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Abstract Reports of Staphylococcus aureus including
methicillin-resistant S. aureus (MRSA) detected in marine
environments have occurred since the early 1990s. This
investigation sought to isolate and characterize S. aureus
from marine waters and sand at a subtropical recreational
beach, with and without bathers present, in order to inves-
tigate possible sources and to identify the risks to bathers of
exposure to these organisms. During 40 days over

17 months, 1,001 water and 36 intertidal sand samples were
collected by either bathers or investigators at a subtropical
recreational beach. Methicillin-sensitive S. aureus (MSSA)
and MRSA were isolated and identified using selective
growth media and an organism-specific molecular marker.
Antimicrobial susceptibility, staphylococcal cassette chro-
mosome mec (SCCmec) type, pulsed-field gel electrophore-
sis (PFGE) pattern, multi-locus sequence type (MLST), and

Electronic supplementary material The online version of this article
(doi:10.1007/s00248-013-0216-1) contains supplementary material,
which is available to authorized users.

L. R. W. Plano (*) :A. C. Garza : S. Hower
Departments of Pediatrics and Microbiology and Immunology,
University of Miami Miller School of Medicine, 1600 NW 10th Ave,
Miami, FL 33136, USA
e-mail: lplano@miami.edu

L. R. W. Plano : T. Shibata : J. Kish :C. D. Sinigalliano :
M. L. Gidley :K. Withum : S. M. Elmir : L. E. Fleming :
H. M. Solo-Gabriele
NSF-NIEHS Oceans and Human Health Center, Rosenstiel School
of Marine and Atmospheric Sciences, University of Miami,
Miami, FL 33149, USA

T. Shibata : C. D. Sinigalliano :M. L. Gidley
Atlantic Oceanographic and Meteorological Laboratory, National
Oceanic and Atmospheric Administration, Miami, FL 33149, USA

T. Shibata
Public Health and Health Education Programs, Northern Illinois
University, DeKalb, IL 60115, USA

J. Kish : L. E. Fleming
Department of Epidemiology and Public Health, University of
Miami Miller School of Medicine, Miami, FL 33136, USA

J. M. Fleisher
Public Health Program College of Osteopathic Medicine,
Nova Southeastern University, Fort Lauderdale, FL 33328, USA

S. M. Elmir
Miami-Dade County Health Department, Miami, FL 33056, USA

C. R. Jackson : J. B. Barrett
Bacterial Epidemiology and Antimicrobial Resistance Research
Unit, Richard B. Russell Research Center, Agricultural Research
Service, US Department of Agriculture, Athens, GA 30605, USA

T. Cleary
Departments of Pathology and Microbiology and Immunology,
University of Miami Miller School of Medicine, Miami,
FL 33136, USA

M. Davidson : J. Davis : S. Mukherjee
Center for Veterinary Medicine, US Food and Drug
Administration, Laurel, MD 20708, USA

L. E. Fleming
European Centre for Environment and Human Health (ECEHH),
Peninsula College of Medicine and Dentistry (PCMD), Truro,
Cornwall TR1 3HD, UK

H. M. Solo-Gabriele
Department of Civil, Architectural, and Environmental
Engineering, University of Miami, Coral Gables, FL 33124, USA

Microb Ecol (2013) 65:1039–1051
DOI 10.1007/s00248-013-0216-1

http://dx.doi.org/10.1007/s00248-013-0216-1


staphylococcal protein A (spa) type were characterized for
all MRSA. S. aureus was isolated from 248 (37 %) bather
nearby water samples at a concentration range of <2–780
colony forming units per ml, 102 (31 %) ambient water
samples at a concentration range of <2–260 colony forming
units per ml, and 9 (25 %) sand samples. Within the sand
environment, S. aureus was isolated more often from above
the intertidal zone than from intermittently wet or inundated
sand. A total of 1334 MSSAwere isolated from 37 sampling
days and 22 MRSA were isolated from ten sampling days.
Seventeen of the 22 MRSAwere identified by PFGE as the
community-associated MRSA USA300. MRSA isolates
were all SCCmec type IVa, encompassed five spa types
(t008, t064, t622, t688, and t723), two MLST types (ST8
and ST5), and 21 of 22 isolates carried the genes for Pan-
ton–Valentine leukocidin. There was a correlation (r=0.45;
p=0.05) between the daily average number of bathers and S.
aureus in the water; however, no association between expo-
sure to S. aureus in these waters and reported illness was
found. This report supports the concept that humans are a
potential direct source for S. aureus in marine waters.

Introduction

Staphylococcus aureus is an opportunistic pathogen that can be
found as a commensally colonizing organism in approximately
30 % of humans [1]. While some individuals can be long-term
carriers of S. aureus, colonizations are often transient in nature
[2]. S. aureus can typically be found in the anterior nares of
colonized individuals [3, 4]. However, organisms may also be
found in other areas such as the skin, axilla, perineum, and
pharynx [3, 5]. Infections that are caused by S. aureus, and
specifically methicillin-resistant S. aureus (MRSA), are primar-
ily of the skin and soft tissues. However, these bacteria are also
capable of causing serious systemic infections, including sep-
sis, pneumonia, endocarditis, and osteomyelitis [6, 7], and
these infections are usually caused by a colonized individual’s
own organisms [8, 9]. Historically, MRSA infections were
primarily associated with hospital or health care settings but,
with the emergence of potentially more pathogenic
community-associated organisms (CA-MRSA), in the past 15
to 20 years, infections are no longer limited to health care
settings and now are often seen as community-associated
infections in healthy individuals, both young and old [10–13].

Infections with CA-MRSA have been reported after nor-
mal activities and contacts of healthy individuals in high-
density environments. These include infections acquired after
use of common areas such as locker rooms or athletic facilities
or in other environments where people are in close contact and
encounter shared surfaces [14–17]. Spread is facilitated by the
ability of S. aureus to survive on surfaces for weeks to months
[18], and studies have shown a seasonal increase in MRSA

infections during warmer months [19–21]. The CA-MRSA
strain USA300 is particularly adept at surviving and spreading
on surfaces in a discrete setting or population [18, 22, 23] and
MRSA has been found in a variety of non-clinical environ-
ments utilized by people [14, 24–30]. The increased incidence
of infections caused by CA-MRSA/USA300 has led to inqui-
ries regarding environmental factors associated with human
exposure and infection [14, 31, 32].

Contacts at recreational marine beaches and waters have
long been implicated as a possible source for S. aureus skin
infections. In a retrospective epidemiological study conducted
in Hawaii that included microbiological monitoring of coastal
waters, contact with marine water was associated with S.
aureus skin infections in a pediatric population (ages 4 months
to 16 years), and both methicillin-sensitive S. aureus (MSSA)
and MRSAwere isolated during this study [33, 34]. In the past
several years, MSSA and MRSA have been isolated from
marine waters and sand from multiple locations including
Hawaii [28, 33–35], Egypt [36], Pacific Northwest [26, 27],
California [25, 37], and South Florida [24, 38], as well as fresh
water sources from the Northwestern USA [26] and Hawaii
[35]. With the exception of the studies done at the Northwest
US coast, these studies have primarily described S. aureus in
the context of methods of isolation, associated environmental
conditions, or temporal and spatial relations and did not at-
tempt to characterize these organisms. The MRSA isolated
from the Northwest US coast were related to hospital-
associated strains [27] or organisms primarily associated with
animal sources [26]. Recent studies characterizing both colo-
nizing and shed MSSA and MRSA have shown that both
adults and toddlers in diapers shed their own colonizing organ-
isms into marine waters in pool settings [39–41] supporting
that people could be a source of S. aureus in this environment.
In addition, S. aureus can survive in seawater for multiple days
[42] and is capable of replicating in sand [43]. Therefore, a
recreational beach setting could provide a transmission path-
way for exposure and possible infection with S. aureus.

To further explore marine environments as a potential trans-
mission pathway for MSSA and MRSA infection and to de-
termine risk of infection to bathers after exposure to S. aureus
in marine waters, this investigation examined the distribution
and potential sources of MSSA and MRSA in a subtropical
recreational beach environment. Additionally, MRSA isolates
were characterized by genotypic analyses and antimicrobial
profiling to ascertain their potential virulence and spread.

Materials and Methods

Sample Types and Strategy

Two different water sample types and beach sands were
collected from a popular, well-characterized recreational
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South Florida marine beach lacking a point source for sewage
contamination during December 2007 through August 2009
(Electronic SupplementaryMaterial (ESM) 1, 2a, b; images of
study beach). The water collected included bather nearby
water (BNW) samples (described below) obtained by study
participants to assess the risk of S. aureus exposure to a bather
using marine waters. Ambient water samples and sand were
collected by a study team to determine the conditions in which
MSSA and MRSA might be routinely found at this location.

Bather Nearby Water Samples

A total of 668 BNW samples were collected by bathers in
conjunction with the Beach Environmental Assessment and
Characterization Human Exposure Study (BEACHES) on
15 study days from December 2007 through June 2008.
This study was approved by the Florida Department of
Health Internal Review Board (IRBH07164) and the Uni-
versity of Miami Internal Review Board (IRB 20070306)
and was conducted to assess the risk to a bather associated
with exposure to potentially pathogenic bacteria from the
water immediately surrounding them and included extensive
environmental sampling for indicator organisms and other
pathogens [44]. Briefly, 1,303 adult regular bathers were
randomly assigned to bather or non-bather groups. Bathers
went into the water whereas non-bathers stayed on the
beach. All participants answered three questionnaires (de-
tailed below) that allowed for self-report of illness before
and after exposure. Study participants randomized to the
bather group spent 15 min in the water and submerged
themselves three times. A BNW sample was collected
at knee-deep water (approximately 0.5 m) using a 5-L
sterilized plastic container either after the first, second,
or third submersion depending upon random lane assign-
ments. Sampling points ranged from 10 to 40 m offshore
perpendicular to the shoreline depending on tidal stage. Ap-
proximately 200 mL of the BNW samples were analyzed for
the presence of MSSA and MRSA as outlined below.

The three questionnaires included: (1) a baseline health
questionnaire administered between 1 and 7 days prior to
the beach study day; (2) an exposure day questionnaire to
capture any changes in health status and other potential
covariates, since the initial interview and prior to randomi-
zation; and (3) a follow-up questionnaire administered
7 days after exposure to assess the development of any
illness and the potential covariates that may have occurred
since the exposure day. All questionnaires were adminis-
tered by study team members in person or by telephone. The
disease endpoints of interest were self-reported symp-
toms consistent with: gastrointestinal illness, acute fe-
brile respiratory illness (i.e., ICD9 461–466, 480), eye
or ear infections, and skin infections (For further expla-
nation of methods, see [44]).

Ambient Water Samples

A total of 333 water samples were collected by investigators
at the study beach at predetermined times, locations, and
depths as described below over a 3-month period from
August through October 2008. Sample days were
Thursdays, Saturdays, and a single Monday holiday, chosen
as predicted representatives of lower user density days
(Thursdays) and higher user density days (Saturdays and
holiday). Samples were collected three times per day at
9:00–10:00 am, 11:30–12:30 pm, and 3:00–4:00 pm. Due
to inclement weather on two study days, nine planned
samples were not collected. All samples were collected by
study team members who were negative for S. aureus col-
onization or infection.

The study beach, an area of approximately
30,000 m2, was divided into three segments (ESM 1;
satellite image of study beach) in order to collect sam-
ples representative of local conditions. Sampling was
performed along established transect lines (T1, T2, T3)
running perpendicular to the shoreline and ranging from
5 to 50 m offshore to reach the desired water depths for
collection: 0.3 m (shin-deep) and 1 m (waist-deep). The
distance from the shore to the established water depth
for collection varied depending upon tidal conditions
(ESM 2c, d: photographs of study beach). Upon reach-
ing the assigned transect point, the sampler briefly sub-
merged their arms, waited 1 min for sediment to settle,
opened a pre-sterilized 2.3 L polypropylene bottle up-
current and away from their body, rinsed three times at
an elbow depth (0.3 m) while facing into the current,
and then filled the bottle. Data recorded for each sam-
pling event included: the Global Positioning System
coordinates of the sampling points along the established
transects, tidal and weather conditions, the time interval
between the sampling, and any recent storm event with-
in the previous 24 h. Visual observances (including
activities on the beach or in the water, or noticeable
discharges into the water) were also documented. Bather
density was assessed using visual counts of persons in
the water or on the beach within the study area at the
time when the water samples were collected.

Sand Samples

Thirty-six sand samples were collected over 6 days between
July and August 2009 from three transects: dry (just above
the high tide line), intermittently wet (in the swash zone),
and inundated (continuously underwater). All sand samples
were collected along a defined intertidal zone. Two samples
were collected per transect per sampling day within 1 h after
high tide. Sand was collected with sterile instruments and
processed as described previously [45].
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Water Sample Processing

All water samples were collected into 2.3 or 5 L sterile
bottles filled at elbow depth (0.3 m) and sealed onsite.
Bottles were transported to the laboratory in coolers con-
taining cold packs or maintained at 4 °C and processed
within 6 h of collection. S. aureus was enumerated from
water using 50 and 5 mL filtration volumes and from sand
using an elution method (100 mL extraction volume fol-
lowed by 0.5 or 5 mL filtered for dry sand and 5 and 50 mL
filtered for other sands). Filtrates were passed through 0.
45 μm sterile Metricel® filters (Pall Corp., Ann Arbor, MI)
using a standard membrane filter method [46] as described
[40] and plated on selective media for isolation and subse-
quent genetic characterization of MSSA and MRSA popu-
lations as outlined below. Control field blanks consisting of
sterile water samples transferred into sample bottles and
treated as experimental samples were processed once daily
at the sample collection sites and three times per day in the
laboratory to confirm that there was no contamination from
personal flora occurring.

Bacterial Isolation and Identification

S. aureus from all water sample collections were isolated
and identified as described [41]. Samples were collected
onto filters using a standard membrane filtration procedure
[46]. Briefly, aliquots of water were filtered through 0.
45 μm sterile Metricel® filters to capture bacteria. Filters
were placed on Baird Parker agar with egg yolk tellurite
enrichment (Becton, Dickinson and Company, Sparks, MD)
and incubated aerobically at 37 °C for 24 to 48 h. After
incubation, colonies found to be black, shiny, convex,
2–5 mm in diameter, and surrounded by clear zones were
considered presumptive S. aureus and subjected to further
confirmatory testing. Presumptive positive isolates were
transferred to mannitol salt agar (BD) for determination of
mannitol fermentation and incubated aerobically at 37 °C
for 16–24 h. Mannitol-fermenting isolates were transferred
to trypticase soy agar with 5 % sheep blood (TSA II™; BD)
and subjected to latex agglutination testing for clumping
factor and protein A using the BACTiSTAPH® Latex Ag-
glutination Test (Remel via Thermo Fisher Scientific,
Lenexa, KS). Whole cell extract of each positive isolate
was obtained using the Amplicor MTB Sputum Speci-
men Preparation Kit (Roche Diagnostics, Indianapolis,
IN) according to the manufacturer’s recommendations
and served as the template DNA for quantitative real-
time PCR (qPCR) confirmation of the S. aureus-specific
gyrA gene as previously described [47], with the minor
modification that 1 μL of crude lysate was used as
template for qPCR reactions instead of purified chromo-
somal DNA.

S. aureus and MRSA Characterization: PCR Determination
for Select Genes

Bacterial isolates determined to be S. aureuswere subjected to
additional qPCR to test for the methicillin resistance gene,
mecA, as a marker for MRSA as described [47]. All MRSA
and 531 MSSAwere subjected to additional qPCR to test for
the presence of genes encoding factors known to be associated
with virulent S. aureus: exfoliative toxins A and B (eta, etb);
staphylococcal enterotoxins A, B, G, K, M, and Q (sea, seb,
seg, sek, sem, seq); toxic shock syndrome toxin-1 (tst-1);
Panton–Valentine leukocidin (PVL; lukS-PV and lukF-PV);
leukocidin (lukDE); alpha, beta, and gamma hemolysins
(hla, hlb, and hlgABC); chemotaxis inhibitory protein; and
arginine catabolic mobile element arginine deiminase (arcA).
The MSSA tested included 120 MSSA collected from the
ambient water samples and 399 MSSA collected from the
bather nearby water samples. The MSSA were selected as a
representative sample consisting of one to three organisms
isolated from each MSSA positive sample and chosen to
include a representative of each hemolytic phenotype based
upon growth on trypticase soy agar with 5 % sheep blood.
Genomic DNAwas extracted from MRSA and select MSSA
isolates using the DNeasy® Blood and Tissue kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol, with
lysis buffer (20 mMTris–Cl, pH 8, 2 mMEDTA, 1.2 % Triton
X-100) containing 0.25 mg/mL lysostaphin (Ambi Products
LLC, Lawrence, NY). Purified DNAwas evaluated and quan-
tified using a NanoDrop 1000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE) and 5 ng was used as
template in 25 μL qPCR reactions as previously described
[47]. Beacon Designer™ (Premier Biosoft, Palo Alto, CA)
was used to design oligonucleotide primers for this study.
Optimized annealing temperatures and control strains used
for qPCR as well as references for previously designed pri-
mers are listed in ESM 3 (qPCR primers). The identification
of microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs) for all isolates was determined via
PCR using methods and primers by Tristan et al. [48].

SCCmec Typing, spa Typing, MLST, and PFGE of MRSA
Isolates

SCCmec typing was done as described [49, 50] and the
Network on Antimicrobial Microbial Resistance in S. aure-
us repository strain NRS386 was used as a SCCmec type
IVa control. spa typing was performed for all MRSA as
described [51]. spa sequences were analyzed and
assigned spa types using the Egenomics spa type tool
(http://tools.egenomics.com) and using a numerical sys-
tem (e.g., spa type 1 [52]). Ridom database equivalents
were identified using the Ridom Spaserver website de-
veloped by Ridom GmbH and curated by SeqNet.org
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(http://spa.ridom.de) [53] and were reported using a
numerical system preceded by a “t” (e.g., t008).

MLST was determined for all MRSA obtained for this
study using previously described oligonucleotide primers
and methods for seven housekeeping genes: carbamate ki-
nase (arc), shikimate dehydrogenase (aro), glycerol kinase
(glp), guanylate kinase (gmk), phosphate acetyltransferase
(pta), triosephosphate isomerase (tpi), and acetyl coenzyme
A acetyltransferase (ygi) [54]. DNA sequence was generated
by Eurofins MWG Operon, (Huntsville, AL) and analyzed
using an online database (http://saureus.mlst.net).

All MRSA isolated for this study and a control popula-
tion of 32 human clinical MRSA obtained for a separate
study were analyzed by pulsed-field gel electrophoresis. The
clinical controls were isolated from infected skin lesions or
serious systemic infections from 32 separate patients from
local hospitals or clinics and were selected based on match-
ing spa types with the study MRSA. PFGE was performed
as previously described [55]. Briefly, cells from a 5-mL
overnight culture were pelleted, embedded in agarose plugs,
and lysed. Plugs were digested overnight with 30 U of SmaI
(Roche, Indianapolis, IN), and digested DNA separated on a
1 % SeaKem agarose gel using a CHEF-DRII pulsed-field
electrophoresis system (Bio-Rad). Electrophoresis was car-
ried out at 6 V for 21 h with a ramped pulse time of 5 to 40 s
in 0.5× Tris–borate–EDTA buffer (14 °C). DNA standards
were prepared from Salmonella enterica serotype Braen-
derup H9812 as previously described [56]. Cluster analysis
was performed with BioNumerics software (Applied Maths
Scientific Software Development, Sint-Martens-Latem,
Belgium) using Dice coefficient and the unweighted pair
group method. Optimization settings for dendrograms
were 3 % with a band tolerance of 3 %.

Antimicrobial Susceptibility Tests

The Sensititre® MIC and Breakpoint Susceptibility panel
(TREK Diagnostic Systems, Inc., Cleveland OH) was used
for the susceptibility testing of all MRSA isolates. Briefly,
three to five colonies from an agar plate were added to
sterile water and adjusted to a 0.5 McFarland Standard. A
30 μL inoculum was transferred to 10 mL Mueller–Hinton
broth with TES buffer per manufacturer’s guidelines. The
plates were inoculated with 50 μL of the broth suspension
using the Sensititre AutoInoculator® (TREK). The plate
wells were covered with an adhesive seal and then incubated
at 35 °C for 24 h. The minimal inhibitory concentration was
recorded as the lowest concentration of antimicrobial that
inhibited visible growth. Guidelines supplied by the Clinical
and Laboratory Standards Institute were used including all
recommended controls, to determine susceptibility and re-
sistance. Antibiotics used in susceptibility tests included
penicillin, ampicillin, oxacillin, erythromycin, clindamycin,

vancomycin, trimethoprim/sulfamethoxazole, ciprofloxacin,
levofloxacin, moxifloxacin, tetracycline, synercid, rifampin,
linezolid, daptomycin, gentamicin, and chloramphenicol.

Statistical Analysis

Microsoft Office Excel 2007 and SigmaPlot 11 were used
for data management and statistical analyses for microbial
concentrations. Differences of the mean microbial concen-
trations were evaluated using t tests for normally distributed
data. The Mann–Whitney rank sum test was used in lieu of
the t test in the cases where normality tests failed. Pearson
Product Moment Correlations for normal distributed data
and Spearman Rank Order Correlations for non-normal
distributed data were used to determine associations be-
tween number of bathers and microbial concentration. The
analysis of the BNW samples included a comparison with
epidemiologic data, therefore also required the use of SAS
and StatXact statistical packages as previously described
[44, 57]. The bivariate logistic regression was used to eval-
uate a dose–response relationship between microbial con-
centrations and bathers’ self-reported skin illness.

Results

MSSA and MRSA Isolated from the Bather Nearby Water

Bather nearby water samples were collected by study partic-
ipants as part of larger study to evaluate the risk to a bather
associated with exposure to potentially pathogenic bacteria
from the water immediately surrounding them. Of the1,303
participants in the BEACHES study [44], 668 were random-
ized to go into the water and collect samples for isolation of
bacteria. S. aureus was isolated from 248 of the 668 BNW
samples (37 % [57]) at a range of 2–780 CFU/100 mL water
(Table 1). MSSA were isolated on all 15 collection days.
MRSAwas isolated on 6 of 15 days, from seven of the water
samples (3 %) at a range of 2–68 CFU/100 mL water. A total
of 1,050 MSSA and 17 MRSA isolates were collected and
analyzed from BNW samples. A minimum of one and a
maximum of 20 bacterial isolates were collected from any
BNW sample containing MSSA or MRSA. Of the positive
samples, 3.7 % produced ten or greater isolates each and less
than 1 % produced 20 (n=3). A single sample contained both
MSSA (n=9) and MRSA (n=1). Ninety-seven percent of the
presumptive positive S. aureus that were subjected to confir-
matory qPCR were confirmed MSSA or MRSA.

No association was identified between exposure to S.
aureus in the water and any self-report of illness 7–10 days
after participation among all individuals whose water sam-
ples contained bacteria. When the analysis was restricted to
only those samples that were positive for S. aureus, there
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was also no significant association between increasing
counts of bacteria and any of the reported illnesses.

MSSA and MRSA Isolated from Ambient Water

Ambient water samples were collected to evaluate the presence
and characteristics of S. aureus isolated from these marine
waters under normal use conditions. Of the 333 ambient water
study samples collected on 19 study days by investigators, 102
(31 %) were determined to contain S. aureus at a range of 2–
260 CFU/100 mL water, and two (approximately 1 %) had
MRSA at a range of 2–20 CFU/100 mL water. MSSA and/or

MRSA were isolated each day except one. A total of 272
MSSA and 2 MRSA were isolated from these samples. The
percentage of water samples that contained S. aureus was not
significantly different between the three collection transects:
T1, 30.4 % (n=34); T2, 39.2 % (n=40); T3, 30.4 % (n=31),
(p=0.33); between shin-deep water (0.3 m) at 47 % (n=48)
and waist-deep water (1 m) at 53 % (n=53), (p=0.71); or
between the three sampling times: 9:00 am, 33.3 % (n=34);
11:30 am, 36.3 % (n=37); 3:00 pm, 30.3 % (n=31), (p=0.83).
The range of positive samples per collection day, shown in
Fig. 1, was from 0 % (on a Thursday; September 11, with 18
samples collected in inclement weather and few beachgoers) to

Table 1 Summary of characteristics of all water and sand samples obtained

Samples Bather nearby water Ambient water Sand

Collected by Bathersa Investigators Investigators

Monitoring period 15 days from Dec. 2007 to June 2008 19 days from July 2008 to Sept. 2008 6 days from Aug. 2009

Sampling time 7:44 am to 11:52 am 9:00 am to 10:00 am am
11:30 am to 12:30 pm

3:00 pm to 4:00 pm

Water depth 0.5 m (knee depth) 0.3 and 1 m (shin and waist depth) NA

Sampling site Single site per individual Along three transect lines Intertidal zone

Total number of samples 668 333 36

Number of days with S. aureus isolated 15 18 5

Number/% S. aureus-positive
samples (MSSA or MRSA)

248/37 % 102/31 % 9/25 %

Total MSSA isolates collected 1,050 272 12

Number of samples with MSSA 242 101 8

Number of days with MSSA 15 18 4

Concentration range <2 to 780 CFU/100 mL <2 to 260 CFU/100 mL ND

Total MRSA isolates collected 17 2 3

Number of samples with MRSA 7 2 3

Number of days with MRSA 6 2 2

Concentration range <2 to 68 CFU/100 mL <2 to 20 CFU/100 mL ND

a Individual bathers who participated in environmental epidemiological studies [46]

NA not applicable, ND not done
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67% (on a holiday; September 1, with a crowded beach), with
an average of approximately 31 % positive samples across all
days. A minimum of one and a maximum of ten bacterial
isolates were collected from any ambient water sample con-
taining MSSA or MRSA. Of the positive samples, 10.5 %
produced six or greater isolates each and 4 % produced ten. A
single sample contained bothMSSA (n=2) andMRSA (n=1).
Ninety-seven percent of the presumptive positive S. aureus
that were subjected to confirmatory qPCR were confirmed
MSSA or MRSA.

In order to evaluate the possible relationship between
bather density and the presence of S. aureus in the
water, the S. aureus counts at the specific collection
times for the ambient water study were compared with
bather densities for that same time. There were from 0
to 131 bathers observed during manual counts by the
investigation team at any given time during the sam-
plings. The instantaneous number of bathers did not
strongly correlate with the instantaneous concentrations
of S. aureus isolated from the water (r=0.12; p=0.03)
or the daily percentage of S. aureus-positive samples
(r=0.32; p=0.18; data not shown). The daily geometric
mean of S. aureus and the average number of people in
the water (1 to 44 bathers) during each of the sampling
days correlated (r=0.45; p=0.05; Fig. 2). Water quality
data, and human usage counts, can be highly variable
throughout the course of a day. The averaging provided
by computing the geometric mean and average bather
counts permits for the suppression of some of this
variability, to allow for the observation of trends.

MSSA and MRSA Isolated from Beach Sand

Intertidal zone sand samples were collected to evaluate the
presence and characteristics of S. aureus isolated from this
location under normal use conditions. From the beach sand
study samples, a total of eight sand samples were positive
for MSSA and three were positive for MRSA (Table 1).
Organisms were isolated on four of the six sampling days
from dry and intermittently wet sand zones. No S. aureus
was found in inundated sand. Six of the eight MSSA and all
of the three MRSA samples were found in the dry sand. Two
MSSA samples were obtained from intermittently wet sand.
A minimum of one and a maximum of four bacterial isolates
were collected from any sand sample containing MSSA or
MRSA. A single sample contained both MSSA (n=1) and
MRSA (n=1). Of the presumptive positive S. aureus that
were subjected to confirmatory qPCR, 48 % were confirmed
MSSA or MRSA.

Antimicrobial Susceptibilities and Genetic Characterization
of S. aureus and MRSA

In total, 1,356 S. aureus isolates were collected for these
studies from a total of 340 water and 9 sand samples. A total
of 1,050 MSSA and 17 MRSA were isolated from BNW
samples, 272 MSSA and 2 MRSA from ambient water
samples, and 12 MSSA and 3 MRSA from beach sand
samples. In total, 22 MRSA isolates were collected from
12 samples collected on 10 out of the combined 40 sampling
days. Specifically, 17 MRSA came from seven BNW
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Fig. 2 Daily geometric mean
(DGM) of S. aureus in
recreational marine waters
correlated with the average
number of bathers in ambient
water. The presence of S.
aureus in the water correlated
with the average number of
people in the water by direct
visual observation
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samples collected on 6 (of 15) days, 2 MRSA came from
two ambient water samples from 2 (of 19) days, and 3
MRSA came from three sand samples collected on 2 (of 6)
days (Table 1, Fig. 3). All MRSAwere subjected to analysis
including antimicrobial susceptibilities, SCCmec typing,
spa typing, MLST determination, PFGE, and toxin gene
profiles to access their pathogenic potential and possible
sources. Results of the analyses for all MRSA are shown
in Fig. 3. All MRSA were determined to be SCCmec type
IVa and encompassed five spa types (t008, t064, t622, t688,
t723) and two MLST types (ST8 and ST5). PFGE results
identified 17 of 22 MRSA isolated from seven separate
samples collected on 6 days as CA-MRSA strain USA300;
three MRSA collected from two samples on separate days

were greater than 90 % similar to USA700; and one MRSA
isolate was indistinguishable from USA100. When the
PFGE results for study isolates were compared to results
from a population of clinical MRSA isolated locally from
infected skin lesions or obtained from serious systemic
infections, 18 (82 %) were identical to clinical isolates, three
isolates showed greater than 95 % similarity, and the
remaining MRSA was 85 % similar to a clinical isolate
(Fig. 4). Toxin gene profiles revealed that 21 (95 %) study
MRSA were positive for the gene for PVL, a known viru-
lence factor and marker for potentially virulent organisms
[58, 59]. No MRSA were positive for tst-1, eta, etb, sea, or
seb. Two MSCRAMM patterns were determined for all
MRSA. BLP115 carried genes eno, ebpS, fib, clfA, and clfB.

Fig. 3 PFGE-based dendrogram, genetic profiles, antimicrobial sensi-
tivities, and sample sources of MRSA study isolates. Bionumerics soft-
ware was used to generate a dendrogram based on PFGE results as
compared to USA prototype controls. Sample sources: BNW, bather
nearby water; T, transect/ambient water. Black boxes indicate an isolate
was positive for a gene or resistant to an antimicrobial. Gray boxes
represent negative genetic results or antimicrobial sensitivity. Genes are
designated as follows: seg, sek, sem, and seq, staphylococcal enterotoxins
G, K, M, and Q; PVL, Panton–Valentine leukocidin; CHIP, chemotaxis

inhibitory protein; and arcA, arginine catabolic mobile element arginine
deiminase. Antimicrobials are designated as follows: AMP, ampicillin;
CHL, chloramphenicol; ERY, erythromycin; LEV, levofloxacin; MOX,
moxifloxacin; OXA, oxacillin; and PEN, penicillin. All isolates were
negative for exfoliative toxins A and B, (eta, etb), staphylococcal enter-
otoxins A and B (sea, seb), and toxic shock syndrome toxin (tst-1; not
shown). All isolates were sensitive to: clindamycin, vancomycin, trimeth-
oprim/sulfamethoxazole, ciprofloxacin, tetracycline, synercid, rifampin,
linezolid, daptomycin, and gentamicin (not shown)
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All other MRSA had genes eno, fnbB, fib, clfA, and clfB
(data not shown). All MRSA had genes hla, hlb, hlgABC,
and lukDE (data not shown). Study MRSA were primarily
resistant only to the penicillins (e.g., penicillin, ampicillin,
oxacillin) and all, except one, to erythromycin.

All sand-isolated MSSA (n=12) and 519 of water-
associated MSSA (399 from BNW and 120 from ambient

water were chosen as representative subsets) were subjected
to toxin gene profiling. The prevalence of eta, etb, sea, seb,
and PVL was determined for representative water-isolated
MSSA as compared to S. aureus previously recovered from
infected skin lesions [47] and is presented in Table 2. A
single sand-isolated MSSA carried sea (data not shown); all
other sand isolates were toxin negative. All MSSA tested
had genes hla, hlb, hlgABC, and lukDE (data not shown).

Discussion

S. aureus is an organism that can be shed by colonized or
infected individuals in many environments including hospi-
tals, gyms, locker rooms, and prisons [10–13]. Although there
are increasing reports of MSSA and MRSA associated with
marine environments and recreational beaches [24–28,
33–38], none have been associated with reported outbreaks
of infections.While it is widely accepted that humans could be
a probable source of MSSA and MRSA at recreational
beaches, few studies have attempted to investigate a direct
association with the presence of humans at a beach and the S.
aureus isolated from that location. Charoenca and Fujioka
reported that total staphylococci in Hawaiian marine waters
correlatedwith the number of bathers [33] and further reported
that in a pediatric population with a mean age of 7 years,
exposure to this water was associated with a reported skin
infection [34]. We previously confirmed that colonized
humans shed viable MSSA and MRSA into marine waters
[41], and Enns et al. [38] demonstrated over a 10-day period
with hourly water collections at this study beach that S. aureus
levels peaked approximately 4 h after bather peaks.

Fig. 4 PFGE-based dendrogram and spa types of MRSA study iso-
lates and clinical MRSA isolates obtained from local hospitals or
clinics. Bionumerics software was used to generate a dendrogram
based on PFGE results as compared to USA prototype controls. Sam-
ple sources: BNW, bather near water; T, transect/ambient water

Table 2 Prevalence of toxin genes in marine MSSA isolates as com-
pared to infecting S. aureus

Source of Bacterial Isolatea

Toxin
gene

Bather nearby
water

Ambient
water

Infecting S.
aureus [49]

% positive (399) % positive (120) % positive

eta 1.5 (6)* 0* 43

etb 0* 1 (1)* 39

sea 15.8 (63)* 1 (1) 3

seb 6.5 (26)** 1 (1)* 13

PVL <1 (1)* 1 (1)* 11

Values inside the parenthesis indicate number of isolates

eta exfoliative toxin A, etb exfoliative toxin B, sea staphylococcal en-
terotoxin A, seb staphylococcal enterotoxin B, PVL Panton–Valentine
leukocidin
* p<0.005; ** p=0.075
a Not shown are 12 isolates from sand. All sand isolates were negative for
eta, etb, sea, seb, and PVL, except one which was positive for sea only
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In this study, we sought to evaluate the possible relation-
ship between bather density and the presence of S. aureus in
the water and at the beach in a subtropical location that does
not have a point source for sewage contamination. An
earlier study showed that S. aureus concentrations in off-
shore water at the same study site was primarily less than the
detection limit of 1 CFU/100 mL when the bather density
was very low [39]. This study also showed that approxi-
mately 105 CFU of S. aureus could be released into the
water by single bather [39]. The number of bathers and S.
aureus levels were fairly correlated; however, not as strong-
ly as expected, which was likely due to the large dilution
factor in open water unlike the earlier study conducted in a
small controlled environment (e.g., a pool). Here, results
support that bathers are indeed a potential source of the
bacteria by showing that the average number of people in
the water during a sampling period was correlated with the
daily geometric mean of S. aureus in these waters (Fig. 2).
The results from this and earlier studies suggest that the
bathers in the water are likely a primary source for S. aureus
and not the shoreline, as has been recently observed for the
fecal indicator bacteria, enterococci [60].

Here, we determined that recreational bathers were ex-
posed to S. aureus in the water at this beach at a range of
31 % for ambient waters to 37 % [57] when bathers collect
their own water samples. However, a concurrent increase in
reported illness as a result of this exposure was not evident.
The potential for infection by S. aureus is impacted by a
number of factors in otherwise healthy individuals where
these infections are usually limited to the skin. Among these
factors are the virulence potential of the bacteria themselves,
which in part are associated with the ability of the organisms
to express virulence factors. A possible contributing reason
for the lack of reported illness despite exposure to these
bacteria could be linked to the predominant S. aureus pop-
ulation to which the bathers were exposed. The vast major-
ity of the S. aureus isolated in this environment were MSSA,
likely not capable of expressing skin infection-associated
toxins, as was shown by a direct comparison of toxin gene
profiles of these organisms to a population of S. aureus
isolated from infected skin lesions in otherwise healthy
individuals [47]. Although any MSSA may be pathogenic,
our results indicate that these marine water-related MSSA
were not. In addition, only a small percentage of the S.
aureus isolated during this study (1–3 %) were MRSA.

All the MRSA isolated from multiple sources and multi-
ple times during this study were identical to (86 %) or
strongly resembled MRSA clinical isolates from local hos-
pitals or clinics. The majority of the MRSA isolated were
indistinguishable from or clonally related to CA-MRSA
USA300 by established PFGE criteria [55] and the remain-
ing MRSA clustered with other MRSA known to be respon-
sible for human infection (USA700 and USA100; [61]).

These results are in contrast to the characterization of
MRSA isolated from other recreational beaches in the
Northwestern US where the isolates were similar to
multidrug-resistant hospital strains [27] or were primarily
associated with animals [26], but in agreement with reports
from marine MRSA from Hawaii where CA-MRSA have
been reported [62]. This diversity in MRSA populations was
likely related to the sources of organisms at these locations,
which these results suggest were at least in part due to
MRSA-colonized beachgoers.

The lack of corresponding reported illness during this
study suggests that although bathers were exposed to S.
aureus, the majority of these organisms were unlikely to
be associated with infection in the average healthy beach-
goer. Additionally, exposure to organisms with a greater
propensity to cause infection (e.g., CA-MRSA) was in fact
quite low. The concentration of the organisms in the water
was probably not sufficient to establish an infection in a host
with a normal immune system and non-damaged skin. Fur-
thermore, illness was self-reported at 7 days which meant a
lack of objective confirmation after a potentially inadequate
time period. Finally, the sample size of the BEACHES study
was not sufficient to fully explore the relationship between
S. aureus exposure and reported health effects.

Additional limitations of this study included the fact that
bather counts corresponded to a very large area (30,000 m2)
, and that the distance between ambient water sample col-
lection and individual bathers was not known. As a result,
the relationship between S. aureus levels and bather density
could have been confounded by the manner in which bath-
ers were counted. The impact of bather proximity was likely
averaged out when the data were aggregated on a daily
basis, thereby elucidating relationships between average
daily bather density and the daily geometric mean of S.
aureus.

Characterization of CA-MRSA in the environment and
possible sources of exposure and infection for the general
population should be studied, and potential risk of illness
related to these environmental exposures should be quanti-
fied and reduced, if possible. The results of this study
suggest that bather load in the water (and potentially the
person load on the beach) contributes to the number of
organisms in the water, and subsequently to the risk of
exposure to potentially pathogenic bacteria. Additional
sources of MSSA and MRSA to the beach environment
could also exist but were beyond the scope of this study to
determine. Beachgoers are likely exposed to a combination
of the organisms including those they are colonized with
themselves and shed into the water, those shed by other
beachgoers, and potentially to S. aureus persisting and pos-
sibly growing in the environment [41].

Our data support that each recreational beach environ-
ment will be different based upon the population of people,
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number of colonizing organisms, and other sources of
microorganisms contributing to that environment. It is also
not clear at this time what the potential is for the marine
water, sand, flora, and/or fauna to contribute to the micro-
organisms or to serve as reservoirs for these bacteria.

Acknowledgments The Florida Department of Health supported
data collection in the BEACHES study; the US Environmental Protec-
tion Agency (EPA) and the National Oceanographic and Atmospheric
Administration (NOAA) facilitated water sample collection for the
Ambient Water Study. We also thank the Palm Beach Infectious Dis-
ease Institute for providing S. aureus clinical isolates for comparison.
This publication represents the personal opinions of the authors and is
not the official position of the contributing federal government agen-
cies. No official endorsement of any product or commercial laboratory
is made or implied by its use in this study.

Funding The University of Miami provided financial support
through the Interdisciplinary Research Development Initiative. This
study was also supported in part by the National Science Foundation
(NSF) and the National Institute of Environmental Health Sciences
(NIEHS) Oceans and Human Health Center at the University of Miami
Rosenstiel School [NSF 0CE0432368/0911373 and NIEHS P50
ES12736] and NSF REU in Oceans and Human Health, the NSF
SGER [NSF SGER 0743987] in Oceans and Human Health, the US
EPA, the US Centers for Disease Control and Prevention, the Florida
Departments of Health and of Environmental Protection, and the
European Union Convergence Programme (to ECEHH at PCMD,
University of Exeter).

References

1. Cole AM, Tahk S, Oren A, Yoshioka D, Kim YH, Park A, Ganz T
(2001) Determinants of Staphylococcus aureus nasal carriage. Clin
Diagn Lab Immunol 8:1064–1069

2. Kluytmans J, van Belkum A, Verbrugh H (1997) Nasal carriage of
Staphylococcus aureus: epidemiology, underlying mechanisms,
and associated risks. Clin Microbiol Rev 10:505–520

3. Williams RE (1963) Healthy carriage of Staphylococcus aureus: its
prevalence and importance. Bacteriol Rev 27:56–71

4. Armstrong-Esther CA (1976) Carriage patterns of Staphylococcus
aureus in a healthy non-hospital population of adults and children.
Ann Hum Biol 3:221–227

5. Wertheim HF, Verveer J, Boelens HA, van Belkum A, Verbrugh
HA, Vos MC (2005) Effect of mupirocin treatment on nasal,
pharyngeal, and perineal carriage of Staphylococcus aureus in
healthy adults. Antimicrob Agents Chemother 49:1465–1467.
doi:10.1128/AAC.49.4.1465-1467.2005

6. Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med
339:520–532

7. Noskin GA, Rubin RJ, Schentag JJ, Kluytmans J, Hedblom EC,
Jacobson C, Smulders M, Gemmen E, Bharmal M (2007) National
trends in Staphylococcus aureus infection rates: impact on eco-
nomic burden and mortality over a 6-year period (1998–2003).
Clin Infect Dis 45:1132–1140. doi:10.1086/522186

8. von Eiff C, Becker K, Machka K, Stammer H, Peters G (2001)
Nasal carriage as a source of Staphylococcus aureus bacteremia. N
Engl J Med 344:11–16. doi:10.1056/NEJM200101043440102

9. Wertheim HF, Vos MC, Ott A, van Belkum A, Voss A, Kluytmans
JA, van Keulen PH, Vandenbroucke-Grauls CM, Meester MH,
Verbrugh HA (2004) Risk and outcome of nosocomial

Staphylococcus aureus bacteraemia in nasal carriers versus non-
carriers. Lancet 364:703–705. doi:10.1016/S0140-6736(04)16897-9

10. DeLeo FR, Otto M, Kreiswirth BN, Chambers HF (2010)
Community-associated methicillin-resistant Staphylococcus aure-
us. Lancet 375:1557–1568. doi:10.1016/S0140-6736(09)61999-1

11. Eady EA, Cove JH (2003) Staphylococcal resistance revisited:
community-acquired methicillin-resistant Staphylococcus aureus—
an emerging problem for the management of skin and soft tissue
infections. Curr Opin Infect Dis 16:103–124. doi:10.1097/
01.aco.0000065071.06965.ca

12. Klevens RM, Morrison MA, Nadle J, Petit S, Gershman K, Ray S,
Harrison LH, Lynfield R, Dumyati G, Townes JM, Craig AS, Zell
ER, Fosheim GE, McDougal LK, Carey RB, Fridkin SK (2007)
Invasive methicillin-resistant Staphylococcus aureus infections in
the United States. JAMA 298:1763–1771

13. Moran GJ, Krishnadasan A, Gorwitz RJ, Fosheim GE, McDougal
LK, Carey RB, Talan DA (2006) Methicillin-resistant S. aureus
infections among patients in the emergency department. N Engl J
Med 355:666–674. doi:10.1056/NEJMoa055356

14. Oller AR, Province L, Curless B (2010) Staphylococcus aureus recov-
ery from environmental and human locations in 2 collegiate athletic
teams. J Athl Train 45:222–229. doi:10.4085/1062-6050-45.3.222

15. Nguyen DM, Mascola L, Brancoft E (2005) Recurring methicillin-
resistant Staphylococcus aureus infections in a football team.
Emerg Infect Dis 11:526–532. doi:10.3201/eid1104.041094

16. Centers for Disease Control and Prevention (2001) Methicillin-
resistant Staphylococcus aureus skin or soft tissue infections in a
state prison—Mississippi, 2000. MMWR Morb Mortal Wkly Rep
50:919–922

17. Centers for Disease Control and Prevention (2003) Methicillin-
resistant Staphylococcus aureus infections among competitive sports
participants—Colorado, Indiana, Pennsylvania, and Los Angeles
County, 2000–2003. MMWR Morb Mortal Wkly Rep 52:793–795

18. Desai R, Pannaraj PS, Agopian J, Sugar CA, Liu GY, Miller LG
(2011) Survival and transmission of community-associated
methicillin-resistant Staphylococcus aureus from fomites. Am J
Infect Control 39:219–225. doi:10.1016/j.ajic.2010.07.005

19. Mermel LA, Machan JT, Parenteau S (2011) Seasonality of MRSA
infections. PLoS One 6:e17925. doi:10.1371/journal.pone.0017925

20. Van De Griend P, Herwaldt LA, Alvis B, DeMartino M, Heilmann
K, Doern G, Winokur P, Vonstein DD, Diekema D (2009)
Community-associated methicillin-resistant Staphylococcus aure-
us, Iowa, USA. Emerg Infect Dis 15:1582–1589. doi:10.3201/
eid1510.080877

21. Szczesiul JM, Shermock KM, Murtaza UI, Siberry GK (2007) No
decrease in clindamycin susceptibility despite increased use of
clindamycin for pediatric community-associated methicillin-
resistant Staphylococcus aureus skin infections. Pediatr Infect
Dis J 26:852–854. doi:10.1097/INF.0b013e318124aa5c

22. Uhlemann AC, Knox J, Miller M, Hafer C, Vasquez G, Ryan M,
Vavagiakis P, Shi Q, Lowy FD (2011) The environment as an
unrecognized reservoir for community-associated methicillin resis-
tant Staphylococcus aureus USA300: a case–control study. PLoS
One 6:e22407. doi:10.1371/journal.pone.0022407

23. Miller LG, Eells SJ, Taylor AR, David MZ, Ortiz N, Zychowski D,
Kumar N, Cruz D, Boyle-Vavra S, Daum RS (2012) Staphylococcus
aureus colonization among household contacts of patients with skin
infections: risk factors, strain discordance, and complex ecology. Clin
Infect Dis 54:1523–1535. doi:10.1093/cid/cis213

24. Abdelzaher AM, Wright ME, Ortega C, Solo-Gabriele HM, Miller
G, Elmir S, Newman X, Shih P, Bonilla JA, Bonilla TD, Palmer
CJ, Scott T, Lukasik J, Harwood VJ, McQuaig S, Sinigalliano C,
Gidley M, Plano LR, Zhu X, Wang JD, Fleming LE (2010)
Presence of pathogens and indicator microbes at a non-point
source subtropical recreational marine beach. Appl Environ
Microbiol 76:724–732. doi:10.1128/AEM.02127-09

Human-Associated MRSA from a Beach 1049

http://dx.doi.org/10.1128/AAC.49.4.1465-1467.2005
http://dx.doi.org/10.1086/522186
http://dx.doi.org/10.1056/NEJM200101043440102
http://dx.doi.org/10.1016/S0140-6736(04)16897-9
http://dx.doi.org/10.1016/S0140-6736(09)61999-1
http://dx.doi.org/10.1097/01.aco.0000065071.06965.ca
http://dx.doi.org/10.1097/01.aco.0000065071.06965.ca
http://dx.doi.org/10.1056/NEJMoa055356
http://dx.doi.org/10.4085/1062-6050-45.3.222
http://dx.doi.org/10.3201/eid1104.041094
http://dx.doi.org/10.1016/j.ajic.2010.07.005
http://dx.doi.org/10.1371/journal.pone.0017925
http://dx.doi.org/10.3201/eid1510.080877
http://dx.doi.org/10.3201/eid1510.080877
http://dx.doi.org/10.1097/INF.0b013e318124aa5c
http://dx.doi.org/10.1371/journal.pone.0022407
http://dx.doi.org/10.1093/cid/cis213
http://dx.doi.org/10.1128/AEM.02127-09


25. Goodwin KD, PobudaM (2009) Performance of CHROMagar Staph
aureus and CHROMagar MRSA for detection of Staphylococcus
aureus in seawater and beach sand—comparison of culture, aggluti-
nation, and molecular analyses. Water Res 43:4802–4811.
doi:10.1016/j.watres.2009.06.025

26. Levin-Edens E, Soge OO, No D, Stiffarm A, Meschke JS, Roberts
MC (2012) Methicillin-resistant Staphylococcus aureus from
Northwest marine and freshwater recreational beaches. FEMS
Microbiol Ecol 79:412–420. doi:10.1111/j.1574-6941.2011.01229.x

27. Soge OO, Meschke JS, No DB, Roberts MC (2009)
Characterization of methicillin-resistant Staphylococcus aureus
and methicillin-resistant coagulase-negative Staphylococcus spp.
isolated from US West Coast public marine beaches. J Antimicrob
Chemother 64:1148–1155. doi:10.1093/jac/dkp368

28. Tice AD, Pombo D, Hui J, Kurano M, Bankowski MJ, Seifried SE
(2010) Quantitation of Staphylococcus aureus in seawater using
CHROMagar SA. Hawaii Med J 69:8–12

29. Fujioka RS, Unutoa TM (2006) Comparative stability and growth
requirements of S. aureus and faecal indicator bacteria in seawater.
Water Sci Technol 54:169–175

30. Kassem I, Sigler V, Esseili MA (2007) Public computer surfaces
are reservoirs for methicillin-resistant staphylococci. ISME J
1:265–268. doi:10.1038/ismej.2007.36

31. Felkner M, Andrews K, Field LH, Taylor JP, Baldwin T, Valle-Rivera
AM, Presley J, Newsome S, Casey E (2009) Detection of
Staphylococcus aureus including MRSA on environmental surfaces
in a jail setting. J Correct Health Care 15:310–317. doi:10.1177/
1078345809340425

32. Montgomery K, Ryan TJ, Krause A, Starkey C (2010) Assessment
of athletic health care facility surfaces for MRSA in the secondary
school setting. J Environ Health 72:8–11, quiz 66

33. Charoenca N, Fujioka R (1993) Assessment of Staphylococcus
bacteria in Hawaii marine recreational waters. Water Sci Technol
27:283–289

34. Charoenca N, Fujioka RS (1995) Association of staphylococ-
cal skin infections and swimming. Water Sci Technol 31:11–
17

35. Viau EJ, Goodwin KD, Yamahara KM, Layton BA, Sassoubre
LM, Burns SL, Tong HI, Wong SH, Lu Y, Boehm AB (2011)
Bacterial pathogens in Hawaiian coastal streams—associations
with fecal indicators, land cover, and water quality. Water Res
45:3279–3290. doi:10.1016/j.watres.2011.03.033

36. El-Shenawy MA (2005) Staphylococcus aureus and fecal indica-
tors in Egyptian coastal waters of Aqaba Gulf, Suez Gulf, and Red
Sea. Egypt J Aquatic Res 31:113–124

37. Goodwin KD, McNay M, Cao Y, Ebentier D, Madison M, Griffith
JF (2012) A multi-beach study of Staphylococcus aureus, MRSA,
and enterococci in seawater and beach sand. Water Res 46:4195–
4207. doi:10.1016/j.watres.2012.04.001

38. Enns AA, Vogel LJ, Abdelzaher AM, Solo-Gabriele HM, Plano LR,
Gidley ML, Phillips MC, Klaus JS, Piggot AM, Feng Z, Reniers AJ,
Haus BK, Elmir SM, Zhang Y, Jimenez NH, Abdel-Mottaleb N,
Schoor ME, Brown A, Khan SQ, Dameron AS, Salazar NC,
Fleming LE (2012) Spatial and temporal variation in indicator mi-
crobe sampling is influential in beach management decisions. Water
Res 46:2237–2246. doi:10.1016/j.watres.2012.01.040

39. Elmir SM, Wright ME, Abdelzaher A, Solo-Gabriele HM, Fleming
LE, Miller G, Rybolowik M, Peter Shih MT, Pillai SP, Cooper JA,
Quaye EA (2007) Quantitative evaluation of bacteria released by
bathers in a marine water. Water Res 41:3–10

40. Elmir SM, Shibata T, Solo-Gabriele HM, Sinigalliano CD, Gidley
ML, Miller G, Plano LR, Kish J, Withum K, Fleming LE (2009)
Quantitative evaluation of enterococci and Bacteroidales released
by adults and toddlers in marine water. Water Res 43:4610–4616.
doi:10.1016/j.watres.2009.07.006

41. Plano LR, Garza AC, Shibata T, Elmir SM, Kish J,
Sinigalliano CD, Gidley ML, Miller G, Withum K, Fleming
LE, Solo-Gabriele HM (2011) Shedding of Staphylococcus
aureus and methicillin-resistant Staphylococcus aureus from
adult and pediatric bathers in marine waters. BMC Microbiol
11:5. doi:10.1186/1471-2180-11-5

42. Vasconcelos GJ, Swartz RG (1976) Survival of bacteria in seawa-
ter using a diffusion chamber apparatus in situ. Appl Environ
Microbiol 31:913–920

43. Mohammed RL, Echeverry A, Stinson CM, Green M, Bonilla TD,
Hartz A, McCorquodale DS, Rogerson A, Esiobu N (2012) Survival
trends of Staphylococcus aureus, Pseudomonas aeruginosa, and
Clostridium perfringens in a sandy South Florida beach. Mar Pollut
Bull 64:1201–1209. doi:10.1016/j.marpolbul.2012.03.010

44. Fleisher JM, Fleming LE, Solo-Gabriele HM, Kish JK,
Sinigalliano CD, Plano L, Elmir SM, Wang JD, Withum K,
Shibata T, Gidley ML, Abdelzaher A, He G, Ortega C, Zhu X,
Wright M, Hollenbeck J, Backer LC (2010) The BEACHES
study: health effects and exposures from non-point source micro-
bial contaminants in subtropical recreational marine waters. Int J
Epidemiol 39:1291–1298. doi:10.1093/ije/dyq084

45. Shah AH, Abdelzaher AM, Phillips M, Hernandez R, Solo-Gabriele
HM, Kish J, Scorzetti G, Fell JW, Diaz MR, Scott TM, Lukasik J,
Harwood VJ, McQuaig S, Sinigalliano CD, Gidley ML, Wanless D,
Ager A, Lui J, Stewart JR, Plano LR, Fleming LE (2011) Indicator
microbes correlate with pathogenic bacteria, yeasts and helminthes in
sand at a subtropical recreational beach site. J Appl Microbiol
110:1571–1583. doi:10.1111/j.1365-2672.2011.05013.x

46. United States Environmental Protection Agency (2002) Method
1600: membrane filter test method for enterococci in water. U. S.
Environmental Protection Agency, Washington, DC

47. Mertz PM, Cardenas TC, Snyder RV, Kinney MA, Davis SC, Plano
LR (2007) Staphylococcus aureus virulence factors associated with
infected skin lesions: influence on the local immune response. Arch
Dermatol 143:1259–1263. doi:10.1001/archderm.143.10.1259

48. Tristan A, Ying L, Bes M, Etienne J, Vandenesch F, Lina G (2003)
Use of multiplex PCR to identify Staphylococcus aureus adhesins
involved in human hematogenous infections. J Clin Microbiol
41:4465–4467

49. Oliveira DC, de Lencastre H (2002)Multiplex PCR strategy for rapid
identification of structural types and variants of the mec element in
methicillin-resistant Staphylococcus aureus. Antimicrob Agents
Chemother 46:2155–2161. doi:10.1128/AAC.46.7.2155-2161.2002

50. Milheiriço C, Oliveira DC, de Lencastre H (2007) Multiplex PCR
strategy for subtyping the staphylococcal cassette chromosome
mec type IV in methicillin-resistant Staphylococcus aureus:
‘SCCmec IV multiplex’. J Antimicrob Chemother 60:42–48.
doi:10.1093/jac/dkm112

51. Shopsin B, Gomez M, Montgomery SO, Smith DH, Waddington
M, Dodge DE, Bost DA, Riehman M, Naidich S, Kreiswirth BN
(1999) Evaluation of protein A gene polymorphic region DNA
sequencing for typing of Staphylococcus aureus strains. J Clin
Microbiol 37:3556–3563

52. Koreen L, Ramaswamy SV, Graviss EA, Naidich S, Musser JM,
Kreiswirth BN (2004) spa typing method for discriminating
among Staphylococcus aureus isolates: implications for use of a
single marker to detect genetic micro- and macrovariation. J Clin
Microbiol 42:792–799

53. Harmsen D, Claus H, Witte W, Rothganger J, Turnwald D, Vogel
U (2003) Typing of methicillin-resistant Staphylococcus aureus in
a university hospital setting by using novel software for spa repeat
determination and database management. J Clin Microbiol
41:5442–5448

54. Enright MC, Day NP, Davies CE, Peacock SJ, Spratt BG (2000)
Multilocus sequence typing for characterization of methicillin-

1050 L. R. W. Plano et al.

http://dx.doi.org/10.1016/j.watres.2009.06.025
http://dx.doi.org/10.1111/j.1574-6941.2011.01229.x
http://dx.doi.org/10.1093/jac/dkp368
http://dx.doi.org/10.1038/ismej.2007.36
http://dx.doi.org/10.1177/1078345809340425
http://dx.doi.org/10.1177/1078345809340425
http://dx.doi.org/10.1016/j.watres.2011.03.033
http://dx.doi.org/10.1016/j.watres.2012.04.001
http://dx.doi.org/10.1016/j.watres.2012.01.040
http://dx.doi.org/10.1016/j.watres.2009.07.006
http://dx.doi.org/10.1186/1471-2180-11-5
http://dx.doi.org/10.1016/j.marpolbul.2012.03.010
http://dx.doi.org/10.1093/ije/dyq084
http://dx.doi.org/10.1111/j.1365-2672.2011.05013.x
http://dx.doi.org/10.1001/archderm.143.10.1259
http://dx.doi.org/10.1128/AAC.46.7.2155-2161.2002
http://dx.doi.org/10.1093/jac/dkm112


resistant and methicillin-susceptible clones of Staphylococcus au-
reus. J Clin Microbiol 38:1008–1015

55. McDougal LK, Steward CD, Killgore GE, Chaitram JM, McAllister
SK, Tenover FC (2003) Pulsed-field gel electrophoresis typing of
oxacillin-resistant Staphylococcus aureus isolates from the United
States: establishing a national database. J Clin Microbiol 41:5113–
5120. doi:10.1128/JCM.41.11.5113-5120.2003

56. Ribot EM, Fair MA, Gautom R, Cameron DN, Hunter SB,
Swaminathan B, Barrett TJ (2006) Standardization of pulsed-field
gel electrophoresis protocols for the subtyping of Escherichia coli
O157:H7, Salmonella, and Shigella for PulseNet. Foodborne Pathog
Dis 3:59–67. doi:10.1089/fpd.2006.3.59

57. Sinigalliano CD, Fleisher JM, Gidley ML, Solo-Gabriele HM,
Shibata T, Plano LR, Elmir SM, Wanless D, Bartkowiak J,
Boiteau R, Withum K, Abdelzaher AM, He G, Ortega C, Zhu X,
Wright ME, Kish J, Hollenbeck J, Scott T, Backer LC, Fleming LE
(2010) Traditional and molecular analyses for fecal indicator bac-
teria in non-point source subtropical recreational marine waters.
Water Res 44:3763–3772. doi:10.1016/j.watres.2010.04.026

58. Bubeck Wardenburg J, Palazzolo-Ballance AM, Otto M,
Schneewind O, DeLeo FR (2008) Panton-Valentine leukocidin is
not a virulence determinant in murine models of community-
associated methicillin-resistant Staphylococcus aureus disease. J
Infect Dis 198:1166–1170. doi:10.1086/592053

59. Voyich JM, Otto M, Mathema B, Braughton KR, Whitney AR,
Welty D, Long RD, Dorward DW, Gardner DJ, Lina G, Kreiswirth
BN, DeLeo FR (2006) Is Panton-Valentine leukocidin the major

virulence determinant in community-associated methicillin-
resistant Staphylococcus aureus disease? J Infect Dis 194:1761–
1770. doi:10.1086/509506

60. Abdelzaher AM, Wright ME, Ortega C, Hasan AR, Shibata T,
Solo-Gabriele HM, Kish J, Withum K, He G, Elmir SM,
Bonilla JA, Bonilla TD, Palmer CJ, Scott TM, Lukasik J,
Harwood VJ, McQuaig S, Sinigalliano CD, Gidley ML,
Wanless D, Plano LR, Garza AC, Zhu X, Stewart JR,
Dickerson JW, Yampara-Iquise H, Carson C, Fleisher JM,
Fleming LE (2011) Daily measures of microbes and human
health at a non-point source marine beach. J Water Health
9:443–457. doi:10.2166/wh.2011.146

61. Deurenberg RH, Stobberingh EE (2008) The evolution of
Staphylococcus aureus . Infect Genet Evol 8:747–763.
doi:10.1016/j.meegid.2008.07.007

62. Seifried SE, Tice AD, Eischen M (2007) Diversity of community-
associated strains of methicillin-resistant Staphylococcus aureus in
Hawaii. J Infect Dis 195:305. doi:10.1086/510252, author reply
305–307

63. Jarraud S, Cozon G, Vandenesch F, Bes M, Etienne J, Lina G
(1999) Involvement of enterotoxins G and I in staphylococcal
toxic shock syndrome and staphylococcal scarlet fever. J Clin
Microbiol 37:2446–2449

64. Loughman JA, Fritz SA, Storch GA, Hunstad DA (2009)
Virulence gene expression in human community-acquired
Staphylococcus aureus infection. J Infect Dis 199:294–301.
doi:10.1086/595982

Human-Associated MRSA from a Beach 1051

http://dx.doi.org/10.1128/JCM.41.11.5113-5120.2003
http://dx.doi.org/10.1089/fpd.2006.3.59
http://dx.doi.org/10.1016/j.watres.2010.04.026
http://dx.doi.org/10.1086/592053
http://dx.doi.org/10.1086/509506
http://dx.doi.org/10.2166/wh.2011.146
http://dx.doi.org/10.1016/j.meegid.2008.07.007
http://dx.doi.org/10.1086/510252
http://dx.doi.org/10.1086/595982

	Human-Associated Methicillin-Resistant Staphylococcus aureus from a Subtropical Recreational Marine Beach
	Abstract
	Introduction
	Materials and Methods
	Sample Types and Strategy
	Bather Nearby Water Samples
	Ambient Water Samples
	Sand Samples
	Water Sample Processing
	Bacterial Isolation and Identification
	S. aureus and MRSA Characterization: PCR Determination for Select Genes
	SCCmec Typing, spa Typing, MLST, and PFGE of MRSA Isolates
	Antimicrobial Susceptibility Tests
	Statistical Analysis

	Results
	MSSA and MRSA Isolated from the Bather Nearby Water
	MSSA and MRSA Isolated from Ambient Water
	MSSA and MRSA Isolated from Beach Sand
	Antimicrobial Susceptibilities and Genetic Characterization of S. aureus and MRSA

	Discussion
	References


