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ABSTRACT 

Beaches on Cassadaga Lake in western New York State have needed to be closed 

numerous times by the local health department due to high fecal coliform levels measured in 

water samples taken from the lake. There were beach closures in the summers of 2004 and 2006, 

but no closures in 2005. These closures may be due to fecal pollution from wildlife or domestic 

animals living near the lake or to an aging sewage treatment system used by a nearby Job Corps 

facility. To investigate the origins of the bacteria, a microbial source tracking project was 

initiated on Escherichia coli isolated from the lake. During the summers of2005 and 2006, 

water samples were collected five times each season from eight different lake sites. E. coli in the 

water samples were isolated on selective and differential media. E. coli were also isolated from 

goose, dog, deer, cat, duck, cow, and human fecal samples. Genomic DNA was purified from 

isolated E. coli strains for analysis. Repetitive element PCR (REP-PCR) using the BOX AIR 

primer and amplified fragment length polymorphism (AFLP) were performed on all isolated 

DNA samples. For AFLP analysis, DNA samples were digested with the restriction enzymes 

EcoRI and Msel. Fragments were ligated to nucleotide adapters, and the ligation products were 

used as templates for PCR. Preselective amplification was performed using primers for the 

EcoRI and Msel adapters. Selective amplification was performed using an Mse+C primer and 

infrared dye labeled Eco+A and Eco+C primers. The PCR products were run on a 

polyacrylamide gel in aLI-COR DNA analyzer which facilitated the creation of images based on 

detection of theIR fluorescence of the dye. Data was analyzed using GelCompar II software. A 

library of E. coli isolates from known sources was created in the software and unknown isolates 

were compared against this library using Pearson product moment correlation for identification. 

A total of 525 E. coli samples were isolated and analyzed in the study, of these 271 were isolated 

from the lake and classified as unknown and 254 were isolated from known sources. The data 

from both summers indicate that the geese are most likely responsible for the majority of the 

fecal pollution in Cassadaga Lake. 
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HISTORY 

Water Quality and Health Concerns 

The British physician, John Snow, was the first to associate the outbreak of a 

communicable disease, cholera, with contaminated public water. In his essay, On the Mode of 

Communication of Cholera, Snow first advanced his theory of the link between polluted water 

and cholera. He also preemptively responded to possible criticisms of his theory by stating, 

"It will probably be objected to the views advanced in this paper, that animal 
poisons, when swallowed, are generally destroyed in the stomach by the process of 
digestion; and, indeed, it is not improbable that the material which gives rise to 
cholera is often thus destroyed ... " (Snow, On the Mode of Conununication of 
Cholera 1849). 

As there was indeed a great deal of skepticism to his views, the essay was largely 

ignored. After a series oflarger cholera outbreaks, Snow published a book of the same title in 

1855. Snow provided detailed maps and statistical information to promote his theory that the 

outbreaks were due to consumption of contaminated water drawn from pumps throughout 

England. In contrast to Snow's observations, the prevailing theory at the time was that cholera 

outbreaks, and most communicable diseases, were due to foul air and because of the 

uncleanliness associated with most victims. In spite of this, his was able to convince local 

officials to remove the pump handle from a public well on Broad Street in Birmingham which 

ultimately ended what had been a very rapid and severe cholera outbreak in the area. Although 

Snow was unaware of the actual causative agent of cholera, Vibrio cholerae, he accurately 

described the mode of transmission, 

"Diseases which are conununicated from person to person are caused by some 
material which passes from the sick to the healthy, and which has the property of 
increasing and multiplying in the systems of the persons it attacks.. . . .. As cholera 
commences with an affection of the alimentary canal, and as we have seen that the 
blood is not under the influence of any poison in the early stages of this disease, it 
follows that the morbid material producing cholera must be introduced into the 
alimentary canal must, in fact, be swallowed accidentally ... " (Snow, On the Mode 
of Communication of Cholera 1855). 

Snow's efforts earned him the moniker "father of modem epidemiology" and can be cited 

as among the first evidence highlighting the necessity of establishing water quality monitoring 

programs to help protect human health. As an aside, it is notable that in spite of it being well 
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known that Snow was teetotaler throughout his life, his contributions to public health and well

being are honored by not only a plaque near the broad street pump site, but also by the 

eponymous nearby pub, The John Snow. 

It would be many decades before the significance of Snow's work would be truly 
' appreciated, and it would require many advances in microbiology and medicine before its 

potential application in the promotion of human health would begin to be realized. Most 

notably, the germ theory of disease, once accepted, would provide explanation for the causative 

agent in the transmission of cholera. The germ theory purports that specific microorganisms are 

the cause of specific diseases. The foundations of the theory can be seen as early as 100 BC 

when, in his text De re rustica (On Agriculture or Farm Topics), Roman scholar Marcus 

Terentius Varro speculated that minute particles and contagions present in stagnant water could 

be transmitted via air and, when breathed in, could cause disease (Thayer 2009, Britannica 

2009). A formal description of an unseen organism causing disease would not come until1530 

when Italian physician Girolamo Fracastoro wrote in Syphilis, sive morbus Gallicus (Syphilis, or 

the French disease) that syphilis was spread by "seeds" which could be transmitted sexually. He 

would later expand this theory of transmission to include the handling of contaminated articles of 

clothing or bedding and unseen airborne vectors as causative agents (Lederberg 2000). The early 

development of the microscope and the first observations of microbes by Antony van 

Leeuwenhoek in the 1670s provided the first look at organisms that would later be shown to be 

agents of the disease. However, it would still take another 200 years before we began to 

understand what these microorganisms did, where they came from, and why they are important 

in the study of disease. 

The germ theory gained popularity through the work oftwo of its greatest proponents, 

Louis Pasteur and Robert Koch. Like other supporters of the theory at the time, they struggled to 

prove at least four important points (Auyang 2009): 

1. Communicability: some diseases, including the most deadly ones at the time, are 

contagious and can pass from people to people, directly or indirectly. 

2. Causality: the agents that spread the disease are not mere organic toxins but microbes. 

3. Vitality: microbes do not generate spontaneously from inorganic matters; they are 

genuine living organisms that multiply only by reproduction from their kind. 
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4. Specificity: microbes come in a variety of species, and a specific species of microbe 

causes a specific disease. 

Pasteur's experiments aided greatly in disproving the theory of spontaneous generation or 

that living organisms could arise from nonliving matter. At the time, it was well known that 

decomposing tissues contained living microorganisms, but supporters of spontaneous generation 

argued that these organisms were the result of decomposition rather than the cause. Similar 

arguments were made when microorganisms were found in the tissues and discharges of the sick. 

Pasteur demonstrated that microbes were the cause of decomposition, and after doing so, it was 

not long before it became accepted that they too could be the cause of disease. 

Robert Koch formalized this idea and provided guidelines for determining the causative 

agents of disease. He first discussed these guidelines, known as Koch's postulates, in his book 

Investigations into the Etiology of Traumatic Infective Diseases. They are as follows: 

1. Infected tissue must show the presence of a particular microorganism not found in 

healthy animals. 

2. The microorganism must be isolated and grown in a pure culture. 

3. When injected into a healthy animal, the microorganism must cause the disease 

associated with it. 

4. This "second generation" microorganism should then be isolated and shown to be 

identical with the microorganism found in 1. 

Koch was also responsible for demonstrating that a single species of microorganism causes a 

specific disease and that the organism responsible will only cause the infection in a specific host: 

"On the other hand, it follows from the fact that a definite pathogenic bacterium, 
e.g., the septicemic Bacillus, cannot be inoculated on every variety of animal (a 
similar fact is also true with regard to the Bacillus anthracis) : that the septicemia 
of mice, rabbits, and man are not under all circumstances produced by the same 
bacterial form ... (Koch 1880)" 

Through application ofhis own guidelines, Koch isolated Vibrio cholera, Bacillus anthracis, and 

Mycobacterium tuberculosis and was able to link each ofthem to the diseases that they cause. 

Koch's work ·finally provided the answer to the question which Snow had been unable to answer, 

"what is the causative agent of cholera?" 
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Public Awareness and Legislative Action. 

Widespread acceptance of the germ theory led to an increased public awareness of the 

way diseases were transmitted among human populations. This awareness helped lead to 

changes in attitudes towards hygiene and in the usage of resources including public water 

sources. In the United States, the federal government has been responsible for passing 

legislation to address water quality concerns. 

The Federal Water Pollution Control Act of 1948 was the first major legislative action to 

focus on identifying polluted bodies of water, and it provided funding for the construction of 

water treatment facilities, however, it did not address pollution prevention or develop water 

quality standards. Prior to the act, only minor laws dealt with water pollution in spite of over 

100 failed attempts to pass bills involving water quality. The Refuse Act, a part of the Rivers 

and Harbors Appropriation act of 1899, is significant as it was aimed at preventing dumping 

waste that might impede navigation. It could therefore be viewed as the first national legislation 

directed at limiting pollution of the U.S. waterways although it did not specifically address the 

sources or varied types of pollution. The Public Health Service Act of 1912 is notable as well in 

that gave additional responsibilities to the Public Health Service including the study of sources 

pollution and problems with sanitation and sewage. During the period between the Refuse Act 

and the Water Pollution Control Act, waterways continued to be used as places to dispose of all 

manner of waste. As populations increased, pollutants began to be discharged at rates faster than 

they could be absorbed by the waterways. Immediately before World War II, a number of states 

began to consider standards for pollution control, but the need for mass production of war 

materials after the start of the conflict essentially put these efforts on hold. After the war, water 

pollution would again become significant in the public's mind. 

In 1945, over 3,500 communities were pumping two and a halfbillion tons of sewage 

into public waters every day. As a result, the Surgeon General reported that more than half of 

the population was relying on drinking water sources with questionable levels of contamination 

(Barry 1969). In spite of this, political support for national water pollution control measures was 

limited since control of water resources was widely accepted as a state responsibility. The Water 

Pollution Control Act of 1948 was passed largely due to the fact that it recognized states' rights 

by stating that its purpose was: 
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" ... to provide a comprehensive program for preventing, abating, and controlling 
water pollution ... " and " ... to recognize, preserve, and protect the primary 
responsibilities and rights of the States in controlling water pollution" (eNotes 
2004). 

The act restricted federal involvement to the preparation of pollution abatement plans and 

to providing support to the states. It encouraged agreements between states and provided federal 

services and grants to states, but it did not specifically prohibit any types of polluting activities, 

limit any sources of pollution, or set any standards for water quality or pollution control. Any 

restrictive measures in the act applied only when water pollution endangered the welfare of 

populations in a state other than the state where the pollution originated. In such a case, the 

Surgeon General could mandate abatement but only with the permission of the state where the 

pollution originated from. These and other restrictions, led to limited application of any 

enforcement of the provisions of the act. However, the act did lay the foundation for further 

federal legislation and proved that there was popular and political support for such measures. 

Principles of the act were continued with amendments to Federal Water Pollution Control Act in 

1956 and 1961. These amendments gave the federal government authority over water quality in 

interstate waters and allowed for the usage of water stored in federal reservoirs to be used to 

dilute pollution in interstate rivers and streams. Events in the early 1960s including the 

publication of Rachel Carlson's Silent Spring, led to increased public demand for water quality 

legislation. In 1965, Congress passed the Water Quality Act which established the Water 

Pollution Control Administration as an office within the Department of the Interior. The act also 

directed states to develop water quality standards and to set goals for the quality of interstate 

waters. Though it provided the federal government the authority to intervene and set standards if 

States did not do so, provisions of the act remained largely unenforced. A number of high 

profile and highly publicized oil spills and the infamous Cuyahoga river fire in 1969 led to 

increased national demand for stricter water quality standards. 

In response to public concern, the United States Environmental Protection Agency (EPA) 

was established in 1970. As defined by President Nixon, the mission of the new agency was to 

establish and enforce environmental protection standards; conduct environmental research, 

provide assistance to others combating pollution, and to develop and recommend new policies 

for environmental protection. As part of its responsibilities, the EPA assists state and local 
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governments in establishing and maintaining water quality monitoring programs and provides 

guidelines for how water quality should be assessed and reported. 

Public demand would also lead to additional amendments to the 1948 Water Pollution 

Act in 1970 and 1972. The 1972 amendments were passed with the objectives of restoring and 

maintaining the physical, chemical and biological integrity of national waterways. The 1972 

amendments mandated that all public waters were to be fishable and swimmable by 1983 and 

that they were to receive zero discharge of pollutants by 1985 (Phoenix 2009). The Act also 

created water quality standards and established the National Pollutant Discharge Elimination 

System (NPDES). The NPDES requires that all point sources which discharge into any 

waterway must have a permit to do so. Point sources are defined as: 

"Any discernable, confined and discrete conveyance, including but not limited to 
any pipe, ditch, or concentrated animal feeding operation form which pollutants 
are or may be discharged" (USEP A, Microbial Source Tracking Guide 
Document 2005). 

The Act required states to create lists of polluted or impaired waters, to develop priority rankings 

for abatement, and to create total maximum daily loads (TMDLs) which would limit the total 

amount of pollutant that the body of water can receive daily from point and nonpoint sources. 

The law was again amended in 1977 and became known as the Clean Water Act (CWA). 

The 1977 amendments built upon the foundations of the 1972 amendments and introduced 

additional measures as follows (USEPA 2009): 

• They established the basic structure for regulating pollutants discharges into the waters of 

the United States. 

• They gave the EPA the authority to implement pollution control programs such as setting 

wastewater standards for industry. 

• They maintained existing requirements to set water quality standards for all contaminants 

in surface waters. 

• They made it unlawful for any person to discharge any pollutant from a point source into 

navigable waters, unless a permit was obtained under its provisions. 

• They funded the construction of sewage treatment plants under the construction grants 

program. 
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• They recognized the need for planning to address the critical problems posed by nonpoint 

source pollution. 

In the decades following the passage of the 1977 amendments, numerous other laws have 

modified parts ofthe Clean Water Act. In 2000, the EPA established the Beaches Environmental 

Assessment and Coastal Health (BEACH) Act to aid states and local government agencies in 

their efforts to reduce the risk of disease from the use of recreational waters. The BEACH act 

focused on four key areas: 

• Strengthening water quality standards for bathing beaches 

• Improving state, tribal, and local government beach programs 

• Providing better information regarding beach water quality to the public 

• Promoting scientific research to better protect the health of beach users 

In 2002, The EPA published National Beach Guidance and Required Performance 

Criteria for Grants to further assist public agencies in developing strategies to monitor water 

quality. This document defines human pathogens as any microorganisms which can cause 

disease in humans exposed to the organism. The source of these organisms is usually the feces 

of humans or other warm blooded organisms, and bacteria, protozoa, and viruses are most often 

responsible for waterborne disease (USEP A, National Beach Guidance and Required 

Performance Criteria for Grants 2002). In contaminated recreational waters, the main routes of 

exposure to these organisms are by direct contact while swimming and through unintentionally 

swallowing the water. When contaminated with feces, the recreational water has the potential to 

expose swimmers to all of the pathogens spread by the fecal oral route. Most frequently, these 

pathogens cause gastroenteritis and diarrhea but they may also cause diseases which affect the 

eyes, ears, skin and respiratory tract (Table 1 ). Because these organisms pose considerable 

health risks, modem water quality assessment techniques now attempt to not only identify the 

organisms in the water, but also attempt to determine the source of the contamination. 
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He/icobacter pylori 

Legionel/a pneumophila 

Leptospira 
01 

! Pseudomonas Ill 
::1. • 

Salmonella typhi 

Salmonella 

Sh/gefla 

Vibrio cholerae 

Yersinia enterolitica 

. Balantidium coli 

"0 Cryptosparld/um 

il Entamoeba histolytica 0 .. 
i Giardia Iamblia 

Adenovirus (31 types) 
Astroviruses 

Enteroviruses (67 types, e.g., 
: 
polio, echo, and Coxsackie 

~ . viruses) 2 
~ Hepatitis A and E .. 

Caliciviruses (Norwalk- and 
Sapporo-like viruses) 

Reovirus 

Rotavirus 

Gastritis 

legionellosis 
leptospirosis 

Infections in immunocompromised 

individuals 

Typhoid fever 

Salmonellosis 

Shigellosis 

Cholera 

Yersinosis 

Balantidiasis 

Cryptosporidiosis 

Ameobiasis (amoebic dysentery) 

Giardiasis 

Amoebic men cephalitis 

Respiratory disease 
Gastroenteritis 

Gastroenteritis 

Infectious hepatitis 

Gastroenteritis 

Gastroenteritis 

Gastroenteritis 

Diarrhea. Peptic ulcers are a long-term sequela. 

Acute respiratory illness 
Jaundice, fever (Weil's disease} 

Urinary tract infections, respiratory system Infections, 

dermatitis, soft tissue infections, bacteremia, and a 

variety of systemic infections 

High fever, diarrhea, ulceration of the small intestine 

Diarrhea, dehydration 

Bacillary dysentery 

Extremely heavy diarrhea, dehydration 

Diarrhea 

Diarrhea, dysentery 

Diarrhea 
Prolonged diarrhea with bleeding, abscesses of the liver 

and small intestine 

Mild to severe diarrhea, nausea, indigestion 

Fatal inflammation of the brain 

Eye infections, diarrhea 
Vomiting, diarrhea 

Diarrhea. Heart anomalies and meningitis are long-term 

sequela and are very rare. 

Jaundice, fever 
t 

Vomiting. diarrhea 

Vomiting, diarrhea 

diarrhea 

Table 1: The EPA's list of waterborne pathogens and the diseases they may cause. (USEPA, Microbial Source Tracking Guide 
Document 2005) 

Microbial Indicators 

The EPA recommends the use of microbial indicator organisms as a part of water quality 

assessment. These organisms are used to measure ongoing changes in water quality and as 

potential indicators of the presence of pathogenic organisms. Since organisms which cause 

diseases in humans are often harder to detect in the environment, indicator should survive under 

similar physical conditions to those of the pathogenic species they are being used to detect. It 

has been demonstrated that, in addition to indicator organisms, human sources of fecal pollution 

do in fact contain human pathogens as defined by the EPA including Salmonella, Shigella, 

pathogenic strains of E. coli, and hepatitis A virus (McLellan 2004). 

As defined by the EPA, indicator organisms should have the following characteristics: 

(USEPA, National Beach Guidance and Required Performance Criteria for Grants 2002) 
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• Be easily detected using simple laboratory tests. 

• Generally not be present in unpolluted waters. 

• Appear in concentrations that can be correlated with the extent of contamination. 

• Have a die-off rate that is not faster than the die-off rate of the pathogens of concern. 

In 1972, the EPA began a long term investigation to explore the relationship between 

infectious diseases associated with the use of recreational waters and water quality. Between 

1972 and 1978 the study analyzed data from marine beaches in New York, Louisiana, and 

Massachusetts. The data suggested a linear relationship between gastroenteritis and the density 

of enterococci in the water (Cabelli 1983). Between 1978 and 1982, focus of this research was 

shifted to freshwater beaches. Results of studies conducted in Pennsylvania and Oklahoma 

indicated a similar relationship between gastrointestinal illness and two indicator bacteria, 

enterococci and Escherichia coli (Dufour 1984). In 1986, the EPA published water quality 

criteria which recommended the use of enterococci as indicator organisms in marine systems and 

enterococci and/or E. coli in freshwater systems (USEP A 1986). The report suggested 

establishing regulatory levels based on the geometric mean of at least five samples taken over a 

thirty day period of35 colony-forming units (cfu) per 100 ml water for enterococci in marine 

water, 33 cfu/100 ml for enterococci in fresh water, and 126 cfu/100 ml for E. coli in fresh water. 

The report did not recommend the usage of fecal coli forms as an indicator. 

As the EPA only issues recommendations, states are allowed to adopt control standards 

of their own. Indeed, there has been some debate as to the validity of the methods employed by 

the EPA researchers in establishing their guidelines. A meta-analysis of 27 studies related to 

recreational water use associated gastrointestinal illness concluded that the current guidelines are 

sufficient as there is a limited correlation between illness and water use at bacterial levels lower 

than those recommended by the EPA and a high correlation at levels above (Wade et al. 2003). 

New York State maintains its own water quality standards according to 6 NYCRR parts 

649 through 941. The procedures to derive the standards of quality related to health are jointly 

developed by the New York State Department of Environmental Conservation (NYSDEC) and 

the New York State Department ofHealth (NYSDOH). New York first developed its procedures 

in 1985 for surface waters and expanded them to include ground waters in 1991. NYSDEC 

regulations require that "the discharge of sewage, industrial waste or other wastes shall not cause 
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impairment of the best usages of the receiving water as specified by the water classifications at 

the location of discharge and at other locations that may be affected by such discharge" (Stoner 

and Bogdan 2003). These "best usage" classifications include classes for water that is intended 

for drinking, recreational use such as swimming and boating, waters suitable only for fishing, 

and for other uses. Currently, New York State relies on the enumeration of total coliform and 

fecal coliform bacteria as a measure of water quality as per 6 NYCRR part 703.4 (Table 2). The 

term "coliform" is not a taxonomic classification but rather a working definition used to describe 

a group of Gram-negative, facultative anaerobic rod-shaped bacteria that ferment lactose to 

produce acid and gas within 48 hat 35°C (US FDA 2002). Fecal coliforms are differentiated 

from total coli forms by their ability to grow at 45°C. A number of differential and selective 

media are available for the isolation and enumeration of both forms ofbacteria. 

Total coliforms (Colony Forming Units J>er 100 ml) 

Classes Standard 

AA 

A,B,C,D, SS,SC 

SA 

A-Special 

GA 

The monthly median value and more than 20 percent of the samples, from a minimum of f ive 

examhations, sha ll not exceed 50 cfv and 240, respectively. 

The monthly median value and more than 20 percent of the samples, from a minimum of five 

examinations, shall not exceed 2,400 and 5,000, respectively. 

The median most probable number {MPN) value in any series of representative samples shall not 

be in excess of 70. 

The monthly geometric mean, from a minimum of five examinations, shall not exceed 10,000. 

The geometric mean, of not less than five samples, taken over not more than a 30-day period shall 

not exceed 1,000. 

Th.,. maximum allowable limit is 50. 

FeGII wliforms (Colony Forming Units per 100 ml) 

Classes Standard 

A, S, C, D, SEi , SC 

A-Soecial 

The monthly geometric mean, from a minimlm1 of five examinations, shall not exceed 200 

The monthly• geometric mean, from a minimum of Hve examinations, shall not exceed 2,000. 

The geometric mean. of not less than five samples, taken over not more than a 30-day period shall 

not exceed 200. 

Table 2: New York State water quality standards for total colifonn and fecal colifonn bacteria (6 NYCCR part 703.4). 

Escherichia coli 

E. coli is a member of the Enterobacteriaceae family which consists of other rod-shaped, 

facultatively anaerobic, Gram-negative bacteria such as Salmonella, Shigella, and Yersinia. It is 

almost ubiquitous in the intestines of humans and other warm blooded animals, and, while most 

strains of E. coli are not pathogenic and are considered beneficial to the host, some strains can 
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cause disease. E. coli usually remains confined to the intestinal lumen, but sometimes even 

nonpathogenic strains of E. coli can cause systemic infection in immunocompromised 

individuals. Pathogenic strains of E. coli usually cause infections which are limited to the 

mucosa but some infections can spread throughout the body. Three general clinical syndromes 

result from infection of pathogenic E. coli strains: urinary tract infection, sepsis/meningitis, and 

enteric/diarrheal disease (Nataro and Kaper 1998). E. coli is recommended as an indicator 

organism because it exists in nearly all warm blooded animals. Though useful in determining if 

a water resource meets the guidelines set by the responsible regulatory agency, detection of E. 

coli alone does not give any indication as to the source of the contamination. 

The German pediatrician, Dr. Theodor von Escherich, first identified E. coli in 1885. 

While studying the intestinal flora of infants, he named one of the common microbial inhabitants 

Bacterium coli commune (Kaper 2005). This bacterium was later named Escherichia coli in 

honor of his work. Though he described it as a constituent of the normal flora, Dr. Escherich 

was the first to suggest that E. coli could be responsible for diarrhea and other intestinal diseases. 

The development of serotyping techniques in the 1930s and 1940s provided the first evidence 

that certain strains of E. coli were associated with disease while the majority of strains were not. 

In 1945, John Bray, also a pediatrician, was the first to define a subgroup of strains of E. coli that 

were responsible for a disease, in this case diarrhea, in infants. Today, this subgroup is known as 

enteropathogenic E. coli (EPEC). In the 1960s, the additional subgroups enterotoxigenic E. coli 

(ETEC) and enteroinvasive (EIEC) were described. In the late 1960s, H. W. Smith demonstrated 

that toxin production of an eneterotoxigenic strain was dependent on a plasmid which he named 

Ent (So 1994). Smith and his colleagues characterized these toxins and found one class that was 

heat stable (and was named ST) and a second class that was heat labile (LT). 

During this same time period, the science of recombinant DNA began to emerge. 

Researchers demonstrated that restriction enzymes could be used to cut open plasmids so that 

pieces of foreign DNA, also cut with the same restriction enzyme, could be cloned via insertion 

into the plasmid. Using this technique, Stanlew Falkow and colleagues were able to clone the 

gene for the heat stable (ST) enterotoxin (So 1976). Their work represents the first time that a 

virulence factor for a pathogenic organism was cloned. Further developments of these genetic 
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techniques have led to the ability to characterize virulence in strains of E. coli based on the 

presence of specific genes rather than by serotyping. 

Microbial Source Tracking 

Over 30 years after the Clean Water Act was first passed, approximately 13 per cent of 

U.S. surface waters are still classified as failing to meet their designated use because of high 

levels of fecal bacteria present in the water (USEP A, Microbial Source Tracking Guide 

Document 2005). Much of this contamination is believed to be due to non-point sources and a 

variety of source tracking techniques have been developed to attempt to elucidate the sources of 

fecal pollution. 

Microbial Source Tracking (MST) describes a broad group of different methodologies 

used to determine the source of fecal contamination in resource waters. These methods can be 

broadly defined as two types: library dependent methods and library independent methods 

(Stoeckel 2007). Library dependent methods require that organisms isolated from known 

sources (i.e. human, cow, etc.) be cultured and typed. These methods typically require the 

generation of a fingerprint based on genotypic or phenotypic characteristics of the target 

organisms. The fingerprint can then be matched to fingerprints of organisms cultured from water 

samples to attempt identification. Library independent methods usually rely on detection of a 

specific nucleotide marker in a sample and do not require culturing the target organism. 

These methods rely on the assumption that, within a species of bacteria, there are 

subgroups which have become adapted to their particular host or environment. This adaptation 

can be due to a number of reasons including differences in pH, availability of nutrients, and 

receptor specificity (Scott 2002). Additionally, one must assume that once the bacteria have 

become adapted to their particular host, their progeny will be genetically identical. Such host 

specificity has been established in E. coli (Caugant, Levin and Selander 1984). 

One of the earliest methods proposed to attempt to determine the source of fecal pollution 

was the fecal coliform to fecal streptococci ratio. This method was based on the observation that 

human feces typically contained higher levels of fecal coliforms whereas animal feces contained 

higher levels of fecal streptococci. Using this method, a detected ratio of~4 would suggest a 

human source of contamination while a ratio of :SO. 7 would suggest a nonhuman source (Scott 
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2002). Though it had the advantage ofbeing simple and quick to perform, this method was 

inherently limited in that it could only broadly classify sources of pollution. That is, it was 

designed to differentiate only between human and nonhuman sources. It has also been shown 

that the method is unreliable as there are differences in survival rates over time between fecal 

coliform and fecal streptococci which can lead to variability in the measured ratio dependent 

upon when the sample was taken (USEP A, Microbial Source Tracking Guide Document 2005). 

Multiple antibiotic resistance methods (MAR) test isolated bacteria, typically E. coli or 

enterococci, against panels of antibiotics to attempt to discriminate the source of fecal 

contamination. These methods rely on the assumption that humans, livestock animals, and 

wildlife animals have been exposed to different antibiotics, and therefore their fecal bacteria will 

display different resistance patterns (Carroll, Hargreaves and Goonetilleke 2005). Due to a 

number of factors including the fact that antibiotic resistance is often borne on plasmids and can 

change rapidly due to environmental pressures, these techniques have generally fallen out of 

favor for source tracking studies. Additionally, comparative reviews of source tracking methods 

have recently given these methods low ratings due to their inability to identify blind samples. In 

one review, E. coli from known sources had an Average Rate of Correct Classification (ARCC) 

of only 44%, and the authors concluded that the method did not perform well enough to be used 

on environmental samples (Moore et al. 2005). 

Carbon -source utilization profiling (CUP), a form of biochemical fingerprinting, has 

also been suggested for use in source tracking (Kuhn, et al. 1991). This method compares 

differences in the utilization of several carbon and nitrogen substrates by different bacterial 

isolates, and commercially available microplate systems for bacterial growth are used to generate 

patterns of biochemical usage by bacterial samples. Unfortunately, a comparative analysis 

demonstrated that this method also performs poorly (Blanchet al. 2006). 

A number of genotypic library based methods for source tracking have been described. 

Ribotyping uses ribosomal RNA (rRNA) as a probe to detect chromosomal restriction fragment 

length polymorphisms (Parveen, et al. 1999). Probes are targeted at specific conserved rRNA 

coding sequences in the DNA of the target which has been digested by restriction enzymes. The 

pattern resulting from the Southern blot can be used to generate a fingerprint known as a 

ribotype. Ribotyping has successfully been used to distinguish fecal E. coli of human origin from 
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pooled fecal E. coli isolates of nonhuman origin (Carson, et al. 2001). Polymerase Chain 

Reaction ribotyping (PCR-ribotyping) uses PCR to amplify the 16S-23S intergenic spacer region 

in bacterial rRNA. Amplified fragments can then be electophoresed through an agarose gel to 

generate the fingerprint (Dasen, et al. 1994). Use of electronic image capturing equipment and 

pattern recognition software facilitates analysis using this method. 

Repeated sequences of DNA exist in nearly all genomes. Repetitive extragenic 

palindromic PCR (REP-PCR) uses a variety of primers to generate fingerprints based on 

repeated sequences of varying length which can then be used to characterize the organisms being 

studied. BOX AIR primers (5'-CTACGGCAAGGCGACGCTGACG-3') and primers REP lR 

(5'-IIIICGICGICATCIGGC-3') and REP 21 (5'-ICGICTTATCIGGCCTAC-3') have been used 

to differentiate E. coli isolates from human and animal sources (Dombek, et al. 2000). 

Enterobacterial Repetitive Intergenic Consensus (ERIC), also named Intergenic Repetitive Unit 

(IRU), is a type of intergenic repetitive sequence that exists predominantly in Enterobacteria. 

This sequence is 127 bp long and was first described in E. coli. It has since been identified in 

many other bacteria. It is believed that ERIC acts in the expression of nearby genes as it exists 

primarily in transcribed regions of the genome and is highly conserved. Its utility in bacterial 

source tracking has been questioned as it has been demonstrated that the ERIC sequence can be 

generated from eukaryotes and bacteriophage (Gillings and Holley 1997). 

Amplified Fragment Length Polymorphism (AFLP) is similar to the above methods as it 

results in a fingerprint that can be used for identification. In this method, genomic DNA is 

digested with restriction enzymes whose products are then ligated to short adapters which 

provide a template site for PCR. The number of fragments is reduced by a second round ofPCR 

in which primers with additional bases are used. Use of primers with attached fluorescent dyes 

facilitates the use of a sequencer to create high resolution and easily reproducible band patterns. 

AFLP analysis has been used to genotype a large number ofbacteria including Campylobacter, 

Pseudomoans, Chlamydia, Vibrio, Mycoplasma, and E. coli (Guan, et al. 2002). The technique 

has been shown to be able to discriminate among bacteria to the strain level. 

Random amplified DNA polymorphism (RAPD) analysis relies on PCR amplification of 

bacterial DNA with a single random primer. Because the primers used are typical short, ten base 

pairs, there is a high probability that the genome being investigated will contain several priming 
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sites in an inverted orientation close enough to each other that PCR will be successful (Hadrys, 

Balick and Schierwater 1992). The resulting PCR products can be resolved via agarose gel 

electrophoresis. Modifications of this technique include DNA Amplification Fingerprinting 

(DAF) in which even shorter primers (5-8 bp) are used and Arbitrarily Primed PCR (AP-PCR) 

which uses slightly longer primers including primer M13. PCR products of both methods are 

resolved on polyacrylamide gel as they typically generate smaller and more numerous fragments. 

Pulse-field Gel Electrophoresis (PFGE) uses infrequently cutting restriction enzymes on 

an organism's entire genome which results in the production of 10 to 30 large fragments between 

100 and 500 kbp in size. These fragments are too large to be separated on a standard agarose gel 

apparatus so they are subjected to alternately pulsed perpendicularly oriented electric fields 

which cause the fragments to reorient themselves at regular intervals and slowly make their way 

down the gel (Meays, et al. 2004). Denaturing Gradient Gel Electrophoresis separates nucleotide 

sequences of that same size that differ in sequence. DNA is denatured as it progresses across a 

gel, and, once denatured, it stops migrating. The differences in rates of denaturation are due 

primarily to the base sequence resulting indifferent bands on the gel according to the different 

sequence. 

A number of culture based library independent methods have been utilized in source 

tracking projects. These include the use of bacteriophage and bacterial methods. Phage methods 

are limited to discriminating between human and animal sources of pollution. Different strains 

of Bacteroides fragilis will support phage growth only from human sewage while others support 

growth from waste of both human and nonhuman sources. This method relies on the ability of 

phages which normally infect bacteria usually present in human and animal waste including E. 

coli and Salmonella typhirnuriurn to also infect laboratory strains of B. fragilis. The aim is to 

identify strains of B. fragilis which will only support phage from human sources and/or identify 

strains that will only support phage from animal sources. Growth of phage on human specific 

strains of B. fragilis has been shown to be useful in discriminating between human sewage and 

animal waste (Puig, et al. 1999). The limited geographic spread of B. fragilis infecting phage, it 

is not common in North America, has led to the investigation of different bacterial host strains 

for use. Recently, Bacteroides thetaiotarnicorn and Bacteroides ovatus have also been tested and 

show promise (Blanch et al. 2006). 
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Serotyping and genotyping F specific RNA coliphages have also been used to 

differentiate between human and animal sources. The majority ofF specific RNA 

bacteriophages belong to 4 serogroups with those of human origin belonging to groups II and III 

and those of animal origin belonging to groups I and IV (Schaper and Jofre 2000). Determining 

which serotypes are present in a polluted environment should therefore distinguish the origin of 

the pollution. As antisera for these phages are not readily available and because some isolates 

are difficult to serotype, nucleic acid based methods have been developed. These detect phage 

either by plaque hybridization with nucleic acid probes specific for each serotype or via reverse 

transcriptase PCR. Because phage based methods can only discriminate between human and 

nonhuman sources, they are being phased out by newer methods with greater levels of resolution. 

The direct detection of human enteric viruses has been used to determine the presence of 

human fecal contamination in the environment. There are over 1 00 enteric viruses which are 

associated specifically with human feces. Methods rely on concentrating and cultivating these 

organisms from the environment. Any detection in the environment indicates likely 

contamination with fecal pollution and possible health risk. Outbreaks of gastrointestinal illness 

have occurred in waters with acceptable bacterial levels, and current bacterial indicators have 

been shown to be unreliable indicators of the presence of enteric viruses. One study found no 

correlation between total and fecal coliforms, total to fecal coliform ratio, or enterococci and the 

presence of human enteric viruses (Noble and Fuhrman 2001). In their conclusion, the 

researchers suggest that by directly monitoring for enteric viruses, any uncertainty with indicator 

organisms could be avoided. 

A number of bacterial methods have been utilized in addition to the fecal streptococci to 

fecal coliforms ratio. These methods rely on culturing host specific strains ofbacteria. To 

determine human sources, Bifidobacterium adolescentis and sorbitol ferementing bifidobacteria 

have been used. Rhodococcus coprophilus has been used to determine nonhuman sources, 

specifically, grazing animal sources. Since sorbitol fermenting bifidobacteria are primarily 

associated with human waste, the presence of these organisms suggest a human origin while the 

reverse is true for R. coprophilus. Bacteroides spp. have recently begun to receive more 

attention for use as an indicator of human fecal contamination. These bacteria usually exist in 
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high concentration in human feces and do not persist or reproduce in aquatic environments. Use 

of these bacteria as an indicator had been limited due to difficulty in culturing anaerobic bacteria. 

Today, a number of culture independent methods also exist to detect Bacteroides in the 

environment. A quantitative PCR (QPCR) method has been developed to quantify levels of the 

bacteria in a sample. This method targets the 16S rRNA gene of Bacteroides thetaioaomicron 

and other closely related Bacteroides species and has shown specificity for human fecal 

contamination from a range of fecal, environmental, and laboratory-created samples (Converse, 

et al. 2009). 

A central cause in the difficulty investigators face when developing Microbial Source 

Tracking techniques is the variability of the microorganisms themselves. Most organisms can 

rapidly change and adapt to new environments. This rapid adaptation must be taken into account 

when utiliEing any of the phenotypic methods already discussed. For example, antibiotic 

resistance profiles can quickly change for different organisms as they adapt to different 

antibiotics. Furthermore, host specific methods can be confounded by the ability of many 

organisms to quickly adapt and jump hosts. Underlying these phenotypic changes are genotypic 

changes which can hinder the utility of genotypic methods as described above. The rapidity and 

variety of ways in which microorganisms, particularly bacteria, can acquire genetic changes has 

indeed been a constant source of difficulty when scientists first began to classify them 

taxonomically. 

The Prokaryotic Species Concept 

The concept of the species remains a controversial issue that affects biologists of every 

discipline. Carolus Linnaeus, the father of modem taxonomy, based his system of taxonomy on 

morphologic characteristics. Today, the study oftaxonomy is generally divided into three parts 

(VanDamme, et al. 1996): 

1. Classification, i.e., the orderly arrangement of organisms into taxonomic groups on the 

basis of similarity. 

2. Nomenclature, i.e., the labeling of the units defined in 1. 

3. Identification of unknown organisms, i.e., the process of determining whether an 

organism belongs to one of the units defined in 1 and labeled in 2. 
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While his system of binomial nomenclature for naming a species is still in use today, the 

ability to classify organisms on myriad characteristics beyond simple morphology has shown 

Linnaeus' method of classification to be inadequate. Indeed, as a consequence of defining a 

species based on the readily observable traits of the organism he was attempting to classify, he 

often described males and females and juveniles and adults as different species. In 1940, Ernst 

Mayr proposed that a species be defined as "groups of actually or potentially interbreeding 

natural populations, which are reproductively isolated from other such groups" (Mayr 1940). In 

time, this definition has become known as the Biological Species Concept. For most eukaryotic 

organisms, including the birds which Mayr studied, such a definition has been widely regarded 

as sufficient and appropriate. Mayr's definition relies upon sexual reproduction as the method 

by which members of the species breed, and therefore assumes that each individual acquires its 

genetic information equally from both of its parents and genetic variation is reassorted every 

generation. Speciation under such a system occurs when individuals within a gene pool become 

reproductively incompatible. In contrast, prokaryotes reproduce by binary fission and gene 

exchange is rare. The diversity of these organisms is due to clonal adaption to a particular 

environment and the horizontal transfer of genes between individuals within a species, and 

frequently, between individuals of different species. These differences have led to the proposal 

of a variety of different definitions for a prokaryotic species. 

All modem species concepts for eukaryotes and prokaryotes recognize that a species is 

more than just a cluster of individuals sharing similar traits. In the Ecological Species Concept, 

different species are thought to exploit different ecological niches. According to this concept, 

populations form the discrete phenetic clusters that we recognize as species because the 

ecological and evolutionary processes controlling how resources are divided up tend to produce 

those clusters (Ridley 2009a). In the Cohesion Species Concept, genetic divergence within a 

species is constrained by one or more forces of cohesion. According to this concept, "a species 

is the most inclusive group of organisms having the potential for genetic and/or demographic 

exchangeability" {Templeton 1989). The cohesive force is most often the force of genetic 

exchange such as that between parents and offspring in the Biological Species Concept. Indeed, 

the cohesive species concept was proposed as an extension of the Biological Species Concept to 

describe how speciation occurs, not just what a species is. In the Evolutionary Species Concept, 

different species are free to diverge without constraint from one another and therefore have 
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separate evolutionary fates. Several definitions for a species have been proposed as part of the 

evolutionary species concept: 

1. A species is a lineage (an ancestral-descendant sequence of populations) evolving 

separately from others and with its own unitary evolutionary roles and tendencies 

(Simpson 1961). 

2. A species is a single lineage of ancestor-descendant populations which maintain its 

identity from other such lineages and which has its own evolutionary tendencies and 

historical fate (Wiley 1978). 

3. A species is a population or group of populations that shares a common evolutionary fate 

through time (Templeton 1989). 

At number of other species concepts have been proposed. These include: 

1. The Cladistic Species Concept in which a species is defined as a lineage of populations 

between two phylogenetic branch points or speciation events (Ridley 2009b ). 

2. The Competition Species Concept in which species are "the most extensive units in the 

natural economy such that reproductive competition occurs among their parts" (Ghiselin 

1974). Reproductive competition means any competition with respect to genetic 

resources not just any competition regarding reproduction. 

3. The Isolation Species Concept in which species are systems of populations and the gene 

exchange between these systems is limited or prevented by a reproductive isolating 

mechanism or perhaps by a combination of several such mechanisms (Templeton 1989). 

4. The Phenetic Species Concept in which a species is a set of organisms that look similar to 

each other and distinct from other sets. More formally, it would specify some exact 

degree of phenetic similarity, and similarity would be measured by a phenetic distance 

statistic. In practice, the phenetic concept measures as many characters as possible in as 

many organisms as possible, and then recognizes phenetic clusters by multivariate 

statistics. These clusters approximate to a level of similarity sufficient to be called a 

species (Ridley 2009c). According to this concept, phenotypic similarity is all that 

matters in recognizing separate species. 

5. The Phylogenetic Species Concept in which a species is the smallest diagnosable cluster 

of individual organisms within which there is a parental pattern of ancestry and descent 
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(Cracraft 1989). In this definition, a species can be thought of as a tip on a phylogenetic 

tree or as the smallest set of organisms that share an ancestor and can be distinguished 

from other such sets. 

6. The Recognition Species Concept in which a species is the most inclusive population of 

individual biparental organisms which share a common fertilization system (Templeton 

1989). In this system, a species is a set of organisms that recognize one another as 

potential mates and therefore have a shared mate recognition system. The recognition 

concept should define very similar species to the biological concept: an isolation 

mechanism to keep species apart and a recognition mechanism to ensure breeding takes 

place within a species are, to a large extent, two sides of the same coin. For this reason, 

they are sometimes jointly referred to as the Reproductive Species Concept (Ridley 

2009d). 

7. The Typological Species Concept in which a species is a group whose members share 

certain characteristics that distinguish them from other species (Encyclopedia.com 2004). 

According to this concept the observed diversity of the universe reflects the existence of 

a limited number of underlying "universals" or types and individuals do not stand in any 

special relation to each other, being merely expressions of the same type. Variation is the 

result of imperfect manifestations of the idea implicit in each species. 

The species concept for prokaryotes has been constantly modified as advances in the 

ability to analyze and characterize prokaryotes have been made. Most scientists agree that, as it 

stands, the species concept for prokaryotes is useful and universally applicable though it does 

differ from the variety of species concepts offered for eukaryotes. For prokaryotes, a popular 

definition of a species is that a species can be defined as "a monophyletic and genomically 

coherent cluster of individual organisms that show a high degree of overall similarity in many 

independent characteristics, and is diagnosable by a discriminative phenotypic property" 

(Rosello-Mora and Amann 2001). 

Prokaryotic taxonomy is the least developed of all taxonomic fields. It was not until a 

few hundred years ago that man first discovered prokaryotes. When first observed, no scientists 

even attempted to classify them as classification schemes in their time relied primarily on 

morphologic traits and among prokaryotes there is very little variation when observed at the 
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levels available at the time. Because of this, prokaryotes were initially thought to constitute a 

single species which could develop into a number of different shapes. 

Otto Friedrich Muller is regarded as the first person to attempt a systematic classification 

of microorganisms. During the end ofthe eighteenth century, he developed his classification 

scheme based upon the two forms he most often observed, elongated and very small forms. He 

termed these genera Monas and Vibrio. Later microbiologists including Christian Ehrenberg and 

Ferdinand Cohn extended this scheme and added new species based upon the variety of bacterial 

forms that they observed. Some of these species names including Spirochaeta plicatilis and 

Spirillum volutans are still being used today. Acceptance of this classification scheme would 

take some time as the prevailing belief until at least the 1870s was that prokaryotes were 

pleomorphic and could change their shapes in response to environmental conditions. Though he 

based his classification scheme on morphology, Cohn recognized that within a class of similarly 

shaped prokaryotes there existed a broad variety of organisms with different physiologies, 

pathogenic abilities, and metabolic capabilities. Robert Koch's work on Bacillus anthracis led 

him to conclude that although it could exist in different shapes, the pathogenic properties of the 

bacteria required that it be regarded as a distinct species. 

Advances in the techniques available to microbiologists in the late nineteenth century, 

most notably the ability to isolate pure cultures of microorganisms, allowed for a great deal of 

progress in classification. In 1878, Joseph Lister was able to isolate a pure culture of a bacteria 

responsible for souring milk, and, in 1881, Koch published his technique of cultivation of 

bacteria on solidified gelatin. The cultivation of bacteria in pure culture allowed scientists to 

directly assess their metabolic characteristics and other phenotypic features. The turn of the 

century witnessed an explosion of prokaryotic classification with physiologic characteristics of 

the organism taking a dominant role. In 1921, Sigurd Orla-Jensen proposed abandoning 

morphologic traits as a means of classification and offered a new system based on physiologic 

characteristics and which contained lineal relationships among the different groups of bacteria 

(Orla-J ensen 1921 ). His scheme suggested classification based on functions and abilities of 

different bacteria including growth on different types of media and production of different 

metabolic byproducts. The Society of American Bacteriologists, which would later evolve into 

the American Society of Microbiology, used Orla-Jensen's scheme to prepare a report on the 
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classification ofbacteria. This report subsequently grew to become Bergey's Manual of 

Determinative Bacteriology. The publication of the first edition in 1923 provided the first 

identification key for use with bacteria. Though there still was no widespread agreement for how 

bacteria should be classified, Bergey's manual laid a foundation for many future classification 

schemes and allowed for the unification of criteria by which scientists would describe new 

species. 

As the science of microbiology progressed, numerous new techniques for characterizing 

bacteria were tried. Combined with the advent of computers, this led to the development of 

numeric taxonomy. Much of the impetus for the development of this classification system was 

due to the difficulty microbiologists faced when attempting to analyze the increasing large tables 

of data on physiologic and biochemical properties of bacteria. This period coincided with the 

development of analytic techniques, notably chromatography and electrophoresis, which allowed 

for the study of the chemical constituents such as amino acids, proteins, sugars, and lipids of 

individual bacterial species. The massive amount of data created by the ability to analyze 

bacteria at such low levels signaled the need for development of an objective system by which 

bacteria could be rationally assigned into conventional, homogenous taxonomic groups. This 

"data-overload" led some to even suggest that a system of prokaryotic taxonomy could never be 

developed and for many, the feelings towards classification ofbacteria had been reduced to "if it 

isn't a eukaryote, it's a prokaryote," and if we wished to understand prokaryotes we needed only 

to determine how E. coli differs from eukaryotes (Olsen, Woese and Overbeek 1994). 

The advent of molecular biological techniques and developments in the ability to study 

DNA in the 1960s led to the suggestion that bacteria might best be classified according to their 

genetic makeup. In the initial application of this idea, bacteria were classified according to the 

base composition of their DNA. Under this system, it was assumed that bacteria whose 

percentage of Guanine and Cytosine (mol% G+C) values differed greatly must belong to 

different species. The development of DNA hybridization techniques allowed biologists to 

directly measure genetic homology among bacterial species. This method measures the fraction 

of a reference organism's genome which can react with DNA from other organisms. In this 

technique, radioactively labeled DNA is allowed to hybridize with DNA from the reference 

organism which has been immobilized on a membrane. The amount of radioactivity measured in 
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the target DNA could then be used to determine the homology ofthe probe and target genomes 

(Johnson 1973). Application ofthis technique led to defined clusters ofbacteria which often 

differed from those groups classified using only phenotypic traits. It was therefore thought that 

any groupings were arbitrary and of little practical value unless a system were developed which 

could use phenotypic characteristics to describe a genotypically similar group (Rosello-Mora and 

Amann 2001). 

In the 1970s, the advent ofDNA-RNA hybridization and the cataloging ofrRNA gave 

microbiologists the ability to determine phylogenetic relationships between distantly related 

prokaryotic species. Carl Woese's work in cataloging 16S rRNA led to the development of the 

three domain system of taxonomy. Under this system, all living things are divided into three 

major lines of descent which are known today as Archaea, Bacteria, and Eucarya. Woese's 

work is reflected in today's phylogentic "Tree of Life" (Figure 1). 
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Figure 1: Woese's Tree of Life. His work redefined the major division of prokaryotic life (Woese 1990). 

The ability to perform sequence analysis on 16S rRNA led to numerous changes to the existing 

bacterial classification scheme and sequence information is almost always provided in the 

description of a newly described bacterial species. 
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Today, most bacterial taxonomists accept that 16S rRNA sequence analysis provides a 

reliable and useful basic structure for the classification of prokaryotes. Most also agree that, in 

order to adequately classify the lower taxonomic ranks, a "polyphasic" approach must be taken 

which combines as many different methods of classification as possible. This approach requires 

that both genotypic information and phenotypic information must be investigated as thoroughly 

as possible. Under the polyphasic approach, a bacterial species is "a category that circumscribes 

a genomically coherent group of individual isolates/strains sharing a high degree of similarity in 

many independent features, comparatively tested under highly standardized conditions" (Coenye, 

et al. 2005). In practical application, a bacterial species is viewed as a group of strains that share 

a high level of phenotypic consistency, a high level ofDNA homology (50-70%) as determined 

by DNA-DNA hybridization, and at least 97% 16S rRNA gene sequence homology 

(VanDamme, et al. 1996). 

As sequencing technologies improved, multilocus sequence analysis (MLSA) and 

multilocus sequence typing (MLST) were proposed as the next logical step in a move towards 

more comprehensive genomic comparison ofprokaryotes. MLST can provide genotypic 

characterization at the intraspecies level. Examining multiple loci that evolve more quickly than 

rRN A provides a buffer against the distorting effects of recombination at a single locus, and it 

allows for characterization of an organism at a higher resolution than by rRNA analysis alone. 

MLST relies on the examination of allelic mismatches of a small number of housekeeping genes. 

Any organisms with identical allelic profiles can be defined as strains. A researcher attempting 

to classify an organism via this method could use 16S rRNA sequence data to assign a genus and 

then MLST to assign a species and strain (Gevers et al. 2005). 

MLSA allows for the characterization of prokaryotes at a higher level by comparing the 

sequences of multiple protein coding genes. If a universal set of genes were found, MLSA could 

provide a framework for the classification of all prokaryotes (Gevers et al. 2006). This is 

unlikely because some genes that might be informative within one taxon might not be present in 

another and because genes that are conserved enough to be amplified by common primers are 

likely to evolve slowly and therefore not be able to distinguish between closely related groups. 

As in MLST, 16S rRNA sequence information could be used to assign an organism to higher 

taxa, and MLSA could be used to assign it to the genus or species level. 
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The bacterium Haemophilus influenzae was the first free living organism to have its 

genome fully sequenced (Fleischman et al. 1995) even though E. coli K-12 was the first 

organism to be suggested as a candidate for whole genome sequencing. The complete sequence 

of E. coli K-12 was published in 1997 as the result of the work of multiple groups (Blattner et al. 

1997). E. coli K -12 was chosen for sequencing because more was known about it than any other 

microorganism. The ancestral strain was given the designation K-12 when it was deposited in a 

strain collection at Stanford in 1925 after having been isolated from the stool of a diphtheria 

patient in 1922. Edward Tatum used the strain in his study ofbiochemical genetics in the 1940s 

and 1950s because it was easy to grow in readily available media and had a short generation 

time. In 1946, Tatum and his colleague Joshua Lederburg first described the process of 

conjugation in spite of it later being shown to be rare among E. coli. Lederburg and his graduate 

student, Norton Zinder, first described the process of transduction in Salmonella, and 

Lederburg's wife, Esther, demonstrated transduction in E. coli when she reported that the 

original K-12 strain used by Tatum was lysogenic for phage A, and that derivatives that had lost A 

acted as hosts for A released from the lysogenic strain. Largely because of these early studies, E. 

coli K-12 became the primary source of basic information on innumerable biochemical and 

molecular processes over the past 60 years (Hayashi et al. 2006). 

The ability to sequence the entire genome of prokaryotic species, and the increasing 

number of published genomes for bacterial species and different strains of bacteria within a 

species have given taxonomists a valuable new tool in their quest to elucidate the evolutionary 

relationships among prokaryotes. Analysis of the genomes of different E. coli strains has shown 

that the gene content within this species can vary by as much as 29% and have led many to 

conclude that the genome of a single species does not offer a complete picture of the genetic 

diversity within the species. This has led to the suggestion that we create "species-genomes" to 

encompass all genes present in different strains of a species (Lan and Reeves 2000). 

The bacterial genome can contain auxiliary genetic information in addition to the genetic 

information carried by the bacterial chromosome. Bacteria can carry plasmids and/or lysogenic 

bacteriophages which are present in some but not all strains. Often, these additional elements 

contain genetic material necessary for survival and allow for the differences in the abilities of 

certain strains within a bacterial species to utilize sugars and other metabolic substrates. The 
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lifestyles associated with a bacterial species contribute to the amount and variability of additional 

genetic information found within strains. For example, intracellular parasites including 

Chlamydia, have become closely adapted to the conditions present in their host's cells and 

contain few auxiliary genes whereas free living bacteria such as E. coli have been demonstrated 

to possess a very large and flexible gene pool enabling them to adapt to and survive in a wide 

range of environmental conditions. 

The ability to compare related genomes has allowed researchers to infer ancestral 

genomes and identify events including chromosomal rearrangements, gene acquisitions, and 

gene deletions which have all contributed to the diversity seen in genome content and 

organization. Efforts have been taken to attempt to quantify the contribution of each of the 

above processes to bacterial evolution, however no single model exists which accurately 

describes the phylogenetic relationships ofbacterial species based upon their genome. 

Gene duplication is an important constituent in the process ofbacterial evolution and has 

been shown to facilitate adaption to different environments and niches by the creation of novel 

genes. These genes are created by a duplication event followed by divergence. The copy of the 

duplicated gene is free from the selective pressures exerted on the gene from which it was copied 

and therefore can be modified and may eventually assume a new role. Additional duplication 

and divergence of the same gene can lead to the creation of a family of new genes whose 

functions may differ but whose genetic sequences remain similar. Newly duplicated genes will 

meet one of three fates: selection, silencing, or deletion (Hooper and Berg 2003). The duplicated 

gene can avoid silencing or deletion if it assumes a new role for which it can be positively 

selected. The duplicated gene may also be silenced by mutation, or may be removed from the 

genome by deletion. 

Horizontal gene transfer is an additional mechanism used by prokaryotes for adaptation 

to their environments and contributes to the diversification and speciation ofbacteria. It has long 

been known that horizontal gene transfer is responsible for the transmission of a number of 

antibiotic resistance genes among bacteria. Only recently, with the advent of whole genome 

sequencing has the scale of horizontal gene transfer among prokaryotes become apparent. It has 

even been suggested that two groups of organisms may be more similar than a third group not 

because they share a more recent common ancestor but because they exchange genes more 
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frequently. Increased awareness of the impact of horizontal gene transfer has led to the creation 

of three new categories into which genes may be classified (Coenye, et al. 2005): 

1. A "hard" core of genes are not exchanged via horizontal gene transfer. 

2. A "soft" core of genes which are rarely exchanged via horizontal gene transfer. 

3. "Shell" genes which are readily exchanged. 

In bacteria, horizontal gene transfer occurs via three methods: 

1. Transformation -The ability to incorporate DNA (i.e. plasmids) directly from the 

environment. Griffith's famous experiment in which he transformed a nonvirulent strain 

of Streptococcus pneumonia into a virulent strain by mixing it with dead cells of the 

virulent strain was the first demonstration of a bacteria's ability to transform by update of 

extracellular DNA though at the time it was not understood how the process worked or 

what the transforming factor (DNA vs. protein) was. 

2. Conjugation - The transfer of a portion of the bacterial chromosome between a donor and 

recipient bacteria in direct contact with one another. As the donor replicates its 

chromosome, the copy is injected into the recipient. 

3. Transduction- Bacteriophages can incorporate host DNA during the process of 

assembling new virus particles. The new virus can then transfer the DNA to a new host 

organism upon infection. 

Gene acquisition via horizontal gene transfer and duplication can be offset by gene loss. 

Chromosomal gene deletions serve to eliminate genes that do not provide a meaningful function. 

In some cases the loss of gene function confers selective advantage. Several bacterial groups of 

intracellular and other host adapted lifestyles have been shown to have undergone a severe 

reduction in the size of their genomes. Since host tissues provide a source for most of their 

metabolic needs, the selective pressure to maintain genes that would otherwise fulfill their 

metabolic requirements is reduced. This kind of"evolution by reduction" is thought to be the 

driving force behind the evolution of parasitic and intracellular bacteria. 

Chromosomal rearrangement is another force that drives genomic reorganization. 

Analysis of the gene sequences of Haemophilus infuenzae and Mycoplasma genitalium revealed 

that the order of genes on a bacterial chromosome was not conserved (Mushegian and Koonin 
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1996). Additional sequence information revealed that the order of genes was more conserved in 

closely related organisms then it was in those thought to be distantly related. It is believed that 

this is because there has been less time for rearrangements to occur. The conservation of gene 

order is now used as a phylogenetic measure to study the relationship between bacterial species 

(Coenye, et al. 2005). 

Though the sequencing of complete bacterial genomes has been of great benefit to 

bacterial taxonomists, several issues with the application of this technique in taxonomy remain 

unresolved. Of primary importance is the fact that the organisms which have been sequenced so 

far are in no way representative of true prokaryotic diversity. At present, nearly 10,000 species 

of prokaryotes have been described, but new techniques based on extracting DNA directly from 

the environment without cultivation suggest that there could be more than a billion prokaryotic 

species worldwide (Cohan and Koeppel 2008). The majority of bacterial species whose genomes 

have been sequenced thus far have been chosen due to their medical or biotechnological 

importance and have had to be cultured before being sequenced. 

The modem study of environmental genomics, or metagenomics, has been made possible 

by the availability of enormous sequencing and computational power available to researchers. 

This new ability when combined with new techniques being developed for the isolation and 

magnification of DNA from environmental samples, has led to the identification of countless 

previously unknown species. The idea of cloning DNA directly from environmental samples 

was first proposed by Pace, and in 1991, the first such cloning in a phage vector was reported 

(Handelsman 2004). Shotgun sequencing environmental DNA fragments by Craig Venter and 

others has confirmed the belief that the majority of prokaryotic organisms have yet to be 

described. Venter sequenced DNA from samples collected in the Sargasso Sea and generated 

over one billion base pairs of nonredundant sequence data, and upon subsequent analysis, 

suggested that the DNA was derived from at least 1800 separate species, including 148 

previously unknown bacterial phylotypes. Additionally, they identified over 1.2 million 

previously unknown genes which included 782 rhodopsin-like photoreceptors (Venter et al. 

2004). 

In metagenomics, researchers attempt to infer the metabolic properties of an organism 

based solely on their DNA sequence which is problematic when attempting to classify organisms 
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as metabolic and other phenotypic properties are imperative in the polyphasic approach to 

bacterial taxonomy. Metagenomics is not without criticism. Three notable limitations of the 

basic metagenomic approach as described by Venter include are low resolution, the inability to 

classify short metagenomic fragments and the lack of functional verification (Warnecke 2007). 

Each of the modem species concepts for prokaryotes described thus far attribute the 

following properties to a species: each species should be a cohesive group whose diversity is 

limited by an evolutionary force, each species is irreversibly separate from other species, each 

species is ecologically distinct, and a species is only founded once. There has been considerable 

debate about which forces of cohesion are the most important for defining a species. In the 

ecotype species concept, a species or ecotype is "a clade whose members are ecologically similar 

to one another so that genetic diversity within the ecotype is limited by a cohesive force, either 

periodic selection or genetic drift, or both" (Cohan and Koeppel 2008). Periodic selection occurs 

when recombination is rare. When natural selection favors an adaptive mutation, it will 

eliminate diversity within the ecotype and therefore act as a cohesive force within the ecotype. 

In other bacterial populations, particularly larger populations as often observed in pathogens, 

diversity among the ecotype is purged by genetic drift. Because of these forces, any diversity 

within an ecotype is short lived unless it leads to divergence and allows the organism to exploit a 

new niche and therefore found a new ecotype. Since the new ecotype is ecologically distinct 

from its parent, periodic selection and drift events within the parent ecotype should not affect the 

diversity of the new ecotype. It has been argued that ecotypes as described above are 

irreversibly separate from one another even when recombination occurs between members of 

different ecotypes because it is a rare event and would not be sufficient to homogenize the niche 

specific divergence between the two ecotypes. This in effect eliminates the "sexually isolated" 

clause of the Biological Species Concept when applied to prokaryotes since sex among 

prokaryotes is an extremely rare event. By the above descriptions, ecotypes hold all of the 

properties of a species as defined in fields outside of microbiology. 

Because of the consequences of horizontal gene transfer, the utility of a hierarchical 

evolutionary scheme for prokaryotes has been questioned. Since most classification schemes 

have been based on vertical gene transfer, they do not accurately describe the natural world as 

experienced by prokaryotes. It has been suggested that phylogentic relationships among 
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prokaryotes would be better described by a network rather than a tree (Kunin, et al. 2005). As 

presented, their work relies on a tree connected by "vines" representing horizontal transfer events 

with certain key organisms acting as "hubs" through which genetic elements can pass (Figure 2). 

Their new model, which they describe as the "Net of Life" still illustrates that most gene transfer 

in prokaryotes still occurs vertically as described by previous methods. 

It is clear that as methods available to analyze microorganisms evolve, so too will the 

methods used to characterize them taxonomically. It is likely that new methods will need to 

integrate multiple sources of data to establish an ever expanding phylogeny and species concept 

for these organisms. 

Figure 2: Three-dimensional representation of the net of life. The tree backbone was generated by using the average gene 
similarity approach The root is represented as a blue sphere. The radius of the nodes is proportional to the estimated gene 
content size (in terms of number of gene families). Also, the widths of both the vertical inheritance branches and the 
horizontal inheritance vines correspond to the numbers of gene families transferred by either mechanism (Kunin 2005). 
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Cassadaga Lake 

Cassadaga Lake is a small lake comprised of three smaller lakes located in Chautauqua 

County in Western New York. As per 6 NYCRR Part 800.7, the three lakes belong to the 

Cassadaga Creek drainage basin. The lower and upper lakes are classified for class B usage. 

The best usages of Class B waters are primary and secondary contact recreation and fishing. 

These waters shall be suitable for fish, shellfish, and wildlife propagation and survival. (6 

NYCRR Part 701. 7). The middle lake is classified for class C usage. The best usage of Class C 

waters is fishing. These waters shall be suitable for fish, shellfish, and wildlife propagation and 

survival. The water quality shall be suitable for primary and secondary contact recreation, 

although other factors may limit the use for these purposes (6 NYCRR Part 701.8). Total 

coliform and fecal coliform standards are the same for both classes. Chautauqua County Health 

Department Officials have closed Cassadaga Village beach numerous times in recent years due 

to high levels of coliform bacteria (Jim Metzger, Error! Reference source not found.). 

Possible sources for the bacterial contamination include a Job Corps facility located on a hill 

above the lake, geese on the lake, or other sources. 

METHODS AND MATERIALS 

Escherichia coli Sampling and Isolation. 

We collected 50 ml water samples from eight sites on Cassadaga Lake. The sites 

included recreational areas near the four public beaches on the lake and effluent from the two 

sewage treatment plants that discharge into the lake (Error! Reference source not found.). 

These water samples were the unknowns used in our analysis. Feces from geese, deer, dogs, cats, 

cows, and humans were collected and used as our samples of known origin. We identified 

animal feces either by directly collecting it after it had been expelled by a cat or dog or by visual 

identification ofthe type of feces as was the case for goose, cow, and deer feces. We collected 

human samples by rectal swabs performed by the donors. 
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Figure 3:Sampling Sites On Cassadaga Lake. Site 1-Lilydale Beach, Site 2-Inlet, Site 3-Camp Gross Beach, Site 4-Job Corps 
Beach, Site 5-Job Corps Discharge, Site 6- Lilydate Waste Water Treatment Discharge, Site 7- Beaver Dam, Site 8- Cassadaga 
Public Beach. 

Fecal samples were spread on m FC agar (Difco) plates with 1% rosolic acid by sterile 

swab for human samples or by sterile loop for all other samples. Dry samples were mixed with 

50 ml distilled water and vortexed before spreading on the plates. For animal samples, a total of 

three streaks per plate, two with a flame sterilized wire loop, were made to dilute the initial 

streak in an attempt to isolate single colonies. We created three plates for each water sample; a 

1 00 1-11 plate, a 1 ml plate, and a 10 ml plate. The 1 00 1-11 plate was created by pi petting 1 00 1-11 of 

the sample directly on an m FC plate and spreading it via a flame sterilized glass loop. The 1 ml 

and 10 ml samples were prepared via membrane filtration and placement of the membrane 

directly on the agar plate. The growth media, m FC agar, selects for fecal coliforms by the 

inclusion of bile salts to inhibit the growth of gram-positive bacteria, incubation at high 

temperature to inhibit the growth ofnonfecal coliforms, and inclusion ofthe indicator dyes 
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rosolic acid and aniline blue to detect a change in pH in the media. Plates were placed in a 45°C 

incubator overnight. After incubation, blue colonies were putatively identified as fecal 

coliforms. 

Up to eight isolated colonies per m FC plate were spread by wire loop on quarter 

MacConkey agar (Difco) plates for further isolation. If am FC plate contained large amounts of 

growth but few or no isolated colonies, we created full MacConkey streak plates to attempt to get 

isolated colonies. MacConkey agar contains crystal violet and bile salts that inhibit gram

positive organisms and allow gram-negative organisms to grow. Isolated colonies of coliform 

bacteria are brick red in color and may be surrounded by a zone of precipitated bile. This bile 

precipitate is due to a local pH drop around the colony due to lactose fermentation. Colonies that 

do not ferment lactose (such as typhoid, paratyphoid and dysentery bacilli) remain colorless 

(Difco & BBL Manual 2009a). Plates were placed in a 3 7°C incubator overnight. After 

incubation, any colonies with red precipitate were confirmed as fecal coliform. 

One colony per quarter or full MacConkey agar plate was transferred to quarter Violet 

Red Bile with 4-methylumbelliferyl-B-D-glucuronide (MUG) plates. E. coli produces the 

enzyme glucuronidase which hydrolyzes MUG to yield a fluorogenic compound detectable with 

long-wave UV light (366 nm). Typical strains of E. coli (red colonies surrounded by a bile 

precipitate) exhibit blue fluorescence. Non-E. coli coliforms may produce red colonies with 

zones of precipitated bile but they are MUG negative (Difco & BBL Manual 2009b ). Plates were 

placed in a 3 7°C incubator overnight. After incubation, plates were inspected over a UV light 

table or by a hand held UV light. Any colonies/streaks exhibiting blue fluorescence were 

marked as positive while those exhibiting no or orange fluorescence were marked as negative. 

All positive colonies were identified as E. coli. 

Colonies from Violet Red Bile with MUG plates were transferred to Luria-Bertani (LB, 

10 g tryptone, 5 g yeast extract, 10 g NaCl to a final volume of 1 L, pH 7.2-7.4 using 2M NaOH, 

18 g Agar) plates. LB media was chosen as it contains no inhibitors which could hamper growth 

when creating stock cultures. Full streak plates were created for each colony and each plate was 

assigned a stock number (Exxx). Plates were placed in a 37°C incubator overnight. 
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Initially, colonies from the LB plates were transferred to Citrate plates as part of the 

IMViC series oftests before inoculating LB broth. We subjected 207 isolates to IMViC which 

we had putatively identified as E. coli based on the result of growth on Violet Red Bile with 

MUG plates. Of these 207, only 9 isolates differed from the expected result. Ofthese, 4 had 

been described as only fluorescing weakly on Violet Red Bile with MUG and were therefore 

already considered questionable. We decided to forego these tests as they were very time 

consouming and expensive to perform on every sample. Our rationale was that, were we to 

question the any future samples either due to odd appearance of the colonies on LB, weak 

fluorescence on Violet Red Bile with MUG, failed PCR, or strange banding patterns on a gel, we 

would regrow the sample from our stock cultures and subject it to IMViC and possibly other 

tests to confirm them as E. coli. 

We inoculated LB broth (200 ml in 15 ml plastic tubes as described above less agar) with 

colonies from the LB plates by scraping colonies off the plate with a sterile pipette tip or sterile 

loop and suspending the tip or loop in the broth briefly. Tubes were placed in a 3 7°C shaking 

incubator overnight. 

After incubation, stock cultures were created by combining 800 ~1 inoculated LB broth 

and 400 ~1 glycerol (60%) in a microcentrifuge tube. The tube was gently mixed by inversion, 

labeled with the stock number, date, and preparer's initials and placed in a -80°C freezer. 

DNA Purification 

DNA was purified from E. coli in the inoculated LB broth using the procedures outlined 

in the DNeasy tissue kit (Qiagen, Valencia, CA) following the recommendations for bacterial 

cells. Purified DNA was collected in a microcentrifuge tube, labeled with its stock number, and 

placed in a -20°C freezer. Initially, DNA concentration was assessed by measuring the 

absorbance at 260 run for each sample. All samples tested contained DNA of a concentration 

sufficient for PCR so this practice was suspended. 

Rep-PCR Conditions 
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Primers and PCR conditions were selected after a review of relevant literature. We 

decided to follow the protocols outlined by Dombek and colleagues (P. J. Dombek 2000). PCR 

mixtures were prepared using DNA isolated from the E. coli samples as templates. 

BOX PCR was performed using the BOX AIR primer: 

5'-CTA CGG CAA GGC GAC GCT GAC G-3' 

Conditions for PCR amplification using primer BOX AIR consisted of the following: initiation 

by incubating the reaction mixture at 95°C for 2 min and 30 cycles consisting of94°C for 3 s, 

92°C for 30 s, 50°C for 1 min and 65°C for 8 minutes. The reaction was terminated by an 

extension step of 65°C for 8 min. A negative control containing no template DNA was included 

in each run. Initially, a positive control of DNA isolated from E. coli K-12 (ATCC) was 

included. After PCR, confirmation gels were run to confirm amplification of template DNA and 

to ensure that there was no amplification in the negative control (Figure 4). 

Figure 4: Agarose gel to confirm PCR products 
from BOX PCR. S = Standards, NC = Negative 
Control. 

The PCR products were separated on 50 ml 1.5% agarose gels containing ethidium bromide run 

in a Tris-acetate buffer for the confirmation gel as this method allowed us to use 2 x 20 well 

combs. Gels were run at 90V for one hour and images of the gel were acquired via a CCD 

camera attached to a UV transilluminator box. 

Provided that the confirmation gels confirmed successful PCR, overnight gels of PCR 

products were run. Agarose gels (200 ml, 1.5% agarose in lx TAE) of the BOX PCR products 

and Hyperladder II (Bioline, Boston, MA) DNA standards were run in a 4°C cold room at 70V 
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for 17 hours. The gels were stained with ethidium bromide (20J.!l 0.5J..Lg/ml EtBr in 400ml 0.5x 

T AE) for 30 minutes on an oscillating table. Gels were destained in 0.5x T AE for 30 minutes. 

Images of gels were acquired via a CCD camera attached to a UV transilluminator (Figure 5). 

Figure 5: Overnight gel of BOX PCR products. S =Standards. 

AFLP Primers and Conditions 

Primer pairs and conditions were based on those suggested in the Applied Biosystems 

AFLP Microbial Fingerprinting protocol (Applied Biosystems 2007). E. coli genomic DNA was 

initially digested with restriction enzymes EcoR I and Mse I. During digestion, oligonucleotide 

adapters with sticky ends complementary to those left by the restriction enzymes were ligated to 

the genomic DNA fragments. The sequences ofthe adapters are as follows: 

Eco-F: 5'-CTC GTA GAC TGC GTA CC-3' 

Eco-R: 5'-AAT TGG TAC GCA GTC TAC-3' 

Mse-F: 5'-GAC GAT GAG TCC TGA G-3' 

Mse-R: 5'-TAC TCA GGA CTC AT-3' 
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The ligation step was performed concurrently with the digestion by adding T4 ligase and 

the adapter pairs to the restriction digest. Each reaction was incubated in a thermal cycler held at 

3 7°C for 2 hours. 

Preselective amplification was performed on the digestion/ligation products. Preselective 

primers were designed to hybridize to the Eco and Mse adapters and are as follows: 

MSE: 5'-GAT GAG TCC TGA GTA A-3' 

ECO: 5'-GAC TGC GTA CCA ATT C-3' 

PCR conditions consisted of the following: initiation at 72°C for 2 min, 30 cycles 

consisting of94°C for 30 s, 56°C for 30 s, and 72°C for 2 min, and a final termination step of 

60°C for 1 0 minutes. 

Selective amplification was performed to reduce the number of fragments amplified in 

the preselective step and to label the products with an infrared dye that would be read by aLI

COR 4300 DNA analyzer. The unlabelled and labeled primers are as follows: 

MSE+C: 5'-GAT GAG TCC TGA GTA AC-3' 

ECO+A: 5'-GAC TGC GTA CCA ATT CA-3'- With 5' IR700 dye 

ECO+C: 5'-GAC TGC GTA CCA ATT CC-3'- With 5' IR800 dye 

Duplex PCR was performed with all three primers in each reaction. The use of dyes with 

different excitation and emission frequencies allowed separate images of the reaction products to 

be collected simultaneously. Touchdown PCR conditions consisted of the following: initiation at 

94°C for 2 min, 13 cycles consisting of94°C for 30 s, 65°C for 30 s (reduced by by 0.7 OC each 

cycle), and 72°C for 2 min. PCR was completed with 24 cycles consisting of 94°C for 30 s, 

56°C for 30 s, and 72°C for 2 min, and a final termination step of72°C for 10 minutes. 

Polyacrylamide gels (6.5% in lx TBE) of the selective amplification products and 50bp-

700bp IR dye labeled standards (LI-COR Biotechnology, Lincoln, NE) were run in a LI-COR 

4300 DNA analyzer using the following conditions: 1500V, 40mA, 40W at 45°C for 3 hours 
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and 30 minutes. Images were automatically acquired by the DNA analyzer and were saved 

during each run (Figure 6). 
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Figure 6: Image of an AFLP gel. S = Standards. 

Entering Images into GelCompar 

Images ofBOX PCR and AFLP gels were loaded into GelCompar II (v.5.10 Applied 

Maths, Sint-Martens-Latem, Belgium) for analysis. The software facilitates normalization of all 

gels to DNA markers included in the initial gel image loaded into the software for each 

fingerprint experiment type. Normalization allows each gel to be corrected for slight variations 

in the electrophoresis conditions used and composition of each gel and to correct any curvature 

or smiling that occurs in central lanes. Separate experiment types were created for BOX PCR, 
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AFLP Eco+A, AFLP Eco+C, and AFLP with both ECO+A and ECO+C. After each gel was 

loaded, it was normalized to the initial gel for the experiment type and image "strips" were 

extracted for each lane with samples. Each strip in essence could be compared to any other strip 

from any other gel (Figure 7) . 
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Figure 7: BOX PCR Gel in Ge!Compar Software. Inclusion of standards in multiple lanes allows for every gel 
image loaded into the software to be normalized to the initial gel used. Each lane is bound by a rectangle. Each 
rectangle is saved as a separate image, or strip, and can be compared to lanes from every gel image input into the 
software. S = Standards 

Bands were assigned on each strip using the default setting in the software (Figure 8: 

Band Searching). Bands could be marked as certain or uncertain by eye, though we found this 

step to be unnecessary as the software correctly identified bands the majority of the time. 

40 



ma=m .................. ~~.7.,- ~ 
~n Profino ''G1~ vnl' Min. aee S......,. ""*' 
~ ~ ro:oo- " ro:oo- ~ n 

9 Relal:lve!oma~c. vdul!loiklne 

[ l1 

!I . Jllfi I I I 

~ I So•chonll- l 
~~ s....,""'"""""! 

Lww20 .., ....... .._...,booc.lo 

Figure 8: Band Searching. Note that the curve data corresponds to the 
density and thickness of each band in the lane. This curve data is also 
saved and can be used for statistical analysis. 

After bands were selected, the software saved densitometric curve data for each lane and 

associated each lane with its sample in our database. For example, for a specific sample from a 

dog, curve data could be linked to the entry in the database (the primary key being the stock 

number assigned to that sample), for each experiment type. By this method, one sample in the 

database would have associated image/band/curve data for each type of gel run and for multiple 

runs if any aspect of the experiment was repeated for any sample. We chose to use curve data 

rather than simply the presence or absence of bands as this allowed us to use the more powerful 

Pearson product moment correlation statistical analysis rather than binary only techniques such 

as Jaccard or Dice. We made this decision based on a review of literature and because it 

performed better in jackknife analysis when we compared the different techniques that could be 

used in GelCompar. 

Library Construction and Statistical Analysis with GelCompar. 

Library units were constructed for each species from which E. coli were isolated. The 

database was subdivided according to the year that each sample was collected so data from each 

summer could be analyzed separately. We performed jackknife analysis on the library using 

maximum similarity. Jackknife analysis serves as a method of library validation because, in this 

method, an individual sample ofknown source is held out of the library and then is identified 

against the remaining samples in the library. The process is repeated for each sample in the 

library to complete the analysis, Separate comparisons were performed for all unknowns using 
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Pearson product moment correlation and K-Nearest Neighbor (K=5) with weight given to 

maximum similarity as described in the GelCompar manual to attempt to identify the most likely 

source of each sample. We choose this method as per the recommendations of the software 

manufacturer and after a review of literature. Pearson product moment correlation allows 

analysis of data consisting of band size and density instead of relying solely on the presence or 

absence ofbands as binary methods including Jaccard and Dice do. K-Nearest neighbor is a 

method of pattern recognition which is used to assign patterns, in our case band and curve data, 

to a known group or class as defined by the person performing the analysis. We defined each 

class as the animal of origin for the fingerprint data or as simply a human versus nonhuman 

source. In this method, each fingerprint from an unknown was assigned a class based on which 

class its five most similar neighbors belonged to. For example, if curve data for an unknown 

sample was defined as maximally similar bye Pearson correlation to fingerprints from five geese, 

the unknown was classified as a goose. 

RESULTS 

Samples Collected 

A total of 271 E. coli isolates from water samples were cultured and tested against our 

library. Our library was constructed with 254 samples of known origin which consisted of E. 

coli isolated from feces from geese, duck, deer, dogs, cats, and cows, and humans (Table 3). 

Year Geese Duck Deer Dog Cat Cow Human Unknown Known 

2005 65 3 16 24 0 0 34 114 142 

2006 48 0 20 11 16 8 9 157 112 

To: a I 113 3 36 35 16 8 73 271 254 

Table 3: Total E. coli samples isolated. Unknown samples were those isolates grown from lake water samples. 

Jackknife Analysis 

Jackknife analysis was performed for all known sources for samples collected in each 

summer and on the combined data for both summers using the maximum similarity coefficient 

based on curve data (Table 4). In this method, data from a curve is removed from a library unit 
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and the software then attempts to identify the proper source group for that sample. We 

performed separate analyses for AFLP with Eco+A and Eco+C, for AFLP with data from both 

primers, for BOX primers, and for an AFLP weighted composite comparison which included 

data from AFLP and BOX. Jackknife analysis was also completed for samples from each 

summer independently and with all samples from both summers combined. Our results suggest 

that AFLP analysis using Pearson product moment correlation performs well when attempting to 

assign a known organism to its proper type within the library. The results of this analysis do not 

demonstrate that any particular method was superior to any of the others in its ability to correctly 

group a sample with a known source and its proper source group though AFLP scores tended to 

be higher than BOX scores. For example, 93.75% of geese samples from 2005 were correctly 

identified as having come from geese using AFLP data whereas only 87.5% were correctly 

identified using BOX data. Additionally, previous studies have indicated that AFLP generates 

more reproducible results and slightly higher jackknife scores (Jonas, et al. 2003). For the above 

mentioned reasons, and because the AFLP method is more automated and facilitates greater 

sample throughput, we decided to use this method with the combined Eco+ A and Eco+C dataset 

for identification when interpreting data for the Chautauqua County Health Department. In our 

own analysis, we used each method for comparison. 

Table 4: Results of jackknife analysis using BOX and AFLP data. Using 2006 goose AFLP data as an example, this analysis 
suggests that the software would correctly identify a known fecal sample from a goose 89.58% of the time. 
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Identification Data 

We attempted identification of unknowns samples collected in the summers of 2005 and 

2006 (Table 5). In our final analysis, we looked at each summer separately by attempting 

identification of unknown samples from 2005 against the library ofknowns collected in 2005 

and then repeated this for knowns and unknowns from 2006. Additionally, we compared our 

unknown samples from 2006 against the complete library ofknowns and we ran a comparison of 

all unknowns and knowns in both summers. In each case, our results suggest that geese were the 

primary source of contamination each summer as evidenced by the majority of unknown samples 

being identified as being most similar to goose samples included in our library. 

Table 5: Identification of Unknown E. coli isolates. In each analysis, the majority of unknown samples were identified as being 
most similar to fecal samples isolated from geese. Each number represents the total number of unknown samples identified as the 
listed organism. Numbers in parentheses indicate the percentage of the total unknowns that were identified as the indicated 
organism. For example, using 2005 AFLP-EcoA data alone 73 unknown samples, 64% of the total number of unknown samples, 
were identified as geese and 6 samples, 5.3% of the total, could not be identified. 
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Because of the relatively small number of fecal samples from deer, dogs, cats, and cows, 

we also examined our data to attempt to classify unknowns as having come from either a human 

or nonhuman source (Table 6). The results do not support human contamination as having been 

a significant source of fecal contamination in the lake. 

Table 6: Identification of unknown E. coli isolates as human or nonhuman. The organization of this 
table is similar to that as described for Table 5. 

DISCUSSION 

The primary objective for this study was to attempt to identify the most probable source, 

or sources, of fecal contamination which were responsible for beach closures on Cassadaga 

Lake. Previous problems with the Job Corps septic system, which was overhauled prior to the 

initiation of this study, and the presence of a large population of geese on the lake, made us 

reason that either could be the primary source of contamination. Our results suggest that geese 

are a more probable source than the Job Corps septic system as the majority of E. coli isolated 

from lake water in the summers of 2005 and 2006 were determined to be most similar to E. coli 

isolated from goose feces. Subsequent reevaluation of our data using more stringent cut-off 
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criteria in the software for matching result in the majority of our unknown samples being 

classified as "Not Identifiable." A review of relevant literature revealed that there has been no 

widespread consensus on the stringency of statistical similarity that should be used to positively 

identify a microbial source. While our overall results may not support geese as being the 

primary source of contamination, they also do not support a human source of contamination such 

as the Job Corps facility. 

Numerous considerations must be taken into account when designing a microbial source 

tracking project such as we attempted. Sampling methods should be designed in such a way that 

the samples acquired as unknowns can be representative of the true source of contamination if it 

is due to human activity (Stoeckel 2007). This bias towards attempting to identify human 

sources of fecal contamination exists because human feces is much more likely to transmit 

disease than non-human sources. In our study, we attempted to take this into account by 

sampling from a number of sites distributed throughout the lake including sites which could 

likely be contaminated due to human activity; the Job Corps shore near their septic area, a camp 

beach, the Cassadaga public beach, Lilydale Beach, and the discharge pipe from the Lilydale 

waste water treatment facility. The Job Corps and Lilydale beaches and shallow waters near the 

beaches were littered with goose feces during each sample collection. This observation suggests 

that geese should be considered a source of contamination in the immediate vicinity of these 

sites. We collected multiple fecal samples when we collected water samples from these sites and 

included them in our library. Because of the proximity of goose feces to these collection sites, 

we expected that many of the unknown samples collected at the same time would be identified as 

coming from geese. The other sites were generally free of visible goose feces, and we did not 

attempt to separate unknowns taken from visibly contaminated sites from samples taken 

elsewhere although this could be done in the future. 

Attempting a microbial source tracking project using a library dependent method such as 

was the case in our study requires a library of considerable size to be able to draw significant 

conclusions as to the source of unknown organisms. Because ofbudget and time constraints, our 

library was relatively small compared to those used in similar studies. Additionally, our library 

consisted primarily of fecal samples from geese, and a number of E. coli isolates may have been 

clonal rather than unique. Inclusion of clonal samples and the disproportionate number of goose 
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samples may have falsely inflated our jackknife data. We were unable to run a separate analysis 

for samples that we could classify as unique as we were unsure how to accurately classify a 

sample as clonal or unique as criteria for doing so, or "decloning" a library, have not been well 

established. We included up to 8 E. coli isolates from each fecal sample and could in theory 

randomly select only one isolate from each sample to treat as unique. If we were to do this, we 

worry that it might make our library too small for any future use. 

Because our study was limited to a relatively small geographic area, the use of a smaller 

library like ours is can be justified (Johnson 2004). To improve the reliability of the library in 

spite of its small size, we should have only included fecal samples that could have had a possible 

route for contaminating the lake. This was not a problem for our goose samples as the majority 

of them were taken from the lake shore. However, this could be considered a flaw in our library 

for other known samples including deer and dog feces as some of them were collected far from 

Cassadaga Lake's watershed. While the rationale for Microbial Source Tracking generally still 

applies, that is E. coli isolated from a human source should be demonstrably different from E. coli 

isolated from a dog or a goose, any future work should probably be aimed at finding sources for 

known samples closer to the study area. 

We initially included 30 E. coli isolates from water samples taken from the Lilydale 

waste water treatment facility prior to water treatment in our study. We reasoned that these 

samples would most likely be from human sources, but we removed them from our library before 

final analysis because we could not be certain that they had come from human waste. For 

example, a sample might have actually come from cat feces that had been flushed down the 

toilet. Future work could use these and other samples from the Lilydale and/or Job Corps sites as 

separate library units for identification purposes. If done this way, results could be interpreted in 

such a way as to rule out or rule in these facilities as point sources rather than attempting to 

classify the organism responsible for the contamination. 

We briefly investigated the repeatability of our results by running multiple BOX and 

AFLP reactions for the same sample in a few instances. While I did not include this data, it is 

worth noting as I believe our results support the general notion that Rep-PCR and AFLP can be 

developed for use in real world applications such as was done in this project. Fingerprints 

obtained for repeated samples were virtually indistinguishable from the original fingerprints for 
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both the Rep-PCR and AFLP experiment types. The AFLP method seems preferable to Rep

PCR in terms of repeatability primarily due to the fact that it allows for automatic image 

acquisition as opposed to needing to manually stain, align, illuminate and photograph gels as was 

required for BOX gels. Though I did not perform any statistical analysis to attempt to support 

this claim, gels generated by the DNA analyzer appeared more consistent than those used for 

Rep-PCR analysis in spite of our rigorous attempts to duplicate all electrophoresis and 

photography conditions. Furthermore, the AFLP method generated more bands in each gel than 

the BOX method did. We did not make an attempt to determine which bands were informative 

in either method, but, in general, the presence of more bands should allow for greater 

discriminatory power. 

One of the greatest challenges to this method in general is that it is resource and labor 

intensive. The initial impetus for the study was real world application to attempt to determine 

the source of fecal contamination of popular and well used recreational areas. Because of the 

time it took to construct our library and process samples, we were unable to provide even 

preliminary results until after the 2005 beach season had ended. This should not be a problem in 

the future as the library is already constructed and, unknowns could quickly be isolated and 

tested against it in the event of any future beach closures. However, it has been suggested that 

temporal variations in E. coli populations should be taken into account when performing this 

type of study. We attempted correct for temporal variation by constructing separate libraries for 

each summer. We also compared 2006 unknowns against a library consisting of samples from 

2005 and 2006. We did not notice any significant difference in the results obtained with separate 

libraries although I believe further investigation in this area could be informative especially if the 

same library is to be used for identification of unknowns in future years. 

Additional goals of this project were to develop protocols for future research and to 

determine the most suitable statistical method to interpret our data. In the summer of 2005, we 

had not yet acquired the LI-COR DNA analyzer and were therefore limited to the use of agarose 

gels and Rep-PCR to generate fingerprint data based on methods previously described by other 

researchers. We adapted these methods to our own equipment and developed our own protocols 

which are available in our lab for any future students. We began analysis using a variety of 

statistical techniques all based on the presence or absence ofbands in each fingerprint. We 
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attempted to analyze this data with SPSS software using Jaccard and Dice and a variety of tree

making programs which mainly relied on UPGMA to cluster samples. Trial versions of 

GelCompar software allowed us to switch to curve based analysis and we ultimately decided to 

use this software for all further analysis as it is the method most commonly used by others doing 

similar research. Additionally, we found the software easier to work with when compared to 

preparing cumbersome binary tables for the presence or absence of bands. Once we acquired the 

LICOR analyzer, we were able to quickly generate AFLP data using protocols already described 

for all of the samples collected in 2005 and were able to use it for 2006 samples as the study 

progressed. I believe that our final method of AFLP using automated image acquisition and 

analysis in GelCompar is the preferred method should this project continue in future years. Also, 

since we saved DNA and stock cultures for every E. coli sample that we isolated, any future 

projects utilizing different microbial source tracking strategies should be able to be compared to 

our method directly. This could be as simple as using different AFLP primers to attempt to 

generate fingerprints or by switching to library independent methods if they become more 

commonplace. 

While this study attempted to qualitatively determine the most likely point sources for 

contamination in the lake, it did not attempt to quantify the relative contribution of each source 

to the overall levels of E. coli found in the water samples. It is reasonable to assume that multiple 

sources could be responsible for the high observed fecal coliform levels which have led to the 

beach closures. That is, for any given sample a number of the colonies observed could be from 

geese while many of the others could in fact be due to the Job Corps treatment facility. The 

implications of this are beyond the scope ofthis paper, but this fact should be considered in 

future work. At the present time, there is no widely accepted method for determining relative 

contribution of point sources. 

To conclude, our results do not suggest that Job Corps facility was a significant source of 

fecal contamination in Cassadaga lake in the summers of2005 or 2006. Of possible sources 

considered, geese appear to be responsible for the majority of the contamination. While our 

study faced a number of limitations, we did adhere to the majority of the criteria for a source 

tracking project as suggested by the EPA and other researchers performing this type of work. 
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Additionally, our results suggest that AFLP has the potential to be more widely applied in source 

tracking projects provided that the resources and time are available for such an undertaking. 
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