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Abstract:
Rapid and accurate quantification of Salmonellae and enterotoxigenic
Escherichia coli (ETEC) is critical for management of water-borne
diseases. This needs careful computation of primers for amplification
in single run. In this study, the potential of in-silico amplification of
target genes of the designed SYBR Green real-time PCR array was
determined to detect target pathogens. Salmonellae and ETEC
signature virulent gene sequences invA and LT1 were retrieved from
NCBI’s GenBank database. The primers were designed using PrimerBLAST and analysed for specificity. In-silico PCR simulations of these
primers were done for validation. The computed primers exhibited
melting temperatures in the narrow range of 58.75-59.890C, making
them suitable in array format. The primers were highly specific
towards target genes on the basis of BLAST results against known
microbial genomes. In-silico PCR simulation of these assays generated
amplicons for invA (115 bp) and LT1 (90 bp) genes. Genomic
equivalent standards (106-1 CFU/PCR) of both the target genes on 96well PCR plate were formulated. These results indicate the
computational exercises for designing and validation of primers for
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array will reduce the time and effort in optimizing on-bench assays
and can be used for the management of water quality and outbreaks
caused by Salmonellae and ETEC.
Key words: SYBR Green, Real Time PCR, Array, water, virulent
genes.

1. Introduction
Water-borne pathogens pose severe health and economic
burdens worldwide. The monitoring and management of water
resources is of prime importance as surface and subsurface
water is used for many purposes, including drinking, cooking
and recreational activities. The consumption and exposure to
unsafe water is responsible for the outbreaks of infectious
diseases like diarrhea, typhoid, cholera etc. causing serious loss
to human health. Approximately 94% of the diarrheal burden of
disease is due to the environment, and associated with risk
factors such as unsafe drinking water, lack of sanitation and
poor hygiene (Prüss and Corvalán 2006; WHO 2008).
Salmonella and E. coli are among the most prevalent waterborne pathogenic bacteria in recent decades.
Salmonella is an important food and water-borne
pathogen. Each year, approximately, 93.8 million human cases
of gastroenteritis and 155, 000 deaths occur due to Salmonella
infection around the world (Majowicz et al. 2010). The typhoid
caused by Salmonella enterica serotype Typhi remains an
important public health problem in developing countries.
Further, Salmonellosis causes substantial medical and
economic burdens worldwide (Voetsch et al. 2004). Countries
like India, Indonesia, Bangladesh and Pakistan have been
identified as high risk sites for infections caused by Salmonella
spp. (Bahl et al. 2004; Brooks et al. 2005; Ochiai et al. 2008).
Previous studies have indicated the prevalence of Salmonellae
in surface and potable waters in India (Jyoti et al. 2010; 2011).
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Enterotoxigenic Escherichia coli (ETEC), a potential
pathovar of E. coli is regarded as a major cause of diarrhea
worldwide in humans, mainly affecting children and travelers.
The contamination of drinking or recreational waters with
ETEC has been associated with waterborne disease outbreaks.
Diarrhea due to ETEC is caused by the consumption of
contaminated water (Qadri et al. 2005, Ram et al. 2008). In case
of improper sanitation and hygiene, the ETEC is a major cause
of diarrhea. A few studies report the prevalence of ETEC in
surface waters and in macrophytes (Ram et al. 2008; Singh et
al. 2010).
The conventional methods for detection of pathogenic
bacteria involve selective enrichment and biochemical
identification. These methods are time consuming, less
sensitive and generally require at least three to five days for
identification and confirmation. The immunoassay based
diagnostics have disadvantages including nonspecific binding
and maintaining physical conditions during the procedures. The
rapid detection of these pathogens is extremely important since
delayed diagnosis causes morbidity and mortality.
Efficiency of the detection of microbial pathogens
present in water depends on a number of factors. The
advancements in the area of genomics have led to the
development of DNA-based diagnostic methods such as
polymerase chain reaction (PCR) amplification techniques
which overcome problems like culturing of microorganisms,
false positives and low sensitivity in pathogen detection. Real
Time PCR technique has advantages over conventional
methods in terms of rapidity, high specificity and sensitivity.
Further, the SYBR Green real-time PCR arrays exhibit good
reproducibility among different users, PCR instruments and
test sites. In addition, the SYBR Green PCR arrays have the
highest concordance with TaqMan PCR, and a high level of
concordance with other quantitative methods and microarrays
(Arikawa et al. 2008). Rapid advances in genome sequencing
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have resulted in sequencing of thousands of microorganisms in
recent years. Thousands of microbial genomes have been
sequenced and many are in progress (NCBI Genome database,
http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). The resulting
sequence database has made it possible to analyze microbial
pathogens at the molecular level. Each pathogen contains
unique nucleotide sequences which can be used to differentiate
from other organisms.
Oligonucleotides computed to amplify target genes in the
developed real-time PCR array require the on bench validation.
The laboratory validation of oligonucleotides is not only time
consuming and expensive but also prone to failures due to nonspecificity (Patel et al. 2011). Therefore, in this study real-time
PCR array was designed and the oligonucleotides for the
virulent genes of Salmonellae and Escherichia coli, were
computed and validated in silico.
2. Materials and Methods
2.1 Retrieval of gene sequences from database
The two pathogenic members of Enterobacteriaceae family,
Salmonellae and enterotoxigenic Escherichia coli, were selected
to design a SYBR Green based real-time PCR array for their
detection in surface and potable water. Nucleotide sequences of
virulent genes of Salmonellae and ETEC were retrieved from
the GenBank (www.ncbi.nlm.nih.gov/genbank/), National
Centre for Biotechnology Information, Bethesda, MD, USA
(Table 1). The target gene for Salmonellae was virulent geneinvA. Similarly, the virulent gene LT1 was chosen for the
detection of ETEC.
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Microorganisms/
Genes
Salmonellae
invA

Accession number of gene sequence

M90846, EU348368, EU348366, EU348369, U43271,
DQ644615
Enterotoxigenic Escherichia coli
LT1
AY342056, JX504011, FJ407053, S60731, AB011677

Table 1. GenBank sequence identification numbers of bacterial genes
used for BLAST analysis to determine conserved sequences for strain
specific primers.

2.2 Multiple Sequence Alignment
Multiple sequence alignments of retrieved sequences of genes
selected for the present study were carried out using ClustalW
(http://www. ebi.ac.uk/clustalW) to find out conserved contigs.
Five nucleotide sequences of invA gene and five nucleotide
sequences of LT1 gene were aligned separately in themselves to
create the conserved sequences of these.
2.3 Primer designing
The conserved regions, unique to a target pathogen, obtained
from ClustalW were used to design primers using dedicated
web
based
software
Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primer
designing parameters such as melting temperature, GC
content, amplicon length, etc were taken into consideration.
2.4 Specificity of designed primers
The specificity of computed primers of invA of Salmonellae and
LT1 of ETEC were determined against the known microbial
genomes and sequences by BLAST (Basic Local Alignment
Search Tool) programme of NCBI to ensure no homology found
in other genera or species.
2.5 In-Silico analysis of primers
The primer-pairs were used for in-silico analysis using, in-silico
PCR (http://insilico.ehu.es/PCR/) as described by (Ram et al.
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2008) to ensure that each primer pair amplified the targeted
sequences of the genes in the conserved region of the selected
gene.
2.6 Designing of PCR Array for the detection of
Salmonellae and Escherichia coli
The array was designed to detect Salmonellae and Escherichia
coli in reference strains as well as in water samples. For this
purpose the invA and LT1 genes were selected. The invA gene,
lies at centisome 63 region of the Salmonella chromosome
which constitutes a pathogenicity island and encodes an
essential component of the invasion associated specialized type
Ø protein secretion apparatus (Galan, 1996). A wide range of
Salmonella serotypes including all subspecies exhibit invA gene
which is absent in other bacterial species and genera (Malorny
et al. 2003; Hadjinicolaou et al. 2009). The virulent LT1 gene
was chosen which is exclusively present in ETEC. To address
these pathogens in the environmental samples, two domains of
aquatic systems were selected, viz. potable water and surface
water.
3. Results
3.1 Computation and specificity of primers for detection
of Salmonellae and Enterotoxigenic Escherichia coli
Highly specific real-time PCR primers exhibiting melting
temperature 58.75-59.890C and amplicon sizes- 115 bp (for invA
gene of Salmonellae) and 90 bp (for LT1 gene of ETEC) were
computed using dedicated web based primer designing tool,
Primer-BLAST (Table 2). The specificity of computed
oligonucleotides was determined against the known microbial
genomes by NCBI-BLAST. The BLAST analysis showed no
homology in other genera or species. Hence, the computed
primers were highly specific towards their respective targets.
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Genes

Primers Sequences (5’-3’)

Salmonellae
invA
F: GAGGGCCTGGACGATAACAG
R: AGGACACGACTTCATCGGAA
Enterotoxigenic Escherichia coli
F: CATTTAAGAGCGGCGCAACA
R: TGTCCTTCATCCTTTCAATGGC

Length
(bp)

Tm
(oC)

GC
(%)

Product
size
(bp)

20
20

59.89
58.75

60
50

115

20
22

59.83
58.91

50.00
45.45

90

Table 2. Primers used in SYBR Green real-time PCR array

3.2 In-Silico validation of computed primers
In silico PCR amplification of the genes selected for
Salmonellae (invA) and ETEC (LT1) were performed using the
respective computed primers. In the case of Salmonellae, insilico PCR product of 115 bp was observed for the invA gene
(Figure 1). Similarly, in silico amplification of the LT1 gene
selected to quantify ETEC exhibited an amplification of the
product of 90 bp (Figure 2).

Figure 1. Graphical representation of in silico PCR amplification for
invA gene of Salmonellae.
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Figure 2. Graphical representation of in silico PCR amplification for
LT1 gene of ETEC.

3.3 Designing of PCR Array for the detection of
Salmonellae and Escherichia coli
The array was designed in such a manner that serially ten-fold
diluted standard, ranging from 106 CFU/PCR down to
1CFU/PCR can be run in doublets for each gene. Here wells A1
to G4 contained standard ten-fold dilution of reference strains.
Wells H1 to H4 contained no template control (NTC). Wells A5
to H12 (64 wells) were dedicated to environmental samples. In
the present array two environmental samples of each sampling
type targeting one gene can be assessed at a time. Wells A5 to
H6 and A7 to H8 contained DNA templates from surface and
potable waters with primer pairs for invA gene of Salmonellae.
Similarly wells A9 to H10 and A11 to H12 contained DNA
templates from surface and potable waters with primer pairs
for LT1 gene of and ETEC (Figure 3).

Figure 3. Schematics of a real-time PCR array in 96 well format for
quantification of Salmonellae and Escherichia coli.

4. Discussion
This study has led to the computation and in-silico validation of
a quantitative culture independent PCR array in SYBR Green
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format for quantification of Salmonellae and ETEC bacterial
cells exhibiting invA and LT1 genes respectively in water
samples.
The essential virulent genes are primarily located in the
pathogenic islands of bacteria which are required for the
survival and pathogenicity of bacteria (Dobrindt et al. 2004).
These essential genes are evolutionary conserved than nonessential genes in bacteria (Jordan et al. 2002). In the present
study Salmonellae and enterotoxigenic Escherichia coli,
belonging to family Enterobacteriaceae were chosen due to
their prevalence in surface and potable water. The virulence
factor, invA is the potential virulence factor and is present in
almost all the serovars of Salmonella (Malorny et al. 2003;
Malorny et al. 2004). Similarly, LT1 gene expressing the
enterotoxin LT in ETEC is directly related to its pathogenicity
(Nataro et al. 1998).
The detection of these organisms needs development of
methods that are sensitive and specific. Real time PCR has
revolutionized PCR technique by application of specific
chemistries and instrumentation. The chemistries consist of
DNA-binding dyes like SYBR Green I and hybridization probes
like molecular beacons, scorpion primers and TaqMan. SYBR
Green I is minor groove binder (MGB) dye which intercalate to
double stranded DNA and emit 1,000 fold greater fluorescence
as compared to unbound state (Zipper et al. 2004). The realtime PCR methods are potential tools for diagnostics,
environmental monitoring and risk assessment of the
microbiological quality of water due to increase in detection
specificity and reduction in analysis time (Kubista et al. 2006).
The potential of real time PCR was exploited to quantitatively
enumerate the target pathogens in an efficient manner. To
provide higher specificity to the assay, signature virulence
genes of Salmonellae and Enterotoxigenic Escherichia coli were
chosen. The attempt has been made to detect multiple genes
simultaneously by applying multiplexing (Lata et al. 2009).
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However, there are limitations in multiplexing of genes. Hence,
the limitations of multiplexed assays were overcome by
development of SYBR Green based high throughput PCR array
format enabling simultaneous detection of 64 environmental
samples.
The computed primers were highly specific towards their
respective targets as confirmed from the BLAST results.
Various parameters such as E-values (minimum), max score
(maximum) and query coverage (maximum) were analysed for
the specificity of oligonucleotides. The BLAST analyses showed
lower E-values, this result in more quality hits as the chance of
non-specific hits expected when searching a database was low.
The performance of computed primers was evaluated by web
based in silico PCR programme. The computed simulation
showed the length and the electrophoretic mobility of amplicon.
Further, no amplification was observed in silico when primers
specific to one gene were used for amplification with genes of
the organism in closely related genera (Fig. 1 and 2). This
approach helped in selection of the desired primer pairs
minimizing possible non-targeted products. This not only
improves the specificity but also minimizes time needed for in
vitro verification of work. Therefore, the computed primers of
selected genes would serve as the signature for bacterial
identification.
Real-time PCR array can be successfully used in the
monitoring of surface, ground and potable and wastewater
specifically when viable but non-culturable pathogenic bacteria
are present. Detection of stressed or injured pathogens is not
possible by culture based protocols. In- silico amplification of
the designed primers for genes specific to Salmonellae and
ETEC will reduce the bench optimization time. Thus, highly
specific and rapid Real-time PCR array based molecular
methods will be an important tool for culture-free detection and
quantification of the target pathogens. This can be used for
monitoring of contamination in sewage impacted natural water
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bodies and civic potable water distribution system for reducing
the chances of waterborne diseases outbreaks. Therefore, the
detection of Salmonellae and ETEC by Real Time PCR array
molecular methods became specific and rapid obviating the
need for cultivation.
It can be concluded from this study that in-silico
amplification of the target genes prior to bench optimization of
the designed real-time PCR array for culture-independent
quantitative enumeration of Salmonellae and ETEC have the
potential for improving specificity and minimizing time and
cost needed for in vitro verification of work. Such validated
economically viable SYBR Green real-time PCR array could be
used for the management of water quality, outbreaks and
tracking non-point sources of water pollution.
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