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In recent years new or emerging pathogens have 
arisen as a problem in drinking water. Emerging  
human pathogens like Yersinia enterocolitica and 
Aeromonas hydrophila producing an impressive array 
of virulent factors causing both gastrointestinal and 
non-intestinal diseases in children and adults, have 
been isolated from drinking water. The conventional 
methods cannot predict the presence of these poten-
tially enteropathogenic microorganisms in drinking 
water. To combat these limitations a multiplex PCR 
water testing kit has been designed, which can simul-
taneously detect Escherichia coli, Y. enterocolitica and 
A. hydrophila from water after pre-enrichment in a 
newly developed bacteriological water testing kit 
(BWTK). PCR can be performed directly by taking an 
aliquot of 200 μl of water sample from non-potable 
BWTK in a PCR tube, heat treated at 95°C for 10 min, 
and centrifuged at 10,000 rpm for 5 min; 5 μl of  
supernatant was used for multiplex PCR. The high 
output and cost-effective multiplex PCR water testing 
kit developed in this study could provide a powerful 
supplement to conventional methods for more accu-
rate risk assessment and monitoring of pathogenic 
bacteria in water.  
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WATER is essential to sustain life and a satisfactory sup-
ply must be made available to consumers1. The right to 
drinkable water is nowadays part of human rights2. In  
industrialized countries drinking water is ranked as food 
and high standards are set for quality and safety.  
 According to the World Health Organization (WHO), a 
third of the world’s population suffers from waterborne 
diseases. In developing countries 13 million people die 
and 1.1 billion people lack access to an improved water 
source and 2.4 billion people lack access to adequate 
sanitation. As a result of infectious diseases related to  
unsafe water and inadequate sanitation, an estimated  
3 million people in developing regions of the world die 
each year, primarily children aged below <5 years3. 

 Water demand at present exceeds the available renew-
able water resources with the current high population 
growth rate, increased modernization and higher standards 
of living. The gap between water supply and demand is 
expected to widen in the future. 
 There is a growing need to address the twin problem of 
sustainability of water resources and water quality. It is 
estimated that by 2020 India will become a water-stressed 
nation.  
 Groundwater is the major source of water in our coun-
try, with 85% of the population dependent on it. A total 
of Rs 1105 billion has been spent till the 10th Plan on 
providing safe drinking water, but still lack of safe and 
secure drinking water continues to be a major hurdle and 
a national economic burden4. 
 The spectrum of waterborne diseases is expanding and 
majority of diseases once believed to be conquered are on 
the rise5. A significant number of zoonotic emerging and 
re-emerging waterborne pathogens like Yersinia entero-
colitica and Aeromonas hydrophila have been recognized 
now. These emerging pathogens have been incriminated 
for the recent gastroenteritis epidemic in Ludhiana, Punjab 
which had claimed eight lives6. 
 Occurrence of pathogens in water is due to deficiency 
in plumbing lines, inadequately laid plumbing lines, 
cross-connections, treatment deficiency, biofilm growth 
problems, leakage point or gap in the piping system with 
high external pressure, low-pressure conditions in the  
distribution system that allow a flow reversal or backflow 
of non-potable water, hydraulic disturbances that allow 
biofilm material on pipe surfaces or sediments to enter 
the bulk water and integrated problems.  
 The Bureau of Indian Standards (BIS, 10500: 1991) is 
responsible for drafting of the standards pertaining to 
drinking water quality and monitoring of drinking water 
quality supplies. WHO has its own standards and there is 
a difference in the standards and permissible limits bet-
ween the two.  
 A common surveillance tool for waterborne pathogens 
is needed to reduce public health emergencies by stan-
dardizing methodologies and validation at international 
level. Conventional methods for detection and enumera-
tion of bacterial pathogens are based on the use of selective 
culture and biochemical methods, requiring 4–7 days to 
perform, and are costly. Typically, methods for isolating 
any target bacteria from water involve concentration, en-
richment, isolation and identification in a well-established 
laboratory7. Due to these difficulties, examination of water 
samples for emerging pathogens is normally not perfor-
med during routine microbiological assessment of water 
quality, hence creating the potential for public infection. 
 Nucleic acid-based tests to identify pathogens rapidly 
and reliably have been implemented in the microbiology 
laboratory during the last decade.  
 Recently, multiplex PCR, a modified PCR method has 
been introduced and widely applied in microbial detection, 
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Table 1. Primers used for multiplex PCR 

Bacterium      Primer set Target gene Tm (°C) Size (bp) Reference 
 

Escherichia coli 5′-TGTTACGTCCTGTAGAAAGCCC-3′ uid R 56.6 152  8 
 5′-AAAACTGCCTGGCACAGCAATT-3′  58.5   
Aeromonas hydrophila 5′-GAAAGGTTGATGCCTAATACGTA-3′ 16SrRNA 52.6 685  9 
 5′-CGTGCTGGCAACAAAGGACAG-3′  57.1   
Yersinia enterocolitica 5′-AAT ACC GCA TAA CGT CTT CG-3′ 16SrRNA 52.1 330 10 
 5′-CTT CTT CTG CGA GTA ACG TC-3′  53.1   

 
which could be used to detect more than one organism by 
one PCR reaction. The establishment of multiplex PCR 
protocol is tedious and time-consuming since it needs 
lengthy optimization procedure, but once established it is 
a rapid and low-cost method for microbial detection of 
pathogens. 
 Using standard PCR assays, it is not possible to distin-
guish amplified DNA from viable and non-viable cells. 
Some methods have employed a culture-based enrich-
ment step upstream of DNA extraction and amplification. 
This could dilute the non-viable cells in the sample and 
thus reduce the false positive signal.  
 Further, individual strengths and weaknesses of bio-
chemical (conventional) and molecular methods suggest 
that neither approach used independently can provide 
complete information. It may be valuable to use both  
culture-based and PCR-based methods to acquire com-
prehensive results. 
 Keeping this in view, the present study was proposed 
to develop multiplex PCR water testing kit for simultane-
ous detection of indicator and emerging pathogens from 
water without the need to extract DNA from individual 
organisms. 
 This kit could play an important role in the surveillance 
programme, epidemiological studies, leading to the iden-
tification of emerging pathogens, sources of etiological 
agents and susceptible populations. 
 Primer sequences used in this study (Table 1) target a 
152 bp fragment in the uid R gene of E. coli8, a 685 bp 
fragment in 16SrRNA gene of A. hydrophila9 and a 
330 bp fragment in 16SrRNA gene of Y. enterocolitica10. 
 The PCR reaction mixture contained: 200 μM each of 
dNTPs; 3.0 mM MgCl2; the concentration of each primer 
for E. coli, Y. enterocolitica and A. hydrophila was 0.166, 
0.333 and 0.416 μM respectively; 2.5U of thermostable 
DNA polymerase and 6 μl (2 μl of each organism) of 
template DNA, in a total volume of 30 μl. Amplification 
conditions were: 2 min 5 sec at 95°C, 35 cycles of 30 sec 
at 94°C, 1 min at 57°C, and 60 sec at 72°C and a final  
extension of 5 min at 72°C. 
 A combined culture, bacteriological water testing kit 
(BWTK)6 and molecular tool (multiplex PCR) as water 
testing kit has been designed. Water sample (15 ml) is 
added in BWTK and kept at room temperature for 12 h to 
observe for colour change. A non-potable sample is  
depicted by colour change to yellow. Further, a PCR is 

performed by taking an aliquot of 200 μl in a PCR tube, 
heat treated at 95°C for 10 min. Further it is centrifuged 
at 10,000 rpm for 5 min and 5 μl of supernatant used for 
multiplex PCR. 
 Bacterial suspension of E. coli, A. hydrophila and Y. 
enterocolitica was used for sensitivity testing. Bacterial 
suspension was prepared by inoculating pure colonies in 
0.1% peptone water and adjusting OD = 0.5 units at 
610 nm. The bacterial suspensions were serially diluted. 
Sterile, deionized distilled water was spiked by either of 
dilution of respective bacterial suspension of all test cul-
tures. BWTK was inoculated with 15 ml of spiked, ster-
ile, deionized distilled water. It was then incubated at 
37°C for 12 h. PCR was performed from the samples 
drawn from positive BWTK. 
 The specificity of multiplex PCR water testing kit was 
evaluated by testing bacteriologically contaminated 
drinking water samples showing absence of E. coli, A. 
hydrophila and Y. enterocolitica, but positive for other 
bacteria like Citrobacter freundii, Enterobacter spp., 
Salmonella spp., Shigella, Klebsiella and heterotrophic 
bacteria. Water sample (15 ml) was inoculated into 
BWTK and incubated at 37°C for 12 h. PCR was per-
formed from the samples drawn from BWTK. 
 For evaluating the sensitivity and specificity of multi-
plex PCR water testing kit, drinking water samples showing 
absence of E. coli, A. hydrophila and Y. enterocolitica, 
but prevalence of other bacteria like C. freundii, Entero-
bacter spp., Salmonella spp., Shigella, Klebsiella and 
heterotrophic bacteria was used. Bacterial suspension of 
E. coli, A. hydrophila and Y. enterocolitica was prepared 
and spiked in contaminated water. BWTK was inoculated 
with 15 ml of spiked, contaminated water and PCR was 
performed. The amplified products were resolved on 
2.0% agarose. 
 Classical methods take 5–7 days for pathogen identifi-
cation, which include inoculating into a medium, culturing, 
staining, followed by biochemical confirmation and/or  
serological tests. These methods are extremely labour-
intensive and time-consuming and cannot therefore meet 
the requirement of public health emergencies for a rapid 
and accurate response to the presence of pathogenic  
bacteria. 
 More recently, the use of multiplex PCR has provided 
a rapid and inexpensive method for detection of several 
pathogens in a single tube. Multiplex PCR assay is capable 
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Figure 1. Annealing temperature of multiplex PCR assay. Lane M, Molecular size marker (50 bp DNA ladder); lanes  
1–6, Annealing temperature at 51°C, 52°C, 53°C, 54°C, 55°C, 56°C; C, Control. 

 

 
 

Figure 2. Annealing temperature of multiplex PCR assay. Lane M, Molecular size marker (100 bp DNA ladder); lanes 
1–6, Annealing temperature at 57°C, 58°C, 59°C, 60°C, 61°C, 62°C; C, Control. 

 
of screening various microbial organisms simultaneously 
or identifying different alleles of one organism. Multiplex 
PCR uses multiple pairs of primers to amplify multiple 
targets in a single reaction tube and requires no additional 
procedures and equipment. After first reported in 1988 
(ref. 11), this has became a fast and simple method for 
clinical and research laboratories. In multiplex PCR, the 
primers and conditions that are applicable in a monoplex 
setting no longer produce the same results because the 
primers for different organisms interfere with each other 
and reduce the sensitivity. Therefore, optimization of 
conditions and concentration of reagents used need to be 
standardized, keeping in view the ‘nature’ of each primer 
as well as requirement of sensitivity in that particular 
situation. 
 A multiplex PCR for simultaneous detection of E. coli, 
Y. enterocolitica and A. hydrophila has been standardized. 
For multiplex PCR, with good intensity of the amplicons 
of each target DNA and the absence of unspecific bands, 
several important parameters such as annealing tempera-
ture, primer concentrations and MgCl2 concentration 
were optimized. In this study, a combined culture 
(BWTK) and optimized multiplex PCR reaction condi-
tions have led to the development of multiplex PCR water 
testing kit. 

 Annealing temperature is one of the most important  
parameters in multiplex PCR assay. Optimal temperatures 
are often lower than the melting temperature of the primers. 
Annealing temperature given by Dorch9 for a primer spe-
cific for 16SrRNA gene of A. hydrophila was 62°C,  
Wannet et al.10 for a primer specific for 16SrRNA gene of 
Y. enterocolitica was 62°C and by Blanco et al.8 for a 
primer specific for uid R gene of E. coli as 57°C.  
 Annealing temperature for multiplex PCR was deter-
mined under empirically chosen primer concentration of 
0.400 μM. In this study, the annealing temperatures were 
investigated from 51°C to 62°C and at <57°C annealing 
temperature, the unspecific amplifications occurred visibly 
(Figure 1). As the annealing temperature increased, the 
unspecific amplification gradually decreased. When the 
annealing temperature ranged from 57°C to 62°C, all 
three primer pairs were efficiently amplified and rare, un-
specific amplification products were observed (Figure 2). 
However, the amplification efficiency decreased obvi-
ously along with the increase in annealing temperature. 
Therefore, the optimum annealing temperature of 57°C 
was selected for multiplex PCR. 
 In the multiplex PCR system, preferential amplification 
of one target sequence over another frequently occurs, 
which could lead to uneven amplification products. In 
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Figure 3. Electrophoresis of the multiplex PCR amplified products for optimization of primer concentration.  
a, 0.166 μM for each of the three primer pairs at annealing temperature, 57°C. b, 0.166 μM for primer specific for 
Escherichia coli, 0.333 μM for primer specific Yersinia enterocolitica and primer specific for Aeromonas hydro-
phila at annealing temperature 57°C. c, 0.166 μM for primer specific for E. coli, 0.333 μM for primer specific for 
Y. enterocolitica, and 0.416 μM for primer specific for A. hydrophila at annealing temperature 57°C. 

 
order to amplify all the specific PCR products with equal 
efficiency, the concentration of individual primer pairs 
was optimized. Primer concentration was increased when 
intensity of the corresponding band was too low or absent, 
and decreased when intensity of the bands was too high. 
When the multiplex reaction is performed for the first 
time, it is useful to add the primers in equimolar amounts. 
The results will suggest how the individual primer con-
centration and other parameters need to be changed. The 
concentrations of three primer pairs in different propor-
tions were examined in this study. When the concentra-
tion of primer pairs of E. coli, A. hydrophila and  
Y. enterocolitica was 0.166 μM of each of the primers re-
spectively, primer specific for uid R gene of E. coli  
excessively amplified while there was no amplification 
for primer specific for A. hydrophila and Y. enterocolitica 

(Figure 3 a). So the concentration of primers specific for 
A. hydrophila and Y. enterocolitica was increased to 
0.333 μM, keeping the concentration of the primer spe-
cific for E. coli constant. Amplification of species specific 
for 16SrRNA gene of Y. enterocolitica was significantly 
favoured. Under the same primer concentration there was 
no amplification for A. hydrophila (Figure 3 b). Hence the 
concentration of primer specific for A. hydrophila was 
increased to 0.416 μM. The experiment demonstrated that 
the optimal concentration of primer pairs of E. coli,  
Y. enterocolitica and A. hydrophila was 0.166, 0.333 and 
0.416 μM respectively (Figure 3 c). 
 Mg2+ forms soluble complexes with dNTPs to produce 
the actual substrate that the polymerase recognizes. 
Therefore, concentration of Mg2+ in the PCR system has a 
significant influence on the product yield and specificity12. 
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Figure 4. Electrophoresis of the multiplex PCR amplified products for optimization of Mg+ concentration.  
a, 1.5 mM Mg+; b, 2.5 mM Mg+; c, 3.0 mM Mg+. The other PCR conditions are – primer concentration: 0.166 μM 
for primer specific for E. coli, 0.333 μM for primer specific for Y. enterocolitica and 0.416 μM for primer spe-
cific for A. hydrophila, annealing temperature 57°C. 

 
The results showed that species specific for 16SrRNA 
gene of A. hydrophila could not be detected when Mg2+ 

concentration was 1.5 mM. The amplification efficiencies 
improved by increasing Mg2+ concentration to 3.5 mM. 
Nevertheless, excessive Mg2+ concentration resulted in 
the nonspecific amplification and decreased specificity. 
Consequently, Mg2+ concentration of 3.0 mM was opti-
mum for multiplex PCR reaction (Figure 4). 
 Under the optimal conditions described above for mul-
tiplex PCR, the amplification products of E. coli, Y. en-
terocolitica and A. hydrophila were analysed using 
template DNA of each organism respectively (Figure 5, 
lane 1). Three DNA fragments amplified with sizes of 
152 bp (the PCR product E. coli), 330 bp (the PCR pro-
duct Y. enterocolitica) and 685 bp (the PCR product  
A. hydrophila) were well separated. 

 The composition and length of primer oligonucleotide 
as well as the size of the amplified fragments, may influ-
ence each PCR amplification. Multiplex amplification of 
total coliforms (TC) and E. coli was performed using 
equimolar concentrations of both primers, while non-
equimolar primer concentrations are necessary for the  
simultaneous detection of Legionella pneumonia and all 
bacteria of the genus13. 
 Tantawiwat et al.14 also developed a method of multi-
plex PCR amplification of lacZ, uidA and plc genes for 
the simultaneous detection of total coliform bacteria,  
E. coli and Clostridium perfringens, in drinking water. 
Detection by agarose gel electrophoresis yielded a band 
of 876 bp for the lacZ gene of all coliform bacteria; a 
band of 147 bp for the uidA gene and a band of 876 bp 
for the lacZ gene of all strains of E. coli; a band of 
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Figure 5. Electrophoresis of multiplex PCR amplified products. Lane M, Molecular size marker (100 bp DNA ladder). 
C, Control. Lane 1, Multiplex PCR amplification of E. coli (152 bp), Y. enterocolitica (330 bp) and A. hydrophila 
(685 bp) with primers specific for uid R gene of E. coli, 16SrRNA gene of Y. enterocolitica and 16SrRNA gene of  
A. hydrophila respectively, at annealing temperature of 57°C. Primer concentration was 0.166 μM for primer specific for 
E. coli, 0.333 μM for primer specific for Y. enterocolitica, and 0.416 μM for primer specific for A. hydrophila. Lanes 2–8, 
Showing sensitivity of multiplex PCR water testing kit; bacterial dilution, varying from 100 to 106 cfu/ml of E. coli, Y. en-
terocolitica and A. hydrophila. Lanes 9–15, Showing sensitivity and specificity of multiplex PCR water testing kit; bacte-
rial dilution varying from 100 to 106 cfu/ml of E. coli, Y. enterocolitica and A. hydrophila. 

 
 
280 bp for the plc gene for all strains of C. perfringens 
and a negative result for all three genes when tested with 
other bacteria. The detection limit was 100 pg for E. coli 
and C. perfringens, and 1 ng for coliform bacteria when 
measured with purified DNA. Spiked water samples with 
0–1000 cfu/ml of coliform bacteria and/or E. coli and/or 
C. perfringens were detected by this multiplex PCR after 
a pre-enrichment step to increase the sensitivity and to 
ensure that the detection was based on the presence of 
cultivable bacteria. The result of bacterial detection from 
the multiplex PCR was comparable with that of a stan-
dard plate count on selective medium (P = 0.62). On  
using standard plate counts as a gold standard, the sensi-
tivity for this test was 99.1% (95% CI 95.33, 99.98) and 
the specificity was 90.9% (95% CI 75.67, 98.08). 
 Pinto et al.15 developed a multiplex PCR assay using 
three collagenase-targeted primer pairs for the species-
specific detection of Vibrio alginolyticus, Vibrio cholerae 
and Vibrio parahaemolyticus. Sen and Rodgers16 reported 
the distribution of six virulence factors in Aeromonas 
from drinking water utilities in the United States, achiev-
ing this experiment through three sets of duplex-PCR. 
 Thus, a combined culture (BWTK) and molecular tool 
(multiplex PCR) as water testing kit has been designed. 
To the best of our knowledge, in most of the other multi-
plex PCR reactions, extraction of DNA from each target 
microorganism is required, but in this case no extraction 
of DNA of individual organisms is required. Water sam-
ple to be tested is added (15 ml) in BWTK and kept at 
room temperature for 12 h to observe for colour change. 
A non-potable sample is depicted by colour change to 
yellow. Further, a PCR is performed by taking aliquot of 
200 μl from non-potable BWTK in a PCR tube, heat 

treated at 95°C for 10 min. Further it was centrifuged at 
10,000 rpm for 5 min and 5 μl of supernatant was used 
for multiplex PCR (Figure 6). 
 The sensitivity of multiplex PCR water testing kit was 
determined by spiking sterilized water samples with  
different number of E. coli, Y. enterocolitica and A. hy-
drophila and further enriching in BWTK at 37°C for 
12 h. Then multiplex PCR reaction was carried out. All 
the samples spiked with one or more than one test bacte-
rium yielded three distinct bands with expected sizes 
(Figure 5, lanes 2–8). A cultivation step prior to PCR 
would circumvent the problem of detecting dead cells. 
 The specificity of this multiplex PCR water testing kit 
was first evaluated with 100 bacteriologically contami-
nated water samples negative for E. coli, Y. enterocolitica 
and A. hydrophila, but positive for other bacteria like C. 
freundii, Enterobacter spp., Salmonella spp., Shigella, 
Klebsiella and heterotrophic bacteria, after enrichment in 
BWTK. Despite the presence of background bacterial 
flora in the BWTK, the multiplex assay did not cross-
react with the background bacteria.  
 The sensitivity and specificity of the multiplex PCR 
water testing kit was determined by bacteriologically 
contaminated water samples negative for E. coli, Y.  
enterocolitica and A. hydrophila, but positive for other 
bacteria like C. freundii, Enterobacter spp., Salmonella 
spp., Shigella, Klebsiella and heterotrophic bacteria, were 
spiked with various numbers of cells of E. coli, Y. entero-
colitica and A. hydrophila respectively, and enriched in 
BWTK at 37°C for 12 h. All the samples seeded with one 
or more bacteria yielded three distinct bands with expec-
ted sizes even in the presence of background flora. These 
results indicate that the multiplex PCR water resting kit is 
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Figure 6. Multiplex PCR water testing kit for simultaneous detection of E. coli, Y. enterocolitica and A. hydrophila. 
 
 
specific and sensitive enough to detect single bacterium 
when combined with an enrichment step in BWTK  
(Figure 5, lanes 9–15). 
 The multiplex PCR water testing kit could be a good 
alternative for detecting microbiological indicators in  
water samples based on the detection of genetic material 
from target bacteria.  
 Thus, the major benefit of this study was the develop-
ment of a multiplex PCR water testing kit for detection of 
more than one bacterial species in drinking water. This 
method can be used for the simultaneous detection of target 
microorganisms using appropriate primers. It can be used 
as an alternative method for the routine microbiological 
analysis of drinking water. The high sensitivity, specific-
ity and cost-effectiveness can make this an ideal test for 
screening possible contaminated water samples. 
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