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Introduction

Microbial contamination affects a large number of water bodies in the US. Because it is not
feasible to directly monitor all pathogens, it is standard practice to monitor fecal indicator
bacteria (FIB), such as total and fecal coliforms, Clostridium perfringens, Escherichia coli, and
fecal enterococci, in water. Epidemiological studies have established human health standards
based on exposure to FIB in drinking, recreational and shellfish waters. Most US
epidemiological studies, however, took place at sites where the principal source of fecal
contamination was human sewage, because human fecal contamination is usually assumed to
present a more serious threat to health than contamination from animals.

The health threat from human fecal contamination is well
documented. Domestic/agricultural animals also spread many
pathogens; for example, Salmonella, E. coli 0O157:H7,
Campylobacter jejuni, Giardia spp., Cryptosporidium spp., and
hepatitis E virus. The human risk from domestic/agricultural
animal feces is usually assumed to be less than from human
feces, in part because viruses, a common cause of illnesses
from exposure to feces, are highly host-specific. However, few
studies have actually measured this risk. In a Hong Kong study,
rates of Gl tract illnesses for two marine beaches impacted by
animal (pig) wastes were lower than for seven other beaches,
although rates of skin illnesses were higher (31, 74). In a New
Zealand study carried out at marine beaches, no substantial
differences in illness risks were found between human and
animal (“rural”) waste impacted beaches, although both were
greater than control beaches (106).

The disease risk from fecal contamination of wild animals is
poorly understood, although a number of emerging and re-
emerging waterborne zoonotic pathogens have been
recognized (12). Certain waterborne bacterial and protozoan

pathogens of wild animals infect humans (e.g. Leptospira interrogans, Salmonella). Giardia and
Cryptosporidium widely infect wild animals. However, molecular evidence indicates that most
genotypes of these parasites are host-adapted and cannot cross-infect among different host
species (4, 174, 175). A recent exposure study at Mission Bay, California (34) 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 (ribotyping,
Bacteroidales markers) and found that the primary source of the FIB at Mission Bay was non-
human, most likely from water birds (M. Samadpour and K. G. Field, unpublished data).
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Humans and animal species contain both different absolute numbers and different ratios of E.
coli and enterococci in their feces, although data are contradictory (2, 47, 50, 57, 167). This
makes it unclear how to estimate the E. coli or FIB contribution of different sources of feces
when sources are mixed.

The use of FIB has significant drawbacks, including the ability of FIB to reproduce in the
environment (19-22, 53, 78, 120, 168, 169) and the poor correlation of FIB with many pathogens
(13, 56, 69, 75, 81, 96, 101, 116, 131). One of the most important limitations is that indicator
bacteria don'’t identify the source of the contamination. A variety of warm- and cold-blooded
animals contain FIB in their feces (60, 68, 152). This has motivated the emerging field of
microbial source tracking.

Microbial Source Tracking

Microbial source tracking (MST) is one of several names given to the process of identifying the
particular source (e.g., human, cattle, bird) of fecal contamination in water. The underlying
assumption of microbial source tracking is that some characteristic associated with feces from a
particular source (“host species”) allows that type of feces to be identified. This characteristic
must be detectable in water. Some methods make the (usually untested) assumption that the
relative proportion of such identifying traits remains the same over time, allowing source
tracking to be quantitative. There are several good reviews of microbial source tracking (47,
110, 139, 144, 148, 150, 173).

Although there are many proposed methods of microbial source tracking, only a few have been
given rigorous testing, such comparison to other methods using blind samples. There are even
fewer published studies in which a source tracking method has been used to identify sources,
and a resulting improvement in water quality has been measured. Here we review better-known
methods of microbial source tracking, give examples of case studies, and formulate some
general recommendations. We use the term “host-specific marker” to mean any trait used to
identify a fecal source to its host or source species, including chemical markers, fingerprints,
and DNA sequence targets for host-specific PCR.

Methods of Microbial Source Tracking

Methods for fecal source identification can be divided into culture-based and culture-
independent methods. Some methods require a “library” (also called a “host origin database”), a
set of bacterial isolates or patterns from fecal samples of known origin, tested using the method
of source discrimination. Most library methods are culture-based, and require growing
environmental isolates from water samples. Source identification occurs by a 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 molecular tests.

Culture-based, library-dependent methods. Library-based methods typically use E. coli or
enterococci.

Phenotypic methods. Prominent phenotypic methods include antibiotic resistance analysis
(ARA, MAR, ARP), carbon-source utilization profiling, serotyping, and fatty acid methyl ester
(FAME) profiling. In antibiotic resistance methods, isolates of E. coli or enterococci are tested
against panels of antibiotics in order to discriminate human and various animal sources of fecal
pollution (24, 42, 65, 70, 71, 124, 171). The underlying assumption is that humans, agricultural
animals, and wildlife have been exposed to different antibiotic regimes, and therefore their fecal



bacteria will differ in types and levels of antibiotic resistance. There are numerous reasons why
this assumption doesn’t necessarily hold, including lability of plasmid-borne resistance and
environmental exposure to antibiotics. Comparative studies assessing antibiotic resistance
methods for fecal source tracking have given them low ratings (71, 111, 136). In a blind study
that compared a number of fecal source tracking methods using water samples containing
feces, antibiotic resistance-based methods performed poorly (63).

In carbon-source utilization profiling (CUP), also called biochemical or phenotypic fingerprinting,
commercially available microplate systems containing substrates for bacterial growth (e.g.
Biolog, PhPlate) are used to generate patterns of substrate utilization from fecal and water
isolates. CUP performed poorly at identifying blind samples in a comparative study (63, 71).

Because of the requirement for many antisera, the serotyping approach has not been pursued
past an initial proof-of-concept study (123). Fatty acid methyl ester (FAME) profiling for source
tracking is at an early stage of testing (39, 73, 123, 143). Serotyping and FAME have not been
compared with other methods, nor have they been tested using blind samples.

Genotypic methods. Genotypic library-based methods are usually based on DNA fingerprinting
of bacterial isolates, producing bar code-like patterns for each isolate. Fingerprints from
individual water isolates are matched to fingerprints of isolates from known sources of feces (the
library). Techniques include ribotyping (26, 27, 66, 112, 125, 135), repetitive extragenic
palindromic polymerase chain reaction (REP-PCR) with REP, BOX or ERIC primers (27, 38, 77,
84, 108), amplified fragment length polymorphism (AFLP) (64, 97), pulsed-field gel
electrophoresis (PFGE) (112), random amplified DNA polymorphisms (RAPD) (165), and
denaturing gradient gel electrophoresis (DGGE) (147). Currently there are two different
ribotyping protocols in common use. The protocol developed by Samadpour (63, 112, 135) uses
two restriction enzymes (EcoR1 and Pvull), while other investigators have used a Hindlll based
ribotyping protocol (26, 111, 125, 141).

Ribotyping, PFGE and REP-PCR have progressed to the methods comparison stage of testing;
the other fingerprinting methods have not. In a blind study that compared a number of fecal
source tracking methods using water samples containing feces (see below), the performance of
ribotyping (with the Samadpour protocol) and PFGE (using Xbal) was good (63, 112); REP-PCR
was not as good. Success of methods varied in the hands of different investigators.

For fingerprint methods, the size of the “library” is extremely important, as is the method of
analysis (1, 72, 77, 84, 97, 155). In addition, depending on the size of the library, many or most
environmental isolates cannot be matched to fecal isolates (72, 155). It is necessary to discard
these unmatched isolates; identifying them based on similarity to, rather than identity with,
known isolates results in incorrect classifications. This observation fits with evidence that
environmentally-adapted, rather than fecal, genotypes of FIB dominate extra-intestinal habitats
(87, 107, 128).Library-independent, culture-dependent methods.

Bacteriophage methods. Phage methods are currently limited to discriminating between
human and non-human sources. Bacteriophages from Bacteroides fragilis can discriminate
human and non-human feces (130, 160, 161). However, these phages are not common in the
US and Canada (reviewed in (126). Similarly, two serotypes of F+ RNA coliphages, Types I
and lll, are found in human feces, whereas Type IV is found in animal feces and Type | occurs
in both human and animal feces (54, 67). Growth of these coliphages in cell culture, followed by
serotyping, identifies human and non-human fecal contamination (33, 154).

Phage types exhibit differential survival (100) and are irregularly distributed in populations,
working better in some geographic areas and when fecal sources comprise multiple individuals



(such as sewage) rather than single individuals (115, 126). Phage methods were successful at
identifying human sewage in blind samples in a comparative study (115).

Bacterial methods. An earlier method to distinguish human from non-human fecal
contamination was based on the ratio of fecal streptococci to fecal coliforms; this ratio differs in
fresh feces from humans and agricultural animals (58). But because coliforms and streptococci
have different survival rates, the ratio changes in complex ways over time, making it unreliable
(149, 150).

Several microbial source tracking methods are based on culturing host-specific bacterial strains,
such as Bifidobacterium adolescentis and sorbitol-fermenting bifidobacteria for humans (14,
102, 104, 105, 132), and Rhodococcus coprophilis for grazing animals (104, 105, 121, 134,
137). They are isolated with selective media and detected with colony hybridization; molecular
detection is coming into widespread use. Environmental survival of bifidobacteria is brief and
they cannot be detected at higher (summer) temperatures (14, 23, 132, 133). These methods
have not been tested with blind samples.

Culture-independent, library-independent methods

Chemical methods. Caffeine, fecal sterols and stanols, bile acids, laundry brighteners,
surfactants including linear alkyl benzenes, fragrances, pesticides, and polycyclic aromatic
hydrocarbons can all be used to detect human and non-human fecal contamination or
determine urban and agricultural runoff (16-18, 43, 79, 95, 114, 129, 150, 153, 157, 159). In
samples from a broad geographic region, European investigators found that the relative
amounts of two sterols, 24-ethyylcoprostanol and coprostanol, distinguished human and non-
human samples (10).

These methods are widely used in certain parts of the world, including Europe and Australia, but
have not been compared to other methods or tested with blind samples. Drawbacks of chemical
indicators and molecular tracers are that their spread, transport, and persistence in water may
not be correlated with that of pathogens and FIB. Some are removed by wastewater treatment
(for example, caffeine), while others persist in sediments, often for years, and may be
resuspended later (5, 16, 40, 44, 45).

Molecular methods. 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. Marker
genes are assayed by the polymerase chain reaction (PCR), a method of making millions of
copies of a specified DNA sequence in a test tube. For that reason 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 get by culturing. These methods can
theoretically take as little as two or three hours from sampling to diagnosis.

Viral methods. Host-specific fecal viruses, including human adenoviruses, enteroviruses, and
polyoma virus; porcine teschoviruses and adenoviruses; and bovine/ovine adenoviruses and
enteroviruses (52, 62, 76, 81-83, 98, 103, 109, 116, 127, 163) can be monitored directly in
water, without culturing (reviewed in (51, 61). The human and porcine viruses appear to be
highly host-specific; they have been monitored in surface waters in the US and Europe. In the
US and Spain, bovine enteroviruses are not species-specific, occurring in cattle, deer, sheep,
goats, horses, and geese.

A drawback is that monitoring for viruses may require water samples larger than 100 ml
samples used for standard FIB monitoring. Concentration of large samples can concentrate
PCR-inhibitory substances as well, interfering with detection (81, 156, 158).



Viral methods performed well in detecting human sewage in a comparative source-tracking
study, although they often missed individual human fecal samples (115). These methods are
particularly important because they may directly detect viral pathogens, which are not well
correlated with FIB, thus giving some information on pathogen status that is not provided by
indicator counts.

Anaerobic bacteria: Bacteroidales and bifidobacteria. Many fecal anaerobic bacteria have host-
specific distributions (3, 49, 88, 132). The majority of bacteria in feces are fecal anaerobes,
present at much higher densities than coliforms and enterococci. These anaerobes were not
generally used as indicators until molecular detection was adopted. “Uncultivated” fecal
anaerobic bacteria (strains or species that have never been grown in the lab) are a good source
of host-specific molecular markers, and are more common in feces than cultivated ones (41).
Ribosomal RNA genes, present in multiple copies in most bacteria, are often used as targets,
increasing the ease of detection. Host-specific protein gene targets from fecal anaerobes have
also been identified (146).

Bacteroides and related genera in the order Bacteroidales are common in feces, making them
relatively easy to detect. They are genetically diverse, are limited to animal body cavities, have
very limited reproduction after release into receiving waters (because they are anaerobes), and
show host species- or group-specific distributions (3, 49, 88). Bacteroidales host specific PCR
primers based on uncultivated microbes can identify feces from ruminants, cows, humans,
dogs, pigs, horses and elk (6, 35, 37). A PCR assay for B. thetaiotaomicron distinguishes
human and dog feces from other animals (25).

In 100 ml natural water samples, the limit of detection of Bacteroidales host-specific markers is
comparable to the limit of detection of E. coli by culture (6, 8, 15, 36). Bacteroidales assays
appear to be extremely geographically stable, and have been used throughout the United States
and Canada, northern Europe, Hawaii, Japan and New Zealand ((9, 11, 15, 59, 89, 92, 119,
140, 142, 145, 151, 166). Bacteroidales markers also correlate with sewage and FIB (36, 93),
and some are good predictors of the occurrence of zoonotic pathogens (166). In a blind
comparative study of fecal source tracking methods, host-specific PCR of Bacteroidales
molecular markers performed well, giving 100% correct classification with no false positives or
negatives (48, 63).

Limitations of this approach include a lack of markers for many species, especially wildlife. In
addition, horizontal transfer of fecal bacteria among species in close contact is well known (e.g.
humans and their pets; (28, 35, 170)). Because molecular markers potentially can move from
one species to another, specificity must be tested whenever Bacteroidales PCR markers are
used.

Similar approaches have targeted the genus Bifidobacterium (113). However, there have been
problems both with host specificity, and with poor detection due to low survival in water (7, 23,
132). Source tracking using Bifidobacterium has not been tested against blind samples.

Toxin/virulence genes from FIB. PCR assays for fecal source tracking have targeted toxin
genes in E. coli and enterococci. Advantages include host specificity and presumed geographic
stability (since the toxin-containing strains are known to occur worldwide).

Targets from E. coli include the human-specific STIb toxin (122), the pig-specific STIb toxin (86),
and the cattle-specific LTlla toxin (30, 85).



An assay for a human variant (94) of a virulence factor from Ent. faecium, the enterococcal
surface protein (esp) indicates human contamination (140). In a US test, 97% of human sewage
and septage samples, but no livestock or bird samples, were positive for this esp marker (140).

A drawback of assays that detect virulence genes is that the target genes are rare. From a 100
ml water sample, the target must be increased by either enriching E. coli or enterococci, or
performing nested PCR or magnetic bead capture (162), before the toxin genes can be
detected. Detection is thus semi quantitative. If enrichment is used, the method is not culture-
independent, and will take longer than methods that directly sample genes without an
intervening growth step. However, the method should work without enrichment in larger water
samples. A second potential drawback is instability due to horizontal transfer of genes or cells, a
well-known process in pathogenicity genes (e.g. see (32, 118, 164).

In a blind study that compared a number of fecal source tracking methods, host-specific PCR of
E. coli toxin genes performed well (48). However, a human E. coli toxin gene marker occurred in
a non-human fecal sample, possibly due to horizontal transfer (48). Since the Enterococcus esp
method is recent, it has not been compared to other methods using known-source samples, or
assessed for its ability to identify blind samples, although it has been applied in field studies in
Michigan and Florida (80, 99, 109).

Culture-independent Versus Culture-Dependent Methods

Advantages and limitations of culture-based methods. Culturing fecal indicator organisms is
relatively inexpensive and low-tech, making it broadly available. However, this initial advantage
may be lost if the source identification method that is applied to the cultured isolates is high-tech
and expensive (e.g., PFGE). Another advantage of culturing is that it provides an enrichment
step, increasing the numbers of target microorganisms and/or providing single strains in
isolation. The down side of this is that after enrichment, detection can only be semi-quantitative.
Culture-based methods often use standard public health indicators such as E. coli or
enterococci, for which some information about survival, transport and correlation with pathogens
and disease is already available.

Disadvantages are that the composition of microbial communities changes drastically when
cultured (46). This “culture bias” is rarely considered in culture-based fecal source identification,
and has important implications for attempts to use these methods quantitatively. Also, library-
based approaches are labor-intensive, requiring extensive sampling both to prepare the library
and to test environmental isolates. They have complex requirements for adequate sample size,
representativeness, and geographic stability (71, 84, 112, 172). For some methods, libraries are
not cosmopolitan, and thus a separate library for each locale or watershed may be required
(e.q., see (66, 123, 141); however, these studies were based on libraries of limited size).

Advantages and limitations of culture-independent molecular methods. These methods
have the advantage 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 can instead use difficult-to-grow but common fecal
microbes or mine the uncultivated genetic diversity in feces for markers.

However, host-specific markers may not be present in every individual of a species, and
individuals may have differing amounts of the markers. As a result, these methods often work
better to detect “bulk” or community samples (such as sewage, for humans) rather than samples



from single individuals. Also, some markers may be small or rare (viruses, toxin genes),
potentially requiring large water samples or an enrichment step to detect them.

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, alternative markers must be correlated with public health bacteria in order for
them to be most useful. A further limitation of the culture-independent methods is that markers
for only a few animal species are currently available; wildlife species especially are poorly
represented. More and different gene targets are needed.

Comparative Studies

The Southern California Coastal Water Research Project (SCCWRP) and the US EPA
sponsored a study comparing source tracking methods using blind samples (48, 63, 71, 112,
115). Study participants were provided with identical sets of water samples containing human,
cattle, dog, or gull feces, sewage, or a mixture, and asked to identify the fecal source(s).
Participants were also supplied with samples of the feces used to create the blind samples.
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
freshwater and saltwater samples and samples with humic acids.

Host-specific PCR (of E. coli toxin genes and Bacteroidales markers), ribotyping (Samadpour
protocol) and PFGE (Samadpour protocol) performed the best. Several of the other methods
identified most or all samples with human input, but had very significant numbers of 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 same approach did not perform equally well in the hands of
different investigators, underlining the need for standardization. The rate of false positives for
some culture-based, library-dependent methods was very high. No method accurately quantified
the sources (63).

Smaller comparative studies of library-dependent methods alone (111, 136, 155) have found
ribotyping (Samadpour protocol) and PFGE worked well, while ribotyping (single enzyme
protocol) and antibiotic resistance analysis did not. Few studies have accurately measured
water quality improvements that resulted from source tracking.

However, in the next section, we use case studies to illustrate how microbial source tracking
combined with well-planned microbial monitoring plans have provided enough information to
facilitate remediation.

Examples and Case Studies

The success (or failure) of a source-tracking project lies in the types of methods employed, the
specific approaches taken, and the types of analytical tools used to interpret the results.

e Specific knowledge of the watershed and potential fecal inputs is a critical component of a
successful source tracking study. By concentrating only on potential inputs, the methods
employed can be specifically targeted to identify these sources.

e All methods should be employed in a tiered fashion and results should be interpreted
sequentially so as to implicate or eliminate potential sources one at a time.

¢ The sampling approach should be well planned and should be conducted during both high
flow (wet) and low flow (dry) events. Care should also be taken to perform what is referred to



as “targeted sampling”. Using this approach, samples are taken both upstream and
downstream of potential fecal inputs. If bacterial counts are low upstream and high
downstream (and source tracking data indicates a strong correlation with the suspected
source(s)), then this is a strong indication that the source has been identified. Conversely,
this approach can also eliminate suspected sources and redirect attention to other potential
impact sites.

o End-users are encouraged to adopt a “toolbox” approach to any source tracking study. By
using multiple methods that target and identify different source indicators, more
comprehensive conclusions can be drawn. The most important aspect of the toolbox
approach is that individual results can be confirmed and substantiated. Conclusions
regarding potential inputs should NEVER be drawn due to the results of a single test on a
single water sample. On the contrary, multiple positive results using a variety of methods are
a strong indicator that the source(s) of the pollution have been identified.

o If budgetary constraints are present, end users are encouraged to conduct their source
tracking studies in a piecemeal fashion. It is better to target one or two potential sources
with several tests, rather than to try to pinpoint all the potential sources with only one test
per suspected source. Most source tracking projects don’'t produce meaningful results
because too many sources of fecal pollution are targeted simultaneously. By limiting the
number of potential targets, the end user can work by a process of elimination towards the
likeliest sources of contamination.

Case Study #1

A utility is concerned about the high levels of fecal indicator organisms being detected in
some creeks within the city. It is suspected that faulty infrastructure is to blame and that
the utility is responsible for the repair and remediation of this problem.

Preliminary investigation: Initially, the utility identifies the locations of sewer infrastructure in
the city. Two sites with unusually high bacterial counts are of particular interest, as they are not
located near sewer or outfall lines. These sites are chosen for initial investigation.

Source tracking: Because faulty sewer infrastructure is suspected, human fecal pollution is
initially investigated. Water samples are screened by polymerase chain reaction (PCR) for the
presence of two human fecal molecular markers: a human-specific Bacteroidales marker (6)
and a toxin gene from human associated enterococci (138).

The results of both tests are strong positives. This is a strong indication of human fecal
pollution. To further substantiate the results, an additional test is conducted to detect a
molecular marker in a human associated virus. These results are also positive.

Although the type of pollution has been identified, the specific source is still unknown. Targeted
sampling upstream and downstream of the sampling site reveals a strong human signal coming
from a stormwater runoff drain. This is unusual as there are no combined sewers in the city.

Result: Smoke tests conducted by the city reveal a number of residences with sewer/septic
systems that are illegally connected to the stormwater drain running near their homes. The
connections are repaired and the bacterial levels in the creeks recede.

Case Study #2

Routine surface water monitoring for Cryptosporidium has resulted in several positive
results for a watershed in close proximity to a dairy farm (CAFO). Bacteriological tests



reveal low to moderate levels of total and fecal coliforms. Runoff from the CAFO is the
suspected source of the apparent fecal contamination and Cryptosporidium.

Preliminary investigation: The owner/manager of the dairy operation surveys his current
manure management system, including the potential of overflow into the adjacent creeks during
heavy rainfall. He is unable to identify any potential input sites. The rural farm is the only
obvious source of the fecal pollution, however. The farm is also on a septic system.

Source tracking: The only apparent sources of fecal pollution in this case are human and
cattle. Although cattle pollution is suspected, it is important to initially implicate or rule out a
human source of pollution. Water samples are screened for human specific Bacteroidales and
Enterococcus markers and the results are negative. Next, water samples are screened for a
ruminant-specific Bacteroidales marker and a cow specific E. coli toxin gene marker (6, 85). The
results of these tests are negative.

Because the presence of Cryptosporidium in the watershed was the impetus for this
investigation, the area is sampled again. Direct enumeration of Cryptosporidium by
immunofluorescence microscopy (EPA Method 1623) reveals levels to be 0.08 oocysts/L.

Additional source tracking: A duplicate water sample is filtered and processed for
Cryptosporidium by EPA Method 1623. The concentrated sample is processed for DNA
extraction and a Cryptosporidium-specific gene is targeted by PCR. Restriction fragment length
polymorphism (RFLP) and sequence analysis of the gene reveals the genotype of the
Cryptosporidium as one found predominantly in birds and nonpathogenic to humans.

Result: A survey of the watershed indicates a large migratory bird population. The dairy is no
longer suspected as the source of the fecal pollution. Cryptosporidium levels decrease to
nondetect levels during the summer months. Identification of the source of the Cryptosporidium
is logged into the State TMDL.

Case Study #3

A drinking water supply in a small rural community is suspected as the cause of a cluster
of individuals presenting with acute gastrointestinal illness (AGI). Bacteriological
analyses conducted at the drinking water treatment facility as well as at individual
households are negative for total coliforms, fecal coliforms, and enterococci.

Preliminary investigation: The utility reviews bacteriological data for the previous months and
identifies no positive results for total coliforms. By showing zero failures for the past 60 days, it
concludes it is not the source of the problem.

Source tracking: Several water samples are collected from individual households and
analyzed for human specific molecular markers by PCR. Human specific Enterococcus tests are
negative; however, human specific Bacteroidales tests are positive. Subsequent tests reveal the
presence of a human adenovirus in one of the samples by PCR (29, 55). Chemical analysis of
the tap water reveals a chlorine residual of 0.0 ppm.

Interpretation: The human specific Bacteroidales marker is a culture-independent source
tracking method and thus detects both viable and nonviable cells. The chlorine residual of the
drinking water when it leaves the plant is sufficient to inactivate 100% of total and fecal coliforms
as well as enterococci. Human enteric viruses are more resistant to disinfection by chlorine than
bacterial indicators and require longer contact times for inactivation.



Conclusion: The loss of chlorine residual in the distribution system allows for viral pathogens
to survive transport from source to tap. Chlorine dosage is increased at the treatment facility.

Case Study #4

A public beach is repeatedly being closed due to high enterococci counts. The
significant loss of revenue prompts city officials to investigate the source(s) of the
indicator bacteria.

Preliminary investigation: An investigation of the beach and potential impacts reveals a
sewage outfall close to the beach. Minimal stormwater runoff is observed. Domestic animals are
not allowed on the beach and are not thought to be major contributors. Several older residences
near the water are served by older sewer infrastructure. Some residences are on septic.
Seagulls and other shore birds are frequently seen on the beach.

Source tracking: To eliminate or implicate human sewage as a source, water samples are
screened for the human specific Bacteroidales and Enterococcus markers. The results are
negative. The agency performing the source tracking suggests an E. coli and enterococci DNA
fingerprinting study (using ribotyping; (125)) as the non-point potential sources are not readily
identifiable. Several water samples are collected during low and high tide over a period of
several days. The wind speed and degree of surf (calm, choppy) are noted during each
sampling event. Core sand samples from the swash zone are collected. In addition, samples are
collected from the wastewater treatment facility and the sewage outfall. Fecal samples are
collected from a variety of shore birds and domestic animals (dogs). The sample collectors also
notice an abundance of seaweed on the beach and collect several samples.

Bacteriological test results: Bacteriological testing confirms the high levels of E. coli and
enterococci in the water column. Further analysis also shows levels to be 2-3 orders of
magnitude higher in the water column during high tide with rough surf. The seaweed contains
few microorganisms, but the sand contains several thousand microorganisms per 100 g.

DNA fingerprinting: Initial DNA fingerprinting analyses assign the fingerprint data into a broad
classification of either “human derived” or “animal derived”. The results of this analysis indicate
almost exclusive input from animal sources. This finding corroborates the molecular marker
results obtained at the beginning of the study. DNA fingerprinting also reveals that a large
proportion of the bacteria isolated from the sand samples share the same genetic profile. In
addition, this profile is also the dominant fingerprint observed in the bacteria isolated from the
water column. A cross-analysis of the data indicates that on the days with the most similarity
between water and sand isolates, the surf was choppy and it was high tide. When unique
fingerprints from water and sand isolates were grouped together, the majority of these
fingerprints matched those obtained from seagull fecal samples. A very small proportion
matched the sewage, outfall, and dog samples. Interestingly, the predominant “clonal”
fingerprint did not match any of those generated from the fecal reference samples. Several
fingerprints could not be classified and were labeled as “indeterminate”.

Conclusion: The high clonality of fingerprints observed in the sand and the water column
indicates that the bacterial indicators may be re-growing in the sand. During high tide and/or
rough surf, the sediment is disrupted and the bacteria are released into the water column. The
source of the sediment isolates cannot be determined from this study because the clonal
fingerprint did not match any fingerprints contained in the reference database; however, based
on the other source tracking data (no human specific markers detected, fingerprints matching
bird reference samples) a likely possibility is that many of these isolates are from animals. This
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observation is further substantiated by the fact that the majority of isolates classified in this
study were of avian origin. Human fecal pollution is not a likely source.

Follow up: During subsequent routine water quality monitoring, water samples are collected
further offshore to minimize the impact of sediment bacteria and DNA fingerprinting is
incorporated into the routine monitoring. Beach advisories and closings drop significantly the
following year. Routine DNA fingerprinting consistently implicates birds as the source of the
fecal indicators.

Microbial Source Tracking: What's Best?

There is no single ideal source tracking method in use to date. Methods that are based on
isolating indicator organisms are slow and labor-intensive, most have unacceptable levels of
accuracy and false positives, and genetic evidence has shown that the population makeup of
indicator organisms in the environment does not match fecal sources. Chemical methods and
methods that are based on PCR of genetic markers do not have markers for all species and are
not necessarily correlated with FIB. No method has adequately addressed the question of
survival and storage of host-specific markers in the environment and their correlation with
pathogens; even marker resistance to different standard waste treatments is poorly known. No
method has adequately addressed the question of proportional survival of the species-specific
markers or indicators; no method, whether culture-based, chemical, or based on QPCR, has
been shown to work quantitatively over time. Few methods have been tested against blind
samples and shown to accurately identify fecal inputs. Of the few that were tested in this way,
only ribotyping, PFGE, and host-specific PCR were notably accurate.

The best evidence supports taking a multi-tiered approach (11, 90, 91, 117), moving from
general to specific and from less to more expensive. After each step, progress can be assessed
before deciding to move to the next one. The first step is always intensive sanitary surveys, to
target sources spatially and temporally. Once “hot spots” are identified, their sources may be
obvious even without any specific microbial source tracking. If not, then very directed source
tracking can be done, starting with less-expensive methods, directed at identifying suspected
sources or sources of concern. More expensive or more comprehensive methods would only be
brought in to identify all species if heeded. Appropriate rapid methods to distinguish human
contamination would be chemical methods (caffeine, laundry brighteners and the like), host-
specific PCR (Bacteroidales molecular markers, E. coli toxin genes, Enterococcus esp gene),
and phage methods. The first tier of species identification could also be host-specific PCR, to
identify common agricultural and domestic animals. The final tier, if needed, would be a library-
based method to identify specific sources in more detail.

Overall, microbial source tracking methods should be viewed as tools that augment but do not
replace current methods used for assessing water quality. All source tracking results should be
interpreted carefully and in conjunction with other critical parameters such as local knowledge of
potential fecal inputs and land use data. Finally, although a considerable amount of research
supports the use of certain methods under certain circumstances, all water quality and source
tracking studies should include the collection and analysis of appropriate field and quality control
samples to ensure that a particular method or set of methods will provide the information
necessary to answer the questions defined in any watershed assessment.
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