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Background

•• Preventing drinking water contamination should begin at the sourPreventing drinking water contamination should begin at the source.ce.

• Source water is untreated water from streams, rivers, lakes, or undergwater is untreated water from streams, rivers, lakes, or underground round 
aquifers which is used to supply private wells and public drinkiaquifers which is used to supply private wells and public drinking water.ng water.

•• Fecal contamination in surface waters and groundwaterFecal contamination in surface waters and groundwater
•• 34,005 impaired surface34,005 impaired surface waterbodies waterbodies in the USin the US
•• Pathogen indicators  were the second most common cause of Pathogen indicators  were the second most common cause of 

impairment.impairment.
•• Contaminated well waterContaminated well water

•• Potential microbial contaminants in source water:Potential microbial contaminants in source water: viruses, bacteria, and viruses, bacteria, and 
protozoa.protozoa.

•• Fecal indicator organisms: fecal coliforms, Fecal indicator organisms: fecal coliforms, E. coli, E. coli, and entercocciand entercocci



What is E. coli?

•• Escherichia coliEscherichia coli is a Gis a Gramram--negative, negative, 
facultatively facultatively aerobic, aerobic, nonsporenonspore--forming, forming, 
rod shaped bacterium.rod shaped bacterium.

•• One type of fecal One type of fecal coliformscoliforms
•• Normal inhabitants of the intestinal tract of Normal inhabitants of the intestinal tract of 

warmwarm--blooded animalsblooded animals
•• Many different types (strain or subtype)Many different types (strain or subtype)
•• Most are benign; a few associated with Most are benign; a few associated with 

human diseaseshuman diseases
•• An indicator of fecal contamination in soil An indicator of fecal contamination in soil 

and waterand water
•• Potential sources: agriculture, wildlife, Potential sources: agriculture, wildlife, 

leaky septic tanks, sewer overflow, etc.leaky septic tanks, sewer overflow, etc.



What is Microbial Source Tracking (MST)?

•• MST (BST) is new technology being developed to determine MST (BST) is new technology being developed to determine 
the origins of enteric microorganisms from environmental the origins of enteric microorganisms from environmental 
samples.samples.

•• Accurate source identification is essential to develop effectiveAccurate source identification is essential to develop effective
pollution control strategies.pollution control strategies.

•• Various approaches have been used to identify fecal sources Various approaches have been used to identify fecal sources 
in waters.in waters.

•• Categories:Categories:
•• Qualitative Qualitative vsvs. quantitative. quantitative
•• Library dependent Library dependent vsvs. library independent. library independent
•• Phenotypic Phenotypic vsvs. genotypic. genotypic



Overview of MST

•• Phenotypic Phenotypic vsvs. genotypic methods. genotypic methods
•• Phenotypic: physiological and biochemical characteristics Phenotypic: physiological and biochemical characteristics 

expressed by organismsexpressed by organisms
•• Antibiotic resistance analysis (ARA)Antibiotic resistance analysis (ARA)
•• Carbon utilization profileCarbon utilization profile

•• Genotypic: genetic characteristicsGenotypic: genetic characteristics
•• Repetitive sequenceRepetitive sequence--based polymerase chain reaction  (repbased polymerase chain reaction  (rep--PCR)PCR)
•• RibotypingRibotyping
•• Pulsed field gel electrophoresis (PFGE)Pulsed field gel electrophoresis (PFGE)
•• Host specific genetic markersHost specific genetic markers

•• Library dependentLibrary dependent vsvs. independent methods. independent methods
•• Library dependent methods: ARA, repLibrary dependent methods: ARA, rep--PCR, PCR, ribotypingribotyping, PFGE, PFGE
•• Library independent methods: viruses, host specific genetic markLibrary independent methods: viruses, host specific genetic markersers



Logistics of common library-based MST methods

Source: Microbial source tracking guide document (US EPA, 2005)
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PFGEPFGE

1 day1 dayPCR reagentsPCR reagents
PCR disposablePCR disposable
Gel electrophoresis Gel electrophoresis 
reagentsreagents

Individual Individual 
isolatesisolates

E. colireprep--PCRPCR

44--5 days5 daysAntibioticsAntibiotics
9696--well well microplatesmicroplates

Individual Individual 
isolatesisolates

E. coli
Fecal streptococciFecal streptococci
EnterococcusEnterococcus sp.sp.

Antibiotic Antibiotic 
resistanceresistance

Time Time 
RequiredRequired

Major CostsMajor CostsCultivationCultivationTested target Tested target 
OrganismOrganism

MethodMethod



Which method is the best?

•• Method comparison studiesMethod comparison studies
•• SCCWRP (SCCWRP (Southern California Coastal Water Research ProjectSouthern California Coastal Water Research Project) study (2003)) study (2003)
•• USGS study (2004)USGS study (2004)

SCCWRP (12 methods, 5 fecal sources) USGS (7 methods, 8 fecal sources)

ARA
MAR
Kirby-Bauer antibiotic susceptibility
Carbon utilization profiles
PFGE
rep-PCR with BOX primer
Ribotyping
Host specific PCR (Bacteroidetes)
E. coli toxin genes
tRFLP
Human viruses
F+ specific coliphages

ARA
Carbon utilization profiles
Ribotyping with HindIII
Ribotyping with EcoRI
PFGE
rep-PCR with BOX primer
rep-PCR with REP primer



Which method to use?
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MST Decision Tree (US EPA, 2005)

1.1. Is the fecal pollution problem Is the fecal pollution problem 
defined?defined?

2. Has an adequate sanitary 
survey been conducted?

3.3. How many sources were How many sources were 
identified in the sanitary survey?identified in the sanitary survey?

•• Proceed if multiple sourcesProceed if multiple sources

4.4. Is the watershed/study area of Is the watershed/study area of 
manageable size?manageable size?

5.5. What is the desired level of What is the desired level of 
discrimination?discrimination?
-- HumanHuman vs vs nonhumannonhuman
-- Group separationGroup separation
-- Species specificSpecies specific
-- Specific individual hostSpecific individual host



Examples of MST



Repetitive sequence-based PCR (rep-PCR)

• E. coli genome contains many copies of repetitive DNA 
sequences. During the polymerase chain reaction, primers 
bind to these specific repetitive sequences and multiple DNA 
fragments with various lengths are generated
(www.bacbarcodes.com).

• Advantages: simple, rapid, cost-effective, differentiation to the 
strain level



Fecal samples for the known-source library



MacConkey MacConkey AgarAgar
MacConkeyMacConkey ChromAgarChromAgar

methyl redmethyl red

MRVP       MRVP       ------------------------------------------------------------------------> Red color > Red color 
3737°°CC

KovacKovac’’s s reagentreagent
1% 1% tryptone tryptone --------------------------------> Red ring> Red ring

3737°°CC

Citrate agar Citrate agar --------------------------------------------------------------------> > No color changeNo color change
3737°°CC

EC mug EC mug ------------------------------------------------------> > Gas production &  Gas production &  
44.544.5°°CC fluorescent under UVfluorescent under UV



Rep-PCR DNA fingerprinting

E. coli cells mixed 
with  PCR reagents

PCR with Box A1R primer

Gel 
imaging

Data analysis

Electrophoresis



1   2   3    4   5   6   7   8    9  10  11  12  13 14  15 16  17 18 19 20 21  22  23 24 25  26 27 28 29 30  31 32 33  34 35

Lanes 1, 10, 19, 18, 28, and 35 contain 1-kb Plus DNA ladder.
Lanes 2, and 33 contain ATCC 25922, and lane 34 is the negative control.
Lanes 3-5 contain dog isolates, lanes 6-9, 11 and 12 chicken, lanes 13-18 horse, 
lanes 20-25 cattle, and lanes 26, 27, and 29 -32 wild turkey. 

rep-PCR fingerprints generated using the BOX A1R primer



Known source library



414582591310Total

167179180165Human

40626221Waterfowl

25535412Wild turkey

46616128Deer

33545420Horse

28606020Chicken

42606018Dog

33536020Cattle

No. of unique 
fingerprints

No. of total 
fingerprints

No. of E. coli
isolates

No. of 
fecal 

samples

Source group

Source groups and DNA fingerprint patterns in the library



Rates of correct classification within specific sources 
after decloning

6868001.81.8002.22.22.42.4000.40.4Wild turkeyWild turkey

121272721.21.2008.78.72. 42. 43.63.61818WaterfowlWaterfowl

88101092926.16.18.78.726263.63.61212HumanHuman

00001.21.291912.22.24.84.8000.40.4HorseHorse

12127.77.7000070707.17.1000.40.4DeerDeer

002.62.61.21.23.03.04.34.350503.63.63.43.4DogDog

00003.03.0002.22.24.84.886863.43.4ChickenChicken

007.77.700002.22.22.42.43.63.66161CattleCattle

WTWTWFWFHumanHumanHorseHorseDeerDeerDogDogChickenChickenCattleCattle

ARCC = 74%



Human
Cattle
Chicken
Dog
Horse
Deer
Waterfowl
Wild turkey

MANOVA plot of E. coli rep-PCR DNA fingerprints from different source groups:
eight vs. three source groups
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Water samples
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E. coli densities at eight locations in 
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Source distribution of water isolates in the
Catoma Creek watershed
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Source distribution of E. coli in a Minnesota watershed

16% unknown

Microbial source tracking guide document, EPA 2005

14% geese

12% pigs

12% cats

10% cows
9% human

9% deer

9% sheep

9% turkey



QA/QC in MST

•• Precision (reproducibility): replicate at least 10% of the Precision (reproducibility): replicate at least 10% of the 
samplessamples

•• Control samples: Positive controls, negative controlsControl samples: Positive controls, negative controls
•• Performance of library: rate of correct classificationPerformance of library: rate of correct classification
•• Use more than one approachUse more than one approach

•• Perform analyses of chemicals that are indicative of sources Perform analyses of chemicals that are indicative of sources 
(caffeine, (caffeine, cotininecotinine, arsenic) , arsenic) 



TMDL Process

1.1. Identify quality limited waters:  303(d) Use Impairment ListsIdentify quality limited waters:  303(d) Use Impairment Lists
2.2. Establish priority waters/watershedsEstablish priority waters/watersheds
3.3. Develop TMDL:Develop TMDL:

•• Problem statement Problem statement -- cause of impairmentcause of impairment
•• Numeric target(s) Numeric target(s) -- water quality standardswater quality standards
•• Source analysisSource analysis -- relative contributions of pollutant sourcesrelative contributions of pollutant sources
•• Loading capacity estimateLoading capacity estimate
•• Allocations Allocations -- wasteload wasteload allocations to point sources and allocations to point sources and nonpoint nonpoint 

sourcessources

TMDL = Point source loadings + Point source loadings + Nonpoint Nonpoint source loadingssource loadings
+ Margin of safety+ Margin of safety



TMDL at a 
Virginia 

watershed

Before

After

Source: Hyper and Moyer (2005) JAWRA



Summary

•• Safe drinking water begins with source water protection.Safe drinking water begins with source water protection.
•• MST is a valuable tool for watershed management and MST is a valuable tool for watershed management and 

TMDL development.TMDL development.
•• MST techniques are still under development. MST techniques are still under development. 
•• Needs for further research:Needs for further research:

•• Other source identifiers: Other source identifiers: BacteroidesBacteroides
•• Library sizeLibrary size
•• Geographic variabilityGeographic variability
•• Temporal variabilityTemporal variability
•• Search for better librarySearch for better library--independent methodsindependent methods
•• Host specificity of microorganismsHost specificity of microorganisms
•• Genetic change associated with habitat changeGenetic change associated with habitat change








