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Abstract:

The recent implementation of the Revised Bathing Water Directive in the European Union has
highlighted the need for development of effective methods to differentiate between sources of faecal
contamination. It had previously been shown that amplification of 16S rRNA genes of host-specific
Bacteriodales species using the HF183F and CF128F primers could be used as markers for human
and bovine faecal contamination in the United States. This paper determined the sensitivity and
specificity of these markers in four Atlantic Rim countries (France, Ireland, Portugal and the United
Kingdom) to evaluate their usefulness in determining the origin of faecal contamination. It was shown
that the HF183F marker displayed high sensitivity (80-100%) and specificity (91-100%), and is
reliable as an indication of human faecal contamination. The CF128F marker displayed 100%
sensitivity in all four countries. However, strong regional variations in specificity (41-96%) were
observed, highlighting the need for local validation before this marker is employed in source tracking of
faecal contamination.
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1. Introduction

In March of 2006 the Revised Bathing Water Directive (2006/7/EC) governing the
quality of bathing and recreational waters within the European Union came into effect.
From a microbiological perspective, the Directive focuses on fewer indicators (intestinal
Enterococci and Escherichia coli), and sets tighter standards than the previous bathing
water directive (76/160/EEC), which have to be met by 2015. The effect of the new
legislation on water management is evident when realising that implementation of the
new standards will result in a significant increase of non-compliant beaches within the
European Union if no action istaken.

A major obstacle in achieving compliance with the standards called for in the new
directive is diffuse or non-point source pollution. In contrast to pollution arising from
sewage or industrial effluent, non-point source pollution emanates not from a single
location, and istherefore hard to manage. For example, pollution arising from agricultural
land run off, sewer misconnections or wild animal excrementsis hard to rectify as neither
location nor nature of the contaminating factor can be readily identified. Under the new
directive, non-compliant samples may be discounted when pollution is episodic and
predicted, and can be identified and the public warned. Furthermore, the Directive calls
for the implementation of a ‘bathing water profile’, which requires - amongst other
matters- identification of pollution. It is clear therefore that tools for identification of the
source of pollution are required asit is a necessity to: a) adequately manage bathing water
guality to meet the new stringent standards; b) allow for discounting of non-compliant
samples; ¢) establish a‘bathing water profile’ asrequired by the Directive.

To date considerable efforts have been made to establish methods to identify the

source of faecal contamination. These include F* RNA coliphage genotyping, E. coli
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genotyping techniques, and the use of enterotoxin genes as biomarkers (Scott et al., 2002).
A promising emerging methodology for microbial source tracking is based on detection
of Bacteriodales species associated with humans or animals. It had been noted that
although Bacteriodales sp. are abundantly present in the intestinal track of mammals,
differences in species composition of Bacteriodales populations exist, which led to their
use as markers for human and animal pollution (Allsop & Stickler, 1985; Kreader, 1995).
This method was significantly improved upon following analysis of the Bacteriodales
populations in human and bovine faeces by terminal restriction fragment length
polymorphism and clonal libraries. This gave rise to the development of primer
combinations that amplify 16S rRNA genes of Bacteriodales species specifically
associated with either human or bovine faeces (Bernhard & Field, 2000b; Dick et al.,
2005). This technology was proven to be robust when tested in the United Sates
(Bernhard & Field, 2000a; Boehm et al., 2003; Bernhard & Field, 2000b; Bernhard et al .,
2003; Dick et al., 2005; Layton et al., 2006). However, a comprehensive validation for
application within the European Union has not been undertaken. The aim of this paper
was therefore to determine whether the amplification of 16S rRNA genes from host
specific Bacteriodales can be used in source tracking of faecal pollution in the European

Union.

2. Materialsand methods

2.1. DNA extraction

Individual faecal samples (at least 25 samples from respectively bovine and humans and
at least 10 samples from other animals, Tables 1 and 2) were collected from human

volunteers, cattle, pig and chickens in France (Brittany), Ireland (Co. Wicklow), Portugal
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(Alentejo) and the United Kingdom (Devon) in sterile containers and stored at -80°C. The
samples were obtained from at least two independent farms in each country. DNA was
extracted from 250 mg faecal sample with either the FastDNA Spin Kit (Q-BlOgene;
France, Ireland, United Kingdom) or the QI Aamp mini Kit (Qiagen; Portugal) according

to the manufacturers' instructions.

2.2. PCR amplification

16S rDNA of Bacteriodales species specific for bovine faeces was amplified using the
oligonucleotide pair CF128F [5'-CCAACYTTCCCGWTACTC-3'] and Bac708R [5'-
CAATCGGAGTTCTTCGTG-3'], whereas the combination of HF183F [5-
ATCATGAGTTCACATGTCCG-3'] and Bac708R was used to amplify sequences for
Bacteriodales species associated with humans (Bernhard & Field, 2000a; Bernhard &
Field, 2000b). The former primer combination is expected to generate an amplicon of 580
bp, whereas the latter yields a 525 bp product. The Bac32F primer [5'-
AACGCTAGCTACAGGCTT-3'] in combination with Bac708R was used to amplify all
Bacteriodales 16S rRNA genes, which served as a control to verify the presence of
amplifiable DNA in every individual samples (Bernhard & Field, 2000a; Bernhard &
Field, 2000b). DNA (10 ng per reaction) was amplified using Taqg DNA polymerase in
the presence of 200 ng pl™* non-acetylated BSA as recommended by the manufacturer
(Takara). Non-acetylated BSA was included to overcome potential problems caused by
inhibitors of the PCR reaction (Kreader, 1996). The reaction mixture was incubated at
94°C for 3 min and subsequently subjected to 35 cycles of 94°C for 1 min, 62°C (CF128F)
or 63°C (HF183F) for 1 min, 72°C for 1.5 min, followed by an incubation of at 72°C for 7

min. Samples were analyzed by agarose gel electrophoress as described (Sambrook &
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Russell, 2001). Plasmids containing the target sequences for the CF128 and HF183
markers were used as podtive controls in PCR reactions of every individual sample,
whereas reactions without addition of sample were used as negative controls. Gel
imaging and documentation systems of similar specifications were used in all laboratories.
Participants met on a three monthly basisto compare data and set standardsto ensure that

results were interpreted in the same manner in all laboratories.

2.3. Statigtical analyss

Sensitivity (r) and specificity (s) were defined as r=al/(a+c) and s=d/(b+d), where a, when
afaecal DNA sample is positive for the PCR marker of its own species (true positive); b,
when a faecal DNA sample is positive for a PCR marker of another species (false
positive); ¢, when a faecal DNA sample is negative for a PCR marker of its own species
(false negative); d, when a faecal DNA sample is negative for a PCR marker of another
species (true negative)(Fisher & Belle, 1993). In order to obtain a 95% confidence
interval for the estimates of sengitivity and specificity 25 faecal samples from bovine and
human origin were analyzed. In addition 10 pig and chicken faecal samples were
analysed. The Fisher Exact Test asimplemented in the Statistical package SPSS 13 (SPSS
Inc), was used to test the hypothesis that the sensitivity and specificity were the same in

each country. The significance level was set at 5%.

3. Resaults

3.1. Detection limit
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To ensure that all the laboratories had implemented the method successfully, a series of
ten samples were sent to each laboratory. The contents of the samples were not disclosed
to the participants. These were used to assess their proficiency in performing the analysis
and to assess the limit of detection of the PCR assay. All laboratories correctly identified
the positive and negative samples supplied. PCR reaction mixtures containing plasmid
DNA harbouring the target sequence for Bacteriodal es species specific for either human
or bovine hosts that could be amplified with respectively the HF183F- Bac708R and the
CF128F-Bac708R primer pairs were used as template. The limit of detection for all
laboratories was 0.1 pg of template DNA (2.5x10* gene copies), which is in broad
agreement with earlier reported detection limits (1 pg) for these primer pairs (Bernhard &
Field, 2000a). Assuming that the Bacteriodales species specific for either human or
bovine hosts contains 5 copies of the 16S rRNA gene (rRNA Operon Copy Number
Collection; http://rrndb.cme.msu.edu), then the theoretical detection limit of this method
is 5000 cells. Using dilutions of cow faeces in water, Bacteroidales species could be
detected using general primers to well below 8 faecal coliforms per 100 ml, which
corresponds to 10 g/l wet faeces. A similar detection limit was reported previously

(Field et al., 2003).

3.2. Perfor mance of the Bacteriodales 16SrRNA gene as mar ker for human faeces

DNA was extracted from faecal samples from human volunteers in the four participating
Atlantic rim countries and subjected to PCR using the HF183F-Bac708R primer pair. The
sengitivity of this primer pair to detect human faeces was high in all countries, although
regional variations were detected. These varied from 75.9% in the United Kingdom to

100% in France, with an average sensitivity of 85.6% (Table 1). In order to determine the
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specificity of the marker, DNA was isolated from bovine, pig and chicken faeces and
used as template in a PCR reaction with the HF183F-Bac708R primer pair. These
animals represent the majority of livestock present in the catchment areas of the regions
were the analysis took place. The average specificity of this primer pair to differentiate
between faeces from human and these animals was 96.7%, with regional variations
between 91% (France) and 100% (United Kingdom, Ireland; Table 1). Interestingly, the
average specificity of this primer pair for pig faeces (100% in all countries) was higher
than that for bovine faeces (88-100%), although the pig intestinal track is more similar to

humans than that of cattle.

3.3. Perfor mance of the Bacteriodales 16Sr RNA gene as mar ker for bovine faeces

DNA extracted from bovine faecal samples was subjected to PCR amplification using the
CF128F-Bac708R primer combination. The sendtivity of this primer combination to
detect Bacteriodales sp. specific for bovine faeces was 100% in all countries (Table 2).
Although the average specificity of this marker was high (72%), its performance in terms
of specificity differed significantly between countries (p<0.001), ranging from 41% in
Portugal to 96% in Ireland. Analysis of the data shows that the specificity of this marker
fell into three groups. High specificities were detected in Ireland for all three non-bovine
faecal samples (96% average). Although high specificities were detected for chicken
(100%) and human (average 96%) for faecal samples collected in France and the United
Kingdom, the marker failed to differentiate between bovine and pig faeces in these
countries. The specificity of this marker was poor in Portugal with values ranging from
10 to 48% (Table 2). The analyses of blind samples at the onset of this project was used

to ensure that uniform procedures for DNA extraction, amplification and analyses of
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results were in place. To confirm the poor specificity of the CF128F-Bac708R marker in
Portugal, the samples were subsequently independently analysed in the laboratories of the
three other participating countries, giving the same result. The low specificity of the
CF128F-Bac708R primer combination observed in Portugal in contrast to that of the
other three countries was therefore not due to differences in experimental procedures or

interpretation of data.

4. Discussion
Bacteriodales are a predominant species in the bacterial population of faeces in humans
and other warm blooded animals as assessed by culturing (Holdeman et al., 1976),
fluorescent in situ hybridisation (Lay et al., 2005) and PCR based techniques (Wang et al .,
1996). The fact that Bacteriodales species appears to be ubiquitous amongst animals, yet
displays host dependent species diversity, lead to their development as markers for
determining the origin of faecal pollution (Allsop & Sickler, 1985; Bernhard & Field,
2000b; Kreader, 1995). The aim of the current paper was to validate the use of the
HF183F and CF128F primers that in conjunction with the general Bacteriodales primer
Bac708R amplify a segment of the 16SrRNA gene of Bacteriodales species specific for
either human or bovine faeces.

The HF183F marker displayed high sensitivity and specificity in all four Atlantic
Rim countries. Previously, this marker was shown to have 100% specificity and 84%
sengitivity when tested in Oregon, USA (Bernhard & Field, 2000a). A real-time PCR
assay allowing quantification of the HF183F marker was recently developed, which
showed that this marker is present in 5 out of 7 Belgian individuals tested (Seurinck et al.,

2005). The Bacteriodales species that carries the HF183F marker therefore appears to be
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widespread in the human population both in the United States and in the European Union.
It was recently shown that there is little variation in microbial populations in human
faeces in five northern European countries, including France and the United Kingdom,
that participated in the current study (Lay et al., 2005). The human HF183F marker is
therefore likely to be of general use throughout the European Union.

The CF128F marker, which is indicative for bovine feces, displayed 100%
sengitivity in al Atlantic Rim countries tested, indicating that, like its HF183 counterpart,
the Bacteriodales species carrying this marker also is widely distributed in both the
United Sates and the European Union. A sensitivity of 100% was previoudy reported by
Bernhard and Field (Bernhard & Field, 2000a). Their studies showed that this marker is
also present in faeces of other ruminants (deer, elk, goat, lama and sheep) but not in non-
ruminant animals (cat, dog, duck, seagull and pig), and therefore concluded that the
CF128F is a marker for ruminant faeces rather than bovine specific. The data presented
here indicate a difference in host specificity of the CF128F marker; in contrast to the
United Sates and Ireland, the CF128F marker is present in pig faeces in France, the
United Kingdom and Portugal. In the latter country it is also present in human and
chicken faeces. The reason for this may be that a single Bacteriodales species carrying
the CF128F marker occurs in both the human and animal population or that the
Portuguese human and animal population harbours different yet related Bacteriodales

species each carrying the CF128F marker.

5. Conclusions
The aim of this paper was to determine whether the amplification of 16SrRNA genes of

Bacteriodal es species, which in the United States have been shown to be associated with
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either human or bovine faeces, could be used as marker in source tracing of faecal
pollution in the Atlantic Rim countries of the European Union. The data showed that the
HF183F marker was generally applicable in all countries. Although the sensitivity of the
marker is not 100%, human faecal pollution is generally due to release of sewage from
wastewater treatment plants or septic tanks, and therefore represents faecal contamination
not by individuals but by populations. Bearing this in mind, the HF183F marker should
detect faecal contamination from a human population with 100% sensitivity. Although
the CF128F marker displayed 100% senditivity, the low specificity observed in Portugal
and to a lesser extent in France and the United Kingdom suggests a limited usefulness of
this marker, and underscores the need for thorough local validation before this
methodology is applied. Although the human and bovine markers have been detected in
water samples during field studies (Bernhard et al., 2003; Seurinck et al., 2006),
relatively little is known regarding the behaviour of these markers following discharge by
the hosts, athough it has been established that environmental parameters such as
temperature have a major impact on their persistance in situ (Kreader, 1998; Seurinck et
al., 2005). Further studies in the Atlantic Rim countries to establish the behaviour of
these faecal markers following discharge are required to increase the confidence in the
ability of this method to determine the source of faecal contamination. Bearing these
current limitations in mind, the method appears useful in identifying and distinguishing
human and non-human faecal pollution in the Atlantic Rim area, particularly in the

context of water quality management required by the new Bathing Water Directive.
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Country All France Ireland Portugal UK
s(%) r(%) n s(%) r (%) n s(%) r (%) n s(%) r(%) n s(%) r(%) n
Sour ce of faeces

Human - 86 104 100 25 - 88 25 - 76 29 - 80 25
Non-human 97 - 180 91 - 45 100 - 45 96 - 43 100 - 45
Bovine 95 - 100 88 - 25 100 - 25 92 - 25 100 - 25
Pig 100 - 40 100 - 10 100 - 10 100 - 10 100 - 10
Chicken 98 - 40 90 - 10 100 - 10 100 - 10 100 - 10

Table 1: Determination of the senstivity (r) and specificity (s) of the HF183F-Bac708R primer pairs for detecting human and

non-human faeces. The column ‘all’ contains the average of all four countries. Non-human represents the average value
of bovine, pig and chicken specificity. n total number of samples tested. General Bacteriodales 16SrDNA was detected

in all faecal samplestested.
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Country All France Ireland Portugal UK
s(%) r (%) n s(%) r(%) n s(%) r (%) n s(%) r(%) n s(%) r (%) n
Sour ce of faeces
Bovine - 100 100 - 100 25 - 100 25 - 100 25 - 100 25
Non-bovine 72 - 184 76 - 45 96 - 45 41 - 49 80 - 45
Human 84 - 104 92 - 25 100 - 25 48 - 29 100 - 25
Pig 30 - 40 10 - 10 80 - 10 10 - 10 10 - 10
Chicken 88 - 40 100 - 10 100 - 10 50 - 10 100 - 10
Table 2: Determination of the sensitivity (r) and specificity (s) of the CF128F-Bac708R primer pairs for detecting bovine and

non-bovine. The column ‘all’ contains the average of all four countries. Non-bovine represents the average value of
human, pig and chicken specificity. n total number of samplestested. General Bacteriodales 16SrDNA was detected in

all faecal samplestested.
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