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Microbial Source Tracking: Its Utility and Limitations Toward the Protection of
Recreational Waters in the Great Lakes Basin

Summary. Microbial source tracking is necessary because standard methods of measuring
fecal contamination in water by enumerating fecal indicator bacteria (FIB) do not identify the
source or sources of the contamination. Source tracking methods can be divided according to
whether or not they require a library (a "host origin database" or set of bacterial isolates from
fecal samples of known origin). Methods can also be divided by whether or not they use FIB and
by whether or not they require cultivation of microbes. These variables all affect the cost, time
required, and effectiveness of the methods.

Prominent library-dependent methods include antibiotic resistance analysis (phenotypic) and
fingerprinting analyses (genotypic) such as ribotyping, REP-PCR and PFGE. Library-depend
methods are costly, time consuming, and have complex and sometimes poorly understood
requirements for sample sizes and analyses. In addition, new libraries are needed for each
geographical region. Prominent non-library-dependent methods include chemical markers (e.g.
fecal sterols/stanols, caffeine and laundry whiteners) and host-specific PCR (e.g. of of
Bacteroidales molecular markers). Another set of techniques involves direct molecular
monitoring of human viruses such as adenoviruses and enteroviruses. Viruses are important
because they are not well correlated with FIB but are important pathogens.

All of these methods have been tested at the proof-of-concept level, but there have been few
organized comparisons and proficiency tests with blind samples. In one such study, the
SCCWRP study, host-specific PCR performed well, as did ribotyping and PFGE. Other
comparative studies have found somewhat different results. All support the following
conclusions: 1) No method is quantitative; 2) Results from the same method differ depending
on the operator and on differences in experimental design and analysis. Few studies have
followed up the results of fecal source tracking to quantify resulting gains in water quality.

The best evidence supports taking a multi-tiered approach to source tracking, moving from
general to specific and from less to more expensive. The first step is intensive surveys using
FIB, to target sources spatially and temporally. Once "hot spots" are identified, then very
directed source tracking can be done if needed, starting with less-expensive methods that
identify human contamination, and continuing to more-expensive ones as needed, to identify
common species, or finally to identify all species.

Companies that offer source-tracking services should be provided with blind proficiency
samples to assess their abilities and estimate possible benefits, before they are hired.

Water quality standards were established based on epidemiological studies that measured
human health outcomes following recreational exposure to human-derived fecal contamination.
There are no similar studies for exposure to animal fecal contamination, although it is logical to
assume that the risk from animal fecal contamination is lower. Thus even if microbial source

tracking shows that fecal contamination is animal-derived, there is usually no way to allow for a
higher permitted level of FIB. Hence the benefits from microbial source tracking at the present
time are only that it allows the source or sources of fecal contamination to be accurately
assigned, located, and corrected. In some cases this could lead to a reduction in FIB. In other
cases where the source is primarily wildlife and there is no way to control the wildlife, no
immediate water quality benefit from microbial source tracking will be seen. National
environmental health agencies must take the responsibility to fund the required epidemiological
studies so microbial source tracking can be properly applied to estimate human health risk.

Field, K. G. 2006. Microbial Source Tracking: Its Utility and Limitations
Toward the Protection of Recreational Waters in the Great Lakes Basin.
U.S.-Canada International Joint Commission Science Advisory Board.
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Introduction

The problem: Fecal contamination of surface waters is widespread in the United States,
Canada and worldwide. The resulting illnesses, beach closures, environmental and habitat
degradation, and contamination of fisheries have broad economic, health and environmental
impacts. The Great Lakes Basin, a major recreational site, presents many opportunities for
human exposure to contaminated waters. Some of the important related issues in the Great
Lakes Basin include beach closures, combined or sanitary sewer overflows, failing septic
systems, agricultural and storm water runoff, pets at beaches, low water levels, extensive
wildlife populations including Canada geese and gulls at beaches, fish kills, and algal blooms.
Bacterial water quality standard exceedances have occurred at sites in all five Great Lakes and
throughout the Basin.

Several severe recent waterborne disease outbreaks have underscored the importance of the
problem of fecal contamination. The 1993 outbreak of cryptosporidiosis in Milwaukee,
Wisconsin, is estimated to have affected 400,000 people (74) at an estimated cost of 96 million
dollars US (21). In 2000 in Walkerton, Ontario, 2,300 people became ill and 7 died as a result of
drinking water contaminated with E. coli 0157.H7 from cow manure (56).

Direct monitoring for pathogens. Since the public health concern is microbial disease, the
most straightforward approach to protecting health would be to directly monitor microbial
pathogens in water. However, although effective assays for many pathogens exist, currently
these are often expensive, time consuming and technically complicated. Pathogens may be
rare, difficult to culture, and irregularly distributed, yet highly infectious even at low doses.
Furthermore, a large number of assays for different pathogens would be required, and feces
from both humans and animals may contain as-yet-unidentified pathogens or pathogens for
which no assays exist. While microarrays to simultaneously assay numerous pathogens are
under development (e.g. see (7, 69, 77,119,120), these still have numerous problems with
sensitivity, specificity, and quantitation; it is likelyto be a while before they are ready for general
use.

Fecal indicator bacteria. Because of these limits to direct monitoring of pathogens, it is
standard practice to monitor fecal indicator bacteria (FIB) such as total and fecal conforms,
Escherichia coli, and fecal enterococci, in water. FIB are easy-to-culture aerobic bacteria. Their
presence in water is assumed to be due to fecal contamination; they are enumerated in water
samples in order to quantitatively estimate the amount of the contamination.

Epidemiological studies have established human health standards based on exposure to FIB,
and associated disease, in drinking, recreational and shellfish waters (reviewed in (124)).
Because the most serious threat to human health is thought to come from human, not animal,
fecal contamination, these epidemiological studies took place at sites where the principal source
of fecal contamination was human or human sewage. The reasoning was that this would best
protect human health, by avoiding setting bacterial standards too low.

Although the use of FIBto assess water quality has unequivocally reduced human health risk,
the current FIB approaches fall short in several areas.

Indicator bacteria don't identify the source of contamination. To manage water quality, the
source of fecal contamination must be known, both to find and mitigate the problem, and to
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estimate human health risk. A variety of warm-blooded, and even some cold-blooded, animals
contain FIB in their feces (e.g., see (50)). Thus, the presence of indicator species in water is not
sufficient to determine the source of fecal contamination; standard methods of measuring fecal
contamination by growing public health indicator bacteria do not identifythe source of the
contamination.

Relative risks from human and animal fecal contamination. Indicator counts lump together
many different potential sources of fecal contamination, which may have wholly different
associated pathogens. Human and animal feces both pose threats to human health. The health
threat from riuman fecal contamination is well documented. For example, human feces are
commonly associated with the spread of Salmonella enterics serovar typhi, Shigella spp.,
hepatitis A virus, and noroviruses. Indeed, until recently, the focus of concern for water-related
illness, and associated research, has been contamination by human effluent (reviewed in (122)).

The human risk from domestic and agricultural animal feces is usually assumed to be less than
the risk from human feces, in part because viruses, which are the most common cause of
human illnesses from exposure to fecal contamination in water, are highly host-specific.
Domestic/agricultural animals spread many pathogens, including, for example, Salmonella, E.
coli 0157:H7, Campylobacterjejuni, Giardia spp., Cryptosporidium spp., and hepatitis E virus
(reviewed in (22). Nevertheless, few studies have been carried out on the risk ofanimal
feces as a source ofwaterborne zoonotic infections (122). In a Hong Kong study, illness
rates for two marine beaches impacted by animal (pig) wastes were lower than for seven other
beaches (20, 54). In a New Zealand study carried out at seven populous marine beaches, no
substantial differences in illness risks were found between the human and animal waste-
impacted beaches, though both were markedly different from the control beaches (78).

The disease risk from fecal contamination of wild animals, such as gulls, is poorly understood.
Rare events when wild animal viruses cross into humans may be deadly; HIV/AIDS and H1N5
bird flu are prominent examples. Certain waterborne bacterial and protozoan pathogens of wild
animals have been documented to infect humans (e.g. Leptospirainterrogans). Giardia and
Cryptosporidium widely infect wild animals. Because these parasites appear morphometrically
identical in animals and humans, wild animals have long been assumed to be reservoirs and
important sources of human infection. However, molecular evidence has made it clear that most
genotypes of these parasites are host-adapted and cannot cross-infect among different host
species (e.g.isee (4,130)). For example, in Canada geese, Zhou and colleagues concluded that
"Canada geese might only serve as accidental carriers of Cryptosporidia infectious to humans
and probably play a minor role in the animal-to-human transmission cycle of the pathogen"
(131). However, a significant number of emerging and re-emerging waterborne zoonotic
pathogens have been recognized (9). Some of these pathogens may not be of recent origin;
some may have been causing illness for a long time, but were not previously identified due to a
lack of suitable isolation and identification methods. These include, for example, vesiviruses,
Campylobacterjejuni, Yersinia enterocolitica, and Cryptosporidium spp. (94,114,122).

Amounts of indicator bacteria in different types of feces. Water regulators frequently must
estimate total maximum daily loading (TMDLs) offecal bacteria based on indicator counts.
Although the data are sometimes contradictory (e.g. see (1, 29, 32, 33, 40,125), there seems to
be agreement that different species contain both different numbers and different relative
proportions of E coli and enterococci in their feces, making it unclear how to estimate the E. coli
or FIB contribution of different sources of feces in a watershed, even if the amount of fecal input
from each is somehow known.
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Environmental survival of indicator bacteria. An adequate fecal indicator should not
reproduce outside the animal host. Both E. coli and enterococci can survive and persist
ubiquitously in natural environments such as fresh water lakes and streams, algal wrack, beach
sand, and tropical soils (16, 37, 91,100,126).

Correlation of indicator bacteria with pathogens. An indicator should be correlated with the
presence of pathogens; and it should have a survival profile similar to the survival profile of the
pathogens whose presence it indicates. E. coli and enterococci are not well correlated with
pathogenic Salmonella spp. (68), Campylobacter spp. (10, 55,68, 72), Cryptosporidium spp.
(10, 55, 68, 72), human enteroviruses (39, 55, 68), including adenoviruses (87), and coliphage
(60). The poor correlation of bacterial indicators with viruses is of particular concern because of
the low infectious dose of the viruses (36), their linkage with both acute and chronic disease
(36), and the fact that they are considered the most frequent cause of swimmer-associated
illnesses.

Microbial Source Tracking. Diagnosing the sources of fecal contamination in water is typically
called bacterial source tracking (BST) or microbial source tracking (MST). These names are
misleading, as they imply that microbes or bacteria don't normally occur in water and only come
from fecal contamination. However, naturally occurring microbes are ubiquitous in surface
waters, with bacteria occurring at an average density of 106 cells/ml and virusesat a higher
density.

The assumptions that underlie fecal source tracking are that some characteristic in feces
unequivocally identifies a particular feces type; and that this identifying trait can be detected in
water. Furthermore, many methods make the (usually untested) assumption that the relative
proportion of identifying traits remains the same in water over time as the relative proportion in
the original feces that entered the water; therefore, ifthe traits can be quantitatively detected,
the quantitative contribution of each particular type of feces can be estimated.

As an example, an earlier method to distinguish human from non-human fecal contamination
was based on estimating the ratio of fecal streptococci to fecal coliforms. But because strains of
coliforms and streptococci have different survival rates, the ratio changes in complex ways over
time, making it unreliable (112,113).

There are several recent reviews of fecal source tracking (29, 80,108,111).

Why Microbial Source Tracking? There may be several reasons to do microbial source
tracking. The first concern is frequently to investigate the source of high levels of FIB. From the
point of view of regulators, identifying the source or sources of FIB (not feces, not pathogens)
and eliminating them may be the only objective. A second objective is to identify particular
pathogens in water. Certain sources of fecal pollution might be associated with particular
pathogens (for example, E. coli 0157:H7 with ruminant feces). This reason is closely related to
the third reason, which is to estimate the human health risk associated with exposure to
contaminated water.

The first objective is obtainable; the others may not be.

Microbial Source Tracking: Methods

A number of methods for fecal source identification are in use or under development. These can
be divided into culture-based and culture-independent methods. Furthermore, some methods
require a "library". In this context, a "library" is a set of bacterial isolates from fecal samples of
known origin, tested using the method of source discrimination. It is also called a "host origin
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database." Most library methods are culture-based, and require growing environmental isolates
from water samples. Source identification occurs by a statistical comparison between test
patterns from the library and the environmental isolates. Library-dependent methods include
both phenotypic and genotypic tests. Culture-dependent, library-independent methods are
based on growing source-specific viruses or bacteria. Library-independent, culture-independent
methods include chemical and microbial (molecular) tests.

Culture-based, library-dependent methods.

It is logical to base fecal source identification methods on FIB, because throughout the US and
Canada, FIB are used to identify a water quality problem in the first place. Moreover,
epidemiological studies correlating FIB with health risks have already been done, and water
quality laboratories are expert at indicator assays. Thus library-based methods have typically
started by growing E. coli or enterococci.

Library-based approaches are labor-intensive, requiring extensive sampling both to prepare the
library and to test environmental isolates. All library-based methods have complex requirements
for adequate sample size, representativeness, and geographic stability (52, 83,129). Data on
geographic stability suggest that for most methods, libraries are not cosmopolitan, and thus a
separate library for each locale or watershed may be required (e.g., see (48, 95,110,115)).

Antibiotic resistance and other phenotypic methods. In the multiple antibiotic resistance
(MAR) method, also called ARA (antibiotic resistance analysis) and ARP (antibiotic resistance
profiling), isolates of E. coli or enterococci are tested against panels of antibiotics in order to
discriminate among human and various animal sources of fecal pollution (e.g. see (26,47, 51,
52, 96,128)). The underlying assumption is that since humans, agricultural animals, and wildlife
have been exposed to different antibiotic regimes, their fecal bacteria will differ in types and
levels of antibiotic resistance.

Antibiotic resistance traits in bacteria are often borne on plasmids, are under strong selection,
and change rapidly under the influence of host population exposure to antibiotics and other
chemicals. Thus,.antibiotic resistance is not geographically stable; libraries of strains from
known sources must be constructed for each new geographic region being tested. However, the
MAR/ARA method is inexpensive and low-tech, making it readily available to a broad variety of
investigators.

Comparative studies that have assessed the effectiveness of antibiotic resistance methods for
fecal source tracking have generally given them low ratings (e.g. see (52, 82)). In a blind study
that compared a number of fecal source tracking methods using water samples containing feces
(see below), the performance of antibiotic resistance-based methods at identifying the fecal
sources was, little differentfrom random (45). There is some evidence that enterococci work
better than £ coli for ARA (see (52, 82)).

Other phenotypic methods that have been tested include carbon-source utilization (CUP) and
serotyping; the serotyping approach did not seem promising and was not extensively tested,
and CUP did not perform well in a comparativestudy (45).

DNA fingerprinting: ribotyping, REP-PCR, and related methods. Genotypic library-based
methods are!usually based on DNA fingerprinting of bacterial isolates. Ribotyping, repetitive
extragenic palindromic polymerase chain reaction (REP-PCR), amplified fragment length
polymorphism (AFLP), pulsed-field gel electrophoresis (PFGE), random amplified DNA
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polymorphisms (RAPD), and denaturing gradient gel electrophoresis (DGGE) are fingerprinting
techniques producing bar code-like patterns for each bacterial isolate.

Each of the fingerprinting methods depends on matching the fingerprint patterns of bacteria
isolates from known sources of feces (the library) with fingerprint patterns from individual water
isolates. Each fingerprinting assay is complex and different, requiring specialized equipment
and training. For example, ribotyping involves growing indicator bacterial isolates, extracting
DNA, amplifying 16S rRNA genes by PCR, and digesting amplification products with restriction
enzymes. The "bar code" is usually created by separating fragments via electrophoresis, and
detecting fragment patterns by hybridization with radioactive or fluorescent probes (e.g., see
(19,48, 83, 97,105)). The resulting patterns can be very small, complex, and difficult to
distinguish and interpret, either by eye or automatically.

For these methods, the size of the "library" is extremely important, as is the method of statistical
analysis used (53, 61,118). In addition, many studies have found that many or most
environmental isolates cannot be matched to host isolates (e.g. see (53,118). It is necessary to
discard these unmatched isolates; identifying them based on similarity to known isolates results
in incorrect classifications.

Ribotyping and PFGE are successfully used for epidemiology of food outbreaks, to identify an
outbreak and its source. However, source-tracking presents considerably more complex
problems than matching outbreak genotypes. In a blind study that compared a number of fecal
source tracking methods using water samples containing feces (see below), the performance of
both ribotyping and PFGE was good (45, 83); REP-PCR was not as good, and the other
fingerprinting methods were not tested. Several investigators have concluded that PFGE may
be of too great resolution for source tracking (e.g. see (71)); however, commercial source
tracking companies use it. A more recent comparison between ribotyping and antibiotic
resistance profiling found that ribotyping only identified 27% of unknowns to the correct source
category; £ coli ARAcorrectly identified 28% and enterococci ARA correctly identified 45%.

Other genotypic library-based methods Ram and colleagues explored directly sequencing
beta-giucoronidase genes from £ coli isolates, and comparing sequences to library sequences
(103). They found 114 alleles (different sequences) in environmental isolates; different allele
frequencies occurred at different sites. Of 82 alleles from fecal samples, a few were host-
specific (2 in birds, 3 in humans), but the most common alleles were found in all of the hosts.
Their "internal consistency" (ability to correctly assign isolates) was 60 to 75%.

Library-independent, culture-dependent methods.

Viral methods. Phage of Bacteroides fragilis can distinguish human and animal fecal pollution,
as certain strains of B. fragilis will grow bacteriophages only from human sewage and others will
support phage growth from both human and animal feces (102). However, these phages are
more common in Europe, particularly southern Europe, and may not be useful in the US and
Canada (e.g. see (98)). Similarly, two serotypes of F+ RNA coliphages, Types II and III, are
found in association with human fecal contamination, whereas Type IV is found in association
with animal fecal contamination and Type I occurs in both human and animal feces (38,49).
Growth of these coliphages in an appropriate cell culture, followed by serotyping, identifies
human and non-human fecal contamination in water. Recently, serotyping has largely been
replaced by molecular typing (57).

These viral methods are limited to discriminating between human and animal sources. Little is
known about differential survival of the various types, which would affect the ability to
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discriminate, over time. In addition, the markers appear to be irregularly distributed in
populationsland may work better in some geographic areas and when fecal sources comprise
multiple individuals (such as from sewage) rather than single individuals (86). Culture-based
viral detection methods are largely being replaced by molecular detection (see below).

Bacterial methods. Several microbial source tracking methods are based on culturing host-
specific bacterial strains, such as Bifidobacterium adolescentis for humans (11, 73,104) and
Rhodococcus coprophilis for grazing animals (92, 107). They are isolated and detected with
selective media and colony hybridization; molecular detection is coming into widespread use.

A recent revival of the ratio approach suggests that the bacterial ratio of atypical colonies to total
coliform colonies (AC/TC) from a total coliform membrane filter assay could identify human fecal
and agricultural impacts (12).

Culture-independent library-dependent methods
i

Community fingerprinting. This approach uses T-RFLP, a technique that digests community
DNAwith restriction enzymes, then separates fiuorescently labeled fragments according to size
on a DNA automated sequencer. The pattern of fragments is then compared to patterns
generated from known fecal DNAs. These known fecal patterns make up the "host origin
database"; like a library of bacterial isolates, they are unlikely to be geographically or temporally
stable and ijkely to need to be re-created with relevant fecal samples for each new study. As
well as demanding a DNAautomated sequencer, equipment that a water quality lab would be
unlikely to own, this technique did not perform well in a blind study that compared a number of
fecal source tracking methods using water samples containing feces (see below) (30,45).

A similar approach used cluster analysis to compare T-RFLP patterns from Bacteroides-
Prevotella fecal DNAs derived from a number of species including chickens, cows, deer, pigs,
dogs, geese, horses, humans, and gulls (34). The results were not promising. Using fecal
DNAs, there was great overlap among species, and although cluster analyses separated the
patterns obtained from single species, no species-specific diagnostic peaks were found. Even if
a laboratory was equipped to carry out this analysis, it is unlikely that the technique could
identify fecal sources mixed together in environmental samples.

Culture-independent, library-independent methods
j

Chemical methods. Not being based on microbes, chemical methods are both "culture-
independent" and "library-independent". Substances such as caffeine, fecal sterols and stanols,
laundry brighteners, surfactants, fragrances, pesticides, and polycyclic aromatic hydrocarbons
can be used to detect human and non-human fecal contamination and determine urban sources
of fecal contamination (15, 27, 58, 67, 85,101,113,116,121). Standley and colleagues (116)
compared several of these so-called "molecular tracers" and concluded that a combined index
of caffeine and fragrance levels was an effective identifierfor human sewage; a ratio between
particular steroids made an effective identifier for agricultural input; and a different steroid ratio
identified wildlife input. Similarly, profiling of seven sterols in South Australian metropolitan
catchments! suggested areasofhuman, dog, and bird fecal impact (121).

Although presence of chemical indicators and molecular tracers can identify recent fecal inputs,
their spread, transport, and persistence in water may not be correlated with that of pathogens
and FIB, which are cellular or particulate. Survival of indicators and pathogens in water is
affected by jfactors such as settling, UV irradiation, and grazing (e.g. see (14)); these factors are
likely to affejct chemical indicators differently than cellular orparticulate pathogens.
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These methods have been tested in Australia and are in widespread use there. A recent study
compared a suite of fecal steroids from the Santa Ana River in California and found that the
steroid ratios were inconsistent with sewage; moreover, concentrations of FIB were correlated
with occurrence of bird fecal steroids (90).

Molecular methods. This approach represents a large change in water quality monitoring, as in
most cases the methods not only avoid culturing, but also may not use standard fecal indicators
at all. In these methods, a genetic marker is assayed directly from a water sample or from DNA
extracted from a water sample, without an intervening culture step. These methods assay
specific genes by the polymerase chain reaction (PCR); this approach is also called "host-
specific PCR." The approach speeds up the process of source tracking, and allows access to
novel markers that would be difficult or impossible to grow. These methods can theoretically
take as little as two or three hours from sampling to diagnosis.

PCR, a method of making many copies of a specific DNA sequence in a test tube, is routinely
used in medical and food diagnostic labs, and has replaced many older diagnostic procedures
that took weeks and required multiple differential media and biochemical tests. Thus although
many water labs are not yet equipped for PCR, the technique is accessible, the equipment is
not expensive (comparable to, say, an incubator, and far less than a centrifuge) and the
technology is likely to be increasingly available.

The assumption that underlies this approach is that there are host-specific genetic markers in
feces. These may be markers that are human-specific, to separate human from non-human
fecal pollution, or markers that specifically identify individual host species. Although a single
individual's fecal community may change over time and in relation to diet and age (although
recent molecular data are challenging this assumption, see (76)), certain features persist and
are diagnostic. However, host-specific markers may not be present in every individual, and
individuals may have differing amounts of the markers. As a result, these methods usually work
better when there is a "bulk"or community sample (such as sewage, for humans) rather than an
individual or family sample.

Viral methods. A number of fecal viruses can be monitored directly in water, without culturing
(reviewed in (35,43). Examples include human adenoviruses, human enteroviruses, and bovine
enteroviruses (36,44, 59, 70, 88, 99,123). The presence of human or bovine viruses indicates
the presence of human or cattle fecal pollution. Monitoring for viruses typically requires larger
water samples than the 100 ml samples used for water quality monitoring; concentration of such
large samples can concentrate PCR-inhibitorysubstances as well, interfering with detection (59,
119). To increase sensitivity, investigators may use nested PCR, which makes it difficult or
impossible to detect quantitatively (59). Real-time PCR assays have successfully quantified
enteric viruses (8, 81). The viral methods are effective in detecting human sewage, although
they may not detect feces from individuals or small groups of humans (86). These methods are
particularly important because they directlydefect viral pathogens, which are not well correlated
with FIB.

Anaerobic bacterial targets Some fecal anaerobic bacteria (for example, in the genera
Bifidobacterium and Bacteroides)have host-specific distributions and can therefore identify
particular sources of fecal contamination (e.g. see (2, 31, 64,104). Fecal anaerobes make up
the majority of bacterial cells in feces, and are present at much higher densities than coliforms
and enterococci. However, because culturing anaerobes is far more complex that growing FIB,
anaerobes were not generally adopted as indicators until a shift to molecular rather than culture-
based methods for studying bacteria in natural populations spilled over into the public health
arena.
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This shift to molecular ecology of microbes led to the discovery that the vast majority of bacteria
in all habitats, ranging from soil and water to the mouth and Gl tract, have never been grown,
and indeed cannot be cultivated using standard approaches. The importance of this discovery
for source tracking is that "uncultivated" bacteria provide potential host-specific molecular
markers. In fact, because the majority of bacteria in feces have never been grown,
"uncultivated" targets are more common in feces that cultivated ones.

Ribosomal RNA genes are commonly used for molecular diversity studies of uncultivated
bacteria, because these genes are present in all bacterial groups, allowing the use of published
PCR primers; in addition, these genes contain sufficient sequence diversity to distinguish
among specific strains, species or genera. Most bacterial groups have multiple rRNA gene
copies, increasing the ease of detection. Other good targets are rRNA gene spacers.

Bacteroides and related genera (Phylum and Class Bacteroidetes, Order Bacteroidales)
comprise a large proportion of the fecal flora in warm-blooded animals, making them a relatively
easy target for detection. In addition, they are genetically diverse, are limited to animal body
cavities, are unlikely to survive long after release into receiving waters (because they are
anaerobes)! and showspecies-orgroup-specific hostdistributions (2, 31, 64). Bacteroidales
host specific PCR primers based on uncultivated microbes can specifically identify feces from
ruminants, humans, dogs, pigs, horses and elk (5, 23). Markers can be detected in fecally
contaminated natural waters. Limits of detection of host-specific markers in 100 ml water
samples is comparable to the limits of detection of £ coli by culture ((5, 6,13, 24). These
assays appear to be geographically stable, and have been used successfully throughout the
United States and Canada, northern Europe, Hawaii and New Zealand.

In a blind study that compared a number of fecal source tracking methods using water samples
containing feces (see below), host-specific PCR of Bacteroidales molecular markers performed
well. |

i

However, because there are many closely related Bacteroidales sequences in feces along with
the host-specific sequences, and because even identical models of thermal cyclers vary
significantly, it is important for each user to establish the specificity of the host-specific assays
by testing them with fecal DNAs from the target species and other species. PCR conditions can
usually be adjusted so that detection is specific.

f

Noronly do! related hosts have closely-related fecal Bacteroidales (for example, ruminants),
suggesting co-evolution and adaptation, but horizontal transfer of fecal bacteria among species
in close contact has also occurred (e.g. humans and their pets; (23)). Sooner or later, therefore,
it's likely that someone will find dogs, chickens or gulls that bear the published "human specific"
markers, and so on. It is important to test host-specific primers each time they are used in a new
locale.

A PCR assay for B. thetaiotaomicron distinguishes human and dog feces from other animals
(18).

Similar approaches have targeted the genus Bifidobacterium. Nebra and co-workers (84)
developed probes to distinguish B. dentlum, a species thought to be limited to humans, and
animal-specific Bifidobacterium species. Following amplification of Bifidobacterium 16S rDNAs
using general primers, they used their probes to differentiate human and animal samples. There
is some concern about survival of this group in water. Resnick and Levin (104) found that
members of the genus Bifidobacterium could not be cultured after 5 h in fresh water or 10 h in
salt water. Carillo and colleagues (17) also observed very low survival of B. adolescentis in a
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tropical environment and suggested that the genus could be used to detect only very recent
fecal contamination. These cultivability problems may not matter for molecular detection.

Toxin/virulence genes. Host-specific toxin genes in £ coli make interesting targets for source
detection, as they are not only related to standard fecal indicators, but give information about
pathogen status. A heat-stable enterotoxin from enterotoxigenic £ coli, the STIb toxin, is
associated with human fecal waste; its gene is the target for PCR primers that detect human
fecal pollution (93). Similariy, the STII toxin gene is associated with pig feces; specific primers
can detect pig fecal contamination (63). The heat-labile enterotoxin, LTIIa, is associated with
cattle fecal waste; its gene is the target of PCR primers to detect fecal pollution from cattle (62).
These markers are generally specific (with occasional exceptions (30)), and are temporally and
geographically stable. One drawback is that the target genes are relatively rare. In a blind study
that compared a number of fecal source tracking methods using water samples containing feces
(see below), host-specific PCR of toxin genes performed well, but it was necessary to enrich for
£ coli from the 100-ml water samples before the toxin genes could be detected. This precludes
quantitative detection, as the growth step introduces culture bias. Thus the method is not truly
culture-independent, and will take longer than methods that directly sample genes in water
without an intervening growth step.

Similariy, a virulence factor from Enterococcus faecium, the enterococcal surface protein (ent) is
the target for a human-specific PCR assay (109). This assay is highly specific; 97% of human
sewage and septage samples, but no livestock or bird samples, were positive for the marker.
However, the assay is not very sensitive. Like the £ coli toxin genes, the ent gene is rare; it is
necessary to enrich for enterococci before the gene can be detected, precluding quantitative
detection and increasing the time required.

Rhodococcus coprophilus. Culture-based detection of this bacterial indicator of fecal
contamination from herbivores (cow, sheep, horse and deer) is slow. Detection by PCR and
quantification by Q-PCR is specific and sensitive (107).

Host mitochondrial sequences. Martellini and colleagues developed PCR primers targeting
host mitochondrial gene sequences (75). It is well knownthat hosts shed their own cells (e.g.
blood cells, intestinal cells) in feces. It seems incontrovertible that these host cells make a better
host-specific target for source tracking than bacteria, which may be found in multiple hosts and
can spread among species. Mitochondrial DNA is morecommonthan nuclear DNA, and is well
known to be more variable. This approach appears extremely promising if the bugs can be
worked out. The initial publication showed many unresolved problems with specificity and
sensitivity.

Culture-independent Versus Culture-Dependent Methods

Advantages and disadvantages of culture-based methods. Culturing fecal indicator
organisms is relatively inexpensive and low-tech, making it broadly available. However, this
advantage is lost ifthe source identification method that is applied to the cultured isolates is
high-tech and expensive (e.g., PFGE and AFLP). Another advantage of culturing is that it
provides an enrichment step, increasing the numbers of target microorganisms and providing
single strains in isolation. Finally, culture-based methods often use standard public health
indicators such as £ coli or enterococci, for which at least some information about survival and
transport is available.

Disadvantages are that these methods are limited to testing easily cultured microbes. Many
pathogens, and even the most common fecal bacteria, are difficult to grow. In addition, the
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composition of microbial communities changes drastically when cultured (e.g., see (28)). This
"culture bias" has virtually never been considered in culture-based fecal source identification.

Advantages and limitations of culture-independent molecular methods. These methods
have the adyantage of sampling the entire population present in the sample, with no culture
bias. In addition, they are simpler and quicker than culture-based methods; they may require
only a few hours to detect fecal pollution and identify its source. They do not require prior
preparation)of a "library," as the markers are in most cases universal or nearly so. They are not
limited to easy-to-culture microbes, but may instead use difficult-to-grow but common fecal
microbes or mine the uncultured genetic diversity in feces for source-specific markers.

A drawback of using any markers other than FIB is that their survival relative to, and correlation
with, standard fecal indicators and pathogens are poorly known. Since regulations are currently
based on FIB, any other markers must be correlated with public health bacteria in order for
managers to use them.

PCR carries high risks of contamination. As a result, another disadvantage of these methods is
the necessity of establishing stringent controls at all steps of the process, from physical
separation of different stages of the research into different laboratories to inclusion of
appropriate!negative controls.

A further limitation of the culture-independent methods is that markers for only a few animal
species are; currently available; wildlife species especially are not represented. More and
different gene targets are needed. Most of the culture-independent methods result in
presence/absence data on marker occurrence; quantitative assays are needed. Finally, for any
of these markers, it is important to test their geographic range and temporal variability.

| Microbial Source Tracking Using Combined Methods
i

As no single source tracking method is ideal, some have suggested combining methods (45,
117), in order to enhance discrimination or provide confirmation of results. Boehm and
colleagues used intensive testing for FIB to spatially locate areas of intense contamination and
characterize variability in Catalina Bay (8). They followed this with targeted assays for human-
specific Babteroidales and enteroviruses to identify the source ofthe contamination. They
concluded that there were multiple sources; the spatial component of their sampling allowed
them to identify specific sources, including a leaking graywater pipe.

In a second study, intensive FIB sampling in a watershed emptying into Santa Monica Bay was
combined vj/ith molecular detection of enterovirus, a human-specific Bacteroidales marker, and
enterococcus. Finally, investigators sequenced amplified enterovirus sequences to confirm the
presence of potential risks to human health. Although the entire creek had high FIB levels, high
human-specific and viral indicators in specific areas indicated where mitigation would do the
most good (89).

Genthner a|nd colleagues combined REP-PCR fingerprinting with antibiotic resistance analysis
of Enterocdccus faecalis isolates, and concluded that the combination of the two increased their
ability to assign beach/swash zone isolates as either human or gull-derived. Most isolates were
identified as gull. It is striking that in this study there were no matches among isolates. Cluster
analysis of REP-PCR patterns placed human, gull, and beach isolates in separate lineages;
ARAalso clustered beach isolates in a discrete lineage, with gull and human isolates
interminglepl in lineages. This study appears tosupport the existence ofunique environmental
lineages, rather than identifying them as human or gull-derived.
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In New Zealand investigators combined identification of host-specific Bifidobacterium,
Rhodococcus and Bacteroides with assays for fluorescent whitening agents and fecal
sterols/stanols. They were able to identify human contamination, but found that animal input
was more difficult (41).

Microbial Source Tracking: Is it Quantitative?

Because FIB are used quantitatively to estimate total fecal load, water quality practitioners
accept without question, and in fact insist, that fecal source tracking methods should be
quantitative. However, little is known about the comparative survival of the different kinds of
source-specific markers, and what data there are indicate strongly that survival is not
proportional. Many different studies have shown that populations of £ coli in fresh feces differ
from strains sampled from diverse habitats such as dry feces, animal bedding, septic tanks,
storage lagoons, and water samples (e.g. see (42, 79,127). The general trend in the
environment outside the host, confirmed by several different measures of genetic variability, is
dominance of environmental strains that differ from strains in the host. A study that used
ribotyping to follow persistence and differential survival of £ coli genotypes, for example,
showed that some strains were more persistent than others, and that the distribution of
ribotypes in environmental mesocosms was different from their distribution in feces (3). Another
study of diversity of £ coli in the environment versus in feces found that rivers and beaches
were dominated by river and beach genotypes, which differed from fecal genotypes even when
the environments in question were heavily fecally contaminated (79).

Under these circumstances, it is hard to imagine how fecal source tracking could be more than
vaguely quantitative. Ifthe proportions of the markers change as soon as they hit the water, and
if the markers all show differential survival, and if fecal bacterial genotypes in water are
dominated by unique environmentally-adapted strains, then trying to make exact quantitative
estimates of the contribution of different fecal sources doesn't make sense. This is particularly
true for culture-based assays, where selection of readily cultivable strains leads to bias.
However, used as presence-absence tests, microbial source tracking is useful both to identify
fecal sources and to locate "hot spots" of contamination.

j

In a blind study that compared a number of fecal source tracking methods using water samples
containing feces (see below), all methods failed to quantify fecal inputs in unknown samples
(45).

Microbial Source Tracking: How Should the Methods be Assessed?

The field of microbial source tracking is still in early development in some ways. Many of the
methods have only been tested against fecal samples In laboratory studies (proof of concept
testing), or applied in field studies where the "real" answer is not known, so the real
performance of the method cannot be assessed. Two kinds of testing are needed. The first is
blind testing with proficiency samples; this could be done comparatively to rank methods and to
better establish relative costs and strengths of each. The second is application of the source-
tracking method in field studies, followed by measurement of the resulting improvement in water
quality.

ARCC and other statistical tests. The average rate of correct classification (ARCC) has been
used to judge how well library-based source tracking methods work. ARCC is a statistical
estimate of the ability of a library to correctly classify isolates pulled from the library (not its
ability to correctly classify environmental isolates or known-source isolates from outside the
library). ARCCs reported in some studies have been quite high (e.g., see (25, 46)). However,
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the size of the library influences its ARCC. Small libraries have higher ARCCs than large
libraries, but small libraries are not as representative and are therefore not as good at
classifying novel isolates (from outside the library) as are large libraries (82,129). Thus, ARCC
may be better termed internalaccuracy (82). It does not estimate the ability of the method to
identify fecal sources, and can be misleading. Because many methods of fecal source tracking
have been assessed only by calculating ARCCs, the ability to compare these methods is
limited.

Comparative and Proficiency Studies. An ideal test of methods would supply practitioners
with blind samples for source identification. The Southern California Coastal Water Research
Project (SCCWRP) and the US EPA sponsored such a study in 2003 (30, 45, 52, 83, 86). Study
participants were asked to identify the fecal source(s) in identical sets of water samples
containing human, cattle, dog, or gull feces, sewage, or a mixture. Along with unknown water
samples, participants were supplied with samples of the feces used to create the unknowns.
Study participants used coliphage and virus-based approaches, antibiotic resistance, carbon
utilization profiling, ribotyping, REP-PCR, PFGE, community DNA profiling, and host-specific
PCR of £ coli toxin genes and Bacteroidales molecular markers. Methods were assessed
according to their ability to identify whether samples did or did not contain human feces, identify
each fecal source, quantify fecal contributions, and handle both freshwater and saltwater
samples and samples with humic acids.

Host-specific PCR (of £ coli toxin genes and Bacteroidales markers) was very accurate at
identifying samples with human feces and sewage with no false positives, and was generally
considered to perform the best of the methods. Ribotyping and PFGE also performed well,
although results varied depending on what group did the analysis. Several of the others,
including phenotypic methods and genotypic library-based methods, identified most or all
samples with human input, but had false positives. The virus-based methods worked well at
identifying samples with sewage but less well at identifying samples with human feces. None of
the methods correctly identified all the sources in every sample. The host-specific PCR methods
accurately identified the species for which they had markers, but did not have markers for all
species. Many of the other methods had significant numbers of false positives. Several broad
conclusions could be reached. First, the same approach did not perform equally well in the
hands of different investigators, underlining the need for standardization. Second, the rate of
false positives for culture-based, library-dependent methods was often very high. Third, no
method was able to accurately quantify the sources. Fourth, each method had strengths and
weaknesses, and no method performed perfectly. Methods that accurately identify human fecal
contamination are useful when the principal question is the identification of human input.
Methods that are rapid and accurate for some sources, but don't identify all sources, would be
useful where the principal research objective is to identify the major sources of fecal
contamination, for rapid mitigation. Methods that are more time-consuming and less accurate,
but identify all sources, would be appropriate where it was important to know all sources.

A second smaller study compared library-dependent methods using £ coli (118). Again,
ribotyping and PFGE worked well. It was notable that ribotyping with EcoRI and PvuW
approached 100% correct classification of unknown isolates, but only 6% of the isolates could
be classified. This is the same pattern seen in studies cited above that compared genotypes of
fecal and environmental strains; most environmental strains ("transients") differ from fecal
strains. If someone doing microbial source tracking with a library-based genotypic method
claims to be able to assign all the environmental isolates to host, they are either being deceptive
or they donjt understand the method.
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A third study compared the performance of ribotyping with H/ndlll and antibiotic resistance
testing (82). The study established libraries, measured internal consistency (rather low, as
expected with large libraries), and used the libraries to attempt to classify blind proficiency
samples. Twenty-eight per cent (by ARA) and 27% (by ribotyping) of the £ coli proficiency
isolates were assigned to the correct source category. There was almost no overlap between
isolates correctly classified by the two methods. This study concluded that "None of the
methods performed well enough on the proficiency panel to be judged ready for application to
environmental samples."

The difference in results reported in these and other comparative studies (106) may be due to
study design and operator error, underlining the necessity of accurately establishing the correct
parameters for each method.

Few or no studies have accurately measured water quality improvements that resulted from
source tracking. These studies are necessary in order to analyze benefits and costs.

Microbial Source Tracking: What are the Benefits?

Water quality standards were established based on the results of epidemiological studies that
measured human health outcomes following recreational exposure to human-derived fecal
contamination. There are no similar studies of health outcomes following exposure to animal
fecal contamination, although it is logical to assume that the risk from animal fecal
contamination is lower. A recent exposure study at Mission Bay, California (report available on
the SCCWRP web site) found a much lower level of human illnesses than expected considering
the levels of FIB. In the next year, a follow-up study used two different methods of microbial
source tracking and found that the primary source of the FIB at Mission Bay was non-human,
most likely from water birds. These results underscore the need for larger epidemiological
studies to measure human health risks from animal fecal contamination. National environmental
health agencies must take the responsibility to fund the required epidemiological studies so
microbial source tracking can be properly applied to estimate human health risk.

Water quality regulators are frequently in the situation where high bacterial counts are thought
to be due primarily to wildlife. Even if microbial source tracking shows that fecal contamination is
wholly animal-derived, current regulations do not usually allow for a higher permitted level of
FIB. Hence the benefits from microbial source tracking at the present time are only that it allows
the source or sources of fecal contamination to be accurately assigned, located, and corrected.
In some cases this could lead to a reduction in FIB. In others, where the source is primarily
wildlife and there is no way to control the wildlife, no immediate water quality benefit from
microbial source tracking will be seen. However, regulators must identify and eliminate all
possible fecal sources; even when there is a lot of wildlife, human sewage and septage leaks
and agricultural runoff may still be identified.

Microbial Source Tracking: How Should it be Done?

The best evidence supports taking a multi-tiered approach to source tracking (e.g. see (8, 65,
66, 89), moving from general to specific and from less to more expensive. After each step,
progress should be assessed before deciding to move to the next one. The first step is intensive
surveys using FIB, to target sources spatially and temporally. Once "hot spots" are identified,
their sources may become obvious even without any specific microbial source tracking (for
example, leaky pipes or run-off from a particular farm). If not, then very directed source tracking
can be done, starting with less-expensive methods that distinguish human contamination,
continuing to more-expensive ones as needed, to identify common or likely targeted species,
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and finally identifying all species if needed. Appropriate methods to distinguish human
contamination would be chemical methods (caffeine, laundry brighteners and the like), host-
specific PCR (for example, Bacteroidales molecular markers), and viral methods. The lowest tier
of species identification could also be host-specific PCR, as it is quicker and less expensive
than library-based methods and can identify common agricultural and domestic animals. The
final tier, if needed, would be a library-based method to identify specific sources in more detail.

Microbial Source Tracking: Who Should Be Chosen to do it?

Since the need for microbial source tracking has arisen (in part driven by availability of
methods), a number of commercial companies have started offering it as a service. Some are
highly experienced; others are proposing to do it without any experience or even understanding
of the issues. How should a group or municipality distinguish the two and decide who to hire?

If a municipality needs source tracking, it is important that they follow the tiered approach
outlined above. Companies might want to sell them the most expensive "top tier" type of source
tracking (a library-based approach that would attempt to identify all the species and perhaps
quantify theiinput from each). This may not be needed, and should not be done unless the lower
tiers have already been done.

Secondly, the municipality should provide the potential providers of source tracking services
with blind proficiency samples, and assess each company's ability to correctly identify the
sources of contamination in the samples (nof to provide ARCCs). Several studies (e.g. see
(45)) demonstrate how to approach providing proficiency samples. It is important to provide the
same kinds of samples to all companies. It is also important to provide samples that mimic what
the municipality would want analyzed; if water samples, then water samples with known sources
of fecal contamination should be provided, not bacterial isolates. If a company cannot provide a
level of imprjovement in source identification proportional to the amount it will be paid, a different
approach or company should be considered.

An appropriate role for a central scientific advisory board or agency would be to either provide
blind proficiency samples, or to fund a reliable laboratory that could provide sets of identical
proficiency samples, thus helping municipalities make good choices.
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