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This chapter outlines the application of fecal source tracking (FST) methods in
waterways in Australia and New Zealand. FST methods used in the case studies
include biochemical fingerprinting (BF), antibiotic resistance analysis (ARA),
anaerobic bacterial genetic markers, toxin genetic markers, viral markers, fluores-
cent whitening agents (FWAs), and fecal sterols. These methods were predominantly
used to identify human fecal pollution in receiving waters sourced from defective
septic systems or discharges from sewage treatment plants (STPs). In some cases,
these methods were also used to identify the sources of elevated levels of fecal indi-
cator bacteria in catchment waters. The earlier case studies employed library-
dependent FST methods, whereas the recent studies focused on validation and
application of library-independent methods. Several case studies reported the pres-
ence of human fecal pollution in environmental waters and suggested that genetic
markers are appealing because of their high specificity and sensitivity to differentiate
and detect human and animal fecal pollution. Few case studies also used a combina-
tion of methods and suggested that such an approach can compensate uncertainty
when one marker fails to produce satisfactory results. However little is known
regarding the persistence of these markers in relation to fecal indicators and patho-
gens. More research is required regarding the behaviors of these markers in the
environments.
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21.1 Introduction

Pollution from animal and human waste is one of the major concerns about water
bodies that are used for drinking water supply, recreational activities, and harvesting
seafood worldwide due to possible exposure of water users to a wide array of
pathogenic bacteria, protozoa, and viruses (Fong and Lipp 2005; Horman et al. 2004).
Unsafe drinking water, inadequate sanitation, or insufficient hygiene is to blame for
1.5 million deaths each year, most being deaths of children in the developing world
(Priiss-Ustiin et al. 2008). While the developing world is hit hardest by the waterborne
illnesses, waterborne disease outbreaks also occur in developed countries (Hrudey
and Hrudey 2004). Various sources such as agricultural runoff, wild animals, com-
bined sewer overflows, STPs, defective septic systems, and industrial outlets are
known to be potential sources of such pollution (Ahmed et al. 2005a, b; McLellan
2004; Parveen et al. 1997). Microbiological quality of water is generally assessed by
enumerating indicator bacteria such as Escherichia coli and enterococci (USEPA
2000). Indicator bacteria such as these are commonly found in the feces of warm-
blooded animals including humans. The presence of these bacteria in water bodies
generally indicates pollution and the potential public health risks. However, the pres-
ence of fecal indicators does not provide information regarding their sources. The
identification of the major polluting source(s) is vitally important to implement
appropriate mitigation strategies to minimize pollution and subsequent public health
risks (Scott et al. 2002). However, the identification and assigning of indicator bacte-
ria to human and animal sources in environmental waters is difficult due to their
cosmopolitan nature, i.e., they are shed in the waste of a wide variety of hosts (Field
and Samadpour 2007). In addition, environmental waters are subjected to multiple
sources of pollution, making it extremely difficult to implement management plans
without knowing the sources. Economically feasible and simple methodologies to
estimate water-related health risk and identify pollution sources are needed globally.

Over the last decade, researchers have developed a range of FST tools that can
be used to distinguish human fecal pollution from animal. These methods are
broadly categorized into library-dependent (i.e., phenotypic and genotypic),
library-independent (i.e., molecular markers), and chemical (i.e., sterols, FWAs).
The application of some of these methods has been evaluated rigorously. However,
other methods require more validation before being used to identify the sources of
fecal pollution in environmental waters. This chapter reviews the application of
source tracking tools in practical situations in Australia and New Zealand.

21.2 Source Issues in New Zealand

New Zealand is well known for its vast and, seemingly, untouched landscapes.
Indeed, the population of New Zealand is relatively low (four million) compared
to its size (250,000 km?). Placed deep in the Pacific, over 2,000 km from the
nearest continent, the native fauna of New Zealand is characterized by low terrestrial
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mammal diversity with only three species of bats considered as true native mammals.
While the isolation has limited the mammalian diversity, a number of species have
been introduced by both Polynesian and European settlers and are now major
components of New Zealand wildlife. These include rabbits, rodents, and possums,
which currently outnumber humans fifteen to one (King 2005). Furthermore, farm-
ing is a significant contributor to the New Zealand economy (agriculture contribut-
ing roughly 5% of the national gross domestic product GDP and most of export),
and the livestock numbers are high with sheep (34.1 million), poultry (20 million),
and beef and dairy cattle (9.7 million) being the dominant species (Statistics New
Zealand 2009). It is estimated (Kirs” unpublished data) that approximately 2.2 x 10°
and 4.3 x 10* T of wet weight matter per day is released by cattle and sheep, respec-
tively, in New Zealand, which exceeds the contribution from the human population
by 350 fold. Although this untreated waste is dispersed over a large area, livestock
usually roam free and often have open access to waterways. Therefore, in the New
Zealand context, livestock can be a major contributor to microbial pollution of
streams, lakes, and coastal regions and may result in significant human health risks.
Municipal sewage treatment facilities have progressively been upgraded in most
cities, with high levels of treatment achieved in most areas. There has, however,
been an increase in septic systems on the edges of urban centers as an increasing
number of people move to “lifestyle” blocks or accept longer commuting distances
in exchange for living in less urbanized environments.

21.3 Fecal Source Issues in Australia

Microbial pollution in Australian waters is caused by a combination of point
sources (PS) and nonpoint sources (NPS) of pollution. Pollution from PS includes
discharge from industries and STPs and defective septic systems. Septic systems
are the only waste disposal option in nonsewered catchments throughout Australia.
High numbers of septic systems are reported to be failing, are not monitored
(Ahmed et al. 2005a), and have the potential to discharge microbial pollutants in
surface and ground waters. NPS pollution also poses a significant threat to the
catchment and recreational water quality. This is because NPS sources of pollution
are comprised of diverse sources of microbial pollutants from undefined sites
within a catchment. These include stormwater runoff, urban runoff from agricul-
tural fields, livestock runoff, and defecation of wild animals and pets. With increas-
ing urbanization of the nation’s coastal areas, pollution of waterways by NPS is a
growing concern.

21.3.1 Fecal Source Tracking Tools

The number of tools available to identify the possible sources of fecal pollution in envi-
ronmental waters is rapidly increasing. A brief summary of these tools is given below.
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21.3.2 Library-Dependent Source Tracking Tools

The majority of the early-developed MST methods are library-dependent, which
requires the development of a database or “library” of E. coli or enterococci from
suspected sources using various genotypic and phenotypic methods. The underlying
assumption of these methods is that host specificity of microorganisms is influenced
by selective pressure (Wiggins 1996). Phenotypic and genotypic patterns of target
strains are then compared to the library to identify their likely sources (Harwood
et al. 2000; Wiggins et al. 1996). The commonly used phenotypic library-dependent
methods are ARA (Wiggins et al. 1999), carbon source utilization (CSU) (Hagedorn
et al. 2003), and BF (Ahmed et al. 2005a, b). The most commonly used genotypic
library-dependent methods include pulsed field gel electrophoresis (Moyda et al.
2003), repetitive extragenic palindromic PCR (rep-PCR) (Dombek et al. 2000), and
ribotyping (Parveen et al. 1999; Scott et al. 2003). The case studies presented in this
chapter include examples of the use of BF and ARA.

21.3.2.1 Biochemical Fingerprinting

This method uses quantitative measurements of the kinetics of several biochemical
reactions of bacteria in microtiter plates with dehydrated substrates (Katouli et al.
1997; Mollby et al. 1993). The typing reagents used in this method are specifically
chosen for different groups of bacteria to give an optimal discriminatory power and
reproducibility (Mollby et al. 1993). For each bacterial isolate, it yielded a biochemi-
cal fingerprint made of several quantitative data which were used with the PhPlate
software version 4001 (PhPlate system, PhPlate AB, Stockholm) to calculate the
level of similarity between the tested isolates. Similarities between the isolates were
calculated as correlation coefficients and clustered according to the unweighted-
pair group method with arithmetic averages (UPGMA) (Sneath and Sokal 1973).
All data handling, including optical readings, calculations of correlation coefficients,
diversity indexes, and Sp values, as well as clustering and printing dendrograms,
was performed using the PhPlate software.

21.3.2.2 Antibiotic Resistance Analysis

Antibiotics are used to prevent and treat infections in humans and domestic animals,
as well as to promote growth in animals. Microorganisms develop resistance to
antibiotics to which they are regularly exposed, and intrinsic resistance to certain
antibiotics is found in many bacteria. The ARA method is based on the hypothesis
that bacteria present in the intestine of different animals, subjected to different
types and concentrations of antibiotics, would result in host-specific resistance
profiles (Wiggins 1996). ARA fingerprints of unknown environmental isolates can
be compared to a reference library of several known host groups. There is currently
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no standard panel of antibiotics and concentrations used for this method. Antibiotics
are basically selected on the basis of their uses in different host groups. This
method has shown to be successful in discriminating E. coli and enterococci isolated
from animal species (Parveen et al. 1997; Wiggins et al. 1996, 1999).

21.3.3 Library-Independent Source Tracking Tools

There are many microorganisms other than fecal coliforms, E. coli and enterococci
present in feces, which have greater specificity to human and animal hosts.
Difficulties in culturing and identifying some of these organisms have limited their
useful application to source identification. An alternative approach is to extract
total DNA from a water sample and examine the sample using PCR for DNA from
source-specific organisms. These methods do not require the development of a library
and, therefore, are known as library-independent methods. Library-independent
methods could be categorized into three groups:

* Anaerobic bacterial genetic markers: Some members of the Bacteroides and
Bifidobacterium genus appear to be host-associated (Allsop and Stickler 1985;
Kreader 1995). These anaerobes constitute a larger portion of gut microflora
than do coliforms and enterococci (Sghir et al. 2000) and have limited reproduc-
tion capacity in the environment. A research study reported the identification of
human- and bovine-specific Bacteroides-Prevotella 16S rRNA gene markers
using length heterogeneity PCR and terminal restriction fragment length poly-
morphism (T-RFLP) and concluded that these markers could be used to detect
human or bovine origin pollution (Bernhard and Field 2000). Other researchers
have also exploited this group of bacteria, developing PCR assays targeted at
Bacteroides markers specific to human (Layton et al. 2006; Okabe et al. 2007,
Reischer et al. 2007), dog (Kildare et al. 2007), ruminant (Reischer et al. 2006),
pig, and horse (Dick et al. 2005) for the identification of pollution. Recently,
quantitative PCR (qPCR) methods have been developed to quantify human and
ruminant specific Bacteroides markers in sewage and environmental waters
(Layton et al. 2006; Reischer et al. 2007; Seurinck et al. 2005). Other species
can also be targeted. For example Devane et al. (2007) isolated from duck feces
a novel bacteria (most closely related to members of the Desulfovibrio genus)
and then designed PCR primers targeting the 16S rRNA of this organism, which
could be used as wildfowl-specific marker.

» Viral markers: Viral genetic markers have been used to identify the sources of
pollution in environmental waters. The most commonly used viral markers are
human adenoviruses (Choi and Jiang 2005; Fong et al. 2005; Noble et al. 2003),
human polyomaviruses (McQuaig et al. 2006, 2009), F+ specific RNA phages
(Love and Sobsey 2007). Human-, bovine- and porcine-specific adenoviruses
and polyomaviruses have been used to identify the sources of pollution in USA
and Spain (Choi and Jiang 2005; Fong and Lipp 2005; Hundesa et al. 2006;
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Table 21.1 General and host-specific PCR markers used in the case studies in Australia and
New Zealand

Assays Host-marker designation References

Bacteroides general General-Bac32 Bernhard and Field (2000)
Bacteroides human HF183 Bernhard and Field (2000)
Bacteroides ruminant CF128 Bernhard and Field (2000)
Bacteroides dog Dog-BacCan Kildare et al. (2007)

E. faecium human Human-esp Scott et al. (2005)
JCV-BKYV human PCR  Human polyomavirus-JCV and BKV McQuaig et al. (2006)

M. smithii human PCR Human-nifH Utnar et al. (2006)

B. adolesscentis human B. adolesscentis Matsuki et al. (2004)

Maluquer de Motes et al. 2004; McQuaig et al. 2006; Pina et al. 1998). qPCR
method has also been developed for the quantitative detection of these viruses in
environmental waters.

» Bacterial toxin genetic markers: PCR assays have been developed to detect host-
specific toxin genes in indicator bacteria such as E. coli and enterococci. These
include the pig-specific ST1b (Khatib et al. 2003) and cattle-specific LTIIaE.
coli toxin gene (Chern et al. 2004; Khatib et al. 2002), and the enterococcal
surface protein (esp) gene found in Enterococcus faecium (Scott et al. 2005).
A recent study reported the development of a qPCR assay for the quantitative
detection of esp markers in sewage and environmental waters (Ahmed et al.
2008c).

A selection of these methods has been used in some of the case studies described
in this chapter. These are detailed in Table 21.1

21.3.4 Chemical Source Tracking Methods

FWAs (also called optical brighteners) are man-made fluorescent organic com-
pounds that absorb ultraviolet light and reemit most of the absorbed energy as blue
light. To improve whiteness, FWAs are used in the manufacture of paper and clothing.
As FWAs are lost from clothing during wear and washing, most laundry powders
contain 0.10-0.15% (w/w) FWA to maintain whiteness. It is estimated that between
20 and 95% of the FWAs bind to the fabric during washing with the remainder
being discharged with the washing liquor (Poiger et al. 1998, Stoll and Giger 1998).
Most household plumbing mixes effluent from toilets with “grey water” from washing
machines. Consequently, FWAs are usually associated with human fecal pollution
in both septic tanks and community wastewater systems. FWAs absorb light at
350 nm (the excitation wavelength) and reemit the light as fluorescence at a higher
wavelength (emission wavelength) in the range 430 nm (Poiger et al. 1993). The detec-
tion of FWAs, therefore, indicates the potential presence of human fecal pollution
from a sewage system. In general, levels of FWA greater than 0.2 ppb typically
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indicate recent or local source of human pollution, while lower levels indicate
increasingly dilute or distant sources of human pollution. Levels below 0.1 ppb typi-
cally are not associated with local source of human pollution (Devane et al. 2006).

Fecal sterols are a group of C27-, C28-, and C29-cholestane-based sterols found
mainly in animal feces. The sterol profile of feces depends on the interaction of
three factors. First, the animal’s diet determines the relative quantities of sterol
precursors (cholesterol, 24-ethylcholesterol, 24-methylcholesterol, and/or stigmas-
terol) entering the digestive system. Second, animals differ in their endogenous
biosynthesis of sterols (for example, human beings on a low cholesterol diet syn-
thesize cholesterol). Third and perhaps most importantly, anaerobic bacteria in the
animal gut biohydrogenate sterols to stanols of various isomeric configurations
(Devane et al. 20006).

The sterol, cholesterol, can be hydrogenated to one or more of four possible
stanols. In humans, cholesterol is preferentially reduced to coprostanol where it
constitutes 60% of the total sterols found in human feces (Leeming et al. 1996).
By contrast, cholesterol is predominantly reduced to cholestanol in the environ-
ment. Similarly, plant-derived 24-ethylcholesterol is reduced to 24-ethylcoprostanol
and 24-ethylepicoprostanol in the gut of herbivores, whereas in the environment it
is primarily reduced to 24-ethylcholestanol. As a consequence, analysis of the
sterol composition of feces can generate a sterol fingerprint, which can be distinc-
tive from one species to another — particularly in the case of differentiating human
from animal pollution. In the case studies described in this chapter, ten different
ratios are presented (Table 21.2). Ratio 1 (coprostanol/cholestanol) and ratio 2
(24-ethylcoprostanol/24-ethylcholestanol) are typically >0.5 in human and rumi-
nant fecal material (Leeming et al. 1996). These ratios in wildfowl and canine feces
may not exceed these thresholds. Ratios 3—6 are all indicative of human feces when
thresholds are exceeded and are based around elevated relative levels of coprostanol
(Grimault et al. 1990, Reeves and Patton 2001). Ratios 5-8 are indicative of
herbivore feces (Leeming et al. 1998, Gilpin et al. 2002). High levels of ratio 8
(24-ethylcholesterol/24-ethylcoprostanol) suggest either plant decay or a diet of

Table 21.2 Fecal sterol ratios and data interpretation

Sterol ratio Interpretation

Ratio 1 Coprostanol/cholestanol >0.5 Fecal

Ratio 2 24-Ethylcoprostanol/24-ethylcholestanol >0.5 Fecal

Ratio 3 Percent coprostanol >5-6% Human fecal pollution

Ratio 4 Coprostanol/(coprostanol+cholestanol) >(.7 Human fecal pollution

Ratio 5 Coprostanol/24-ethylcoprostanol <1.0 Herbivore; >1.0 human

Ratio 6 Coprostanol/coprostanol+24-ethylcoprostanol ~ <30% Herbivore; >75% human

Ratio 7 Percent 24-ethylcoprostanol >5-6% Herbivore

Ratio 8 24-Ethylcholesterol/24-ethylcoprostanol <1.0 Herbivore; >4.0 plant decay

Ratio 9 24-Ethylcholestanol/(24-ethylcholestanol+24-  >30% Avian
ethylcoprostanol+24-ethylepicoprostanol)

Ratio 10 Cholestanol/(cholestanol+coprostanol+epico >67% Avian

prostanol)
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plant material such as that seen in wildfowl. Ratios 9 and 10 when both exceeding
thresholds suggest wildfowl source of sterols (B. Gilpin, unpublished).

Fecal sterols analysis in each of the case studies in this chapter was performed
by filtering up to 4 L of river water onto glass fiber filters. Filters were stored frozen
until they were analyzed. Solvent extraction was performed prior to hydrolysis,
which was followed by back-extraction into hexane. The sterol fraction is eluted
into methanol and silylated prior to analysis by GC-MS (Gregor et al. 2002). Each
sterol and stanol detected is expressed in parts per trillion (ppt).

21.4 Case Studies

21.4.1 Library-Dependent Methods

21.4.1.1 Case Study 1: Biochemical Fingerprinting Method Identifies
Human and Animal Pollution in Eudlo Creek, Southeast
Queensland, Australia

Situation: Urban creek water samples were collected from five sites on Eudlo Creek,
Southeast Queensland, Australia. The primary aim was to identify human sewage
pollution in the creek, which may have entered via defective septic systems. A second-
ary aim was to identify domestic and wild animal pollution (Ahmed et al. 2005b).

Tools used: BF libraries comprising of 4,057 enterococci and 3,728 E. coli isolates
from horses, cattle, sheep, pigs, ducks, chickens, deer, kangaroos, dogs and septic
tanks were used to identify the sources of unknown environmental E. coli and
enterococci using cluster analysis.

Results: A total of 248 enterococci biochemical phenotypes (BPTs) were obtained
from creek water samples, of which 26 BPTs (10%) were identical to BPTs from
septic tanks and 152 BPTs (61%) were identical to various animals (Table 21.3). Of
the 282 E. coli BPTs from the same water samples, 36 BPTs (13%) were identical to

Table 21.3 Comparison of biochemical phenotypes (BPTs) from environmental water samples
from sampling sites (ECI-EC5) on Eudlo Creek, Queensland, Australia with enterococci (Ent)
and E. coli libraries

No. of BPTs Unknown

found Septic UQ-BPTs  Animal BPTs BPTs
Sampling sites Ent E. coli Ent E. coli Ent E. coli Ent E. coli
EC1 60 71 9 11 38 37 13 23
EC2 72 84 8 11 42 47 22 26
EC3 71 85 8 8 45 51 18 26
EC4 22 13 1 3 14 5 7 5
EC5 23 29 0 3 13 11 10 15

Total 248 282 26 36 152 151 70 95
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BPTs from septic tanks, and 151 BPTs belonged to animals. The sources of the
remaining 70 enterococci BPTs and 95 E. coli BPTs could not be identified.

Conclusions: The study reports the use of BF method as a potential tool for MST
studies. E. coli and enterococci libraries were capable of identifying the sources of
more than 65% of indicator bacteria in the studied creek. The authors reported the
presence of human fecal isolates in the studied creek originating from defective
septic tanks as well as animal sourced isolates. However, the percentage of isolates
that were identified as animals was higher than humans.

21.4.1.2 Case Study 2: Antibiotic Resistance Analysis for Detecting Pollution
from Septic Systems in Surface Waters in Queensland, Australia

Situation: ARA was used to determine the significance of septic systems as a
major contributor to fecal pollution in two mixed land-use catchments, Bonogin
Valley and Tallebudgera Creek, in the Gold Coast region, Queensland, Australia
(Carroll et al. 2005).

Tools used: Antibiotic resistance patterns (ARPs) were established for a library of
717 known source E. coli isolates obtained from human, domesticated animals,
livestock ,and wild sources. Discriminant analysis (DA) was used to differentiate
between the ARPs of isolates from various sources and to classify each isolate from
water (unknown source) into a source category.

Results: A total of 256 (from five sites from Bonogin Creek catchment) and 169
(from three sites from Tallebudgera Creek catchment) isolates from water were
subjected to ARA analysis. By applying DA to the water isolates, and utilizing the
human vs. nonhuman source category, the percentage of human source isolates
contained in each water sample was obtained. From the discriminant analysis of
samples obtained from Bonogin Creek, 40, 55, 10, 52, and 56% of the isolates from
sites BOS1 to BOSS, respectively, were classified as human source (Table 21.4).
For Tallebudgera Creek, 24, 37 and 47% of isolates obtained from TA1 to TA3,
respectively, were also classified as human source.

Table 21.4 Source identification of unknown environmental E. coli
isolates from the Bonogin Valley and Tallebudgera Creeks by antibi-
otic resistance analysis in Queensland, Australia

Source identification (%)

No. of unknown of unknown source isolates
Sampling sites isolates Human Animals
BOS1 45 40 60
BOS2 48 55 46
BOS3 23 10 20
BOS4 93 L) 48
BOS5 46 56 44
TA1 51 24 76
TA2 74 37 63

TA3 43 47 53
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Conclusions: The results suggested the presence of human fecal pollution within
the investigated catchments originating from septic systems. From the other classi-
fied sources, it was evident that in the upper regions of both catchments, the major
source of pollution was from animals. The information obtained through this study
has been utilized by the local regulatory authority to implement more appropriate
management practices to reduce the human fecal pollution of water resources
caused by high numbers of failing septic systems.

21.4.1.3 Case Study 3: Biochemical Fingerprinting and Antibiotic
Resistance Analysis to Identify Dominant Sources of Pollution
in a Coastal Lake, Southeast Queensland, Australia

Situation: Water samples were collected from five sampling sites on the Tooway, a
recreational coastal lake, Queensland, Australia to identify the sources of elevated
levels of indicator bacteria (Ahmed et al. 2008b).

Tools used: BF and ARA were used to identify the sources of enterococci and
E. coli in the studied lake. A population similarity (Sp) analysis was used to compare
the overall similarity between bacterial populations from suspected sources with
those found in the environmental water samples.

Results: Five sampling sites (T1-T5) were chosen at various points along the length
of the lake. Water samples (n=20) were collected fortnightly on four occasions. The
BPTs of enterococci and E. coli isolates from each site were compared to the BPTs
of the suspected sources and host groups. However, only E. coli isolates from water
samples were typed by ARPs and were classified according to host source by ARA.
BF of enterococci populations showed that isolates from waterfowl were most similar
(showed the highest Sp-coefficient) (0.46+0.09) to water samples and showed the
next highest similarity to isolates from STPs (0.31+0.06) (Table 21.5). Similar pat-
terns were also observed when E. coli were subjected to BF (0.32+0.03; waterfowl,
and 0.27+0.09; STP). Both bacterial populations from all sampling sites showed the
highest similarities with those of waterfowl. In contrast, bacterial populations from
dogs and chickens generally showed low similarities to water samples. High similar-
ity values were also observed for both bacterial populations from STP and water
samples with higher values found in sites T2 and T3 located below the submerged
sewerage pipes collecting domestic wastewater. When E. coli populations from each
site were compared to those of the ARPs, the highest similarity (0.27+0.07) was
found between STP and water samples followed by waterfowls and water samples
(0.16+0.07) (Table 21.6). E. coli populations from dogs and chickens generally
showed low similarities with those from water samples.

Conclusions: BF identified waterfowl as a major source of contamination. Each
method individually also identified the STP as a source of pollution. The author
concluded that Sp-analysis is a simple, rapid, and reliable approach and could be
used for comparing bacterial populations from known fecal sources with those from
water samples to predict the sources of pollution. However, this approach should be
limited to small catchments with limited possible sources of pollution.
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Table 21.6 Comparison of population similarity (Sp) coefficient based on antibiotic resistance
patterns (ARPs) of E. coli isolates from sources and water samples collected from sites T1 to T5
on Tooway Lake, Queensland, Australia

Population similarity (Sp) coefficient to water samples

Sources T1 (n=31) T2 (n=69) T3 (n=46) T4 (n=52) T5 (n=26)
STP 0.19 0.35 0.29 0.34 0.20
Waterfowl 0.11 0.14 0.27 0.09 0.29
Dog 0.02 0.11 0.07 0.04 0.22
Chicken 0.06 0.05 0.06 0.01 0.03

Table 21.7 Quantitative PCR results of the enterococci surface protein (esp) marker in environ-
mental waters collected from Ningi Creek, Queensland, Australia

Sampling sites Gene Sampling sites Gene

(event 1) Enterococci  copies/100 mL (event 2) Enterococci  copies/100 mL
NC1 4.1x10° 1.1x10? NC1 3.7x10° -

NC2 32x10° - NC2 1.0x10? -

NC3 1.3x10* 1.6x10? NC3 3.9%x10° -

NC4 1.9%x10* 5.3%x10? NC4 5.6x10* 4.3x10?

NC5 4.3x10* - NC5 3.9%x10* 3.1x10?

NC6 2.8%x10* 5.2x10? NC6 2.1x10° -

NC7 3.9x10° - NC7 9.1x10? -

NC8 1.4%x10° - NC8 9.2x10? -

21.4.2 Library-Independent Methods

21.4.2.1 Case Study 4: Quantitative PCR Assay for the Quantitative
Detection of Human-Specific Enterococci Surface Protein (esp)
Marker in Queensland’s Environmental Waters

Situation: Quantitative PCR (qPCR) was used to estimate the levels of human-
specific esp markers in environmental waters in Ningi Creek, Southeast Queensland,
Australia. Environmental samples (n=16) were collected after storm events and
tested with the qPCR along with the enumeration of enterococci for the quantitative
detection of human pollution (Ahmed et al. 2008c).

Tools used: qPCR of sewage associated enterococcal surface protein (esp) markers
from E. faucium.

Results: The specificity of the esp marker to distinguish between human and animal
pollution was determined by screening a large number of human and animal sam-
ples. The esp marker was detected in 90.5% of combined sewage and septic tank
samples (n=42) and was not detected in any of the fecal samples (n=155) from the
nontarget animals tested. The overall specificity of this marker to distinguish between
sewage and animal pollution was 1.0 (100%). The concentration of culturable
enterococci in water samples collected from the studied creek ranged between
9.1x10? and 4.3 x 10* cfu/100 mL (Table 21.7). Of the 16 samples tested, six (38%)
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were positive for the esp marker, and the concentration ranged between 1.1x 10?
and 5.3 x 10? gene copies/100 mL of water.

Conclusions: The evidence presented in this study demonstrated that the E. faecium
esp marker appears to be host-specific and promising for human pollution tracking
in environmental waters in Southeast Queensland, Australia. The study success-
fully demonstrated the application of a newly developed qPCR assay to quantify the
esp marker in environmental waters.

21.4.2.2 Case Study 5: Application of Human-Specific HF183 and HF134
Bacteroides Markers for the Detection of Human Pollution in
Nonsewered Catchments in Southeast Queensland

Situation: Stormwater samples were collected from the Bergin Creek, Four Mile
Creek and River Oaks Drive nonsewered catchments within the Pine Rivers Shire
in Southeast Queensland. The primary aim of this study was to assess whether
human-specific Bacteroides markers (indicative of human pollution) could be
detected in stormwater samples potentially contaminated by defective septic sys-
tems (Ahmed et al. 2008d).

Tools used: PCR detection of human-specific Bacteroides HF183 and HF134 markers.

Results: Prior to field application, the specificity of each marker was tested by
screening a large number of samples from nontarget fecal species. The overall
specificity of the tested markers to differentiate between human and animals was
1.0 (HF183) and 0.95 (HF134), respectively, as the HF134 marker was detected in
a number of dog samples. The number of E. coli and enterococci in storm water
samples collected from the three catchments is shown in Table 21.8. Of the four
samples tested from the Bergin Creek on four occasions, three were positive for
both the markers. Of the three samples tested from the Four Mile Creek on three
occasions, two were positive for the HF134.

Table 21.8 The number of E. coli and enterococci and PCR positive/negative results of human-
specific Bacteroides markers in environmental water samples collected from three nonsewered
catchments

Catchments Events E. coli Enterococci HF183 HF134
Bergin Event 1 2.6x10° 2.7x10° + +
Creek Event 1 39x10° 4.3x%x10° + +
Event 2 4.0x10° 3.1x10° + +
Event 3 4.1x10° 34x10° - +
Four mile Event 1 1.4x103 1.8x103 - +
Creek Event 2 9.6x10° 8.5x10° + +
Event 3 2.6x10° 2.5%10° - -
River Oaks Event 1 2.7x10° 24x10° - +
Event 2 2.1x10° 1.8x10° - -

Event 3 1.6x10° 1.4x10° - -




498 W. Ahmed et al.

Conclusions: The HF183 marker is specific to human sewage and is a reliable
marker for detecting human fecal pollution in Southeast Queensland, while the use
of HF134 marker alone may not be sufficient enough to provide evidence of human
pollution because of its presence in dog feces.

21.4.2.3 Case Study 6: Application of Human Associated JCV and BKV
Polyomaviruses for the Detection of Sewage Pollution in a Coastal
River in Southeast Queensland, Australia

Situation: Environmental water samples were collected from five locations (MR1
— MRS) in Maroochy River, Sunshine Coast Region, Queensland, Australia. The
primary aim of this study was to evaluate the host specificity of a PCR method to
detect JCV and BKV polyomaviruses, and a secondary aim was to identify sewage
pollution in the studied river (Ahmed et al. 2010).

Tools used: PCR detection of human-specific JCV and BKV polyomaviruses.

Results: The host specificity of the markers was tested by screening wastewater/
samples from nontarget sources such as chickens, dogs, ducks, kangaroos, wild
birds, cattle, pigs, and sheep. The overall host specificity of the JCV and BKV PCR
assay to differentiate between human and animal wastewater/samples was 0.99.
The concentration of E. coli in water samples ranged between <1 and
2,906+300 cfu/100 mL of water (Table 21.9). The concentration of enterococci in
water samples ranged between <1 and 1,586+ 180 cfu/100 mL of water. Of the 20
samples tested, five (25%) were positive for JCV and BKV indicating the presence
of human wastewater in various sites in the Maroochy River.

Table 21.9 Concentrations of E. coli and enterococci along with PCR positive results for sewage-
specific JCV and BKV polyomaviruses at sampling sites on Maroochy River, Southeast
Queensland, Australia

Sampling sites Enterococci PCR positive results
(occasion) E. coli (cfu/100 mL) (cfu/100 mL) for HS-PVs
MRI (1)* 48x10'+1.1x 10! 7.3x10'+1.2x 10! -

MR2 (1)* 5.2x10'+3.0x 10! 1.2x10*+£2.0x 10! +

MR3 (1) 1.5%x10*+5.5%x 10! 2.3%x10*°+3.0x 10! -

MR4 (1)* 3.6x10°+8.0x 10! 4.0x10*°+£1.0x10? -

MRS (1)* 2.9%10°+3.0x10? 1.6x10°+1.8x10? -

MRI1 (2) 1.7x10'+1.0x 10! 1.6x10*°+3.8%x 10! -

MR2 (2) 1.3x10'+5.0x10° 2.2x10°+6.0x 10! -

MR3 (2) 2.1x10'+7.0x 10° 33x10'+8.0x10° -

MR4 (2) 3.3x10'+7.0x 10° 6.2x10'+1.3x 10! -

MRS5 (2) 2.1%x10'+6.0x10° 1.3x10*°+£5.7%x 10! -

MRI1 (3) <1.0x10° 6.0x10'+2.0x10! +

MR2 (3) 44%x10'+5.0x10° 2.0x10'+5.0%x 10° -

MR3 (3) 1.5%x10'+5.0x10° 3.0x10'+1.0x 10! +

MR4 (3) 7.0x10'+1.5%x 10! 6.5%x10'+4.1x 10! +

MRS5 (3) 1.0x10*+1.1x 10! < 1.0x10° -

(continued)
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Table 21.9 (continued)

Sampling sites Enterococci PCR positive results
(occasion) E. coli (cfu/100 mL) (cfu/100 mL) for HS-PVs

MRI1 (4) 1.3x10'+5.0x10° 4.0x10'+1.0x 10! -

MR2 (4) 6.0x10°+ 4.0x 10° 1.5x10'+6.0x 10° -

MR3 (4) <1.0x10° 1.8x10'+1.1x 10! -

MR4 (4) 6.7x10'+1.5%x 10! 4.0x10'+1.4%x10' -

MRS (4) 6.0x10°+2.0x10° 42x10'£7.0x10° -

ND not detected
*Study area received >100 mm rainfall 2 days prior sampling

Conclusions: JCV and BKYV viruses are highly specific to human sewage, and they
proved a reliable marker for detecting human fecal pollution in this coastal river in
Southeast Queensland, Australia. The presence of JCV and BKV viruses in water
samples indicate potential public health risks as the studied river is used for recre-
ational activities including swimming, fishing, and water sports.

21.4.2.4 Case Study 7: Application of a Suite of MST Markers in an
Urbanized Waterway, New Zealand

Situation: A MST study was initiated due to the chronic elevated fecal indicator bac-
teria concentrations in the urban sections of the lower Maitai River, New Zealand.

Tools used: Water samples were collected along the river on three separate dates
and tested for a suite of MST markers (human-associated E. faecium esp gene,
human- and ruminant-associated Bacteroides spp. (HF183 and CF128), human-
associated Methanobrevibacter smithii nifH gene (nifH), and human JCV and BKV
polyomaviruses by end-point PCR analyses.

Results: All samples collected expressed a signal of ruminant-associated fecal pollu-
tion; however, a strong human component was detected in all samples collected at or
downstream of stormwater drains entering from the urbanized side of the river. The
human-associated fecal pollution detection was supported by a minimum of two differ-
ent human markers at those sites and was coupled with elevated fecal indicator bacterial
concentrations (Table 21.10). Therefore, while the upstream land runoff was probably
the major source of ruminant-associated fecal pollution, leaking sewage collection sys-
tems or cross-connections that impact the groundwater or stormwater systems was
indicated as the major source of human-associated fecal pollution in the river.

Conclusions: While the actual source at the time of this study was not clear, follow-
on engineering work commissioned by the regional council located an aged and
leaking sewage drainage system in a historic residential area upstream of the storm-
water drainage entering the city side of the river. This outcome highlights the utility
of using MST markers in association with traditional fecal indicator bacteria tests
to assist in confirming and pinpointing a fecal pollution problem area and also
reveals the risk of fecal pollution from aging sewage reticulation systems that many
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Table 21.10 Fecal indicator bacteria concentrations and presence/absence of MST markers (positive
signal/number of samples tested) in water samples collected in the Maitai River (New Zealand).
More than one number is given where multiple samples for fecal indicator bacterial concentrations
were collected.

Fecal indicator concentrations General Ruminant Human

Sites Fecal

Maitai  coliforms Enterococci

River  (cfu/100 mL) (cfu/100 mL) Bac32  CF128 HF183 esp nifH JCV-BKV
1 1.4x10° 2.9%x10? 1/1 1/1 1/1 o1 0/1 041
2 5.0x10? 2.2x10? 3/3 3/3 2/3 03 0/3 0/3
3 5.7x10? 2.3x10? 2/2 2/2 2/2 12 172 212
4 4.0x10? 4.0x10? 1/1 0/1 1/1 /71 1/1 111
5A? 1.4x10° 1.6x10° 2/2 2/2 12 12 172 212
5B¢ >2.5x 10 >1.0x 10* 1/1 1/1 1/1 /1 1/1 111
6 2.5x10° 1.7x10° 1/1 1/1 1/1 /1 1/1 1/1
7° NA 1.3x10? 1/1 0/1 1/1 o/1  0/1 0/1
8 4.4x10? 1.2x10? 1/1 1/1 1/1 o1 o/1 111
9 1.1x10? 8.7x10' 1/1 1/1 1/1 /71 1/1 111
108 9.2x 10! 6.3x10! 1/1 1/1 1/1 /1 01 171

“Indicates samples collected in stormwater outfalls

older developed areas may face in the future. Frequent seismic activity can be a
contributing factor in New Zealand.

21.4.3 Combinations of Methods

21.4.3.1 Case Study 8: Application of FWAs and Molecular Methods for
Determination of Fecal Sources in a Large River in Two New
Zealand Rivers

Situation: An investigation of fecal sources was undertaken on two New Zealand
rivers. The primary interest for both rivers was whether human sources of fecal
pollution were present, and secondarily, whether dairy cows further up the catch-
ment of each river were contributing to fecal pollution of each river.

Tools used: Five samples were analyzed from various sites on river A, and three
samples from river B. Samples were analyzed for the presence of FWAs, and with
PCR-based assays for Bacteroides general, human, and ruminant markers. River B
water samples were also tested for the presence of the B. adolescentis PCR marker.

Results: Levels of the microbial indicator E. coli differed markedly between the
two rivers. All sites on river B contained high levels of E. coli (>5.0x 10° E. coli/100 mL),
while in River A only site 5 contained similar levels.

FWAs were detected in all samples from river B, only from the site 2 samples in
river B (Table 21.11). These levels all support a human source of fecal contamination.
The general Bacteroides marker was detected in all samples. The human Bacteroides
marker was present in all river B samples, but from river A, only in the site 2 sample.
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Table 21.11 E. coli, FWAs and molecular markers detected in rivers A and B

Sample E. coli* General Human B. adolescentis Ruminant FWA®
River A, site 1 5.2x10! + - Not tested - <0.01
River A, site 2 1.5x10? + + Not tested - 0.2

River A, site 3 9.8x 10! + - Not tested + <0.01
River A, site 4 6.3% 10! + - Not tested - <0.01
River A, site 5 8.7x10° + - Not tested + <0.01
River B, site 1 1.5x10* + + + - 0.38
River B, site 2 5.6x10° + + + - 0.45
River B, site 3 7.5x10° + + + - 0.55

“MPN/100 mL
"Parts per billion (ppb) equivalent to pg/L

This human source was supported in river B samples by the presence of the
B. adolescentis marker. The ruminant marker in contrast was not detected in any of
the river B samples. It was, however, detected in river A site 3 and 5 samples.

Conclusion: River A: At the time of sampling, E. coli levels were very low in samples
from four of the sites, with the fifth (site 5) containing very high levels of E. coli. This
site was negative for human-specific PCR marker, negative for FWAs and positive for
the ruminant marker. Subsequent investigation identified that this site was a drain
which was being used for illegal dumping of stock effluent. Of the other four sites
with low levels of pollution, the general Bacteroides marker could be detected in all
of these samples, with evidence of human source of pollution at site 2 (human-asso-
ciated Bacteroides and elevated FWAs). Site 2 is impacted directly by a stormwater
drain from a residential area, and these results indicate that human sewage is likely to
be entering this system. The low levels of E. coli in samples from other sites limit the
conclusions that can be made, although site 3 was positive for the ruminant marker.

River B: All sites sampled on this river contained significant evidence of the entry
of human sewage into this stream and the very high levels of E. coli reinforce the
likely health risk. Further investigation of site 1 identified evidence of recent con-
struction of a retaining wall, which may have disrupted sewage lines.

21.4.3.2 Case Study 9: Application of FWAs, Fecal Sterols, and Molecular
Methods for Determination of Fecal Sources in Two Streams in
Auckland, New Zealand

Situation: A series of small streams run between residential properties in the city
of Auckland. These discharge into the marine environment. In this study, three sites
on stream C and 4 sites on stream D were sampled. For comparison, a duck pond
adjacent, but not visibly connected, to stream D was also tested.

Tools used: Fecal sterols, FWAs, and PCR markers for human-associated
Bacteroides and B. adolescentis.

Results: E. coli levels were relatively low in stream C, while in stream D levels were
tenfold higher. FWAs were detected at low levels in stream C but were at or below the
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Table 21.12 Measured levels of microbial indicators, FWAs, and human DNA markers in
streams C and D

Microbial

Indicators Human effluent indicators
Sample E. coli* FWAs® Bacteroidetes B. adolescentis
Stream C, site 1(3) 5.2x10? 0.03 + +
Stream C, site 2 5.2x10? 0.04 + +
Stream C, site3(1) 3.1x10? 0.02 + +
Stream D, site 1 7.8x10° <0.01 - -
Stream D, site 2 48%x10° 0.01 — -
Stream D, site 3 3.6x10° <0.01 - -
Stream D, site 4 3.6x10° <0.01 - -
Duck pond 22x10° <0.01 - -

"MPN/100 mL
®Parts per billion (ppb) equivalent to pug/L

detection limit in stream D. The human-associated Bacteroides and B. adolescentis
markers were both detected in all stream C sites, but not in stream D sites. The duck
pond while containing high levels of E. coli, contained no detectable FWAs or human-
associated Bacteroidetes and B. adolescentis markers (Table 21.12). Total levels of
fecal sterols contrasted between streams C and D. Stream C contained high levels of
sterols, with ratios strongly supporting the presence of human fecal material
(Table 21.13). The duck pond also contained high levels of sterols but with quite dif-
ferent ratios, clearly not indicative of a human source. The stream D samples contained
much lower levels of sterols, particularly of coprostanol and 24-ethylcoprostanol. The
low levels of these two sterols makes interpretation of some of the ratios difficult, but
on the basis of the ratios of sterols present, a human source is not indicated.

Conclusions: These two streams contrasted markedly in levels of E. coli and the
presence of human-associated markers. For stream C, the three source specific tools
used all indicated the presence of human effluent, although the levels of FWAs are
at very low levels. The low level of FWAs may be indicative of the lack of use of
washing powders at the time of sampling, and may suggest relatively few contribut-
ing households. In light of the source specific indicators, it would seem likely most
of the E. coli present were of human origin. Stream D samples contained no evi-
dence of human effluent in the samples analyzed. The absence of FWAs, human
specific molecular markers, and fecal sterols, all suggested a nonhuman source of
the E. coli present.

21.4.3.3 Case Study 10 Application of FWAs, Fecal Sterols, and Molecular
Methods for Determination of Fecal Sources in a Rural River in
the South Island of New Zealand

Situation: This investigation focussed on two sites on a river in the lower South
Island of New Zealand. Possible fecal sources included human septic tanks, dairy
cows, and wildfowl. An adjacent duck pond was also sampled for comparison.
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Table 21.14 E. coli, molecular markers and fecal sterols detected in water samples from two sites
on a South Island River and an adjacent duck pond

Analyte Site 1 Site 2 Duck pond Interpretation

E. coli* 2.8%x103 1.0x10°3 54x10°3

PCR markers

General Bacteroides +° + +

Herbivore Bacteroides + - -

Human Bacteroides - + -

Fecal sterols

Coprostanol 362¢ 4,243 561

24-Ethylcoprostanol 1,425 2,410 961

Epicoprostanol 63 295 349

Cholesterol 1,914 6,672 11,795

Cholestanol 296 952 5,143

24-Methylcholesterol 562 2,820 4,422

24-Ethylepicoprostanol 424 486 246

Stigmasterol 627 2,680 4,631

24-Ethylcholesterol 1,712 6,036 14,397

24-Ethylcholestanol 1,095 1,268 1,106

Total sterols 8,480 27,862 43,611

Ratio 1 1.22 4.46 0.11 >0.5 Fecal

Ratio 2 1.30 1.90 0.87 >0.5 Fecal

Ratio 3 4.3 15.2 1.3 >5-6% Human
fecal pollution

Ratio 4 0.55 0.82 0.10 >0.7 Human
fecal pollution

Ratio 5 0.25 1.76 0.58 <1.0 herbivore; >1.0
human

Ratio 6 20.26 63.78 36.86 <30% All herbivore;
>75% all human

Ratio 7 16.8 8.6 2.2 >5-6% Herbivore

Ratio 8 1.20 2.50 14.98 <1.0 Herbivore; >4.0
plant decay

Ratio 9 37.19 30.45 47.82 >30% Wildfowl

Ratio 10 41.05 17.34 84.97 >67% Wildfowl

*MPN/100 mL

+ equals detection of marker, — equals not detected
cSterol results all parts per trillion

Tools applied: Samples were analyzed for presence of fecal sterols, and for PCR
markers specific for E. coli, human, ruminant, and general Bacteroides markers

(Table 21.1).

Results: All three sites contained fairly similar levels of E. coli and elevated levels

of sterols (Table 21.14).

Fecal sterol ratios 1 and 2 were both elevated above the typical human and
herbivore fecal thresholds at both these sites. The sterols at site 1 didn’t meet any
of the human-associated ratio thresholds (ratios 3—6), while the herbivore indicative
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ratios 3-5, were satisfied. While ratio 6 was not below 1 in site 1, it is close to this
point. In contrast at site 2 the ratios exceeded thresholds for human ratios 3-5.
Ratio 10 was significantly less than 67% in both sites 1 and 2, indicating that
wildfowl contribution to pollution is not significant. Analysis of the duck pond
samples confirmed that the fecal sterol profile of this water was quite different from
either of the water samples. These conclusions were also supported by the PCR
analysis with the human-associated marker only detected at site 2, while the herbi-
vore specific marker was only detected in site 1.

Conclusions: These two sites provided a strong contrast in terms of the identified
source of fecal pollution. The molecular and fecal sterol signatures in site 1 were
consistent with an herbivore source of pollution, while site 2 samples produced a
profile consistent with a human source. Sterols and molecular markers analyzed
from the duck pond confirmed that water containing feces from ducks would not
falsely be identified as being either of human or herbivore origin.

21.4.3.4 Case Study 11: A Combination of Source Tracking Methods to
Identify Human Sourced Pollution in Stormwater via Defective
Septic Systems in Pine Rivers Shire, Queensland, Australia

Situation: Storm water samples were collected from Bergin Creek, Four Mile
Creek and River Oaks Drive to determine whether the water was contaminated by
human pollution from possible defective septic systems (Ahmed et al. 2007).

Tools used: A battery of methods, (1) library-dependent BF of E. coli and entero-
cocci (2) human-specific Bacteroides HF183, HF134 and (3) human-specific
enterococci surface protein (esp) markers, were used to detect human sourced pol-
lution in the nonsewered, residential catchments studied.

Results: In all, 550 E. coli and 700 enterococci were isolated and biochemically
fingerprinted to compare these fingerprints with existing libraries (Ahmed et al.
2005b). Of the 18 samples tested, 7 samples were also analyzed for the presence of
human-specific markers using PCR methods. A total of 305 E. coli BPTs and 299
enterococci BPTs were obtained from water samples. The source of 105 E. coli
BPTs and 93 enterococci BPTs were identified in water samples from River Oaks
Drive catchment. Of these, 10 and 9% were identified as human-source E. coli and
enterococci BPTs, respectively. Similarly, of the 83 E. coli BPTs and 93 entero-
cocci BPTs from the Bergin Creek catchment site, 8% E. coli BPTs and 9% entero-
cocci BPTs were identified as human-source isolates. The number of E. coli and
enterococci assigned to human origin in the Four Mile Creek site were 4 and 3%
respectively. Of the seven samples tested, both HF134 and esp markers were
detected in five samples, and the HF183 marker was detected in four samples
(Table 21.15). Human fecal pollution was detected in six out of seven water sam-
ples by at least one of these markers. The methods were not always in agreement
in detecting human fecal pollution in water samples.
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Table 21.15 Detection of human fecal pollution using library-dependent and library-independent
methods

Storm Bacteroides Enterococci surface
Catchments events E. coli Ent HF183 Bacteroides HF134  protein (esp)
BC 1 - + Not tested Not tested Not tested

3 + + Not tested Not tested Not tested

5 - - + + +

5 - + + + +

6 - - + + -
FMC 1 - - Not tested Not tested Not tested

2 - + Not tested Not tested Not tested

3 - - Not tested Not tested Not tested

4 - - Not tested Not tested Not tested

4 + + Not tested Not tested Not tested

5 - + - + +

6 + + + + +
ROD 1 + + Not tested Not tested Not tested

2 + + Not tested Not tested Not tested

3 + - Not tested Not tested Not tested

4 + + Not tested Not tested Not tested

5 + - - - +

6 + - - - -

Ent enterococci

Conclusions: The results suggested that human fecal pollution is present in storm-
water from these catchments. The E. coli and enterococci libraries used in this
study were capable of detecting human fecal pollution. The presence of host-spe-
cific markers further confirmed the presence of human fecal pollution. This study
demonstrated the value of a combination of methods for source tracking to obtain
a better understanding regarding the pollution sources.

21.4.3.5 Case Study 12: Detection of Human and Animal Fecal Pollution in
a Coastal Creek Located in Southeast Queensland, Australia Using
Multiple Host-Specific PCR Markers

Situations: Environmental samples (n=16) were collected from Ningi Creek urban
catchment to identify the sources of fecal pollution using PCR along with the enu-
meration of E. coli and enterococci (Ahmed et al. 2008e).

Tools used: PCR detection of the human-specific HF183, HF134, esp markers,
cattle-specific markers, and dog-specific markers.

Results: The specificity of these markers were determined by testing 197 samples
from sewage/septage, ducks, kangaroos, cattle, horses, dogs, chickens, pigs, pelicans,
goats, deer, wild birds, and sheep. The overall specificity of the Bacteroides HF183
and HF134 markers to differentiate between sewage/seepage and animal host groups
was 1.0 and 0.95, respectively. The Bacteroides CF128 markers also showed high
specificity (0.93) for ruminant feces, which included cattle.The Bacteroides BacCan
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Table 21.16 Concentrations of E. coli and enterococci and detection of MST markers signifying
human or animal pollution in water samples from Ningi Creek, Queensland, Australia

Sampling sites E. coli Enterococci ~ HF183  HF134 CF128 BacCan esp
Occasion 1

NC1 2.1x10° 4.1x10° + - - - +
NC2 3.6x10° 32x103 + - + + -
NC3 4.9x%x10° 1.3x10° + + + + +
NC4 4.1x10° 1.9%x10° + + - + +
NC5 1.2x10* 4.3%x10* + + + - -
NC6 39%x10° 2.8x10* + - + - +
NC7 3.1x10° 39x10° - - + - -
NC8 34x10° 1.4x103 - - + - -
Occasion 2

NC1 3.1x10° 3.7x10° - - + - -
NC2 9.1x10? 1.0x10? + - - - -
NC3 4.9x%10* 39x10° + + - + -
NC4 4.4x10* 5.6x10* + + + + +
NC5 4.2x10* 39x10* + + + - +
NC6 1.1x10° 2.1x10° - - + - -
NC7 1.6x10° 3.1x10? - - + - -
NC8 2.1x10° 1.2x10? - - - - -

marker (i.e., dog markers) was detected in samples from sewage/septic, chickens and
pigs and the specificity was low (i.e., 65%). The esp marker also exhibited high
specificity for differentiation between human and animal feces. The concentrations
of FIB in the water samples ranged between 9.1x 10? and 1.2x 10* cfu/100 mL (for
E. coli), and 1.2x10% and 5.6x 10* cfu/100 mL (for enterococci) (Table 21.16). At
least one host-specific marker was detected in 14 (87%) out of 16 samples. Human-
specific Bacteroides HF183 and HF134 markers were detected in 9 (56%) and 6
(37%) samples, respectively. This figure for human-specific esp marker was also 6
(37%). Cattle-specific marker CF128 was detected in 11 (69%) samples, whereas
dog-specific marker BacCan was detected in 5 (31%) samples.

Conclusion: The host-specific PCR markers are reliable tools for detection of fecal
pollution from humans and animals. Among all markers, Bacteroides HF183 and
esp performed well in terms of specificity and identifying the sources of human
fecal pollution. However, a combination of multiple human-specific markers pro-
vides greater reliability regarding the presence/absence of human fecal pollution
when one marker is not sufficient to identify human fecal pollution. The CF128
marker also performed well in identifying ruminant fecal pollution.

21.5 Conclusions

This series of case studies conducted in Australia and New Zealand demonstrate the
application of FST tools in a range of water systems. The primary question that
arises in many situations is whether a water body contains human derived fecal
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pollution. Human fecal pollution usually is considered to represent the greatest
health risk (Field and Samadpour 2007; Leclerc et al. 2002), has the lowest threshold
of public acceptability, and once identified often provides an opportunity to rectify
the situation. This corrective action may involve considerable expenditure, and
therefore, avoidance of false-positive results is very important. Indeed, demonstrating
an absence of human fecal pollution allows water managers to prioritize resources
to other areas and thereby achieve improvements in water quality.

Library-dependent methods such as BF and ARA, as illustrated in case studies
1 and 2, can be effective in source identification. However, the need to generate a
large source library and potential concerns over validity of a library beyond the
spatial and temporal constraints in which it was derived from can make library-
dependent methods both time-consuming and expensive.

Library-independent source tracking methods, such as source specific PCR
marker approaches, are appealing as in theory these markers may be temporally
and spatially more stable than libraries. The case studies in this chapter indicate
that the tested markers indeed exhibit similar sensitivity and specificity in
Australia and New Zealand compared to results obtained overseas. Most of the
markers showed higher specificity, although the sensitivity was not always high.
For example, the esp markers in the case study 4 could not be detected in all
wastewater samples collected from septic tanks. Some cross-reactivity has been
observed for some markers as in case study 5, where HF134 markers were
detected in dog fecal samples. Nonetheless, the application of an array of markers
and/or combination of MST techniques can compensate for any uncertainty asso-
ciated with a single marker. FWAs are useful indicators of human pollution, as
are fecal sterols. Increasing use of sterols in water-quality analysis is also improv-
ing our understanding of these chemicals in nonhuman sources (Devane et al.
2006).

The cost of assays often limits the willingness of water managers to invest in
sufficient replication of analysis to be able to understand variability of results.
“Murphy’s Law” and the inherent variability of aquatic systems can also create the
situation where a river with historically high levels of pollution may have low levels
when samples are taken for analysis by FST tools. This is demonstrated in case
studies 8 and 9, and as illustrated in case study 9, the generation of meaningful
results may still be possible in this situation. However, these must be interpreted
with care. Are the sources of pollution at lower E. coli levels the same as at higher
levels, or do the higher levels of pollution come from a different, intermittent
source? When a human source is detected as in case study 9, this may be sufficient
evidence for water managers to take action even if water standards are not exceeded.
Unless all pathogens have been removed, and only indicators are present, any
human pollution is usually unacceptable. Certainly, the avoidance of the use of this
water for recreational or aquaculture is preferable. If used for drinking water, a very
high level of treatment is required to ensure that any possible viral or protozoan
pathogens in particular are inactivated.

While we are beginning to build up knowledge on the degradation, absorption,
sedimentation, and transport of these new fecal source indicators (Bae and Wuertz
2009; Okabe and Shimazu 2007; Walters and Field 2006; Walters and Field 2009),
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our understanding is incomplete and in most cases untested in real-life situations.
Preferential absorption or transport may result in some markers behaving differently
compared to traditional E. coli indicators and also behaving differently compared
to pathogens that are of ultimate concern. The adoption of multiple source
indicators does to a degree counter this issue. Additional tools do, however, increase
both the time and expense in analyzing an area and may not be available in some areas.
Cost-effectiveness of the use of multiple tools must also be considered. Devane
et al. (2008) explored the development of decision trees to begin addressing these
issues. While a work in progress, they do provide guidance, enabling users of
these tools to compare various scenarios and identify cost-effective implementation
strategies. This is critical as the cost and complexity have been the key factors
hampering the implementation of MST technologies in water-management
programs (Sagarin et al. 2009).

Collectively, these case studies indicate that current MST technology can success-
fully be applied for source identification and lead to meaningful and productive
management decisions. There is room for significant refinement of these tools, and
a continued investment in research to achieve these improvements is required.
However, MST technology, even in its current, developing form can and is being
used to improve water-quality outcomes.
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