
UCLA
UCLA Electronic Theses and Dissertations

Title
Genetic Characterization of Enterococcus in California Coastal Environments

Permalink
https://escholarship.org/uc/item/4631w823

Author
Ferguson, Donna Marie

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4631w823
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

Genetic Characterization of Enterococcus in California Coastal Environments 

 

 

A dissertation submitted in partial satisfaction of the 

Requirements for the degree Doctor of Philosophy 

in Environmental Health Sciences 

 

by  

 

Donna Marie Ferguson 

 

 

 

2014 

  



 

  



ii 
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Professor Jennifer Ayala Jay, Co-chair 

 

Enterococcus are used as fecal indicator bacteria used to assess the possible presence of 

fecal contamination of recreational waters.  Current enterococci laboratory methods do not 

distinguish between enterococci from fecal and non-fecal sources, confounding assessments of 

water quality assessment and efforts to identify and remediate fecal sources.  Moreover, the 

ability of enterococci to grow marine environments indicate that contributions from natural 

sources may further limit their use as fecal indicators.  Genetic characterization of enterococci 

from varied sources may reveal gene signatures that may distinguish fecal and nonfecal sources 

and also demonstrate enterococcal growth in marine habitats.  

In this study, the distribution of enterococcal virulence genes and antibiotic resistant 

determinants was examined among E. faecalis and E. faecium from varied coastal environments 
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and potential sources including humans, sewage, septage, animals, birds, seawrack, eelgrass and 

urban runoff.  DNA typing by pulsed-field gel electrophoresis was used to compare the genetic 

relatedness of E. faecalis strains and possible correspondence with virulence genes.  Other 

genomic typing methods including multi-locus sequence typing (MLST) and single nucleotide 

polymorphism typing (SNP) were used to infer strain relatedness and source origin and to 

identify clinically relevant enterococcal MLST sequence types (STs) of E. faecalis from coastal 

environments.   

The combined findings demonstrated that E. faecalis harbor higher frequencies of 

virulence genes as compared to E. faecium and that E. faecalis from the beach environment had a 

lower prevalence of virulence and antibiotic resistance genes relative to that of humans, animals 

and birds.  PFGE showed that high diversity of E. faecalis and some correspondence between 

clusters and the asa1 virulence gene.  MLST and SNP typing of beach strains identified STs 

shared with humans and animal strains that were not part of pathogenic clonal complexes.   The 

asa1 and cylA, genes associated with the E. faecalis pathogenicity island were found among 

beach, dog and bird strains suggesting that further studies are warranted to determine source 

origin, transmission and health implications to beach goers.  PFGE revealed the presence of 

clonal E. casseliflavus, E. hirae and E. faecalis isolates, suggesting that these species may be 

capable of growing on eelgrass washed up on beach sand. 
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CHAPTER 1 
 

 

Introduction, Hypothesis, Objectives  

and 

Description of Papers 1 
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Introduction 

Enterococcus are bacteria that dwell in the gastrointestinal tracts of humans and other animals 

and are also widely occurring in the environment (Byapanahalli et al., 2012a).  In 2000, the U.S. 

Environmental Protection Agency (USEPA) recommended using enterococci as fecal indicator 

bacteria to determine possible fecal contamination of marine waters based on epidemiology 

studies showing correlations between enterococci densities in water and swimmer related illness 

rates (USEPA 1986).  When enterococci levels violate water quality limits, warning signs are 

posted at beaches notifying the public of possible fecal contamination.  Water quality managers 

of beaches that continuously exceed enterococci standards may be required to conduct microbial 

source tracking (MST) studies to identify and mitigate source inputs to the beach such as leaking 

septic lines and urban runoff flows. MST studies involve using current enterococci methods to 

identify potential fecal sources.  Enterococci are not highly specific for indicating fecal pollution 

natural sources in the environment, such as plants and soil can serve as natural reservoirs (Mundt 

1961; Ott et al., 2001). Enterococci derived from non-fecal sources may be introduced to 

surrounding water bodies and lead to false assessments regarding water quality and human health 

risks.  Enterococci are detected in the absence of fecal contamination (Byapanahalli et al., 

2012b) and certain beaches continue to violate enterococci standards even after remediation, 

raising questions regarding the role of naturalized populations.   The ability of enterococci to 

persistence for weeks and even months in aquatic environments (Lleò et al., 2005) suggests that 

indigenous populations could confound assessments of fecal pollution (Weigand et al., 2014). 

Recent studies have shown that enterococci are capable of replicating in extra-intestinal 

environments including algae (Cladophora spp.) (Whitman et al., 2003), sea wrack 

(Macrocystis) (Imamura et al., 2011), beach sand (Yamahara et al., 2009) and soil 
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(Byappanahalli et al., 2012).  Enterococcal growth has not been assessed for other natural 

sources in the beach environment such as eelgrass and other types of aquatic vegetation in 

marine environments. 

Current laboratory methods that measure enterococci in water are culture based and do 

not discriminate between enterococci from fecal and non-fecal sources. Molecular methods 

based on genetic markers of enterococcal strains associated with human and animal fecal waste 

could be developed; however, there is little information regarding genetic differences among 

enterococci from varied sources and habitats. 

Previous studies comparing the genetic differences of bacteria that coexist in humans and 

the environment such as Aeromonas and Vibrio species reported that a combination of 

genotyping approaches provided further discrimination of strains as compared to using a single 

typing method (Danin-Poleg et al., 2007; Khajanchi et al., 2010). Genetic typing methods that 

have been more widely used include pulsed-field gel electrophoresis (PFGE), multi-locus 

sequence typing (MLST) and virulence gene profiling.  PFGE is a DNA fingerprinting technique 

that is based on comparing the patterns of DNA fragments of > 90% of the genome of bacteria 

and is best applied for assessing the clonal relatedness of bacterial strains.  MLST is based on 

comparing differences among housekeeping genes; however, housekeeping genes are not highly 

diversified and may exhibit limited sequence variation (Sabat et al., 2013). 

Distinguishing enterococci based on their gene content may reveal some insight on their 

virulence potential. Enterococci have longed been believed to be harmless.  Increased use of 

glycopeptide antibiotics such as vancomycin in clinical settings and avoparcin in agriculture 

(mainly in European countries) in the 1970’s led to the emergence of antibiotic resistance strains 

among humans and animals (Arias and Murray 2012; Hammerum 2012).  A low prevalence of 
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antibiotic resistant enterococci has been detected at beaches in California and elsewhere 

suggesting that beach visitors may be exposed to potentially virulent strains (Choi et al., 2003; 

Novias et al., 2005; Roberts et al, 2009; Moore et al., 2008).  E. faecalis and E. faecium are 

among the leading causes of hospital acquired infections including bacteremia, endocarditis and 

urinary tract infections (Fisher and Philips 2009).  Clinical strains among these species that have 

acquired mobile genetic elements coding for virulence traits have been identified in hospitals, 

food and animals worldwide (Hammerum 2012). 

Combining genomic typing methods with virulence gene analysis may serve a dual 

purpose in characterizing enterococcal strains and providing further insight on the virulence 

potential of enterococci at the beach environment, which has not been previously examined.   

Hypothesis  

A combination of genomic methods can be applied to assess the genetic differences between 

enterococci from humans, animals and beach environment to gain further information that could 

be used to assess potential sources and develop more specific testing methods.   

Objectives 

1:   To compare the genetic diversity of E. faecalis strains from the beach environment, potential 

sources and clinical specimens in California using pulsed-field gel electrophoresis (PFGE), 

multi-locus sequence typing (MLST), single nucleotide polymorphism (SNP) combined with 

assessing the distribution of genes coding for antibiotic resistance and virulence factors. 

2:  Apply PFGE to assess Enterococcus growth on eelgrass (washed up on beach sand) as a 

natural reservoir. 
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Description of Papers 

This dissertation is consists of four papers, each comprising a chapter of the thesis that 

addresses these objectives.  The first paper (Chapter 2) is entitled:  “Virulence genes among E. 

faecalis and E. faecium isolated from coastal beaches and potential sources in southern 

California and Puerto Rico”.  The objective of this paper was to compare the distribution of 

virulence genes among E. faecalis and E. faecium from beaches and potential sources at two 

different geographic locations.  The second paper (Chapter 3) is entitled:  “Virulence factors and 

pulsed-field gel electrophoresis diversity of Enterococcus faecalis from humans, animals and 

beach environment in California”, expands upon the virulence gene work described in Chapter 2 

using PFGE to compare the genetic diversity E. faecalis strains based on source and frequency of 

virulence genes. The third paper (Chapter 4) is entitled:   “Comparison of Enterococcus faecalis 

isolates from beach environment, humans and non-humans:  MLST, SNP, virulence and 

antibiotic resistance”.  The first two papers involved analyzing genetic data generated from 

laboratory experiments.  The third paper describes in silico comparative analysis of sequence 

data in publicly available databases and involved comparing MLST, SNP, virulence and 

antibiotic resistance genes among 14 E. faecalis beach strains from California and 33 available 

E. faecalis genomes that included human, nonhuman and pathogenic strains.  The fourth paper 

(Chapter 5) is entitled:  “Enterococcus growth on eelgrass (Zostera marina) at Mission Bay, 

California” describes the investigation of Enterococcus growth on eelgrass based on the densities 

of enterococci, species diversity and clonality of strains using PFGE analysis.  
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Abstract 

Enterococcus faecalis and E. faecium harboring virulence genes are among the leading causes of 

nosocomial infections worldwide.  Humans, animals and food are known to harbor strains with 

virulent strains; however, the presence of virulence genes among enterococci at coastal beaches 

has not been examined.  The aim of this study was to use multiplex PCR to compare the 

distribution of virulence genes (esp, gelE, cylA, asa1 and hyl) among E. faecalis and E. faecium 

isolated from beaches in southern California and Puerto Rico with that of potential sources of 

enterococci. All five virulence genes were found among E. faecalis and E. faecium from the 

beach, particularly among E. faecalis. GelE was the most common virulence gene detected 

among beach strains. The lower incidence of asa1, esp, cylA and hyl genes indicate that these 

virulence genes may not be as widely disseminated among strains in coastal habitats. The 

presence of asa1 and esp among E. faecalis from dogs and birds (mostly seagull) suggests that 

they may also serve as reservoirs.  These findings could lead to further insights regarding 

environmental reservoirs of potentially virulent strains and the clinical significance of putative 

virulence genes among enterococci in this habitat.   
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Introduction 

Enterococcus that reside in the intestinal tracts of humans are considered to be commensal or 

harmless.  However, E. faecalis and E. faecium can acquire antibiotic resistance genes and 

virulent traits from other strains that may enhance their ability to cause urinary tract infections, 

abdominal and wound infections, endocarditis and bacteremia, particularly among hospitalized 

patients (Murray et al., 1990; Willems and van Schaik 2009). Early studies determined that most 

of these infections were due to E. faecalis (Jett et al., 1994), however  E. faecium is now ranked 

among the third most common cause of nosocomial, i.e., hospital-acquired infections (Arias et 

al., 2009).   

In the past decades, comparative genomic studies have identified putative virulence 

factors that may enable commensal strains to become pathogenic (Gilmore et al., 1990; Murray 

et al., 1990; Shankar et al., 1999).  Virulence genes can be carried by non-pathogenic E. faecalis 

and E. faecium strains that occur in food, animals and the environment (Coque et al., 2002; Rice 

et al., 2003; Creti et al., 2004; Fisher and Phillips 2009; Hammerum 2012).  Current studies are 

focused on investigating other mediators of virulence and the role of host-enterococci 

interactions (refs); however, no studies have examined the prevalence of virulence genes gelE 

(gelatinase), asa1 (aggregation substance), esp (Enterococcal surface protein), cylA (cytolysin 

activator) and hyl (hyaluronidase) among enterococci at coastal beaches. This information could 

lead to further insight regarding the dissemination and significance of putative virulence genes 

among environmental strains.  

E. faecalis and E. faecium are among the most commonly found species of enterococci 

present in recreational waters (Bonilla et al., 2006; Badgley et al., 2010; Ferguson et al., 2013; 

Ran et al., 2013). Enterococci can be introduced to beach water from humans, wastewater, 
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animals, birds, vegetation and sediment (Byappanahalli et al., 2012). In Puerto Rico, recreational 

waters are susceptible to fecal pollution from storm runoff that may be contaminated with 

septage.  In southern California, urban runoff is a major non-point source contributor of 

enterococci to beaches (Noble et al., 2003; Reeves et al, 2004).  Recent studies have shown that 

beach sand and wrack (macroalgae on beach sand) may serve as natural reservoirs of enterococci  

(Yamahara et al., 2009; Imamura et al., 2011).   

The aim of this present study was to determine the distribution of enterococcal virulence 

genes (esp, gelE, cylA, asa1 and hyl) among E. faecalis and E. faecium obtained from beach 

water and potential source inputs in southern California and Puerto Rico.  The distribution of 

virulence genes found in beach strains was also compared with that of isolates obtained from 

human specimens (clinical and non-clinical). 

Materials and Methods 
 
Sources of E. faecalis and E. faecium isolates 
 
Southern California.  A total of 170 Enterococcus (91 E. faecalis and 79 E. faecium) isolates 

were screened for putative enterococcal virulence genes (Table 1).  The environmental isolates 

were randomly selected from a collection of strains obtained from previous studies including 

beach water, eelgrass, wrack, sand and birds (mostly seagull) from 5 beaches (Big Sycamore, 

Cabrillo, Doheny, San Mateo and Leo Carillo); urban runoff (creek or storm drain runoff 

upstream of beaches); beach sand, wrack (mainly Macrocystis pyrifera); eelgrass (Zostera 

marina) and bird (mostly seagull) stools on beach sand from the intertidal zone.  Sewage influent 

(untreated waste) and effluent were collected from 4 wastewater treatment plants (WWTPs) 

(Encina Wastewater Authority (EWA), Joint Water Pollution Control Plant of the Los Angeles 

County Sanitation District (JWPCP), Orange County Sanitation District (OCSD), South Orange 
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County Wastewater Authority (SOCWA)). All of the WWTPs use activated sludge secondary 

treatment processes; JWPCP and OCSD were also using bleach disinfection when enterococci 

isolates were collected for this study.  Human (non-clinical) strains of E. faecalis and E. faecium 

were isolated from urine and fecal samples from 18 healthy (non-hospitalized) individuals.  Ten 

E. faecium isolates identified as vancomycin resistant enterococci (VRE), 5 clinical strains of E. 

faecium (non-VRE) and 10 E. faecalis isolated from rectal swabs (3), urine (1), blood (1), 

abscess (1), ascites (2) vagina (1), and joint (1) were provided by Orange County Public Health 

Laboratory (OCPHL).    

Puerto Rico:  A total of 241 Enterococcus (174 E. faecalis and 73 E. faecium) isolates from 

Puerto Rico were analyzed (Table 2).  Enterococcal isolates from beach water were obtained 

from 2 beaches, El mani and Guanajibo, located on the western coast of Puerto Rico.  Human 

(non-clinical) enterococcal strains were isolated from fresh fecal samples from nine healthy 

individuals.  Clinical enterococcal strains were isolated from urine specimens and identified to 

species level by a local hospital in Mayagüez.  Six septage samples were obtained from 

individual houses or from septic tank trucks after emptying individual family tanks, all in the 

west coast of PR. 

Isolation and Identification of Enterococci 

Southern California:  Enterococcal isolates from all samples (except for clinical specimens) 

were obtained using mEI agar and identified to species level using the Vitek II (bioMérieux) plus 

additional biochemical tests and pigment and motility as per Ferguson et al., (2005).  Clinical 

strains were isolated by OCPHL using TSA with 5% sheep’s blood; presumptive enterococcal 

colonies were gram-stained and identified using MicroScan (Siemens Healthcare) and/or API 

Strep 20 (bioMérieux).  Up to 3 isolates per sample identified as E. faecalis and E. faecium were 
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randomly selected for virulence gene analysis.  Species identification of 8 different isolates 

obtained using biochemical methods was also confirmed by 16S rRNA sequencing conducted at 

GenoSeq, University of California Los Angeles.  

Puerto Rico: Enterococcal isolates from all samples (except for clinical specimens) were 

obtained using mE agar. All isolates were divided into four groups based on pigmentation and 

motility. Pigmentation was determined by eye using a white cotton swab to pick up a colony 

grown overnight on brain heart infusion (BHI agar). The isolates were identified to the genus 

level by corroborating growth of individual isolates in BHI with 6.5% NaCl, growth at 45˚C, 

esculin hydrolysis using bile esculin agar, catalase test, and by PCR amplifying the Tuf gene (Ke 

et al., 1999). The species level identification was done by a double digestion of the PCR product 

of the ATP synthase α subunit gene in combination with a restriction fragment length 

polymorphism (RFLP) assay (manuscript in preparation).  Clinical strains were obtained from a 

local hospital. The strains were isolated from urine samples using TSA with 5% sheep’s blood; 

presumptive enterococcal colonies were gram-stained and identified using a MicroScan system 

(Siemens Health Care).  Up to 12 isolates each of E. faecalis or E. faecium were randomly 

selected per sample for virulence gene analysis 

DNA extraction 

Southern California and Puerto Rico:  E. faecalis and E. faecium strains were cultured 

overnight at 37°C in BHI broth and harvested by centrifugation (13,000 RPM for 5 min).  The 

cells were washed 3 times in TE buffer and resuspended in 200 ul 1X TE (10mM Tris-HCl; 

1mM EDTA, pH 8.0) and lysed by heating at 95°C for 10 min.  The lysed cells were transferred 

to tubes with glass beads subjected to bead beating for 5 minutes and centrifuged as before.   
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Multiplex PCR for the detection of Enterococcal virulence genes 

Total DNA extracted from all isolates obtained from California and Puerto Rico were screened 

for enterococcal virulence genes (gelE, asa1, esp, cylA and hyl) using multiplex PCR primers 

(Table 3) and method developed previously by Vankerckhoven et al. (2004) but with the 

following modifications:  we used Promega Flexi Taq DNA polymerase instead of Hot-StarTaq 

DNA polymerase in the master mix; the initial activation step was done at 95°C for 3 min, 

followed by 35 cycles of denaturation (95°C for 30 sec), annealing (49.5°C for 30 sec), extension 

(72°C for 2 min) and 1 cycle of elongation at 72°C for 10 minutes. Each set of primers has a 

characteristic product size to differentiate within the five virulence genes (asa1 at 375bp, gelE at 

213bp, cylA at 688bp, esp at 510bp and hyl at 276bp). PCR product obtained by the Puerto Rico 

laboratory were confirmed by 1.8% agarose-gel electrophoresis (90v, 2.5 hrs), stained with 

ethidium bromide, and visualized by UV transillumination (VersaDoc MP 4000).  In southern 

California, PCR products were visualized using the FlashGel®(Lonza) system.  2 µl of extracted 

DNA was diluted in 2 µl FashGel® loading dye and inserted into 12 + 1 cassette wells. A 50 bp 

– 1.5kb DNA ladder (Lonza) was used as a molecular size marker. FlashGels were run at 150V 

for up to 13 minutes. Each PCR run included a no-template control; the positive control strain 

used for gelE, esp, asa1 and cylA was E. faecalis MMH594 kindly donated by N. Shankar, 

Department of Medicinal Chemistry and Pharmaceutics, University of Oklahoma Health 

Sciences Center, Oklahoma City (Shankar et al., 1999). 

Results 

A total of 170 E. faecalis and E. faecium isolates from southern California (SC) and 247 isolates 

from Puerto Rico (PR), representative of environmental, human and animal sources, were 

analyzed for enterococcal virulence genes gelE, asa1, esp, cylA and hyl.  
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Distribution of enterococcal virulence genes among E. faecalis by source 

In beach water, gelE was the most abundant enterococcal virulence gene found, detected among 

100% and 98.1% of E. faecalis isolates from SC and PR, respectively (Table 4).  Asa1 and esp 

were more abundant (44.4% and 11.1%, respectively) among E. faecalis isolates from PR as 

compared to SC (12.5% and 0%, respectively).   

Human non-clinical E. faecalis isolates from both study locations carried 4 virulence 

genes.  GelE was found in all E. faecalis isolates.  Asa1, esp, cylA were more abundant (100%, 

40.0% and 60.6%, respectively) among PR isolates as compared to SC (66.7%, 33.3% and 

13.3%, respectively). The incidence of these 3 virulence genes was also higher among human 

isolates from SC (12.5%, 0% and 12.5%, respectively) and PR (44.4%, 11.1% and 32.7%) as 

compared to beach isolates.  

As for human clinical specimens, E. faecalis from SC had a higher incidence of gelE, 

asa1 and cylA (90%, 90% and 70%, respectively) as compared to isolates from PR (71.4%, 

50.0% and 19%, respectively).  Esp was found in similar percentages (SC = 30.0% and PR = 

33.3%) among clinical isolates.  The relative abundance of gelE, asa1 and esp among clinical 

isolates was similar to that of non-clinical isolates from humans.   

E. faecalis isolates from sewage influent obtained in SC contained gelE (50%), asa1 

(50%), esp (16.7%) and cylA (16.7%).  GelE was the only enterococcal virulence gene detected 

among E. faecalis from sewage effluent and septage (83.3% and 21%, respectively).  

The distribution of virulence genes among E. faecalis isolated from urban runoff was 

similar to that of beaches, and lower overall as compared to humans, dogs and birds. E. faecalis 

isolates from urban runoff carried mostly gelE (70%), followed by asa1 (10%) and esp (5%).  
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GelE, asa1 and esp were found among 85.7%, 42.9% and 28.6%, respectively of dog isolates.  

GelE and asa1 were detected among 100% and 55.5%, respectively of bird isolates.   

GelE and asa1 were detected in E. faecalis isolates from wrack (100% and 20%, 

respectively) and gelE was the only virulence gene found among eelgrass isolates (80%). 

Distribution of enterococcal virulence genes among E. faecium by source 

No enterococcal virulence genes were detected in E. faecium isolates from beach water samples 

obtained in SC (Table 5).  Beach water isolates from PR carried low percentages of gelE and 

asa1 (37.5% and 25%, respectively).   

The esp gene was the only enterococcal virulence gene found among human (clinical and 

non-clinical) isolates of E. faecium from both SC and PR.  Esp was rare among E. faecium 

human non-clinical isolates from SC (12.5%) and not detected among isolates from PR; 

however, higher frequencies were found among clinical isolates from CA and PR (83.3% and 

72.7%, respectively).  Ten additional clinical isolates of E. faecium from SC that were identified 

as vancomycin resistant strains by OCPHL were positive for the esp (80%) and hyl (10%) genes.    

Enterococcal virulence genes were rare among E. faecium from sewage (influent and 

effluent); one isolate from sewage effluent was positive for gelE.  None of the 5 virulence genes 

were detected among E. faecium isolates (N=26) from septage. 

GelE was the only enterococcal virulence gene found among E. faecium isolates from 

urban runoff (50%) and eelgrass (33%).  No virulence genes were detected among E. faecium 

isolates obtained from dog stools, wrack and beach sand.   

Discussion 

Previous studies suggest that further examination of E. faecalis and E. faecium from varied hosts 

and habitats is needed to understand the public health significance of virulence genes among 
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“non-infectious” strains. Enterococci at beaches have been shown to harbor antibiotic resistant 

genes (Choi et al., 2003; Novias et al., 2005; Roberts et al, 2009; Moore et al., 2008; Rathnayake 

et al., 2011).  Further, E. faecalis and E. faecium isolated from marine environments are capable 

of transferring antibiotic resistant genes (Di Cesare et al.  2013). E. faecalis and E. faecium are 

also capable of transferring pathogencity islands containing a number of virulence genes to 

commensal strains (Coburn et al., 2007; Manson et al., 2010).   

The exact role of how Enterococcal virulence genes mediate human infections is still 

being elucidated. Infections may begin with virulent strains in the intestinal tract colonizing to 

high densities and spreading to other sites in the body, such as the urinary tract (Mundy et al., 

2000).  The presence of virulent strains among E. faecalis and E. faecium alone is not predictive 

of infection as there may be other mediators of pathogenicity that have yet to be elucidated (Kim 

and Marco 2013).  Further, host factors may play a role enterococci establishing infection.  

Predisposing medical conditions, immune status and exposure to antibiotics have been associated 

with increased risk for infections due to enterococci (Arias and Murray 2012).    

Putative virulence genes have also been found among “non-infectious” E. faecalis and E. 

faecium in humans in the community, animals and food.  Moreover, the virulence genes 

examined in this study are also known enhance the ability of enterococci to survive and colonize 

alternative gastrointestinal tract niches (McBride et al., 2007). Thus, the public health 

significance of “non-infectious” enterococci harboring virulence strains is still under debate 

(Hammerum et al., 2012).  

In our study, gelE was the most frequently detected and widely distributed virulence gene 

among E. faecalis strains, which is consistent with previous studies (Creti et al., 2004; Abriouel 

et al., 2008; Ahmet et al., 2012).  We also found asa1 (aggregation substance) and cylA 
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(cytolysin activator) genes among our E. faecalis beach strains, indicating that these strains may 

have acquired plasmids.  Aggregation substance is encoded on a sex pheromone plasmid and 

mediates aggregation between bacteria, enabling the transfer of plasmids (Süßmuth et al., 2000).   

Cytolysin genes can be carried on a plasmid or occur on the bacterial chromosome (Biendo et al., 

2010).  Asa1 and cyl genes have been associated with the pathogenicity island of E. faecalis, first 

identified in the genome of multidrug resistant E. faecalis strain MMH594 (Upadhyaya et al., 

2011; Manson et al., 2010).  It is not known whether the plasmids found among our strains were 

acquired from bacteria in the beach environment. 

We observed differences in the distribution of virulence genes among E. faecalis strains 

from both study locations.  Among clinical strains, E. faecalis from SC had a higher incidence of 

asa1 and cylA (90% and 70%, respectively) as compared to PR (50% and 19%, respectively).  

This difference may be reflective of the types of specimens analyzed.  Whereas in SC E. faecalis 

was isolated from rectal swabs, urine, blood, abscess, ascites, vagina, and joint, clinical isolates 

from PR were obtained from urine specimens.  

No virulence genes were detected among E. faecium isolated from beach water in SC, 

humans (non-clinical) in PR, sewage influent, septage, urban runoff, dogs, sand and wrack. The 

low incidence of virulence genes among E. faecalis and E. faecium in septage may reflect 

selection bias due to selective pressures associated with septic tanks or acquisition of virulences 

genes from other bacteria in beach water.  Low detection of virulence genes may have also been 

due to low isolation rates of E. faecium from eelgrass, sewage influent and dog samples, limiting 

the number of isolates that could be analyzed in this study.  Also, E. faecium or E. faecalis were 

rare or not detected in composite fecal samples from horses, goats and pigs from PR, which is 

consistent with studies showing the low prevalence of these species in livestock (Franz et al., 



19 
 
 

1999; Kuhn et al., 2003; Han et al., 2011).  Enterococci from bird isolates from PR were not 

analyzed since birds were rarely observed at the study beaches. 

The higher incidence of asa1 and esp among E. faecalis strains in dogs and birds (mostly 

seagull) from SC suggest that these animals may be important reservoirs of strains that could 

potentially be transferred to humans.  Previous studies investigating animals as potential sources 

have also identified gelE, asa1, esp and cylA among fecal E. faecalis isolated from dogs at 

veterinary hospitals (Ghosh et al., 2011; Kwon et al., 2012), poultry (Poeta et al., 2006) ducks 

and wild geese (Han et al., 2012).   

At both study locations, a higher prevalence of virulence genes overall was found among 

E. faecalis as compared to E. faecium.  Among both species groups, virulence genes were less 

abundant among beach strains as compared to compared to human (clinical and non-clinical) 

isolates.  These findings are consistent with a similar study conducted in Australia (Rathnayake 

et al., 2012).   

Conclusion 

Our study findings showed that E. faecalis and E. faecium strains from beaches in SC and PR 

harbored virulence genes but in lower prevalence overall, as compared to human (clinical and 

non-clinical) strains. The low incidence of asa1, esp and cylA in E. faecalis and E. faecium from 

beach environment indicate that these virulence genes may not be widely disseminated among 

strains in this ecological habitat.  The incidence of these virulence genes in E. faecalis strains 

from dogs and birds warrant further studies to determine human exposure risks associated with 

virulent strains of potential clinical significance. Future surveys should include beaches with 

different source inputs and populations of enterococci.   

 



20 
 
 

Acknowledgments 

We thank the laboratory staff at the University of Puerto Rico Mayaguez Department of Biology.  

Special thanks to Dr. Nathan Shankar for providing E. faecalis strain MMH594 and Orange 

County Public Health Laboratory for providing clinical strains.    

References 

Abriouel, K., Omar, N.B., Molinos, A.C., López, R.L., Grande Ma.J., Martínez-Viedma, P., 
Ortega, E, Caňamero, M.M., and Galvez, A. 2008. Comparative analysis of genetic diversity and 
incidence of virulence factors and antibiotic resistance among enterococcal populations from raw 
fruit and vegetable foods, water and soil, and clinical samples. Int. J. Food Microbiol. 123:38-49.  
 
Ahmed, W., Sidhu, J.P.S., and Toze, S. 2012. Speciation and frequency of virulence genes of 
Enterococcus spp. isolated from rainwater tank samples in southeast Queensland, Australia. Env. 
Sci. Tech. 46:6843-6850. 
 
Arias, C.A., Panesso, D., Singh, K.V., Rice, L.B. and Murray, B.E. 2009. Cotransfer of antibiotic 
resistance genes and a hylEfm containing virulence plasmid in Enterococcus faecium. Antimicrob. 
Agents Chemother. 53:4240-4246. 
 
Arias C.A. and Murray, B.E.  2012. The rise of the Enterococcus:  beyond vancomycin 
resistance. Nature Rev. 10:266-278. 
 
Badgley, B.D., Thomas, F.I.M., and Harwood, V.J. 2010. The effects of submerged aquatic 
vegetation on the persistence of environmental populations of Enterococcus species. Environ. 
Microbiol. 12:1271-1281. 
 
Biendo M., Adjide, C., Castelain, S., Belmekki, M., Rousseau, F., Slama, M., Ganry, O., Schmit, 
J.L., and Eb., F. 2010. Int. J. Microbiol. http://dx.doi.org/10.1155/2010/150464. 
 
Byappanahalli, M.N., Nevers, M.B., Korjkic, A., Staley Z.R., and Harwood, V.J. 2012. 
Enterococci in the environment. Microbiol. Mol. Biol. Rev. 76:685-706. 
 
Choi, S., Chu, W., Brown, J., Becker, S.J., Harwood, V.J. and, S.C. Jiang, S.C. 2003. 
Application of enterococci antibiotic resistance patterns for contamination source identification 
at Huntington Beach, California. Mar. Pollut. Bull. 46:748-55.  
 
Coburn P.S., Baghdayan A.S., Dolan G.T., and Shankar N. 2007. Horizontal transfer of virulence 
genes encoded on the Enterococcus faecalis pathogenicity island. Mol. Microbiol. 63:530-44. 
 

http://dx.doi.org/10.1155/2010/150464
http://www.ncbi.nlm.nih.gov/pubmed?term=Coburn%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=17163979
http://www.ncbi.nlm.nih.gov/pubmed?term=Baghdayan%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=17163979
http://www.ncbi.nlm.nih.gov/pubmed?term=Dolan%20GT%5BAuthor%5D&cauthor=true&cauthor_uid=17163979
http://www.ncbi.nlm.nih.gov/pubmed?term=Shankar%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17163979
http://www.ncbi.nlm.nih.gov/pubmed/17163979


21 
 
 

Coque T.M., Willems R., and Canton R.  2002. High occurrence of esp among ampicillin-
resistant and vancomycin-susceptible Enterococcus faecium clones from hospitalized patients. J 
Antimicrob. Chemother. 50:1035-8. 
 
Creti, R., Imperi, M., Bertuccini, L., Fabretti, F., Orefici, G., Di Rosa R., and L. Badassarri.  
2004.  Survey for virulence determinants among Enterococcus faecalis isolated from different 
sources.  J. Med. Microbiol. 53:13-20. 
 
Di Cesare, A., Pasquaroli, S. Vignaroli, C., Paroncini, P., Luna G. M, Manso, E. and Biavasco, 
F. 2013. The marine environment as a reservoir of enterococci carrying resistance and virulence 
genes strongly associated with clinical strains. Env. Microbiol. Rpts. Doi:10.1111/1758-
2229.12125. 
 
Eaton T.J. and Gasson M.J. 2001. Molecular screening of Enterococcus virulence determinants 
and potential for genetic exchange between food and medical isolates. Appl. Environ. Microbiol. 
67:1628–1635. 

Ferguson, D.M., Moore, D.F., Getrich, M.A., and Zhowandai M.H. 2005. Enumeration and 
speciation of enterococci found in marine and intertidal sediments and coastal water in southern 
California. J. Appl. Microbiol. 99:598-608.  

Ferguson, D.M., Griffith, J.F. McGee, C.D., Weisberg, S.B., and Hagedorn, C. 2013. 
Comparison of Enterococcus species diversity in marine water and wastewater using Enterolert 
and EPA method 1600.  J. Env. Pub. Hlth. Htt;://dx.doi.org/10.1155/2013/848049. 
 
Fisher, K. and C. Phillips. 2009.  The ecology, epidemiology and virulence of Enterococcus.  
Microbiol. 155:1749-1757. 
 
Franz, C.M.A.P., Holzapfel, W.H., and Stiles, M.E. 1999. Enterococci at the crossroads of food 
safety? Int. J. Food Microbiol. 47:1-24. 

Gilmore M.S., Coburn, P.S., Nallapareddy, S.R., and Murray, B.E. 2002. Enterococcus 
virulence. In The Enterococci:  pathogenesis, molecular biology, and antibiotic resistance.  Ed. 
Gilmore, M.S., Clewell, D.B., Courvalin, P., Dunny, G.M., Murray, B.E. and Rice, L.B. p. 325.  

Hammerum, A.M. 2012. Enterococci of animal origin and their significance for public health. 
Clin. Microbiol. Inf. 18:619-625. 

Han, D., Unno, T., Jang, J., Lim, K., Lee, S-N., Ko, G., Sadowsky, M.J., and Hur, H-G. 2011.  
The occurrence of virulence traits among high-level aminoglycosides resistant Enterococcus 
isolates obtained from feces of humans, animals, and birds in South Korea. Int. J. Food 
Microbiol. 144:387-392. 



22 
 
 

Imamura, G.J., Thompson, R.S. A.B. Boehm, A.B. and Jay, J.A. 2011. Wrack promotes the 
persistence of fecal indicator bacteria in marine sands and seawater. FEMS Microbiol. Ecol. 
77:40-49. 
 
Jett, B.D., Huycke, M.M., and Gilmore M.S. 1994. Virulence of enterococci. Clin. Microbiol. 
Rev. 7: 462–478.  
 
Ke, D., Picard, F.J., Marinueau, F., Menard, C., Roy, P.H., Ouellette, M., and Bregeron, M.G. 
1999. Development of a PCR assay for rapid detection of enterococci. J. Clin. Microbiol. 
37:3497-3503. 
 
Kim, E.B. and M.L. Marco. 2013. Non-clinical and clinical Enterococcus faecium but not 
Enterococcus faecalis have distinct structural and functional genomic features.  Appl. Environ. 
Microbiol. 80:154-165. 
 
Kuhn, I., Burman, A., Olsson-Liljequist, B., Franklin, A., Finn, M., Aarestrup, F., Seyfarth, 
A.M., Blanch, A.R., Vilanova, X., Taylor, H., Caplin, J., Moreno, M.A., Dominguez, L., 
Herrero, I.A., and Mollby, R., 2003. Comparison of enterococcal populations in animals, 
humans, and the environment-a Eruopean study. Int. J. Food Microbiol. 88:133-145. 
  
Kwon, K.H., Hwang, S. Y., Moon, B.Y., Park, Y.K., Shin, S., Hwang, C-Y., and Park, Y.H.  
2012. Occurrence of antimicrobial resistance and virulence genes, and distribution of 
enterococcal clonal complex 17 from animals and human beings in Korea. J. Vet. Diagn. Invest. 
5:924-931. 
 
Manson, J.M., Hancock, L.E. and Gilmore, M.S. 2010.  Mechanism of chromosomal transfer of 
Enterococcus faecalis pathogenicity island, capsule, antimicrobial resistance, and other traits. 
Proc. Natl. Acad. Sci. USA. 27:12669-12274.  

McBride S.M., Fischetti V.A., Le Blanc, D.J., Moellering Jr., and Gilmore M.S. 2007. Genetic 
diversity among Enterococcus faecalis. PLoS ONE: e583. Doi:10.1371/journal.pone.0000582. 

Moore, D.F., Guzman, J.A., and McGee, C. 2008. Species distribution and antimicrobial 
resistance of enterococci isolated from the surface and ocean water.  J. Appl. Microbiol. 
105:1017-1025. 

Mundy, L.M., Sahm, D.F., and Gilmore, M.S.  2000. Relationships between enterococcal 
virulence and antimicrobial resistance. Clin. Microbiol. Rev. 13:513-522. 

Murray BE. 1990. The life and times of the Enterococcus. Clin. Microbiol. Rev. 3:46-65. 

Noble, R.T., S.B. Weisberg, M.K. Leecaster, C.D. McGee, J.H. Dorsey, P. Vainik, and V. 
Orozco-Borbón. 2003. Storm effects on regional beach water quality along the southern 
California shoreline. J. Wat. Hlth. 1:23-31.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Huycke%20MM%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gilmore%20MS%5Bauth%5D


23 
 
 

Novais, C., T.M. Coque, H. Ferreira, J. C. Sousa and L. Peixe. 2005. Environmental 
contamination with vancomycin-resistant enterococci from hospital sewage in Portugal. Appl. 
Environ. Microbiol. 71:3364-3368. 

Poeta, P., Costa, D. Rodrigues, J., and Torres, C. 2006. Detection of genes encoding virulence 
factors and bacteriocins in fecal enterococci of poultry in Portugal. Avian Dis. 50:64-68. 

Rathnayake, I.U., Hargreaves, M. and Huygens, F. 2011. SNP diversity of Enterococcus faecalis 
and Enterococcus faecium in a South East Queensland waterway, Australia, and associated 
antibiotic resistance gene profiles.  BMC Microbiology 11:201. 
 
Rathnayake, I.U., Hargreaves, M. and Huygens, F. 2012. Antibiotic resistance and virulence 
traits in clinical and environmental Enterococcus faecalis and Enterococcus faecium isolates. 
Syst. Appl. Microbiol. 35:326-333. 
 
Reeves, R.L., Grant, S.B., Mrse, R.D., Copil Oancea C.M., Sanders, B.F., and Boehm, A.B. 
2004. Scaling and management of fecal indicator bacteria in runoff from a coastal urban 
watershed in southern California. Environ. Sci. Technol. 38:2637-2648. 
 
Rice, L. B., Carias, L., Rudin, S., Vael, C., Goossens, H., Konstabel, C., Klare, I., Nallapareddy, 
S.R., Huang, W., and Murray, B.E. 2003. A potential virulence gene, hylEfm, predominates in 
Enterococcus faecium of clinical origin. J. Infect. Dis. 187:508-512. 
 
Roberts, M.C., Soge, O.O., Giardino, M.A., Mazengia, E., Ma, G., and Mescheke, J.S. 2009. 
Vancomycin-resistant Enterococcus spp. in marine environments from the West Coast of the 
USA.  J. Appl. Microbiol. 107:300-307. 

Shankar V., Baghdayan, A.S., Huycke. M.M., Lindahl, G., and Gilmore, M.S. 1999. Infection-
derived Enterococcus faecalis strains are enriched in esp, a gene encoding a novel surface 
protein. Infect. Immun. 67:193–200. 

Süßmuth, S.D., Muscholl-Silberhorn, A., Wirth R., Susa, M., Marre R., and Rozdzinski, E. 2000. 
Aggregation substance promotes adherence, phagocytosis, and intracellular survival of 
Enterococcus faecalis within human macrophages and suppresses respiratory burst. Inf. Immun. 
58:4900-4906. 

Vankerckhoven, V., Van Autgaerden, T., Vael, C., Lammens, C., Chapelle, S., Rossi, R., Jabes, 
D., and Goossens, H. 2004. Development of a multiplex PCR for the detection of asa1, gelE, 
cylA, esp, and hyl genes in enterococci and survey for virulence determinants among European 
hospital isolates of Enterococcus faecium. J. Clin. Microbiol. 2:4473-4479. 
 
Upadhyaya G.P., Lingadevaru U.B., Lingegowda R.K. 2011. Comparative study among clinical 
and commensal ioslates of Enterococcus faecalis for presence of esp gene and biofilm 
production. J. Infect. Dev. Ctries. 5:365-369. 
 



24 
 
 

Willems, R.J.L. and van Schaik, W.  2009.  Transition of Enterococcus faecium from commensal 
organism to nosocomial pathogen. Fut. Microbiol. 4:1125-1135.  
 
Yamahara, K.M., Walters S.P. and Boehm, A.B. 2009. Growth of enterococci in unaltered, 
unseeded sands subjected to tidal wetting.  Appl. Environ. Microbiol. 75:1517-1524. 
 
 
  



25 
 
 

Table 1.  Sources of E. faecalis and E. faecium isolated from southern California 
 

Beach water 5 5 8 10 18 
Urban runoff 10 5 20 8 28 
Sand 5 5 0 5 5 
Seawrack 5 1 5 5 10 
Eelgrass 7 1 5 3 8 
Human, healthy  18 NA 15 8 23 
Human, clinical 10 Unk 10 5 15 
Vancomycin resistant 
enterococci Unk Unk 0 10 10 
Wastewater influent 4 4 6 3 9 
Wastewater effluent 5 2 6 11 17 
Dogs 7 7 7 3 10 
Birds 16 2 9 8 17 
Total 92 

 
91 79 170 

      
 
NA = Not applicable 
Unk=unknown 

 

 

 

Table 2.  Sources of E. faecalis and E. faecium isolated from Puerto Rico 

Source No. 
Samples 

No. 
Sites 

No. Isolates Total No. 
Isolates E. faecalis E. faecium 

Beach water 9 2 108 32 140 
Human, healthy 9 1 5 4 9 
Human, clinical 53 1 42 11 53 
Septage 6 6 19 26 45 
Total 77 

 
174 73 247 

 
  

Source No. 
Samples 

No. 
Sites 

No. Isolates Total 
No. 

Isolates 
E. 

faecalis 
E. 

faecium 
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Table 3.  PCR primers used to detect virulence genes 

Gene Oligonucleotide sequence (5’ to 3’) Product size 
(bp) 

gelE F: TATGACAATGCTTTTTGGGAT 213 

 R: AGATGCACCCGAAATAATATA  

asa1 F:  GCACGCTATTACGAACTATGA 375 

 R:  TAAGAAAGAACATCACCAGGA  

esp F:  AGATTTCATCTTTGATTCTTGG 510 

 R:  AATTGATTCTTTAGCATCTGG  

cylA F:  ACTCGGGGATTGATAGGC 688 

 R:  GCTGCTAAAGCTGCGCTT  

hyl F:  ACAGAAGAGCTGCAGGAAATG 276 

 R:  GACTGACGTCCAAGTTTCCAA  
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Table 4.  Distribution of virulence factor genes among E. faecalis isolates from southern 
California (SC) and Puerto Rico (PR)  
 

 % (no.) of isolates for the following virulence factor genes: 
Source (no.) of 
isolates gelE asa1 esp cylA hyl none 

SC Beach water  (8) 100.0% (8) 12.5% (1) 0.0% (0) 12.5% (1) 0.0% (0) 0.0% (0) 

PR Beach water (108) 98.1% (106) 44.4% (48) 11.1% (12) 3.3% (3) 0.0% (0) 19.4% (21) 

SC Human, non-clinical (15) 100.0% (15) 66.7% (10) 33.3% (5) 13.3% (2) 0.0% (0) 0.0% (0) 

PR Human, non-clinical (5) 100.0% (5) 100.0% (5) 40.0% (2) 60.0% (3) 0.0% (0) 44.4% (2) 

SC Human, clinical  (10) 90.0% (9) 90.0% (9) 30.0% (3) 70.0% (7) 0.0% (0) 10.0% (1) 

PR Human, clinical (42) 71.4% (30) 50.0% (21) 33.3% (14) 19.0% (8) 0.0% (0) 7.1% (3) 

SC Sewage influent (6) 50.0% (3) 50.0% (3) 16.7% (1) 16.7% (1) 0.0% (0) 33.3% (2) 

SC Sewage effluent (6) 83.3% (5) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 16.7% (1) 

PR Septage (19) 21.0% (4) 5.3% (1) 0.0% (0) 5.3% (1) 5.3% (1) 73.7% (14) 

SC Urban runoff (20) 70.0% (14) 10.0% (2) 5.0% (1) 0.0% (0) 0.0% (0) 30.0% (6) 

SC Dog (7) 85.7% (6) 42.9% (3) 28.6% (2) 0.0% (0) 0.0% (0) 0.0% (0) 

SC Bird (9)  100.0% (9) 55.5% (5) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 

SC Wrack  (5) 100.0% (5) 20.0% (1) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 

SC Eelgrass (5)  80.0% (4) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 20.0% (1) 
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Table 5.  Distribution of virulence factor genes among E. faecium isolates from southern 
California (SC) and Puerto Rico (PR)  
 
   % (no.) of isolates for the following virulence factor genes: 
Source (no.) of isolates gelE asa1 esp cylA hyl none 
SC Beach water (10) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (1) 

PR Beach water (32) 37.5% (12) 25.0% (8) 0.0% (0) 0.0% (0) 0.0% (0) 62.5% (20) 

SC Human, non-clinical (8) 0.0% (0) 0.0% (0) 12.5% (1) 0.0% (0) 0.0% (0) 87.5% (7) 

PR Human, non-clinical (4) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (4) 

SC Human, clinical (5) 0.0% (0) 0.0% (0) 83.3% (4) 0.0% (0) 0.0% (0) 16.7% (1) 

PR Human, clinical (11) 0.0% (0) 0.0% (0) 72.7% (8) 0.0% (0) 0.0% (0) 0.0% (0) 

SC Vancomycin resistant ent. (10) 0.0% (0) 0.0% (0) 80.0% (8) 0.0% (0) 10.0% (1) 10.0% (1) 

SC Sewage influent (3) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (3) 

SC Sewage effluent (11) 9.1% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 90.9% (10) 

PR Septage (26) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (26) 

SC Urban runoff (8) 50.0% (4) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 50.0% (4) 

SC Dog (3) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (3) 

SC Bird (8) 0.0% (0) 0.0% (0) 37.5% (3) 0.0% (0) 0.0% (0) 62.5% (5) 

SC Wrack (5) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (5) 

SC Eelgrass (3) 33.0% (1) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 67.0% (2) 

SC Sand (5) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 100% (5) 

 

 

 

Fig. 1  Multiplex PCR of E. faecalis and E. faecium.  Lane 1, ladder (50 bp-1.5Kb); lane 2, E. faecalis (bird 
stool); lane 3, E. faecalis (bird stool); lane 4, E. faecium (urban runoff); lane 5, negative control; lane 6, E. 
faecalis MMH594 (positive control). 
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Abstract. Characterizing the genetic relatedness of Enterococcus faecalis strains and 

occurrence of virulence genes could lead to further insight regarding the ecology and sources of 

these bacteria to beach water. We compared the pulsed-field gel electrophoresis (PFGE) patterns 

and distribution of virulence genes gelE, asa1, esp and cylA among 52 E. faecalis isolates from 

human clinical and non-clinical specimens, animals and beach environments. PFGE typing 

showed that most human clinical, animal and environmental isolates were not clonally related.  

63% of non-clinical human isolates from different individuals fell into a single group and had 

PFGE types that were >73% in similarity. The highest incidence of virulence traits (3 to 4 

virulence genes) was found among clinical E. faecalis isolates (88%), followed by non-clinical 
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human (37%) and sewage effluent (33%) strains.  There was no association between the presence 

of virulence genes with distinct PFGE types. The presence of asa1 and cylA, genes encoding 

virulence factors associated with pathogenic E. faecalis strains were found among isolates from 

beach water, wrack and seagulls indicating that further studies are warranted to examine 

potential health implications. 
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Introduction 

Enterococcus are important members of the gastrointestinal tracts of humans and animals and are 

widely occurring in the environment (Byapanahalli et al., 2012).  Enterococci are also used as 

fecal indicator bacteria to monitor fecal pollution of waterbodies used for recreational purposes, 

but these bacteria can occur in the absence of fecal contamination (Roberts et al., 2009).  Studies 

have shown that enterococci can persist for weeks in marine sediment, beach sand and aquatic 

vegetation (Whitman et al., 2003; Yamahara et al., 2007; Badgley et al., 2010; Imamura et al., 

2011).  These findings have led to questions as to whether enterococci in recreational waters 

represent naturalized populations from the surrounding environment versus strains introduced 

from fecal contamination (Byapanahalli et al., 2012).  Enterococci associated with human fecal 

contamination would be more indicative of human health risks due to the possible presence of 

pathogens in human fecal waste (Ashbolt et al., 2010).  Knowledge regarding the genetic 

differences between human associated and environmental enterococci is sparse. 

E. faecalis is the most dominant enterococcal species in the human intestinal tract and has 

also been shown to harbor more virulence genes including gelE, asa1, esp, and cylA (encoding 

for gelatinase, aggregation substance, enterococcal surface protein and cytolysin activator, 

respectively) associated with pathogenic strains as compared to other enterococcal species 

(Fisher and Phillips 2009). E. faecalis from human clinical specimens generally harbor more of 

these genes as compared to strains from non-hospitalized individuals and the environment 

(Coque, et al., 1995; Franz et al., 2003; Creti et al., 2004; Fisher and Phillips 2009).   

Previous studies have investigated cattle, swine, poultry, wild birds and food as reservoirs 

of potentially virulent E. faecalis strains (Franz et al., 2003; Poeta et al., 2006; Han et al., 2011; 

Ahmed et al. 2012); however similar knowledge is lacking regarding enterococci present at 
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beach environments and potential sources of these bacteria including sewage, urban runoff, 

seagulls, dogs and beach wrack (various seaweed washed up onshore).  

In this present study we compared the genetic diversity of E. faecalis strains from varied 

sources using PFGE combined with virulence gene typing to assess the relatedness of E. faecalis 

from human, animal and environmental strains. Determining the strain relatedness and 

distribution of virulence genes may provide additional insight on potential sources and health 

implications related to E. faecalis strains in the beach environment. 

 

Materials and Methods 

E. faecalis isolates.  A total of 52 E. faecalis isolates including 16 human and 36 environmental 

strains from 44 samples obtained in California were examined in this study (Table 1).  Eight 

human clinical strains of E. faecalis were obtained from Orange County Public Health 

Laboratory in Santa Ana, California.  These clinical strains had been previously isolated from 

abscesses, blood, rectal swabs, urine and vagina from mostly hospitalized patients. The health 

status of the hospitalized patients is not known.  Eight human non-clinical strains were isolated 

from urine and stool samples collected from 8 different healthy, non-hospitalized individuals.  

Environmental strains included a collection of isolates from samples obtained from previous 

studies including sewage influent (untreated sewage), sewage effluent, beach water, beach 

wrack, urban runoff and stools from dogs and birds.  Beach water was collected at ankle depth 

from Doheny, Moonlight and Cabrillo beaches. Beach wrack (mostly Macrocystis pyrifera) 

washed up on beach sand at Doheny Beach.  The top portion of wrack was collected to avoid 

contact with beach sand. Urban runoff consisted of flows from San Juan Creek, Cottonwood 

Creek and a storm drain in La Jolla.  Dog stools were obtained from 4 different pets. Bird 
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(mostly seagull) stools were collected from Moonlight Beach.  Sewage samples were obtained 

from three different wastewater treatment plants (WWTP): South Orange County Wastewater 

Authority, (WWTP1), Orange County Sanitation District (WWTP2) and Encina Wastewater 

Authority (WWTP3).  WWTP1 and WWTP2 use activated sludge as secondary treatment.  

Secondary treated sewage effluent from WWTP2 also underwent bleach disinfection when the 

study samples were collected. 

Enterococci from environmental samples were isolated using mEI agar and identified to 

species level using the Vitek II (bioMérieux) plus additional biochemical tests as described 

previously (Ferguson et al., 2013).  Only one to two isolates identified as E. faecalis were 

randomly selected from each sample (except for bird stools) for virulence gene and PFGE 

analysis. Multiple isolates were selected from the bird stool sample, which was a composite of 5-

7 bird droppings. 

 

DNA Extraction. E. faecalis strains were cultured overnight at 37°C in BHI broth and harvested 

by centrifugation (13,000 RPM for 5 min).  The cells were washed 3 times in TE buffer, 

resuspended in 200 ul 1X TE (10mM Tris-HCl; 1mM EDTA, pH 8.0) and lysed by heating at 

95°C for 10 min.  The lysed cells were transferred to tubes with glass beads subjected to bead 

beating for 5 min. and centrifuged as described above.   

Multiplex PCR. Putative enterococcal virulence genes gelE, esp, asa1, and cylA were identified 

by multiplex PCR using the primers (shown in Table 2) and method described by 

Vankerckhoven et al. (2004) but with the following modifications: Hot-StarTaq DNA 

polymerase was substituted with Promega Flexi Taq DNA polymerase and the initial activation 
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step was done at 95°C for 3 min, followed by 35 cycles of denaturation (95°C for 30 sec), 

annealing (49.5°C for 30 sec), extension (72°C for 2 min) and 1 cycle of elongation at 72°C for 

10 minutes.  

PCR products were visualized using the FlashGel®(Lonza) system.  2 µl of extracted 

DNA was diluted in 2 µl FashGel® loading dye and inserted into 12 + 1 cassette wells. A 50 bp 

– 1.5kb DNA ladder (Lonza) was used as a molecular size marker. FlashGels were run at 150V 

for up to 13 min.  

Each PCR run included a no-template control; the positive control strain used for gelE, 

esp, asa1 and cylA was E. faecalis MMH594 (donated by N. Shankar, Department of Medicinal 

Chemistry and Pharmaceutics, University of Oklahoma Health Sciences Center, Oklahoma City) 

(Shankar et al., 1999). 

Hemolysin activity. E. faecalis strains that were positive for cylA were assessed for hemolysin 

activity using TSA with 5% sheep blood agar, incubated at 37°C for 24h and examined for ß-

hemolysis, indicated as a zone of clearing around the colonies. 

Pulsed-field gel electrophoresis (PFGE). Genetic diversity of the 52 E. faecalis isolates was 

investigated by PFGE using a modification of the CDC PulseNet 1-day PFGE protocol for gram 

positive bacteria (CDC 2012).  Briefly, a standardized suspension of each isolate was made in 

Tris-EDTA (TE) and pre-lysed with lysozyme (20mg/mL) for 30 min.   The DNA was embedded 

in agar plugs made with 1% Seakem Gold Agarose (Lonza, Rockland, ME).  The DNA 

embedded agar plug was lysed with cell lysis buffer (6mM Tris-HCl, 1M NaCl, 100mM EDTA, 

0.5% Brij-58, 0.2% sodium deoxycholate, 0.5% Sarcosyl) and proteinase K (20mg/mL).  The 

plugs were washed twice with type I, mili-Q, water and 4 times with 1X Tris-EDTA and a 1 mm 
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slice of the plug was restricted with SmaI at RT for 2h.  Restriction fragments were separated 

using the CHEF DR III system (Bio-Rad Laboratories, Irvine, CA). DNA fragments migration 

was normalized using E. faecalis OG1RF). After 19h, DNA banding patterns were evaluated by 

visual analysis followed by computer analysis using FPQuest (Bio-Rad) software.  Cluster 

analysis was based on similarity levels calculated by the Dice coefficient and clustering was 

achieved by the unweighted-pair group method (UPGMA) with arithmetic averages. Isolates 

with PFGE patterns that were 100% similar were considered “indistinguishable” if their 

restriction patterns had the same number of bands and the corresponding bands were of the same 

apparent size.  Isolates with patterns that were 85% to 99% similar were considered “closely 

related”. 

 

Results  

PFGE.  PFGE typing of 52 E. faecalis isolates revealed high intraspecific diversity among 

strains from human (clinical and non-clinical) and environmental samples (Fig. 1). Forty-seven 

isolates had unique PFGE patterns and 34 (65%) of isolates had PFGE patterns that were < 70% 

similar.  There were two major clusters consisting of isolates from multiple sources. The 

majority of E. faecalis isolates from clinical, beach water, sewage and urban runoff and all wrack 

and dog isolates fell into cluster I.   

Most human non-clinical and all bird isolates were resolved into cluster II. Notably, five 

of eight human non-clinical isolates in cluster II fell into a single subcluster (circled in red) and 

had PFGE patterns that were ≥ 73.7% or greater in similarity.  This subcluster also included one 
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isolate from bird stool (06-MB-BS-15) that was 93.8% similar to a human non-clinical fecal 

isolate (HH 3-1).  

There were two groups of isolates with PFGE patterns that were 100% similar; these 

included two dog stool isolates (MR1Dog and MR2Dog) from the same dog stool sample and 

three bird stool isolates (02 MB BS 7, 02 MB BS 18, 02 MB BS 17) from the same bird stool 

sample.  

 

Occurrence of virulence genes.   The gene-specific PCR products for gelE, asa1, esp and cylA 

were observed for E. faecalis control strain MMH594 (Fig. 2). Of 52 E. faecalis isolates 

examined, gelE was found in 88% of isolates followed by asa1 (56%), esp (13%) and cylA 

(19%) (Table 3).  Among environmental E. faecalis isolates, strains from sewage influent had the 

lowest frequency of virulence genes; gelE was the only virulence gene detected, present in 20% 

of isolates (Table 3). Isolates from sewage effluent harbored gelE (67%), asa1 (67%) and cylA 

(33%). Beach water isolates were also positive for gelE (83%), asa1 (17%) and cylA (17%).  

There was no statistical difference between the occurrence of asa1 and cylA among E. faecalis 

isolates from beach water as compared to human (clinical and clinical) strains. Beach wrack 

isolates were positive for gelE (100%) and asa1 (50%). Urban runoff isolates carried gelE 

(100%) asa1 (14%) and esp (14%). Dog stool isolates were positive for gelE (100%) asa1 (33%) 

and esp (17%). Bird stool isolates harbored gelE (100%) and asa1 (80%). Human clinical E. 

faecalis isolates had the highest prevalence of virulence genes, followed by non-human clinical 

and environmental strains. All sixteen human clinical and non-clinical isolates were positive for 

gelE and asa1. Six of eight (75%) clinical isolates harbored three virulence genes and five of 

eight (63%) non-clinical isolates carried two virulence genes (Table 4). 
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Hemolysin activity. None of the ten (six clinical, two non-clinical and two environmental) E. 

faecalis isolates that harbored cylA showed β-hemolytic activity (i.e. lysed red blood cells) on 

TSA with 5% sheep blood. 

 

Correspondence between PFGE patterns and virulence gene profiles. E. faecalis strains with 

highly similar or indistinguishable PFGE patterns also shared similar virulence genes. These 

included the previously mentioned dog isolates that were 100% similar and positive for gelE; 

two or three bird isolates that were also 100% similar, positive for gelE and asa1; and, a bird and 

one human isolate that were 93.8% similar, also positive for gelE and asa1. There was no 

correspondence between PFGE strain type and virulence profile among unrelated E. faecalis 

strains.  There was a higher distribution of the asa1 gene among E. faecalis isolates grouped in 

cluster I (83%) as compared to strains in cluster II (38%) (Fig. 1). 

 

Statistical analysis.  Fisher’s exact test was used to compare the distribution of asa1 and cylA 

among E. faecalis strains from beach water and human clinical and non-clinical samples.  

 

Discussion 

Of the E. faecalis virulence factors studied, cytolysin contributes more to infection toxicity (Van 

Tyne et al., 2013).  Cytolysin, also known as hemolysin, is a bacterial toxin that kills bacteria and 

ruptures red blood cells from humans.  In this study, cylA was found among six clinical E. 

faecalis isolates, two non-clinical, one sewage effluent and one beach isolate.  The presence cylA 

in E. faecalis from non-hospitalized individuals was interesting, suggesting that this gene may be 
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widely distributed (Creti et al., 2004). The low incidence of cytolysin among environmental 

enterococci found in our study is similar to previous surveys of well water (Creti et al., 2004), 

rainwater tank water (Ahmed et al., 2012) and marine sediment (Vignaroli et al., 2013). The cylA 

gene was not found among E. faecalis isolates from dogs; however, in one study 22.3% of strains 

from dogs at a veterinary clinic harbored this gene (Gosh et al., 2011).  

The human health implications associated with E. faecalis harboring cylA is not known. 

One study showed that the cytolytic phenotype was common among E. faecalis strains associated 

with causing multiple infections in hospitals and 17% of stool specimens from healthy 

individuals (Ike et al., 1987).  

None of the cylA isolates from our study produced ß-hemolysis on TSA with 5% sheep 

blood; however, cytolysin activity may vary depending on activation by quorum sensing among 

enterococci (Ghosh et al., 2011).  Also, detection of hemolysis may differ according to the type 

of blood in media as well as the incubation times (Ike et al., 1987; Semedo et al., 2003).   

With the exception of a few human, bird and dog isolates, PFGE typing of E. faecalis 

isolates showed that most isolates were unique with 65% of isolates identified with PFGE 

patterns that were < 70% similar.  The high diversity of E. faecalis found in this study has also 

been reported by others (Dicuonzo et al., 2001; McBride et al., 2007; Castillo-Rojas et al., 2013). 

One E. faecalis isolate from bird (seagull) stool was closely related to a human non-clinical 

isolate that also shared the same virulence gene profile.  To our knowledge, previous studies 

have not compared the genetic relatedness of E. faecalis from seagulls and humans.  Since 

seagulls feed on trash and fecal waste, it is possible that bird may serve as mechanical vectors of 

bacterial strains found in food, animals and humans.  
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Finding the same virulence gene profiles among E. faecalis with indistinguishable PFGE 

patterns added further confirmation regarding the clonality of these strains. Two dog stool 

isolates from the same sample that were clonal also had identical virulence gene profiles.  

However, one of three clonal bird stool isolates from the same sample lacked asa1.  The reason 

for this discrepancy is uncertain.   

To our knowledge, this is the first study to examine E. faecalis strains from human, 

animal and beach environment using PFGE in combination with virulence gene analysis. Our 

study had low numbers of samples and isolates; thus, analyzing additional isolates from healthy 

humans, beach water and potential sources are needed to further validate the combined approach. 

Including phenotypic testing to assess the expression of virulence genes, including production of 

biofilm and gelatinase, may confirm the lack of or inactivation of these genes. Future studies 

comparing the sequences of E. faecalis virulence genes may improve the ability to discriminate 

strains based on source origin. Allelic analysis for virulence genes may allow further separation 

of E. faecalis strains. 

Virulence gene profiling showed that E. faecalis isolates from the beach had a lower 

incidence overall in virulence genes as compared to human clinical strains; however, the 

presence of asa1 and cylA among strains from beach water, wrack and seagulls suggests 

horizontal transfer of these plasmid associated genes from potentially virulent strains.  Further 

studies are warranted to examine possible health implications associated with human exposure to 

potentially virulent E. faecalis strains at beach environments. 
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TABLE 1.  Number of E. faecalis isolates per source. 

 

Source No. samples No. isolates per sample Total no. isolates 

Human Clinical:    

Abscess 3 1 3 

Blood 1 1 1 

Rectal swab 2 1 2 

Urine 1 1 1 

Vagina 1 1 1 

Human Non-Clinical:  1  

Urine 6 1 6 

Stool 2 1 2 

Sewage Influent 4 1-2 5 

Sewage Effluent 3 1 3 

Beach Water 6 1 6 

Beach Wrack 3 1-2 4 

Urban Runoff 6 1-2 7 

Dog Stool 4 1-2 6 

Bird Stool 2 1-4 5 

Total 44  52 
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TABLE 2:  PCR primers used to detect virulence genes. 

Gene Oligonucleotide sequence (5’ to 3’) Product size (bp) 

gelE F: TATGACAATGCTTTTTGGGAT 213 

 R: AGATGCACCCGAAATAATATA  

asa1 F:  GCACGCTATTACGAACTATGA 375 

 R:  TAAGAAAGAACATCACCAGGA  

esp F:  AGATTTCATCTTTGATTCTTGG 510 

 R:  AATTGATTCTTTAGCATCTGG  

cylA F:  ACTCGGGGATTGATAGGC 688 

 R:  GCTGCTAAAGCTGCGCTT  
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TABLE 3.  Occurrence of virulence genes among E. faecalis from human and environmental 

sources. 

 

Source (no. isolates) 

Virulence genes 

No. (%) isolates 

gelE asa1 esp cylA 

Human Clinical (8) 8 (100%) 8 (100%) 2 (25%) 6 (75%) 

Human Non-Clinical (8) 8 (100%) 8 (100%) 3 (38%) 2 (25%) 

Sewage Influent (5) 1 (20%) 0 (0%) 0 (0%) 0 (0%) 

Sewage Effluent (3) 2 (67%) 2 (67%) 0 (0%) 1 (33%) 

Beach Water (6) 5 (83%) 1 (17%) 0 (0%) 1 (17%) 

Beach Wrack (4) 4 (100%) 2 (50%) 0 (0%) 0 (0%) 

Urban Runoff (7) 7 (100%) 1 (14%) 1 (14%) 0 (0%) 

Dog (6) 6 (100%) 2 (33%) 1 (17%) 0 (0%) 

Bird (5) 5 (100%) 5 (80%) 0 (0%) 0 (0%) 

Total (52) 46 (88%) 29 (56%) 7 (13%) 10 (19%) 
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TABLE 4.  Number (%) of virulence genes per E. faecalis isolate. 

 

Source (no. isolates) 
No. Virulence Genes 

0 1 2 3 4 

Human Clinical (8) 0 (0%) 0 (0%) 1 (13%) 6 (75%) 1 (13%) 

Human Non-Clinical (8) 0 (0%) 0 (0%) 5 (63%) 1 (13%) 2 (25%) 

Sewage Influent (5) 4 (80%) 1 (20%) 0 (0%) 0 (0%) 0 (0%) 

Sewage Effluent (3) 1 (33%) 0 (0%) 1 (33%) 1(33%) 0 (0%) 

Beach Water (6) 1 (17%) 4 (67%) 0 (0%) 1 (17%) 0 (0%) 

Beach Wrack (4) 0 (0%) 2 (50%) 2 (50%) 0 (0%) 0 (0%) 

Urban Runoff (7) 0 (0%) 6 (71%) 0 (0%) 1 (14%) 0 (0%) 

Dog (6) 0 (0%) 4 (67%) 1 (17%) 1 (17%) 0 (0%) 

Bird (5) 0 (0%) 1 (20%) 4 (80%) 0 (0%) 0 (0%) 

Total (52) 6 (12%) 18 (35%) 14 (27%) 11 (21%) 3 (6%) 
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FIGURE 1.  PFGE dendrogram of E. faecalis isolates digested with Sma1 and corresponding virulence genes 
profiles. Seven of 8 human clinical isolates fell into cluster I. The majority of (5 of 8) human non-clinical isolates 
were grouped  into  subcluster (circled in red) and had PFGE patterns that were ≥ 73.7% or greater in similarity. Dog 
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stool isolates collected from the same sample (MR1Dog and MR2Dog) had identical PFGE types; bird stool isolates 
from the same sample (02 MB BS 7, 02 MB BS 18, 02 MB BS 17) were also identical. The majority (83%) of E. 
faecalis strains in cluster II had  ≥ 2 virulence genes (mostly gelE and asa1), as compared to 38% in cluster I.  
 

 

 

 

..  Lane 1, molecular ladder (1500 bp); lane 2, E. faecalis TKU1-1 (human urine), lane 3, E. faecalis  HH1-1 (human 
stool);  lane 4, E. faecalis MMH594 (positive control for gelE, asa1, esp and cylA); lane 5, E. faecalis OE 2-4 
(sewage effluent); lane 6, E. faecalis D-120-8 (beach water). 
  



48 
 
 

References 

Ahmed, W., Sidhu, J.P.S., and Toze, S. 2012. Speciation and frequency of virulence genes of 
Enterococcus spp. isolated from rainwater tank samples in southeast Queensland, Australia. Env. 
Sci. Tech. 46:6843-6850. 

Arias C.A. and B.E. Murray.  2012. The rise of the Enterococcus:  beyond vancomycin 
resistance. Nature Rev. 10:266-278. 

Ashbolt, N.J., M.E. Schoen, J.A. Soller and D.J. Roser. 2012. Predicting pathogen risks to aid 
beach management: The real value of quantitative microbial risk assessment (QMRA). Wat. Res. 
44:4692-4703. 

Badgley, B.D., F.I.M. Thomas, and V.J. Harwood. 2010. The effects of submerged aquatic 
vegetation on the persistence of environmental populations of Enterococcus spp. Env. Microbiol. 
12:1271-1281. 
 
Byappanahalli, M.N., M.B. Nevers, A. Korjkic, Z.R. Staley, and V.J. Harwood. 2012. 
Enterococci in the environment. Microbiol. Mol. Biol. Rev. 76:685-706. 
 
CDC 2012.  Unified pulsed-field gel electrophoresis (PFGE) protocol for gram positive bacteria.  
http://www.cdc.gov/hai/pdfs/labSettings/Unified_PFGE_Protocol.pdf 

Coque T.M., M.E. Patterson, J.M. Steckelberg, and B.E. Murray. 1995. Incidence of hemolysin, 
gelatinase, and aggregation substance among enterococci isolated from patients with endocarditis 
and other infections and from feces of hospitalized and community-based persons. J. Infect. Dis. 
171:1223–1229. 

Creti, R., M. Imperi, L. Bertuccini, F. Fabretti, G. Orefici, R. Di Rosa, and L. Badassarri.  2004.  
Survey for virulence determinants among Enterococcus faecalis isolated from different sources.  
J. Med. Microbiol. 53:13-20. 
 
Castillo-Rojas, G., M. Mazari-Hiríart, S. Ponce de León, R. I. Amieva-Fernández, R. A. Agis-
Juárez, J. Huebner, and Y. López-Vidal. 2013. Comparison of Enterococcus faecium and 
Enterococcus faecalis strains isolated from water and clinical samples: antimicrobial 
susceptibility and genetic relationships.  
PLoS ONE.8(4):e59491.doi:10:1371/journal.pone.0059491. 
 
Dicuonzo, G., G. Gherardi, G. Lorino, S. Angeletti, F. Battistoni, L. Bertuccini, R. Creti, R. Di 
Rosa, M. Venditii, and L. Baldassarri. 2001. Antibiotic resistance and genotypic characterization 
by PFGE of clinical and environmental isolates of enterococci. FEMS Microbiol. Let. 201:205-
211.  

http://www.cdc.gov/hai/pdfs/labSettings/Unified_PFGE_Protocol.pdf
http://www.cdc.gov/hai/pdfs/labSettings/Unified_PFGE_Protocol.pdf


49 
 
 

Ferguson, D.M., J.F. Griffith, C.D. McGee, S.B. Weisberg, and C. Hagedorn, 2013. Comparison 
of Enterococcus species diversity in marine water and wastewater using Enterolert and EPA 
method 1600.  J. Env. Pub. Hlth. Htt;://dx.doi.org/10.1155/2013/848049. 

Fisher, K. and C. Phillips. 2009. The ecology, epidemiology and virulence of Enterococcus.  
Microbiol. 155:1749-1757. 

Franz, C.M.A.P., M.E. Stiles, K.H. Schleifer, and W.H. Holzapfel. 2003.  Enterococci in foods-a 
conundrum for food safety.  Int. J. Food Microbiol. 88:105-122. 

Gosh, A., Dowd, S.E., and Zurek, L. 2011. Dogs leaving the ICU carry a very large multi-drug 
resistant enterococcal population with capacity for biofilm formation and horizontal gene 
transfer. PLoS ONE 6(7): e22451. doi:10.1371/journal.pone.0022451. 

Han, D., T. Unno, J. Jang, K. Lim, S.N. Lee, G. Ko, M.J. Sadowsky and H.G. Hur. The 
occurrence of virulence traits among high-level aminoglycosides resistant Enterococcus isolates 
obtained from feces of humans, animals, and birds in South Korea. Int. J. Food Microbiol. 
144:387-392. 

Ike, Y., H. Hashimoto and D.B. Clewell. 1987. High incidence of hemolysin production by 
Enterococcus (Streptococcus) faecalis strains associated with human parenteral infections. J. 
Clin. Microbiol. 25:1524-1528. 

Imamura, G.J., R.S. Thompson, A.B. Boehm, and J.A. Jay. 2011. Wrack promotes the 
persistence of fecal indicator bacteria in marine sands and seawater. FEMS Microbiol. Ecol. 
77:40-49. 

McBride, S.M., V.A. Fischetti, D.J. LeBlanc, R.C. Moellering, Jr., and M.S. Gilmore.  2007. 
Genetic diversity among Enterococcus faecalis. PLoS ONE 2(7): e583. 
doi:10.1371/journal.pone.0000582. 

Poeta, P., D Costa, J Rodrigues, and C. Torres. 2006. Detection of genes encoding virulence 
factors and bacteriocins in fecal enterococci of poultry in Portugal. Avian Dis. 50:64-8. 

Roberts, M.C., O.O. Soge, M.A. Giardino, E. Mazengia, G. Ma, and J.S. Mescheke. 2009. 
Vancomycin-resistant Enterococcus spp. in marine environments from the West Coast of the 
USA.  J. Appl. Microbiol. 107:300-307. 
 
Semedo, T., M. A. Santos, P. Martins, M.F.S. Lopes, J.J.F. Marques, R. Tenreiro, and M.T.B. 
Crespo. 2003.  Comparative study using type strains and clinical and food isolates to examine 
hemolytic activity and occurrence of the cyl operon in enterococci. J. Clin. Microbiol. 41:2569-
2576. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Semedo%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Almeida%20Santos%20M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martins%20P%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20Lopes%20MF%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Figueiredo%20Marques%20JJ%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tenreiro%20R%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barreto%20Crespo%20MT%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barreto%20Crespo%20MT%5Bauth%5D


50 
 
 

Shankar V., A.S. Baghdayan, M.M. Huycke, G. Lindahl, and M.S. Gilmore. 1999. Infection-
derived Enterococcus faecalis strains are enriched in esp, a gene encoding a novel surface 
protein. Infect. Immun. 67:193–200. 

Vankerckhoven, V., T. Van Autgaerden, C. Vael, C., Lammens, S. Chapelle, R. Rossi, Jabes, D., 
and H. Goossens. 2004. Development of a multiplex PCR for the detection of asa1, gelE, cylA, 
esp, and hyl genes in enterococci and survey for virulence determinants among European 
hospital isolates of Enterococcus faecium. J. Clin. Microbiol. 2:4473-4479. 

Van Tyne, D., M.J. Martin and M.S. Gilmore. 2013. Structure, function, and biology of the 
Enterococcus faecalis cytolysin. Toxins 5:895-911. 

Vignaroli, C., G.M. Luna, S. Paquaroli, A. Di Cisare, R. Petruzzella, P. Paroncini, and F. 
Biavasco. 2013. Epidemic Escherichia coli ST131 and Enterococcus faecium ST17 in coastal 
marine sediments from an Italian Beach. Env. Sci. Tech. 23:13772-13780.  

Whitman, R.L., D. A. Shively, H. Pawlik, M.B. Nevers, and M.N. Byappanahalli.  2003.  
Occurrence of Escherichia coli and enterococci in Cladophora (Chlorophyta) in nearshore water 
and beach sand of Lake Michigan.  Appl. and Env. Microbiol.  69:4714-4719.  

Yamahara, K.M., B.A. Layton, A.E. Santoro, and A.B. Boehm. 2007. Beach sands along the 
California coast are diffuse sources of fecal bacteria to coastal waters. Environ. Sci. Technol. 
41:4515-4521. 
  



51 
 
 

CHAPTER 4 

 

 

Assessing Enterococcus Growth on Eelgrass (Zostera marina) 

 at Mission Bay, California 

 

 

 

  



52 
 
 

Assessing Enterococcus Growth on Eelgrass (Zostera marina) at Mission Bay, 

California 

 

Donna M. Ferguson 
University of California Los Angeles, Environmental Health Sciences Department, Los Angeles 
CA 90095, USA 
dferguson@netchino.com 
951-741-8961 
 

Steven B. Weisberg 
Southern California Coastal Water Research Project, Suite 110, 3535 Harbor Blvd., Costa Mesa 
CA 92626, USA 
 

Charles Hagedorn 
Virginia Tech, Departrment of Crop & Soil Environmental Sciences, RB 1880, Suite 1129, 
Blacksburg, VA 24061, USA 
 

Kristine De Leon 
California State University Long Beach, Department of Biology, 1250 Bellflower Blvd., Long 
Beach, CA 90840 
 

Vida Mofidi 
Orange County Public Health Laboratory, 1729 W. 17th St., Santa Ana, CA 92706 
 

Julia Wolfe 
Orange County Public Health Laboratory, 1729 W. 17th St., Santa Ana, CA 92706 
 

May Zimmerman 
California State University Long Beach, Department of Biology, 1250 Bellflower Blvd., Long 
Beach, CA 90840 
 

Jennifer A. Jay 
University of California Los Angeles, Department of Civil and Environmental Engineering, Los 
Angeles, CA 90095, USA 
 

mailto:dferguson@netchino.com


53 
 
 

Abstract  Enterococcus has been found to regrow in soil and beach wrack, but its growth has not 

been previously investigated in eelgrass.  Here we examined enterococcal growth on eelgrass in 

Mission Bay, CA.  69 eelgrass samples were collected from six sites, shaken to remove 

enterococci attached to plant surfaces and the eluant filtered onto culture media.  Isolates were 

then identified to species using culture methods, and DNA typing by pulsed-field gel 

electrophoresis was done to assess clonality of strains.  Enterococci concentrations among 

eelgrass ranged from 8 – 14,000 CFU/g dry weight.  The most predominant enterococcal species 

found were E. casseliflavus and E. hirae followed by E. faecalis.  Cluster analysis indicated a 

high level of clonality among isolates across all species, with clonal isolates consistently 

associated with individual eelgrass samples.  Finding high densities of E. casseliflavus, E. hirae 

and E. faecalis on eelgrass that included clonal strains indicates the capability of enterococcal 

growth on eelgrass in Mission Bay. 

 

Keywords  Indicator bacteria, Enterococci, Environment, Growth 
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Introduction 

The densities of enterococci in recreational water bodies are monitored to indicate possible fecal 

contamination of recreational waters, but the measurements of these fecal indicator bacteria may 

be confounded because enterococci have been shown to be capable of growing on algae 

(Cladophora spp.) (Whitman et al., 2003), sea wrack (Macrocystis) (Imamura et al., 2011), 

beach sand (Yamahara et al., 2009) and soil (Byappanahalli et al., 2012).  Enterococci derived 

from these sources may be introduced to surrounding water bodies and lead to exceedances in 

enterococci water quality standards, resulting in false indications of fecal pollution. 

While enterococci have been shown to regrow in sediment and wrack, growth has not 

been examined on eelgrass.  Eelgrass is a type of submerged aquatic vegetation (SAV) that 

grows in shallow waters such as estuaries, bays and lagoons.  A previous study showed that 

bacteria (unspecified species) attached to eelgrass were capable of growing at rates similar to that 

of pure cultures and 100% of the produced biomass of bacteria was lost to surrounding waters on 

a daily basis (Törnblom and Søndergaard 1999).   

The goal of this study was to examine whether enterococci grow on eelgrass washed up 

on beaches in Mission Bay, CA.  Enterococci levels in the Bay continue to exceed enterococci 

water quality standards despite numerous mitigation measures, including replacing sewer mains 

and trunk sewers, upgrading pump stations and installing a state-of-the-art low-flow drain 

diversion system that encircles the Bay (Henry et al., 2005).  Approximately 54% of the bottom 

surface of Mission Bay is covered with eelgrass (Merkel 2008).  Mounds of exposed eelgrass are 

frequently observed on beach sand near regulatory sampling sites historically exceeding 

enterococci standards raising the question whether enterococci growing on eelgrass could be 
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contributing cells to the water column.  We set out to examine whether enterococci were growing 

on eelgrass deposited onto beach sand near water sampling sites. 

 

Materials and Methods 

Bacterial growth results in high concentrations of genetically identical or clonal individuals. To 

assess enterococcal growth on eelgrass stranded on beach sand, we isolated enterococci from 

multiple eelgrass samples, determined enterococci concentrations per plant, identified isolates to 

species level and assessed clonality of isolates using DNA typing by pulsed-field gel 

electrophoresis (PFGE).  We hypothesized that enterococcal growth would be indicated by high 

densities of enterococcal cells including clonal strains, i.e., isolates with similar DNA 

fingerprints.  If enterococci growth was occurring on eelgrass plants, we expected to find clonal 

strains among multiple plants collected on different days.   

 

Sampling design. Eelgrass plants (N=69) were collected from 6 sampling sites at Visitor Center 

beach where mounds of eelgrass are typically observed on beach sand (Fig. 1).  Sampling sites 

were located about ~50m to 130m apart, spanning a total distance of ~360m.  Eelgrass plants 

were collected once a day on 12 different days from September 17, 2012 – October 11, 2012. 

Only the top portions of eelgrass washed up on beach sand were collected, avoiding contact with 

sand.    

 

Enterococcus isolation and enumeration.  Eelgrass samples were collected ~8 a.m. on 12 

different days from September 17, 2012 – October 11, 2012.  The samples were obtained on 

beach sand in the intertidal range. The samples were placed into zip lock bags, transported to the 
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lab on ice and processed within 4 hours of collection.  Approximately 25g of sample was 

transferred to another zip lock bag, weighed.  Sterile phosphate-buffered saline (PBS) (250 ml) 

was added to the bag.  The bag was gently shaken by hand for around 20 seconds to remove 

enterococci attached to plant surfaces.  Dilutions of the eluant were filtered onto mEI (indoxyl-ß-

D-glucoside) agar (EPA Method 1600) to obtain 20 – 60 colonies per filter. After 24h incubation 

at 42°C, presumptive enterococci isolates were enumerated.  Portions of the undiluted eelgrass 

sample were placed into a drying oven overnight to normalize enterococci concentrations per 

gram of dry weight of eelgrass.  

 

Enterococcus species and strain typing.  After enumerating enterococci on mEI, the isolates 

were subcultured onto tryptic soy agar with 5% sheep blood agar and incubated for 24h at 37°C.  

Presumptive enterococci isolates from 10 different eelgrass samples yielding at least 10 – 30 

enterococcal isolates per plant were selected for species identification using Vitek II 

(bioMériuex, St. Louis, MO, USA) plus additional biochemical testing including: pigment, 

motility, mannitol, sucrose, arabinose and methyl-alpha-D-glucopyranoside, as described 

previously (Ferguson et al. 2013).  ATCC strains of E. faecalis, E. faecium, E. hirae, E. 

casseliflavus, E. gallinarum and E. mundtii were used as controls for supplemental biochemical 

tests.  Isolates identified by Vitek II as Enterococcus species with discrimination at <80% 

confidence were categorized as “Enterococcus, species indeterminant”.  Eight isolates identified 

as E. faecalis, E. hirae and E. mundtii were confirmed by 16S rRNA sequencing (GenoSeq, 

University of California Los Angeles).  To increase the probablility of identifying clonal strains 

by PFGE, we selected isolates with similar phenotypic profiles (i.e., bionumber) based on Vitek 

II species identification results.  
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PFGE.  DNA typing was done using a modification of the Centers for Disease Control (CDC) 

PulseNet 1-day PFGE protocol for gram positive bacteria (CDC 2012).  A standardized 

suspension of each isolate was made in Tris-EDTA (TE) and pre-lysed with lysozyme 

(20mg/mL) for 30 min.   The DNA was embedded in agar plugs made with 1% Seakem Gold 

Agarose (Lonza, Rockland, ME).  The DNA embedded agar plug was lysed with cell lysis buffer 

and proteinase K (20mg/mL).  The plugs were washed twice with type I, mili-Q water and 4 

times with 1X Tris-EDTA.  A 1 mm slice was restricted with SmaI at RT for 2h. 1mm slices of 

agarose containing the chromosomal DNA fragments were placed on their respective lanes, and 

the restriction fragments resolved into a pattern of discrete bands using a CHEF DR III system 

(Bio-Rad Laboratories, Irvine, CA). After 19h, DNA restriction patterns of the isolates were then 

compared with one another to determine clonal relatedness. PFGE types were evaluated by 

visual analysis followed by computer analysis using FPQuest (Bio-Rad). Cluster analysis of 

electrophoretic band patterns was performed using similarity levels calculated by the Dice 

coefficient and clustering was achieved by the unweighted-pair group method (UPGMA) using 

arithmetic average algorithms.  Isolates that were indistinguishable by Sma1 were verified using 

the same protocol but with Not1 or Spe as the restriction endonuclease. 

Isolates with PFGE patterns that were 100% similar were considered “indistinguishable” 

(clones) if their restriction patterns had the same number of bands and the corresponding bands 

were of the same apparent size.  Isolates with patterns that were 85% to 99% were considered 

“closely related”. 

PFGE was repeated on 20 isolates at the Orange County Public Health Laboratory using 

the same PFGE protocol to assess method reproducibility. 
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Results 

Densities of enterococci in eelgrass.  Enterococci isolated from 69 eelgrass samples had 

concentrations ranging from 8 – 14,000 CFU/g dry weight (average = 1148; median =140). Of 

these, 28 (41%) samples had enterococcal concentrations that were <100 CFU/g dry weight; 27 

(39%) and 14 (20%) of samples had counts ranging from 101 – 999 CFU/g dry weight and 1000 

– 14,000 CFU/g dry weight, respectively.  

 

Enterococcus species and biotype diversity based on phenotypic analysis.  A total of 140 

presumptive enterococci isolates obtained from 10 individual eelgrass plants (10 isolates each 

from 8 plants and 30 isolates each from 2 plants) were identified to species level. Of these, E. 

hirae, E. casseliflavus and E. faecalis comprised 39%, 29% and 21% of isolates (respectively); 

the remaining isolates were identified as E. gallinarum (5%), E. faecium (2%), E. mundtii (1%) 

and E. durans (<1%). Only 2 isolates were unidentified to species level by Vitek plus additional 

biochemical and categorized as “Enterococcus, species indeterminant”. 

Only one or two Enterococcus species were predominant among isolates obtained from 

all individual samples, indicating low species diversity within samples (Fig. 2). Among the 

majority of samples, E. casseliflavus was the most predominant species found, closely followed 

E. hirae.  

All ten isolates obtained from 5 of 8 samples (63%) were identified as the same species. 

Analyzing more than 10 isolates per eelgrass plant did not increase Enterococcus species 

diversity, even when additional isolates (30 isolates per sample) were analyzed (data not shown). 
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The majority of biotypes (64.7%, 72.2% and 46.2%) among isolates of E. casseliflavus, 

E. hirae and E. faecalis, respectively were unique, indicating a high diversity of strains (Table 1).  

There were a higher percentage of non-unique biotypes (35.3%, 27.7% and 38.5%) among 

isolates of E. casseliflavus, E. hirae and E. faecalis, respectively from the same eelgrass plant as 

compared to biotypes occurring in more than one plant.   

 

Clonality of Enterococcus strains based on PFGE.   A total of 48 enterococci isolates were 

selected from 8 samples for DNA typing using PFGE to assess clonality of E. hirae, E. 

casseliflavus and E. faecalis strains.  All but 5 enterococci strains generated evaluable PFGE 

banding patterns using Sma1. Examples of PFGE patterns representative of clonal strain types 

obtained using Sma1 and Not1 are shown in Fig 3. and Fig 4.  

E. hirae.  PFGE typing of 18 E. hirae isolates resulted in 11 different PFGE pattern types 

(Fig. 5).  Eleven (61.1%) isolates were of indistinguishable pattern types (i.e., 100% similar).  

Two isolates were 95% similar and considered closely related and 8 isolates resulted in unique 

(unrelated) pattern types.   

E. casseliflavus.  PFGE typing of 18 E. casseliflavus isolates resulted in 13 PFGE pattern 

types (Fig. 6).  Seven (38.9%) isolates had indistinguishable pattern types that comprised 3 

different clusters.  Two isolates were closely related (85% similar) and 11 isolates resulted in 

unique pattern types. 

E. faecalis.  PFGE typing of 7 E. faecalis isolates resulted in 4 PFGE pattern types (Fig. 

7).  Three (42.9%) isolates had indistinguishable pattern types that grouped into a single cluster.  

Four isolates resulted in unique pattern types. 
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All clonal isolates within each cluster, regardless of species group, were obtained from 

the same eelgrass sample; i.e., no clonal strains appeared to be shared across eelgrass samples, 

though most of the samples were collected from different sites on different days. 

Isolates that were indistinguishable using Sma1 were also indistinguishable after 

restriction with Not1.  Six E. hirae isolates that were found to be clonal using Sma1 failed to 

digest using Not1 and Spe even after repeated efforts, likely due to a lack of enzyme restriction 

sites among these strains.   

 

Discussion  

The ability of enterococci to grow on terrestrial plants has been known about for decades (Mundt 

1961).  Recent studies have focused on growth on aquatic vegetation to determine whether they 

may serve as natural reservoirs of enterococci to water.  We found high concentrations of 

enterococci among eelgrass plants on beach sand that included clonal strains of enterococci 

presumably derived by replication.         

The concentrations of enterococci found among 69 eelgrass samples were highly 

variable, ranging from 8 to 14,000 CFU/g dry weight.  These results could be reflective of 

different stages of enterococcal growth and die-off or removal of cells due to rinsing by flood 

tides, predators or contributions of enterococci from water, sand, birds and storm drains runoff. 

The average concentration of enterococci found (1,148/g dry weight) was similar to that of sea 

wrack (Macrocystis) obtained from 5 other beaches in Los Angeles County and Cowell Beach in 

Santa Cruz County, California (Imamura et al., 2011) and higher than typical levels reported for 

beach water and sand in California (Yamahara et al., 2007).  Enterococci concentrations on 

eelgrass were also comparable to densities reported (26 to 61,600 CFU/g dry weight) for 
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enterococci colonizing forage grass (Phalaris arundiacea, Phalaris arundinacea, Cala palustris 

and Poa pratensis) in Germany (Ott et al., 2001). 

 The most predominant enterococcal species found among most eelgrass samples were E. 

casseliflavus and E. hirae, followed by E. faecalis.  These three species have also been 

frequently isolated from ocean water at various beaches in southern California (Ferguson et al., 

2005; Moore et al., 2008; Maraccini et al., 2012); thus, it is possible that enterococci on eelgrass 

at Mission Bay originated from beach water or sand.  To avoid enterococci attached to sand 

particles, we collected eelgrass plants away from sand and rinsed the plants to remove 

enterococci attached to plant surfaces; however, we acknowledge that the isolates may include 

clonal cells from sand and water.  Since PFGE typing showed that none of the enterococcal 

strains were shared between eelgrass samples, it is likely that the enterococci isolated from 

eelgrass originated from multiple sources which could have included humans, animals, birds, 

insects, beach water, sand and storm drain flows. Enterococci are known to proliferate in the guts 

of a variety of insects (Cox and Gilmore, 2007); thus, it is also conceivable that insects such as 

brine flies and springtails may deposit enterococci onto eelgrass surfaces.  

It is uncertain whether the enterococci isolated from eelgrass found in this study are 

representative of the plant microflora.  E. casseliflavus, which was abundant among eelgrass, has 

been associated with plants (Ulrich and Müller, 1998; Ott et al., 2001) and SAV studied 

elsewhere (Badgley et al., 2010). Unlike most species of Enterococcus, E. casseliflavus produces 

carotenoid, a yellow, cell-bound pigment that may confer a selective advantage to epiphytic 

bacteria by protecting them from UV irradiation and oxidative stress (Taylor et al., 1971; Hirano 

and Upper, 2000).   
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Our study showed that Enterococcus species typically associated with humans, such as E. 

hirae and E. faecalis, were also found on eelgrass.  E. faecalis strains have also been isolated 

from plants (Mundt 1961; Ott, et. al, 2001; Jha et al., 2005); however, there are no similar reports 

regarding E. hirae. Interestingly, the E. hirae isolates were slightly yellow pigmented, which is 

not typical of human clinical strains. The species identity of pigmented E. hirae was verified 

using 16S rDNA sequencing. Slight pigment production by certain E. hirae strains may be due 

expression of low levels of carotenoid (Kirschner et al., 2001).  

We found a high diversity of Enterococcus from eelgrass, which is in accordance with 

previous studies that characterized enterococci from marine water, soil and aquatic vegetation 

(Whitman et al., 2005; Grant et al., 2009; Nayak et al., 2011; Ran et al., 2013). Thus, conducting 

DNA typing on isolates representative of the most abundant enterococcal species and biotypes 

may have improved our ability to find a high percentage of clonal isolates (61.1%, 42.9% and 

38.9%) among E. hirae, E. faecalis and E. casseliflavus, respectively, though it is worth noting 

that 42% of all isolates of similar biotypes were not clonal (data not shown). 

This is the first report on using a rapid one-day unified PFGE protocol for gram positive 

bacteria for assessing the clonal relatedness of environmental enterococcal strains.  

Conclusion 

In this present study, we show that enterococci, mostly E. casseliflavus and E. hirae, were 

abundant on eelgrass found on beach sand in Mission Bay, California.  Finding high densities of 

enterococci that included clonal strains suggests further evidence of the ability of enterococci to 

grow on eelgrass in marine environments, which substantiates previous studies examining algae, 

seawrack, sand and soil. Amplification of enterococci in the beach environment presents 
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challenges in interpreting enterococci water quality standards that were developed without 

current knowledge regarding enterococci growth in secondary habitats.    
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                                                                    Fig 1.  Mission Bay, San Diego 
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Fig 2. Distribution of Enterococcus species found among individual eelgrass plants 

Table 1.  Distribution of Enterococcus biotypes* among isolates from eelgrass plants 

 

Species No. 

plants 

No. 

isolates 

No. 

biotypes 

No. (%) 

unique 

biotypes 

No. (%) biotypes 

shared within 

plants 

No. (%) biotypes 

found >1 plant 

E. casseliflavus 6 40 17 11 (64.7%) 6 (33.3%) 2 (11.8%) 

E. hirae 5 5 18 13 (72.2%) 5 (27.7%) 3 (16.5%) 

E. faecalis 4 30 13  6  (56.2%) 5 (38.5%) 3 (23.1%) 

 

*biotype is based on bionumber assigned by Vitek II 

 

 

 

                                                               

 

                                                                  
Fig 3.  Chromosomal digestion 
patterns of E. hirae isolates 
from eelgrass sample VC4EG 

 Fig 4.  Chromosomal digestion 
patterns of E. faecalis isolates 
from eelgrass sample VC6EG 



67 
 
 

 

Fig 5.  PFGE dendrogram of Enterococcus hirae isolates from eelgrass plants VC1EG20, 
VC2EG and VC4EG20.  Isolate number corresponds to sampling sites (VC1EG-VC6EG), 
followed by sampling date (19-Sept-2012, 20-Sept-2012) and isolate number (1-19). 
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Fig 6.  PFGE dendrogram of Enterococcus casseliflavus from eelgrass samples VC3EG17, 
VC3EG19, VC5EG25, VC6EG20. Isolate number corresponds to sampling sites (VC1EG-
VC6EG), followed by sampling date (17-Sept-2012, 19-Sept-2012, 20-Sept-2012, 25-Sept-
2012) and isolate number (1-10). 
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Fig 7.  PFGE dendrogram of Enterococcus faecalis isolates from eelgrass plant 
VC6EG25. Isolate number corresponds to sampling sites (VC6EG), followed by 
sampling date (25-Sept-2012) and isolate number (1-21). 
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Humans and Non-Humans: MLST, SNP, Virulence and Antibiotic Resistance 
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Abstract 

Enterococci are routinely measured in beach water to assess fecal pollution; however laboratory 

methods also measure strains from non-fecal sources such as sand and vegetation which can lead 

to false assessments regarding water quality. Enterococcus faecalis is among the most common 

species of enterococci found in human and animal fecal waste and also in beach water. Specific 

molecular-based methods targeting human fecal strains are needed; however, little is known 

about the genetic diversity of E. faecalis in the beach environment as compared to human and 

nonhuman strains.  In this study, 14 E. faecalis strains isolated from beaches in California were 

sequenced and compared to 33 available E. faecalis genomes, including clinically relevant 

strains, using multilocus sequence typing (MLST), single-nucleotide polymorphism (SNP) 

profiling, and detection of virulence determinants and antibiotic resistance genes based on in 

silico analysis of genome sequences.  E. faecalis strains from the beach environment had smaller 

genomes and lower frequencies of multiple genes associated with the Enterococcus 

pathogenicity island and antibiotic resistance as compared to clinical, human commensal and 

nonhuman strains.  Genomic differences among E. faecalis strains from different hosts and 
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habitats may be used to develop molecular targets associated with human strains, including 

clinically relevant populations.  



76 
 
 

Introduction 

Enterococcus faecalis (E. faecalis) is among the most common species of enterococci found in 

human and animal fecal waste and also in beach water (Ferguson et al., 2013; Byappanahalli et 

al., 2012). Enterococci used as fecal indicator bacteria to assess fecal contamination of beach 

water.  Current water testing methods are culture-based and do not discriminate enterococcal 

strains to source origin. Thus, measuring enterococci from non-fecal sources, which may include 

environmentally adapted strains, may lead to false assessments regarding fecal pollution 

(Byappanahalli et al., 2012). Identifying fecal contamination originating from human fecal waste 

could pose greater risks for human health as compared to fecal contamination from animals and 

the environment (Ashbolt et al., 2010). Rapid and specific molecular-based methods could be 

developed; however, little is known about the genetic diversity of enterococci in the beach 

environment.  It has been hypothesized that variation in pathogenicity island (PAI) content, 

antibiotic resistant determinants and capsule operon polymorphism among strains in the E. 

faecalis group may be attributed to ecological specialization (McBride, et al., 2007).  Genes that 

differentiate groups of human and non-human strains represent potential targets for molecular-

based methods to determine sources of these bacteria. 

As high throughput sequencing technologies continues to advance, there will be 

significant increases in the number of available E. faecalis sequences, further expanding the 

diversity of strains. A multilocus sequence typing (MLST) scheme has been successfully used to 

investigate the population structure of E. faecalis from different sources, particularly humans and 

animals and to identify clinically relevant strains (Nallapareddy et al., 2005; Larsen et al., 2010; 

Ruiz-Garbojosa et al., 2006; Hammerum 2012).  The MLST of E. faecalis is based on the 

sequence of seven housekeeping genes that result in each strain having a distinct numerical 
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allelic profile which is converted to a numerical sequence type (ST).  Publicly available 

databases (http://efaecalis.mlst.net/) allow comparative analysis of STs corresponding to 

thousands isolates and provides genome analysis tools. MLST typing is gaining widespread use; 

however, the method is costly and time consuming. An alternative typing method, single-

nucleotide polymorphism (SNP) typing, differentiates strains with a base pair mutation at a 

specific locus, which is useful for analyzing closely related genomes. SNP typing is less 

expensive and can be used to develop allelic-specific real-time PCR primers targeting human 

associated bacteria. Recently, Rathnayake et al., (2011a, 2011b) developed a SNP profile 

approach to detect human-related E. faecalis isolated from surface water in Australia.. To our 

knowledge, this SNP profiling approach has not been applied for characterizing E. faecalis 

strains in beach water elsewhere.  

In this study, 14 E. faecalis strains isolated from beaches in California sequenced by 

whole shotgun genome sequencing were compared to 33 E. faecalis genomes in GenBank 

including clinically relevant strains. In silico analysis of E. faecalis genome sequences from 

publicly available databases such as GenBank offer the ability to extract sequences for MLST 

and SNP typing.  Additional information, including the presence of virulence factors and 

antibiotic resistant genes among E. faecalis strains may allow for further comparisons.  

The main objective of this study was to assess in silico analysis of MLST, SNP, virulence 

and antibiotic resistant genes as a viable approach for comparing E. faecalis isolates obtained 

from the beach environment with that of human (clinical and non-clinical) and nonhuman strains.  

We also examined the sources of related strains identified by MLST and SNP profiling to infer 

possible source origins (i.e., human, animal, birds) of our beach strains. To our knowledge, this 

is the first study to characterize E. faecalis from the beach environment. 

http://efaecalis.mlst.net/
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Materials and Methods 

E. faecalis strains.  A total of 47 E. faecalis strains were analyzed, including 14 isolates from the 

beach environment (Env), and 33 strains from GenBank representative of 10 human commensal 

(HC), 14 human clinical (CL) and 9 non-human (NH) strains (Table 1). The beach environment 

strains were obtained from California, USA and included isolates from beach water (N=6), sand 

(N=5), seawrack (Macrocystis) (N=2) and creek plant (Ditichilis spicata) (N=1). These isolates 

were sent to the Genome Institute (University of Washington, St. Louis, Missouri, USA) for 

whole genome shotgun (WGS) sequencing and annotation. High quality genome sequences for 

these environmental E. faecalis strains are now available in GenBank 

(http://www.ncibi.nlm.nih.gov/genbank/). Human (HC and CL) and NH E. faecalis strains in 

GenBank were selected as reference strains for comparative in silico analysis. The 33 strains 

from GenBank were selected based on the availability of whole genome sequences and data from 

previous studies (McBride et al., 2007) (Table 1). 

 

Isolation and species identification of E. faecalis strains from beach samples. Beach water was 

filtered through a 0.45 µm membrane filter and placed onto membrane-Enterococcus Indoxyl-β-

D-Glucoside (mEI) agar plates (Northeast Laboratory Services (NEL), ME, USA). Beach sand, 

seawrack and creek plant samples were processed by diluting aliquots of samples in phosphate 

buffer saline (PBS) solution followed by vigorous hand shaking for 2 minutes and filtering the 

eluent similarly as for beach water.  After 24h incubation at 42°C, colonies on mEI producing a 

blue halo were subcultured onto Tryptic Soy Agar (TSA) plates with 5% sheep blood (NEL) and 

then identified to species level using Vitek II (bioMériuex, St. Louis, MO, USA), an automated 

http://www.ncibi.nlm.nih.gov/genbank/
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phenotypic identification system, plus additional biochemical testing as described previously 

(Ferguson et al. 2013).  

 

Genome-based in silico detection of genes. The presence of protein sequences for housekeeping 

genes, virulence factors and antibiotic resistance genes among E. faecalis strains was determined 

by genome-based in silico analyses using the NCBI-TBLASTN program (February 2014). The 

MLST housekeeping genes examined were:  gdh (glucose-6-phosephate dehydrogenase), gyd 

(glyceraldehyde-3-phosphate dehydrogenase), pstS (phosphate ATP binding cassette 

transporter), gki (glucose kinase) aroE (shikimate dehydrogenase), xpt (xanthine 

phosphoribosyltransferase) and yiqL (acetyl-CoA acetyltransferase) as described by Ruiz-

Garbajosa et al. (2006) (Table 2).  The putative virulence genes included:  gelE (gelatinase), efaA 

(endocarditis surface protein), ace (collagen binding protein), erlA (leucine rich repeat protein) 

and Enterococcus pathogenicity island (PAI) associated genes:  esp (enterococcal surface 

protein), nuc1 (nuclease), cylA, B, and M (cytolysin), hyd (hydrolase), psaA (metal binding 

protein), gls24-like (general stress protein), cbh (bile salt hydrolase) and asa1 (aggregation 

substance). The antibiotic resistance genes included tetM and tetS (tetracycline) and vanB 

(vancomycin) (Table 3).  The presence of virulence and antibiotic resistance genes for E. faecalis 

strains reported by McBride et al, (2007) were used for the same strains examined in this study.  

Virulence and antibiotic genes for all other strains (Table SI1) were determined in silico. 

 

Multilocus sequence typing (MLST).  Sequences for E. faecalis housekeeping genes (Table 2) 

were downloaded from GenBank, trimmed and queried against alleles in the E. faecalis MLST 
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database to obtain allelic profiles and ST.  Strains with no sequence type found in the database 

were categorized as “NT”.  

 

Single nucleotide polymorphism (SNP) in MLST housekeeping genes.  SNP profiles for E. 

faecalis strains were determined by detecting nucleotide polymorphisms present for gyd268, 

xpt198, aroE355, gdh165, gyd208, gki141, pstS87 and pstS390 (housekeeping gene, SNP 

position) (Rathnayake et al., 2011).  MLST SNP profiles assigned to STs by Rathnayake et al., 

(2011) were used for the same STs found in our study.  SNP profiles for STs in the E. faecalis 

MLST database with no prior SNP profile assignment were determined manually in order to 

group all possible STs related to study strains based on SNP profile.   

 

eBURST and SNP analysis.  The eBURST algorithm (http://efaecalis.mlst.net/) (Feil et al., 

2004), which groups related isolates based on hypothesized evolutionalry descentwas used to 

visualize the relationships between the STs of Env E. faecalis strains with 525 STs (representing 

1202 isolates) in the E. faecalis MLST database.  The eBURST parameters were 7 loci per 

isolate, minimum of 6 identical loci for grouping and 1000 bootstrap replications.   

 

Results 

MLST profiles and STs determined by in silico analysis.  Genome sequences of putative 

housekeeping genes were extracted from GenBank and used to identify MLST STs of E. faecalis 

strains (Table SI1). Seven of 14 beach E. faecalis strains (Env) contained “new” alleles that did 

not match any allelic sequences in the E. faecalis MLST database (Table 4).  Five Env strains 

were assigned definitive STs by the database:  ST32 (N=2 isolates), ST102 (N=1 isolate), and 

http://efaecalis.mlst.net/
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ST368 (N=2 isolates).  The remaining Env strains had allelic profiles that were not present in the 

E. faecalis MLST database and identified as “NT” (i.e., no type based on searching for an “exact 

match”).  The STs for CL, HC and NH strains are shown as Supplemental Information (Table 

SI1).     

 

SNP profiles.  A total of 28 different SNP profiles were identified among the 47 E. faecalis 

strains analyzed (Table SI1).  Overall, there was good agreement between typing by MLST and 

SNP profiling. SNP profiles (SNP ID 5, 6, 7, 9, 10, 11, 13, 18, 21, 27 and 28) were shared 

between strains with identical STs. For example, 5 E. faecalis strains (PC1.1, E1, JH1, ATCC 

27959 and D32) shared SNP ID 5 and were all identified as ST40.  Three SNP profiles (SNP ID 

18, 21 and 27) were shared between strains that differed in ST. The remaining SNP profiles were 

not shared across strains. 

 

Grouping of E. faecalis STs based on MLST/eBURST analyses and SNP profiles.  

MLST/eBURST analysis and SNP profiling were used to assess the relatedness of the 47 E. 

faecalis strains with more than 500 E. faecalis strains and 1200 isolates in the MLST database. 

eBURST analysis grouped 40 out of the 47 E. faecalis strains with one or more other STs in the 

E. faecalis MLST database; the remaining strains, including 4 Env E. faecalis (NT1, NT4, NT5 

and NT6) 1 CL (39-5) and 2 HC (Com 7 and 62) strains were unique (singletons), and not 

grouped with other STs in the database (based on sharing 6 identical loci) (Table SI1).  

 

Figure 1 shows the grouping of Env E. faecalis strains by eBURST (dashed-line boxes) versus 

SNP profiling (solid line boxes).  Env strains ST32, NT2, NT3, NT7 and NT8 were grouped by 
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eBURST into clonal complexes (i.e. groups of related strains based on the polymorphism of 

MLST genes).  In some cases, the SNP profiles of related STs in the clonal complexes differed 

from that of the Env ST (highlighted). 

 

To infer possible source origins (i.e., humans, sewage, animals, birds, etc.) of Env strains, we 

examined the sources of isolates in the E. faecalis MLST database corresponding to STs 

assigned to our strains based on MLST/eBURST and SNP profile analysis (Figure 1). For 

example, one Env isolate was assigned ST368 which corresponds to an isolate in the E. faecalis 

MLST database isolated from shrimp; the SNP profile ACCCAACC was shared with ST143 

corresponding to an isolate from a hospitalized patient.  

 

SNP profiling was particularly useful for identifying related STs for strains classified as “NT” by 

MLST. For example, the SNP profile for NT1 (ACCAAACC) was used to identify ST76, ST426, 

ST461 which included isolates originating from hospitalized patients and poultry.  

 

Grouping of STs by SNP profiling was equivalent to grouping by eBURST; the Simpson’s 

Diversity Index for related STs identified by eBURST and SNP profiling was 0.94 and 0.95, 

respectively.  

    

Genome size.  The genome sizes of E. faecalis strains analyzed ranged from 2.64 MB to 3.36 

MB (average 2.99 MB) (Table 1).  The mean (± standard deviation) genome sizes of Env, HC, 

NH, CL strains were 2.85 (0.105) MB, 2.95 (0.099) MB, 2.98 (0.10) MB and 3.06 (0.104) MB 
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respectively. The genome sizes of Env strains were smaller as compared to that of CL, HC and 

NH strains (ANOVA; p < 0.05).   

 

Virulence genes.  The presence of Enterococcus virulence genes among E. faecalis strains are 

listed in Table SI2 and summarized in Figures 2 and 3.  The most significant finding was the lack 

of 9 of 10 virulence genes that may be present in PAIs of Enterococcus among the Env isolates 

as compared to HC, CL and NH strains (Fig 2.).  The only PAI associated gene found among 

Env strains was asa1, present 36% of strains.  Asa1 was also found in 75%, 56% and 44% of CL, 

HC, and NH strains. .   The presence of PAI associated genes among HC, CL and NH ranged 

from 6% to 78% of strains.  CL strains had the highest percentage of PAI associated genes 

overall.  Also notable was the higher incidence of cylA, cylB and cylM genes among CL strains 

(31%, 38% and 38% respectively) as compared to HC (11%, 11% and 11%, respectively) and 

NH strains (22%, 33% and 22%, respectively).   As for other virulence genes, gelE and efaA 

were found among all Env strains, followed by erlA (86%) and ace (64%) and asa1 (Fig 3.)  The 

presence of these 4 genes among HC, CL and NH ranged from 78% to 100% of strains.  

 

Antibiotic resistance genes.  Antibiotic resistance genes vanB and tetM/S were not found among 

Env E. faecalis strains (Table SI1).  The vanB gene was present among CL strains only (29%).  

TetM/S was found among HC (40%), CL (64%) and NH (56%) strains.    
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Discussion 

We used in silico analysis of whole genome shotgun sequences to characterize the genetic 

diversity of 14 E. faecalis (Env) strains isolated from beaches in California. We began with 

identifying the MLST STs, which was useful for comparing our Env E. faecalis with strains in 

the E. faecalis MLST database.  Four Env strains isolated from beach water, beach sand and 

seawrack did not belong to STs in the database, indicating that their allelic profiles differ from 

over 500 E. faecalis STs representing over 1200 strains in the database. However, clinical strains 

are over-represented in the E. faecalis MLST database; thus, STs matching our Env strains may 

become evident as more diverse strains are deposited. None of the remaining Env strains 

belonged to clinically relevant clonal complexes CC2 (ST6, 49, 2, 51) and CC9 (ST9, 17, 18, 42, 

52) associated with hospital outbreaks worldwide (Ruiz-Garbajosa et al., 2006). 

An important difference revealed through genome analysis was the smaller mean genome 

size of Env strains as compared human and non-human (mostly animal) strains.  This was 

recently reported in a similar study comparing the genomes of 11 E. faecalis isolates from 

freshwater (Weigand et al., 2014).  The larger genome size among human strains, particularly CL 

isolates could be due to acquisition of mobile genetic elements that confer virulence traits.  

Twenty-five percent of the genome sequence of E. faecalis strain V583 was shown to consist of 

mobile or foreign DNA elements, including determinants coding for virulence factors and 

antibiotic resistance (Paulsen et al., 2003). Enterococcus pathogenicity islands are associated 

with pathogenic strains, are mobile and can carry a large number of virulence genes (McBride et 

al., 2007).  Nine PAI-associated genes were not found among our Env strains but were present 

among HC, NH and mostly CL strains. Lower PAI content found in our study strains was also 

noted by Weigand et al., (2014). The size of the entire PAI found in E. faecalis is reported to be 
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approximately 150-180 kb (Hancock and Gilmore 2000) and closely reflect the above observed 

size difference between Env and CL strains.  

Asa1, esp and cyl are among the more commonly PAI associated genes that have been 

surveyed among E. faecalis from humans, animals and food (Easton and Gasson et al., 2001; 

Franz et al., 2003).  In this study, the asa1 (aggregation substance) gene was the only PAI 

associated gene found among our Env strains.  The esp gene which codes for enterococcal 

surface protein was not present but has been detected in E. faecalis isolated from environmental 

waters elsewhere (Whitman et al., 2007; Layton et al., 2009).  The cylA, B and M (cytolysin) 

genes, also absent among our Env strains was present among 31% - 38% of CL strains.   

A number of virulence determinants including cytolysin have also been found in HC 

isolates, raising the question whether these represent pure commensals or those harboring 

synergistic combinations of various virulence factors.  E. faecalis cytolysin represents a new 

class of cytolytic agents that is known to be active against both eukaryotic and Gram-positive 

prokaryotic cells in response to quorum sensing signals (Bogie et al., 1995; Coburn et al., 2004). 

Cytolysin expression is regulated by its subunit CylLS through quorum-sensing autoinduction 

mechanisms while a second subunit (CylLL) is used to preferentially bind target cells (Coburn et 

al., 2004).  Formerly known as hemolysin, E. faecalis cytolysin is well known virulence 

determinant that contributes more to infection toxicity than any other E. faecalis virulence factor 

studied (Van Tyne et al., 2013).   

Non-detection of tetracycline resistance genes among Env strains was also interesting, 

since tetracycline resistant genes were found among the human and animal E. faecalis strains 

examined.  Tetracycline resistant genes are not uncommon among E. faecalis from broilers, pigs 

and pets (Aarestrup et al., 2000; Butaye et al., 2001).  The lack of the vanB gene among our Env 
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strains was expected, since vancomycin resistance has been more commonly found among 

hospitalized individuals (Cetinkaya et al., 2000).   

In this study, SNP profiling was based on the polymorphisms of 8 genes and MLST 

involved relating STs based on one or two variants among 7 genes. SNP profiling was not able to 

distinguish all STs determined by MLST. However, SNP profiling proved useful for capturing 

STs related to our Env strains that were not identified by MLST and eBURST analysis.   

Characterizing Env strains by MLST and SNP allowed us to compare the source 

relatedness of corresponding E. faecalis isolates.  Five Env strains assigned STs by MLST 

represented isolates originating from multiple sources, including humans, birds, animals, sewage, 

water, and shrimp; 6 other Env strains were related to STs also including multiple sources. SNP 

profiling was useful for identifying related STs for 3 Env strains that were not clustered with 

other STs by eBURST.  

SNP analysis has been used to identify host related markers of fecal indicator bacteria 

(Rathnayake et al., 2011; Sheludchenko et al., 2010); however, identifying host specific sources 

based on these typing methods alone may be complicated because bacterial strains from different 

sources may have some clonal element in their populations (Maiden 2006). Still, expanded SNP 

studies of human E. faecalis strains are warranted given the need for more specific enterococci 

assays. Further examination of markers targeting a suite of PAI associated and antibiotic 

resistance genes including cyl, asa1, vanB, tetM may also prove useful. 

In our experience, in silico analysis was valuable but challenging for identifying certain 

genes due to inconsistencies in gene nomenclature resulting from gene annotation. Using 

previously published locus tags was convenient for finding some but not all genes.  Further, in 

some cases, we found multiple genes with sequences that were similar to the gene queried. We 
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selected homologous genes based on high (>90%) sequence coverage and identity; however, we 

acknowledge that results obtained by in silico analysis in this study may differ from previous 

studies that detected similar genes using PCR, related to differences such as PCR primer 

specificity and quality of genome annotation.  In conclusion, in silico analysis of E. faecalis 

genomes to characterize Env strains of E. faecalis using MLST and SNP profiling revealed that 

Env strains included STs related to human and non-humans in the E. faecalis MLST database 

and were not part of clonal complexes associated with hospital outbreaks Env strains had smaller 

genomes and lower frequencies of PAI associated determinants and antibiotic resistance genes as 

compared to CL, HC and NH strains, indicating lower virulence potential among Env strains.  

Our study findings indicate that PAI and antibiotic resistance genes are potential targets for 

discriminating human-associated E. faecalis strains. Expanded genomic studies of E. faecalis 

strains from diversified environments are needed to corroborate these findings.     
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Table 1.  E. faecalis strains and their genomes used in this study. 
 

 Strain 
(Synonym) 

Source Category* Genome 
Size (kb) 

GenBank Ref 

1 02-MB-BW-10 Beach water Env 3,054 ATIH00000000 This paper 
2 20-SD-BW-06 Beach water Env 2,792 ATIG00000000 This paper 
3 20-SD-BW-08 Beach water Env 2,790 ATIP00000000 This paper 
4 B83616-1 Beach water Env 2,656 ATIJ00000000 This paper 
5 D811610-10 Beach water Env 2,721 ATII00000000 This paper 
6 F01966 Offshore water Env 2,932 ATIN00000000 This paper 
7 06-MB-S-04 Beach  sand Env 3,041 ATIL00000000 This paper 
8 06-MB-S-10 Beach  sand Env 3,014 ATIK00000000 This paper 
9 LA3B-2 Beach sand Env 2,893 ATJC00000000 This paper 
10 VC1B-1 Beach sand Env 2,877 ATIZ00000000 This paper 
11 SLO2C-1 Beach park sand Env 2,786 ATJB00000000 This paper 
12 KI-6-1-110608-

1 
Seawrack Env 2,638 ATIE00000000 This paper 

13 20-SD-W-06 Seawrack Env 2,844 ATIQ00000000 This paper 
14 02-MB-P-10 Creek plant Env 2,905 ATIF00000000 This paper 
15 62 Human, infant, feces HC 3,131 CP00249.1 Brede et al., 2011; 

Solheim et al, 2009 
16 Pan 7 

(EnGen0281) 
Human commensal HC 2,955 AJEN00000000 McBride et al., 2007 

17 Com1 
(EnGen0284) 

Human, commensal 
feces 

HC 3,018 AJES00000000 
 

McBride et al., 2007 

18 Com2 
(EnGen0249) 

Human commensal, 
feces 

HC 3,031 AJBL00000000 McBride et al., 2007 

19 Com6 
(EnGen0250) 

Human commensal, 
feces 

HC 2,820 AJBM00000000 
 

McBride et al., 2007 

20 Com7 
(EnGen0368) 

Human commensal, 
feces 

HC 2,997 ASDU00000000 McBride et al., 2007 

21 PC1.1 Human commensal, 
feces 

HC 2,754 ADKN00000000 Cuiv et al., 2013 

22 X98 Human commensal,  
infant, feces 

HC 2,943 ACAW00000000 
 

McBride et al., 2007 

23 OG1RF Human commensal/lab  HC 2,740 CP002621 McBride et al., 2007 
24 Symbioflor1 Human 

commensal/probiotic 
HC 2,811 HF558530.1 Domann et al., 2007 

25 V583 Human clinical, blood CL 3,360 AE016830 Sahm et al., 1989;  
Paulsen et al., 2003; 
McBride et al., 2007 

26 DENG1 Human clinical CL 2,961 CP00481.1 - 
27 DORA_14 Human clinical CL 2,966 AZLY00000000 - 
28 DAPTO 512 Human clinical, blood CL 3,054 AEBT00000000 Peterson et al., 2009 
29 DAPTO 516 Human clinical, blood CL 3,056 AEBS00000000 Peterson et al., 2009 
30 Merz96 Human clinical, blood CL 3,085 ACAM00000000 McBride et al., 

2007;Palmer et al., 
2012 

31 10244 Human clinical CL 3,122 ASWX00000000 - 
32 CH188 Human clinical, liver CL 3,220 ACAV00000000 Rice et al., 1991; 

McBride et al., 2007 
33 SF5039 Human clinical CL 3,224 ASEO00000000 Oprea et al.,2004; 
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(EnGen0335) McBride et al., 2007 
34 SF26630 

(EnGen0239) 
Human clinical, urine CL 3,201 AJAY00000000 Oprea, et al., 2004; 

McBride et al., 2007 
35 E1 

(EnGen0293) 
Human clinical, 
endocarditis 

CL 3,105 AJEU00000000 
 

Bottone et al.,1998; 
McBride et al, 2007; 
Xu et al., 2000  

36 JH1 Human clinical CL 3,043 ACAP00000000 Palmer et al., 2010; 
McBride et al., 2007 

37 HH22 
(EnGen0297) 

Human clinical, urine CL 3,112 AJDY00000000 
 

Murray and Mederski-
Samoraj 1983; 
McBride et al., 2007 

38 WH245 
(EnGen0311) 

Human clinical, urine CL 3,169 AEBZ00000000 
 

Patterson  and 
Zervos1989; McBride 
et al., 2007 

39 39-5 
(EnGen0369) 

Human clinical, oral CL 3,122 ASDP00000000 Rosan and Williams 
1964; 
Yagi et al., 1983; 
McBride et al., 2007 

40 ATCC 35038 Chicken NH 2,976 ASDE00000000 Bridge and Sneath 
1982; McBride et al., 
2007 

41 ATCC 27959 Cow NH 2,944 AJEX00000000 McBride et al., 2007 
42 D32 Pig NH 3,063 CP003726.1 Zischka et al., 2012; 

Shankar, et al., 2006 
43 D3 

(EnGen0348) 
Pig NH 3,090 ASDC00000000 

 
Shankar et al., 2006; 
McBride et al., 2007 

44 D6 Pig NH 2,906 ACAT00000000 
 

Shankar et al., 2006; 
McBride et al., 2007; 
Larsen et al., 2010 

45 Ned10 
(EnGen0303) 

Horse NH 3,162 AJED00000000 McBride et al., 2007 

46 ARO1/DG Dog NH 2,850 ACAK00000000 
 

McBride et al., 2007; 
Palmer et al., 2012 

47 Fly1 Fly, (Drosophila) NH 2,834 ACAR00000000 
 

McBride et al., 2007; 
Palmer et al., 2012 
 

48 F1 
(EnGen0365) 

Milk NH 3,086 ASDL00000000 
 

Gelsomino et al.,2002; 
McBride et al., 2007 

*Env = environmental, HC = human commensal, CL = clinical, NH = nonhuman 
“-“ = no reference found in GenBank 
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Table 2.  Housekeeping genes used for MLST. 

Housekeeping 
Gene 

Location /(Locus Tag) Putative Function Ref  

gdh  NC_017312.1/(EF62_2189) glucose-6-phosphate 
dehydrogenase 

Ruiz-Garbajosa et al., 2006 

gyd NC_004668/(EF1964) glyceraldehyde-3-phosphate 
dehydrogenase 

Ruiz-Garbajosa et al., 2006 

pstS NC_017316.1/(OG1RF_11416) phosphate ATP binding 
cassette reporter 

Ruiz-Garbajosa et al., 2006; 
Bourgogne et al., 2008 

gki NC_017312/(EF62_2940) putative glucokinase Ruiz-Garbajosa et al., 2006 
aroE NC_004668/(/EF1561) shikimate 5-dehydrogenase Ruiz-Garbajosa et al., 2006 
xpt NC_004668/(EF2365) xanthine phosphoribosyl 

transferase 
Ruiz-Garbajosa et al., 2006 

yqiL NC_004668/(EF1364) acetyl-coenzyme A 
acetyltransferase/hydroxym
ethylgutaryl-CoA reductase, 
degradative 

Ruiz-Garbajosa et al., 2006 
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Table 3. Putative virulence and antibiotic resistance determinants. 

Bacterial 
Determinant 

Accession No. Putative Function Ref 

Pathogencity Island (PAI) Associated Genes 
   esp EF0056 enterococcal surface protein Shankar  et al, 2002, 

McBride et al., 2007 
  nuc1 EF0031 

 
putative nuclease Shankar  et al, 2002, 

McBride et al., 2007 

  cylA EF0048 cytolysin activator Shankar  et al, 2002, 
McBride et al., 2007 

   cylB EF0047 cylB; ABC-type transporter Shankar  et al, 2002, 
McBride et al., 2007 

  cylM EF0046 cylM; cytolysin subunit modifier Shankar  et al, 2002, 
McBride et al., 2007 

  hyd EF0077 putative glycosyl hydrolase Shankar  et al, 2002, 
McBride et al., 2007 

  psaA EF0095 putative lipoprotein; metal binding protein 
(homolog) 

Shankar  et al, 2002, 
McBride et al., 2007 

  gls24like EF0117 general stress protein Shankar  et al, 2002, 
McBride et al., 2007 

  cbh EF0040 chloroylglycine hydrolase; bile salt hydrolase Shankar  et al, 2002, 
McBride et al., 2007 

  asa1 NP_816972 aggregation substance  Shankar et al., 2002; 
Paulsen et al., 2003; 
Gomez et al., 2010 

Other Virulence Genes 
    
  gelE D85393 gelatinase; thermolysin metallopeptidase Su et al., 1991 
  efaA NP_815739; 

AAA70056 
endocarditis surface antigen Lowe et al., 1995 

  ace YP_005707935 collagen binding protein (E. faecalis OG1RF) Nallapareddy et al., 
2000 

  erlA EF2686, EF2250 leucine rich repeat protein Brinster et al., 2007 
Antibiotic-Resistance Genes 
  vanB NP_815953 vancomycin B-type resistant protein VanW (E. 

faecalis V583) 
Paulsen et al., 2003, 
Zheng et al., 2009 

  tetM X92947 tetracycline resistance McBride et al., 2007 
  tetS AEP33215 tetracycline resistance Novais et al., 2012 
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Table 4.  MLST profiles, STs and SNP profiles of environmental E. faecalis strains. 

E. faecalis 
Strain 

Source MLST 
profile 

(gdh, gyd, 
pstS, gki, 

aroE,  
xpt, yqil) 

Defined  
MLST 

ST 

SNP Profile 
(gyd268, xpt198, aroE355, gdh165, 
gyd208, gki141, pstS87, pstS390) 

SNP 
ID 

02-MB-BW-10 Beach water 9, 6, 6, 13*, 
11, 27, 8* 

NT1 ACCGTGCC 1 

D811610-10 Beach water 8, 7, 9, 5, 4, 4, 
1 

ST32 ACCAAACC 2 

SLO2C-1 Park sand 12*, 6, 17, 17, 
3, 2, 5 

NT2 ACCATGCC 3 

20-SD-BW-06 Beach water 63, 6, 67, 6, 
23, 1, 68 

ST368 ATCGTGCC 9 

20-SD-BW-08 Beach water 63, 6, 67, 6, 
23, 1, 68 

ST368 ATCGTGCC 9 

F01966 Offshore sediment 4, 6, 7, 29, 8, 
1, 20 

ST256 ATTATGCC 12 

B83616-1 Beach water 25, 7, 52, 56, 
3, 5, 51 

NT3 GCCAAGCT 15 

VC1B-1 Beach sand 5, 1, 1, 1, 7, 
23, 6 

NT4 GCTGAACC 18 

20-SD-W-06 Seawrack 12, 2, 17, 32, 
1*, 20, 4 

NT5 GTCATACC 20 

LA3B-2 Beach sand 5, 1, 16, 5, 
27*, 1, 7 

NT6 GTCGAACT 21 

KI-6-1-110608-1 Seawrack 15, 2, 37, 37*, 
17, 15, 11 

NT7 GTCGTACT 22 

02-MB-P-10 Creek plant 9, 1, 27, 31*, 
31, 24, 14 

ST102 GTTGAACT 26 

06-MB-S-04 Beach sand 21*, 9, 1, 3, 4, 
1, 6 

NT8 GTTGTACC 28 

06-MB-S-10 Beach sand 21*, 9, 1, 3, 4, 
1, 6 

NT8 GTTGTACC 28 

*”new” allele 
NT = no sequence type 
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FIG. 1.  An eBURST population snapshot of 14 environmental E. faecalis strains grouped 
into 12 SNP profiles. The dashed-line boxes are groupings determined by eBURST.  The 
solid line boxes include STs grouped by SNP profile.  SNP profiles in bold correspond to 
strains analyzed in this study.  The blue dots represent primary founder STs.  The size of 
the blue dot reflects the number of clones with this ST. NT7 and NT8 (highlighted in green) 
were strains with no defined ST that were grouped with multiple STs.  Source information 
corresponds to isolates representative of STs grouped by eBURST and SNP.       
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FIG. 2.  Distribution of  pathogenicity island encoded virulence traits found among 
E. faecalis strains. 

  

 

 

FIG. 3.  Distribution of other virulence traits found among E. faecalis strains. 
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SUPPLEMENTAL MATERIALS 

Table SI1.  Relationship of E. faecalis strains based on MLST and SNP sequence types 
(STs) and sources of isolates in MLST database corresponding to STs. (Env strains 
highlighted in gray).    
 
E. faecalis 
Strain 

Source MLST 
profile 
(gdh, 
gyd, 
pstS, 
gki, 

aroE, 
xpt, 
yqil) 

Defined 
MLST 

ST 

SNP Profilea SNP 
ID 

MLST STs 
Grouped by 

eBURST 

MLST STs 
Grouped by 
SNP Profile 

Sources of 
Isolates in MLST 

Database 
Corresponding to 
STs grouped by 
eBURST1 and 
SNP profile2  

02-MB-BW-
10** 

Beach 
water 

9, 6, 6, 
13*, 
11, 27, 
8* 

NT1 
 

ACCGTGCC 1 None (single 
variant) 
 

ST76, ST426, 
ST461, ST462, 
ST482 

2hosp-patient, 
poultry 

D811610-10** 
 

Beach 
water 
 

8, 7, 9, 
5, 4, 4, 
1 

ST32b 
 

ACCAAACC 
 

2 ST4, ST32, ST152, 
ST334, ST338, 
ST359, ST410 

ST4, ST22, 
ST32, ST202, 
ST224, ST316, 
ST338, ST375, 
ST409 

1poultry, wild 
birds, pig 2poultry, 
hosp-patient, non-
hosp-person, pig, 
cow, sewage, 
water 

SLO2C-1** 
 

Park sand 
 

12*, 6, 
17, 17, 
3, 2, 5 

NT2 
 

ACCATGCC 
 

3 ST65 
(ACCAAGCC) 
 

ST163, ST252, 
ST458 
 

1unknown, poultry 
2non-hosp-person, 
hosp-patient, 
poultry 

Symbioflor1** Human 
commensal 
/Probiotic 

2, 7, 
11, 1, 
3, 4, 2 

ST248 
 

ACCGAACC 
 

4 ST25, ST62,ST97,  
ST133, ST146, 
ST155, ST248, 
ST269, ST283, 
ST306, ST326, 
ST364, ST383  

ST248, ST269, 
ST383, ST408 
 

1Symbioflor 1 
2non-hosp person, 
hosp-patient 
 

PC1.1** 
E1 
JH1 
ATCC27959 
D32** 

Clinical 
Clinical 
Clinical 
Cow 
Pig 

3, 6, 
23, 12, 
9, 10, 7 
 

ST40 
 

ACTGTACC 
 

5 ST40, ST114, 
ST150, ST198, 
ST220, ST233, 
ST268, ST270, 
ST284, ST294, 
ST295 

ST40, ST114, 
ST148, ST198  
 

1,2 non-hosp 
person, hosp-
patient, seal 

Pan7  
 
Com6  

Human 
commensal 
Human 
commensal 

1, 7, 9, 
1, 1, 1, 
1,  

ST21 
 

ATCAAACC 
 

6 ST5, ST21, ST22, 
ST46, ST50, ST70, 
ST117, ST129, 
ST145, ST157, 
ST202,ST224, 
ST293, ST324, 
ST408, ST409, 
ST437 

ST5, ST21, 
ST46, ST50, 
ST70, 
ST129, ST145, 
ST152, ST157 
 

1milk, cheese, 
poultry, pig, non-
hosp person, hosp-
patient 2chicken 
product, hosp-
patient  

CH188 
WH245 
 
Ned10 

Clinical 
Clinical 
 
Horse 

4, 6, 
16, 4, 
1, 1, 4  

ST9 
 

ATCATACT 
 

7 ST9, ST17, ST18, 
ST42, ST52, 
ST106, ST318, 
ST335, ST524 
 

ST9, ST17, 
ST106, ST318, 
ST524 
 

1,2 hosp-patient, 
dog, lettuce, 
cheese  
 

39-5 Oral 30, 6, 
31, 33, 
11, 22, 
24 

ST94 
 

ATCATGTC 8 None (single 
variant) 
 

ST94 2unknown 

20-SD-BW-
06** 
20-SD-BW-
08** 

Beach 
water 
Beach 
water 

63, 6, 
67, 6, 
23, 1, 
68 

ST368 ATCGTGCC 
 

9 None (single 
variant) 
 

ST143 
 

1shrimp 2hosp-
patient 
 

Com1 Human 9, 6, 6, ST34 ATCGTGTC 10 ST34, ST43, ST493 ST34,ST121, 1hosp-patient, 
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Com2 

commensal 
Human 
commensal 

12, 13, 
11, 8 

   ST128 
 

poultry 2hosp-
patient, poultry 
 

V583 
10244** 
SF26630 
HH22 

Clinical 
Clinical 
Clinical 
Clinical 

12, 7, 
3, 7, 6, 
1, 5 

ST6 
 

ATTAAGCT 
 

11 ST2, ST6, ST51, 
ST181, ST183, 
ST281,  ST319, 
ST328, ST384, 
ST429, ST439, 
ST447, ST448, 
ST449, ST485, 
ST491, ST526 

ST6, ST139, 
ST181, ST183, 
ST241, ST319, 
ST384, ST429, 
ST439, ST441, 
ST447, ST448, 
ST485, ST491 

1non-hosp person, 
hosp-patient 2non-
hosp person, hosp-
patient, pig, 
poultry 
 

F01966** 
 

Offshore 
sediment 

4, 6, 7, 
29, 8, 
1, 20 

ST256 
 

ATTATGCC 
 

12 None (single 
variant) 
 

ST170, ST256, 
ST475 
 

1hosp-patient, pig, 
poultry 2hosp-
patient, pig, 
poultry 

DAPTO516** 
DAPTO512** 
Merz96 

Clinical 
Clinical 
Clinical 

35, 7, 
3, 32, 
32, 26, 
31 

ST103 
 

ATTGAACT 
 

13 ST103, ST159, 
ST388, ST487 
 

ST2, ST103 
 

1,2hosp-patient 
 

X98 
 

Infant, fecal 
 

1, 2, 
12, 8, 
1, 6, 1 

ST19 
 

GCAATATT 
 

14 ST19, ST20, 
ST120, ST339 
 

ST19, ST20, 
ST120 
 

1hosp-patient, non-
hosp person, horse 
2hosp-patient, non-
hosp person, 
horse, pig 

B83616-1 Beach 
water 

25, 7, 
52, 56, 
3, 5, 51 

NT3  GCCAAGCT 15 ST227  ST78  1,2hosp-patient  

F1 Milk 20, 3, 
7, 25, 
23, 2, 2 

ST72 
 

GCCGAGCC 
 

16 162, 168, 196, 442, 
443 

ST72, 162, 
168, 442, 443 
 

1,2hosp-patient, 
cheese 
 

Com7 Human 
commensal 

2, 2, 
12, 25, 
23, 29, 
2 

ST107 
 

GCCGTGTT 
 

17 None (single 
variant) 
 

ST107 
 

1,2unknown 
 

VC1B-1** 
 

Beach sand 5, 1, 1, 
1, 7, 
23, 6 

NT4 
 

GCTGAACC 
 

18 None (single 
variant) 
 

ST16, ST66, 
ST67, ST209, 
ST214, ST265, 
ST302, ST363, 
ST372, ST412, 
ST413, ST450, 
ST467 

2non-hosp person, 
hosp-patient, dog, 
pig, cow, poultry, 
sewage, birds 

62** 
 

Human 
commensal 
 

3, 3, 9, 
1, 9, 
19, 7 

ST66 
 

GCTGAACC 
 

18 None (single 
variant) 
 

ST16, ST66, 
ST67, ST209, 
ST214, ST265, 
ST302, ST363, 
ST372, ST412, 
ST413, ST450, 
ST467 

1non-hosp person 
2non-hosp person, 
hosp-patient, dog, 
pig, cow, poultry, 
sewage, birds 

D6 Pig 5, 1, 1, 
3, 7, 7, 
6 

ST16 
 

GCTGAACC 
 

18 ST16, ST179, 
ST265, ST302, 
ST363, ST372, 
ST413, ST467, 
ST495, ST500 

ST16, ST66, 
ST67, ST209, 
ST214, ST265, 
ST302, ST363, 
ST372, ST412, 
ST413, ST450, 
ST467 

1bull, dog, poultry, 
hosp-patient, non-
hosp person 2bull, 
dog, poultry, hosp-
patient, non-hosp 
person, pig, wild 
birds, sewage 

ATCC 35038 
 

Chicken 14, 2, 
18, 10, 
6, 2, 12 

ST59 
 

GCTGTGCC 
 

19 ST33, ST59, 
ST263, ST298, 
ST433 

ST33, ST59, 
ST147 
 

1,2pig, hosp-
patient, poultry  

20-SD-W-
06** 

Seawrack 12, 2, 
17, 32, 
1*, 20, 
4 

NT5 GTCATACC 20 None (single 
variant) 

ST98 2pig 

OG1RF 
 

Human/Lab 
strain 

3, 1, 
16, 1, 
1, 1, 1 

ST1 
 

GTCGAACT 
 

21 ST1, ST92 
 

ST1, ST92, 
ST261, ST291 

1human/lab strain, 
unknown 
 2 human/lab strain, 
unknown, hosp-
patient, poultry 
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LA3B-2** Beach sand 5, 1, 
16, 5, 
27*, 1, 
7 

NT6 GTCGAACT 21 None (single 
variant) 

ST1, ST92, 
ST261, ST291 

 2hosp-patient, 
poultry 

KI-6-1-
110608-1** 

Seawrack 15, 2, 
37, 
37*, 
17, 15, 
11 

NT7 
 

GTCGTACT 
 

22 ST165, ST177, 
ST226, ST341 

ST165, ST167, 
ST257, ST271, 
ST300 

1hosp-patient, 
poultry, pigeon, 
wild birds,2non-
hosp-person, 
pigeon, duck, fox 

DENG1** 
 

Clinical 
 

27, 1, 
11, 1, 
21, 1, 2 

ST191 
 

GTTAAACC 
 

23 ST191, ST115, 
ST514 
 

ST191, ST333, 
ST393, ST451, 
ST464, ST465, 
ST497, ST500, 
ST503, ST504, 
ST519 

1,2hosp-patient  
 

D3 Pig 19, 1, 
24, 22, 
19, 17, 
14 

ST47 
 

GTTAAGCC 
 

24 ST47, ST200 
 

ST47, ST53 
 

1hosp-patient, pig 
2hosp-patient, pig, 
dog 

ARO1/DG 
 

Dog 1, 2, 
30, 13, 
27, 22, 
32 

ST108 GTTATGCC 
 

25 None (single 
variant) 
 

ST122 1dog, pig 2hosp-
patient 
 

02-MB-P-
10** 
 

Creek plant 9, 1, 
27, 
31*, 
31, 24, 
14 

ST102 
 

GTTGAACT 
 

26 None (single 
variant) 
 

ST102, ST309, 
ST478 

1hosp-patient 
2hosp-patient, 
poultry 

SF5039 Clinical 10, 1, 
11, 6, 
5, 1, 4 

ST64 
 

GTTGAGTC 
 

27 ST8, ST64, ST90, 
ST112, ST137, 
ST154, ST161, 
ST209, ST259 

ST64, ST101, 
ST159, ST161, 
ST205 

1,2non-hosp 
person, hosp-
patient 

Fly1 
 

Fly, 
Drosophila 

20, 1, 
36, 38, 
50, 25, 
30 

ST101 
 

GTTGAGTC 
 

27 ST101, ST267 
 

ST64, ST101, 
ST159, ST161, 
ST205 

1fly, 2non-hosp 
person, hosp-
patient 

06-MB-S-
04** 
06-MB-S-
10** 

Beach sand 
Beach sand 

21*, 9, 
1, 3, 4, 
1, 6 

NT8 
 

GTTGTACC 
 

28 ST58, ST63, DT99, 
ST315, ST320 

ST58, ST63, 
ST99, ST188, 
ST232, ST315, 
ST320, ST446 

1non-hosp person, 
hosp-patient, pig, 
poultry 2non- 
hosp-person, hosp-
patient 

aSNP profile of defined MLST ST based on gyd268, xpt198, aroE355, gdh165, gyd208, gki41, pstS87, pstS390; 
profiles in bold and underlined include  >1 E. faecalis strain(s); SNPs highlighted in  
yellow are shared between multiple STs  
*“New” allele 
**ST identified in this study 
NT = No matching ST present in MLST database 
b STs highlighted in red, bold and underlined are defined STs ;STs highlighted in red correspond with STs also 
found in eBURST and/or SNP profile groups 
1Source of isolate(s) in MLST database based on defined ST or “most similar ST” 
2Source of isolate(s) in MLST database based on ST(s) corresponding with SNP profile 
hosp=hospitalized 
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Table SI2.  Enterococcus virulence and antibiotic resistance genes (1=found, 0=not found). 

E. faecalis 

Strain 

Enterococcus Virulence Genes* Antibiotic 

Resistance  

gelE  efaA ace  erlA                           

Pathogenicity Island Genes 

esp nuc1 cylA cylB cylM hyd psaA 
gls24-

like 
cbh asa1 

tet

M/S 

van

B 

62 1 1 1 1 1 1 0 0 0 1 1 0 1 1 1 0 

OG1RF 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

V583 1 1 1 1 0 1 0 0 1 1 1 1 1 1 0 1 

Symbioflor 0 1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 

D32 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 
02-MB-BW-
10 1 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 

02-MB-P-10 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

06-MB-S-04 1 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 

06-MB-S-10 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

20-SD-BW-06 1 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 

20-SD-BW-08 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 

20-SD-W-06 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

B83616-1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

D811610-10 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

F01966 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
KI-6-1-
110608-1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

LA3B-2 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

SLO2C-1 1 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 

VC1B-1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

DENG1 1 1 1 1 1 0 0 0 0 1 1 0 1 0 1 0 

DAPTO516 1 1 1 1 0 1 0 0 0 0 1 0 0 0 0 0 

DAPTO512 1 1 1 1 0 1 0 0 0 0 1 0 0 1 0 0 

PC1.1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Pan7 
(EnGen0281) 1 1 1 1 1 0 0 0 0 0 1 0 1 0 1 0 

10244 1 1 0 1 0 0 0 0 0 0 1 0 1 1 1 0 

CH188 1 1 1 1 1 1 0 0 0 1 1 0 1 1 1 0 
SF5039 
(EnGen0335) 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 
SF26630 
(EnGen0239) 1 1 1 1 0 1 1 1 1 0 0 0 1 1 0 1 

ARO1/DG 1 1 1 0 1 0 0 0 0 0 0 0 0 1 1 0 

Merz96 1 1 1 1 0 1 1 1 1 0 0 0 0 1 1 1 

Fly1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Com1 
(EnGen0284) 1 1 1 1 0 1 0 0 0 1 1 1 0 1 1 0 
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Com2 
(EnGen0249) 1 1 1 1 0 1 0 0 0 1 1 1 0 1 1 0 
Com6 
(EnGen0250) 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Com7 
(EnGen0368) 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 
D3 
(EnGen0348) 1 1 0 1 1 0 0 0 0 1 0 0 1 1 1 0 

D6 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
Ned10 
(EnGen0303) 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0 
F1 
(EnGen0365) 1 1 1 1 0 0 0 1 0 0 0 0 1 1 0 0 

X98 1 1 1 0 1 0 1 1 1 1 1 0 1 1 0 0 
E1 
(EnGen0293) 1 1 1 1 1 1 0 0 0 0 1 0 1 1 1 0 
39-5 
(EnGen0369) 0 1 1 0 0 0 1 1 1 0 0 0 1 1 0 0 

JH1 1 1 1 1 1 0 1 1 1 0 0 0 1 1 1 0 

ATCC 27959 1 1 1 1 1 0 0 0 0 0 1 0 1 0 0 0 

ATCC 35038 1 1 0 1 0 0 0 0 0 0 0 0 1 0 1 0 
HH22 
(EnGen0297) 1 1 1 1 0 1 0 0 0 1 1 0 1 1 1 0 

WH245 1 1 1 1 1 1 0 1 0 0 0 0 1 1 1 0 
 
*Putative gelE, gelatinase; esp, enterococcal surface protein; asa1, aggregation substance; efaA, endocarditis antigen; cylM, post-translation 
modification of cytolysin; ace, collagen adhesin; erlA, leucine-rich repeat containing domain protein.   
**tetM/S, tetracycline resistance determinant; vanB, vancomycin resistance (acquired) determinant 
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Enterococci are highly successful bacteria that will continue to challenge clinical and 

environmental scientists for years to come.  E. faecalis and E. faecium are among the most 

common species of Enterococcus found in humans and in marine waters (Arias and Murray 

2012; Harwood et al., 2013). Strains within these species groups are capable of undergoing high 

rates of recombination, allowing them to acquire or lose genes that facilitate their survival in 

different hosts and habitats and virulence potential (Ruiz-Garbajosa et al, 2006; Willems et al., 

2012; Arias and Murray 2012).   Understanding the genomic similarities and differences among 

strains within E. faecalis and E. faecium is needed to develop laboratory methods that can 

distinguish strains based on their source origin and potential for causing infections.  

Earlier genomic studies on distinguishing pathogenic subpopulations of E. faecalis and E. 

faecium were focused on the acquisition of genes associated with increased virulence including 

gelE, asa1, esp, cyl and vancomycin resistance (Arias and Murray 2012).   DNA typing by 

pulsed-field gel electrophoresis (PFGE) was used to track and control pathogenic clones in 

hospital environments and surrounding communities (Murray et al., 1991; Hammerum et al., 

2000).  Subsequently, multi-locus sequence typing (MLST) (Homan et al., 2002; Ruiz-Garbajosa 

et al., 2006) and multiplex PCR of enterococcal virulence genes (Vankerckhoven et. al., 2004) 

were developed and optimized to identify pathogenic strains.   

Environmental scientists expanded upon these studies to develop enterococci water 

quality methods to identify and manage sources of fecal pollution to recreational waters.  Scott et 

al. (2005) proposed using the E. faecium esp gene as a marker for human-associated strains in 

human fecal waste; however, subsequent studies showed that the esp gene was present among 

animal fecal waste and, thus, non-specific for humans (Whitman et al., 2007; Layton et al., 

2009).  In this study, we found the esp gene in E. faecalis isolates from human fecal waste, beach 
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water, sewage influent and dog stools.  Among E. faecium isolates, esp was detected in isolates 

from human clinical, human fecal and bird stool samples.  Thus, detection of a single gene may 

not be sufficient for source discrimination.  We also learned that the combined use of different 

typing techniques (PFGE, MLST and SNP) allowed further discrimination of strains. 

Whole genome sequencing (WGS) technology has revolutionized the ability to compare 

multiple genes from diverse strains.  In this study, 14 E. faecalis strains obtained from the beach 

environment were sequenced by WGS by the Genome Institute (GI) at the University of 

Washington.  Our initial attempts to assemble and compare the sequences of large contigs 

provided by the GI quickly revealed that we needed higher computing power and a team of 

molecular biologists and bioinformaticians to analyze and interpret the huge amount of data 

generated.  The genomes were subsequently assembled and annotated by the GI and submitted to 

GenBank, which allowed us to conduct in silico analysis of MLST genes described by Ruiz-

Garbajosa et al. (2006) among our beach strains.  These strains were then further analyzed using 

the single nucleotide polymorphism (SNP) approach developed by Rathnayake et al., (2011). 

MLST typing was useful in showing that none of the E. faecalis beach strains were associated 

with virulent strains.  Whereas MLST showed that the majority of beach strains were not closely 

related to clinical strains; SNP analysis revealed related sequence types for all of these strains, 

demonstrating higher discriminatory power.  In addition to strain typing, virulence gene analysis 

showed that the majority of E. faecalis beach strains lacked pathogenicity island genes (PAI) 

associated genes (aggregation substance, cytolysin, nuclease, glycosyl hydrolase, bile salt 

hydrolase, metal binding proteins and general stress protein (glys24like)) and antibiotic 

resistance traits as compared to strains isolated from human (clinical and commensal) and 

nonhuman (animals, fly and food) strains.   
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Recently, Weigand et al., (2014) compared the genomic sequences of core and variable 

genes of 70 intestinal and environmental E. faecalis strains and identified 105 genes 

hypothesized to provide habitat-specific adaptations; of these, 13 genes present in environmental 

isolates were rarely observed in enteric isolates, suggesting that gene distribution may be 

influenced by the habit of E. faecalis strains.  As an example, these investigators suggest that the 

loss of the nik(MN)QO (nickel transporter) gene, which was more abundant among 

environmental E. faecalis strains may be necessary for free-living E. faecalis to adapt to human 

gastrointestinal tracts.    

Further evidence supporting the notion of habitat-associated genes among Enterococcus 

strains recently reported in another study that found a higher prevalence of accessory resistance 

genes to copper and other heavy metals among enterococci in marine environments (Di Cesare et 

al., 2013).  Thus, enterococci methods that target accessory genes related to metal resistance in 

addition to virulence and antibiotic resistance genes may allow discrimination between 

environmental and human strains. 

The collective findings our work and that of recent studies could be useful for future 

studies to develop more specific enterococci methods and to examine the health significance of 

potentially virulent strains in coastal environments.  Selecting strain typing methods depends on 

the problems needing to be addressed and whether the method will be used for routine 

monitoring as opposed to special investigations including epidemiology, microbial source 

tracking or quantitative microbial risk assessment (QMRA) studies.  Other important 

considerations include method reliability and robustness, testing cost, time to obtain test results, 

ease of performing the assay and interpreting data, data portability (i.e., transferability of data 

between laboratories) and availability of public databases.   
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Current enterococci water quality methods detect and quantify multiple species of 

Enterococcus and even non-enterococcal species in water.  Most regulatory water quality 

laboratories in the U.S. use culture-based methods recommended by the USEPA such as 

Enterolert™ and EPA Method 1600 (Ferguson et al., 2013), although qPCR (quantitative PCR) 

enterococci methods are also under evaluation.  Culture- and qPCR-based enterococci methods 

are highly attractive for use in routine testing laboratories because these methods are inexpensive 

and easy to perform.  Their greatest disadvantage is that they are not highly specific and provide 

no additional information regarding the sources of the enterococci being measured.   

Of the multiple approaches used to characterize E. faecalis and E. faecium isolates in this 

study, virulence gene profiling by multiplex-PCR was least expensive and easiest to perform.  

Water quality laboratories currently using EPA Method 1600 for enterococci could potentially 

screen isolates for virulence genes, antibiotic resistant determinants and hemolysis by setting up 

a replicate plate onto a blood agar-based medium. Hemolysis is the phenotypic expression of the 

cytolysin gene, which has been associated with E. faecalis strains causing human infections 

(Coburn and Gilmore 2003).    

PFGE analysis of E. faecalis and E. faecium is still being used in combination with 

virulence gene analysis and MLST to identify and track pathogenic strains in mostly hospital 

settings (Biendo et al., 2010; Weng et al., 2013).  In this study, PFGE was most useful for 

assessing the clonality of strains that were thought to be related based on isolate source and 

presence of virulence genes.  PFGE is laborious, time-consuming, and more expensive than 

current enterococci methods; thus, this method would not be practical for routine monitoring of 

enterococci.  However, this method may be very useful for microbial source investigative 

studies, including QMRA.  For example PFGE typing could potentially link enterococci in water 
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to strains from suspected sources, such as animals, sand and eelgrass.  PFGE typing could also 

be used to assess the clonality of enterococcal strains resulting from persistence or growth in the 

environment.  

MLST of E. faecalis and E. faecium has gained widespread use, particularly for outbreak 

and epidemiological surveillance studies.  MLST data is portable and publicly available 

databases allow global comparison of strains associated with humans (hospitalized and 

nonhospitalized), hospital outbreaks and animals. However, MLST may not suitable for routine 

monitoring because the method is labor-intensive, time-consuming and more expensive than 

PFGE.  MLST typing would also require sequencing of isolates, which is currently not done in 

most water quality laboratories.  Moreover, the MLST approach is based on comparing the 

sequence variability among housekeeping genes, which are highly conserved; thus, PFGE, SNP 

and/or virulence gene profiling may be required for further strain discrimination.  High-

throughput MLST typing that employs next-generation sequence (NGS) technology may 

circumvent the high cost of MLST.  Recently Boers et al., (2012) showed successful parallel 

sequencing of MLST alleles that were amplified by PCR from 96 different isolates from four 

different pathogens in a single NGS run.  

Whole genome sequencing provides the most comprehensive analysis of genomic 

variation and is fast becoming the method of choice for bacterial strain discrimination.  

Sequencing results can be obtained within a few hours, and depending on the type of sequencing 

method used, tests costs can be lower than MLST (Sabat et al., 2013).  Still, additional time, vast 

computing power and sophisticated software are needed to assemble and annotate genes.  

Moreover, the role of most genes is still unknown and interpreting genomic data is challenging.  

For these reasons, sequences are analyzed using MLST and SNP and these methods are not 
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likely to be replaced by WGS anytime soon (Sabat et al., 2013).  Once computational problems 

that arise from WGS sequencing are resolved, WGS could dramatically transform the microbial 

assessment of water quality. 

Since traditional enterococci enumeration methods are limited in predicting fecal 

contamination, and molecular typing methods are costly, laborious and time-consuming for 

routine use, current water quality monitoring programs should consider a paradigm shift to better 

assess water quality.  QMRA studies have been proposed as a valuable alternative for deriving 

more site-specific targets of fecal pollution that could lead to more accurate assessments and 

improved management of water quality (Ashbolt et al., 2010).  Until WGS is more practical and 

affordable for routine use, another potential strategy for employing more expensive but 

informative typing methods would be to reduce the frequency of current monitoring based on 

traditional methods and to employ centralized laboratories capable of conducting PCR, DNA 

typing and genome sequencing.  

In the meantime, additional surveillance of virulence and antibiotic resistance genes 

among E. faecalis and E. faecium from different hosts and habitats should continue to better 

understand the occurrence and clinical relevance of these organisms in coastal waters.    
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