam, A.; Bhuiyan, N.A.; Rahim, N.; Hossain, A.; Khan, G.Y.; Ahmed, D.; Watanabe, H.;
Izumiya, H.; Faruque, A.S.; et al. Clonal transmission, dual peak, and off-season cholera in Bangladesh.
Infect. Ecol. Epidemiol 2011, 1. [CrossRef]

71. Davis, B.M.; Kimsey, H.H.; Chang, W.; Waldor, M.K. The Vibrio cholerae O139 Calcutta bacteriophage
CTXphi is infectious and encodes a novel repressor. J. Bacteriol. 1999, 181, 6779–6787. [CrossRef]

72. Trucksis, M.; Michalski, J.; Deng, Y.K.; Kaper, J.B. The Vibrio cholerae genome contains two unique circular
chromosomes. Proc. Natl. Acad. Sci. USA 1998, 95, 14464–14469. [CrossRef]

73. Meibom, K.L.; Li, X.B.; Nielsen, A.T.; Wu, C.Y.; Roseman, S.; Schoolnik, G.K. The Vibrio cholerae chitin
utilization program. Proc. Natl. Acad. Sci. USA 2004, 101, 2524–2529. [CrossRef]

74. Rosenberg, C.E. The Cholera Years: The United States in 1832, 1849, and 1866; University of Chicago Press:
Chicago, IL, USA, 1987; p. 276.

75. Wright, J.J.; Lee, S.; Zaikova, E.; Walsh, D.A.; Hallam, S.J. DNA extraction from 0.22 microM Sterivex filters
and cesium chloride density gradient centrifugation. J. Vis. Exp. 2009. [CrossRef]

76. Kirchberger, P.C.; Orata, F.D.; Nasreen, T.; Kauffman, K.M.; Tarr, C.L.; Case, R.J.; Polz, M.F.; Boucher, Y.F.
Culture-independent tracking of Vibrio cholerae lineages reveals complex spatiotemporal dynamics in a
natural population. Environ. Microbiol. 2020. [CrossRef] [PubMed]

77. Li, L.; Stoeckert, C.J., Jr.; Roos, D.S. OrthoMCL: Identification of ortholog groups for eukaryotic genomes.
Genome Res. 2003, 13, 2178–2189. [CrossRef] [PubMed]

78. Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.;
Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23,
2947–2948. [CrossRef] [PubMed]

79. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 2014, 30, 1312–1313. [CrossRef]

80. Wyckoff, E.E.; Mey, A.R.; Payne, S.M. Iron acquisition in Vibrio cholerae. Biometals 2007, 20, 405–416.
[CrossRef]

81. Butterton, J.R.; Calderwood, S.B. Identification, cloning, and sequencing of a gene required for ferric
vibriobactin utilization by Vibrio cholerae. J. Bacteriol. 1994, 176, 5631–5638. [CrossRef]

82. Menezes, A. Steps for a successful qPCR experiment. Available online: https://www.idtdna.com/pages/
education/decoded/article/successful-qpcr (accessed on 27 August 2020).

83. Biosystems, A. Creating Standard Curves with Genomic DNA or Plasmid DNA Templates for Use in
Quantitative PCR. Available online: http://www.appliedbiosystems.com/support/tutorials/pdf/quant_pcr.pdf
(accessed on 27 August 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3402/iee.v1i0.7273
http://dx.doi.org/10.1128/JB.181.21.6779-6787.1999
http://dx.doi.org/10.1073/pnas.95.24.14464
http://dx.doi.org/10.1073/pnas.0308707101
http://dx.doi.org/10.3791/1352
http://dx.doi.org/10.1111/1462-2920.14921
http://www.ncbi.nlm.nih.gov/pubmed/31970854
http://dx.doi.org/10.1101/gr.1224503
http://www.ncbi.nlm.nih.gov/pubmed/12952885
http://dx.doi.org/10.1093/bioinformatics/btm404
http://www.ncbi.nlm.nih.gov/pubmed/17846036
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1007/s10534-006-9073-4
http://dx.doi.org/10.1128/JB.176.18.5631-5638.1994
https://www.idtdna.com/pages/education/decoded/article/successful-qpcr
https://www.idtdna.com/pages/education/decoded/article/successful-qpcr
http://www.appliedbiosystems.com/support/tutorials/pdf/quant_pcr.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	A Specific and Efficient Multiplex qPCR Assay to Detect V. cholerae and V. metoecus 
	V. cholerae and V. metoecus Co-Occur Seasonally in a Temperate Coastal Location 
	O1 Serogroup Strains Are Important Members of a Temperate Coastal V. cholerae Population 
	Toxigenic O1 Serogroup Strains Are Constantly Present at Dangerous Levels in Dhaka Freshwater 

	Materials and Methods 
	Bacterial Cultures and DNA Template Preparation 
	DNA Extraction from Biomass and Isolation of Organisms from Environmental Water Samples 
	Design and Evaluation of Primers and Fluorogenic Probes for Real–Time qPCR 
	Real-Time qPCR Amplification 
	Generation of Standard Curves and Calculation of qPCR Efficiency 
	Limit of Detection (LOD) and Impact of Inhibition Testing 
	Specificity Testing 

	Conclusions 
	References

