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Why We Need 
Microbial Source 

Tracking



Clean Water Act:
“fishable and swimmable”
waters

20% rivers/streams sampled

39% impaired rivers/streams 
(269K miles)

13% impaired – fecal bacteria

Sources

•Humans
•Domesticated animals
•Wildlife



RISK

PREVENTION

Protecting America’s Public Health
PREVENTION with RISK ASSESSMENT



This Science Impacts:This Science Impacts:

Source  Water Protection
Drinking Water Treatment
Microbial Risk Assessment 
Food Safety

Home Land Security
Microbial Forensics
Ecosystem Health/Sustainability



Feces production in the United 
States (rough estimates)

Dairy
10%

Beef
Cattle
44%

Pigs
20%
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22%

Cattle
Calves
Dairy
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Pigs
Chickens
Egg-layers
Turkeys
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• 1x1012 kg/year by humans and domestic 
animals

Human à



Source: Third Edition of the Sprawl Resource Guide 

Other Challenges

Manure application
Biosolids

Reclaimed Water  
Reservoirs (Naturalized Populations)



Microbial Source Tracking: 
How It’s Done



Why Should Microbial Source Tracking 
Work?

Intestinal bacteria of animal groups are 
expected to be different:

• Gut conditions
• Temperature
• Diet
• Digestive system

• Natural selection
• Space
• Nutrients



MST relies on the specificity of 
source identifiers, that is,
microbial populations that are 
particular to a specific host

• Exhibit host-specificity
• Abundant in host
• Clonal diversity
• Temporal stability
• Geographic continuity

Ideal Candidates:



Microbial Source Tracking
Strategies

Microbial target
- bacteria, protozoa, viruses

Chemical target
caffeine, stanols (fecal sterols), optical 
brighteners in detergents, sIgA (serological)

Qualitative vs. Quantitative

Phenotypic vs. Genotypic

Library-dependent vs. Library-independent



Library Dependent Methods rely on:

§ Developing culture-based libraries of 
isolates derived from known fecal sources. 
§Library is a “fingerprint” database -
frequently of E. coli or Enterococcus isolates
§ Requires 1,000s of isolates from suspected 
animal sources for library
§Many isolates also required from each 
water sample
§ CULTURE-DEPENDENT



Steps in LDM DNA-based 
Fingerprinting Methods

• Bacterial isolation
• ID confirmation
• DNA extractions
• PCR-amplification or DNA digestion
• Gel electrophoresis (& sometimes Southern 

hybridization)
• Image capture and analysis
• Statistical analysis of data



§§ RibotypingRibotyping (RFLP of genome using (RFLP of genome using rDNArDNA probes)probes)

§§ PFGEPFGE (pulse field gel electrophoresis)(pulse field gel electrophoresis)

§§ RFLPRFLP (restriction fragment length polymorphism)(restriction fragment length polymorphism)

§§ AFLPAFLP (amplified fragment length polymorphism)(amplified fragment length polymorphism)

§§ RAPDRAPD (random amplified polymorphic DNA)(random amplified polymorphic DNA)

§§ reprep--PCRPCR or BOXor BOX--PCR (repetitive PCR (repetitive extragenicextragenic
palindromicpalindromic))

DNA-fingerprinting Library 
Dependent Methods



• Population biology

Discriminant analysis  (higher % of false positives)

Maximum similarity vs average similarity

• Epidemiology

1:1 matching  (substantial number of unknowns and 
larger database)

Analytical Approach



Library-dependent methods

From this ...
to this

From Dombek 
and others., 2000



Library-Independent Methods (LIMs):
Host-Specific PCR

•• (Most) Culture(Most) Culture--independentindependent
•• Relatively rapid detectionRelatively rapid detection
•• Can be sensitiveCan be sensitive
•• Defined targetDefined target
•• Automated analysisAutomated analysis
•• Potential for multiple assaysPotential for multiple assays
•• Potential for really cheap assaysPotential for really cheap assays



Culture-Dependent LIMs

•• espesp gene of gene of EnterococcusEnterococcus faeciumfaecium
§§ Human markerHuman marker

•• LT IILT II
§§ Swine markerSwine marker

•• ST IIST II
§§ Cattle markerCattle marker



Culture-Dependent LIMs

•• AdvantagesAdvantages
§§ Relatively easyRelatively easy
§§ Uses indicator organismsUses indicator organisms

•• DisadvantagesDisadvantages
§§ SensitivitySensitivity
§§ NonNon--quantitativequantitative
§§ Only a few markers availableOnly a few markers available



Culture-Independent
Library Independent Methods

• Bacteroides specific TRLP
• Community TRFLP
• Community DGGE
• Viruses/Phages - e.g. human polyomavirus
• Phylogenetic (16S-PCR)
• Functional gene – PCR
• Toxins (enterococci, E. coli)
• Metagenomic markers
• Pharmaceuticals
• Secretory IgA
• Sterols



650                        660  670

B. mooii GCUUGAGUCU   CGUAGAGGGG GGUAGAAUUC
B. horseii GCUAGAGUAU   GGGAGAGGAU GGUAGAAUUC 

16S rRNA of
Bacteroides mooii

16S rRNA of
Bacteroides horseii

Comparative Sequence Analysis of 16S rDNA



Bernhard and Field, 2000 AEM 66:1587-1594



Method Overview

Isolate DNA
from fecal samples

PCR with 16S species 
specific primers

Sequence analysis

Data Archiving

Expansion of 16S Molecular Database



Bifidobacterium spp. Phylogenetic Analysis

Figure 2. Phylogenetic tree of bifidobacterial clones obtained in this study. 
A total of 366 sequences were used to construct the tree. 
Clone libraries were generated using genus-specific primer set, bif162 and bif664 (). 



Bacteroides Phylogenetic Analysis



Bacteroides Rarefaction 
Analysis
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Comparison of Bifidobacteria and 
Bacteroides diversity
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§ PCR inhibition 
§ Targeting only one gene
§ Targeting only one bacterial group
§ Targeting only one marker
§ Targets are found in low numbers (sensitivity)
§ Limited number of studies

• Host specificity
• Geographic stability
• Survival of host-specific population
• Lab cross-validation – SOPs
• Small molecular sequence databases

§ Targeted genes have little to do with host – microbe 
interactions

Current Limitations of LIMs



The Future: Hunting The Future: Hunting 
for Hostfor Host--Specific Specific 

MarkersMarkers



Host specificityHost specificity……

What type of microbeWhat type of microbe--host host 
interaction is most likely to interaction is most likely to 
be highly specific?be highly specific?



Host – microbe interactions

Microbe    Microbe    AnimalAnimal

ParasitismParasitism

ComensalismComensalism

Benefits Benefits 

unclearunclearBenefits Benefits 

Harmed Harmed 

MutualismMutualism Benefits Benefits Benefits  Benefits  
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What we know about the specificity of MST 
host specific markers



One gene – one group 
PHYLOGENETIC Approach

Multiple genes – one bacterial group
GENOMICS Approach

Multiple genes – Multiple bacterial groups
METAGENOMICS Approach

Discovery of Novel Source Identifiers



Sheared total DNA

Pig DNA does not
hyb to human-specific 
fragments



Labeled
Human fecal 
metagenomic
DNA

Pig



Hypothetical Host Specific 
Metagenomic Profiles

Cow Chicken Human

Shanks, Santo Domingo, and others, AEM, 2006
Lu, Santo Domingo, and others, in prep



Microbial Water Quality Biochip
Simultaneous Detection

Stewart, Santo Domingo, and Wade (2007)
In Fundamentals of MST, ASM Press



RSQ Methods

Total time = ~ 3 hours

Filter 100 - 1000 ml water using 
0.4 µm polycarbonate membrane

Extract DNA from cells 
directly on membrane

Real time PCR with
TaqMan probes

Quantitative
analysis



Host specificityHost specificity……

Which microbe is the Which microbe is the 
best source indicatorbest source indicator??



PrimaryPrimary --vsvs-- SecondarySecondary
HabitatHabitat

Temporal Temporal --vsvs-- GeographicalGeographical
stabilitystability



Experimental designExperimental design……
Representative samples?Representative samples?

QA/QC?QA/QC?



Host specificityHost specificity……
••Which microbe is the Which microbe is the 
best source indicatorbest source indicator??
••Do we need more Do we need more 
than one?than one?



AccuracyAccuracy……
At what levelAt what level??
••Human vs. animal or by multiple Human vs. animal or by multiple 
sourcessources

At what cost?At what cost?



Other issuesOther issues……
Relevance of source Relevance of source 
identifier to public health?identifier to public health?

Correlation with currentCorrelation with current
indicators?indicators?

Recent Recent vsvs old old 
fecal contaminationfecal contamination



Stewart, Santo Domingo, and Wade (2007)
In Microbial Source Tracking, ASM Press



Contact Information
Jorge W. Santo Domingo

Santodomingo.jorge@epa.gov

Office of Research and Development
National Risk Management Research 

Laboratory
Water Supply & Water Resource Division
Microbial Contaminants Control Branch

The Guide Document and the Book 
(ASM Press) are Now Available!


