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INTRODUCTION

Pathogens are a mgor pollutant of water bodies
nationwide according to many states' Clean Water Act
303(d) reports. Various sources contribute pathogens
to contaminated waters, including feca pollution from
humans, wildlife, and livestock. Besdesbeing potentid
pathogens, fecal bacteria (such as Escherichia coli)
can indicate the presence of other waterborne
pathogens. Bacteriafrom human sources may indicate
the presence of human viruses, while becteriafromwild
and domestic animals may indicate the presence of the
parasites Giardia or Cryptosporidia. The presence
of any feca bacteriain drinking water is consdered a
hedth hazard. Knowing the source(s) of bacteriain a
water body or water supply is of great vaue in the
remediation and prevention of further bacterid
contamination. However, it canbe difficult to address
water qudity imparment effectivey without a rdigble
method to determine the source of contamination.
Bacterid Source Tracking (BST) is new methodology
used to determine the source of fecad pathogen
contamination in environmenta samples.

There are many BST methods available and more are
under development. Interest in goplying these
techniques semsfrom EPA’ srecent implementation of
the Tota Maximum Daily Load (TMDL) study, as
BST techniques appear to provide the best method to
determine the origins of fecd contamination in water
bodies. Projectsto develop TMDLsfor fecd coliforms
and to desgn and implement best management
practices (BMPs) to reducefeca loading in water may
benefit from BST technology (Hager, 2001). Thisfact
sheet discusses BST methods and presents examples
of BST application to TMDL development and
implementation.

DESCRIPTION

Potential sources of fecd bacteria are generdly
grouped into three mgjor categories. human, livestock,
or wildlife. In more urban watersheds, a fourth
category of pets or dogs may be added. Each source
produces unique, identifiable strains of fecd bacteria
because the intestind environments and sdective
pressures to which the bacteria are subjected differ
from source to source.

BST may use one of severa methods to differentiate
between potentid sources of feca contamination, dl of
which follow a common sequence of andysis. Fire, a
differentiable characterigtic, or fingerprint (such as
antibictic resstance or DNA), must be sdlected to
identify various strains of bacteria A representative
library of bacterid strains and their fingerprints must
then be generated from the human and anima sources
that may impact the water body. Indicator bacteria
fingerprintsfrom the polluted water body are compared
to thosein the library and assigned to the appropriate
source category based on fingerprint smilarity. BST
methods can be grouped as molecular or non-
molecular methods, according to the characteritic
used to identify or fingerprint the bacteria Table 1
summarizesthe classfication of various BST methods.

Molecular methods are aso referred to as "DNA
fingerprinting’ and are based on the unique genetic
makeup of different srainsof fecd bacteria. Molecular
methods rely on genetic variation as the fingerprint to
identify the source of feca contamination. Three
molecular BST methodsare commonly used, including
ribotyping (RT), polymerase chainreaction (PCR), and
pulsed-field gel eectrophoresis (PFGE). Procedures
for the RT and PFGE methods are rdatively smilar
among multiple gtudies, but subgantialy different
vaidions are reported when usng PCR methods
(Hagedorn, 2001).



TABLE 1 CLASSIFICATION OF BST
METHODS

Molecular methods (DNA fingerprinting)
Ribotyping (RT)

Polymerase chain reaction (PCR)
Pulsed-field gel electrophoresis (PFGE)
Non-molecular methods
Biochemical methods
Antibiotic resistance analysis (ARA)

Cell wall fatty acid methyl ester
(FAME)

F-specific coliphage typing

Carbon utilization (BIOLOG)
Chemical methods

Caffeine detection

Optical brightener detection

Source: Parsons, 2001.

Non-molecular methods use non-genetic
characteristicsasthefingerprint or basisto differentiate
the source of fecal bacteria, and may be further
subdivided between biochemica and chemica
methods. Biochemical methods are based on the
ability of an organism's genes to actively produce a
biochemicd substance. The type and quantity of the
substance(s) produced form the bacterid fingerprint.
Antibiotic resgance andyss (ARA) is the most
commonly used biochemicd BST method. Other
biochemicad methods, such ascdl wall analyssof faty
acid methyl ester (FAME), F-specific coliphagetyping,
and carbon source utilization (BIOLOG system), are
under development. Chemica methods do not detect
the presence of fecd bacteria, but redy on the
identification of compounds that co-occur with fecal
bacteria in human wadtewater to differentiate the
source of fecd pollution. Thus, chemica methods can
only determine whether or not the source of fecal
pathogens is human (Hagedorn, 2001). Examples of
compounds used in chemica BST include caffeineand
optical brighteners commonly used in laundry
detergents.

APPLICABILITY

BST is intended to ad in identifying sources (eg.,
human, livestock, or wildlife) of fecd contamination in
water bodies. Severa states have started to use DNA
fingerprinting to target water quality problems and
formulae a mitigation drategy (Pelley, 1998;
Blankenship, 1996). These techniques can aso be
used to direct implementation of effective BMPs to
remove or reduce feca contamination. For example,
two New Hampshire communitiesare performing BST
aurveys (usng the RT method) to determine the
contribution of bacterid contamination from severa
specific sources so that BMPs may be put in place to
hdp rehabilitate water quality. The following is a
summary of one representative survey.

Hampton Harbor, New Hampshire

Hampton Harbor is a tidaly dominated, shallow
estuary located at the extreme southeast corner of New
Hampshire. The Hampton Harbor clamflatsare closed
for clam harvesting during September and October due
to elevated fecd coliform levels. The flats are open
from November through May but close temporarily if
the rainfall exceeds 0.25 inches. These clamflats are
popular, productive, and accessible to the public.
Despite the condruction of a new wastewater
treatment facility in the Town of Seabrook, the bacteria
levds often exceed the limits set by the New
Hampshire Shdlfish Program, resulting in flat closures
and frustrated clam diggers. The potentid sources of
bacterid contamination include birds (cormorants,
garlings, gulls), domestic animals (cats, dogs, goats,
horses), sanitary wastewater from wastewater
treetment plant falures, and wildlife. Theintent of the
survey was to provide information to support
implementation of specific source controls and to
reduce the bacterid contamination to a level that
increases the number of days that the clamflats are
open for recreationa harvesting.

Source classification provided by BST is oftenusedin
the deveopment and implementation of TMDL
projects. The information can be used to assgn load
reduction dlocations to sources in a watershed. For
example, BST techniques have been very useful to
regulaory officdsin Virginia, where the ARA method



has been used in seven TMDL watershed projects to
date.

Virginia Department of Conservation and
Recreation TMDLSs

Over 300 dream segments were liged on the
Commonwedth of Virginids 303(d) lig for fecd
coliformbecteriaviolaions. Theuncertainty inherentin
identifying specific sources of feca coliform bacteriain
the streams has hindered development of the TMDLs.
BST studies were applied to three stream segments
(Accotink Creek, Blacks Run, and Christians Creek)
to provide more accurate waste-load allocations and
enhance the development and defenshility of the
TMDLs. In each, the RT method was used to
determine the dominant sources of feca coliformin the
impaired stream segments. The source-tracking
digtribution determined in each segment were used to
modify and strengthen the waste-load dlocationsinthe
TMDL watershed model. In addition, DNA testing is
underway in the Muddy Creek, Lower Dry River, Mill
Creek, and Pleasant Vdley watersheds as part of their
TMDL implementation plans.

Cedar Creek, Hall Creek, Byers Creek, Hutton
Creek, and Lower Blackwater River werea so placed
onthe Commonwedth of Virginias 303(d) list because
of violations of thefecd coliform bacteriawater quaity
gandard. In fulfilling the State requirement to develop
a TMDL Implementation Plan, a framework was
established to reduce feca coliform levelsand achieve
the water qudity gods for which TMDL dlocations
weredeveloped. BST andysisusng the ARA method
was performed as part of the TMDL implementation.
Results indicated contributions of fecd coliform from
livestock, human, and wildlife sources. The wildlife
contribution aone was enough to push fecd coliform
levels beyond the standard &t five sampling Stes, while
human sources aone were high enough to violate the
standard a five sampling Stes. Livestock sourceswere
auffident to violate the standard at eight of eeven
sampling sites.  In the Cedar and Hutton Creek
watersheds, livestock appeared to be an issue
throughout the watershed, while in the Hal/Byers
Creek watershed, livestock problems gppeared limited
to smdler tributaries (eg. Indian Run and Tattle
Branch). Human sources seemed mogt sgnificant in

the Hall/Byers and Hutton Creek watersheds. The
quantity of control measures required during
implementation was determined and progress toward
end goas will be assessed during implementation
through tracking control measure ingdlations and
continued water quality monitoring. Water qudity
monitoring will incdlude fecd coliform enumeration and
BST andyss. BST will provide an indication of the
effectiveness of specific groups of control measures,
specificaly agriculturd and urban. Implementation was
scheduled to begin in July 2001, with the find god
being the ddigting of the impaired segments from the
Commonwedlth of Virginia's 303(d) Ligt of Impaired
Waters by 2011.

ADVANTAGESAND DISADVANTAGES

In generd, molecular BST methods may offer the most
precise identification of pecific types of sources, but
are limited by high per-isolate costsand detailed, time-
consuming procedures. They are dso not yet suitable
for assaying large numbers of samplesin areasonable
time frame. Biochemica BST methods are smpler,
fadter, less expendve, and dlow large numbers of
samplesto be assayed in a short period of time.

BST development is so new that little research
comparing individua methods is complete. Results of
initid studies should become available over the next
few years.

The United States Department of Agriculture recently
funded a two-year study to compare three BST
methods usng E. coli and Enterococcus: ARA,
PFGE, and RT. The merits of these methods will be
compared by a) accuracy, cost, and processing time;
b) determining the geographic range of the libraries,
and ¢) assessng the utility of each method in fied
experiments.  This comparison and development of
BST methodology is intended to refine BMP
implementation and focus resources on pollution
sources for water quaity impairments.

The United States Geologic Survey is developing a
program to identify sources of fecd bacteria in the
waters of Berkeley County, West Virginia. At least
five methods will be tested for their ability to determine
anima sources of fecd bacteriain water samples (RT,



PFGE, ARA, PCR, and BIOLOG carbon-utilization).
The three objectives of this project include building
source libraries for the five methods, comparing
methodsto seewhichisbest to determine sources, and
using the best method to identify sources of bacteriain
water resources of Berkeley County. This study will
provide source libraries for five promisng methods to
identify bacteria sources, quantitative information on
whichmethod(s) worksbest, determination of bacteria
sources for ten domestic wells that contain bacteria,
and determination of bacteria sources for five large
public-supply springs. The libraries and methods will
be applicable to both surface and ground water in
Berkeley County and surrounding aress.

PERFORMANCE

Many BST techniques are undergoing intensve
researchthat leadsto rapid change in existing methods
and the cregtion of new methods. BST technologies
are quickly becoming proven and should be used by
federd and date regulatory agencies to address
sources of feca bacterid pollution in water. Although
they are il experimental, BST methods represent the
best tools available to determine pathogen TMDL load
dlocations and TMDL implementation plan
development. The following are examples of BST
technique performance in specific watershed sudies.

Antibiotic Resistance Analysis (ARA) Method
Holmans Creek, Virginia

Homans Creek watershed was listed on the
Commonwedth of Virginids 1998 303(d) TMDL
Priority List of Impaired Watersbased on violations of
the fecd coliform bacteria water quality standard.
Thereare severd potentia feca coliform sourcesinthis
watershed, including the non-point sources of wildlife,
livestock, individua residentid sawerage systems, and
land application of manure and litter. Beef cattle,
poultry and dairy are the mgjor livestock operationsin
the Holmans Creek watershed. Residentid sewerage
in the watershed consists of direct discharges from
straight pipes (homes without facilities to treat ther
waste discharge), privies, and failing septic systems.
BST analyss usng the ARA method was used to
cassfy sources of the feca bacteria found in the

polluted water. Results of the BST anadysis suggest
that the primary source of fecad pollution is human,
condtituting just under hdf of the total feca coliform
deposited into the waters of Holmans Creek. Wildlife
and cattle sources each contribute gpproximately one-
fourthof thetotd fecal coliform loadsin thewatershed.
Poultry were determined to be a minor contributor to
feca coliform pollution in Holmans Creek, contributing
one-tenth of the total fecal load.

Stevenson Creek, Florida

The Stevenson Creek basin encompasses
approximately 6,000 acres in central Pindlas County,
Florida  In keeping with the objectives of the
Stevenson Creek Watershed Management Plan, a
BST study was initigted to identify the dominant
source(s) of fecal contamination to Stevenson Creek in
Clearwater, Florida The ARA method was chosen
because it can assessthe source of indicator organisms
based on a much larger subset of the bacterid
popul ation than molecular methods can. The dominant
sources of fecal coliform over the course of the study
were wild anima, dog, and human, with the overdl
trend indicating that wild animd isolates comprised the
magority of fecd coliforms obtaned when colony
forming units (CFU) counts exceeded the acceptable
limit of 200 CFU per 100 mL. While human input was
not themgjor cause of elevated feca coliform levelsfor
most of the samples andyzed for this sudy, the
domination of some smal populations by human
isolates suggests that human sources contribute to
low-level background contamination. This occurs
when feca coliform populations are low, near the
trangtion to dry season, and perhaps few isolates are
washed into surface waters from draining ssorm water.
Lowering water tablesmay a so draw wastewater from
gmdl, otherwise innocuous lesks. Overdl, there was
little evidence of acute human fecal contamination on a
large scde; however, human sources may influencetwo
sampling Sites, detectable despite the presence of fecal
coliforms from other sources. The human input aone
for these two dtes in one month was high enough to
violate water quality standards.



Pulsed-Field Gel Electrophoresis (PFGE)
Method

Eastern Shore, Virginia

DNA fingerprinting usng PFGE proved helpful when
anoyger farmer on Virginids Eastern Shorewasfaced
with the closure of his shdllfish beds due to elevated
levdsof E. coli. Failing septic tanks were assumed to
be the primary source of the feca pollution, but a
survey of septic systems in the sparsely populated
watershed indicated that they were not the cause, and
it became necessary toidentify other potentia sources.
The highest levels of coliform bacteria were measured
in the smdll tidd inlets and rivulets of the wetlands
located upstream of loca houses, shifting suspected
sources from human to other sources. Researchers
collected fecal samplesfrom raccoon, waterfowl, otter,
muskrat, deer, and humansin the area and used DNA
fingerprinting to confirm the suspicion that the source
was not anthropogenic in nature. Comparing E. coli
fromthe shellfish beds againgt the fingerprints of known
grains in the DNA library, the researchers linked the
instream E. coli to deer and raccoon (mostly
raccoon). Severd hundred animds, including 180
raccoon, were removed from areas adjacent to the
wetlands. E. coli levels subsequently declined by 1 to
2 orders of magnitude throughout the watershed,
dlowing threatened areas of the tidal creeks to be

reopened to shelfishing.
Four Mile Run, Virginia

Four Mile Run is lised on the Commonwedth of
Virginids 303(d) listing for elevated leves of fecd
coliform bacteria.  The Northern Virginia Regiond
Commission is currently developing a TMDL for the
Four Mile Run watershed, with the fina draft to be
submitted to Virginia Department of Environmental
Quality by March 1, 2002. Four MileRunisanurban
stream with no agriculturd runoff. The watershed is
home to 183,000 people, just over 9,000 per square
mile. The dominant land use in the watershed is
medium to high dendty resdentia housng. Seven
centra businessdigrictsexis withinthis20 squaremile
watershed, and two high-capacity interstates pass
through the watershed adong with numerous primary
and secondary roadways. The watershed is

gpproximately 40 percent impervious. A large pet
popul ation accompani es the dense human populationin
the watershed. Asto potentid fecd sources, thereis
litle manufacturing industry to generate point source
discharges and there are no combined sewers in the
mgority of thewatershed. Sanitary sawersservemore
than 99.9 percent of the watershed population. The
number of septic systems in the watershed is believed
to belessthan 50. The PFGE method of BST analysis
was conducted on E. coli DNA from seasondly varied
stream and sediment samplesin thewatershed. Results
of the andysis show that waterfowl contribute over
one-third (38 percent) of the bacteria, humansand pets
together account for over one-fourth (26 percent), and
raccoons account for 15 percent of the contamination,
with deer (9 percent) and rats (11 percent) aso
contributing. The predominant non-human sources
indlude wildlife species with intimate association with
the waterways.

Ribotyping (RT) method
Little Soos Creek, Washington

A BST survey was designed to hep characterize
sources of feca coliform bacteria contamingtion in
Little Soos Creek in southeast King County,
Washington, in response to the impact of exising and
anticipated urban development inthearea. Little Soos
Creek has higtoricaly been categorized as a Class A
stream, but violates fecd coliform standards for this
classfication. Thegod of the BST survey wasto help
determine the contribution to contamination of the
stream fromtwo potentia sources: livestock on hobby
farms and ranches adjacent to the stream and on-site
septic systems close to the stream in highly permesble
soils.  Other anima sources were aso considered.
Gendic fingerprinting (using ribosoma RNA typing or
RT) was performed on E. coli isolates to effectively
match specific srains of E. coli from a contaminated
dte in the stream to its source. The intent was to
provide information to support implementation of
gpecific source controls.  The sudy identified the
sources of approximately three-fourths of the feca
coliform contamination, with the primary sources
determined to be cows, dogs, and horses. Although
septage was identified as a contributor to the
contamination problem, it was not indicated asamajor



source. However, evenlow levelsof contribution from
septage suggest the potentia for Little Soos Creek to
harbor anumber of human vird, bacteria, and paragitic
pathogens associated with human sources. For this
reason, further investigation of the contribution from
septic systems and of human exposure (particularly
children) to the stream may be warranted.

Lower Boise River, Idaho

The Lower Boise River watershed from Lucky Pegk
Resarvoir to the Snake River near Parma contains
amost one-third of 1daho's population and four mgor
municipdities, induding the city of Boise An aid
cimate (gpproximately 10 inches of annud ranfdl)
makesirrigation arequirement on most farmland. This
irrigetion coupled with reuse of pasture water on
irrigated fields results in the contribution of non-point
discharge of fecd coliform bacteriato the Lower Boise
River. In 1994, the Idaho Department of
Environmentad Qudity (IDEQ) placed the Lower Boise
River onthe 303(d) list for impairment of primary and
secondary contact designated uses because feca
coliform levels exceeded dtate standards. A draft
TMDL was completed and submitted to the USEPA
on December 1998 and approved on January 2001
with implementation plan due July 2001. The TMDL
indicatesthat bacteriadischargeloadswill require more
than 95 percent reductions from non-point source
bacterialoadings to meet the primary contact bacteria
standard. A DNA fingerprinting of coliform bacteria
was conducted to focus bacteria reduction
improvement. E. coli cultures were grown from fecal
samples of cows, sheep, humans, ducks, and geese,
and DNA from these samples was identified. The
maor bacteriasourcesin thewatershed identified usng
the RT method were waterfowl, humans, pets, and
cattle/horses.  Waterfowl were clearly the largest
source. The mgor advantage of usng the DNA
fingerprinting tool is the ability to develop accurate
control measures (BMPs) interms of bacterial sources.
Prior to this study, IDEQ knew there were bacteria
problems, but did not know where to focus control
measures. Theresults of the BST andyssidentify the
magor sources, dlowing IDEQ to srategicdly place
BMPs.

University of Georgia/lUSDA RT comparison

BST methods, including RT, rely on a database of
known source fingerprints to identify environmenta
isolates of fecal bacteria. It is not well understood to
what degree these known source fingerprints are
biogeographicdly variable. Thisisimportant because
afingerprint database developed for one state or region
may or may not be applicable to another. The
objective of a Universty of Georgiad USDA study
(Hartd et al, 2002) wasto usethe RT method of BST
andys's to determine the geographic variahility of the
feca bacterium, E. coli, from onelocationin ldaho and
three locaions in Georgia for four animas cattle,
horse, swine, and poultry. Thestudy identified distance
from the source sample to the watershed as a key
vaigble for cattle and horses, but not for swine and
poultry. When theE. coli ribotypesamong theanimas
were compared at one location, the relative percent
difference between them was 86, 89, 81, and 79 for
each of the four locations, suggesting good ribotype
separation among host anima species a one location.
Achieving a high degree of accuracy in matching
environmenta isolates of feca bacteriato ahogt origin
database depends on having alarge number of isolates
for comparison and using adistance of 175 kmor less
(at lesst for certain host anima species).

COSTS

Given thefact that many BST methods are Hill in the
research and development phase, there is great
vaidion for cost per sample (or per isolate) anong
different laboratories. Factors that affect cost include
the following:

Analytical method - Molecular BST methods (e.g.
RT) are generdly more expensive than non-molecular
methods. In addition, automated techniques are more
expendve but less labor-intensve than manud
techniques for the same method (such as RT).

Sze of the database - It is not known what sze
database or library of bacteria isolates from known
fecal sourcesisrequired for accurate source prediction
in a given waershed. Condderations in the
development of the BST library include the size of the
watershed, the diversity of anima species and human



sourcesthat may sgnificantly impact water quaity, and
the heterogenaity of the populaion within a given
source species. In many sudies, the number of isolates
required to develop the known source database may
make up the magority of tota isolates andyzed,
condituting a large fraction of the total cost for the

study.

Number of environmental isolates - The number of
isolates that must be analyzed from the water body of
interest varies anong sudy dtes. There may be
multiple isolates from each water sample taken, with
costs generdly caculated per isolate.

L evel of accuracy - Cost increasesin proportion with
accuracy or the percentage of isolates classfied
correctly. In some cases 80 percent is considered the
lowest acceptable level of accuracy. More studies are
needed to determine the leve of accuracy achievable
by each BST method.

The cogt for BST andysis ranges from $25 to $100
per isolate usng molecular methods and from $10 to
$30 per isolate for non-molecular methods. These
costs are based on classfying a sample within an
accuracy range of 70 to 90 percent or higher.
However, thereis little firm guidance on the required
number of reference fecd samples and isolates
extracted from each sample, causes wide variance in
the total cost for afecal source tracking project. For
example, the cost for TMDL developments for
Accotink Creek, Blacks Run and Christians Creek in
Virgnia by the USGS Richmond office was
approximately $617,000 (total for the three TMDLS),
while the New Hampshire Department of
Environmenta Servicesspent approximately $225,000
to establish the ribotyping laboratory and partidly
support the two source tracking surveys. In two
ongoing comparison studies, the cost of the San Juan
Creek Watershed Bacteria Study (Cdifornia) is
$274,000 (excluding the expenses for laboratory
andyss), whilethe USDA grant to comparethree BST
methods (RT, PFGE and ARA) is $310,000.
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