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Abstract 

Fecal contamination of recreational waters is a widespread problem in the United 

States, resulting in beach closures, huge economic losses, and increased public health 

risk. In 2012, the U.S. EPA suggested coastal and Great Lakes states adopt enterococci as 

an alternative indicator for monitoring recreational water quality. However, little 

information is known about the occurrence and persistence of enterococci in freshwater 

environments. The overall objectives of the study were to examine the density, species 

distribution, and potential persistence of enterococci at two study sites in a Lake Superior 

watershed from May to September over a 2-year period. We also examined the genetic 

diversity of E. faecalis isolated in sands, sediments, water, and soils. Results of this study 

showed that enterococci were detected in 149 out of 159 samples (94%) by the MPN 

analyses and that their densities ranged from 3 to 5.6 x 10
5
 MPN / 100 g sample. The 

densities were generally higher in the summers than those in other months examined. A 

total of 2,441 enterococcal isolates over the 2-year period were subjected to speciation. 

The composition of Enterococcus species was spatially and temporally dynamic, with the 

dominant species being: E. hirae, E. faecalis, E. faecium, E. mundtii, and E. casseliflavus, 

suggesting that enterococci in the study might have originated from environmental and 

fecal sources. Moreover, the genetic diversity of 536 E. faecalis isolates was assessed by 

HFERP DNA fingerprinting. Results indicated that the E. faecalis population in the 

watershed was genetically diverse, in part due to spatial and temporal changes. The 

recurrence of some E. faecalis fingerprints over multiple sampling events in soils and the 

occurrence of enterococci in the exclosure boxes suggested that some enterococci were 
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persistent in soils for a prolonged time. However, enterococci did not appear to become 

naturalized in these environments. Our results also suggested that enterococci were 

transported between matrices within each site. My studies indicate that further research 

on the persistence of enterococci in soils and sands needs to be done before enterococci 

are used as a fecal indicator in freshwater ecosystems.  
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Chapter 1 General introduction 

1.1 Fecal contamination of recreational water 

Fecal contamination of recreational water is a widespread problem. Previous 

studies have estimated that swimming and bathing in fecal contaminated water resulted in 

over 120 million cases of gastroenteritis and 50 million cases of respiratory diseases 

world-wide every year (102). Epidemiological studies showed that exposure to 

recreational water contaminated by feces could cause diseases, including gastroenteritis, 

respiratory illnesses, and skin, eye and ear infections (24, 26, 39, 53). The sources of 

fecal contamination include point sources, such as effluent from sewage treatment 

facilities (61), and nonpoint sources, such as runoff from manure-treated agricultural 

lands and farm animal feedlots, wildlife and animals, storm water and bathers (19, 42, 

116). Among known sources, runoff and storm water were the main contributors to beach 

closures and advisory days in 2010 in the U.S. (36). 

1.2 Losses caused by fecal contamination of recreational water 

Fecal contamination of recreational water also causes huge economic losses. 

These losses come from decreased income from tourism and increased medical fees 

associated with recovering patients. Sohngen et al. (104) estimated that two Lake Erie 

beaches could bring 3.5 and 6.1 million dollars by single-day trips every year. Meanwhile, 

Dwight et al. (40) estimated that 3.3 million dollars were spent in recovering patients 

from illnesses associated with swimming in contaminated water at two beaches in 

California each year. Due to these huge economic and health impacts, it is important to 
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detect fecal contamination early and to advise the public of potential contamination issues 

before they use recreational water. 

1.3 Detection of fecal contamination of recreational water 

It is very difficult, expensive, and time-consuming to test for the presence of 

pathogens and viruses. Therefore, some fecal bacteria were chosen as the indictors of 

fecal contamination. These indicators were chosen based on the following characteristics: 

1) a positive correlation between their density and the health risk of illnesses associated 

with exposure to water, 2) similar resistance to the adverse environments as pathogens, 3) 

coexistence with pathogens and viruses, and 4) ease of detection (68). Based on these 

criteria, total coliforms, fecal coliforms, E. coli, and enterococci have been historically 

recommended as indicators of fecal contamination in recreational waters. 

Total coliforms are gram-negative, rod-shaped, non-spore-forming, and 

facultative anaerobic bacteria (41). They consist of a variety of genera including 

Escherichia, Enterobacter, Klebsiella, Citrobacter, Serratia, Hafnia, etc. (73). Total 

coliforms were recommended as indicators of fecal pollution in the 1920s. However, later 

studies found that some species in this group could be considered as natural inhabitants of 

woody material (14, 59), soil (80), and plants (11), violating the criteria as good fecal 

indicators. Fecal coliforms replaced total coliforms in monitoring recreational waters 

based on their “thermo-tolerant” characteristic (47). Unfortunately, the culture-based 

method still cannot limit the problem caused by environmental strains that are able to 

grow at 44.5 °C, resulting in false positives in fecal coliforms tests (25). 
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In 1986, the US Environmental Protection Agency (EPA) recommended that 

states adopt E. coli and enterococci for monitoring recreational water quality. This was 

based on epidemiological studies that showed E. coli and enterococci have stronger 

correlations with swimming-associated gastroenteritis (37). E. coli is often used as the 

indicator for fresh water, while enterococci are used for marine water. E. coli belongs to 

the group of fecal coliforms. It was previously considered as a natural inhabitant of the 

intestines of humans and warm-blooded animals. However, research has revealed that E. 

coli is able to persist in soils, sands, and sediments (5, 28, 34, 113). Moreover, Ishii et al. 

(62) repeatedly isolated the same E. coli strains in temperate environments over multiple 

years. The release of an environmental E. coli strain back into the environment also 

showed that E. coli could survive in the environment for more than two months (63). 

Apart from soils, sands, and sediments, algae were also a habitat for E. coli (9, 21).  

Due to the need for rapid detection of fecal contamination and the development of 

reliable quantitative PCR techniques, the US EPA recommended coastal and Great Lakes 

states adopt enterococci as an alternative indicator for monitoring recreational water 

quality (7). Enterococci, a subgroup of fecal streptococci, are gram-positive cocci that 

occur singly, in pairs, or in short chains (44). They can grow in a wide range of 

environmental conditions, including temperatures of 10 - 45 °C, pH of 4.5 - 10.0, 6.5% 

NaCl, and 40% bile salts. The Enterococcus genus contains more than 25 species. The 

phylogenetic relationships of 28 species were shown as Figure 1.1. These species were 

chosen from NCBI (http://www.ncbi.nlm.nih.gov/) based on the availability of their 

1490 bp 16S rDNA sequences. Among these, E. faecalis and E. faecium have received 
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attention. They are well known as causes of hospital-acquired infections and abundant 

members in the intestines of humans and animals (35, 111). E. faecium is the main carrier 

of vancomycin resistance (51, 99). Besides humans, E. faecalis has also been isolated 

from seagulls, dogs and poultry in relatively high abundance, but is less abundant in 

swine, horse, cattle, rabbits, and sheep (95, 111). Therefore, Wheeler et al. (111) 

suggested that E. faecalis could be used as the indicator of human fecal contamination. 

Other Enterococcus species, including E. hirae, E. gallinarum, E. durans and E. avium, 

were also isolated from animal feces (17, 20, 27, 95). Yellow-pigmented enterococci, 

such as E. casseliflavus, E. mundtii and E. sulfureus, are usually considered natural 

inhabitants of plants and insects (10, 47). Recently, E. casseliflavus was also isolated in 

high abundance from urban runoff and storm water (46, 84). Investigating the ecology of 

enterococci in the environments and the potential persistence of enterococci are of great 

importance in order to avoid the similar failures of E. coli. 

1.4 Prevalence of enterococci in the environments 

The prevalence of enterococci in sands, sediments, soils, and vegetation has been 

reported in tropical, subtropical, and temperate environments (Table 1.1). Most previous 

research found that enterococci densities in these matrices were usually higher than that 

in adjacent water based on a mass unit or interstitial water unit.  

At Hanauma Bay in Hawaii, the enterococcal concentration was found to increase 

as the sampling area moved inland (90). These authors suggested that the lower 

concentration of enterococci in wet sand at swash zone was due to the “washing effect by 
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wave action”, and the higher level of enterococci in dry sand was due to human activities 

(gathering, sunbathing, and eating), pigeon and mongoose feces, and land runoff. They 

also suggested that fecal bacteria in sands might be transported into water and result in an 

elevation of enterococci (90). At subtropical beaches, studies have shown that the highest 

enterococcal concentrations were found in sands that were located above the high tide 

line (1, 18, 93). Bonilla et al. (18) found that overall mean culturable enterococcal 

densities in sands located above the high tide line were higher than those located within 

intertidal zone, which in turn were higher than those in water based on mass unit and 

interstitial water content at three Florida beaches. The same trend was also observed 

within one of three beaches throughout the majority of sampling events over a 2-year 

period. They did not detect a consistent correlation between enterococci concentrations 

across sampling areas, and no chemical and physical parameters could explain the 

enterococcal distribution across these sampling areas (18). Another study done at one of 

the three beaches demonstrated that the compositions of Enterococcus species in 

nearshore water, wet sands at intertidal zone, and sands above the high tide line were 

quite different (17). Besides sand, Badgley et al. (10) found higher concentrations of 

enterococci in sediments than those in water in a subtropical watershed. In temperate 

environments, Byappanahalli et al. (22) isolated enterococci with overall log mean counts 

of 1.1 MPN / 100 g in backshore sand at an average depth of 60 cm over a 15-month 

study period. 

The common Enterococcus species detected in sands, sediments, and water 

include E. faecalis, E. faecium, E. hirae, E. mundtii, E. casseliflavus, E. gallinarum, E. 
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durans, and E. avium. Previous research showed that E. faecalis and E. faecium were 

usually dominant in water and sediments at both fresh and marine water environments 

(46, 79, 92). E. hirae was abundant at some marine beaches (17, 46, 79). Interestingly, 

Maraccini et al. (79) found that the composition of Enterococcus species varied between 

day and night in water - E. faecalis and E. faecium were abundant at night while E. hirae 

and other species were abundant in daytime - at a marine beach where water was 

contaminated mainly by human sewage.  

Enterococci have also been isolated from soils with no apparent feces at sampling 

sites in tropical and subtropical environments. In Hawaii, Hardina and Fujioka (56) 

isolated enterococci in surface and subsurface soils at a stream bank, in a forested area 

located 10 m from the stream bank, and in a grassy area located further from the stream. 

Similarly, Fujioka et al. (49) also isolated enterococci with 700 viable cells / 100 g and 

40 viable cells / 100 g in surface soils and soils at depth of 36 cm, respectively, near the 

Pago River in Guam. These researchers suggested that enterococci were part of the 

autochthonous microbial community in soils. Enterococci in soils could be transported 

into streams through runoff, resulting in violations of water quality standards in tropical 

and subtropical streams (49, 56). To my knowledge, only one study did not recover 

enterococci in soils in Hawaii. Ragosta et al. (97) failed to detect enterococci in the 

majority of 0.3-gram samples. This could be a result of low enterococcal densities and 

small amounts of soils used for enumeration in the study.  

Vegetation has been suggested to be a major habitat for some enterococci, 
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especially species with yellow pigments. Mundt et al. (86-88) detected enterococci from 

grasses, flowers, and vegetables and suggested that these enterococci might be 

temporarily present on plants. Recently, some research reported high levels of 

enterococci associated with vegetation or algae at public beaches or watersheds. Whitman 

et al. (114) isolated enterococci with overall log mean of 4.8 (±4.5) CFU in 1 gram 

Clodophora mats along 10 beaches at Lake Michigan in the summer months. Badgley et 

al. (10) also isolated 10
2
 - 10

4
 CFU enterococci in 100 g submerged aquatic vegetation, 

which were significantly higher than those in water at different habitats in a subtropical 

watershed. In addition, Anderson et al. (6) isolated up to 3 orders of magnitude greater 

enterococcal concentrations in decaying drift seaweeds than that in water at beaches in 

New Zealand. Ott et al. (91) repeatedly detected enterococci with 2.6 x 10
1
 - 6.16 x 10

4
 

CFU / 1 gram fresh grasses (above the ground part) at non-pasture areas in the spring, 

summer, and fall. Among all the isolates examined in their study, 7.9% were E. faecalis, 

7.9% E. mundtii, 5.5% E. casseliflavus, 5.2% E. faecium, and 0.1% were E. sulfurous. 

However, the majority of isolates could not be identified to known species. Regardless of 

original sources, the prevalence of enterococci in sands, sediments, soils, and vegetation 

still raises concerns regarding their potential to persist and grow in the environments. 

1.5 Persistence of enterococci and factors affecting their persistence 

1.5.1 Persistence and growth of enterococci in the environment 

 Sand, sediment, soil, and vegetation may be reservoirs for enterococci. To my 

knowledge, the concerns are based on at least two reasons. One is that enterococci are 
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prevalent and abundant in these substrates, which may not be explained by fecal 

contamination; the other is that these substrates may offer bacteria a “shelter” to survive 

in the environments, such as protecting the bacteria from sunlight inactivation and 

predation by other organisms (29, 32, 110). 

Litton et al. (75) observed a significant increase in culturable enterococci 

densities in sediment and water samples during dry weather in July and August 2007 

along a stream where the upstream was impacted by sewage effluent. The significant 

increase could not be explained by growth of enterococci or separation of aggregate cells 

from sewage effluent. Moreover, they found very few Enterococcus species in sediment 

samples. Taking these findings together, they suggested that there was reproduction of 

enterococci in sediments, which in turn contributed to the increase of enterococcal 

concentration in water. 

1.5.2 Factors affecting persistence and growth of enterococci in microcosms 

Due to difficulties in excluding direct or indirect impacts by human and animal 

feces, the majority of studies on the persistence of enterococci have been done in 

microcosms. The persistence of fecal bacteria in the environment was affected by 

multiple abiotic factors and biotic factors. In this section, I will give a brief summary of 

the research that has been done to examine the most studied factors influencing the 

persistence of enterococci. 

Moisture is an important factor controlling persistence and growth of bacteria in 
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soils and sands (13, 117). Moisture affects microbial activities through influencing redox 

potential, availability of oxygen, and pH in the environments (13, 94). The growth of 

enterococci in both seeded and unseeded beach sand were observed in microcosms at 

room temperature in dark after the sand was wetted (117, 119). In the unseeded 

experiment, the growth of enterococci in sand after wetting was observed for up to 11 

days (117). In the sand seeded with sewage, growth was only observed immediately after 

wetting (119). The difference in growth time may mainly result from different sources of 

enterococci and different initial concentrations of enterococci in these two studies. 

Nevertheless, both results reported that some enterococci could maintain their 

cultivability over 30 - 45 days (117, 119). Cool et al. (28) also reported prolonged 

persistence of enterococci in moist soils with 100% field capacity.  

Inactivation of fecal bacteria by sunlight has also been documented (16, 29, 31). 

Inactivation mechanisms include direct damage to DNA, photo-oxidative damage to 

DNA and other cellular components by endogenous sensitizers, and photo-oxidative 

damage to external cell structures by exogenous sensitizers (29). The presence of 

carotenoids (yellow-orange pigments) was considered to protect bacteria from the photo-

oxidative damage of cell membranes (108). Researchers have isolated enterococci with 

yellow pigments from soils, plants, and insects (88, 108). Recently, Maraccini et al. (79) 

reported a higher percentage of yellow-pigmented enterococci during daytime than that at 

night in water at a polluted beach. They found some Enterococcus spp., including E. 

gallinarum, E. hirae, E. faecalis, E. cecorum, and E. faecium originally characterized as 

without yellow pigments, have some isolates with yellow pigments in their study. They 
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also observed that a strain without yellow pigments decayed faster than yellow-

pigmented ones in a microcosm study. The majority of enterococcal isolates collected in 

water and sediments in Litton’s study (75) were also yellow-pigmented E. casseliflavus. 

Therefore, yellow pigments probably provide bacteria an advantage to survive in the 

environments with strong sunlight. 

The preference of fecal bacteria for lower temperature conditions for their 

survival was shown in previous research (62). Cools et al. (28) reported that enterococci 

derived from pig slurries could maintain the original densities for 68 days in sands and 

soils (mixed with pig slurries) at 5 °C. Whitman et al. (114) reported the isolation of 

culturable enterococci with 4 Log CFU / 1 gram Cladophora mats after the mats were 

sundried and stored at 4
 
°C for 6 months. The bacteria stopped growing at low but 

permissive temperatures, thereby decreasing possible nutrient depletion and accumulation 

of harmful byproducts. 

Biotic factors, including predation by protozoa and zooplankton, cell lysis by 

phage, and competition from autochthonous bacteria, were also suggested to play 

important roles in the persistence of fecal bacteria (30). Compared with abiotic factors, it 

is relatively difficult to study effects of biotic factors due to difficulties in controlling 

experiment conditions. Menon et al. (81) and Boehm et al. (15) reported predation was 

one of the main causes for the death of fecal bacteria in water microcosms. The effect of 

predation and phage lysis appear less significant in sand microcosms. Mika et al. (82) did 

not observe a significant difference in the density of culturable enterococci in 
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environmental sands (with predators) and autoclaved sands (without predator) after they 

were incubated with sewage over a 16-day period. Feng et al. (45) did not observe 

significant influences of these two biotic factors in sands seeded with pure culture of E. 

faecalis over a 28-day study period. They suggested the reasons could be the low 

concentration of predators in sand and adverse impacts of sand on these biotic factors.  

1.5.3 Survival mechanisms 

Mechanisms suggested for persistence of enterococci in the environments include 

biofilm formation and the entering of the viable but non-culturable (VBNC) state. 

Biofilms can be formed in wet solid surfaces by numerous bacteria (89). Biofilm 

formation has been reported to be common in swash zones in marine environments (33) 

and is a survival strategy for bacteria when they face adverse environments. Bacteria 

within biofilms have been shown to be more resistant to antibiotics (106), toxic 

compounds (43), and other harmful conditions (33). Enterococci, especially E. faecalis, 

are well known in biofilm formation. Ballering et al. (12) detected 68 genetic loci that 

were potentially involved in biofilm formation in the core genome of E. faecalis. This 

reflects strong potential of E. faecalis to persist in adverse environments.  

Enterococci have also been reported to enter the VBNC state to survive through 

stresses (76). When the cells face adverse environments with multiple stresses, they may 

enter the VBNC state, including losing cultivability and division capabilities and 

preserving their viability and pathogenic characteristics (77, 96). Some Enterococcus 

species have the capability to recover their division capability once the conditions 
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become favorable (76). Moreover, different species have different capabilities in 

maintaining their cultivability and need different lengths of time to recover their division 

capability from the VBNC state (76). 

1.6 Risk of illnesses associated with sand contact 

Due to the high levels of fecal bacteria harbored in beach sands, it is of concern 

that pathogens may also be present in beach sands. Some studies have tried to determine 

if there is a correlation between the occurrence of indicator bacteria and the presence of 

pathogens in sands. Nevertheless, the diversity and persistence of pathogens and indicator 

bacteria make it hard to detect statistically significant correlations between them. Based 

on bivariate analysis at 53 California marine beaches in four sampling events, Yamahara 

et al. (119) only detected weak positive correlations between a Bacteroidales human-

specific marker gene and S. aureus and between culturable E. coli and Salmonella.  

Research on assessing the health risk of contact with sands containing fecal 

bacteria is sparse. There are three reasons for that: 1) it is hard to define the degree to 

which beachgoers are exposed to sands; 2) beachgoers usually swim as well as make 

contact with sands; and 3) the distribution of fecal bacteria in sands, especially in dry 

sands, may be heterogeneous. Heaney et al. (57) reported that the increase of 

enterococcal density in sands led to the increase of risks of GI illness and diarrhea in 

beachgoers who dug in sands and who were buried in sands. Without considering types 

of contact, Bonilla et al. (18) detected the positive association between time spent in wet 

sands and the risk of GI illness at a South Florida beach where wet sands tended to harbor 
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a higher number of enterococci than water based on a mass unit or interstitial water unit. 

In order to know more about the health risks associated with exposure to sands with high 

levels of fecal bacteria, both pathogen detection and epidemiological studies at different 

beach environments need to be carried out. 

1.7 Summary of the thesis 

The majority of studies on the ecology of enterococci have been done in marine 

environments, and very little attention has been paid to freshwater environments. Since 

the ecology of enterococci in water, sands and soils may be affected by multiple factors, 

such as temperature, particle size, water action, and type of enterococcal sources (55, 

103); the distribution of enterococci across different matrices in freshwater environments 

is possibly different from that in marine environments. Moreover, there is limited 

information on the genetic relatedness of Enterococcus spp. across different habitats. In 

addition, as some Great Lakes states may start to adopt enterococci as an alternative fecal 

indicator for fecal contamination in fresh water, it is of great interest to examine the 

ecology of enterococci in freshwater environments. In Chapter 2, I studied two freshwater 

environments: a public beach (the Duluth Boat Club Beach) and a creek bank (Kingsbury 

Creek bank) in a Lake Superior watershed. I examined the density of enterococci in sands, 

sediments, water, and soils. I also investigated Enterococcus spp. composition and 

studied in detail the genetic diversity and population structure of E. faecalis. This species 

was chosen due to its great potential to grow and persist in harsh conditions (44) and the 

previous suggestion for its use as a marker of human fecal contamination (111). I also 

addressed the potential of enterococci to persist in the environments, especially in soil 
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environment. Lastly, in Chapter 3 I conclude the main findings and provide some 

directions for future studies.  
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1.8 Tables and figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Phylogenetic relationships of 28 Enterococcus species. The dendrogram was 

generated using ClustalW of the DNASTAR software suite.
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Table 1.1 Examples of enterococci distribution in different substrates in the environments. 

Study Site Type of sample 

Mean Enterococcal 

Concentration (CFU or 

MPN / 100 g) 

Species detected References 

Hawaii-

Hanauma Bay 

sediment 6.8 x 10
1
 ND (90) 

wet sand 1. 92 x 10
2
 

dry sand 3.2 x 10
4
 

South Florida-

beaches 

water 10
1
 - 10

2 c
 E. faecalis, E. faecium, E. hirae, E. 

gallinarum, E. flavescens, E. casseliflavus, 

E. saccharolyticus, E. raffinosus, E. durans, 

E. dispar, and E. sulfurous.
d
 

(17, 18) 

wet sand 10
2
 - 10

3 c
 E. faecalis, E. hirae, E. faecium, E. 

flavescens, E. casseliflavus, E. gallinarum, 

E. avium, E. pseudoavium, and E. 

saccharolyticus 
d
. 

dry sand 10
3
 - 10

4 c
 E. faecalis, E. hirae, E. faecium, E. 

flavescens, E. casseliflavus, E. gallinarum, 

E. saccharolyticus, and E. mundtii 
d
. 

seaweed ND E. faecalis, E. casseliflavus, E. gallinarum, 

and E. solitarus 
d
. 

South Florida-

watershed 

water 1.3 x 10
2
 E. casseliflavus, E. faecalis, E. faecium, E. 

hirae, and E. mundtii 
e
. 

(10) 

sediment 1.0 x 10
3
 

vegetation 2.5 x 10
3
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a
 The enterococcal concentrations were reported based on dry weight of samples. 

b
 The concentrations were adjusted to 100 g here. 

c
 

The concentrations were obtained from graphs in the original papers. 
d
 The data were only obtained in one beach. 

e
 The data were 

obtained from water, sediment and submerged vegetation samples. The table was modified from Halliday and Gast (2011).

Study Site Type of sample 

Mean Enterococcal 

Concentration (CFU or 

MPN / 100 g) 

Species detected Reference 

Southern 

California-

beaches 

sediment 1 x 10
1 b

, 6 x 10
1 b

 E. faecalis, E. faecium, E. avium, and E. 

hirae 
(46) 

wet sands 6 x 10
1 b

, 1.7 x 10
2 b

 ND 
 

Southern 

California-

River 

Wet sands 2.1 x 10
2 b

, 5.922 x 10
4 b 

E. faecalis, E. faecium, E. hirae, E. durans, 

E. casseliflavus, and E. mundtii. (46) 

German-

lowlands 

phyllosphere of the 

grasses 

2.6 x 10
3
 - 6.16 x 10

5 b
 E. faecalis, E. casseliflavus, E. mundtii, E. 

sulfurous, and E. faecium. 

(91) 

Lake 

Michigan-

beaches 

dry sand (deep back 

shore) 

1.2 x 10
1 a

 E. faecium (22) 

algae (Cladophora) 4.8 x 10
2 ab

 ND (114) 
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Chapter 2 Occurrence, species composition, and genetic diversity of enterococci in a 

Lake Superior watershed 

2.1 Introduction 

Fecal contamination of recreational waters is a widespread problem across the 

Great Lakes regions in the United States. Due to the difficulties and high costs associated 

with fecal pathogen detection (73), fecal bacteria were chosen to assess the potential 

presence of pathogens. Traditionally, E. coli and fecal coliform bacteria have been used 

as the indicators in fresh water (74), while enterococci have been used as the indicator in 

marine water (67). Culture-based method, however, cannot differentiate some coliform 

strains considered environmental (4). Previous research showed E. coli has become 

indigenous to the microbial community in tropical, subtropical, and temperate soils and 

sands (23, 49, 62, 105, 113). 

 To rapidly detect fecal contamination, the U.S. Environmental Protection Agency 

(EPA) has suggested coastal and Great Lakes states adopt enterococci as an alternative 

indicator of fecal contamination (7). Epidemiological studies have shown that the 

enterococcal concentration has a strong positive correlation with the risks of 

gastroenteritis associated with swimming in contaminated water (24). However, the 

potential advantages of enterococci over E. coli and fecal coliforms as the indicator of 

fecal pollution need further investigation. 

It was suggested that some Enterococcus species are primarily environmental (47).  

Some species, including E. faecalis, E. faecium, E. casseliflavus, E. hirae, E. mundtii, E. 
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gallinarum, E. durans, E. avium, and E. sulfureus, have been repeatedly isolated from 

sands, sediments, water, and plants (22, 46, 70, 87, 88, 91, 108). The high level of fecal 

bacteria in sands, sediments, soils, and submerged vegetation have raised concern (10, 55, 

62, 112, 118). Since these matrices harboring enterococci may protect these bacteria from 

sunlight inactivation, protozoa predation, or offer a range of surfaces for bacterial 

attachment for nutrient acquisition (29, 32, 110), it has been suggested that they may 

serve as reservoirs for fecal indicator bacteria (55).  In addition, evidence for the 

persistence of enterococci in municipal oxidation ponds and in microcosms simulating 

environmental conditions have been previously documented (85). 

However, the majority of studies on the ecology of enterococci have been done in 

marine environments. The ecology of enterococci in water, sands, and soils may be 

affected by abiotic factors and biotic factors (55, 103), it is possible that the concentration 

and species composition of enterococci in freshwater environments are different from 

that in marine environments. Furthermore, the ecology of enterococci in Lake Superior 

watersheds has received minimal attention. 

E. faecalis has received a lot of attention due to its strong ability to survive and 

grow under a variety of harsh conditions (44). E. faecalis is the primary Enterococcus 

species inhabiting intestinal tracts of humans and some animals (111). It is also the 

predominant species causing hospital-acquired infections (60). The persistence and 

survival mechanisms of E. faecalis include biofilm formation and entering the viable but 

non-culturable state (58, 76, 109). However, the majority of studies on the survival of E. 

faecalis were done in the medical field (50, 100, 101), and very few studies examined the 
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persistence of E. faecalis in the environments. In addition, there is currently little 

information on the genetic relatedness among E. faecalis strains isolated from different 

habitats. 

Therefore, the objectives of our studies were to: 1) examine the densities of 

enterococci in sands, sediments, soils, and water in a Lake Superior watershed; 2) 

investigate the diversity of Enterococcus spp. composition across different matrices over 

time; 3) study the genetic diversity of E. faecalis isolates; and 4) examine the in situ 

persistence of enterococci in soils. 

2.2 Material and methods 

2.2.1 Sampling site description 

Two sampling sites in a watershed were used in the study: the new Duluth Boat 

Club Beach (DBC) and the Kingsbury Creek bank where it intersects Stark Avenue (KS) 

(Figure 2.1). The DBC site (+46º46’8.71”, -92º5’22.77”) faces the Duluth-Superior 

Harbor. The Duluth-Superior Harbor contains two sources of sewage treatment effluent: 

the Western Lake Superior Sanitary District (WLSSD) in Duluth discharges their effluent 

into a small bay within the inner section of the harbor while the Superior Wastewater 

Treatment Facility (SWTF) in Wisconsin discharges their effluent into the outer section 

of the harbor. Waterfowl, including Canada geese, terns and gulls, represent a third 

potential source of fecal contamination (61). The DBC beach is a public recreational site 

frequently used for kayaking. The Minnesota Lake Superior Beach Monitoring Program 

(MLSBMP) has been monitoring E. coli at the DBC site. The program reported a high 
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number of advisory days in 2011 (54). Submerged sediments located 5 m from shoreline, 

wet sands at the shoreline, wet sands located 1 m landward from the shoreline, and dry 

sands 8 m landward from the shoreline were collected for the study (Figure 2.2 A). 

The KS study site is located at the intersection of Kingsbury Creek and Stark 

Avenue (+46º44’59”, -92º14’18”). There is almost no human activity in this area. 

Samples located 5 m (KS5) and 14 m (KS14) from the creek were collected (Figure 2.2 

B). The sampling area at the KS5 is saturated year-around, while the KS14 sampling area 

is relatively dry. The KS5 samples, primarily composed of soil and grass-roots, were 

classified as organic soil, while the KS14 samples were loamy sand (85% sand, 8.3% silt 

and 5.8% clay) (62). On May 23, 2011, three exclosure boxes (referred to as “KS14I”), 

made of 32-gallon trashcans, were buried at the KS14 in order to exclude external 

enterococci sources. The top 40 cm of the cans were used. Three windows were cut and 

glued with mesh for air exchange (Figure 2.3). To decrease the absorption of heat from 

the sun, the black exclosure boxes were painted white. The exclosure boxes were buried 

into the soil at a depth of 10 cm with lids covering the top of the boxes.  

2.2.2 Sample collection 

Triplicate samples, located 1 m apart, were collected at the top 10 cm layer. Sand, 

submerged sediment, and soil samples were taken by a shovel or a core tube disinfected 

with 70% ethanol and stored in whirl-pak bags at 4 ºC until they were processed in the 

lab. In 2011, water and dry sand samples at the DBC were also collected. Water samples 

were collected from the top 10 cm at noon and stored in the sampling bottles at 4 ºC. All 
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samples were processed by the next day after sampling. Sample temperature was also 

measured in 2011 by inserting a thermometer at a depth of 10 cm at the sampling area. 

Due to the road construction near the KS site from September 2010 to August 2011, a 

layer of road-derived gravels was first carefully removed before samples were collected 

at the KS14. Sampling stopped at the KS14 in August 2011 due to the heavy coverage of 

gravels and sands on the sampling area. Two of the exclosure boxes (“KS14I”) were 

damaged in August, and one was salvaged in August 16, 2011 by inserting a new box 

inside of the original exclosure box. The salvaged exclosure box was intact when samples 

were collected on August 24, 2011. However, it was covered by sands due to the increase 

of road level in September 2011. Moreover, runoff flowed through a recently installed 

drainage culvert into our sampling area (KS5) in September 2011.  

2.2.3 Enumeration and isolation of cultivable enterococci 

Samples were mixed by a spatula. Then, ten grams of each sample and 100 ml 

extraction buffer (0.1 M ammonium phosphate buffer, 0.1% partially hydrolyzed gelatin, 

and 0.01% Tween 20) were added to 160 ml wide mouth milk dilution bottles (Corning, 

NY) with 10 grams of 3 mm glass beads. The mixture was then horizontally shaken at 

high speed for 40 min. Then, the bottles were allowed to settle for 30 min. In May 2010, 

the supernatants were filtered through 0.45 µm membranes that were then cultivated on 

mEI (Membrane Filtration technique, US EPA method 1600, 2006) (3). However, due to 

the low enterococcal densities in samples and high turbidity of the extractant, no 

enterococci were recovered and observed on mEI in May 2010. Therefore, the Most 

Probable Number method (MPN, Multiple-tube technique method 9230 B.) (41) was 
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used thereafter. 10 ml, 1 ml, and 0.1 ml of the supernatants (for May, June, and 

September samples) or 1 ml, 0.1 ml, 0.01 ml (for July and August samples) were 

inoculated into azide dextrose broth. Other steps were followed according to method 

9230 B. To isolate enterococci, 20 - 25 g samples were treated as described above. The 

appropriate amount of extractant was filtered or directly spread onto mEI agar. For water 

samples, the Membrane Filtration (MF) was used (US EPA method 1600, 2006) (3). 

Colonies on mEI with blue halo were picked by using round toothpicks and cultivated in 

150 μl enterococcosel broth (Difco BBL) in 96-well plates. Forty micro liters of 80% 

glycerol were added to the wells that exhibited a brownish black color for long-term 

storage. 

2.2.4 Enterococcus speciation 

Enterococcal isolates were stamped onto LB or TSA plates using a 48-pin 

replicator (Boekel Scientific, PA). Overnight colonies were suspended into 100 μl ddH2O 

for multiplex PCR to identify eight species: E. faecalis (FL), E. faecium (FM), E. 

casseliflavus (CA), E. hirae (HI), E. mundtii (MU), E. gallinarum (GA), E. durans (DU), 

and E. avium (AV). Cultures from the American Type Culture Collection (ATCC) 

representing E. faecalis ATCC 19433, E. faecium ATCC 19434, E. casseliflavus ATCC 

25788, E. hirae ATCC 8043, E. gallinarum ATCC 49573, E. durans ATCC 19432, E. 

avium ATCC 14025, and E. mundtii (previously isolated from the environment by our lab) 

were used as positive controls. A tube not containing template DNA served as the 

negative control. PCR was carried out as previously described (64). 
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2.2.5 HFERP DNA fingerprinting 

Isolates identified as E. faecalis by multiplex PCR were subjected to biochemical 

tests for verification. The biochemical tests included arginine hydrolysis, and arabinose, 

raffinose and sorbitol fermentation using the basal medium as described (111). Isolates 

that exhibited arginine hydrolysis and sorbitol fermentation positive, and arabinose and 

raffinose fermentation negative were verified as E. faecalis. The verified E. faecalis 

isolates were transferred into new 96-well micro-plates for Horizontal, Fluorophore-

Enhanced Repetitive PCR (HFERP) (65) . 

For E. faecalis isolates obtained in 2010, DNA was used as the template for 

HFERP DNA fingerprinting. DNA was extracted using the GenElute Bacterial Genomics 

DNA kit (Sigma-Aldrich). For isolates in 2011, approximately ½ μl of colonies were 

suspended in 100 μl ddH2O, frozen at -20 
º
C overnight, and then used as PCR templates. 

The BOXA2R primer (5'-ACG TGG TTT GAA GAG ATT TTC G-3') was used for 

fingerprinting (8, 69). The PCR protocol was modified based on previous reports (8, 78). 

The master mix for 96 reactions was prepared first. Each reaction contained 5 μl of 5 x 

Gitschier Buffer (52), 0.25 μl of 100 % DMSO, 1 μl of 50 μM BOXA2R primers (50% 

unlabeled primers and 50% 6-FAM labeled primers), 0.625 μl of 25 mM dNTP, 0.2 μl of 

20 mg / ml BSA, 0.4 μl of 5 U / μl Taq (Denville Choice Taq), and 15.525 μl of nuclease-

free H2O. Two micro liters of the template (100 ng DNA for 2010 isolates) was added to 

each reaction in a final volume of 25 μl. The PCR program included an initial 

denaturation at 95 ºC for 7 min, and then 30 cycles of denaturation at 90 °C for 30 s, 

annealing at 40 °C for 1 min, extension at 65 °C for 8 min, followed by final extension at 
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65 °C for 16 min (78). The reactions were held at 4 °C. E. faecalis OG1RF and ddH2O 

served as the positive and negative controls, respectively. The following procedures were 

carried out as described previously (65). 

2.2.6 Statistical analysis 

The MPN values were determined as previously described (41). When all tubes 

were negative (MPN index was <1.8 MPN /100 ml), 0.1 MPN / 100 ml was used for log 

transformation and statistical analysis. When all tubes were positive (MPN index 

was > 1600 MPN/ 100 ml), the value 1600 MPN / 100 ml was used. Enterococcal density 

was expressed as MPN / 100 g oven-dried sample (sand, submerged sediment, and soil 

samples) or CFU / 100 ml (water samples). Sample moisture was expressed as the ratio of 

the mass of water to the mass of original sample. To satisfy the assumption of the normal 

distribution, the density data were log transformed for analyses. The multiple comparison 

of the densities was carried out by using unprotected Fisher’s LSD at α=0.05 (R software). 

The precipitation data were obtained from http://www.lakesuperiorstreams.org/. The data 

recorded at the Duluth Lift Bridge were used for the DBC site due to its close proximity 

(about 1100 m apart). The daily mean temperature data at the KS and the DBC in 2010 

were obtained from the Thompson Hill I-35 Mile Post 248 (about 3600 m) and the 

Duluth Sky Harbor (about 5500 m) weather stations, respectively. The correlation 

between the sample temperature and the enterococcal density in 2011 was studied by 

Pearson product-moment correlation coefficient. 

After obtaining gel images, banding patterns were analyzed by using Bionumerics 

http://www.wunderground.com/weatherstation/WXDailyHistory.asp?ID=KMNDULUT1
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software (version 3.0, Applied Math, Inc.). Pearson product-moment correlation 

coefficient, based upon densitometric curves, was used to determine the similarities of 

fingerprints. The unweighted pair group method with arithmetic mean (UPGMA) was 

used to construct dendrograms. The genetic diversity of E. faecalis population was 

examined by Shannon diversity index (H’) as described previously (9). To investigate the 

clustering of fingerprints, multivariate analysis of variance (MANOVA) and principle 

component analysis (PCA) were carried out. Lastly, Jaccard similarity coefficient (J) and 

Jackknife analysis were also carried out as described previously (9).  

2.3 Results 

2.3.1 Density of enterococci 

Enterococci were not detected in May 2010 at the DBC and the KS by the MF 

technique (detection limit 1 CFU / 2 g original sample). However, enterococci were 

ubiquitous in samples analyzed by the MPN technique. Enterococci were detected in 94% 

of samples, with concentrations ranging from 3 to 5.6 x 10
5
 MPN / 100 g sample (dry 

weight of sand, sediment, soil samples, and weight of water samples) (Figure 2.4). Even 

in upshore sand samples at the DBC where the moisture ranged from 0.3% to 4.5%, 14 

out of 15 samples (93%) contained enterococci, with concentrations ranging from 

2 x 10
1 

- 1.6 x 10
4
 MPN / 100 g oven-dried sample. Generally, the densities were greater 

when temperatures were higher. This is further supported by the positive correlations 

between enterococcal densities and sample temperatures in 2011 (Table 2.1).  

At the DBC, mean enterococcal densities, when examined over all months within 
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each year, were compared to generate an overview of the distribution of enterococci in 

different matrices. As shown in Figure 2.5, the mean densities in water and sediment 

samples in 2011 were significantly lower than those in other matrices. The comparisons 

of monthly enterococcal densities across different matrices showed that the nearshore 

sand samples harbored 7 - 87 times greater enterococci than water throughout the 

sampling period (P < 0.05). Moreover, the enterococcal density in water was positively 

correlated with those in shoreline sand samples (r = 0.62, p-value  = 0.007) and 

submerged sediment samples (r = 0.64, p-value  = 0.005), suggesting the bacteria might 

be transported between these three matrices.  

The enterococcal density varied between 7.5 x 10
1
 - 5.6 x 10

5
 MPN / 100 g oven-

dried sample at the KS site over the study period (Figure 2.4 C, KS5 and KS14). The data 

in 2010 showed no significant difference in overall enterococcal concentration between 

the KS5 samples and the KS14 samples (p > 0.05). In 2011, however, overall 

enterococcal density at the KS5 was significantly higher than that at the KS14 (p < 0.05). 

This is in part due to the fewer samples taken at the KS14. When monthly comparisons 

were carried out between the KS and the DBC, the overall mean enterococcal densities at 

the KS soils (combining the KS5 and the KS14) were higher than those at the DBC 

(combining sand and sediment samples) in July and August over the two years. 

Interestingly, the enterococcal density in the exclosure boxes at the KS14 first decreased 

below the detection limit (1.8 MPN / 10 gram original sample) in June 2011, then 

increased up to 3.7 x 10
3
 MPN / 100 g oven-dried samples as the temperature increased 

in August 2011 (Figure 2.4 C, KS14I-2011). 
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2.3.2 Diversity of Enterococcus species composition 

A total of 2,441 enterococcal isolates were analyzed for species based on PCR 

and biochemical analyses. The majority of the isolates (97.8%) could be assigned to one 

of the eight species: E. faecalis, E. faecium, E. casseliflavus, E. hirae, E. mundtii, E. 

gallinarum, E. durans, and E. avium. 

The most abundant species at the DBC were E. hirae, E. faecium, E. faecalis, and 

E. mundtii, with relative abundances of about 36.4%, 27.6%, 14.5%, and 12.0%, 

respectively, followed by E. durans, E. casseliflavus, E. gallinarum, and E. avium at 

5.7%, 1.3%, 0.2%, and 0.1%, respectively (Figure 2.6 A). Further analyses showed that 

Enterococcus spp. composition varied spatially (Table 2.2) and temporally (Figure 2.7 A). 

Generally, in water samples, E. faecium was the most abundant, followed by E. durans 

and E. hirae. In submerged sediment, shoreline and nearshore sand samples, E. hirae, E. 

feacium, and E. faecalis accounted for 75% to 98% for the majority of sampling events. 

Unlike other samples, the species composition in upshore sand samples was not very 

diverse. The most abundant species was either E. mundtii or E. hirae. 

In contrast to what was found at the DBC site, the dominant species at the KS 

include E. faecalis, E. mundtii, E. casseliflavus, and E. faecium, with relative abundance 

of 48.8%, 20.0%, 14.2%, and 10.8%, respectively, followed by E. hirae, E. avium, E. 

durans, and E. gallinarum at 2.8%, 0.5%, 0.3%, and 0.2%, respectively (Figure 2.6 B). In 

2010, the KS5 and KS14 sites had similar species composition with the greatest 

percentage of isolates being E. faecalis in July (Figure 2.7 C). However, the species 
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composition in 2011 dramatically changed: E. faecium, E. casseliflavus, and E. faecalis 

dominated the KS5 samples, while E. faecium and E. mundtii were primarily dominant at 

the KS14 site. In the exclosure boxes at the KS14, E. faecalis, E. casseliflavus, E. mundtii, 

and E. hirae were consistently isolated from July to September. 

2.3.3 Genetic diversity of E. faecalis in the Lake Superior watershed 

Over the 2-year period, 309 and 227 isolates from the DBC and KS sites, 

respectively, were subjected to HFERP DNA fingerprinting. Since the fingerprints of 

positive control strain E. faecalis OG1RF had a minimum similarity 95% over times 

(including PCR using DNA and colonies as templates) (Figure 2.8), fingerprints with 

≥ 95% similarity were regarded as the same genotype.  

The E. faecalis population was diverse in the Lake Superior watershed over the 2-

year period and was composed of unique isolates, groups of a few isolates, and large 

groups of clonal isolates (Figure 2.9). Of the 536 isolates examined, 148 genotypes were 

identified. Their similarity values ranged from 9.8% to 94.9%, with the majority of 

isolates being ≥ 60% similar to each other. The Shannon diversity index value was 4.08, 

suggesting a high-level diversity in the total population.  

The genetic diversity of E. faecalis population at the DBC site was greater than 

that at the KS site (Table 2.3). At the DBC site, 108 genotypes were identified from the 

309 isolates examined. Seven genotypes, each represented by more than 10 isolates, were 

represented by 125 isolates. However, the majority of DNA fingerprint patterns were 

unique. In contrast, 46 genotypes were detected from the 227 isolates obtained from the 
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KS samples. The Shannon diversity index of E. feacalis at the KS sites was 2.87 and 3.84 

at the DBC site. Further examination of the dendrogram generated from isolates at the KS 

site revealed that two large groups, accounting for 38% of isolates at the KS site, 

contained 52 and 34 isolates, respectively.  

The total population diversity was also examined by discriminant analyses. 

MANOVA and PCA were carried out on the DNA fingerprints of all E. faecalis isolates 

grouped by site and year. As shown in Figure 2.10, the population exhibited spatial and 

temporal variability, although there was some overlap due to the relative relatedness 

between different groups. This finding was further supported by Jackknife analysis 

(Table 2.4). At each group, 59.8% to 84.3% of fingerprints could be correctly assigned to 

their own groups based on maximum similarity. Moreover, Jaccard similarity value, 

ranging from 1.8% to 6.8%, suggested that only low percentages of genotypes were 

shared between different groups (Table 2.5). 

Since the exclosure boxes limited enterococci input from external sources, it was 

of interest to examine the genetic diversity of E. faecalis isolated in the exclosure boxes 

at the KS14 site (Figure 2.11). The population of E. faecalis in the exclosure boxes was 

relatively diverse. Seventeen genotypes with similarity value ranging from 49.0% to 92.5% 

were identified from 47 isolates. One large group contained 18 isolates that were 

collected in August 2011. No fingerprints appeared over multiple sampling events. 

Moreover, MANOVA showed that these isolates tended to be separate from other isolates 

at the KS site (Figure 2.12). Since the sample area in the exclosure box was likely 

disturbed in September 2011, MANOVA was also carried out without E. faecalis isolates 



 

31 

collected in the exclosure box in September 2011. Results in Figure 2.13 showed that the 

majority of E. faecalis isolates collected in July and August in the exclosure boxes were 

clearly different from the others, suggesting that the E. faecalis strains in the exclosure 

boxes were genetically distinct from the isolates collected in exposed samples at the KS. 

2.3.4 Recurrence of some E. faecalis fingerprints  

Further examination on the dendrogram showed that some E. faecalis DNA 

fingerprints occurred over multiple sampling events (≥ 2 sampling events) within each 

sampling site. For example, 1 out of 25 isolates from KS14 samples in July 2010, 21 out 

of 24 isolates from KS5 samples in August 2010, 21 of 25 from KS14 samples in August 

2010, 1 of 7 from KS5 samples in September 2010, and 8 of 10 from KS14 samples in 

September clustered together with similarity values ≥ 95% (Figure 2.14). These isolates 

were considered the same genotype or strain. In total, 12 strains obtained from the DBC 

site and 8 strains from the KS site recurred over multiple sampling times, accounting for 

25% and 52% of isolates collected at each site, respectively. The recurrence of these E. 

faecalis DNA fingerprints suggested that these strains might persist in the environment 

for a prolonged time, or they might be from the same sources with consistent input into 

the environments. Moreover, we also observed the occurrence of DNA fingerprints 

across different sample matrices within each site.  

When the recurrent isolates were pooled together, the two sites only shared one 

genotype. The genotype appeared once from different samples: nearshore sand and 

shoreline sand samples at the DBC site in August 2010, soil samples from the KS5 site in 
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June 2011, and soil samples in the exclosure box from the KS site in September 2011. 

These isolates might have been derived from the same ancestor. Overall, the recurrent 

strains were unique to each site. Moreover, MANOVA (Figure 2.15) showed that the 

majority of these isolates, especially these isolated from KS soils, clustered and separated 

from others, suggesting these isolates, at least some of them, possibly represent persistent 

isolates in the environment. 

Since the isolates in the exclosure boxes at the KS14 may also represent persistent 

isolates in the environment, we also examined the genetic relatedness between these 

isolates and the recurrent isolates at the KS. As Figure 2.16 B showed, the isolates 

collected in the exclosure boxes in July and August at the KS could be discriminated 

from the recurrent isolates and other isolates, suggesting they were genetically distinct. 

The majority of isolates overlapped with others were collected in September (Figure 2.16 

A), suggesting their appearance might be due to the contamination: the sand above the 

exclosure box went into the sampling area through windows, and runoff from rain event 

during sampling leaked into the sampling area. 

2.4 Discussion 

2.4.1 Density of enterococci 

Enterococci were ubiquitous in different sample matrices studied by the MPN 

analyses. The occurrence of enterococci in dry sand samples is consistent with previous 

research studies (17, 18, 112, 118), suggesting enterococci might be resistant to low 

moisture, or there was a consistent input of enterococci to this site. The possible reasons 
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we did not detect enterococci in May 2010 by using the MF technique were an 

enterococcal concentration that was below the detection limit or the use of an elevated 

incubation temperature that did not allow for the recovery of damaged cells. 

We also observed that the densities of enterococci were positively correlated with 

sample temperatures. This may be, at least partially, the reason why enterococcal 

concentrations in June 2010 at the DBC site were higher than those seen in June 2011. 

The mean air temperature on sampling day in June 2010 at the DBC site was 20.6 °C - 

higher than that in June 2011 (8.9 °C). In addition, other factors, such as nutrients and 

changes in enterococci sources, need to be considered in explaining the change of 

enterococcal densities over the study period. For example, grasses and sea grasses were 

observed at the KS and the DBC sites in summers, respectively. These plants may 

provide nutrients for these bacteria to grow in the environment. They may also be sources 

of enterococci. Previous research reported that enterococci could be isolated from plants 

and seaweed (6, 17, 86).  

The enterococcal densities in sand, sediment, and soil samples were also high. 

Based on the mass unit calculation, the enterococcal concentration in the majority of 

samples exceeded the standard of 33 CFU / 100 ml water as required by EPA. We would 

also expect exceedances if we express the enterococcal density as MPN /100 ml 

interstitial water, since the moisture of the majority of samples was below 50%. Monthly 

enterococcal densities showed that nearshore sand samples at the DBC site harbored 7 - 

87 times greater enterococci than those in water throughout the sampling period based on 

mass unit. The similar phenomenon was also observed at some Lake Huron beaches and 
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marine beaches (18, 112, 115). Compared with water, sand and soil provide relatively 

favorable environments for the bacteria to survive, including protecting the bacteria from 

sunlight inactivation, protozoan predation, and offering a range of surfaces for the 

bacteria to attach for obtaining nutrients (29, 32, 110). Considering our sampling time 

was at noon when water was exposed to strong sunlight, and water samples were taken 

from the top layer, lower enterococcal concentrations in water samples than those in sand 

samples were reasonable. If the occurrence of enterococci represents fecal contamination, 

as in the general hypothesis, then contact with sands and soils at the study sites may pose 

a risk to the public health. Heaney et al. (57) observed positive correlations between 

culturable enterococci in sand and risks of diseases (including GI illness and diarrhea) 

associated with exposure to sand at marine beaches. Moreover, these enterococci may 

grow in sands and soils subjected to wetting due to wave action or rain. Yamahara et al. 

(117, 119) observed the increase of culturable enterococci in both seeded and unseeded 

sand after wetting the sand in microcosms. 

In addition, the positive correlation of enterococcal densities between water, 

submerged sediment, and shoreline sand samples, together with the diverse Enterococcus 

spp. composition and co-occurrence of some E. faecalis fingerprints, suggested that 

enterococci could be transported across different matrices at the DBC site by external 

forces. Previous research reported seiche tides in Duluth-Superior Harbor could occur 

every several hours with amplitude ranging from 3 to 25 cm (66, 107). It is possible that 

seiche mixed the enterococci among shoreline sands, submerged sediments, and water. 

Considering that nearshore sand samples were wet throughout all sampling events, it 
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might also transport enterococci from nearshore sands into water. Previous research 

suggested that wave action (115, 118) and runoff from rain events (2, 49) could transport 

bacteria from sands or soils to adjacent water, elevating the level of fecal indicator 

bacteria in water and confounding the use of these bacteria as fecal indicators.  

2.4.2 Diversity of Enterococcus species composition 

Consistent with previous research (10, 46, 92), the abundant species identified in 

our study included E. hirae, E. faecalis, E. faecium, E. mundtii, and E. casseliflavus. E. 

faecalis and E. faecium, well known as the main causes of hospital-acquired infection, are 

the predominant Enterococcus species in the guts of humans and warm-blooded 

mammals (35, 111). E. hirae was mainly associated with animal feces (17, 20, 72). 

Yellow pigment enterococci, including E. casseliflavus and E. mundtii, were primarily 

considered to originate from plants, insects, and soils (88, 108). Thus, the species 

composition in our study suggested that the enterococci might have originated from 

human and some animal feces, and the environment. Moreover, the spatial and temporal 

dynamics of Enterococcus spp. composition suggested that there was a changing of 

enterococci sources and that environmental factors, such as seiche (discussed in 

Discussion 2.4.1) and runoff from rain events, alters Enterococcus spp. distribution. The 

percentage of E. faecalis in submerged sediment, shoreline and nearshore sand samples at 

the DBC were related to the precipitation 24 h before sampling (submerged sediments: 

r = 0.67, P = 0.02; shoreline sands: r = 0.55, P = 0.06; nearshore sands: r = -0.44, 

P = 0.12). This suggested that runoff from rain events might contain E. faecalis and 

runoff might transport E. faecalis from nearshore sands into water or into matrices having 
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contact with water. 

Interestingly, the percentage of E. faecalis was higher in summers than other 

sampling months in nearshore sand samples at the DBC for both years and in KS samples 

in 2010. It is possible that the growth of E. faecalis occurred after these bacteria were 

added to the environment, considering the permissible conditions in the summers. The air 

temperature at the sampling sites when sampling in July and August ranged from 18.8 ºC 

to 33.8 ºC. Moreover, nutrients introduced by lake water at the DBC site and possibly by 

grasses at the KS site might also favor the persistence and growth of these bacteria. 

There are a very low percentage of E. faecalis and a high percentage of E. 

faecium in water at the DBC site. This is in contrast to what previous researchers have 

reported in marine water in the United States (17, 46, 79) and in lake water in Russia (92). 

Moreover, the percentage of dominant species E. faecium decreased from June 2011, 

which was coincident with the use of high dose chlorination in the WLSSD from June to 

September 2011 (Tim Tuominen, WLSSD, personal communication). Moore and 

Laukova et al. (71, 84) reported that the most abundant species in sewage was E. faecium. 

To better understand the source of enterococci in water, further studies on the 

composition of Enterococcus spp. in effluent from sewage treatment facilities near the 

test site and application of source tracking techniques need to be carried out.  

The large shift of Enterococcus spp. composition at the KS in 2011 may have 

been partially due to the road construction and the higher level of precipitation in 2011 

compared to 2010 (Figure 2.17). The road construction raised the level of the road, which 
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might have blocked some runoff from the neighborhood near the sampling sites. The 

higher precipitation might introduce other sources of enterococci. For example, some 

yellow-pigmented enterococci, including E. casseliflavus and E. mundtii, were 

considered to associate with plants (86, 87, 108). Mundt (87) suggested that the gravity 

and rainfall might transport these enterococci on plants to the ground. At the KS14 in 

June and July 2011, E. mundtii were very abundant. There is a possibility that these E. 

mundtii originated from the grasses at the sampling areas. Moreover, in September 2011, 

runoff from a rain event was flowing through a recently installed drainage culvert into the 

KS5 sampling area, which might result in the high percentage of E. faecalis at the KS5 in 

September. E. faecium was isolated in the exclosure box at the KS14 in September 2011. 

There are two possibilities on its appearance: the first is that they appeared due to the 

contamination, since sands above the exclosure box entered the sampling area through 

windows; the second is that they appeared due to the heterogeneous character of 

microbial community in the environment.  

2.4.3 Genetic diversity of E. faecalis isolates  

The E. faecalis strains isolated in the Lake Superior watershed were genetically 

diverse, with a Shannon diversity index of 3.84 at the DBC and 2.87 at the KS site. 

Brownell et al. (2007) reported the Shannon diversity index of enterococci ranged from 

1.88 to 2.69 in raw sewage, pristine river water, storm water impacted sediments and 

water based on Rep-PCR using BOXA2R primer (19). Fuentefria et al. (48) reported that 

the Shannon diversity index was 3.0 for 55 enterococcal isolates obtained in the Gravatai 

River based on RFLP profile of 16S - 23S rDNA intergenic spacer region.  
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The discriminant analyses done here showed that the genetic diversity of all E. 

faecalis isolates was contributed by spatial and temporal changes, which is similar to 

previous study on E. coli (21). This finding is reasonable, since the DBC and the KS sites 

having different levels of public use are about 12,000 m apart, and enterococcal 

distribution was affected by multiple factors that change with time. The genetic diversity 

of the E. faecalis population in the Lake Superior watershed likely reflected the diverse 

sources that these E. faecalis derived from.  

2.4.4 Persistence of enterococci in the soil environment 

Enterococci have been reported to be able to persist in microcosms for a 

prolonged time (8, 45). The survival strategies have been suggested to include entering 

the VBNC state (58, 76) and biofilm formation (33, 47, 83). However, very little research 

has been done in situ without impacts from human and animal sources in the 

environments. Even though some abiotic and biotic factors that affect the survival of 

microbes could be simulated in microcosms, it is difficult to simulate the interactive 

impacts of abiotic and biotic factors that exist in the environments. Therefore, the in situ 

study of enterococci will provide more information on their capabilities to persist and 

survive in the environments.  

To test if enterococci can persist for a prolonged time, or even become 

“naturalized” (62) in soil environment, we covered the sampling area at the KS14 site to 

avoid the direct contamination from new external sources. We found the enterococcal 

densities in samples were below the detection limit in June after being covered in May 
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2011, but then increased up to 3.7 x 10
3
 MPN / 100 g oven-dried sample in August. 

Moreover, E. faecalis, E. casseliflavus, E. mundtii, and E. hirae were isolated in the 

exclosures at the KS14 over multiple sampling events. Since the sampling areas were 

covered, the isolates were likely independent of recent contamination events. The 

disappearance and reappearance of enterococci, and the inconsistent Enterococcus spp. 

composition in our study might be due to the heterogeneous character of microbial 

community in the soil environment.  

The persistence of enterococci in the environments was also supported by the 

presence of recurrent E. faecalis DNA fingerprints over multiple sampling events, 

especially those strains isolated at the KS site in 2010. There are very few human 

activities at the KS site, and there was not consistent precipitation before sampling in 

2010. This indicated that these isolates were not related to direct input from human feces 

and recent runoff from rain events. Some of these recurrent isolates were very abundant 

in samples at the KS site. For example, among 25 E. faecalis isolates collected at the 

KS14 site in August 2010, 21 isolates had the same fingerprint. These isolates collected 

at the KS site in 2010 were clustered and separated from other isolates by MANOVA 

(Figure 2.18). In addition, E. faecalis was the most dominant species at the KS in 2010. 

These results suggested that these enterococci might represent the population that could 

persist and grow after being added to the soil. In addition to 2010, we also found that 

some strains recurred over years. These strains were usually represented by less than 6 

isolates per genotype, and they contained isolates collected in September 2011, where the 

sampling areas were likely contaminated. Therefore, these isolates might not be persistent 
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ones. Taken together, my results suggested that enterococci, especially E. faecalis, were 

able to persist for a prolonged time, but might not become “naturalized” (62) in the 

environments examined.  
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2.6 Tables and figures 

 

Table 2.1 Summary of the Pearson product-moment correlation coefficients between the 

sample temperatures and the enterococcal densities obtained in 2011  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* indicates the correlation is significant (P<0.05). 

KS14I 2011 indicates the data in the exclosure boxes at the KS14 site. 

 

 

Correlation Coefficient (r) Tsample 

Sediment DBC-2011 0.64* 

Shoreline DBC-2011 0.90* 

Nearshore DBC-2011 0.62* 

Water DBC-2011 0.80* 

Upshore DBC-2011 0.30 

KS5 2011 0.59* 

KS14 2011 0.77* 

KS14I 2011 0.84* 
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Table 2.2 Relative Abundance (%) of Enterococcus spp. in the Lake Superior watershed 

n indicates the number of isolates, m indicates the number of samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DBC  KS 

 

Water 

(n=195, 

m=15) 

Sediment 

(n=394 

m=27) 

Shoreline 

(n=442, 

m=27) 

Nearshore 

(n=448, 

m=27) 

Upshore 

(n=236, 

m=15) 

 KS5 

(n=343, 

m=27) 

KS14 

(n=296, 

m=21) 

E. faecalis 2.6% 11.4% 10.4% 32.6% 3.0%  58.0% 38.2% 

E. faecium 54.9% 28.7% 30.8% 24.8% 3.0%  17.5% 3.0% 

E. hirae 18.0% 38.3% 45.9% 23.9% 54.2%  4.1% 1.4% 

E. mundtii 1.0% 11.2% 7.7% 8.7% 36.4%  2.6% 40.2% 

E. durans 19.0% 4.8% 2.7% 6.5% 0.4%  0.6% 0.0% 

E. casseliflavus 1.5% 2.5% 0.5% 0.7% 1.7%  15.5% 12.8% 

E. gallinarum 0.5% 0.0% 0.7% 0.0% 0.0%  0.3% 0.0% 

E. avium 0.0% 0.3% 0.2% 0.0% 0.0%  0.6% 0.3% 

Unknown  

Enterococcus 

spp. 2.6% 2.8% 1.1% 2.9% 1.3% 

 

0.9% 4.1% 
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Table 2.3 Summary of the genetic diversity of E. faecalis isolated from the Lake Superior 

watershed 

 

 

 

 

 

 

Table 2.4 Summary of Jackknife analysis on fingerprints of E. faecalis isolated from the 

Lake Superior watershed grouped by site and year  

 

 

 
Maximum Similarity 

 2010  2011 

 DBC KS DBC KS 

2010  
DBC 71.4 5.7 12.3 16.1 

KS 13.0 84.3 7.7 8.0 

2011  
DBC 13.6 7.1 72.9 16.1 

KS 1.9 2.9 7.1 59.8 

 

 

 

 

 

 

Table 2.5 Summary of percent similarity of genotypes grouped by site and year 

 

 

 

 

 

 

 

Jaccard similarity values were calculated by multiplying Jaccard similarity coefficient by 

100.   

 

 

  

Site 
Total No. of 

Isolates 

No. of 

Genotypes 
No. of Unique Genotype 

Shannon 

Diversity Index 

DBC 309 108 66 3.84 

KS 227 46 20 2.87 

 
Jaccard Similarity Value 

2010 DBC vs. 2011 DBC 1.8 

2010 KS vs. 2011 KS 4.3 

2010 DBC vs. 2010 KS 2.6 

2011 DBC vs. 2011 KS 6.8 
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Figure 2.1 Sampling sites in the Lake Superior watershed. 
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Figure 2.2 Sampling locations at each sampling site. (A) DBC; (B) KS (modified from 

Ishii et al. 2006). 

 

 

 

 

 

 

 

 

 

Figure 2.3 Dimensions of the exclosure boxes used in the study. 

 

A 

B 

 

50 cm 



 

46 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Enterococcal densities in the Lake Superior watershed. The densities and 

temperatures were shown as bar and scatter-line plots, respectively. Error bars represent 

standard errors. The same letter in bars indicates no significant difference (P>0.05). 
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BDL1 indicates that the enterococcal densities were below detection limit (1 CFU / 2 g 

original sample) by the MF technique. BDL2 indicates that the enterococcal densities 

were below detection limit (1.8 MPN / 10 g original sample) by the MPN technique. S5, 

submerged sediment samples at the DBC; SL, shoreline sand samples at the DBC; NS, 

nearshore sand samples at the DBC; US, upshore sand samples at the DBC; W, water 

samples at the DBC; KS5, soil samples located 5 m from the creek; KS14, soil samples 

located 14 m from the creek; KS14I, soil samples in the exclosure boxes located 14 m 

from the creek. The densities were based on dry weight for soil, sand, and sediment 

samples and original weight for water. The numbers (5, 6, 7, 8, and 9) in x-axis represent 

sampling months (May, June, July, August, and September). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Mean enterococcal densities in different matrices within each year at the DBC. 

The same letter in bars indicates no significant difference (P>0.05). 
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Figure 2.6 Compositions of Enterococcus species. (A) DBC; (B) KS. 

durans 
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Figure 2.7 Diversity of Enterococcus species composition in the Lake Super watershed. 

Legend: * indicates the number of isolates analyzed was less than 24; ND, no data 

available due to the fact that enterococcal densities were below detection limits; NA, data 

not accessible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Dendrogram generated from HFERP DNA fingerprints of the positive control 

strain E. faecalis OG1RF (using colony templates and DNA templates). 
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Figure 2.9 Partial dendrogram generated from the fingerprints of E. faecalis isolated from 

the Lake Superior watershed (cutoff value 85%, this value was randomly selected in 

order to display the dendrogram). The number next to a cluster indicates the number of 

isolates in that cluster. 
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Figure 2.10 Discriminant analyses of HFERP DNA fingerprints of all E. faecalis isolates 

grouped by site and year (A, MANOVA; B, PCA, in which the component type was set 

as discriminants with variance). ( ), ( ), ( ), and ( ) represent isolates collected at the 

DBC in 2010, isolates collected at the DBC in 2011, isolates collected at the KS in 2010, 
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and isolates collected at the KS in 2011, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Dendrogram generated from HFERP DNA fingerprints of E. faecalis 

collected in the exclosure boxes at the KS14 site. Annotation of the name of the isolate: 

2011 - JUL - KS14 - 04 - I indicates the isolate No. 04 was isolated in KS14I samples 

(in the exclosure boxes) in July 2011.   

Similarity (%) 
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Figure 2.12 MANOVA (accounting for variance) of HFERP DNA fingerprints of E. 

faecalis collected at the KS grouped by sampling location. ( ), ( ), and ( ) represent 

isolates collected at the KS14, isolates at the KS5, and isolates in the exclosure boxes at 

the KS14, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 MANOVA (accounting for variance) of HFERP DNA fingerprints of E. 

faecalis isolated at the KS without isolates collected in the exclosure box in September 

2011. ( ), ( ), and ( ) represent isolates collected at the KS14, isolates collected at the 

KS5, and isolates collected in the exclosure boxes at the KS14 (isolated collected in 

September 2011 were excluded), respectively. 
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Figure 2.14 Partial dendrogram generated from HFERP DNA fingerprints of E. faecalis 

isolates collected at the KS. Annotation of the name of the isolate: 2010 - AUG - KS14 -

 03 indicates the isolate No. 03 was isolated in KS14 samples in August 2010. 
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Figure 2.15 MANOVA of HFERP DNA fingerprints of all E. faecalis isolates grouped by 

frequency and site. ( ), ( ), ( ), and ( ) represent recurrent isolates at the KS, recurrent 

isolates at the DBC, isolates which only occurred in one sampling event at the DBC, and 

isolates which only occurred in one sampling event at the KS, respectively. 
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Figure 2.16 MANOVA (account for variance) of HFERP DNA fingerprints of E. faecalis 

isolated at the KS grouped by frequency and sampling location (A, isolates collected in 

the exclosure box in September 2011 were included; B, isolates collected in the exclosure 

box in September 2011 were excluded). ( ), ( ), and ( ) represent recurrent isolates 

isolated in samples exposed at the KS, isolates in the exclosure boxes at the KS14 , and 

isolates which occurred once in samples exposed at the KS, respectively. 
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Figure 2.17 Cumulative Precipitation 72 h before sampling at the KS. ( ) and ( ) 

indicate data in 2010 and 2011, respectively. 
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Figure 2.18 MANOVA of HFERP DNA fingerprints of E. faecalis grouped by frequency 

and site without recurrent isolates in 2011 at the KS. ( ), ( ), ( ), and ( ) represent 

recurrent isolates at the KS in 2010, recurrent isolates at the DBC, other isolates at the 

KS, and other isolates at the DBC, respectively. 
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Chapter 3 Conclusions and future directions 

3.1 Conclusions 

One of the main goals of my study was to examine the concentration and species 

diversity of cultivable enterococci in sands, sediments, water, and soils in a Lake 

Superior watershed. I found that enterococci were prevalent in all these matrices from 

May to September by using the MPN technique. Among these samples, sand, submerged 

sediment, and soil samples tended to harbor higher enterococcal concentrations than 

water did on a mass basis. Generally, the enterococcal densities increased as the sample 

temperatures increased. Overall, the composition of Enterococcus spp. varied across 

different matrices and changed over time, with the dominant species being: E. hirae, E. 

faecalis, E. faecium, E. mundtii, and E. casseliflavus, suggesting the possible inputs of 

environmental and fecal sources. The dynamics of Enterococcus spp. composition 

reflects the multiple effects of environmental factors on the distribution of enterococci at 

the study sites. 

Due to the strong capability of E. faecalis to survive and to grow in various harsh 

environments (44), other goals in my study included investigating the genetic diversity of 

E. faecalis isolates and addressing their potential persistence in the studied environments. 

Results showed that the genetic diversity of all E. faecalis isolates was high and was in 

part due to spatial and temporal changes. HFERP DNA fingerprint analyses also 

demonstrated that some E. faecalis were repeatedly isolated in soil samples at the KS site. 

These recurrent isolates in soil samples in 2010 could be discriminated from others. I also 

repeatedly isolated enterococci, including E. faecalis, E. casseliflavus, E. mundtii, and E. 
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hirae, inside the exclosure boxes at the KS site. Taken together, I conclude that some 

enterococci may persist in the soil environment, but likely did not become “naturalized” 

(62) in the environment examined. 

3.2 Future directions 

Due to the environmental and time limitations, I only examined cultivable 

enterococci from May to September over a 2-year period. Extending field sampling over 

more seasons is recommended in order to obtain a better picture of the changes of 

cultivable enterococci in these matrices. For instance, the cultivable enterococci density 

and species composition may be dramatically different in winter due to adverse 

conditions, such as low temperatures. In addition, investigating total enterococci, 

culturable enterococci and the viable but non-culturable enterococci should be carried out, 

which may provide some information on the fate of enterococci in the freshwater 

environments.   

In the study, enterococcal concentrations in water at the DBC were generally low, 

except those in July 25, 2011 when the concentrations exceeded EPA water quality 

standards. The enterococci data in August 24, 2012 did not violate the standard, even 

though E. coli concentration exceeded the standards on the sampling day (The Minnesota 

Lake Superior Beach Monitoring Program (MLSBP)). As discussed in Chapter 2, 

sunlight might be one of the main factors in controlling the enterococcal concentration in 

the water in our study. Since the sampling time was close to noon, the higher temperature 

and strong sunlight at noon may have affected the numbers detected in water. Thus, 

studies on relationships between enterococcal density and environmental conditions by an 
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intensive sampling within a single day may shed more insight on diurnal changes of 

enterococcal density in freshwater environments. Maraccini et al. (79) studied the 

variance of the composition of Enterococcus species with an intensive sampling strategy 

in marine water. Since sunlight inactivation is also dependent on the salinity (29), it is 

worthwhile to carry out a similar study at the DBC. Water microcosm studies on each 

species should be carried out to directly investigate the effect of sunlight on the 

composition of Enterococcus species in fresh water.  

Moreover, further examination on genotypes and phenotypes of isolates collected 

in water is recommended if these isolates exhibit lower decay rates than others in 

microcosms, which will uncover the mechanisms enterococci utilize to respond to the 

sunlight inactivation. The similar studies need to be carried out in dry sand to determine 

if desiccation is the main factor controlling Enterococcus spp. composition in dry sand at 

the DBC.  

Since enterococcal densities in sands and soils in our study were high and some of 

the species recovered were likely associated with human feces, I suggest assessing the 

public health risks of illnesses associated with exposure to the matrices examined in my 

studies. This could be done in four ways: 1) detecting the presence of pathogens at study 

sites; 2) carrying out epidemiological studies assessing the risks of contact with these 

matrices; 3) examining antibiotic resistance and the virulence genes of our isolates (70, 

98); and 4) introducing some environmental isolates to animal models to investigate the 

infection risks associated with the enterococcal isolates by using the method described 

previously (38). It is also interesting to determine if the environmental enterococci exist 
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as biofilm cells or free cells. This can be done by using high-resolution electron 

microscopy.  

The sources of enterococci found in my study remain elusive. Based on a previous 

report (61) and our results, possible sources at the DBC include vegetation, sewage 

effluent, animal’s feces, and storm runoff. Source tracking techniques should be 

developed and applied to examine the inputs of enterococci from these potential sources. 

Plants and vegetation at our study may indirectly contribute to the persistence of 

enterococci by providing nutrients. These plants and vegetation should be amended to 

microcosms to examine whether and how this vegetation favors the growth or survival of 

enterococci.  

Our results also suggested that some E. faecalis strains persisted and re-grew in 

the environments for a long time, especially in soils. HFERP DNA fingerprinting should 

also be used to examine if other species behave similarly to E. faecalis, especially E. 

mundtii, E hirae, E. casseliflavus, and E. faecium. The reason is that these four species 

were abundant and were isolated within the exclosure boxes at the KS site. To understand 

the factors affecting the survival of E. faecalis, studies on sterile and non-sterile 

soils/sands seeded with persistent isolates and isolates recovered within the exclosure 

boxes could be carried out at different conditions in microcosms, such as at different 

temperatures and different moisture. Strains can be marked with certain antibiotic 

resistance and released into the environment to examine the in situ persistence using the 

method described previously (63). In order to understand the survival strategies 

enterococci utilize in the environment, total enterococci, cultivable enterococci, the 
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viable but non-culturable enterococci, and biofilm-associated enterococci should be 

examined during the survival study. Transcriptomic and proteomic techniques should be 

utilized to examine how enterococci regulate their gene and protein expressions in 

response to environmental stresses. Since I only studied one “soil” (the KS) site and one 

“sand” (the DBC) site, more studies on enterococci present in soils and sands in 

freshwater environments should also be carried out to examine if enterococci become 

naturalized to other freshwater ecosystems. The persistence of enterococci in freshwater 

environments also needs to be compared with that of pathogens in order to obtain more 

information on whether enterococci are a good fecal indicator for fecal contamination in 

fresh water. 
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