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Abstract The occurrence of microorganisms in water due
to contamination is a health risk and control thereof is a
necessity. Conventional detection methods may be mislead-
ing and do not provide rapid results allowing for immediate
action. The quantitative polymerase chain reaction (qQPCR)
method has proven to be an effective tool to detect and
quantify microorganisms in water within a few hours.
Quantitative PCR assays have recently been developed for
the detection of specific adeno- and polyomaviruses, bacte-
ria and protozoa in different water sources. The technique is
highly sensitive and able to detect low numbers of micro-
organisms. Quantitative PCR can be applied for microbial
source tracking in water sources, to determine the efficiency
of water and wastewater treatment plants and act as a tool
for risk assessment. Different qPCR assays exist depending
on whether an internal control is used or whether measure-
ments are taken at the end of the PCR reaction (end-point
qPCR) or in the exponential phase (real-time qPCR).
Fluorescent probes are used in the PCR reaction to hybridise
within the target sequence to generate a signal and, together
with specialised systems, quantify the amount of PCR prod-
uct. Quantitative reverse transcription polymerase chain re-
action (q-RT-PCR) is a more sensitive technique that detects
low copy number RNA and can be applied to detect, e.g.
enteric viruses and viable microorganisms in water, and
measure specific gene expression. There is, however, a need
to standardise qPCR protocols if this technique is to be used
as an analytical diagnostic tool for routine monitoring. This
review focuses on the application of qPCR in the detection
of microorganisms in water.
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Introduction

The quality of drinking water derived from water treatment
plants or other water sources is constantly measured to
prevent waterborne outbreaks caused by bacteria, viruses
and protozoa. Risk assessments are therefore implemented
to determine point source or non-point source pollution by
sewage, farm and/or urban run-off [1].

Conventional methods used to identify microorganisms
are laborious and time-consuming and certain microorgan-
isms are not culturable on bacteriological media [2] or do
not exist in numbers high enough in water to allow detection
[3]. Monitoring of microorganisms in water therefore
involves the use of different techniques including the use
of indicator and index bacteria such as faecal coliforms [4].
Examples of faecal indicators include Escherichia coli,
Enterococci [5], Bacteroidetes spp. [4], Candida spp. [6],
adenoviruses and polyomaviruses [7]. However, the reliabil-
ity of these indicators is questioned. The quantity of indica-
tor microorganisms may differ from the actual number of
pathogens [8], infectious doses between the microorganisms
may vary [8] and in some cases the microorganisms are
viable but nonculturable [9]. Microbial source tracking indi-
cators are for example useful for pinpointing pollution sour-
ces of groundwater, used as a drinking water supply.

The introduction of molecular assays has significantly
improved and simplified the detection and identification of
microorganisms in the environment [7]. Since 1985, the
polymerase chain reaction (PCR) is the most widely used
method for the amplification of nucleic acid and has played
an important role in the characterization of microorganisms
[10].

@ Springer



92

M. Botes et al.

Research has shown that the quantitative polymerase
chain reaction (qQPCR) method is reliable and adequate for
the quantitative measurement of source-specific genetic
markers of microorganisms in water [11]. Several attempts
have been made to determine the quantity of nucleic acids
on the basis of PCR reactions [11] such as qPCR.

The qPCR technique involves the simultaneous ampli-
fication, detection and quantification of a specific nucleic
acid target in a biological sample [12]. This is accom-
plished through the monitoring of fluorescently labelled
PCR products [13, 14]. The methods of quantitation of
the amplicons and type of standard used in the assay
determine the strategy for qPCR. Different approaches
include the use of internal and external standards for
competitive or non-competitive assays, respectively
[15]. Two methods are used for qPCR, namely end-
point PCR and real-time PCR. During end-point PCR a
measurement is taken after completion of the entire PCR
reaction to calculate the amount of template present prior
to PCR. Real-time PCR takes measurements at the ex-
ponential phase of the PCR and is a more sensitive and
reproducible method [16]. Different protocols exist for
real-time PCR, including relative qPCR and absolute
measurements, and small differences in variables may
influence the final accumulation and quality of PCR
products [17].

Due to the fact that the direct amplification of RNA
during a PCR reaction is impossible, the enzyme reverse
transcriptase (RT) is required to catalyse the synthesis of a
complementary DNA (cDNA) copy from the RNA tem-
plate. This single-stranded cDNA serves as the target during
PCR amplification. This technique is referred to as RT-PCR
and is used for the detection of enteric viruses containing
RNA genomes [18, 19]. The quantitative reverse transcrip-
tion polymerase chain reaction (q-RT-PCR) has been used to
detect and quantify enteric viruses in environmental water
sources. This method can also be used to measure low levels
of messenger RNA (mRNA) expression in samples of a
small volume, for the comparison of mRNA levels in dif-
ferent samples, characterization of patterns in mRNA ex-
pression and discrimination between closely related mRNAs
[20]. Messenger RNA is only present in viable organisms
and can therefore be used to discriminate between viable
and non-viable organisms [21].

Quantitative PCR assays are applied to determine the
efficiency of water treatment plants [22] and wastewater
treatment plants [23], the quality of drinking water from
resources [24] and the safety of water from recreational
beaches [25]. The use of qPCR in water analysis allows
quick risk assessment, and immediate corrective action to be
taken.

In this article, qPCR methods and their use in water
analysis will be reviewed.
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Waterborne pathogens
Viruses

Enteric viruses are important indicators used for routine
monitoring of water quality because these viruses replicate
in the human intestine and are secreted in large numbers in
human faecal matter. Waterborne enteric viruses include
adenoviruses [26], astroviruses [27], enteroviruses [27],
hepatitis viruses [27], noroviruses [27], polyomaviruses
[28] and rotaviruses [27]. Adenoviruses and polyomaviruses
are double-stranded DNA viruses while astroviruses, hepa-
titis viruses, noroviruses and rotaviruses are single-stranded
RNA viruses [26, 28]. Enteric viruses have been detected in
different water sources including marine, river, ground,
drinking, recreational and wastewater [29-34].

Human adenovirus has been recommended as an indica-
tor virus for human contamination in water due to the high
prevalence of this virus in different contaminated water
sources in Europe [7, 35-37]. This virus was also observed
to be present in wastewater in higher densities than other
enteric viruses [38—40] and has been detected more often in
environmental water sources than other enteric viruses [41,
42]. Recently it was shown that human adenoviruses can
persist, for extensive time periods, in natural environmental
conditions [43, 44]. The fact that adenoviruses are double-
stranded DNA viruses is related to their prolonged persis-
tence in environmental water sources compared to single-
stranded RNA viruses [45, 46]. Polyomaviruses are also
double-stranded DNA viruses and have been investigated
as a possible viral indicator for monitoring water quality
[47, 48].

Astroviruses, adenoviruses, noroviruses and rotaviruses
are agents of gastroenteritis and infections typically result in
symptoms such as vomiting and diarrhoea. Ineffective treat-
ment of infections caused by astroviruses could lead to life-
threatening dehydration [49, 50]. Enterovirus infections are
asymptomatic with approximately 1 % presenting clinical
symptoms. Depending on the serotype, clinical symptoms
can range from flu-like symptoms to diseases that affect the
central nervous system [51]. Young children, the elderly and
immunocompromised individuals are more susceptible to
viral infections. Other factors that play a role in viral disease
progression are the route of infection and the infective dose
of the viral agent [52].

Bacteria

Traditional indicators for faecal contamination and assess-
ment of the potential presence of human pathogens in dif-
ferent water sources include total coliforms, E. coli and
enterococci [53, 54]. A disadvantage of the use of these
indicators is the inability to discriminate between different
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sources of faecal contamination [55]. Host-associated
Bacteroidales spp. have been identified as a viable alterna-
tive faecal indicator to be used during microbial source
tracking (MST). Bacteroidales spp. are present in high
numbers in the faeces of both humans and animals [53,
56-58] and have poor survival rates outside the host due
to their anaerobic physiology [59, 60].

A range of bacterial pathogens are associated with wa-
terborne diseases. The list includes Salmonella typhi, S.
paratyphi, other Salmonella spp., Shigella spp., Vibrio chol-
erae, E. coli spp., Yersinia enterocolitica, Campylobacter
Jjejuni, Legionella jejuni, L. pneumophila, Leptospira spp.,
mycobacteria spp. and opportunistic bacteria [61]. Typhoid
and paratyphoid fever caused by S. typhi and S. paratyphi
respectively are responsible for 17 million cases annually.
Humans can be carriers of Salmonella spp. even after re-
covery from typhoid fever because small numbers of the
bacteria can persist [62]. Epidemic cholera is caused by the
serogroups V. cholerae O1 and O39 that produce the cholera
toxin. Cholera is associated with watery diarrhoea and if left
untreated could lead to rapid dehydration and death in 50—
70 % of the cases [63]. C. jejuni, C. coli, pathogenic and
enterohaemorrhagic E. coli strains, and Y. enterocolitica are
all agents for diarrhoea [61]. Legionella spp. are opportu-
nistic human pathogens that proliferate in warm waters
which support the growth of certain serogroups. These
serogroups, once aerosolised, can be inhaled by humans
resulting in subsequent legionnaires’ disease and Pontaic
fever [64].

Protozoa

Enteric pathogenic protozoa species have been associated
with the outbreak of waterborne infections and may be present
in water due to direct or indirect contamination with human or
animal faecal matter. Protozoa species have several lifecycles,
of which the ingestion of either the cysts (Entamoeba histo-
Wtica, Giardia duodenalis and Balantidium coli) or oocysts
(Cryptosporidium spp., Sarcocystis spp., Toxoplasma gondii
and Cyclospora spp.) are infective to humans [65]. Cysts and
oocysts are highly resistant to chlorination [66]. Symptoms of
protozoan infections include diarrhoea (Cryptosporidium
spp., G. duodenalis, B. coli and Cyclospora spp.), dysentery
(E. histolytica, B. coli) and fever (T. gondii).

At least 325 outbreaks of protozoan waterborne diseases
have been reported, with the majority recorded in the USA
and Europe [65]. G. duodenalis and Cryptosporidium spp.
were responsible for the majority of protozoan waterborne
outbreaks and therefore are used as indicators for protozoan
contamination [65]. E. histolytica has infected 80 % of
children over a 4-year period in Dhaka Bangladesh with a
53 % reinfection rate. This protozoon is the causative agent
for amoebiasis (amoebic dysentery) [67]. It is speculated

that the few cases of protozoan disease outbreaks in the
developing world are under-reported [68].

Quantitative PCR assays
Real-time PCR

Real-time qPCR is used for gene expression quantification
[69], expression profiling [70], single nucleotide polymor-
phism analysis [71] and allele discrimination [72], valida-
tion of microarray data [73], genetically modified organisms
(GMO) testing [74], monitoring of viral load and other
pathogen detection applications [75]. Different protocols
exist for real-time PCR including relative qPCR and abso-
lute measurements.

Relative quantitative PCR

A comparison of the differences of nucleic acid targets in
different samples can be performed by relative qPCR.
Temporal and functional variations of mRNA molecules
are usually measured [15]. However, in cultured cells, the
quantity of total RNA produced is determined by comparing
with an internal control for example expression of a refer-
ence gene or with a calibrator sample [12]. Reference genes
include endogenous [76] or exogenous [77] mRNA targets
that are assayed separately or together with the unknown
target followed by the evaluation of the final ratio [78]. The
two genes should be analysed in the same PCR assay to
improve the reliability of the method [12]. The calibration
sample is used to evaluate a biological effect in terms of per
cent variation in comparison to a basal condition. The main
approach is to determine the changes in gene expression by
varying the experimental conditions in in vitro studies [12].
In this case the difficult process to develop accurate RNA
standards is avoided by using a comparative quantification
method. The method is based on the fact that the difference
in threshold cycles between the target gene and the house-
keeping gene is proportional to the relative gene expression
level of the target gene [73].

Relative qPCR is also used for DNA measurements
where two genes are co-amplified with two primer pairs to
allow measurement of their ratio. The reciprocal variation is
then determined by comparing with one or more control
genes [12]. Relative qPCR is, however, not a sufficient
method to quantify the amount or concentration of nucleic
acid targets as only estimated values are determined [12].

Absolute/competitive gPCR

Absolute qPCR, also known as competitive qPCR, is used
for the quantitation of a gene in DNA measurements by
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comparing the levels observed in reference materials con-
taining a known number of target copies of the genes [79].
The reference material has the same prime recognition sites
as the target gene and is included in the sample as a com-
petitor (DNA or RNA) [80]. Conventional procedures are
used to separate the PCR amplicons and the signal of the
specific target is then compared to the known concentration
of the internal standard. The most accurate procedure is to
add a known amount of the competitor to each assay tube to
ensure the amplification of the two species at the same rate.
After amplification, the nucleic acid target and competitor
are separated analytically to evaluate the ratio between the
two species. This final ratio reveals the ratio between the
target and competitor in the initial sample [17].

DNA and RNA competitors are synthetically constructed
for DNA and mRNA measurements in qPCR [81]. In com-
parison to RNA competitors, DNA competitors are simpler to
construct, easier to handle, more stable and provide more
accurate quantification results [80]. Different methods exist
to synthesise competitors to distinguish them from the target
template. Examples are the inclusion of a new restriction site
in the native sequence [80] and insertion of a slightly modified
nucleotide sequence [82]. However, a simpler method is to
modify the size of the competitor in the range of 10-15 % by
introducing a short deletion or insertion. The amplification
rate of the PCR will thereby not be modified [12]. In general
the competitor is then cloned into a plasmid vector, followed
by transcription to attain copious amounts of the specific
transcript and then finally the determination of the competitor
concentration by a precise measurement [12].

Calibration standards

To establish a PCR assay, DNA isolated from the pure
culture of the tested microorganisms should be serially
diluted so that a calibration curve can be created by the
thermocycler instrument. The assay should be repeated up
to 10 times to ensure the reproducibility of the curve and
thereby to extract highly specific data [83]. A reference
DNA sequence is added both to the DNA from the unknown
test sample and the calibration sample. The relative quantity
of DNA sequences of the two samples can therefore be
determined [84]. The cycle threshold (Ct) is determined
automatically by the instrument after the threshold fluores-
cence value is manually set. For every assay the difference
in Ct of the reference sequence assay and that of the target
sequence assay is determined. The difference in the mean
values of the calibration tests and the calibration samples are
then calculated (AACT). The amplification efficiency (E) of

the target assay can then be determined by the formula
(E 4 1)"24  The estimated number of target organism
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cells in the test sample is calculated by multiplying these
ratios by the known number of target organism cells [25].

When a microorganism cannot be cultivated, plasmid
DNA standards are preferably used. They are also designed
to function as internal amplification controls in multiplex
assays to monitor for amplification inhibitors [85]. The
advantages of using plasmid preparations are that the stand-
ards are of high quality, are pure and can be converted to the
number of copies of target DNA. The assumption is made
that the amplification efficiency of plasmid and genomic
DNA is similar. However, a few strategies have been used
to treat the genomic DNA e.g. cocktail of restriction
enzymes or by ultrasonification so that the two types of
DNA can be equilibrated [86]. The disadvantage of using
plasmid DNA is that environmental samples are fully
extracted and purified leading to inconsistent DNA recovery
due to variance in the replicate extracts and unauthentic
results [87].

Multiplex real-time PCR

Multiplex real-time PCR is used to screen large numbers of
environmental samples and to detect and discriminate dif-
ferent bacterial strains in a single assay [88, 89]. The ad-
vantage over monoplex qPCR is the amplification of several
DNA targets in a single reaction that subsequently reduces
cost of assays, time and labour [89]. The disadvantages
include the selection of primer pairs that must function in
the same reaction conditions, the occurrence of primer dimer
formation between primer pairs leading to poor sensitivity
and the preferential amplification of certain targets that can
take place [90]. The assay can only be successful if the
concentrations of primers, PCR buffer, magnesium chloride
vs. deoxynucleotide, cycling temperatures and amount of
DNA template and Tag DNA polymerase are correct [90].

Multiplex PCR assays have been used to detect single
strains of pathogens and multiple pathogens in water
[91-95]. The following microorganisms were detected in
water samples using multiplex real-time PCR: E. coli
O157:H7 [88], Aeromonas spp., Salmonella spp., Shigella
spp., Vibrio cholerae, V. parahaemolyticus and Y. enteroco-
litica in a single assay [96]. V. cholerae, Calicivirus and
Aureococcus anophagefferens have also been simultaneous-
ly detected in a single multiplex PCR assay [97]. These
studies found that in combination with a real-time SYBR
Green PCR assay, it was 10 times more sensitive and less
time consuming than an endpoint PCR protocol.

Detection and measurement of PCR products

Different methods exist to separate and identify PCR prod-
ucts such as the use of agarose or polyacrylamide gels,



Quantitative PCR for the detection of microorganisms in water

95

fluorescence measured by image analysis systems [98],
radioactively or fluorescence-labelled dNTPs [99] or oligo-
nucleotides [100] and fluorescently labeled primers [101].
Due to the complexity of these approaches, commercial
methods have been developed to improve the convenience
of amplification, detection and measurement of PCR prod-
ucts. These methods are based on electrochemiluminescence
(QPCR System 5000™, Perkin-Elmer, Foster City, CA,
USA) [102] or the combination of paramagnetic micropar-
ticles and the avidin—horseradish peroxidase system
(COBAS AMPLICOR™_ Roche, Basel, Switzerland)
[103]. Examples of real-time equipment are the Model
7700 and Model 5700 sequence detectors (PE Applied
Biosystems, Foster City, CA, USA), LightCycles (Roche,
Basel, Switzerland), Sentinel (Stratagene, La Jolla, CA,
USA) and Rotorgene (Corbett Research, Mortlake,
Australia) [104-106].

Fluorogenic and fluorescent probes

Fluorogenic probes are based on fluorescent resonance en-
ergy transfer (FRET) systems including TagMan, molecular
beacons and SYBR Green I, a dsDNA-binding dye
[104—-106]. Fluorogenic probes hybridise within the target
sequence to generate a signal that accumulates during PCR
cycling proportional to the concentration of amplification
products. The signal is associated with the amplified target
that in turn quantifies the amount of PCR products [107].
Fluorescence can be measured at the end of PCR (end-point
fluorescence) or measured during the amplification phase
(real-time PCR). In real-time PCR quantification takes place
early, in the exponential amplification phase of the reaction.
This close-tube system requires no post-treatment of the
PCR products that reduces the changes of PCR contamina-
tion [14]. The real-time PCR method is therefore a more
accurate and less time-consuming method than end-point
PCR.

TagMan principle

The 5’ nuclease activity of Tag polymerase is used to cleave
a non-extendable oligonucleotide hybridisation probe dur-
ing the extension phase of PCR [12, 13]. Dual-labeled
fluorogenic hybridisation probes are used, including a re-
porter dye i.e. FAM (6-carboxyfluorescein) covalently
linked to the 5’ end whose emission spectra is quenched
by a second dye i.e. TAMRA (6-carboxytetramethylrhod-
amine), covalently linked to the 3" end. During a PCR cycle,
the probe specifically hybridises to the corresponding tem-
plate, cleaves via the 5’ to 3’ exonuclease activity of Tag
DNA polymerase and subsequently increases the FAM fluo-
rescent emission [108]. The increase in fluorescence is
proportional to the amount of specific PCR product as the

exonuclease activity of Tag polymerase acts only if the
fluorogenic probe is annealed to the target [12] (Fig. 1).
The TagMan assay can be applied for end-point and real-
time measurements of PCR products. End-point measure-
ments are only for qualitative applications i.e. presence or
absence of a nucleic acid target. In real-time PCR, the
fluorescence spectra are continuously measured during
PCR amplification by a sequence detector [12, 13].

SYBR Green 1

SYBR Green I Dye is a non-specific DNA-binding fluoro-
phore with the advantage of being used in straightforward and
low-cost assays [109] (Fig. 2). Although it is easy to use it
binds non-specifically to any dSDNA and makes the quantifi-
cation of low copy numbers difficult [110]. It prevents the
need for target-specific fluorescent probes and the same PCR
master mix can be used for many genes of interest [16].
However, the disadvantage of using SYBR Green I is the
occurrence of false positives. It is important to carefully opti-
mise PCR conditions and the design of the primers and to
prevent contamination from genomic DNA [16].

Molecular beacons

These structures resemble stem-loop hairpins as they consist
of a loop that is complementary to a target nucleic acid and a

Fluorophore Quencher
TagMan
PCR primer robe
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Amplification assay
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e ¥
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Fig. 1 Mechanism of the TagMan probe. The probes rely on the 5'-3’
nuclease activity of 7ag DNA polymerase to cleave a dual-labeled
probe during hybridisation to the complementary target sequence
(adapted from [213])
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Fig. 2 SYBR® Green I detection mechanism. SYBR® Green I is
1,000-fold more fluorescent in the bound state (green star) than in
the unbound state (blue circle). The fluorescent signal increases pro-
portionately as the PCR amplification increases (adapted from [214])

stem that forms with the annealing of complementary ter-
mini [109]. The reporter fluorophore is on one end of the
stem and the quencher is on the other. Molecular beacons
(MB) fluoresce during the denaturation step when it is in a
random-coil configuration and binds to the target amplicons
at the annealing temperature [109]. The hairpin is subse-
quently opened out that separates the fluorophore and
quencher resulting in fluorescence. They should only be
used in cases where highly conserved regions are known
as they have high specificity to recognise nucleotide se-
quence mismatches [73] (Fig. 3).

Scorpions probe chemistry

Scorpions probe chemistry is similar to MB; however, the
hairpin structure is incorporated onto one of the primers.
Complementary stem sequences are on the 5" and 3’ ends of

Oy S = T

Molecular

Target
beacon

Hybrid

Fig. 3 Mechanism of molecular beacon chemistry. The molecular
beacon includes a hairpin loop structure, the loop being complemen-
tary to a target sequence and the stem formed by the addition of
internal complementary sequences. The molecular beacon hybridises
to the target and the fluorophore and quencher are far enough apart to
allow fluorescence to be detected (adapted from [213])
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the probe with the fluorophore in the immediacy of the
quencher [71]. After amplification and incorporation of the
hairpin probe, the loop sequence of the resultant amplicon is
complementary to the probe. During each cycle of denatur-
ation and annealing, the probe is free to bind to the comple-
mentary sequence, leading to the separation of the fluorophore
and quencher and resulting in an increase in fluorescence. The
PCR stopper in the hairpin prevents the stem-loop structure
from being copied during PCR by extension from the other
primer [71].

The mechanism of Scorpions is an intramolecular reac-
tion which is more favourable than the bimolecular probing
of TagMan probes [108] and MBs [105] by resulting in a
higher fluorescence signal. PCR cycling is rapid because it
does not depend on enzymatic cleavage such as in TagMan
probes [111]. The disadvantage of the use of Scorpions over
MBs is the challenge to design and optimise the probe
structure.

Use of qPCR for the detection and quantification
of microorganisms in water

Depending on the source of the water sample and the type of
microorganism, certain pretreatment procedures are required
for the detection of microorganisms in the sample by qPCR.
The number of microorganisms to be monitored in potable
and surface waters may be below the detection limit of
qPCR. Therefore the microorganisms are normally concen-
trated by membrane filtration to a detectable number [35].
Tangential-flow, hollow-fibre ultrafiltration has recently
showed promising results in concentrating pathogens in
one process [112, 113]. Viruses in water samples from
wastewater treatments plants have been concentrated
through centrifugation steps before the re-dissolved pellets
are filtered [23]. Viruses in water samples can be extracted
by using glass wool columns [7], pre-acidified glass wool
columns [114], ultrafiltration cartridges [115], electroposi-
tive cartridges [47] and ultracentrifugation [35]. The first
two methods are the most cost-effective with acceptable
recoveries of viruses, whereas electropositive cartridges
have higher cost and cannot be used for turbid water sam-
ples and ultracentrifugation is only applicable for small
volumes of heavily polluted water [7]. DNA can be
extracted by a variety of DNA kits in combination with
bead beating depending on the tested microorganism [4,
24]. Cell lysates can also successfully be used with the same
reproducibility of purified DNA and involves less labour
[11]. The genomic segment(s) to be amplified is (are) then
selected and the optical tubes containing the reaction mix-
tures are subjected to thermal cycles that vary between 1 h
and 15 min to 2 h and 45 min [6, 22, 24, 69, 116]. The
amplified genomic segment(s) is (are) then detected and
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quantified by using specific protocols [36] (Tables 1 and 2).
To determine the presence of inhibitors, the tested water
sample is autoclaved and a pure culture of the test organism
is cultured and inoculated into the water sample [117].

The risk of waterborne disease outbreaks due to contam-
ination of surface water from sewage or run-off from farms
can be decreased or prevented by a rapid and sensitive
method for detecting pathogens [52]. Studies have con-
firmed that qPCR is a high precision and sensitive method
to detect pathogens in water and that it could be used to
evaluate and control water quality and the efficiency of
water treatment plants (Table 2).

Adenoviruses and polyomaviruses are transmitted by the
faecal-oral route and can therefore act as indicators for water
quality. Quantitative PCR was used to analyse the levels of
John Cunningham (JC) polyomaviruses and human adeno-
viruses in three drinking-water treatment plants at several
control points over a period of 1 year. The results revealed
that qPCR could be used to determine the efficiency of the
water treatment plants to remove viruses, to identify Hazard
Analysis and Critical Control Points (HACCP) and to de-
termine the quality of the water [7].

The detection and quantification of Candida spp. have
been suggested as alternative and potentially improved indi-
cators for faecal contamination. The population ratio of
Enterococcus and Candida spp. can serve as an early warn-
ing system for faecal contamination over time to indicate the
need to change supply of water. Drug resistance in yeasts is
increasing and it may be important to monitor the changes in
yeast population of faecal origin regularly [6]. Brinkman et
al. [6] developed a qPCR method to accurately identify six
Candida spp. in different water sources. Untreated effluent
and stormwater run-off into the ocean increases the risk of
pathogenic Candida spp. on beaches. Quantitative PCR was
used to analyse these water samples on the same day to
eliminate the possible risk of infection [6].

Knowing the source of microbial contamination is useful
for eliminating disease risks. Recently, gPCR has been used
for MST. High numbers of Bacteriodetes are found in faeces
and serve as a potential faecal indicator. Reischer et al. [4,
24] developed a qPCR assay to detect human-specific and
ruminant-specific Bacteriodetes markers (BacH and BacR)
in spring water in alpine karstic regions. The BacH assay
could detect human faeces as low as 100 pg per volume of
water. The detection limit of the BacR assay was 1.7x10 7 g
per analysed filter. The assay met the requirements for MST
in the alpine karstic spring water and was used to pinpoint
the source of pollution. The use of qPCR assays can there-
fore assist in determining critical control points from source
to tap to ensure safe drinking water. It is also a tool for
quantitative microbial risk assessment and forms part of the
World Health Organization (WHO) water safety plan rec-
ommendations [24].

Advantages/potential of using qPCR in detection
of microorganisms in water

Conventional microbiological analysis requires between 18
and 24 h before the results are analysed. The advantage of
molecular techniques is that the results are obtained within a
shorter time period. The USA is therefore considering the
application of qPCR for the rapid identification of indicator
bacteria, such as faecal bacteria, as a national water quality
metric [118]. Traditional methods used for the detection of
E. coli O157:H7, a bacterial pathogen in water, takes about
3 to 5 days. An alternative method is the use of PCR assays
although other pathogenic or non-pathogenic E. coli strains
are also detected. A method is therefore required that would
ideally be rapid and specific for the viable and stressed
pathogenic isolates of E. coli O157:H7. Sen et al. [119]
developed a culture-qPCR assay to detect stressed E. coli
O157:H7 in source and finished drinking water. The assay
takes 24 h from collection to detection and entails an en-
richment step to allow growth of stressed cells followed by
two triplex qPCR assays.

The US Environmental Protection Agency (EPA) was the
first to determine the relationship between illness rates in
swimmers and faecal indicator concentrations by using
gPCR as one of the methods. Quantitative PCR was com-
pared to EPA Method 1600 membrane filter (MF) analysis to
measure the faecal pollution indicator genus Enterococcus at
two recreational beaches during the summer of 2003 [25].
The qPCR method showed similar results and could there-
fore replace the MF method [25]. These results were con-
firmed in a study that investigated the relationship between
qPCR and culturing techniques in the detection of
Enterococcus spp. in surface water collected from 37 sites
[120]. A linear relationship between the two techniques was
observed at high levels of contamination [120]. The repro-
ducibility of qPCR in the detection of the faecal bacteria,
Enterococcus and Bacteroidales, was compared between
eight different facilities, including the US EPA [118]. Only
small variations in results between the laboratories were
observed [118]. A qPCR assay for the rapid identification
of Bacteroides fragilis has also been developed to indicate
faecal pollution in recreational waters [121]. A higher rela-
tive error in replicate qPCR assays was observed than during
replicate culturing techniques. This emphasizes the need to
further optimise qPCR assays for routine analysis of envi-
ronmental samples, taking into account sample variability,
different pollution sources and environmental factors [120].
The relationship between gastrointestinal illnesses among
swimmers and the presence of Enterococcus spp. in surface
water has been well established with qPCR in fresh [122,
123] and marine water beaches [124] and can assist author-
ities in preventing potential disease outbreaks in public rec-
reational areas.
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o
= Certain microbial pathogens like viruses are difficult to
£ o g 9 detect with conventional culturing techniques and are either
=1 = - = not detected in environmental samples or their detection rates
B are too low. In this regard qPCR has been used for the
g -E detection and quantification of viruses including JC polyoma-

R s virus [7, 35, 48, 125], adenoviruses [7, 35, 126, 127], hepatitis

gng’ §D A viruses [128, 129], astroviruses [130], enteroviruses [130]
@ L o .

2 £ 3 2 °‘§D and noroviruses [131] from water samples.
g z g E 2 Giardia and Cryptosporidium are protozoan parasites
o g ”\: &3 that are important waterborne disease-causing organisms in
= < o . .
3 “\Z S = 2 surface water in the USA [132] and Canada [133]. Action
) N \© ° o .
~lg= Z\r i should be taken if more than 5 Giardia cysts and 10-30
X | = e

© = oocysts of Cryptosporidium in 100 L of water are detected.

2 e However, it is difficult to detect such low numbers and

=3 <3 1 1

£5 £ 5 enrichment techniques cannot be used [134]. Several

; & ; & researchers have confirmed that qPCR is currently a reliable

£ = 5 F - o o

= E = é application to detect Giardia and Cryptosporidium in water

27 27 and sewage and understand their distribution and abundance

gf %2 [3, 116, 126, 135, 136].

2.2 =2 Schistosoma japonicum cercariae is the cause of serious

23 23 human illnesses in China [137] leading to poor child growth

S5 g9 . ..

S g S g and development [138, 139] and socioeconomic impacts
£l 88 2 538 [140, 141]. The mouse bioassay is a common method used
S s £ o . . . .

El 882 BE for the detection of S. japonicum cercariae in surface water.
< en @ o 1) ..

3| & 3 go 8 ! g Worrell et al. [142] showed that gPCR was a more sensitive
é T 8§28 13 g2 method than the mouse bioassay for detection of S. japoni-
cum. The time for the analysis was reduced from 6 weeks to
14 h for the qPCR assay and the cost was reduced from US

$100 to US$15 per sample.

p p

Sludge produced by wastewater treatment plants is
Tl < recycled and used as an organic fertilizer. However, sludge
'L'T“; \% =) should be decomposed as pathogens are present in high
§l = = numbers and may survive several months in the environ-

Q Q . . . . .
gl 8 3 ment. Quantitative PCR makes it possible to determine the
] .
§D g % 3 " fate of these pathogens during the wastewater treatment

S IR . .
2| Z 3 = g process and sludge composting and therefore to determine

> —_— .

CHE s 2 B the efficiency of these processes [8, 23].
~ 5
z > %
] »n L2 . e . . .
% = £ ocog g Disadvantages/limitations of using qPCR in detection
o | S ¥8s < of microorganisms in water
S| 8 =0 g &
S I © B 3
o z Numerous studies have found differences in the levels of
E g < g § microbial cells in water samples when comparing qPCR
S| & 5 & £ with conventional cultivation methods [23, 127, 143].
°§D Srinivasan et al. [127] observed that after chlorination of
- _f wastewater, the levels of E. coli and enterococci detected by
=l S § 2 qPCR and cultivation methods differed significantly.
S ) 3 . .
é z| < NQ s =S Whether the difference could be attributed to dead cells or
g o S ] . .
§ 2] 2 5 3 it cells that have entered a viable but not cultivable (VNBC)
~ < =~ . . .
- 2] § :i § state remains unclear. Low concentrations of chlorine could
21 g £ § S :a have led to cell membrane damage without necessarily
=] = S . . . . . .
el 313 SIS & leading to cell inactivation and damage to nucleic acids
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[144]. Wéry et al. [23] monitored Salmonella spp., C. jejuni,
E. coli and C. perfringens during wastewater treatment and
sludge composting. Differences between qPCR values and
cultivation techniques were dependent on the bacteria and
the matrix studied. Discrepancies between qPCR and culti-
vation techniques were larger for E. coli and Salmonella
spp. than for C. perfringens. Discrepancies were also
smaller for E. coli and Salmonella spp. in dewatered sludge
and in the supernatant after centrifugation than in the waste-
water, pretreated wastewater and treated water [24].

Reischer et al. [4, 24] developed human-specific and
ruminant-specific Bacteroidetes markers (BacH and BacR)
to be used in qPCR assays for MST studies. Although the
results of these assays could successfully be used to pinpoint
sources of pollution, the persistence of these faccal DNA
markers in different environments should be tested in future
studies. The detectable marker may decay in aquatic systems
with a higher temperature and trophic status. The presence of
the marker in soil and sediment that may influence the water
body of interest should also be determined [24].

Substances in environmental water samples could lead to
the inhibition of DNA or RNA amplification during conven-
tional and qPCR. PCR inhibitors in environmental water
samples, including heavy metals, humic acids and phenolic
compounds, could lead to the underestimation of microorgan-
isms present. This is especially a problem when microorgan-
isms are present in low concentrations [145]. Diluting DNA or
RNA concentrations before qPCR has been used to remove
PCR inhibitors in water collected from various sources includ-
ing surface water, wastewater and drinking water [ 146]. In the
gPCR assay for the detection of Candida spp. in water,
Brinkman et al. [6] found that samples with high turbidity
should be diluted up to a 100 times to overcome PCR inhibi-
tion. In some cases additional DNA purification was required
that caused a tenfold loss of DNA. Water samples from
different sources may therefore affect the sensitivity of
gPCR. However, this could lead to increased variations in
gene copy numbers or false negatives if the DNA or RNA
concentrations are diluted below their detection limit [147,
148]. Researchers have developed protocols that remove PCR
inhibitors during extraction including methods utilizing phe-
nol—chloroform—isoamyl alcohol [149], AINH4(SOy), [150]
and the polymeric absorbent Superlite™ DAX-8 [151].
Commercial DNA extraction kits have also been shown to
remove PCR inhibitors in environmental water samples for
successful qPCR [83]. Magnetic separation beads coated with
antibodies reduced the effect of inhibitors during the isolation
and qPCR of RNA from rotaviruses [152].

Live/dead discrimination

The viability of a pathogenic microorganism has a direct
impact on its pathogenicity and therefore plays an important

role in the potential risks associated with the presence of the
organism in a water source. Quantitative PCR, as with other
molecular techniques, cannot discriminate between viable
and non-viable microorganisms. The inability of qPCR to
differentiate between live and dead microbial cells therefore
remains a major limitation. This is for instance the case in
the detection of S. japonicum cercariae in water where the
disadvantage of qPCR over the traditional mouse bioassay
was that it could not discriminate between live or dead
cercariae. Inactive cercariae, not detected by qPCR, may
still be a risk for infection [142].

Ethidium monoazide (EMA) and propidium monoazide
(PMA), dyes that bind to DNA of membrane-damaged cells,
have been used in conjunction with qPCR to quantify viable
organisms in water. The drawback of this method is that
viability is based only on membrane integrity. The efficien-
cy of viable qPCR methods utilizing EMA and PMA dyes in
the detection of bacteria in wastewater samples before and
after chlorination treatment has been investigated. After
disinfection, qPCR results were not comparable with results
obtained with cultivation methods. The researchers sug-
gested that EMA could not penetrate some of the cells in
the chlorinated samples [127, 153]. EMA-qPCR assays to
detect viable Legionella species in spa water [154], tap
water [155] and cooling water [156] have also been devel-
oped. EMA-qPCR was more suited for quantifying viable
microorganisms because PMA-qPCR led to an overestima-
tion of viable Legionella species in cooling water samples.
Important factors to consider during quantifying viable
organisms are the determination of the optimal concentra-
tion of EMA and exposure time [156].

Furthermore, no direct correlation can be made between
viral genome copies detected and quantified by qPCR and
viral infectivity. This problem can be overcome by combin-
ing cell culturing with qPCR, known as integrated cell
culture PCR (ICC-PCR) or integrated cell culture quantita-
tive PCR (ICC-gqPCR). Quantitative PCR is performed after
the initial biological amplification of viral nucleic acids
during ICC-qPCR. Combining cell culturing techniques
with molecular techniques not only results in time savings
but also increases sensitivity. [CC-qPCR has been used to
detect polioviruses, astroviruses, enteroviruses and adenovi-
rus [146, 157—-159] in environmental water samples.

Certain microorganisms can enter a VBNC state in dif-
ferent water sources [2]. Conventional culturing techniques
are unable to detect VBNC microorganisms giving water
authorities a false sense of security and thereby increasing
the risk of infection. Helicobacter pylori, a gram-negative
microaerophilic bacterium, has been associated with peptic
ulcers and chronic gastritis [160]. H. pylori enters a VBNC
state after exposure to tap water for about 120 h [22]. These
bacteria were detected using scanning electron microscopy,
most probable number PCR (MPN-PCR) and RT-qPCR.
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MPN-PCR was a 100-fold more sensitive than culture tech-
niques and RT-qPCR was a 100-fold more sensitive than
MPN-PCR [22]. Legionellae and legionellae-like amoeba
organisms are difficult to quantify by culturing on agar
plates [161]. These organisms are commonly associated
with cooling towers and have been linked with severe out-
breaks of legionellosis [162, 163]. Quantitative PCR assays
have been developed that can detect and quantify viable
cells of legionellae and legionellae-like amoeba in water
by utilizing EMA dyes [154—-156].

Standardisation of protocols

There is a need for the standardisation of protocols for the
development and implementation of qPCR as a tool for
determining the microbial quality of water. Currently there
is a lack of information on the reproducibility of qPCR and
the factors associated with variation in qPCR protocols are
mostly unknown. Two key issues that need to be resolved
are the influence of DNA isolation protocols on qPCR and
the use of simplex or multiplex amplification protocols.

Bacterial DNA can be isolated through two strategies dur-
ing water quality testing. This can be done either by bead
milling, dilution and amplification of the crude lysate or by
purifying and concentrating the DNA in the lysate with com-
mercial kits. Shanks et al. [118] compared the interlaboratory
variability of the two DNA isolation strategies for the qPCR
measurement of enterococci and Bacteroidales concentrations
from standardised, spiked and environmental water sources.
The study was performed between eight facilities in the USA,
including federal, state, city and academic laboratories. No
significant difference between the two DNA isolation
approaches was observed [118].

Viruses present in environmental water sources need to
be concentrated before qPCR can be performed. The use of
different viral concentration methods influences the out-
come of virus recovery and qPCR results [7, 125, 152].
Viral concentration methods therefore need to be optimised
and standardised. However, Rodriguez et al. [164] observed
that for the detection of adenovirus and norovirus in recre-
ational waters the method should be optimised for each
sampling site and for each virus.

The interlaboratory variability between simplex and mul-
tiplex amplification protocols has also been investigated. No
significant variability was detected when the two
approaches were investigated in eight different laboratories.
The advantages of using the multiplex amplification proto-
col are cost savings due to multiple assays being performed
simultaneously and allowance for the inclusion of an inter-
nal control [118].

Finally the specific PCR conditions, primers and probes
used need to be standardised to reduce variability between

@ Springer

laboratories [35]. Standardised qPCR kits are commercially
available and include kits for the detection of Salmonella
spp. (based on the invasion protein gene), Shigella spp.
(based on the virulence plasmid pCP301) and E. coli strains
(based on the glucuronidase gene). These kits have been
optimised and are provided with internal controls.
Quantitative PCR kits have also been developed for the
monitoring of Legionella pneumophila isolates in water
samples [165].

Standard procedures used by different organizations

Once a qPCR protocol for the detection of a specific micro-
organism has been standardised and the reproducibility and
sensitivity of the assay validated, it can be used for routine
monitoring of water samples by an organisation. The EPA
approved the TagMan® qPCR method for the detection of
Enterococci and Bacteroidales in water samples. The water
sample is filtered through a membrane filter and the filter is
then agitated in a microcentrifuge tube with glass beads and
buffer to extract the DNA into the solution. The TagMan®
Universal Master Mix PCR reagent and probe system is then
used for PCR amplification and detection of target sequen-
ces in the supernatant [166]. The Environmental Agency for
England and Wales (EA) has also developed and accredited
a qPCR analysis method for the detection of the faecal
indicator Bacteroidales [167].

Although the USA are using molecular techniques such
as qPCR for routine monitoring of recreational water sam-
ples, these techniques have not been widely implemented in
the policy frameworks for water regulation of the European
Union and other countries. One major limitation that hinders
the implementation of qPCR for the use in environmental
water analysis is that the qPCR signal does not decrease
after common disinfection methods. In other words, as
previously discussed, it cannot discriminate between viable
and non-viable microorganisms. The EA and academic
institutions compared the efficiency of conventional faecal
indicators with the accredited EA qPCR method to deter-
mine whether the data obtained from this qPCR method
could be solely used for making regulatory decisions.
Crude sewage, secondary treated sewage and UV-
disinfected sewage were collected from Scarborough
Wastewater Treatment Works and analysed using both meth-
ods. After UV treatment a significant decrease in the colony
forming units (CFU) of faecal coliforms and presumptive
intestinal enterococci was observed. However, no signifi-
cant decrease was observed in the genome copies of
Bacteroidales after UV treatment (Fig. 4). Researchers
therefore advise that qPCR cannot be used as the sole
detection method for routine analysis of environmental wa-
ter samples [168].
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Fig. 4 Mean, range and 95 %
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Faecal coliforms

Alternative quantification and detection methods
for waterborne pathogens

Isothermal amplification assays

Isothermal amplification assays that exclude PCR methods and
the use of thermocycler machines have been developed. Such
methods are based on DNA/RNA synthesis and the mimicking
action of accessory proteins in vitro for nucleic acid amplifi-
cation. The best known assays include transcription-mediated
amplification (TMA), self-sustained sequence replication,
nucleic acid sequence-based amplification (NASBA), signal-
mediated amplification of RNA technology, strand displace-
ment amplification, rolling circle amplification, loop-mediated
isothermal amplification of DNA (LAMP), isothermal multi-
ple displacement amplification (IMDA), helicase-dependent
amplification (HDA), single primer isothermal amplification
(SPIA) and circular helicase-dependent amplification (cHDA).
LAMP and NASBA are mostly used to detect waterborne
pathogens and will be described in more detail [169].

Loop-mediated isothermal amplification assays

Loop-mediated isothermal amplification (LAMP) was devel-
oped to detect a specific DNA sequence with specific charac-
teristics [170]. Autocycling strand displacement DNA
synthesis is performed by the Bst DNA polymerase large
fragment [170]. The products synthesised after amplification
include stem-loop DNA structures with many inverted repeats
of'the target and cauliflower-like structure with multiple loops
[171]. The advantages of LAMP include a single reaction
temperature ranging between 60 and 65 °C, high specificity
by using six primers that can recognise eight distinct regions

Presumptive intestinal enterococci

General Bacteroidales marker ~ Human Bacteroidales marker
and lack of DNA purification due to tolerance to inhibitory
materials [172—174]. Detection of the products is visually
assessed as a large amount of DNA is synthesised in a short
time resulting in the production of pyrophosphate that forms
white precipitates of magnesium pyrophosphate leading to
turbidity [175]. An increase in turbidity indicates an increase
in precipitate production and correlates with the amount of
DNA [172, 174]. The method is therefore cost-effective as
expensive equipment is not necessary [172, 176, 177]. LAMP
products have been detected in research studies by using gel
electrophoresis, real-time turbidimetry and fluorescence
probes [178, 179]. Pathogenic bacteria such as E. coli [172],
C. coli, C. jejuni [174], S. aureus [176], Salmonella [177], H.
pylori [180], Shigella [181] and V. cholerae [174] have been
detected in water samples by LAMP assays.

Nucleic acid sequence-based amplification

Nucleic acid sequence-based amplification (NASBA) is
similar to the transcription-mediated amplification (TMA)
that makes RNA from a promoter engineered in the primer
region, using the RNA polymerase function and DNA from
RNA templates by reverse transcriptase [182]. This technol-
ogy was improved by using RNase H that removes RNA
from cDNA without heat-denaturation and therefore elimi-
nating the thermocycler step. This method is also named
self-sustained sequence replication (3SR) [183]. Gel elec-
trophoresis, fluorescence probes (real-time NASBA) and a
colorimetric assay (NASBA ELISA 6) are used to detect
NASBA products [184—186]. The Food and Drug
Administration office of United States of America (FDA)
approved the technique for the molecular detection of some
microorganisms such as HCV and HIV-1 [187, 188].
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Nested and semi-nested PCR

Nested and semi-nested PCR is a modified PCR method that
utilises additional primers to perform a second PCR reac-
tion. Research studies have showed that the detection effi-
ciency is significantly increased by using the original
primers (semi-nested) or a different set of selective primers
(nested PCR) in the second reaction [189—192]. Semi-nested
PCR was successfully used to detect Cryptosporidium
oocysts in wastewater after treatment [192], Y. enterocolitica
in water [193] and Legionella species in hospital cooling
tower water [194].

Phylochips and pyrosequencing

High-density phylogenetic microarrays can analyse many
taxa simultaneously in complex environmental samples.
The Phylochip is a phylogenetic microarray that can deter-
mine a microbial community structure [195]. The latest
version can detect up to 50,000 bacterial, archael and micro-
algal taxa within the 16S rRNA gene [196]. This technology
has been used in biological wastewater treatment systems to
analyse the microbial community [197] and in the MST of
pathogens in coastal urban watershed [198]. Another novel
tool that has emerged in the detection of waterborne patho-
gens is pyrosequencing. Pyrosequencing is based on the
sequencing-by-synthesis principle that utilizes enzyme-
coupled reactions and bioluminescence to monitor the re-
lease of pyrophosphate and nucleotide incorporation in real
time [199]. A large number of parallel sequencing reactions
can be carried out e.g. the GX FLX+ produces a million
reads within 23 h [200]. Pyrosequencing has been applied to
detect Clostridium, Mycobacterium, parechoviruses, coro-
naviruses, adenoviruses, aichi viruses and herpes viruses in
wastewater biosolids [201, 202], Aeromonas and
Clostridium in wastewaters [203] and bacteriophages in
potable waters [204].

Conclusion

Quantitative PCR assays are applied to determine the quality
of drinking water straight from resources [24] and after
treatment [22], the efficiency of wastewater treatment plants
[23] and the safety of water from recreational beaches [25].
Research showed that qPCR is a specific, sensitive and rapid
tool to determine the presence and numbers of microorgan-
isms in water. It has also proven to be useful for reducing the
health risks associated with microorganisms in water and to
assist in ensuring a safe supply of water [6, 22, 142]. The US
EPA is currently considering qPCR as a rapid analytical tool
to detect and quantify faecal indicators in recreational waters
[118]. Limitations of using qPCR as an analytical tool in

@ Springer

routine monitoring include the inability of qPCR to differ-
entiate between live and dead microbial cells. The presence
of PCR inhibitors in environmental water samples and the
need for standardized qPCR protocols remain a challenge.
There is potential for the application of high-throughput
analytical systems in detection of waterborne pathogens;
however, the technology is still in its infancy. Many chal-
lenges still remain to validate the methods in order to use
one common protocol. Other challenges in the application of
these technologies are the complexity of the assays and the
time spent to train laboratory personnel. The high cost
involved to do water analysis on a routine basis versus the
high sensitivity and reduced time of the assays should also
be considered. It is clear from the limitations described that
the gPCR method still needs improvement before it can be
applied for routine analysis of water.
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