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Abstract

Monitoring of sanitary quality or faecal pollution in water is currently based on quantifying some bacterial indicators such as
Escherichia coli and faecal enterococci. Using a multiplex real-time PCR assay for faecal enterococci and Bacteroides spp.,
the detection of faecal contamination in non-treated water can be done in a few hours, reducing the analysis time to 2 h.

The conventional method based on cultures was compared with a multiplex assay procedure for Bacteroides spp. and
faecal enterococci with an internal inhibition control. Out of 74 water samples from different sources analyzed, using
both procedures, 54 were true positives and 6 true negatives, 12 samples were real-time PCR positive and culture-negative
whereas 2 were real-time PCR negative and culture-positive. In conclusion, 89.2% of the samples were found to be positive

with real-time PCR and 75.7% with plate cultures.

Detection levels were much higher when using the multiplex real-time PCR assay, based on the higher number of posi-
tive samples in comparison with conventional microbiology. The feasibility of multiple reactions in the monitoring of faecal
contamination has been demonstrated along with fast quantification of the faecal load. Such procedure can be performed in

less than 3 h.

This work extends the use of multiplex real-time PCR for environmental analysis, demonstrating the feasibility of these

procedures in monitoring faecal pollution of water samples.
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Introduction

Pathogenic microorganisms found in non-treated wastewater
have the ability to reproduce easily due to the large amount
of available nutrients, thereby affecting the environment and
presenting a great risk to health (Pusch et al., 2005; Gilbride
et al., 2006). Over the past few years, the application of
different methods to monitor faecal pollution in diverse
water sources has become very important; however, there is
no universal approach which fits all requirements to allow
completely reliable faecal source identification (Stricker et
al., 2008). Currently microbial water quality is evaluated by
monitoring the level of a reduced number of microorgan-
ism indicators with the use of conventional microbiological
procedures based on plate cultures (Tajima et al., 2007).
Until now, and despite their clear limitations, the current
procedures have been widely used as an operative tool to
ensure safe drinking water (Ashbolt et al., 2001). In fact, it is
well known that the classical procedures usually fail in the
detection of several pathogens, and for this reason in some
cases these culture-dependent methods are considered to

be outdated (Rose, 2006). Consequently, new tools and new
procedures are needed.
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Over the past decade, real-time polymerase chain reaction
(PCR) methods have become the main alternative to detect
the presence of all kinds of microbial pathogens through the
amplification of specific DNA sequences and without the
need to culture any bacteria (Gilbride et al., 2006). Real-time
PCR is considered highly sensitive for the quantification of
microorganisms in environmental samples (Ben-Dov et al.,
2007), herpes virus in clinical samples (Rose et al., 2008) and
intracellular microorganisms in humans and birds, such as
Chlamydophila psittaci (Branley et al., 2008).

A PCR laboratory requires a substantial investment com-
pared to conventional microbiology-testing laboratories that
use time-consuming and laborious procedures. In our opinion,
though, the main obstacles in the establishment of this new
technique are the unreliability in differentiating between live
or dead microorganisms and the precise quantification of the
targets. Lately this situation has been changing due to the evo-
lution of conventional PCR to real-time PCR; the latter tech-
nique has been successfully introduced into the environmental
field to indentify, quantify and diagnose pathogens and viruses
in water faster and with higher sensitivity (Singh and Singh,
2008), including those which cannot be cultivated in cellular
lines in an efficient way (Costafreda et al., 2006).

Nevertheless, a lot of work is still required before general
consensus is reached that will drive the effort onto differ-
ent levels of selection, e.g. the choice of best primers and
probes for each target, the optimization of multiple reactions
to allow for simultaneous detection of different microorgan-
isms or the development of prospective surveys to evaluate the
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correlation of data between conventional and molecular meth-
ods. Multiplex PCR has been used in many investigations with
varying objectives, but where similar procedures have been
necessary to establish a method to identify and quantify vari-
ous types of microorganisms, like the production of the granu-
lovirus (GV) isolated from Epinotia aporema (Lepidoptera:
Tortricidae), among others (Manzan et al., 2008).

Microbial indicators are usually selected according to
several premises, one of which is analytical simplicity. When
a process indicator, faecal indicator or model organisms could
not be isolated with ease, it would not be considered as a good
evaluation tool. Real-time PCR currently offers the possibility
to detect and to directly quantify the level of most pathogenic
microbes. This is a radical change and as a consequence the
list of microbes suitable for use as indicators or models is
increasing. Three real-time PCR assays have recently been
developed for each coliphage genogroup to discriminate
between animal and human sources of faecal contamination
(Jones et al., 2009).

In any given case of having to choose a microorganism
as a new indicator, real-time PCR can be considered to be
the fastest analytical approach. In this study 2 simultaneous
detection approaches were evaluated for faecal enterococci and
Bacteroides spp. by multiplex real-time PCR in non-treated
water samples; the results were compared with conventional
microbiological methods. The 1% one, faecal enterococci, is a
classical indicator that gives results by conventional procedures
within 48 h. The 2™ one, Bacteroides spp., is an interesting
indicator of faecal pollution (Savichtcheva and Okabe, 2006),
which is not normally used for routine analysis because a sim-
ple and fast culture method has not yet been developed.

Materials and methods

Sample selection. All samples were collected from urban areas
around Barcelona city (Catalonia, NE of Spain), with multiple
sources such as rivers, wells, urban groundwater and wastewa-
ter. In total 74 non-treated water samples were taken on differ-
ent days. The main criterion in the selection of samples was the
possible faecal pollution, and therefore potable water sources
were not considered for this study.

Conventional microbiology assays. Water samples were
aseptically collected according to Standard Methods (2000),

in Pyrex bottles. Total coliforms and Escherichia coli (E. coli)
were enumerated by membrane filtration using Chromocult
Coliform Agar (Merck) supplemented with Cefsulodin (Merck),
and incubated at 37°C for 24 h. Faecal enterococci were also

enumerated by membrane filtration using Stanlez-Barley Agar
(Merck), incubated at 37°C for 48 h, followed by the confirma-
tion of aesculin hydrolysis by placing the filter into Bile Esculin
Agar (REACIO0082X A Merck) for 2 h at 44°C. Bacterial
counts were expressed as log cfu/100 m{.

Sample preparation for real-time PCR. A sample aliquot
of 100 m{ of water from each source was concentrated by
membrane filtration using a nylon membrane (0.45 pm porous
diameters, Millipore). Cells were re-suspended in 5 m{ sterile
saline solution, by vigorous vortexing for 60 s with 15 glass
beads (5 mm diameter) and sonication (JP Selecta S.A., 6 {,
150 W) for 3 min. The cell suspension (4 m{) was concen-
trated to 200 pl by centrifugation (Medifriger, JP Selecta
S.A\)) at 14 000 r/min for 5 min and DNA was extracted with
DNeasy Tissue Kit (Qiagen) according to the manufacturer’s
instructions.

Primers and probes. Three sets of primers and Tagman probes
were used. Total Bacteroides spp. according to Layton et al.
(2006), with a probe labelled with FAM. Enterococcus faecalis
according to He and Jiang (2005), with a probe labelled with Cy3
dye. An internal inhibition control was used, a human beta-actin
according to Kalina et al. (1997), and labelled with Cy5 dye.
Sequences of the oligonucleotides are shown in Table 1.

Real-time assays. An aliquot of 5 € of DNA plus 20 pl of
master mix was analysed in duplicate and the amplification
was performed on a Cepheid Smartcycler 2.0, which protocol is
presented in Table 2. The master mix included 10 pt Quantitec
Multiplex PCR mix, Qiagen; 0.5 U/reaction of uracil-DNA
glycosylase (UDG) (New England Biolabs) and 5 pg/ut of
human DNA (Thermo scientific) as a target for the internal
inhibition control. The sequences of oligonucleotides (primers
and probes) were acquired from the firm Thermo, at a concen-
tration of 50 pM. For the PCR, the procedures were followed as
instructed by the supplier.

Bacterial standards. Overnight cultures (Bacteroides spp.
ATCC 51477, Enterococcus faecalis NCTC 775) plated in
brain heart infusion agar (BHIA) (Merck), and stored at 37°C
for 3 d, were used to prepare the standard bacterial suspen-
sions. Turbidity was optically measured with a spectropho-
tometer and adjusted to 0.2 absorbance units at 600 nm,
corresponding to approximately 1-10% cfu/me. Colony-forming
units were also determined by plating on BHIA agar (Merck).
Bacteroides were anaerobically cultured using the anaerocult
system (Merck).

Table 1
Primers and probes used for the detection of Bacteroides spp. and faecal enterococci DNA in multiplex
real-time PCR assays
Target bacterial | Primers or Sequence [uM] | Reference
group probes
Bacteroides spp. | AllIBac296F 5-GAG AGG AAG GTC CCC CAC-3’ 50 |[Layton et al., 2006
AllBac412R 5’-CGC TAC TTG GCT GGT TCA G-3’
AllBac375 Bhqgr [5-CCA TTG ACC AAT ATT CCT CAC TGC TGC CT-3’
Enterococcus Enteroc R 5-CAG TGC TCT ACC TCC ATC ATT-3" 50 |Heetal., 2005
Jaecalis Enteroc probe 5 TGG TTC TCT CCG AAA TAG CTT TAG GGC TA-3’
Human gene Bactine2 F 5’-TCA CCC ACA CTG TGC CCA TCT ACG A-3’ 50 |Kalinina et al., 1997
Bactine2 R 5-CAG CGG AAC CGC TCA TTG CCA ATG G-3’
Bactine2 probe 5-ATG CCC CCC CCA TGC CAT CCT GCG T-3’
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Table 2
Protocol for the identification of Bacteroides spp. and faecal enterococci in SmartCycler

Phases Temperature, °C | Times, s Cycle Optic
Pre-PCR UDG treatment 50 120 45 Off
DNA polymerase activation 95 900 On
PCR DNA denaturation 94 60 Off
Annealing and extension 60 90 On
Table 3

Faecal contamination detection by multiplex real-time PCR (faecal enterococci —
Bacteroides spp.) or culture methods (faecal enterococci — Escherichia coli)

Real time PCR multiplex faecal enterococci-Bacteroides spp.
Positive Negative Total %
Culture faecal enterococci | Positive 54.0 2.0 56.0 75.7
—E. coli Negative 12.0 6.0 18.0 24.3
Total 66.0 8.0 74.0 -
% 89.2 10.8 100.0 100.0
Multiplex PCR efficiency evaluation. Serial logarithmic dilu- n=49 n=55 n=48 n=42 n=66
tions, from 110" to 1-10° cfu/reactions, of each DNA standard, 8 i
were performed and mixed. The combination of both stand- o & s =
ards was made in an inverse order, in the way that the highest £ N E
concentration of Bacteroides spp. DNA was mixed with the % 4 \ § ‘ EE 43
lowest concentration of Enterococcus faecalis DNA, and vice § Lt \\\ 3
. . . . = 2 AN NN L2 &
versa. The amplification efficiency was calculated according
to estimation by means of the slope calculation method from a o Lo
Ca]ibraﬁon dillltiOl’l curve (Rasmussen’ 2001) Faécal To‘tal E. z‘:oli Faecal en‘terococci Bacten"iodes
enterococci coliforms
Results [ \ [ : |

The multiplex real-time PCR method efficiency for faecal
enterococci and Bacteroides spp. was, respectively, 1.93 and
2.11. For both cases the value is near 2.0 which is the theoreti-
cal optimum number (2.0 corresponds to 100% base-10 loga-
rithmic scale). The multiplex reactions ran without any cross
interferences between the different primers and probes.
Seventy-four non-treated water samples from different
sources were analysed. In any one of the tested samples, the
PCR inhibition was detected with an internal control. Table 3
shows the comparison of qualitative results. The sample was
considered positive for faecal pollution by culture or PCR
methods, even when only 1 of the 2 targets was detected (faecal
enterococci-E. coli by culture or faecal enterococci-Bacter-
oides by real-time PCR). With this approach, 54 samples were
true positive and 6 true negative by both methods, 12 samples
were PCR positive and culture negative, whereas 2 samples
were culture positive and PCR negative. In conclusion, 89.2%
of the samples were positive with real-time PCR and 75.7%
with plate cultures. According to the normative, ISO/TR 13843
(2000) and ICONTEC GTC/84 (2003), the relative accuracy
of real-time method in relation to conventional methods, was
high, having an efficiency of 81.1% and a sensitivity of 96.4%.
The quantitative results given in Fig. 1 show that the bacte-
rial quantification data were more homogeneous when using
PCR than when using conventional culture microbiology. Most
of the samples were positive with values ranging between 0 and
7 log units, depending on the water type and the monitoring
method. Real-time PCR was the method which gave the highest
number of detected positive samples for Bacteroides (n = 66)
and the conventional culture method gave the highest number
of positive samples for total coliforms (n = 55). It is also shown
in Fig. 1 that the average higher concentration for total coliform
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Culture cfu/100 me PCR copy/100 me

Figure 1
Comparison of conventional microbiology (faecal enterococci
— E. coli) and multiplex real-time PCR (faecal enterococci —
Bacteroides spp.) and statistical sample description
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Figure 2
Correlation and dispersion of conventional microbiology results
and of multiplex real-time PCR

(4.11 c¢fu/100 mC) was obtained by culturing compared with
the other 2 bacterial types that were analyzed. With multiplex
real-time PCR, the average quantity of faecal enterococci was
higher than that found by culture.

To evaluate the contamination level and to compare
conventional with molecular methods, the highest value of
each pair (faecal enterococci-E. coli or faecal enterococci-
Bacteroides) was selected. The correlation of positive values
for conventional microbiology and real-time PCR (Fig. 2)
showed a positive correlation and a coefficient of correlation
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of 0.74. The counts by real-time PCR were 1.1 log units (with
a confidence interval of 95.0%; 0.73 to 1.41) higher than those
obtained by conventional culture-method microbiology.

Discussion

In this study 2 different analytical strategies were used for

the evaluation of faecal presence in non-treated water. With
conventional methods based on biochemical characteristics of
colonies growing in selective and differential culture media,
faecal enterococci and E. coli were studied and compared with
molecular methods that recognize specific sequences of the
bacterial genome. Two different targets were used with the
molecular approach: a classical indicator (faecal enterococci)
and an alternative one (Bacteroides spp.). Although both strate-
gies had identical purposes and objectives, the results and the
units were found to be different.

To ensure equivalence between the 2 analytical methods,

a qualitative comparison based on the ISO/TR 13843 (2000)
could be an appropriate approach. However, it has to be taken
into account that this involves the use of 2 different concepts:
colony-forming units vs. genetic sequence copies and that the
accuracy and sensitivity of the results were not close to 100.0%.
When 2 quantitative methods are compared, however, there are
some aspects of variability in micro-organisms that have to be
taken into account. The microorganisms are not solutes like
ions, which for chemical analyses can be assumed to be homo-
geneously distributed. When introduced into water, microor-
ganisms do not form a perfect solution but a suspension, which
imparts a degree of significance on inherent heterogeneity
(Sartory, 2005).

On the other hand the correlation in the quantitative detec-
tion of faecal pollution is indeed relatively good. Combining
2 different bacterial targets in a multiplex reaction, the agree-
ment with conventional culture-based methods presented a
correlation coefficient of 0.74. Similar results and correlations
are found in other works, e.g., the connection between E. coli
by culture and Bacteroides rumiant specific markers showed
correlation coefficients of between 0.72 and 0.80 (Reischer et
al., 2008).

In this study, another important dispersion factor was
found: the 2 different pairs of compared bacterial species. It
is obvious that the pair of bacterial species used for real-time
PCR (Bacteroides spp. and faecal enterococci) is not the same
or even equivalent to the pair used for the method by culture (E.
coli and faecal enterococci). In this study, efforts were aimed at
comparing faecal detection using conventional and molecular
approaches, and disregarding the different target bacteria.

The real-time PCR assay is a more appropriate method to
detect positive samples than plate-culturing methods. When
both methods are compared in a general way, the molecular
approach proved to more sensitive and detected lower levels of
faecal pollution in most cases. The amount of contamination
detected by real-time PCR is no less than 1 log higher than
the amount detected by culture. This difference between plate
counts and molecular detection can be explained by the pres-
ence of viable but non-culturable bacteria (VBNC) (Olivier,
2000; Szewzyk et al., 2000).

There may be another difference in results when viable
plate counts do not detect dead cells that may be positively
detected by PCR (Josephson et al., 1993). Although some
results using Legionella pneumophila (Bej et al., 1991) have
shown that VBNC bacterial cells showed positive amplification
in opposition with the non-viable cells, this remains unclear
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in the field of water microbiology, and to date controversy
remains. For example, Shih and Lin, 2006 postulate that the
false-positive results encountered by Joly et al. (2006) can
be explained by the presence of nonviable Legionella cells in
water samples.

Combining microbial culture or real-time PCR methods,
allows obtaining a wider range of results in pollution evalua-
tion. Both methods are based on different approaches: the first
detects vegetative and cultivable cells and the latter detects
genetic targets; for this reason it is not surprising that a perfect
equivalence between them does not exist. As stated in Table
2, molecular methods are capable of detecting more polluted
samples; nevertheless, there are 2 samples in which real-time
PCR fails, but these results are explained with a multiple
approach. It is well known that quantification by molecular
methods obtains, in the absence of PCR inhibition, higher
counts than culture methods. Monitoring of genetic targets also
detects dead cells, viable but non-cultivable cells (Hussong
et al., 1987), and counts all the individual cells which form
aggregates. It is for this reason that, in most cases, molecular
methods are more sensitive than culture methods.

Over the past number of years, publication of viable PCR
methods which are based on the use of propidium monoazide
(PMA) or ethidium monoazide (EMA) (Nogva et al., 2003;
Nocker et al., 2006) demonstrated the feasibility of detecting
only viable cells in assays with different bacteria (Rudi et al.,
2005; Soejima et al., 2007; Cawthorn and Witthuhn, 2008; Bae
and Wuertz, 2009), spores (Rawsthorne et al., 2009) and fungi
(Vesper et al., 2008). Although there are interesting publica-
tions, consensus on methodology still has not been reached. In
our opinion, this future scenario will improve the correlation
between culture and molecular methods. On the other hand,
although there is a growing tendency to consider more sensitive
molecular methods rather than culture ones, in some cases that
is not completely effective. For example, for a membrane filtra-
tion method, the complete sample volume is cultured because
the filter is placed over the culture media, while for molecular
analysis several steps like elution, concentration and nucleic
acid purification are needed. All these steps do not have a 100%
yield, and finally the PCR tube does not contain all the DNA
present in the entire sample volume before the treatment steps.
For that reason, in samples with a very low level of free, viable
and cultivable cells, the culture still will be more sensitive than
molecular analysis.

Finally, aggregation is the other factor that needs to be
taken into account. While different cells in aggregation might
form a unique colony, using real-time PCR each cell from the
aggregate is detected in contrast to what occurs in plate-culture
methods, in which cell aggregates count only as a colony.

Despite the development of new analytical techniques, the
differences between molecular and conventional analysis will
always remain, and the future implementation of real-time PCR
methods for routine monitoring of faecal pollution in non-
treated water will be possible through a better understanding
of each result, and specifically their correlation with the associ-
ated public health risks.

Conclusions

This study has demonstrated the feasibility of multiple reac-
tions for the monitoring of faecal contamination. Water quality
is evaluated with the combinations of several bacterial markers
through different microbiological analysis, and the molecular
approach, with a single multiplex reaction, uses a combination
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of different targets, which probably makes it a better evalua-
tion. Also the correlation between culture and real-time PCR
in monitoring faecal levels may be improved with multiplex
reactions.

The fact that the quantitative real-time PCR approach
produces a direct result within a few hours has a more impor-
tant impact when the environment is endangered and public
health is at stake (within 3 h the faecal load in a water sample
is known). This method is fast, sensitive and useful to quantify
several bacterial types in the same reaction tube along with
real-time PCR specificity, and widespread implementation of
its protocols should be considered as a promising tool in water
quality monitoring.
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