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Abstract: Cholera is a severe diarrheal disease caused by Vibrio cholerae, a natural inhabitant of 

brackish water. Effective control of cholera outbreaks depends on prompt detection of the pathogen 

from clinical specimens and tracking its source in the environment. Although the epidemiology of 

cholera is well studied, rapid detection of V. cholerae remains a challenge, and data on its abundance 

in environmental sources are limited. Here, we describe a sensitive molecular quantification assay 

by qPCR, which can be used on-site in low resource settings directly on water without the need for 

DNA extraction. This newly optimized method exhibited 100% specificity for total V. cholerae as well 

as V. cholerae O1 and allowed detection of as few as three target genome copies per reaction. The 

limit of detection is as low as 5 × 103 genome copies/L of water after concentrating biomass from the 

sample. The ability to perform qPCR directly on water samples, portable features of the equipment, 

stability of the reagents at 4°C and user-friendly online software facilitate fast quantitative analysis 

of V. cholerae. These characteristics make this assay extremely useful for field research in resource-

poor settings and could support continuous monitoring in cholera endemic areas.  
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1. Introduction 

Cholera is a life-threatening diarrheal disease caused by pathogenic strains of Vibrio 

cholerae. Today, cholera still persevere as a global threat to public health due to its high 

morbidity and mortality rates [1-5]. There were around 250,000 suspected cholera cases 

and over 3,500 deaths reported in 2021 [6] and an estimated 2.9 million cases and 95,000 

deaths occur each year around the world [7]. Lack of access to safe drinking water and 

inadequate management of sanitary systems in resource-poor countries are two major 

reasons this disease remains a significant public health problem. Current data on the 

global disease burden of cholera identify 47 countries around the world affected by chol-

era, and over half a billion people reside in areas that are labelled as cholera hotspots [8]. 

Cholera outbreaks in recent years affecting Haiti, Somalia, Ethiopia, Iraq, Mozambique, 

Zambia, Sudan, Nepal and Zimbabwe demonstrated that devastation, from an earth-

quake, for example, can cause an outbreak [9]. In 2018, the epidemic in Yemen was re-

ported to be the world’s fastest-growing outbreak, where 10,000 suspected cases were 
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reported on a weekly basis [10]. The cumulative impact of cholera in Yemen currently sits 

at a death toll of nearly four thousand since October 2016, with over 2.5 million people 

infected so far [11]. 

V. cholerae is naturally found worldwide, especially in brackish riverine, coastal and 

estuarine environments [12]. Not all V. cholerae present in nature are pathogenic, and only 

a subset of strains is known threat to humans. Amongst the 200 serogroups of this species, 

only O1 and O139 are associated with cholera cases (toxigenic serogroups) and are re-

sponsible for epidemic and pandemic cholera outbreaks [13-15].  

Estimation of V. cholerae abundance, along with that of its pandemic generating 

serogroups [16] in aquatic ecosystems is difficult, because of the high spatio-temporal var-

iability exhibited by its natural populations [17].  Epidemiological studies and analysis 

of cholera outbreaks revealed that the disease occurs in a regular seasonal pattern in chol-

era-endemic areas [18-20] and causes outbreaks only under certain conditions, which may 

be attributed to environmental and climatic factors, for example, heavy rainfall followed 

by blooms of phytoplankton and zooplankton [21-24].  

Although cholera has been endemic to the Ganges Delta for centuries, it is an im-

ported disease in most other locales, where it can vanish after a single outbreak or linger 

for decades before disappearing. For example, Haiti had no recorded cholera for centuries 

[25-28], but the disease rapidly spread after the 2010 earthquake which devastated infra-

structure in the country and with the arrival of United Nations’ (UN) troops carrying the 

bacteria from Nepal [28,29]. The country then faced a decade of the cholera epidemic be-

fore the disease faded in 2019 – 2020 [30]. Because of these epidemiological dynamics, 

cholera has been categorized as an emerging and re-emerging infectious disease [31,32].  

In addition, surveillance of cholera outbreaks through clinical diagnosis provides an 

estimation of the associated disease burden but it is unable to provide quantitative infor-

mation of the pathogen or its abundance in source environments. To achieve a better un-

derstanding of the cholera prevalence and to direct appropriate control measures and 

treatment, it is necessary to identify and promptly quantify its causative agent in its res-

ervoir. However, one of the major obstacles is that the number of V. cholerae (toxigenic and 

non-toxigenic) is often below the limit of detection of current field analytical methods, 

even during outbreaks [33]. 

Conventional culture methods remains the gold standard for laboratory diagnosis of 

cholera [34,35] and often requires pre-enrichment of the sample [36]. Moreover, two to 

three days are required to conduct testing even with modern laboratory infrastructure. 

With these methods, isolation and identification are possible, but the total abundance 

quantified is often underestimated, as a considerable proportion of most populations ex-

ists as viable but non-culturable cells (VBNC), which do not revive upon culturing on 

microbiological media [36,37]. In areas with limited or no laboratory facilities, simple 

dark-field microscopy is used to detect characteristic movement of V. cholerae in stool sam-

ples but this method is not feasible on water sources where the bacterium is much more 

dilute [38]. The Crystal® VC Rapid Diagnostic Test (RDT) is also used for point-of-care 

detection to predict potential cholera outbreaks where this diagnostic test uses stool sam-

ple and is mainly based on detection of either cholera toxin [39,40] or a lipopolysaccharide 

antigen [39,41,42]. It is useful to detect serogroups O1 and O139. However, due to the poor 

sensitivity and specificity of this method, additional tests are required to confirm the pres-

ence of toxigenic V. cholerae in stool sample [39]. A Direct Fluorescent Antibody (DFA) 

technique using polyclonal anti-O1 serum is also used to detect V. cholerae O1 in smears 

prepared from samples. This procedure has been used for both clinical and pre-enriched 

environmental samples [36,43]. Despite these methods facilitating cholera diagnosis, most 

of them are qualitative, only detect V. cholerae O1 or O139 serogroup and have been opti-

mized for clinical but not environmental specimens.  

To improve cholera surveillance, it is essential to accurately determine the abundance 

of the total and disease-causing serogroups of V. cholerae in its reservoir. To achieve this 

goal, we designed two species-specific primers and probes to precisely detect and quan-

tify total V. cholerae and V. cholerae O1 serotype directly from environmental water samples 
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without DNA extraction. Employing the Chai Open qPCR equipment – a low cost, porta-

ble qPCR machine – we demonstrate the potential for our designed set of qPCR primers 

to be utilized during field sampling. In-field quantification of prokaryotic and eukaryotic 

constituents of interest using Open qPCR have been recently performed on recreational 

waters in Alberta and present comparable results to conventional qPCR equipment [44]. 

Altogether, this method can determine the absolute abundance of this bacterium and the 

main serogroup associated with pathogenicity across hundreds of samples in a spatio-

temporal gradient, making it possible to pinpoint the source of cholera outbreaks and 

warn of potential outbreaks.  

2. Results 

2.1. Analytical validation 

 The qPCR assay was validated by using a blind panel of filter-sterilized environmen-

tal water samples collected from the Gabtoli area (Dhaka, Bangladesh) (FIGURE 1) and 

spiked with V. cholerae reference strains.  

 

 

Figure 1. Environmental water sampling sites in Bangladesh. An endemic site for V. cholerae is 

shown on the map of Bangladesh. Environmental water samples were collected from the river ba-

sin of Turag river in Gabtoli area in Dhaka city, an inland region of Bangladesh. Samples were col-

lected in triplicate from three locations that were 5 metres apart (Image source: Google). 

Forty-six bacterial isolates of known concentration of 3 × 104 CFU/mL (CFU – colony 

forming unit) were tested, including non-O1 V. cholerae, V. cholerae O1, other Vibrio species 

(V. parahaemolyticus, V. vulnificus, V. metoecus, V. mimicus), as well as non-Vibrio species 

(Escherichia coli and Pseudomonas aeruginosa) (TABLE 1). All seventeen non-O1 V. cholerae 

and eight V. cholerae O1 were positive for viuB gene. Only samples spiked with V. cholerae 

O1 strains were positive for the rfbO1 gene. The other Vibrio spp. and non-Vibrio species 

were negative for these two gene targets. Thus, the analytical specificity (i.e. the ability of 

an assay to detect and/or measure a specific organism in a sample) of this method was 

100% (TABLE 1). Analytical sensitivity was also found to be 100% based on detection of 3 

CFU/reaction (TABLE 2). 

 

Table 1. Bacterial strains used in the analytical validation of this assay 
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Species 
No. of 

strains 
Strain Target genes Source Reference 

   viuB rfbO1   

V. cholerae       

V. cholerae non O1 17 OYP1G01 + − Environmental This study 

  OYP2A12 + − Environmental This study 

  OYP2E01 + − Environmental This Study 

  OYP3B05 + − Environmental [45]  

  OYP3F10 + − Environmental This study 

  OYP4B01 + − Environmental This study 

  OYP4C07 + − Environmental [45] 

  OYP4G08 + − Environmental This study 

  OYP4H06 + − Environmental This study 

  OYP4H11 + − Environmental This study 

  OYP6D06 + − Environmental This study 

  OYP6E07 + − Environmental This study 

  OYP6F08 + − Environmental This study 

  OYP6F10 + − Environmental This study 

  OYP7C09 + − Environmental This study 

  OYP8C06 + − Environmental This study 

  OYP8F12 + − Environmental This study 

       

V. cholerae O1  8 N16961 + + Clinical [46]  

  V52 + + Clinical [47] 

  EDC-728 + + Environmental This study 

  EDC-753 + + Environmental This study 

  EDC-754 + + Environmental This study 

  EDC-755 + + Environmental This study 

  EDC-772 + + Environmental This study 

  EDC-805 + + Environmental This study 

Other Vibrio species      

      

V. parahaemolyticus  1 ATCC 17802 − − Clinical [48] 

V. vulnificus 3 ATCC 27562 − − Clinical [49] 

  MO6-24 − − Clinical [50]  

  CECT 5769 − − Environmental [51]  

       

V. metoecus  10 RC341 − − Environmental [52] 

  OP3H − − Environmental [53] 

  OYP4D01 − − Environmental [54] 

  OYP4E03 − − Environmental This study 

  OYP5B04 − − Environmental [55] 

  OYP5B06 − − Environmental [55] 

  OYP5H08 − − Environmental This study  
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  OYP8G05 − − Environmental This study 

  OYP8G09 − − Environmental This study  

  OYP8G12 − − Environmental This study 

       

V. mimicus  3 ATCC 33653 − − Clinical [56] 

  ATCC 33654 − − Environmental [56] 

  ATCC 33655 − − Clinical [56] 

       

Other bacterial species      

       

Escherichia coli  2 CU1 − − Clinical [57] 

  CU2 − − Clinical [58] 

       

Pseudomonas 

aeruginosa  

2 PA103 − − Clinical [59] 

    PA14 − − Clinical [60] 

 

Table 2. Reproducibility and repeatability of qPCR assays. 

  Assay for Total V. cholerae (viuB) Assay for V. cholerae O1 (rfbO1) 

No. of 

CFU/Reaction 

Intra- 

assay 

Mean % CV1 

Inter- 

assay Mean 

(Cq) %CV 

Intra- 

assay 

Mean %CV 

Inter- 

assay Mean 

(Cq) %CV 

300000 19.45 0.03 19.47 0.07 19.55 0.03 19.50 0.21 

30000 22.75 0.05 22.78 0.20 22.53 0.01 22.56 0.11 

3000 25.94 0.02 25.92 0.07 25.94 0.01 25.93 0.07 

300 29.12 0.01 29.08 0.19 29.23 0.02 29.28 0.13 

30 32.57 0.02 32.56 0.08 32.63 0.01 32.62 0.03 

3 35.83 0.01 35.85 0.07 35.83 0.01 35.85 0.03 
1 %CV: percent coefficient of variation 

 

2.2. Limit of Detection (LOD) 

The LOD of the assay was determined as 3 copies per reaction from the standard 

curve constructed using serially diluted standards of the V. cholerae El Tor O1 N16961 ref-

erence strain (FIGURE 2). We also determined a Sample Limit of Detection (SLOD) of 5 × 

103 CFU/L for the filter-sterilized environmental water samples (5 mL) spiked with a 

known number of V. cholerae N16961 concentrated to ~10 μL with an Amicon ultra-0.5 

centrifugal filter device (TABLE S1).  
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Figure 2. Standard curves for detection and quantification of total V. cholerae and V. cholerae O1 

by qPCR. Two gene markers with fluorogenic probes, A) viuB (V. cholerae specific) and B) rfbO1 (V. 

cholerae O1 specific) were used. Cells of reference culture (V. cholerae N16961 El Tor O1) were serially 

diluted 10-fold to yield concentrations ranging 3 to 3 × 106 copies per reaction (from left to right.) 

Fluorescence was measured in relative units. 

 

2.3. Assay precision and efficiency 

Following the Minimum Information for Publication of Quantitative qPCR Experi-

ments (MIQE) guidelines, intra-assay variation (variation between replicates in the same 

experiment) and inter-assay variation (variation between replicates from different exper-

iments) were evaluated to determine the repeatability and reproducibility of the assay for 

detecting and quantifying total V. cholerae and its O1 serogroup subpopulation. Precision 

analysis to test random variation of repeated measurements was done for this assay by 

calculating the coefficient of variation (%CV) of multiple replicates of standards run in the 

same experiment and experiments on different days. Intra-assay %CV ranged from 0.01 

to 0.05% for the viuB assay and 0.01 to 0.03% for the rfbO1 assay. Inter-assay %CV ranged 

from 0.07 to 0.20% for viuB and 0.03 to 0.21% for rfbO1 (TABLE 2). The efficiency of both 
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assays was 100% based on the standard curve generated from a serial dilution of V. cholerae 

N16961 (FIGURE 2) with R2 = 0.99 and slope of -3.3.  

To test for qPCR inhibition, we compared the quantitative cycle value (Cq) values for 

different dilutions of filter-sterilized environmental water samples spiked with the refer-

ence V. cholerae strains. The 10× diluted samples shifted the Cq values by 3.3  0.07 cycles 

(TABLE S1), indicating no significant inhibition. 

 

2.4. Analysis of environmental water samples 

With this field-ready method, it was possible to quantify the abundance of both total 

V. cholerae and V. cholerae O1 in the same experiment (FIGURE 3). Five mL of environmen-

tal water samples were concentrated to 100 μL, from which 10 μL was used in the qPCR 

amplification. Each reaction was run in triplicate. The abundance of V. cholerae in the water 

samples collected from the Gabtoli area, Dhaka, Bangladesh was between 3.7 × 104 to 3.9 

× 104 genome copies/L (FIGURE 4). V. cholerae O1 was found at 4.7 × 103 to 5.4 × 103 genome 

copies/L, representing approximately 13% of the total V. cholerae population (FIGURE 4).  
 

 

Figure 3. Detection and quantification of total V. cholerae and V. cholerae O1 in the same qPCR 

experiment. Filter-sterilized environmental water samples collected from the Gabtoli site were in-

oculated with known concentrations of cells of reference strain V. cholerae N16961 El Tor O1. Quan-

tification was performed with both viuB and rfbO1 primers in the same PCR run to detect total V. 

cholerae and O1 serogroup V. cholerae, respectively. 

Figure 4. Abundance of V. cholerae along with its O1 serogroup subpopulation in water from an 

inland urban region (Gabtoli, Dhaka) of Bangladesh. Water samples were collected in August 

2018 and analyzed using the developed qPCR assay. The viuB gene marker was used to quantify 

total V. cholerae, and rfbO1 was used to quantify V. cholerae O1. Each qPCR reaction was run in 
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triplicate and evaluated with corresponding standards. Error bars represent the standard deviation 

of means from biological replicates. 

3. Discussion 

Since cholera is a waterborne infectious disease and the primary mode of transmis-

sion is via the fecal-oral route, environmental water bodies serve as an inevitable reservoir 

for pathogenic V. cholerae. This bacterium is associated with plankton mainly in brackish 

waters and is ubiquitous in temperate and tropical estuarine microbial communities [61]. 

As a survival strategy, V. cholerae goes into a viable but non-culturable state (VBNC) under 

unfavorable environmental conditions, in which it assumes a coccoid shape and cannot 

be revived using traditional culturing methods [21,62]. Non-culturable V. cholerae in bio-

film were reported in environmental water samples from Mathbaria (Bangladesh), and 

were able to resume active growth after passage through the gastrointestinal tract of rab-

bits (in animal passage of non-culturable V. cholerae O1) following a period of more than 

a year in a microcosm [63]. Therefore, passing through the human host could be a means 

of revival from the VBNC state, contributing to the amplification of V. cholerae prior to an 

outbreak [64,65] and its subsequent transmission through the fecal-oral route due to poor 

management of drinking water and hygiene. This survival state frequently found in the 

environment for V. cholerae means that water bodies can serve as a long-term reservoir for 

this pathogen, leading to the consistent and persistent pattern of cholera epidemics his-

torically documented on the coast of Bangladesh. There is also recent evidence that indi-

cates that environmental V. cholerae may play a role in reviving VBNCs through the over 

production of products associated with quorum sensing [35]. As the body of literature 

regarding environmental V. cholerae increases [12,17,24,66], we expect the interactions be-

tween pathogenic and non-pathogenic V. cholerae to be resolved in greater detail.  

The ability of V. cholerae to exist in a VBNC state has hindered our ability to quantify 

it in environmental reservoirs using traditional methods. Limited resources and lack of 

infrastructure in countries where cholera is endemic has also increased the challenge in 

monitoring its causative agent. The qPCR method developed here allows the detection 

and quantification of V. cholerae and the O1 serogroup strains responsible for most out-

breaks. Furthermore, the portable and low-cost instrument used (Chai Open qPCR), as 

well as our streamlined protocol, allow processing of water samples on site, without the 

need for DNA extraction or any pre-enrichment procedure. The main challenge for direct 

quantification is that the number of bacteria in environmental water is usually below the 

LOD of existing qPCR methods [67]. However, this problem was overcame by increasing 

the concentration of the water sample 50-fold using simple size-exclusion centrifugation.  

The targeted viuB gene sequence is only present in V. cholerae and can be amplified 

from both O1 and non-O1 strains. Moreover, V. cholerae O1 could be detected with primers 

targeting the rfbO1 gene, thus allowing the determination of the abundance of both pop-

ulations with 100% specificity. The assay sensitivity was as low as three copies per reac-

tion, which is expected for a well-designed and sensitive assay, as described in the MIQE 

guidelines [68]. The limit of detection for concentrated water samples was 5 × 103 CFU/L, 

which is at the lower limit of an infectious dose of V. cholerae, reported to be 103 - 109 cells 

based on a range of factors, such as the health of the exposed individual [69]. More spe-

cifically, the infectious dose for toxigenic V. cholerae O1 is typically around 104 - 106 cells, 

whereas the infective dose for non-O1 strains is around 106 - 109 [70]. Without the concen-

tration procedure, the limit of detection of V. cholerae in environmental water samples 

would be 3 × 106 CFU/L, which is still useful to determine if a strong risk of contracting 

cholera exists. This assay determines the absolute abundance of both V. cholerae O1 and 

non-O1 in parallel qPCR reactions and thus is very useful to calculate the proportion of 

toxigenic V. cholerae O1 in a particular geographical location. Therefore, this assay is useful 

to track cholera in endemic areas like Bangladesh, where all detected V. cholerae O1 strains 

were found to be toxigenic [63,71].  

The possibility of storing the qPCR master mix on ice (4°C) for extended periods of 

time and the portable feature of the Chai thermocycler (small footprint of 28 cm × 24 cm, 
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weight of 4 kg) facilitates the use of this method in field-level surveillance and also avoids 

transportation problems leading to deterioration of the samples. The convenient set up of 

the whole procedure makes this assay workable in most resource-limited settings. More-

over, quick processing of the sample reduces the chance of cross-contamination.   

As proof of concept, we analyzed water samples collected from the river basin of the 

Turag River in a region endemic for cholera, the Gabtoli area of Dhaka, Bangladesh. Ap-

proximately 25,000 people live in this area, which is surrounded by brickfields with high 

traffic [72]. This site was chosen as previous studies indicated the presence of V. cholerae 

O1 and cholera infections are often detected in people living in the surrounding area [73]. 

The number of total V. cholerae detected was about 3.9 × 104 genome copies/L, 13% of which 

was V. cholerae O1 (~5 × 103 genome copies/L). This is of concern as it is within the range 

of the infectious dose for cholera if someone were to ingest a few hundred milliliters of 

water (>103 cells) [69]. Previous studies based on the Crystal VC® dipstick test after sample 

enrichment for 18 hours in alkaline peptone water showed that in urban Dhaka, Bangla-

desh, 30% of water sources used by households of cholera patients were contaminated 

with V. cholerae [74,75]. From our observations during sampling, which are also reported 

by other studies, the water bodies around Dhaka city serve as drinking water sources and 

are frequently used for domestic purposes, such as washing utensils and bathing [76]. It 

is therefore likely that local rivers and ponds serve as important reservoirs of the cholera 

pathogen in Dhaka city. The importance of local ecosystems in maintaining toxigenic chol-

era is known [77,78], but because of the difficulty in monitoring at sufficient frequency in 

a number of locations, a direct link has never been established between a rise in V. cholerae 

numbers and the start of a seasonal epidemic, despite the timing of these being well 

known from the tracking of cholerae cases in hospitals. 

Many qPCR assays for the quantification of V. cholerae have been previously devel-

oped, but all of them require modern laboratory facilities and are not amenable to exten-

sive field studies. Furthermore, there is not a single study of the environmental tracking 

of V. cholerae in a cholera-endemic setting of significant size. With the currently available 

techniques, either spiked environmental samples were evaluated after pre-enrichment in 

alkaline peptone water or DNA extraction after filtration [13,79]. Amongst these methods, 

culture-based techniques are still the most frequently used and only reveal a small pro-

portion of naturally occurring bacterial populations in water samples. These methods do 

not capture coccoid non-culturable cells within clusters of biofilms in estuarine environ-

ments present in Bangladesh water bodies during the period between outbreaks when 

reported cases of cholera are low [80].  

Another widely used method is dipstick, which is valuable to detect V. cholerae O1 

and O139 in both water and stool samples. This is a rapid and inexpensive method, but 

has a limit of detection of 107 CFU of enriched culture that is higher than the usual infec-

tious dose of cholera [69]. This method only provides a qualitative output and requires six 

hours of enrichment before testing. Also, because of compromised sensitivity, it was rec-

ommended for use in combination with a traditional bacterial culture method [74].  

Our assay is specific, sensitive, and convenient for field studies, making it possible to 

overcome the limitations of current “rapid” techniques. In this study, a single channel 

Chai thermocycler was used, which only permitted FAM to be used as a fluorescein dye. 

A dual channel Chai system also exists, where HEX or VIC fluorescein dyes can also be 

used with FAM, making a multiplex qPCR assay possible. Thus, it is possible to optimize 

a multiplex assay where V. cholerae O1 can be rapidly identified and quantified simulta-

neously in a single reaction along with total V. cholerae.  

During the environmental sample analysis, we did not find significant inhibition to 

PCR amplification in our assay. However, for testing water from more contaminated 

sources, as determined by multivariate analysis of environmental factors where the in-

dustrial waste disposal and high population density matters [81,82], further treatment of 

the sample to remove inhibitors may be required. A study on water quality assessment of 

the roadside surface of Savar, Dhaka explained the impact of vehicle emission, atmos-

pheric deposition from brick field, industrial pollution and massive urbanization on the 
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water reservoirs as total suspended solids (>25 mg/L), total dissolved solids (>840mg/L), 

biological oxygen demands (0.758 mg/L), dissolved oxygen (4.5 mg/L) were high or even 

higher than the standards [72]. 

In conclusion, we developed a species-specific qPCR method, which can be conven-

iently used at the sampling site without any need for pre-enrichment or DNA extraction. 

This test can support a continuous monitoring program for V. cholerae O1 in water reser-

voirs used by residents, which in coordination with local authorities could limit risks of 

contracting cholera and allow the identification of sources of contamination. 

4. Materials and Methods 

4.1. Preparation of bacterial cultures 

Forty-six different strains of Vibrio spp. and other gammaproteobacteria were used 

to validate analytical sensitivity and specificity of the assay in this study (TABLE 1). Sev-

enteen non-O1 V. cholerae from environmental sources, eight V. cholerae O1 from both clin-

ical and environmental sources, and ten V. metoecus from environmental sources were 

tested (TABLE 1). Multiple strains from three other Vibrio species [V. parahaemolyticus (1), 

V. vulnificus (2) and V. mimicus (3)] were tested along with two strains of Pseudomonas ae-

ruginosa and Escherichia coli each. The Vibrio strains were grown in tryptic soy broth (TSB) 

(Becton Dickinson) with 1.0% NaCl (BDH) at 30°C and 200 rpm overnight in a shaking 

incubator. 

 

4.2. Collection and processing of environmental samples 

Environmental water samples were collected from the river basin of the Turag river 

in the Gabtoli area (the coordinates of the latitude and longitude are 23.783726, 90.344246) 

[83] of Dhaka, Bangladesh (FIGURE 1) during August 2018. Three locations, approxi-

mately 5 meters apart from each other, were chosen at this site and water samples were 

collected in triplicate from each of those locations (nine samples in total). Five milliliters 

of surface water was collected directly in Thermo Scientific Nunc 50 mL conical centrifuge 

tubes (Thermo Fisher Scientific, Korea). When needed, collected water samples were con-

centrated using Amicon Ultra-0.5 centrifugal filter device (Merk KGaA, Darmstadt, Ger-

many) (FIGURE 5) according to the user’s manual. Ten Amicon tubes, each containing 500 

μL of water sample, were centrifuged at 14000 × g for 20 mins in a mini spin plus centri-

fuge (Eppendorf, Germany). All the concentrates were pooled. Altogether, 5 mL of water 

from each of the three replicates from each of three locations were concentrated to 100 μL. 

 

 

Figure 5. Method for processing of environmental samples for qPCR. (A) Sample collection. (B) 

Concentrating sample by Amicon Ultra-0.5 centrifugal device. (C) qPCR in the Chai Open qPCR 

thermocycler (https://www.chaibio.com/openqpcr). 5 mL of water was collected from each location. Ten 

Amicon tubes, each with 500 μL of water sample, were centrifuged at 14000 × g for 20 minutes in a 
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mini spin plus centrifuge, and all the concentrates were pooled in a total volume of concentrate of 

100 μL. 

 

4.3. Amplification using the Chai open qPCR platform 

Previously developed species-specific primers [73] were used to detect and quantify 

V. cholerae in this assay. Briefly, the viuB gene encoding vibriobactin utilization protein B 

was used to quantify total V. cholerae (all serogroups), as it is a single copy gene present in 

all V. cholerae with only divergent homologs present in other species. To detect and quan-

tify V. cholerae from the O1 serogroup, we used specific primers and probe to amplify the 

rfbO1 gene essential for the synthesis of this antigen (TABLE 3) [73]. For this study, the 

reporter dye 56-FAM (Fluorescein) was used for both probe sets as this qPCR assay was 

optimized in the Chai Open qPCR thermocycler (CHAI, USA) which has a single channel 

to detect wavelengths of 513-555 nm.  

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) 
References 

viuB Probe 56-FAM/TCATTTGGC/ZEN/CAGAGCATAAACCGGT/3IABkFQ 77 [73] 

 
Forward 

primer 
TCGGTATTGTCTAACGGTAT   

 
Reverse 

Primer 
CGATTCGTGAGGGTGATA   

     

rfbO1 Probe 56-FAM/AGAAGTGTG/ZEN/TGGGCCAGGTAAAGT/3IABkFQ 113 [73] 

 
Forward 

primer 
GTAAAGCAGGATGGAAACATATTC   

  
Reverse 

primer 
TGGGCTTACAAACTCAAGTAAG   

 

Dynamite qPCR Master mix used in this study is a proprietary mix, developed and 

distributed by the Molecular Biology Service Unit (University of Alberta, Canada). It con-

tains Tris (pH 8.3), KCL, MgCl2, glycerol, Tween 20, DMSO, dNTPs, ROX as a normalizing 

dye and antibody inhibited Taq polymerase. The volume of each PCR reaction was 50 μL, 

which contained 25 μL of 2× Dynamite qPCR master mix, 5 μL of 500 nM primer-250 nM 

probe mix, 10 μL of molecular grade water and 10 μl of the concentrated environmental 

water sample. The recommended long-term storage temperature for this master mix is 

4°C. Conditions for the real-time qPCR are as follows: initial activation of the enzyme at 

95°C for 2 min followed by 45 cycles of 95°C for 30 s, 60°C for 1 min in the Chai Open 

qPCR system. In this qPCR method, the detection and quantification of the viuB and rfbO1 

gene markers were carried out in parallel in separate tubes but in the same thermocycler 

run. Standards of a known number of cells and no template control were included in every 

assay.  

 

4.4. Standard curve for the qPCR assay 

Standard curves were generated using the V. cholerae El Tor O1 N16961 reference 

strain. Pure bacterial culture was grown on LB agar (Becton Dickinson) at 30°C overnight. 

Bacteria were then diluted in sterile water prepared by filtering 50 mL of water from the 

study location pushed through a 0.2 μm PES filter media (Whatman, GE Healthcare, UK) 

using a 50 mL syringe (BD, USA). A series of standards were prepared in which bacterial 

cells were present at 3 × 105 copies, 3 × 104 copies, 3 × 103 copies, 3 × 102 copies, 30 copies 

and 3 copies per 10 μL of filter sterilized water. Inoculum concentration were quantified 
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using a standard drop plate method [84]. Standards were run in three independent exper-

iments, with three replicates per dilution and repeated on three different days. The aver-

age of each experiment was assessed to define intra- and inter-assay variation (TABLE 2). 

A standard curve was generated by plotting the log value of the calculated CFU per reac-

tion against the Cq. The Cq value is the cycle at which the fluorescence from amplification 

exceeded the background fluorescence in the MIQE guidelines [68]. 

 

4.5. Determination of the LOD and qPCR efficiency 

The LOD of the assay was determined from the standard curve constructed from 

serially diluted standards of V. cholerae N16961 as mentioned above (FIGURE 2). To deter-

mine the LOD of samples which were concentrated, known numbers of V. cholerae N16961 

were spiked in filter sterilized environmental water samples collected from the same lo-

cation (Gabtoli, Dhaka) and subjected to the same concentration protocol as environmen-

tal samples using the Amicon ultra-0.5 centrifugal filter device. 1 mL of spiked environ-

mental water sample was concentrated to 20 μL after 30 mins of spinning. The qPCR assay 

was carried out on these concentrated samples containing known bacterial cell numbers 

in the Chai Open qPCR system (TABLE S1). Cq values were used to define LOD of the 

assay. The LOD typically is assumed to be the highest Cq value observed for the lowest 

concentration that can be determined based on the dilution at which all replicates were 

positive across ten repeated experiments. 

The qPCR efficiency of the assay was calculated using the following formula: Effi-

ciency = 10[-1/Slope] [13,85] in Excel.  

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Supplementary Table S1: Determination of limit of detection of sample af-

ter concentrating step and testing inhibition in the assay. 
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