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Chapter II
BACTERIAL SOURCE TRACKING LITERATURE REVIEW

INTRODUCTION

Once a water-body has been deemed impaired, the source of the impairment must be

identified in order to implement the TMDL plan. Choosing a BST method may depend on

available resources, scope of project, and target organism. BST methods generally fall into three

categories: Genotypic (dealing with the genetic make up of an organism), phenotypic (observable

characteristics of an organism), and chemical. Molecular methods tend to be more costly,

requiring highly trained personnel and expensive equipment. The phenotypic methods allow a

higher throughput of samples, a quicker turn around, and less skilled personnel. Chemical

methods fall somewhere in between, mainly because of equipment costs. 

CHOOSING A METHOD

Choosing a BST method depends on many factors. First, is the watershed fresh or

saltwater? For freshwater, Escherichia coli is the recommended target organism. For saltwater,

Enterococcus species are more appropriate. How much money and time are available for the

project? Phenotypic methods are cheaper and allow a greater number of samples to be analyzed.

Genotypic methods are much more expensive, more time consuming, and are technically

demanding (Simpson et al 002). What level of discrimination is required? Identification can be

made for between human and non-human or can be broken down into many more categories.

How many samples will need to be analyzed? As mentioned, genotypic methods are time

consuming so fewer samples can be processed (Simpson et al 2002). These question and many

others need to be addressed before choosing an appropriate method, though there is certainly

one for every situation.

GENOTYPIC METHODS

Dr. George Simmons was one of the first scientists to develop a source tracking

procedure. In 1992, he used Pulse Field Gel Electrophoresis (PFGE) to determine that raccoons

were polluting the shellfish beds along the Cherrystone inlet of Virginia. His results were

substantiated when after trapping and relocating many of the raccoons, bacterial counts dropped.
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Although no publications resulted from this study, Dr. Simmons did go on use his technique to

solve other pollution problems. PFGE involves placing pure cultured bacterial cells in agrose

plugs where the DNA is digested using a series of restriction enzymes (Simmons and Herbein

,1995). The digested plugs are then placed into gels and electrophoresed for 30-50 hours with

alternating currents from different directions (Simmons and Herbein, 1995). This assay is highly

reproducible but requires highly trained personnel. Simmons et al (2002) used PFGE to

determine the sources of contamination of the Four Mile Run watershed, in Virginia. It was

determined that the dominant source was waterfowl. Kariuki et al (1999) used PFGE to detect

differences between E.coli populations of chickens and children living close to one another. The

result was that the E.coli populations of these two groups were different and were able to be

distinguished.

Ribotyping is a DNA fingerprinting method that does not involve sequencing. Once pure

cultures of the target bacteria have been grown, ribosomal DNA (rDNA) is extracted and

multiplied using PCR amplification (Madigan et al., 2000). Once a large amount of rDNA has

been obtained, it is digested with one or more restriction enzymes, depending on the level of

discrimination desired (Simpson et al.,2002). The fragments are separated using gel

electrophoresis and transferred to nylon membranes (Madigan et al., 2000). In order to generate

the Ribotype, a pattern with 4 to 12 bands, Southern blot hybridization is performed using rDNA

probes (Madigan et al., 2000). Finally, the pattern is digitized and compared against a database

to determine its most likely source (Simpson et al., 2002). Ribotyping is expensive and labor

intensive, it requires that the target bacteria be cultured and that a large library of known sources

be assembled to compare samples against. Researchers that have used this technique have

found that it is useful to distinguish between animal and non-animal, but not effective in

discriminating between other sources (Parveen et al., 1999, Scott et al., 2002, Carson et al.,

2001). Carson et al (2001) examined 287 known-host isolates from humans, cattle, pigs, horses,

poultry, waterfowl, and dogs. Accuracy of classification was increased with limited number of

classes, and Ribotyping once again proved most effective from human vs non-human

classification (Carson et al., 2001). Parveen et al (1999) ribotyped human and non-human
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samples and analyzed them using discriminate analysis. The ribotypes allowed easy

comparisons between isolates, and the human isolates were much less diverse than non-human

isolates. Discriminant analysis did provide a way to compare human and non-human samples

(Parveen et al., 1999). Scott et al (2003) examined 317 E.coli isolates from dairy and beef cattle,

swine, and poultry. Samples were collected from north, central and south Florida. Supporting

earlier findings, the method was most effective with human vs non-human classification. They

also determined that ribotyping lost its effectiveness with samples over a broad geographic area

(Scott et al., 2003). 

Length heterogeneity PCR and Terminal Restriction Fragment Length Polymorphism

(LH-PCR/ T-RFLP) distinguish between bacterial mixtures by analyzing the gene sequences

present and detecting the differences in the number of base pairs in a gene fragment, due to

insertions and deletions, and estimating the amount of each fragment (Simpson et al., 2002). LH-

PCR and T-RFLP do not involve culturing the target bacteria for analysis, and do not require

building a library.  These methods provide a way to sequence anaerobic bacteria, which is a

serious problem because anaerobes are difficult to detect and culture and do not survive long in

aerobic environments (Madigan et al., 2000, Simpson et al.,2002,). Finding anaerobes in water

samples indicates recent contamination (Simpson et al.,2002). Bernhard and Field used these

techniques to identify sources of pollution in coastal waters by amplifying 16S rDNA from

members of the genus Bifidobacterium and the group Bacteroides-Prevotella (Bernhard et al.,

2000). They were successful in detecting two human and five cow specific markers (Bernhard et

al., 2000).

Repetitive element Polymerase Chain Reaction (rep-PCR) is a technique for multiplying

DNA molecules by using DNA polymerase (Madigan et al., 2000). First, the target DNA is heated

in order to separate the strands (Madigan et al., 2000). An excess of two primers, one

complementary to the target strand and one to the complementary strand (called annealing), is

added along with DNA polymerase (Madigan et al., 2000). Primer extension yields a copy of the

original DNA. Each series of heating and annealing doubles the number of strands (Madigan et

al., 2000) Dombek et al (2000) has used rep-PCR to generate DNA fingerprints from E.coli
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isolated from humans and a variety of animals (geese, ducks, cows, pigs, chickens, and sheep).

Only 154 isolates were analyzed, with 100% ARCC for chickens and cows and between 79 and

90% from the remaining categories. The high classification rates are likely due to such low

numbers of isolates being analyzed  (Dombek et al., 2000).

Denaturing Gradient Gel Electrophoresis (DGGE) is based on the melting behavior of the

16S rDNA gene on a polyacrylaminde gel containing a urea gradient, which is dependent on the

Guanine and Cytosine content and the nucleotide sequence (CMGS 2004). The primers used to

amplify the 16S rDNA gene contains a GC clamp (CMGS 2004). As the DNA fragment moves

down the gradient, it will denature except for the terminal GC clamp (CMGS 2004) . The

denaturing or melting reduces the motility of the DNA in the gradient gel (CMGS 2004). Each

band corresponds to a single species, which may be recovered for future sequencing (CMGS

2004). The technique is highly reproducible but technically demanding and time-consuming.

Farnleitner et al (2000) used DGGE to both detect and differentiate E. coli sources in freshwater.

DGGE successfully detected and identified E.coli strains in the water samples, without bacteria

being isolated or cultured. These results were compared with those obtained by culturing the

bacteria and following through with DGGE. There was no detectable difference between the

methods. Buchan et al (2001) used DGGE to determine the source of bacterial contamination in

water using 132 isolates. DGGE was not able to determine the source, possibly because of the

low number of isolates analyzed (Buchan et al., 2001)

Amplified Fragment Length Polymorphism (ALFP) combines RFLP and PCR

amplification to generate 50-100 DNA fragments, which are then analyzed with automatic DNA

sequencers containing fluorescence based detectors. This technique has many advantages over

other molecular based methods. Automatic analyzers make it possible to analyze over one

hundred samples per day and standards are available so normalization is easy. Unfortunately,

AFLP is library dependent and relies on culturing the organism. Guan et al used ALFP,

sequencing of 16S rRNA genes, and Multi Antibiotic Resistance (MAR) analysis to discriminate

between human and animal E.coli (Guan et al., 2002). ALFP provided the most discriminatory
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power of the three methods. Only 319 isolates were analyzed, so little information was actually

gained, but the method is promising.

PHENOTYPIC METHODS

Antibiotic Resistance Analysis (ARA) analyzes the resistance patterns of indicator

organisms such as Enterococcus, E.coli, and fecal streptococci to identify sources of fecal

contamination. After isolates are incubated in microtiter trays, they are transferred onto various

concentrations of antibiotics using an ethanol sterilized replica plater. Incubation times and

antibiotics are chosen based on the target indicator organism. After incubation on the antibiotics,

a resistance pattern is determined based on growth or no growth. This method is inexpensive,

less time consuming than molecular methods, and thousands of isolates can be processed per

week. However, ARA is library dependent. ARA was inspired by MAR (Parveen et al., 1997), and

developed by Dr. Bruce Wiggins in 1996. He first used ARA on 1,435 fecal streptococci isolates,

obtained from cattle, poultry, human, and wildlife. The isolates were grown on five antibiotics

(chlortetracycline, halofuginone, oxytetracycline, salinomycin, and streptomycin) and checked for

growth. 74% of the isolates were correctly classified. When the isolates were grouped into four

categories (human, wildlife, cattle, poultry) the average rate of correct classification (ARRC) was

84%. Two-way splits yielded higher ARRC values (Wiggins 1996). In a later study, Wiggins et al

(1999) analyzed four sets of fecal streptococci isolates from 236 human, cattle, poultry, and

pristine waters (wild) in order to determine the source of fecal contamination in Rockingham, VA.  

    The results from the 1996 study were compared against the four sets of isolates, to

determine if the ARCC values obtained previously were in fact valid. Each new set of isolates (2,

3, 4,5) was analyzed using a different set of antibiotics. Set 2 consisted of 5,990 isolates, set

three was 2,635, set four was 2,844, and set five was 3,032 isolates. The ARCC values for the

new sets were lower than in the previous study, perhaps due to the different classes and

combinations of antibiotics used (Wiggins et al.,1999). Hagedorn et al (1999) used ARA to

determine the sources of fecal pollution in Montgomery County, VA. A library consisting of 7,058

isolates from cattle, deer, poultry and humans was constructed. The antibiotics suggested by

Wiggins did not provide sufficient separation, so other combinations were attempted. This
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particular study also illustrated that a library from another geographical area could be used

(Hagedorn et al., 1999). Harwood et al used discriminate analysis (DA) to determine the

relationship between known and unknown sources of fecal streptococci and fecal coliforms. After

using ARA to build a library, DA was successfully used to determine the likely source (Harwood et

al., 2000). Graves et al (2002) used ARA to determine the sources of fecal pollution in Clarke

County, Va. Enterococcus was used as the target organism. A known source library of 1174

isolates was used to identify 2012 Enterococcus isolates collected from Spout Run. A very large

library was built for a relatively small stream, so the library was very representative (Graves et al.,

2002). More recently, Wiggins et al (2003) used ARA to test multi-watershed libraries. Known

source samples from six Virginia watersheds were analyzed using ARA. Merged, there were

6,587 Enterococcus isolates. The small libraries had higher ARRC values, but were unable to

correctly classify isolates from outside of their region. The merged watershed was found to be

representative enough from all six regions (Wiggins et al., 2003).

Carbon Utilization Profile (CUP) compares the differences between carbon and nitrogen

sources utilized by bacteria (Simpson et al., 2002). The commercial BIOLOG brand provides 96

well microtiter plates pre-coated with different nutrients. This method, like ARA, allows many

samples to be processed in a short amount of time. More importantly, it is an automated

colorimetric assay eliminating the variability between readers. This method has been used in

hospitals to identify bacteria. Hagedorn et al (2003) used BIOLOG to identify 365 Enterococcus

isolates, which were collected from four different regions in Virginia. Only 30 of the 95 available

wells were used, so this assay was wasteful. Of the 30 wells that were used, they provided

adequate classification (Hagedorn et al., 2003).

CHEMICAL METHODS  

Chemical methods do not detect the presence of fecal bacteria, they identify compounds

that occur alongside fecal bacteria but that are not natural to the environment. Two of the most

promising chemical methods to detect human fecal contamination are the test for optical

brighteners and caffeine. Optical brighteners are in all laundry detergents. If they are detected in

water, it is likely from a human source. The optical brighteners are detected using black lights or
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mass spectrophotometry. A similar theory exists in the caffeine test. Caffeine is not digested by

humans, it simply passes through the body, if caffeine is found in water then there must be

human fecal contamination. This test costs approximately $100 per sample. Another drawback is

that caffeine is found naturally in some plants such as watermelon, so it is not restricted to coffee

consumption (Stiles 2003). A third chemical method currently under development Is the test for

Coprostanol, a byproduct of the breakdown of cholesterol which is present in human feces as well

as some other mammals (NCNESR 2004). Although production of this compound is inconsistent,

detection of Coprostanol is a good indicator of human pollution. Fatty acid methyl ester analysis

(FAME) has also been proposed to distinguish between the different types of sterols found in

human and animal E.coli (NCNESR 2004). 

SUMMARY

Although the biochemical method ARA has been the most widely practiced, molecular

methods are the future of Bacterial Source Tracking for classification other than human/non-

human. Libraries are expensive and time-consuming to construct, so the most effective method

would be one that does not require a library (LH-RFLP, A-RFLP), is as quick as ARA (real-time

PCR), but still produces respectable ARCC values. For human/non-human characterization, the

chemical methods are the most promising because of their ability to analyze samples in the field.

However, as with other methods there are obstacles to be overcome, such as natural interference

of the compound being detected and equipment operation.
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