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ABSTRACT 

 

 
Background and Objectives: Public health protection requires timely evaluation of pathogens in potable water to minimize 

outbreaks caused by microbial contaminations. The present study was aimed at assessing the microbiological quality of water 

obtained from Shantinagar (a rural area in the South Goa region of Goa, India) using 5-Bromo-4-Chloro-3-Indoxyl β-D-glu- 

curonide-Sorbitol MacConkey agar (BCIG-SMAC) medium and, propidium monoazide-quantitative polymerase chain reac- 

tion (PMA-qPCR) assay for differential detection and quantification of viable Escherichia coli cells in water samples. 

Materials and Methods: Membrane filtration method was used for both BCIG-SMAC medium and PMA-qPCR methods. 

To determine the efficiency of detection of viable cells, we first evaluated the PMA treatment protocol and established the 

standard calibration curves using previously reported primers. 

Results: PMA-qPCR detected as low as 7 femtograms of DNA of E. coli per qPCR reaction whereas the limit of detection 

(LOD) of BCIG-SMAC medium was 1.8 CFU/100mL. A total of 71 water samples spanning 2017-2018 have been analyzed 

using BCIG-SMAC medium and PMA-qPCR, of which 95.77% (68/71) and 7.04% (5/71) were found to be total E. coli 

and E. coli O157:H7, respectively. PMA-qPCR study showed the viable counts of total viable E. coli cells ranging from 3 

CFU/100mL to 8.2×102 CFU/100mL. The total E. coli CFU/100mL quantified by PMA-qPCR significantly exceeded (paired 

t-test; P<0.05) the number on BCIG-SMAC medium. 

Conclusion: The present study indicates that the microbiological quality of environmental water samples analyzed do not 

comply with the regulatory standard. Therefore, special attention is warranted to improve the overall portable quality of 

water in the perspective of public health. 
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INTRODUCTION 

 
Water  must be  free  from  pathogens  to  become 

reliable for drinking purpose. Public health protec- 

tion necessitates immediate evaluation of microor- 

ganisms in drinking water to prevent outbreaks of 

microbial contamination. Because of the poor sani- 

tation, approximately one billion people depend on 

contaminated water sources which amounts to 2.2 

million annual deaths caused mainly because of di- 

arrheal diseases which is around 4% of the global 

disease burden. Children under the age of five are 
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more vulnerable to diarrheal diseases which account 

for more than 90% of annual deaths with about 4000 

children die per day (UNICEF, 2015) (1). Escherich- 

ia coli is widely recognized not only as the indicator 

of faecal contamination of water resources but also a 

pathogen (2). In India, cases of acute gastroenteritis 

caused by drinking of contaminated water have been 

estimated to be 10.87 million every year. Most of the 

outbreaks occurred from bacterial and viral patho- 

gens, for example E. coli, Salmonella spp., Shigella 

spp., and hepatitis viruses A and B (2, 3). 

Water quality for potable purposes has been eval- 

uated based on microbiological media and further 

detection using culture-independent methods. How- 

ever, culture-based methods and biochemical assays 

take up to 18-96 hours for isolation and identification 

of E. coli strains which makes use of selective me- 

dia or chromogenic agar to detect pathogens such as 

E. coli O157:H7 (4) while giving little information 

about the type of the strain or the isolate. In order 

to effectively monitor future outbreaks, it is neces- 

sary to have availability of rapid yet specific methods 

for detection of E. coli cells. The quantitative PCR 

(qPCR) is one such method for detection of microbial 

pathogens mainly in terms of selectivity, specifici- 

ty and rapidity (5, 6). While the q-PCR alone can- 

not differentiate between the viable and non-viable 

used for microbiological monitoring of pathogens in 

a number of recent studies (11-15). 

Shantinagar is a rural settlement in Vasco-Da- 

Gama, South Goa, India. The residents obtain wa- 

ter of unknown quality from various sources such 

as wells and rainwater. However, these water bodies 

hardly undergo proper treatment that could assure 

its compliance for human consumption. Therefore in 

the present study, we report the microbiological as- 

sessment of water quality of Shantinagar area using 

5-Bromo-4-Chloro-3-Indoxyl β-D-glucuronide-Sor- 

bitol MacConkey agar (BCIG-SMAC) medium and 

PMA-qPCR assay for differential detection and 

quantification of E. coli cells in water samples. This 

study has been important in order to determine not 

only the water quality but also to implement plausi- 

ble measures for supply of safe water to the area. 
 

 
 
MATERIALS AND METHODS 

 
Bacterial  strains and  culture  conditions.  The 

E. coli MTCC 3221 and E. coli ATCC 43895 were 

procured  from  Microbial  Type  Culture  Collection 

and Gene Bank (MTCC), India and American Type 

Culture Collection (ATCC), US. E. coli strains were 

grown to logarithmic phase (Optical Density at 600 

bacterial cells in water as DNA extracted from dead nm [OD ], 0.5 to 0.6) in Luria-Bertani (LB) broth 
 

cells can also serve as a template for PCR amplifica- 

tion as efficiently as the DNA obtained from viable 

cells. Persistence of DNA from dead or membrane 

compromised cells and lack of distinction of viabili- 

ty in qPCR amplification could cause false- positive 

results, hence, lead to overestimation of the viable 

cell counts in water sample (7-9). Such limitation re- 

stricts the effective use of qPCR for accurate micro- 

biological examination of water sample. 

Nocker et al. (10) reported Propidium monoazide 

(PMA) based novel method which selectively inhib- 

its the PCR amplification of DNA derived from dead 

or membrane compromised cells by treating samples 

with PMA before DNA extraction (10). PMA can 

penetrate membrane compromised cells by inter- 

calating the DNA when exposed to an intense light 

source leading to covalent bond formation between 

PMA and the two DNA strands. Of note, PMA can- 

not penetrate viable cells with intact membranes, 

thus, only DNA from viable cells can be amplified 

by PCR followed by PMA treatment of dead and vi- 

able cell mixture. This method has been successfully 

600 

medium at 37°C. 

 
BCIG-SMAC medium. In the present study, the 

agar medium most commonly used for the differen- 

tial identification of E. coli strains was BCIG-SMAC 

agar medium. All the individual media components 

were procured from HiMedia (Mumbai, India). The 

composition of the medium per litre is as follows: 

Peptic digest of animal tissue 17g; Proteose peptone 

5g; Sorbitol 10g; Sodium chloride 7.5g; Sodium do- 

decyl sulphate (SDS) 0.2g; Sodium taurocholate 1.5g; 

BCIG 30 mg; Neutral red 30 mg; agar 18g. The pH 

of the medium was maintained at 7.2 ± 0.2. Five mil- 

liliter of freshly prepared filter-sterilized solution of 

cefsulodin (1mg/mL) was added to the tempered agar 

medium. 

 
Collection of water samples. Shantinagar is lo- 

cated in South Goa district of Goa between the co- 

ordinates 15°23'24.1" north and 73°49'39.6" east. The 

area is usually characterized by rainy season (June to 

September), winter season (November to February) 
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and summer (March to May). Water samples were 

collected from a well and four different households 

during two sampling periods (n=71) from the months 

June to September each in 2017 and 2018. The well 

was selected primarily because its water was mainly 

used for potable purpose and large number residents 

received the water supply (Supplementary Table S1). 

The water samples were collected in sterile screw 

capped bottles to avoid contamination and stored at 

4°C and processed within 1-2 days as mentioned be- 

low. The water quality testing was performed in ac- 

cordance with the international standards as outlined 

by  US  environmental  protection  agency  (USEPA, 

2002). E. coli counts were confirmed by filtering 100 

mL of water sample through sterile polyethersulfone 

(PES) membrane filter (47-mm diameter, 0.45 µm 

pore size; Axiva Biotech, India) on a 3-place standard 

manifold (Axiva Sichem Biotech, India). The filter 

was then incubated on BCIG-SMAC agar supple- 

mented with 5 µg/mL cefsulodin (MP Biomedicals, 

Santa Ana, USA) for 24 ± 2 h at 37°C. 

 
Membrane filtration and spiking of water sam- 

ples. E. coli O157:H7 ATCC 43895 and E. coli MTCC 

3221 were employed as standard strains for spiking 

experiments. Each strain was grown to logarithmic 

parent (opaque) eppendorf tubes separately and cen- 

trifuged at 5000 rotations per minute (rpm) for 5 min 

to remove the media components. The pellet was 

washed twice with sterile saline buffer to obtain final 

bacterial suspension of 400 µL. The bacterial cells 

were killed by using boiling water bath for 2-2.5 min. 

The killed bacterial cells were subsequently kept at 

-20°C for 3-5 mins. An aliquot of 2.0 µL of 10 mM 

PMA was added to each 400 µL of viable cells, heat- 

killed cells, and appropriate mixtures of viable and 

dead cells to obtain a final concentration of 50 µM. 

The PMA-treated bacterial suspensions were incubat- 

ed at room temperature in the dark for 10 mins with 

gentle shaking three to four times for 3s each time. 

Following the incubation, bacterial suspension was 

exposed to a 600 Watt (W) halogen light (Philips, In- 

dia) for 10 min at a distance of 20 cm from the light 

source. Loss of viability of heat killed bacterial cells 

was tested by spreading 100 µl of cell suspension on 

the LB agar plates which yielded less than 2 CFU af- 

ter incubation at 37°C for 24 h. 

 

DNA extraction and PMA-qPCR. DNA from E. 

coli O157:H7 ATCC 43895 and E. coli MTCC 3221 

cells and nucleic acid from environmental water sam- 

ples were extracted using a FastDNA™ Spin Kit (MP 

phase (Optical Density at 600 nm [OD ], 0.5 to 0.6) Biomedicals, Santa Ana, USA) according to the man- 
600 

with constant shaking in 100 mL LB broth at 37°C. 

Post-incubation, four aliquots comprising 400 µL 

each of E. coli O157:H7 ATCC 43895 and E. coli 

MTCC 3221 were spiked into autoclaved environ- 

mental water samples and filtered through sterile PES 

membrane filters (16). The filter was then incubated 

on BCIG- SMAC agar at 37°C for determination of 

bacterial growth and colour. The membrane filtration 

method was used for both BCIG-SMAC agar and 

PMA-qPCR method (5). Sterility controls for mem- 

brane filters and bacteriological saline used for rins- 

ing the filtration apparatus were also standardized. 

 

Killing conditions and PMA treatment. PMA 

treatment has been described previously (16). PMA 

(Biotium Inc., Hayward, CA) was dissolved in 20% 

dimethyl sulfoxide (DMSO; Waltham, US) to obtain 

a stock concentration of 10 mM and stored at -20°C in 

dark.  In the current study, PMA treatment was opti- 

mized for high throughput screening of E. coli strains 

ufacturer’s instructions. Concentrations of DNA were 

determined by using NanoDrop™ spectrophotometer 

(Thermo scientific). The purified DNA suspension 

was stored at -20°C until PMA-qPCR amplification. 

For PMA-qPCR, the following primer sets were used: 

z3276-Forward (F), 5’- GCACTAAAAGCTTGGAG- 

CAGTTC; and z3276-Reverse (R), 5’-AACAATG- 

GGTCAGCGGTAAGGCTA (17) targeting the open 

reading frame marker (ORF) of E. coli O157:H7 and 

IEC-UP 5′-CAA TTTTCGTGTCCCCTTCG and 

IEC-DN 5′-GTTAATGATAGTGTGTCGAAAC (18) 

targeting distal and proximal conserved flanking re- 

gions of the 16S rRNA gene, the Internal Transcribed 

Spacer (ITS) region and the 23S rRNA gene for de- 

tection of total strains of E. coli to amplify to an ex- 

pected size of 178 bp and 450 bp fragments respec- 

tively. Primers targeting the z3276 genetic marker 

have been shown to be highly specific for detection of 

E. coli O157:H7 (17) whereas IES primers are specific 

towards detection of total E. coli (18). A process con- 

as discussed below. Aliquots of 1 mL of 0.5 OD  
600 

trol consisting of 500 Bacillus atrophaeus spores was 

× 108/mL) viable cells each of E. coli O157:H7 and E. 

coli MTCC 3221 were added into 1.5 mL non-trans- 

incorporated in the qPCR reaction. The spores were 

prepared according to Picard et al. (19). Primer se- 
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quence, F-5′-CACTTCATTTAGGCGACGATACT-3′ 

and R-5′-TTGTCTGTGAATCGGATCTTTCTC-3′, 

was used for detection of spores in qPCR reactions 

(19). The oligonucleotide primers were synthesized 

by Integrated DNA Technologies (Coralville, US). 

The amplification reaction was carried out by using 

FastStart Universal SYBR Green Master (Roche, 

Switzerland). Five microliter of template was trans- 

ferred directly to a 15-µL PCR mixture containing 50 

pmol/µ L each of forward and reverse primer, 3.3 µg/µ 

L BSA, 2× FastStart Universal SYBR Green Master 

and the volume was adjusted by PCR grade water 

(Roche, Switzerland). In each experiment, a volume 

of 5 µL sterile water was added to PCR mixtures as a 

negative control. The qPCR mixtures were subjected 

to thermal cycling for 180 seconds at 95°C and then 

40 cycles of 30 seconds at 95°C, 30 seconds at 58°C, 

and 30 seconds at 72°C. The amplification reaction 

was performed using LightCycler® 96 Real-Time 

PCR system (Roche, Switzerland) in triplicates. 

 
Sensitivity and Limit of Detection (LOD) of 

BCIG-SMAC and PMA-qPCR. The standard curve 

was generated using purified DNA extracted from 

pure cultures (OD600 = 0.5) of the E. coli O157:H7 

ATCC 43895 and E. coli MTCC 3221 in the range 

56 picogram to 0.007 picogram and the experiments 

were performed in triplicate. The cycle of quantita- 

tion (Cq) values for each set of reactions were plotted 

against DNA dilution to obtain a standard curve. The 

Limit of detection (LOD) was defined as the lowest 

concentration in standard curve at which 95% of the 

positive samples were detected by PMA-qPCR. The 

PMA-qPCR was then applied for differential detec- 

tion and quantification of viable E. coli strains from 

environmental water samples. For determining the 

sensitivity of BCIG-SMAC, the water samples were 

spiked with known numbers of E. coli cells mainly 

in the range of 100, 50, 25, 10, 5 and 1 CFU/100 mL. 
 

 
 

RESULTS 

 
Effect of PMA treatment on viable cells and mix- 

tures of viable and dead cells. Under optimized con- 

ditions, PMA-qPCR assay was used to differentiate 

viable cells from a mixture of viable and dead cells 

of E. coli O157:H7 ATCC 43895 (Fig. 1A) and E. coli 

MTCC 3221 (Fig. 1B) with all reactions performed 

in triplicates. PMA-qPCR showed that the Cq values 

of killed PMA-treated cells were higher than the Cq 

values of mixture of viable and dead cells for both E. 

coli O157:H7 and E. coli MTCC 3221 as depicted in 

Fig. 1C. Thus, the descending trend in Cq values of 

DNA from mixture of viable and dead cells (mean 

Cq, 17.21 and 26.60 for E. coli O157:H7 and E. coli 

MTCC  3221  respectively)  exclusively  reflects the 

amount of DNA of viable cells (mean Cq, 17.87 and 

27.78 for E. coli O157:H7 and E. coli MTCC 3221 

respectively) in the mixture despite presence of large 

amount of dead cells, hence, indicating the complete 

inhibition of DNA amplification from dead cells after 

PMA treatment. 

 
Sensitivity of BCIG-SMAC and PMA-qPCR. The 

sensitivity of the PMA-qPCR was determined by gen- 

erating the standard curves (Fig. 2) for quantification 

using the optimized PMA-qPCR amplification assay 

conditions  based  on  DNA  dilutions  ranging  from 

56 to 0.007 pg for pathogenic E. coli O157:H7 and 

non-pathogenic E. coli MTCC 3221 strains. The anal- 

ysis of the standard curve (Fig. 2) derived from the 

PMA-based RT-qPCR using DNA from E. coli strains 

(both E. coli O157:H7 and MTCC 3221) revealed that 

the LOD was approximately 7 femtogram, which is 

equivalent to approximately 1 cell of E. coli (5). How- 

ever, the LOD of mSMAC was 1.8 CFU/100 mL. The 

range of amplification efficiencies of the PMA-qPCR 

was 88-90% and 93-95% for E. coli O157:H7 ATCC 

43895 and E. coli MTCC 3221, respectively. 

 
Analysis of water samples using PMA-qPCR and 

BCIG-SMAC Culture Medium for differential de- 

tection and quantification of E. coli cells. A total 

of 71 water samples from 2017 and 2018 have been 

analyzed using BCIG-SMAC medium and PMA-qP- 

CR, out of which 95.77% (68/71) and 7.04% (5/71) 

were found to be total E. coli and E. coli O157:H7, 

respectively. Using PMA-qPCR, the viable counts of 

total E. coli viable cells ranged from 3 CFU/100 mL 

to 8.2×102 CFU/100mL (Fig. 3). When the water sam- 

ples were PMA-untreated, the E. coli cells were much 

higher in number approximately between 6 CFU/100 

mL to 1×103  CFU/100 mL indicating a large num- 

ber of DNA from dead cells. On the BCIG-SMAC, 

the non-pathogenic E. coli ranged from 10 CFU/100 

mL to 120 CFU/100 mL. Similarly, PMA-treated 

qPCR of viable E. coli O157:H7 cells ranged from 2 

CFU/100 mL to 10 CFU/mL whereas PMA-untreated 

qPCR revealed E. coli O157:H7 cells ranging from 
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Fig. 1. Differentiation of viable cells in viable and dead 

cell mixtures by PMA-qPCR. Amplification curves for 

PMA-treated  viable,  dead,  and  a  mixture  of  viable  and 

dead cells of E. coli O157:H7 ATCC 43895 (A) and E. coli 

MTCC 3221 (B). The Cq values of DNA from viable cells 

of E. coli O157:H7 ATCC 43895 and E. coli MTCC 3221 

has been compared with the Cq values of dead and mix- 

ture of viable and dead cells to indicate that DNA amplifi- 

cation from dead cells is completely inhibited as a result of 

the PMA-treatment (C). Each bar represents the average Cq 

value of a triplicate experiment ± standard deviation. ∆Rn, 

fluorescence intensity change. 

 
 
 

 

Fig. 2. PMA-qPCR quantification of pure cultures of E. coli 

O157:H7 ATCC 43895 and E. coli MTCC 3221. A series of 

dilutions of purified DNA (56 pg-0.007pg) extracted from 

PMA treated viable E. coli cells. The PMA- qPCR could 

detect as low as 1 CFU/mL of E. coli. 

 

 
 

Fig. 3. Box plot for PMA-untreated, PMA-treated qPCR 

and BCIG-SMAC counts of total viable E. coli (A) and E. 

coli O157:H7 (B) cells from the environmental water sam- 

ples. Results are reported for n=71. 
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1.9 CFU/100 mL to 20 CFU/100 mL (Fig. 3). On the 

BCIG-SMAC,  E.  coli  O157:H7  cells  ranged  from 

1 CFU/100 mL to 5 CFU/100 mL. The total E. coli 

CFU/100 mL quantified by PMA-qPCR significantly 

exceeded (paired t-test; P<0.05) the number on BCIG- 

SMAC. 
 

 
 

DISCUSSION 

 
Culture-based methods for isolation and identifica- 

tion of E. coli are relatively simple and inexpensive; 

these methods are commonly used in compliance 

with USEPA water quality standards and guidelines 

that help monitor the public health. However, one of 

the significant shortcomings of these culture- based 

methods is their time consumption (18-96 hours) re- 

quired for detection and enumeration of E. coli with 

other potential drawbacks such as false-positive and 

false-negative results, loss of viability of bacteria, 

and lack of growth of viable but non-culturable bac- 

teria (17, 20). Various microbiological media have 

been developed for isolation and enumeration of wa- 

terborne bacteria, such as BCIG-SMAC agar which 

has been used for differential detection of E. coli and 

E. coli O157:H7. 

In the current study, we have evaluated the poten- 

tiality of PMA-qPCR for discrimination of viable E. 

coli O157:H7 and E. coli MTCC 3221 strains from 

dead cells. PMA treatment of viable, dead and mix- 

ture of viable and dead cells of E. coli O157:H7 ATCC 

43895 and E. coli MTCC 3221 demonstrated that the 

amplification of DNA from dead cells was almost 

completely inhibited. Since the Cq values of viable 

cells and mixed cells are almost identical as indicat- 

ed in the Fig. 1C, which points out that the amplifi- 

cation of PMA modified DNA from the dead cells in 

the mixture have hardly taken place. Fold difference 

of DNA amplification from dead cells was found to 

be more than three hundred times and one hundred 

times with respect to mixed viable and dead cells for 

E. coli O157:H7 and E. coli MTCC 3221 respectively, 

whereas, negligible fold difference (1.5 and 2.26 for 

E. coli O157:H7 and E. coli MTCC 3221, respective- 

ly) was observed for DNA amplification from viable 

and mixed viable and dead cells (Fig. 1C). This neg- 

ligible difference could be due to the trace amount 

of PMA that entered the viable cells and slightly 

affected the sensitivity of the PMA-qPCR. Overall, 

this observation proved that the DNA amplification 

from dead cells was significantly inhibited in qPCR. 

Moreover, the PMA-qPCR assay was able to detect 

as low as 7 fg (approximately equivalent to 1 cell) of 

DNA of E. coli (Fig. 2). Such a low LOD makes the 

PMA-qPCR assay significantly useful for assessing 

the microbiological quality of water samples as bac- 

terial pathogens can cause severe human infections 

even when present in low numbers such as 10 to 100 

cells (the infective dose of E. coli O157:H7) (21). 

The abundance of E. coli strains obtained by 

PMA-qPCR assay in water samples of Shantinagar 

area  was  compared  with  those  estimated  using 

PMA-untreated qPCR and BCIG-SMAC methods. 

The PMA-treated qPCR analyses revealed values of 

pathogenic E. coli O157:H7 and total E. coli strain 

lower than those obtained using PMA-untreated 

qPCR, which indicated the inhibition of DNA ampli- 

fication from dead cells. These results demonstrated 

that PMA-treated qPCR detected more cell numbers 

of E. coli from potable water compared to the BCIG- 

SMAC medium (Fig. 3). These results also indicated 

that the samples under study contained high numbers 

of viable but non-culturable E. coli cells. The results 

obtained in our study are in agreement with the ear- 

lier reported data in which the application of qPCR 

yielded abundance of cell number when compared to 

standard plating method (5, 17, 22). 

Possible anthropogenic factors might have con- 

tributed to water contamination such as presence of 

ill-managed toilets, cattle and lack of sewerage in the 

area under the study. Anthropogenic parameters ma- 

jorly affecting water quality in urban areas include in- 

dustrialization leading to industrial waste discharge, 

sewage discharge and domestic activities (23, 24). 

Lenart-Boroń et al. (25) described the effect of an- 

thropogenic factors associated to the municipal sew- 

age inflow and other natural factors such as seasonal 

variations in water temperature therein affecting the 

number of some bacterial groups (25). Humans, live- 

stock and domestic animals are deemed as natural 

sources of faecal contamination and especially hu- 

man faecal wastes have been reported behind the risk 

of waterborne diseases. In the present study, possible 

anthropogenic factors that might have contributed to 

water contamination are sewage discharge or lack of 

proper sewerage in the area and domestic cattle in 

case of water samples collected from the wells and 

households 1 and 3 (Supplementary Table S1). Our 

results showed that special attention must be given in 

low income rural areas, where water quality assess- 
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ment data are hardly available, and more extensive 

studies should be performed. The study outlined here 

can pave the way for better attention towards the pro- 

vision of safe potable water in the country. 
 

 
 

CONCLUSION 

 
The significance of sufficient quality of water for 

public health cannot be underestimated. The values 

of total viable E. coli and E. coli O157:H7 indicated 

the deteriorating condition of water in the area which 

might threaten the inhabitants at increased risks of 

acquiring diseases caused by pathogenic bacteria. 

The results fall outside the regulatory limits of water 

quality assessment probably indicating that the wa- 

ter in this area might not be safe and therefore needs 

special attention for proper treatments of water for 

human consumption. 
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