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Contamination of recreational and shellfish waters with fecal pollution is a
major water quality issue with associated economic impacts and human health risks.
Reliable fecal source identification and rapid, quantitative analyses are essential
components of risk assessment. Enteric bacteria that are endemic to specific hosts

have a potential role as public health indicators of fecal pollution. Building on
previous work to discriminate ruminant and human fecal contamination, we cloned
class Bacteroidetes 1 6S rRNA genes from pig, elk, dog, cat, and seagull fecal DNAs.

Unique restriction patterns were identified among clones from each of the host species

using Terminal Restriction Fragment Length Polymorphisms (T-RFLP). Clones
exhibiting unique patterns were sequenced and analyzed phylogenetically, along with

human, horse, and cattle sequences recovered from previous work. The analysis
revealed both endemic and cosmopolitan (global) host distributions. The sequence

data were used to identify host-specific genetic markers for pig and horse feces, and
to design PCR primers that identify these sources of fecal pollution in water. There

was a high degree of sequence overlap among the fecal Bacteroidetes of wild and
domestic ruminants, and among human, domestic pet, and seagull Bacteroidetes. We
compared fecal Bacteroidetes rRNA genes from these hosts using subtractive
hybridization, a method that identifies differences between closely related genomes or

gene sequences. A Bacteroidetes rDNA marker that distinguishes elk and cow feces
was identified, as well as a host-specific marker for dog fecal Bacteroidetes. The four
newly designed PCR primers were tested for specificity and sensitivity, and the dog
primer was successfully used, along with the human and ruminant-specific primers, in

a collaborative study comparing fecal source tracking methods. We also developed a
real time Taq nuclease assay for quantification of fecal Bacteroidetes 1 6S rDNA, and
compared it with an EPA-approved enumeration method for the current standard

public health indicator, Escherichia co/i, in serial dilutions of sewage primary influent.
There was a strong, positive correlation between the methods, and the Taq nuclease

assay was sensitive and much more rapid than the E. coli assay. PCR source
identification and enumeration of fecal Bacteroidetes 1 6S rDNA show promise for
application in a health risk-based analysis of fecal pollution.
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Fecal Bacteroidetes Host Distributions and Environmental Source Tracking

The gastrointestinal (G.I.) ecosystem is a unique model for studying microbial
diversification and endemism, a concept typically applied to higher organisms that

inhabit particular geographic regions. Commensal bacteria in the G.I. tract may
exhibit co-speciation with their hosts and, if so, these interactions can provide a

framework for studying evolution and host-microbial interactions. They also have
practical application in the field of environmental microbiology where the

identification of host sources of fecal pollution (fecal source tracking) is the subject of
much scientific research and debate.
Molecular techniques have enabled us to look at entire ecosystems rather than

the few microorganisms we can grow in the laboratory. In this thesis, a cultureindependent analysis of fecal microbial communities from the class Bacteroidetes is

described. The objectives were to determine the extent to which host endemism exists
within this class, and to identify host-specific genetic markers for polymerase chain

reaction (PCR)-based aquatic fecal source tracking. Another objective was to develop
a quantitative PCR assay for general fecal Bacteroidetes. Source identification and
enumeration are critical elements of a health risk-based analysis of fecal pollution.
Chapter 2 describes a phylogenetic analysis of Bacteroidetes 1 6S rDNA clone

libraries from eight host sources. The study provided insight into evolution,
population structure, and host distribution of the fecal Bacteroidetes. Two unique 16S
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rDNA markers were developed from sequence data to identify fecal pollution from pig
and horse sources using PCR.

In Chapter 3, an experimental study was conducted to test the application of
subtractive hybridization to differentiate very closely related Bacteroidetes sequences.
Subtractive hybridization has been used to amplify genetic differences between
closely related genomes, and to generate unique fragments that can be used for primer

and probe design. Two subtractive hybridization experiments resulted in the
development of a unique marker for dog fecal pollution, and another that differentiates
elk and cow fecal Bacteroidetes.
The final chapter (Chapter 4) describes a quantitative Taq nuclease assay using
group-specific fecal Bacteroidetes 16S rDNA markers, and its comparison with U.S.
Environmental Protection Agency (EPA)-approved public health indicators in serial

dilutions of sewage primary influent. Rapid assessment of water quality is critical to
controlling negative impacts on recreational and industrial use of waterways. Also
important to water quality determination is an analysis that associates markers for

fecal pollution with human health risk. Real time PCR offers a rapid, sensitive
enumeration method that allows a correlation to be established with standard public

health indicators or with pathogens. The numerical predominance of Bacteroidetes in
feces and the broad dynamic range of real time PCR suggest a quantitative assay for
Bacteroidetes would provide a sensitive index of fecal pollution.

CHAPTER 2

LITURATURE REVIEW

Linda K. Dick
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Diversity and Evolution of Enteric Bacteria

Ecosystems and biodiversity
Carl Woese described two barriers to the study of microbial diversity: the lack
of a comprehensive evolutionary framework, and the inherent limitations of culture-

based methods (Woese, 2002). The field of environmental microbiology has been
transformed in the last two decades by removal of these barriers. The demand for
rapid, sensitive, and inexpensive methods to assess microbial communities and
environmental quality is driving the move toward the use of high throughput
molecular techniques.

Complex ecosystems containing enormous biodiversity include soil, aquatic

systems, the oral cavity, and the rumen and gastrointestinal (G.I.) tract. The human
G.I. tract represents one of the most-studied natural microbial communities due to its
role in nutrition and disease. It is colonized by a complex microbial population,
numbering up to 1011 bacterial cells per gram (Finegold et al., 1983). Uncultivated
representation is estimated to be 60 to 80% (Suau et al., 1999; Hold et al., 2002). It
remains even greater in other animal hosts (Pryde et al., 1999; Daly et al., 2001; Leser
et al., 2001; Zhu et al., 2002) and other natural ecosystems (Giovannoni et al., 1990;

Torsvik and Ovreas, 2002). Analyses of 1 6S ribosomal RNA genes (rDNA) have
revealed that many factors influence gut microbial community composition, including
host diet and age, as well as temporal, spatial, anatomical, and host taxonomic
differences (McCartney et al., 1996; Gordon and FitzGibbon, 1999; Leser et al., 2000;
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Gordon, 2001; Hopkins et al., 2001; Zoetendal et al., 2001; Favier et al., 2002;
Zoetendal et al., 2002).

Population structure and endemism in enteric bacteria
Early studies of Escherichia coli using Multilocus Enzyme Electrophoresis
(MLEE) revealed considerable genetic variation, but far fewer distinct genotypes than
expected for so large an effective population size (Milkman, 1973; Selander and
Levin, 1980). Identical clones were found repeatedly in unassociated hosts or across

wide geographic areas. This suggested low rates of recombination, and a clonal
population structure in which lineages evolve separately. Subsequent studies have
revealed a greater role for recombination in the diversification of other species, and a
range of population structures, from clonal (Aeromonas, Salmonella) to panmictic

(Neisseria gonorrhoeae, Bacillus subtilis) (Smith et al., 1993; Levin et al., 1999;
Gordon, 2001; Miñana-G!abis et al., 2004).

The existence of ecological structure has been suggested as an explanation for
the paradox of distinct clona! lineages in conjunction with frequent recombination

(Gordon and Lee, 1999; Cohan, 2001). Periodic selection results in the purging of
diversity among clones that inhabit an ecological niche (ecotypes). Subsequent

ecotype divergence results from increased recombination within the ecotype. Ecotype

clustering may be responsible for the 'bushy tips' that frequently appear at branch
termini in phylogenetic trees (Acinas et al., 2004; Giovannoni, 2004). The G.I. tract

provides many micro-environments, and econiche adaptation may partly explain the
great diversity found among enteric bacteria.
Evidence suggests that many symbiotic bacteria co-speciate with their hosts

(Moran and Munson, 1993; Nishiguchi, 2002). Hedlund and Staley (2002) sequenced
1 6S rDNA from 16 strains of the oral bacterium, Simonsiella, from human, sheep, dog

and cat sources. The strains formed host-specific monophyletic clusters in a
phylogenetic tree. This suggests the possibility that adaptive coevolution occurs
between enteric commensals and their animal hosts (Hooper and Gordon, 2001).
Staley and Gosink (1999) describe cosmopolitan bacteria as those that exhibit
global distributions, while bacterial endemism is a concept describing microorganisms

that inhabit specific hosts or locales. The extent to which endemism plays a role in the
evolution of enteric bacteria appears to vary considerably. MLEE analysis of E. coil
from 16 mammalian species in Australia demonstrated that only 6% of the genetic
variation could be attributed to host taxonomic differences, and only 2% could be

attributed to geographic differences (Gordon and Lee, 1999). The same study found
host taxonomy explained 20% of the variation in Kiebsiella pneumoniae, and
geography explained 22%.

Evolution and species interactions
The animal G.I. system consists of a dynamic consortium of environmentally
acquired microorganisms involved in mutualistic associations with each other, and

with the host (Salyers and Shipman, 2002). Some evidence suggests that host
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genotype is more important than environmental factors such as diet, in determining the

microbial composition of the G.I. tract (Hackstein and van Alen, 1996). Zoetendal
and colleagues (2001) found fecal bacterial 1 6S rRNA gene sequences from identical
twins were more similar than those from spouses or unrelated individuals.
It is evident that enteric microbes and their hosts have evolved to maintain
mutual alliances (Xu and Gordon, 2003), and that they both cooperate and compete for

nutrient sources (Mackie, 2002). The recently completed genome of Bacteroides
thetaiotaomicron is providing insight into the metabolic activities of this organism in

the host G.I. tract (Hooper and Gordon, 2001; Xu et al., 2003). A large number of
identified genes are involved in harvesting dietary polysaccharides that are
indigestible by the host.

Selective colonization of gnotobiotic (germfree) mice with commensal
bacteria has revealed a number of mechanisms by which gut microbes regulate

nutrient availability and utilization in collaboration with the host. An abundance of B.
thetaiotaomicron two-component regulatory systems and transcription factors
involved in carbohydrate metabolism have been identified (Xu and Gordon, 2003). A
transcriptional regulator of fucose utilization senses environmental levels of the sugar

fucose. It induces synthesis of host epithelial fucosylated glycans when fucose is
limited, or expression of bacterial fucose utilization genes when the supply is abundant
(Falk et al., 1998; Hooper and Gordon, 2001; Hooper et al., 2002).
Studies using gnotobiotic mice have also identified a B. thetaiotaomicron gene
that induces synthesis of host angiogenins during postnatal development (Stappenbeck

8

et al., 2002). Angiogenins are proteins secreted by paneth cells, and they are involved

in blood vessel development (angiogenesis) and innate immunity. The induction of
these host proteins results in an increase in host capacity for nutrient absorption, and

increased integrity of the mucosal barrier (Hooper et al., 2003). The proteins are also
microbicidal for some Gram positive pathogens, suggesting this commensal bacterium
may inhibit access of harmful microorganisms to the gut epithelium, while
encouraging the absorption of its own metabolites (Xu et al., 2003).
The use of animal models allows manipulation and monitoring of gut microbial
populations, while molecular methods such as 1 6S rDNA sequencing and restriction
fragment analysis help define populations and identify community responses to

environmental change. Together, these methods hold great potential for determining
the role of mutual associations in the evolution of enteric bacteria.

Aquatic Fecal Pollution and Microbial Source Tracking

Understanding host-microbial interactions and population genetics of enteric

bacteria has important implications for human and environmental health. These
communities and their associated pathogens are transported into aquatic environments

as fecal pollution. Once in the environment, they can serve as indicators of the

potential presence of pathogens. Water contaminated with human feces is

generally considered the greatest risk, potentially spreading bacterial
pathogens and enteroviruses such as Hepatitis A and Norwalk virus.

However, other animals frequently serve as reservoirs of zoonotic gastroenteric
infections. Cryptosporidiumparvum, E. coli 0157:H7, and Giardia lamblia are
waterborne pathogens that can be transmitted between animals and humans. Source
identification can provide important information about which pathogens may

potentially be present. Community members that are endemic to certain hosts
represent a valuable resource for source-specific genetic markers for fecal pollution.

Water quality and fecal contamination
Water is inextricably linked to life. It constitutes about 70% of a living cell,
and covers over 70% of the earth's surface (Berner and Berner, 1996; Potma et al.,

2001). The interconnectedness of earth's waterways allows by-products of human,
agricultural, and industrial activities to be carried through natural water systems,
adversely impacting aquatic life, fishing and recreation industries, and human health.
Bacterial contamination of surface water caused serious health problems in

major cities throughout the mid 1800's (Tarr, 1996). By the turn of the century, cities
in Europe and North America began building sewer networks to route domestic wastes

downstream of water intakes. Development of sewage networks and waste treatment
facilities has dramatically reduced the incidence of waterborne illness in developed

countries. Still, estimates of worldwide deaths due to waterborne diseases number 2.2
million per year (WHO/UNICEF, 2000).
While gross pollution of rivers, lakes and coastal waters by sewage has been
largely controlled in the U.S. by government mandate, nonpoint-source (NPS)
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pollution continues to threaten rivers, streams, seas, estuaries, ponds, lakes and

wetlands. Nonpoint-source pollution is diffuse in origin, difficult to control, and
requires different management strategies than point source pollution. Agricultural and
urban runoff, wildlife, leaking septic systems, hydromodification, and erosion
represent some of the factors that contribute to NPS pollution (Theodore and

Theodore, 1996). A significant portion of NPS pollution in aquatic environments is
due to fecal contamination (Harvell et al., 1999).
The public health and economic impacts of fecal pollution are well

demonstrated by the shellfish industry. United States coastal areas produce more than
10 billion pounds of fish and shellfish each year, generating $111 billion for the U.S.

economy (USEPA, 2000). Bivalve shellfish are filter feeders that pump water through
their gills for respiration and feeding. One oyster can filter 25 gallons of seawater per
day, and can concentrate viruses and bacteria one hundred fold (GESAMP, 2001).
Fecal contamination frequently results in the closing of waters to shellfishing, with

great economic costs for the industry. Shellfish waters in the Tillamook Bay area on
the Oregon Coast are closed, on average, 50 to 60 days per year due to high fecal
coliform counts (AOC, 1996).
Closure of coastal and inland waters to recreational and industrial use in the

U.S. has increased steadily in the past 30 years. More than 18,000 closures and
advisories occurred at U.S. ocean and freshwater recreational beaches in 2003, a 51%

increase over the previous year (Dorfman, 2004). Much of this increase may be

attributed to improved monitoring. Eighty-eight percent of the closures in 2003 were
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based on detection of bacteria associated with fecal contamination, and 68% of these
instances could not be attributed to a source.

Fecal indicators and source tracking methods
Aquatic fecal source tracking is currently a topic of vigorous scientific inquiry

and debate. The use of traditional, culture-based fecal indicator methods is being
questioned because the methods cannot distinguish among sources of fecal pollution.
They do not take advantage of the many uncultured microorganisms that might serve
as good indicators due to their numerical dominance in feces, survival patterns in
water, correlation with health risk, or host endemism.

Total and fecal coliforms traditionally have been used as bacterial indicators of
fecal pollution, but more recently E. coli has become the U.S. EPA-approved fecal

indicator for freshwater (USEPA, 2003a). It is more specific to feces than are total
coliforms, which can originate from non-fecal sources such as soil and water.
Enterococci have been approved by the EPA as indicators in marine waters, where
false-positive results have been reported using E. co/i-based fecal detection (McLellan

et al., 2001; Pisciotta et al., 2002). The reliability of these fecal indicators has come
into question with recent studies that show both E. co/i and enterococci can proliferate
in soil, sediments, beach sand, and algal mats (Solo-Gabriele et al., 1999; Desmarais et
al., 2001; Wheeler et al., 2003; Whitman et al., 2003).
Alternative fecal source tracking methods currently under development fall

into four basic categories: 1) methods that target bacteriophages or human enteric
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viruses; 2) chemical methods; 3) library-dependent methods that compare
environmental samples with host fecal origin databases; and 4) library-independent
methods that rely on detection of genetic markers.
Viruses are more resistant than are bacteria to inactivation by environmental
factors, including sewage treatment (Sorber, 1983; Dc Leon and Jaykus, 1997).
Epidemiological studies cite enteric viruses as the most common pathogens associated

with shellfish consumption (Lees, 2000). Coliform indicators do not correlate well
with the presence of enteric viruses in water (Gerba et al., 1979; Noble and Fuhrman,

2001). Coliphages, F+-specific phages, Bacteroidesfragilis phages, enteroviruses,
and adenoviruses have been proposed as viral indicators of aquatic fecal pollution

(Jiang et al., 2000; Cole et al., 2003; Formiga-Cruz et al., 2003). Traditional methods

for detecting viruses include inefficient plaque and serological assays. The use of
PCR or reverse transcriptase PCR (RT-PCR) has considerably improved sensitivity.
However, viruses tend to be very dilute in water, and detection with PCR requires

concentration from volumes as large as 20 liters (Jiang et al., 2000). This increases
the likelihood of co-concentration of PCR inhibitors. Particle-associated viruses may

be lost during filtration, substantially decreasing yield (Jiang et al., 2000). Viral
detection methods have been used only to make general distinctions between human
and nonhuman fecal sources.
Chemical methods for source identification include the detection of substances
such as caffeine (Burkhardt, 1999; Standley et al., 2000) or fecal sterols/stanols

specific to human feces (Gilpin et al., 2003; Gregor et al., 2004). Coprostanols
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predominate in human feces, while herbivore feces tend to have a greater
concentration of 24-ethylcoprostanol (Leeming et al., 1996). Stanols occur naturally
in sediments, and the dilution of both stanols and caffeine of fecal origin in aquatic

systems makes sensitivity an issue (Scott et al., 2002). The persistence of these
substances in aquatic systems may not correlate well with the persistence of
pathogens.

Antibiotic Resistance Analysis (ARA) and Carbon Source Utilization (CSU)
are examples of library-dependent, phenotypic methods (Holmes et al., 1994; Wiggins

et al., 1999; Whitlock et al., 2002). Ribotyping, Pulsed-field Gel Electrophoresis
(PFGE), Denaturing Gradient Gel Electrophoresis (DGGE), Repetitive Element
Anchored PCR (rep-PCR), and Amplified Fragment Length Polymorphism (AFLP)

are library-dependent, genotypic methods. Most studies using these methods have
targeted E. coli or enterococci (Parveen et al., 1999; Dombek et al., 2000; Buchan et
al., 2001; Carson et al., 2001; Guan et al., 2002; McLellan et al., 2003).
Library-dependent methods require maintenance of large databases of hostspecific isolates for comparison with genotypic or phenotypic profiles acquired from

the environment. The databases must be updated to reflect regional and temporal
variation, rendering these methods cumbersome and costly. There has been no
optimization of library size required to sufficiently cover an environmental community

(Stewart et al., 2003). There is also potential for error in the analysis of complex
patterns. Average rates of correct classification (ARCC) for these methods are
variable, and tend to depend on host group classifications (Simpson et al., 2002).
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The advantage of library-independent methods is that they operate at the

community level and do not require the isolation of bacteria or the construction of
databases. Community Length Heterogeneity PCR (LH-PCR) and Terminal
Restriction Fragment Length Polymorphism (T-RFLP) are examples of libraryindependent, genotypic methods (Liu et al., 1997; Cho and Kim, 2000; Bernhard and

Field, 2000a). Their bases are similar to that of the library-dependent methods listed
above: microbial communities contain members with unique fingerprints when short
DNA sequences or restriction fragments are compared following PCR amplification.
However, LH-PCR and T-RFLP employ fluorescent-labeled primers, automated
sequencers and computer programs to estimate fragment lengths, which provides

much greater resolution than other fingerprinting methods. The potential is that host
microbial communities can be compared for source-specific patterns.
Also included in this category is gene-specific PCR, which has thus far
targeted both toxin and 1 6S rRNA genes. A gene encoding the heat-stable toxin from
enterotoxigenic E. coil has been used as a marker to distinguish cattle and human fecal

pollution (Khatib et al., 2002). Bernhard and Field (2000b) used 16S rDNA sequences
from the Bacteroidetes class of fecal anaerobes to design PCR primers that distinguish

ruminant and human fecal pollution. The PCR-based methods have the potential to be
more rapid and sensitive than culture or library-dependent methods, but have been
limited thus far by a small number of hosts for which markers exist.
A recent collaborative study compared several culture-independent, libraryindependent fecal source tracking methods as part of a larger study involving a wide
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range of methods (Field et al., 2003; Griffith et al., 2003). The study included
investigators from Oregon State University and the University of California using 16S

rDNA markers from the Bacteroidetes class of fecal anaerobes in a host-specific PCR-

based approach. Other methods included E. coli toxin gene PCR (University of
California at Irvine), community T-RFLP (University of California at Santa Barbara),

and Bacteroidetes T-RFLP (University of Southern California). The assays involved
identical blind, aqueous samples containing known concentrations of human, dog, gull

or cattle feces, or human sewage. Mixtures of one to three of the five sources were
provided in each sample.

Although none of the methods identified fecal sources perfectly, Bacteroidetes
host-specific PCR (Oregon State University) performed best, by identifying the largest

number of sources (four of the five) with the fewest false positive results. The assay
included an initial trial of a newly developed dog primer (this study), which correctly

identified dog fecal sources in all samples containing dog feces. There were three
false positive results among the 24 samples run with the dog primer. The primer was
subsequently optimized to obtain greater specificity, and did not cross-react with other

host sources upon reanalysis of the samples. Conclusions drawn from the study
suggested that the Bacteroidetes 16S rDNA PCR assay holds promise for use in fecal
source tracking, but requires a quantitative assay and additional host markers (Griffith
et al., 2003).
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Bacteroidetes Fecal Anaerobes and Source Tracking
Members of the phylum Bacteroidetes (formerly CFB), although
phylogenetically related, are phenotypically diverse (Gherna and Woese, 1992; Boone

and Castenholz, 2001). They are present in aquatic and terrestrial environments, and
are numerically important constituents of the oral cavity and the intestinal microflora.

Bacteroidetes isolated from fecal sources are members of the class Bacteroidetes, and

the genera Bacteroides and Prevotella (Garrity et al., 2004). They are anaerobic,
saccharolytic, Gram-negative, nonsporulating rods. They are particularly predominant
in the large intestine, where they ferment polysaccharides, degrade proteins, and

transform bile acids (Smith et al., 2003). Most species are nonpathogenic, although B.

fragilis and B. thetaiotaomicron are opportunistic pathogens. Molecular studies using
the 16S rRNA gene have identified many uncultured representatives from the class
Bacteroidetes in the feces of human and other animal hosts (Bernhard and Field,

2000a; Daly et al., 2001; Leser et al., 2001; Hold etal., 2002; Salzman etal., 2002;
Zhu et al., 2002). The genetic diversity of the Bacteroidetes group may be adaptive,
reflecting the selection for variants that are increasingly fit for a given host or

environment (Smith et al., 1993; Gordon and Lee, 1999). This diversity has made the
group a target for genetic marker development for fecal source identification.
Bacteroidetes have some of the qualities of a good fecal pollution indicator.
They are found in high concentrations in the feces of warm-blooded animals (Finegold
et al., 1983; Salyers, 1984; Doré et al., 1998; Wood et al., 1998; Sghir et al., 2000;
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Daly et al., 2001; Leser et al., 2001). Because they are obligate anaerobes, their
presence in aquatic environments is likely to represent recent fecal contamination.
Several studies have suggested that some species of the feca! Bacteroidetes have hostspecific distributions (A!!sop and Stickler, 1985; Fiksda!, 1985; Kreader, 1995;
Bernhard and Field, 2000a).

The ruminant and human-specific markers developed by Bernhard and Field
have undergone successful PCR detection trials in coastal and freshwater
environments (Bernhard and Field, 2000b; Bernhard et al., 2003; Boebm et al., 2003;

Gilpin et al., 2003). Characterization of additional markers should expand the
applicability of this method to other animal hosts. Studies are currently underway to
determine survival and persistence patterns of fecal Bacteroidetes in the environment
(S.P. Walters and K.G. Field, unpublished).
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Abstract

The purpose of this study was to examine host distribution patterns among
fecal bacteria in the class Bacteroidetes, with the goal of using endemic sequences as

markers for fecal source identification in aquatic environments. We analyzed class
Bacteroidetes 1 6S rDNA sequences from the feces of 8 hosts: human, cattle, pig,

horse, dog, cat, gull, and elk. Recovered sequences did not match database sequences,
indicating high levels of uncultivated diversity. The analysis revealed both endemic
and cosmopolitan distributions among the eight hosts. Ruminant, pig, and horse
sequences tended to form host or host group-specific clusters in a phylogenetic tree,
while human, dog, cat, and gull sequences clustered together almost exclusively.
Many of the human, dog, cat, and gull sequences fell within a large branch containing

cultivated species from the genus Bacteroides. Most of the cultivated Bacteroides
species had very close matches with multiple hosts, and thus may not be useful targets

for fecal source identification. A large branch containing cultivated members of the
genus Prevotella included cloned sequences that were not closely related to cultivated

Prevotella species. Most ruminant sequences formed clusters separate from the
branches containing Bacteroides and Prevotella species. Host-specific sequences were
identified for pig and horse, and used to design PCR primers to identify pig and horse
sources of fecal pollution in water. The primers successfully amplified fecal DNAs

from their target hosts, and did not amplify fecal DNAs from other species. Fecal
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bacteria endemic to host species may result from evolution in different types of
digestive systems.

Introduction

The animal gastrointestinal (G.I.) tract maintains a rich microbial community
in which many of the inhabitants are engaged in mutualistic association with one
another andlor with the host (Hooper and Gordon, 2001; Salyers and Shipman,
2002; Xu and Gordon, 2003). G.I. systems provide ideal models for investigating

evolutionary relationships between hosts and their resident microbes. However, the
microbial diversity and community structure of G.I. systems are still not well
characterized. Analyses of 1 6S rRNA gene sequences from fecal DNAs suggest 60 to
80% of the human intestinal microflora remains uncultivated (Suau et al., 1999; Hold

et al., 2002). Studies of bacterial communities in other animal hosts reveal even
greater uncultured representation (Pryde et al., 1999; Daly et al., 2001; Leser et al.,

2001; Zhu et al., 2002). Molecular studies are beginning to identify differences in
bacterial species composition in the G.I. tract dependent on diet and age, as well as
spatial, temporal, and host differences (McCartney et al., 1996; Gordon and
FitzGibbon, 1999; Leser et al., 2000; Gordon, 2001; Hopkins et al., 2001; Favier et al.,
2002).

Enteric bacteria may coevolve with their hosts (Hooper and Gordon, 2001;
Salyers and Shipman, 2002), and if so, host-specific clustering may be evident in
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phylogenetic analyses of gene sequences recovered from different host species.

Staley and Gosink (1999) used the term 'cosmopolitan' to describe bacteria with
global distribution patterns, while endemism refers to the tendency to inhabit specific

geographic regions or hosts. Hedlund and Staley (2002) reported that Simonsiella
strains isolated from the oral cavities of humans, cats, dogs and sheep were endemic

with respect to host species. However, bacteria in the G.I tract often do not

demonstrate host endemism. Multilocus Enzyme Electrophoresis (MLEE) analysis of
E. coil from 16 mammalian species in Australia demonstrated that only 6% of the
genetic variation could be attributed to host species differences (Gordon and Lee,
1999). The same study found that host differences explained 20% of the variation in
Kiebsiella pneumoniae.

Patterns of microbial diversity in the G.I. tract have important implications for

human and environmental health. These communities become a source of pathogens
when released into aquatic environments as fecal pollution. Community members that
exhibit host-specific distributions represent a valuable resource as potential markers
for fecal pollution from specific sources.
Several studies have suggested that some species in the genus Bacteroides
have host-specific distributions (Allsop and Stickler, 1985; Fiksdal et al., 1985;

Kreader, 1995). Bernhard and Field (2000a) used Length Heterogeneity Polymerase
Chain Reaction (LH-PCR) and Terminal Restriction Fragment Length Polymorphism
(T-RFLP) to identify human and ruminant-specific 16S rRNA genetic markers for

fecal anaerobes of the class Bacteroidetes. They used the markers to design PCR
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primers for fecal source identification in aquatic environments (Bernhard and Field,

2000b). Characterization of additional markers should expand the applicability of this
method to other animal hosts.

Members of the phylum Bacteroidetes (formerly CFB) are phenotypically and
ecologically diverse (Gherna and Woese, 1992; Boone and Castenholz, 2001). They
are present in aquatic and terrestrial environments, and are numerically important
constituents of the animal oral cavity and intestinal microflora (Salyers, 1984; Wood
et al., 1998; Suau et al., 1999; Daly et al., 2001; Leser et al., 2001; Hold et al., 2002).
The cultured fecal members of this phylum are in the class Bacteroidetes, and the

genera Bacteroides and Prevotella (Garrity et al., 2004).
Culture and culture-independent methods have revealed that Bacteroides
species account for 20 to 52% of the human fecal flora (Duerden, 1980; Franks Ct al.,
1998; Suau, 1999; Sghir et al., 2000; Hopkins et al., 2001; Hold Ct al., 2002).
Analyses of 1 6S rDNA clone libraries suggest slightly less abundance in non-human

hosts. Leser et al. (2001) found 11.2% of the sequences in a pig fecal clone library

were related to the genera Bacteroides or Prevotella. Representatives of the class
Bacteroidetes accounted for 18% of the recovered sequences in a clone library of
horse fecal DNAs (Daly et al., 2001). Analyses of feces-derived 16S rDNA sequences
have also found large contributions from the class Bacteroidetes in cattle (Wood et al.,
1998; Bernhard and Field, 2000a).

The objectives of this study were to establish the extent to which host-specific
distributions (endemism) occur in the class Bacteroidetes, thus providing potential
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new host-specific markers for fecal pollution. Understanding the evolutionary
relationships and host distributions of enteric microorganisms is critical to evaluating

their practical application as fecal source indicators in aquatic ecosystems. We report
the results of our 1 6S rDNA sequence analysis of class Bacteroidetes from the feces of

eight hosts: human, cattle, elk, pig, dog, cat, gull and horse.

Materials and Methods

Sample collection and DNA extraction

We collected individual fecal samples from 20 dogs, 20 cats, 10 elk, 20 pigs,

and 10 gulls. Samples came from Oregon State University animal research facilities,
local animal shelters, farms, pet owners, hunters, and colleagues. Ten samples each
were collected from human and cattle sources in a previous study (3), and sequences

from that analysis were used in this study. Horse sequences were recovered from a
manure pile beside a creek in Cincinnati, OH, also in a previous study (31). Samples

were collected in sterile containers and stored at -80°C. Approximately 300 mg feces
(wet weight) from each sample were used in separate DNA extractions. The FastDNA
kit for Soils (Q-Biogene, Carlsbad, CA) was used following the manufacturer's
protocol, with an additional wash using the SEWS-M reagent to reduce PCR
inhibition due to phenolic compounds in feces.
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PCR and clone library construction
We amplified 700 bp partial 1 6S rRNA gene sequences from individual fecal

extracts with class -specific PCR primers, Bac32F (AACGCTAGCTACAGGCTT)
and Bac7O8R (CAATCGGAGTTCTTCGTG) (Bernhard and Field, 2000b). Each 50
p.! PCR mixture contained 1X Taq polymerase buffer, a 10 p.M concentration of each

primer, a 200 p.M concentration of each dNTP, 1.25 U of Taq polymerase, 0.06%
BSA, and a 1.5 mM concentration of MgC12. Reactions were carried out for 30 cycles

of 95°C for 1 mm, 53°C for 45 s, and 72°C for 1 mm. To obtain equal representation
from each individual host, separate PCR products from each sample were pooled in
equal amounts based on ImageQant analysis (Molecular Dynamics, Inc., Sunnyvale,

CA). The pooled, host-specific amplicons were gel purified with the QiaQuick Gel
Purification Kit (Qiagen, Inc., Valencia, CA), and cloned into TOPO TA vectors

(Invitrogen, Inc., Carlsbad, CA) according to the manufacturer's protocol. The
vectors were transformed into competent E. coli cells (One Shot® TOP 10; Invitrogen,

Corp., Carlsbad, CA). Ninety-six transformants were randomly selected from each
host-specific library, inoculated into 100 p.1 LB-Amp broth in 96-well culture plates,

and incubated overnight at 3 7°C. Replica plates were made from each original plate.

T-RFLP analysis

DNAs from the replica plates were amplified using 6-FAM-labeled Bac32F
and Bac7O8R. Ninety-six clones from each host species library were digested with the
restriction enzyme HaeIII, chosen based on previous work (Bernhard and Field,

LIII

2000a). The products (20 finols) were separated electrophoretically on an ABI 377
automated sequencer (PE Applied Biosystems, Foster City, CA), and fragment sizes

were estimated using GeneScan software (PE Applied Biosystems). Unique
restriction patterns within each host-specific library were identified, and clones

representing each pattern were chosen for sequencing. Duplicate clones were
sequenced for dominant restriction patterns. Sequencing was bi-directional with T7
promoter and M13R primers (Davis Sequencing, Davis, CA).

Phylogenetic analysis
Elk, pig, dog, cat and gull sequences were aligned with human, cattle and horse
sequences from previous studies (Bernhard and Field, 2000a; Bernhard and Field,
2000b; Simpson et al., 2003) using the ARB software program (Ludwig et al., 2004).
The shorter, cloned sequences were added to a tree of full-length sequences using the

parsimony insertion tool in ARB. We conservatively removed potentially chimeric
sequences based on both the CHECK_CHIMERA program (Maidak et al., 2001), and
on the results of inferring separate trees from each half of the sequence data

(Hugenholtz and Huber, 2003). Sequences with different placement in the trees made
from the two halves were removed from the analysis. Phylogenetic analysis was

performed using PAUP* 4.0 beta 6 (Swofford, 2001), with ambiguous regions of

alignment removed. Trees were inferred from 526 sequence positions using three
tree-building methods: neighbor-joining with a Kimura-2 parameter correction,
maximum parsimony with a heuristic search, and maximum likelihood with a heuristic
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search. Bootstrap values were obtained from a consensus of 1000 neighbor joining
and parsimony trees.

Marker identflcation and PCR primer design
Host-specific sequences were identified for pig and horse, and PCR primers
were designed using the Primer Design and Probe Match functions in the ARB
software program.

Primer specificity and sensitivity trials
Primers were tested for cross-reactivity with host poois of fecal DNAs
representing 10 to 30 individual hosts from each species, with the exception of sheep

(5 hosts) and deer (4 hosts). The pools were nonnalized to 3 ng/pJ by Picogreen assay
(Molecular Probes, Inc., Eugene, OR). Primer specificity was optimized by
manipulation of annealing temperature, Mg2 concentration, and cycle number.
Marker distribution within target host species was tested using pig and horse feces
from hosts not used in the clone library analysis, and from different geographic
regions.

Sensitivity of each primer set was estimated using serial dilutions of plasmid

DNAs of known copy number. A theoretical detection limit was determined for the
primer sets in pure water, creek water (Beaver Creek, Alsea, OR), and seawater (five

miles off the central Oregon coast). Three nanograms of total genomic DNA from one
of the two natural water sources were added to each PCR reaction.
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Nucleotide sequence accession numbers
The partial 1 6S rDNA sequences have been deposited in the GenBank database

under accession numbers AY695667-AY695716.

Results

Restriction and sequence analysis
We distinguished between 10 and 20 unique restriction patterns in each of the
host clone libraries analyzed with T-RFLP. Ten to 24 clones per host species were

selected for sequencing. Thirty-seven sequences (about 28%) were conservatively
identified as potential chimeras and removed from the analysis. The final analysis
contained 97 cloned sequences from the eight host species. There was a high degree
of branching order agreement among the 3 tree building methods, although bootstrap
support varied.

Host distributions
Figure 2.1 is a diagrammatic representation of the host distributions from a

neighbor-joining tree inferred from the sequences. Members of the class
Bacteroidetes were not strictly monophyletic with respect to host species; however,
several host-specific clades could be identified. Ruminant, pig, and horse sequences
tended to form unique clusters, apart from other hosts, while human, dog, cat, and gull
equences clustered together almost exclusively.
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Figure 2.1. Schematic representation of host distributions based on a
neighbor-joining tree inferred from 16S rDNA sequences from the
class Bacteroidetes. Host clades containing cultivated species are
depicted as solid wedges. Open wedges represent clusters with no
cultivated representatives. P. brevis and P. ruminicola are of
ruminant origin; all other cultivated species in the tree are of
human origin.

Bacteroides-related sequences
A branch of the tree containing cultivated species from the genus Bacteroides
was supported in 78% of the neighbor-joining bootstrap resamplings (Figure 2.2). It
included the fecal Bacteroides species identified in a phylogenetic analysis of the

genera Bacteroides, Prevotella, and Porphyromonas by Paster et al. (1994).
Many of the human, dog, cat, and gull sequences were closely related to

known Bacteroides species. B. vulgatus, B. unjformis, and B. stercoris clusters

included fecal sequences from two or more of these four host species. Some of the
cloned sequences from different hosts appeared identical or almost identical to each

other and to sequences from cultivated species. For example, a gull sequence was
>99% identical to B. thetaiotaomicron; 694 of 695 bases matched the published B.

thetaiotaomicron sequence. Similarly, cat, dog and human sequences were 98%
identical to B. stercoris, and gull, dog and human sequences were 99% identical to B.

vulgatus. Since sequence artifacts may be introduced during PCR due to Taq
polymerase errors, these small differences may not be significant. Two pig sequences
also clustered with the genus Bacteroides, but had only 93% sequence identity with
the closest cultivated species.

Ruminant sequences

We recovered no ruminant sequences in the branch that included the cultivated

Bacteroides species. Two phylogenetic studies of the rumen also did not recover
sequences from the genus Bacteroides (Whitford et al., 1998; Ramak et al., 2000);
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Figure 2 2. Phylogenetic relationships of Bacteoridetes partial 16S rDNA sequences
(526 positions) with cultivated members of the genus Bacteroides. Sequences
from cultivated species are shown in italics. Trees were inferred using three
tree-building algorithms: neighbor-joining with a Kimura-2 parameter
correction, maximum parsimony, and maximum likelihood. Values at the
nodes were obtained by bootstrap analysis based on 1000 resamplings of both
neighbor joining and parsimony trees (above and below respectively).
Bootstrap values over 70% are shown. The closed and open circles at the
nodes represent branching orders observed in all treeing methods and those
observed in two of the three methods, respectively. The scale bar represents
0.5% estimated sequence divergence.
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however, isolates very closely related to B. thetaiotaomicron and B. unformis have
been recovered from sheep rumen (GenBank accession numbers AF139524-525;
personal communication, K. Gregg, Rumen Biotech, Murdoch University, Murdoch

Australia). Interestingly, one of the sheep rumen isolates was 100% identical to a gull
sequence in our library.

Most ruminant (cow and elk) sequences clustered together, separate from the
sequences from other hosts, and they were distantly related to cultivated relatives (87-

91%). The largest ruminant cluster formed a sister group to the cluster containing the
genus Bacteroides (Figure 2.2). A second small cluster, containing only sequences
from elk, formed a sister group to the cluster containing the genus Prevotella (Figure

2.3). The placement of a third small cluster containing elk and cow sequences could
not be resolved (Figure 2.3).

Prevotella-related sequences
A branch containing sequences from the genus Prevotella was supported in
86% of the bootstrap resamplings (Figure 2.3). None of the cloned sequences was

closely related to any cultivated Prevotella species. A tight gene cluster of human, cat
and dog sequences exhibited 97-99% intraclade identity, and an average 92% identity

with the oral bacterium, P. oulora. The range of pig sequence identities with closest
cultivated species was 88-93%. All but one of the pig sequences were most closely

related to oral bacteria from the genus Prevotella.
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Figure 2.3. Phylogenetic relationships of partial 1 6S rDNA sequences from
fecal members of the class Bacteroidetes with cultivated members of
the genus Prevotella. See the legend to Figure 2.2 for explanation.
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Horse sequences produced two unique clusters, both most closely related to

Prevotella species. There were 4 ruminant sequences (elk) that fell within the branch
containing sequences from the genus Prevotella.

Design of new host-specijIc markers
Host-specific sequences were identified from the fecal 1 6S rRNA gene

sequences for pig and horse class Bacteroidetes. They were used to design PCR
primers to identify pig (PF163F; GCGGATTAATACCGTATGA) and horse

(H0F597F; CCAGCCGTAAAATAGTCGG) sources of fecal pollution in water. Both
primers were paired with the class-specific reverse primer, Bac7O8R. The primers
were highly specific using fecal DNA pools from target and non-target host species

(Figure 2.4). The new primers also amplified fecal DNAs from pig and horse sources
not used to construct the clone libraries, and from geographically distant sources (data

not shown). The host-specific markers were present in all 19 individual pig fecal
samples, and 9 of 10 individual horse fecal samples tested.
The theoretical limit of detection for both HoF597 and PF163 was 100 copies,
and detection was not reduced by the presence of background creek or seawater DNA
in PCR reactions (Figure 2.5).
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Figure 2.4. Host DNA poois amplified with host-specific Bacteroidetes PCR
primers. Pools consisted of 4 to 30 individual host fecal DNAs, with each
pooi normalized to 3 ng/jiL total DNA (Picogreen assay). (A) Primer
HoF597F distinguished horse fecal DNA from other host sources. (B)
PF163F distinguished pig fecal DNA from other host sources.
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Figure 2.5. Theoretical sensitivity (detectable copy number) of host-specific
primer sets using serial dilutions of template inserted into plasmids. 100
template copies were detected with HoF597F in pure water (A) and in
creek water (B). Primer PFl63Fdetected 100 copies in pure water (C) and
in seawater (D). 3 ng total DNA from seawater or creek water extracts
were added to each reaction.
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Discussion

A notable feature of this, and other clone library analyses from G.I.
environments, is the number of sequences that did not cluster with any known species.

Sequences from non-ruminant feces fell within the genera Bacteroides and Prevotella,
while most clones from ruminant hosts did not cluster with any known genus or

species. Both the range of sequence identity with closest known species (87-91%) and
the interclade identity range (81-94%), suggest taxonomic diversity exists among

ruminant sequences. Representatives of these groups will need to be isolated before
phenotypic characterization or taxonomic classification can be determined.

Within the genus Bacteroides, cloned sequences were closely related to known
species, reflecting the greater number of cultured representatives in this genus. This in
turn reflects a greater emphasis placed on study of the human fecal flora relative to
other animal hosts.

Phylogenetic resolution may be limited by the use of partial 16S rDNA

sequences in a comparative analysis (Hugenholtz Ct al., 1998). However, since the
primers used here were designed for aquatic fecal source identification, they were
constrained by the need to exclude amplification of closely related aquatic bacteria

from the phylum Bacteroidetes (3). Bootstrap values compared favorably with those
in the earlier study by Paster et al. (1994), in which full length sequences were used.
Twenty-eight percent of the cloned sequences were conservatively identified as
chimeras, fewer than the 32% identified by Wang and Wang (Wang and Wang, 1997)
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in a study analyzing chimera frequency in 1 6S rDNA sequences from a mixed

genomic population. They used PCR cycling parameters similar to those used in this

study (30 cycles). The use of variable positioning in trees inferred from each half of
the sequence data has been proposed by Hugenholtz and Huber (Hugenholtz and
Huber, 2003) to identify chimeras among closely related sequences.
Several evolutionary hypotheses could explain the existence of both

cosmopolitan and endemic host distributions of fecal bacteria. Endemic distributions
could occur among host species with limited physical contact, and thus no horizontal

transmission of fecal bacteria. Several studies have provided evidence for endemism
when geographic barriers inhibit dispersal of bacterial populations (Hebert and
Wilson, 1994; Staley and Gosink, 1999). If fecal bacteria within a host species had
diversified in the time since host species diverged, each host species might contain

unique types. In this case we would expect to see endemics in distantly related hosts
such as humans and gulls. Instead, we see that humans and gulls share closely related
class Bacteroidetes sequences.

A striking example of an endemic distribution of fecal Bacteroidetes is
provided by ruminants, which share unusual clades and do not have the common
groups shared by other host species. The unique ruminant digestive system may
provide a different way for these organisms to make a living than for those inhabiting
non-ruminant hosts. Populations of fecal bacteria endemic to host species may be the
result of evolution in different types of digestive systems (McBee, 1971).

riL'J

Alternatively, the evolution of different G.I. systems may have been influenced by the
microbial populations themselves (Salyers and Shipman, 2002; Rawls et al., 2004).
Cosmopolitan distributions could occur with frequent horizontal transmission

of fecal bacteria among hosts with similar digestive systems. Sequences from multiple
hosts were nearly identical to B. vulgatus, B. thetaiotaomicron, B. un?formis, B.

fragilis, and B. stercoris, suggesting that these Bacteroides species are cosmopolitan
with respect to host species. The 'bushy tips' at branch termini within the genus
Bacteroides also suggest a cosmopolitan population structure, in which adaptations to
new host environments represent species 'ecotypes' (Cohan, 2001; Acinas et al., 2004;
Giovannoni, 2004). Humans share proximity with domestic pets, which makes
frequent occurrence of horizontal transmission of fecal bacteria likely. Gulls inhabit
beaches, picnic areas, and landfills, where contact with human and domestic pet
excrement may occur.

Prevotella-related clones exhibited more varied host distribution patterns than

did Bacteroides-related clones. A cluster of human and domestic pet Prevotella
sequences was not closely related to any known species, but again showed a

cosmopolitan host distribution. Prevotella-related pig sequences clustered together,
separate from other host species, as did the horse sequences, suggesting a more
endemic distribution pattern.
Pig-only and horse-only clades were used to identify unique sequences for
these hosts, and PCR primers designed from these clades did not amplify DNA from
nontarget hosts.

However, this approach was not always successful, most likely

1,]

because coverage of clone libraries was low. For example, a primer designed from a
dade that appeared to be elk-specific amplified cattle fecal sequences (data not
shown), probably because cattle clone library representation was lacking in that group.

The overlap in domestic pet and human sequences also precluded the development of
a unique dog or cat marker. The representation issue when using clone library
sequences has led us to look for supplemental methods, including subtractive
hybridization, to identify host-specific fecal markers in new hosts (L.K. Dick, M.T.
Simonich, and K.G. Field, unpublished data).

The 16S rDNA sequence analysis of fecal class Bacteroidetes revealed both

endemic and cosmopolitan distributions among the eight hosts used in the study. The
evolution of host-enteric bacterial interactions is complex, and will certainly not be
understood in the context of a single gene. Multiple interactions and sources of gene

flow result in evolutionary trajectories that may not be predictable. However, the
evolutionary consequences of these host distribution patterns have potential for
practical application in the field of fecal source identification.
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Abstract
The ability to identify sources of fecal pollution plays a key role in the analysis
of human health risk and the implementation of water resource management strategies.
One approach to this problem involves the identification of bacterial lineages or gene

sequences that are found exclusively in a particular host species or group. We used
subtractive hybridization to enrich for target host-specific fecal Bacteroidetes
ribosomal DNA fragments that were different from those of very closely related

reference (subtracter) host sources. Target host rDNA fragments were hybridized to
subtracter rDNA fragments immobilized in a microplate well, and target sequences

that did not hybridize were cloned and sequenced for PCR primer design. The use of
microplates for DNA immobilization resulted in a one-step subtractive hybridization,

in which the products could be directly amplified with PCR. The new host-specific
primers designed from subtracted target fragments differentiated among very closely
related Bacteroidetes rDNA sequences, and distinguished between similar fecal
sources such as elk and cow, or human and domestic pet (dog).

Introduction

Aquatic fecal pollution is associated with human health risk, economic loss,

and closure of recreational beaches. More than 18,000 closures and advisories
occurred at U.S. ocean and freshwater beaches in 2003, a 51% increase over the

previous year, and the highest number in over a decade (Dorfman, 2004). Eightyeight percent of the closures were due to the presence of bacteria associated with fecal

contamination, and 68% of these instances could not be attributed to a source. Current
coliform standards for fecal pollution do not distinguish among sources, and this
deficit creates conflict among public health agencies, farmers, environmentalists, and
the shellfish industry.

This study addresses two specific fecal pollution issues requiring source

identification. The Tillamook Bay watershed on the Oregon Coast is home to a large
dairy industry, but it also contains a growing population of wildlife, including elk

herds. Fecal pollution has had an impact on the economy of the local shellfish

industry. Appropriate assessment and abatement strategies and the cooperation of
local farmers depend on the ability to distinguish host sources of fecal pollution. A
second issue involves runoff from urban storm drains into rivers and streams, which
may include fecal pollution from leaking septic systems or the excrement of domestic
pets.

Efficient source identification will help to evaluate human health risk and

expedite water quality management procedures.
Fecal members of the class

Bacteroidetes

are abundant in the feces of warm-

blooded animals (Kreader, 1995; Suau et al., 1999; Daly et al., 2001; Leser et al.,
2001; Hold et al., 2002), and some have host species or group-specific distributions

(Kreader, 1995; Bernhard and Field, 2000a). Using Terminal Restriction Fragment
Length Polymorphism (T-RFLP) and clone library analysis, Bernhard and Field
(2000b) developed PCR primers that distinguish between human and ruminant fecal

pollution based on differences in

Bacteroidetes

partial 1 6S ribosomal RNA gene

sequences (Bernhard and Field, 2000b). Similar analyses were used to develop
markers for pig and horse fecal pollution (L.K. Dick, A.E. Bernhard, T.J. Brodeur,
J.W. Santo Domingo, J.M. Simpson, S.P. Walters, and K.G. Field, unpublished data).
However, clone library analysis involving eight host sources showed that humans, cats
and dogs share very closely related Bacteroidetes, as do cows and elk. We were
unsuccessful in developing markers to differentiate these sources based on sequence
data from the clone libraries.
Determining microbial diversity in a complex community requires an extensive

analysis of large clone libraries. In a typical library of 100 to 300 clones, often only
one or two sequences are identical at the species level, indicating a significant lack of

coverage (Hughes et al., 2001; Dunbar et al., 2002). Using T-RFLP analysis to
identify unique restriction patterns can minimize the number of clones sequenced, but
pattern comparison involves an additional element of subjectivity that also results in

error and incomplete sequence information. These gaps in sequence data are
especially detrimental when the goal is to identify unique markers among very closely
related sequences.

The aim of this study was to identify host-specific Bacteroidetes rDNA

markers by comparing the genes empirically rather than relying on sequence data
alone. We used a technique based on subtractive hybridization, whereby genetic
differences between closely related genomes are amplified to generate unique
fragments. Subtractive hybridization has been used to compare bacterial genomes for
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identification of virulence factors (Calia et al., 1998; Perrin et al., 1999; Choi et al.,
2002). It has been used to define regions present in a sequenced genome but absent in

an unsequenced relative (Agron et al., 2002), and more recently it has been used to
design primers that identify individual members of microbial communities (Mau,

1998). Based on previously published methods (Mau, 1998; Wassill et al., 1998;
Zwirglmaier et al., 2001), this report describes a modified subtractive hybridization
for selective enrichment of Bacteroidetes rDNA sequences. We compared
Bacteroidetes rDNA from a source of interest for primer design (target) with that of
one or more reference sources (subtracters) in a solution hybridization according to the

procedure described by Zwirglmaier et al. (2001). An experimental overview is given

in Figure 3.1. Each hybridization took place in a single microplate well. We used
unique unhybridized sequences to design primers for fecal source identification.

Materials and Methods

Target and subtracter DNA
The first of two experiments involved elk feces as the target source and cattle

and human feces as subtracters. A positive control using only human feces as
subtracter was expected to provide greater variability for experimental validation. In a
second experiment, dog feces was the target source and human and cat feces were

subtracters. An overview of the subtractive hybridization procedure is given in
Figure 3.1.
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Figure 3.1. Overview of subtractive hybridization in microplate wells,
adapted from the technique of Zwirglmaier et al. (2001).
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Sample collection and DNA preparation
Fecal samples were collected by hunters, farmers, and colleagues, and acquired

from animal shelters. Samples were stored in guanidine isothiocyanate buffer (GITC;
5 M Guanidine isothiocyanate, 100 mM EDTA, pH8, 0.5 % Sarkosyl) at _800 C. The
FastDNA kit for Soils (Q-Biogene, Carlsbad, CA) was used for DNA isolation.
DNAs from 10 to 30 individual fecal samples were mixed in approximately equal

amounts (3 nglpJ) to create pools of genomic DNA for each host species. All DNA
quantifications were done by Picogreen assay (Molecular Probes, Inc., Eugene, OR)

PCR amplflcation and restriction digestion
Target and subtracter genomic DNA pools were amplified using PCR primers
extended with Aci I restriction sites. The Bacteroidetes-specific 1 6S rRNA primer,

AciBac32F (Bernhard and Field, 2000b), and universal 23S rRNA primer, Aci422R

(Lyons et al., 2000) amplified approximately 2400 bp, including most of the
Bacteroidetes

16S rRNA gene, the intergenic spacer region (ITS), and a portion of the

23S rRNA gene. Oligonucleotides used as primers and linkers in this study are listed

in Table 3. 1. Each 50 l PCR mixture contained

1X Taq

polymerase buffer, each

primer at a concentration of 10 jiM, each dNTP at a concentration of 200 jiM, 0.06%
BSA, 2 mM MgC12, and 1.25 U of the proofreading Taq polymerase, TaKaRa Ex Taq

(Takara Bio, Inc., Shiga, Japan). Cycling parameters were as follows: 30 cycles of
94°C for 1 mm, 68°C for 1 mm, and 72°C for 2.5 mm, followed by a final extension at
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72°C for 7 mm. PCR products were purified with the GeneClean II kit (Q-Biogene,
Carlsbad, CA), and digested with Ad I (New England Biolabs, Inc., Beverly, MA).

Preparation of linkers, ligation and amplification of target and subtracter DNA
Separate linkers for subtracter and target DNA (S1/S2 and T1/T2), were
obtained from Invitrogen Corp. (Carlsbad, CA). We diluted 8 p.g of each linker pair in
40 tL 10 mlvi Tris-HC1, pH 8.5. They were heated to 65°C and cooled to 20°C

gradually to allow hybridization of double-stranded linkers. The hybridized linkers
contained Aci I compatible 5' overhangs, but otherwise were the same as those used by

Zwirglmaier et al. (2001). Target and subtracter restriction fragments were ligated to
respective linkers using T4 DNA ligase (New England Biolabs, Beverly, MA). Excess

linkers were removed using a Qiagen column (Qiagen, Inc., Valencia, CA). Ti and Si
oligonucleotides were used as PCR primers to amplify target and subtracter ligation

products, respectively. The following cycling parameters were used: 30 cycles of
94°C for 1 mm., 55°C for 45 s, and 72°C for 1 mm.

Immobilization of subtracter in microplate well
Subtracter DNA from the two host sources was mixed in equal amounts (1 j.tg

total), and diluted in 50 l PBS buffer (8.0 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM
NaC1, 27 mM KC1, pH 7.2; and MgC12 to a final concentration of 100 mM). It was

heat denatured and immediately placed into the microplate well (Maxisorp;
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NalgenNunc, Naperville, IL). The plate was incubated at 37°C for one hour, the
buffer was removed, and the plate was dried for 2 hours at 70°C.

Solution Hybridization

Target DNA (20 ng) was diluted in 40

jtl

hybridization buffer (2.5X SSC, 1%

blocking reagent (Roche), 0.0 1% SDS, 0.05% N-laurylsarcosin and formamide). A
gradient of formamide concentrations provided hybridizations in three wells at a range
of effective temperatures for stringency optimization (29%, 35% or 41% formamide).
Target DNA was heat denatured, iced, and added to the microplate wells.
Hybridization was carried out at 70°C for two hours.

AmplfIcation of subtraction products, cloning, sequencing, and primer design

Two microliters of subtracted, unhybridized target DNA were removed

from the supernatant and amplified with primer Ti using the cycling

parameters described above for this primer. PCR fragments were gelextracted (QiaQuick Gel Purification Kit; Qiagen, Inc., Valencia, CA)
following dilution and reamplification, and cloned into TOPO TA vectors

(Invitrogen Corp.). Ten individual clones were randomly selected for
sequencing on an ABI 3100 capillary sequencer. Sequences were aligned in
ARB

,

either with related GenBank sequences (NCBI BLAST), or with our

clone library sequences if they matched the rRNA region for which we had
sequence data (16S rRNA, E. coli position 32-708). The short, subtracted (SH)

target sequences were added to a neighbor joining tree of full length sequences using

the parsimony insertion tool in ARB (Ludwig et al., 2004). Neighbor-joining trees

were inferred in ARB, and the shorter, target sequences were added. New
primers DF475F and EF99OR were designed using the Probe Design and Probe
Match functions in ARB.

Primer specificity and sensitivity
Primers were tested for cross-reactivity against host pools of fecal DNAs

representing 4 to 30 individual hosts from each species. Primer specificity was
optimized by manipulation of annealing temperature, MgC12 concentration, and cycle

number on a PCR Express thermocycler (Thermo Hybaid, Middlesex, UK). Primer
sensitivity was estimated in serial dilutions of plasmid-inserted template of known

copy number. Theoretical detection limits were determined in pure water, creek water
(Beaver Creek, Alsea, OR), and seawater (five miles off the Central Oregon Coast).
Each reaction contained 3 ng total DNA from the natural water sources.

Nucleotide sequence accession numbers
The partial 1 6S rDNA sequences have been deposited in the GenBank database
under accession numbers AY7O 144475 to AY7O 144492.
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Results

We used subtractive hybridization in microplate wells to identify

Bacteroidetes

1 6S rDNA fragments found in target host species but not in subtracter species (Figure

3.1). These fragments were sequenced and used to design PCR primers for fecal
source identification. Table 3.1 lists primers and linkers used in or designed during
this study.

Table 3.1. Primers and linkers used in subtractive hybridization. Restriction site
extensions and overhangs are underlined.

Primer!
Linker

Reference
Bernhard and
Field, 2000a
Lyons et al.,
2000
Zwirglmaier et
al., 2001
Zwirglmaier et

AciBac32F

Sequence (5'-3')
AATATAAACCGCAACGCTAGCTACAGGCTT

Aci422R

AATATAAACCGCWSTCAGGAGTATTTAGCCTT

Linker Si

CGCCAGGGAACACCCAGTCACGAC

Linker S2

CGGTCGTGACTGGGTGTTCCCTGGCG

Linker Ti

AGGGGATAACCAATTCACACACCA

Linker T2

CGTGGTGTGTGAATTGGTTATCCCCT

EF447F

AATAACACCATCTACGTGTAGA

Zwirglmaier et
al., 2001
Zwirglmaier et
al., 2001
This study

EF99OR

GCCTGTCCAGTGCAATTTAA

This study

DF475F

CGCTTGTATGTACCGGTACG

This study

Bac7O8R

CAATCGGAGTTCTTCGTG

Bernhard and
Field, 2000a

aL, 2001

The restriction digests of target and subtracter DNAs resulted in 100 to 500 bp
fragments, visualized by gel electrophoresis, and shown for the elk experiment in

Figure 3.2A. Subtracted target fragments of 300 to 500 bp were recovered in the elk
and dog experiments following hybridization and PCR amplification with primer

Ti. A gel image of the subtracted fragments from the elk experiment is shown in
Figure 3.2B. Band intensity appeared to increase with increasing stringency
(formamide concentration) in the elk vs. human and cow wells, but not in the human

subtracter only controls. However, since the PCR may not have been quantitative, no
conclusions could be drawn from this observation. Subtracted target fragments from
the 35% formamide wells were cloned and sequenced. Products in the control wells
were not sequenced.

A.

500 bp -

500 bp-

fl

293541 293541
% formamide
subtracters

Figure 3.2. (A) Aci I restriction digest of target (elk fecal) and subtracter (cow and
human fecal) rDNA following PCR amplification with Bacteroidetes-specific
primers. (B) Elk fecal subtraction products amplified with target-specific
linker Ti as PCR primer.

The ARB database to which subtraction clones were compared

contained sequences from eight host clone libraries (human, cattle, dog, cat,
elk, pig, gull, and horse) and from GenBank (NCBI BLAST). All ten of the
cloned, elk feces-specific fragments were located between E.coli positions
940-1370. Because our clone libraries were made from a partial 16S rRNA
gene, we had no sequence data for reference hosts from this region. The short
target fragments were aligned, and added to a tree consisting of longer GenBank
sequences by the quick parsimony addition feature in ARB. Three clones formed a
unique cluster from which primer EF99OR was designed (Figure 3.3A). It was paired
with EF447F, a primer designed from clone library sequence data.
Primer EF99OR did not match database sequences when up to five mismatches

were chosen in the ARB Probe Match program. Primer specificity was established
using poois of reference (subtracter) host fecal DNAs and host sources not used in the

hybridization (Figure 3.4). The new elk primer successfully distinguished elk (target)
from cow and human feces, the subtracters used in the experiment. Primer EF99OR
distinguished elk from cow feces even when total genomic DNA in the cow pooi was

in 4-fold excess to total DNA in the elk pool (Figure 3.4B). The specificity extended
to some host sources not used in the experiment (pig and deer), but not to other hosts

(sheep). Nine of the 10 individual elk fecal samples used in the hybridization
amplified with the primer set. The theoretical detection limit for EF990 was 100
copies, and did not change when 3 ng total DNA extracted from creek water was
added to the PCR reactions (data not shown).
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A.

B.
AF294909 Environmental

AB009191 Unidentified rumen

AJ408983 Human
Human8

Prevoteila tannerae
AFOO1 778 Unidentified rumen

Humanl45

AJ08123 Equine intestinal
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GuIIF1O

Bacteroides vulgatus

SHEIkj
SHEIkc
SHEI

H'

DogEl
GuIIG11

HumanlB8
Humanl65

r ±JSHEIkh
SHEIke
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AY082451 Acid mine drainage
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Bacteroides fra gills
Bacteroides
Bacteroides thetaiotaomicron

Humanl4O
AF132266 Human
Humanl59
CatF3.
DogE7

H

DogD2
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L L1

A3
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Figure 3.3. Relationships of subtracted target fragments with database or host-specific
clone library sequences. (A) Target elk feces-derived sequences clustered
separately from related database sequences. (B) Target dog feces-derived
sequences clustered with dog and cat fecal Bacteroidetes sequences from an
earlier clone library analysis (L.K. Dick, A.E. Bernhard, T.J. Brodeur, J.W.
Santo Domingo, J.M. Simpson, S.P. Walters, and K.G. Field, unpublished

data.

Three often dog feces-specific subtracted fragments aligned with a region of
the 1 6S rRNA gene for which we had sequence data from the clone libraries, at E. coli

position 256-661. A fourth fragment aligned with E. coli 16S rRNA position 9401370. Three fragments aligned with the 23S rRNA gene, and 3 fragments that
appeared to be chimeras were not used for primer design. Clone SHDogf clustered
with dog and cat clones from our clone libraries (Figure 3.3B). Primer DF475F was

designed from this group. The primer was paired with Bacteroidetes-specific
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A.

663 bp elk

cow

sheep

pig

deer hum

663 bp
elk

cow

elk
2-fold

cow
2-fold

dilution concentration
C.

251 bp
dog cat hum gull chick pig cow

Figure 3.4. Host DNA pools PCR-amplified with new source-specific primers
derived from products of subtractive hybridization. (A) EF99OR
distinguishes elk fecal DNA from cow and human reference sources, as well
as from pig and deer. (B) EF99OR distinguishes elk from cow feces even
when total genomic DNA in cow pool is in 4-fold excess to total DNA in elk
pool. (C) Primer DF475F distinguishes dog fecal DNA from human and cat
fecal DNAs as well as other sources.
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Bac7O8R (Bernhard and Field, 2000b), and had greater than 5 mismatches with other

database or host clone library sequences. The primer was tested with pools of
reference host fecal DNAs (human and cat), as well as pools from sources not used in
the experiment. Specificity was not limited to sources used in the hybridization. The

new primer did not amplify fecal DNAs from human, cat, cow, pig, or gull sources

(Figure 3.4C). It amplified fecal DNAs from 17 of the 20 individual dog fecal
samples used in the hybridization, and seven individual dogs not used in the

hybridization (data not shown). The detection limit for DF475 was 100 gene copies,
and it remained unchanged when 3 ng total DNA extracted from seawater was added
to the reactions (data not shown).
Optimized PCR cycling conditions for both DF475F and EF99OR were 2 mM
MgCl2 and 30 cycles of 94° C for 1 mm, 62° C for 45 s, and 72° C for 1 mm, followed

by a final 7-mm extension at 72°C.

Discussion

Subtractive hybridization is a valuable, relatively inexpensive molecular tool,
but can require many complex steps to achieve adequate enrichment for target-specific

DNA. The use of a microplate to immobilize subtracter fragments eliminated the
need to separate target from subtracter following hybridization. Subtracted target
DNA was PCR amplified directly from the supernatant, and one round of
hybridization provided sufficient enrichment for target specific fragments.
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Sequencing of only 10 clones from each experiment provided enough information for

primer design. Had it not, additional clones could have been sequenced.
Maxisorp microplates (NalgenNunc) contain a polystyrene surface that binds

DNA noncovalently. Since immobilized DNA is stable for at least 6-12 hours at 68°C
(Zwirglmaier et al., 2001), we expected the 70°C, two-hour hybridization would occur

without significant loss of subtracter DNA to the solution. A large excess of
subtracter over target DNA was used to allow for any loss of subtracter due to reannealing.

Three formamide concentrations were chosen based on Na2 concentration, GC

content, and fragment sizes. Formamide is a denaturant, and has the effect of
decreasing the melting temperature of the DNA hybrid (Meinkoth and Wahi, 1984).
Overly stringent conditions result in hybridization of only perfect matches, and

subtraction products could lack variability necessary for primer design. If too relaxed,
the conditions result in no product at all. Since all three formamide concentrations
resulted in similar bands, products of the 35% concentration were chosen for
sequencing because this concentration produced a sufficient amount of unhybridized
DNA for cloning. Ultimately, the design of primers that distinguish target from
subtracter host Bacteroidetes indicated an appropriate stringency range was attained.

Future experiments might include a greater range of stringencies, or sequencing of
products from more than one stringency for comparison, but because our primer
design objectives were met, we did not pursue this further.
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No fragments smaller than 300 bp were recovered in either of the experiments,
for which there are several explanations. Some of the restriction fragments ligated to
each other, forming chimeric sequences. PCR bias may have resulted in preferential
amplification of the most abundant restriction fragments. Alternatively, the inverted
terminal repeats created by ligation of identical linkers to either end of the fragments
may have resulted in the formation of panhandle structures that prevented primer
binding and amplification (Agron et al., 2002). This would be more kinetically
favorable with smaller fragment sizes. Inouye and Hondo (1990) found that

hybridization efficiency declined as fragment size fell below 227 bp. These
observations suggest the use of a restriction enzyme that produces fragments larger
than 200 bp.

The intent in using the entire l6S rRNA gene, ITS, and part of the 23S rRNA
gene was to obtain as much sequence information as possible for primer design. Three
of the 20 total subtracted fragments aligned with the 23S rRNA gene, but the small
number of database sequences available for comparison made it difficult to use these

fragments for primer design. Fourteen of the 20 subtraction products were from the
16S rRNA gene, and all ten of the elk feces-specific clones were from a region known
to be hypervariable (E. coil position 940-1370) (Brosius et al., 1978).

Primer DF475F was the first and only dog primer designed and tested, and it
did not require stringent optimization to exclude amplification of other host fecal

DNAs. This illustrates the ability of this method to enrich for regions of variability.
Primer EF99OR was the third elk primer tested, and the first to successfully distinguish
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cow and elk fecal Bacteroidetes. It did not distinguish elk and sheep Bacteroidetes,
which was not the intent of this experiment, but that may be accomplished with
another subtractive hybridization. Alternatively, it may be possible to design a primer

based on the 5' and 3' ends of a target fragment. Any cross-reacting DNA can be
sequenced, allowing more directed primer design.
Previous studies reported the immobilization of up to seven genomic
subtracters in one well (Wassill Ct al., 1998; Zwirglmaier et al., 2001). An initial
attempt to use seven subtracters with an elk target resulted in subtraction products

without enough variability for primer design. Future experiments may determine what
limitations exist and what adjustments can be made in the use of multiple subtracters.
Microplate subtractive hybridization was successfully employed to generate a
unique source-specific marker for dog fecal pollution, and a marker that differentiates

elk and cow fecal pollution. The results demonstrate the method's ability to enrich for
variable regions of the 1 6S rRNA gene. In addition, the method could readily be

adapted for other gene targets. The capacity to characterize markers that distinguish
sources of fecal pollution without obtaining large numbers of clones for each new host
will expedite the addition of new source markers for fecal pollution.
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Abstract

Assessment of health risk associated with fecal pollution requires a reliable

fecal indicator and a rapid quantification method. We report the development of a Taq

Nuclease Assay for enumeration of Bacteroidetes 16S rDNA. Sensitivity and
correlation with standard fecal indicators provide experimental evidence for
application of the assay in monitoring fecal pollution.

Introduction

The enumeration of fecal indicators is the cornerstone of testing for

fecal pollution in recreational, potable and shellfish water. There is currently
no single bacterial indicator used in all water systems. Total coliforms are the
U.S. Environmental Protection Agency (EPA) standard indicators of pollution

for drinking water (USEPA, 2001); Escherichia coil and enterococci are
approved for freshwater (USEPA, 2003a); enterococci are recommended for
marine water (USEPA, 2003a); and fecal coliforms are used for shellfish

waters (USFDA, 2000). Traditional membrane filtration and most probable
number (MPN) methods require 24 to 74 hours for enumeration. Recent
method updates include Colilert-18 (Idexx Laboratories; Westbrook, ME),
which has received EPA approval for use in ambient water testing (USEPA,
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2003b). Colilert-18 uses a defined substrate medium to test colorometrically

for E. coil and total coliforms in 18 hours. Escherichia. coil is considered a
more specific fecal indicator than total or fecal coliforms, which are found in
ambient water in the absence of fecal pollution (Toranzos and McFeters,

1997). Epidemiological studies have established a correlation between
standard fecal indicators and associated human health risks (Cabelli et al.,
1982; Dufour, 1984; USEPA, 2003b).
Fecal members of the class Bacteroidetes have distinct advantages over

coliforms and E. coli as fecal indicators. They are more abundant in the feces of
warm-blooded animals than are E. coil (Fiksdal et al., 1985). They are likely to
predict recent fecal contamination because they are obligate anaerobes and are
unlikely to survive long outside the intestinal tract (Ailsop and Stickler, 1985; Fiksdal

et al., 1985). Enterococci and E. coil are facultative anaerobes, and they can
proliferate in soil, sand, and sediments (Solo-Gabriele et al., 1999; Desmarais et al.,
2001; Wheeler et al., 2003; Whitman et al., 2003).

Bernhard and Field (2000a; 2000b) developed Bacteroidetes 16S ribosomal
DNA markers to detect fecal pollution and to distinguish between human and

ruminant sources by PCR. Markers for additional host sources have recently been
developed (L.K. Dick, A.E. Bernhard, T.J. Brodeur, J.W. Santo Domingo, J.M.

Simpson, S.P. Walters, and K.G. Field, unpublished data). PCR source identification
is rapid, specific, and sensitive, and it does not require maintenance of databases or
libraries of bacterial isolates.
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Here we report a quantitative Taq nuclease assay (TNA) (Livak et al., 1995;

Becker et al., 2000) for general fecal pollution using a Bacteroidetes 16S rDNA
marker. The TNA was compared with the Colilert- 18 system for accuracy, range, and
limits of quantification in serial dilutions of sewage primary influent.

Materials and Methods

A fluorogenic probe and primer set was designed for Bacteroidetes 1 6S rDNA
using the Primer Design function in the ARB software program (Ludwig Ct al., 2004).

The sequences were verified for use in a TNA with Primer Express software (PE

Applied Biosystems; Foster City, CA). The primers did not bind to fecal bacteria
outside the Bacteroidetes class when up to five mismatches were chosen by the ARB
Probe Match program. They did amplify Bacteroidetes 1 6S rDNA from human, cow,

dog, cat, pig, elk, deer, and gull feces. Sequences used were
AACGCTAGCTACAGGCTTAACA (Bernhard and Field, 2000b), ACGCTACTTGGCTGGTTCA (this study), and CAATATTCCTCACTGCTGCCTCCCGTA (this
study), for forward primer, reverse primer, and probe, respectively.
We collected 1 L of primary influent from Corvallis Wastewater Reclamation

in Corvallis, OR. It was transported and stored in a sterile polypropylene container on
ice. Six separate 10-fold serial dilutions to 10.10 were made in 100 ml volumes in
sterile glass containers using nanopure water. Colilert- 18 tests were performed on

three of the dilution sets. The other three sets were filtered, and DNA was extracted
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from the filters and used in the TNA. A nondiluted influent sample was not included
in the experiment because it clogged the filter.
Three sets of 100 ml primary influent serial dilutions were filtered through 47
mm diameter, 0.2 p.m-pore-size filters (Supor-200 membrane disc filters; Pall Gelman

Laboratory; Ann Arbor, MI). The glass filtration apparatus was heat sterilized prior to
use, was soaked for 3 mm in 20% bleach and rinsed under distilled water between
filtrations. The filters were placed in 500 p.1 of guanidine isothiocyanate (GITC)

buffer (5 M Guanidine isothiocyanate, 100 mM EDTA, pH 8, 0.5 % Sarkosyl) in 15

ml polypropylene tubes. DNA was extracted using the DNeasy Tissue Kit (Qiagen;
Valencia, CA) with a slightly modified protocol. We omitted the proteinase K
digestion, and 500 p.1 of QIAGEN AL buffer was added to the GITC/filter and

vortexed for 1 mm. A second wash step was used to ensure a clean product, and the
DNA was eluted in 200 p.1 Tris-HC1 buffer.

Amplifications were run on an ABI Prism 7700 (PE Applied Biosystems;
Foster City, CA). The 25 p.1 PCR mixtures included 1 X TaqMan Buffer A (PE
Applied Biosystems), 3.5 mM MgC12, 400 p.M dUTP, a 200 p.M concentration of each

remaining dNTP, a 0.4 p.M concentration of each primer, a 0.2 p.M concentration of

the fluorogenic probe, 0.06% bovine serum albumin, 0.25 U of uracil-N-glycosylase,
0.63 U of Amplitaq Gold, and 2 p.! of template DNA. Cycling parameters were 2 mm

at 50°C for uracil-N-glycosylase activation, 10 mm at 95°C for denaturation, and 40
cycles of 15 s at 95°C, followed by 1 mm at 60°C for annealing and extension. All of
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the reactions were run in triplicate, and a standard curve was created from serial
dilutions of plasmid DNA containing known copy numbers of template.

The Colilert-18 Kit was used with the manufacturer's protocol. Briefly,
medium was added to each 100 ml diluted sample, mixed, and transferred to 97-well

trays (Quanti-Tray 2000; Idexx Laboratories). The trays were sealed and incubated at
35°C for 18 h. Wells that turned yellow were positive for coliforms, and wells that
fluoresced under UV light were positive for E. coli. An MPN chart provided by the
manufacturer was used for enumeration.

Results and Discussion

The threshold cycle method used in a TNA allows a wide, dynamic range for

calibration of copy numbers to standards. During 40 cycles of PCR, standards were

quantified over 8 orders of magnitude, down to 10 copies (Figure 4.1). The primers
provided specificity, while the probe was more general. Becker et al. (2000) found
that using primers with specificity greater than or equal to that of the probe helped to
reduce the PCR bias inherent when a background of complex DNA is present.

There was a linear decrease in copy numbers of Bacteroidetes

1 6S

rDNA as a

function of serially diluting the sewage influent (Figure 4.2). The decrease remained

linear over 7 orders of magnitude. After the assay reached its minimum detection
level of about ten copies, it became inconsistent. The linearity of the dilution curve
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DNAs containing known template copy numbers were added in 10-fold serial
dilutions to create the standard curve. Mean threshold cycle values (Ct) are
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Figure 4.2. TNA analysis of Bacteroidetes 16S rDNA copy number in serial dilutions
of sewage primary influent. Geometric mean copy numbers are plotted
against log serial sewage dilutions. The error bars represent the standard
deviation based on three replicate serial dilutions of sewage.
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shows that neither PCR inhibitors nor the presence of large amounts of heterologous
DNA inhibited amplification, even at the highest copy numbers.
16S rDNA copy numbers of Bacteroidetes are compared with coliform and E.

co/i MPNs in sewage dilutions in Figure 4.3. Geometric means were used, since
they are the standard for coliform and E. coli data (USEPA, 2003a). The Colilert-18
upper limit of enumeration is 2,419 organisms for both coliforms and E. coli (Idexx
Laboratories, Inc.). This limit was reached or exceeded in the first three serial

dilutions for coliforms, and in the first two dilutions for E. coli. Copy numbers of

Bacteroidetes were quantifiable in the first three dilutions. Lower limits of
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Figure 4.3. Comparison of Bacteroidetes 1 6S rDNA copy numbers with coliform and
E. co/i MPNs in 10-fold primary influent dilutions. Equivalent sewage
volumes (100 ml) were used for the TNAs and the Colilert assays, but only 1
pJ of the total filtered, extracted DNA was used in the TNA. The MPN/copy #
data were log-transformed. The error bars represent one standard deviation
based on geometric means of triplicate sewage dilutions.
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enumeration for Colilert- 18 (one organism per 100 ml of dilution [Idexx
Laboratories]) were reached at the 1 06 dilution for E. coli and the 1 0 dilution for

coliforms. The limit for Bacteroidetes of 10 copies was also reached at the 1 0
dilution. Because cells of Bacteroidetes contain multiple copies of the 1 6S rRNA

gene, 10 copies represents as few as one or two cells, and it suggests that the lower
limits of enumeration for all three groups are approximately the same.
Simple linear correlation analysis of the 10 to i07 dilutions showed that

mean Bacteroidetes concentrations were highly and positively correlated with both
coliform and E. coil mean concentrations (r values of 0.999 for both comparisons).
This dilution range contains the U.S. EPA threshold concentration for E. coil in
ambient water above which the health risk from waterborne illness is deemed
unacceptably high (5 day geometric mean of 126 organisms/100 ml) (USEPA, 2003a).

The TNA for 1 6S rDNA of Bacteroidetes is rapid, sensitive, and

reproducible in sewage dilutions. It correlates with current standard

indicators, but takes only 3 to 4 h to complete. Recent advances in rapid
thermocycling allow 40 cycles of PCR to be completed in 30 mm, potentially

reducing assay time even more. The quantitative range spans 8 orders of
magnitude, compared with approximately 4 orders for E. coli enumeration.
However, it will be necessary to validate the temporal and spatial application of
the assay by obtaining data from additional sites and over several seasons.

The quantitative assay described here provides a framework for expanding the

use of PCR indicators for Bacteroidetes beyond fecal source tracking and into a health
risk-based analysis of fecal pollution.
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Addendum in Proof

When tested on seawater samples, the quantitative assay reported here

amplified nonfecal Bacteroidetes species, including Cytophagafermentans. New
quantitative primers GCTCAGGATGAACGCTAGCT (forward) and
CCGTCATCCTTCACGCTACT (reverse), specific for sequences adjacent to and
partially overlapping those specified by the original primers, amplified fecal

Bacteroidetes only, but otherwise had quantitative characteristics identical to those of
the original primers.
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This study examined host distributions among fecal members of the phylum

Bacteroidetes by phylogenetic characterization of partial 16S rRNA gene sequences
from eight host-specific clone libraries. Although one objective was to identify hostspecific markers for fecal pollution, one of the most interesting aspects of the analysis
was the array of evolutionary possibilities it revealed.
We found close phylogenetic relationships with previously cultured members

of the genus Bacteroides among human, domestic pet, and seagull sequences. We
also found novel sequence clusters among ruminants, pigs, and horses, for which no
closely related sequences have been published. The clustering of ruminant sequences

suggests parallel evolution with the unique ruminant digestive tract. The clustering of
sequences from domestic pet, gull, and human feces suggests horizontal transmission
of bacteria with successful adaptation to the new host environment.
The transmission of fecal bacteria into the environment as fecal pollution
provided practical application for the knowledge gleaned from the host distribution

analysis. Unique markers for pig and horse feces were developed from Bacteroidetes
1 6S rDNA sequences that clustered host-specifically. Subtractive hybridizations were
used to enrich for variable regions between the very closely related rRNA gene

sequences of cattle and elk, and of dog, cat and human fecal Bacteroidetes. PCR
primers were designed from these differences, and trials were performed to determine
host-specificity and theoretical sensitivity in a complex background of environmental

DNAs. Subtractive hybridization provided a relatively inexpensive and efficient

enrichment for gene differences, and shows promise for revealing additional hostspecific markers that may come from other genes, and perhaps other microorganisms.
We developed a quantitative, real time PCR assay for general fecal pollution,
using genetic markers for Bacteroidetes 1 6S rDNA. The assay correlated positively

with enumeration of the standard public health indicator, E. coli, in serial dilutions of
sewage primary influent.

In the future, it may be possible to detennine the relative contribution of
human feces to general fecal pollution with the addition of a human-specific,

quantitative assay. If a stable human fecal marker contribution can be measured
relative to general Bacteroidetes in sewage, that ratio can be used in a water system to
estimate the contribution of human sewage relative to total fecal pollution.
Concern over emerging pathogens, bioterrorism, environmental quality, and
economic interests will continue to fuel the development of new techniques for fecal
source tracking. Rapid, quantitative assays that are sensitive and source-specific will

be needed to assess human health consequences and acceptable limits for fecal

contamination. The association of fecal indicators with human health risk will require
studies comparing survival and correlation with the detection of pathogens. Molecular
methods appear best suited to accommodate the multiple water quality objectives.
Understanding the population genetics of potential fecal indicators will be

critical to evaluating their practical application in aquatic ecosystems. Populations in
primary (feces) and secondary (aquatic) environments may vary significantly. A study
of MLEE patterns in E. coli found clonal diversity and numerically dominant clones
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recovered from fecal and septic tank communities in the same household differed

considerably (Gordon et al., 2002). Populations that exhibit geographic and temporal
variation will also confound attempts to use genetic markers.
High-throughput formats that analyze many environmental samples
simultaneously will be needed to avoid delays in reopening waters to recreation and

shellfishing. Microarray technology holds promise for a multiplex platform that can
monitor an entire environmental microbial community on a single microscope slide.
DNA microarray hybridization was introduced a decade ago, and has been applied in
clinical diagnostics (Hacia et al.,
Goodfellow,

1999).

1996)

and the pharmaceutical industry (Debouck and

The challenges to its use in environmental microbiology are

many. It will require the design and optimization of numerous probes that must be

specific in a complex, and largely unidentified microbial background. Routine use of
microarray technology in public health laboratories will be limited by cost, and by
inefficient DNA isolation that often results in co-purification of compounds that
inhibit molecular detection.

Most currently available DNA extraction protocols were adapted from those
used in clinical analysis, and are inefficient in recovering nucleic acids from low

biomass environmental samples. One of the new methods designed to meet some of
these technical challenges is sequence-specific affinity purification. Surface-attached
oligonucleotides are used for hybridization and direct capture of DNA from
environmental samples (Chandler et al.,

1999).

Renewable-surface microcolumns

have been developed for rapid turnover of samples, and the method has compared

favorably with available extraction methods in soil extracts, with a capture efficiency
of up to 30% (Chandler et al., 2000).
Miniaturization and high-throughput application of PCR using chip technology
promises the detection of multiple, low-abundance targets in many samples

simultaneously. In a clinical application, species-specific primers were designed with
similar melting temperatures, and were covalently bound to glass slides (Mitterer et

al., 2004). The incorporation of biotin-labeled nucleotides during on-chip
amplilfication of DNA extracts allowed products to be stained with cyanine 5 (Cy5)-

conjugated streptavidin, and visualized with fluorescence scanning. Such methods
might ultimately be used to rapidly screen environmental samples for host-specific
indicators or for individual pathogens.

Real time PCR is a promising application for assessment of health risks

associated with fecal pollution. A Taq nuclease assay (TNA) detects template copy
number in real time by monitoring fluorescence released when a labeled probe is

hydrolyzed during each cycle of amplification. Quantification of rRNA after an initial
reverse transcription step and comparison with rDNA levels could be performed using

the same primer and probe set. This offers the possibility of determining bacterial
viability. The wide dynamic range of a TNA makes the measurement of viral titers or
low abundance markers in aquatic samples feasible.
Successful application of real time PCR has significant limitations, however.
Primers must be very specific to allow for the high magnesium concentrations and

cycle numbers required for sensitive quantification. This hinders its use in complex
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enviromnents. Careful monitoring for PCR inhibitors is critical. Standard dilutions
used for relative quantification must be accurate, and must be used in every reaction

set. Nevertheless, the recent flood of reports using real time PCR testifies to its
potential as a molecular tool.
Unfortunately, it is not likely that a single method will provide adequate
assessment and monitoring of fecal pollution. The complexity of interactions in

multiple environments presents a challenge that will require a combination of
approaches and indicators. Most importan, resolving the problems associated with
fecal pollution will require a cooperative approach among scientists, public health
agencies, environmentalists, farmers, and the shellfish industry.
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