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INTRODUCTION

Contamination of coastal waters occurs from a
 variety of sources, including run-off and waste-
water discharges (Stewart et al. 2008). This conta -
mination typically carries microbiological pollutants,

i.e. pa tho  gens including bacteria, viruses, and pro-
tozoa, capable of causing disease in humans and
other animals. Water can transport pathogens and
antibiotic-resistant bacteria to areas where the
microbial agents are not indigenous. In particular,
the ocean is a sink for many microbes associated
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with wastes and wastewater discharges (Oates et
al. 2012).

Infections are routinely implicated with morbidity
and mortality of marine mammals (Stroud & Roffe
1979, Gulland & Hall 2007). Bogomolni et al. (2008)
identified infectious disease as the most significant
factor for mortality in marine vertebrates, based on
necropsy and histopathology data. Infectious diseases
were associated with 31% of the deaths re viewed,
which was higher than deaths caused by trauma, de-
pendent pups or calves unable to forage on their own,
or drowning as a result of fishery by-catch. Patho -
logies included peritonitis, septicemia, hepatitis, as-
pergillosis, and bacterial enteritis, among others.

Marine mammals may provide early indications of
potential health effects from contaminants in the
oceans (Wells et al. 2004). Dolphins and other marine
mammals have a physiology more similar to humans
than other marine inhabitants (Wells et al. 2004).
Their diets and physiologies have many commonali-
ties with humans, while their exposure to the marine
environment makes them more susceptible to risks
from the ocean, including pathogens and toxins.
Marine mammals may serve as a biological early
warning system, alerting hu mans to risks before dis-
eases manifest in humans (Bossart 2006, Stewart et
al. 2008). Disease in these marine mammals may
demonstrate health risks re sulting from levels of con-
taminants typically found in the environment, well
before health trends are identified in humans (de
Swart et al. 1995).

Currently, not much is known about pathogens
that colonize marine mammals in the wild. The sci-
ence has improved over the past decade, with a num-
ber of studies published on potential zoonotic and
host-specific pathogens (Whatmore et al. 2008, Shapiro
et al. 2012, Waltzek et al. 2012). However, it is impor-
tant to establish baseline data on bacterial species
and traits (antibiotic resistance) that may be of rele-
vance to humans (Ward & Lafferty 2004). These char-
acterizations are important from a ‘one-health’ per-
spective recognizing that the health of people,
animals, and our environment are inextricably linked
(Kahn et al. 2008).

Estimates of human pathogens in marine mammals
are limited, but species identification is needed to
help identify health trends and threats. The afore-
mentioned survey by Bogomolni et al. (2008) focused
on Brucella, Leptospira, Giardia, and Cryptosporid-
ium from marine birds and mammals in the north-
west Atlantic. Prevalence of Salmonella strains have
been studied along the western USA (Gilmartin et al.
1979, Stoddard et al. 2008), as well as in the UK

(Baker et al. 1995), New Zealand (Fenwick et al.
2004), and the sub-Antarctic (Palmgren et al. 2000).
A recent study of terrestrial and marine species from
Monterey Bay, California (USA) identified Campy-
lobacter and Salmonella in both terrestrial and mar-
ine animals, along with Vibrio cholerae and V. para-
haemolyticus in sea otters (Oates et al. 2012).

These studies demonstrate geographic differences
in the occurrence of potential pathogens. Also, data
from existing studies are often derived from stranded
or by-caught animals that may not be representative
of the health status of their populations. Very few
studies have been published cataloguing aerobic
bacteria including human pathogens sampled from
live marine mammals in the southeastern USA (Buck
et al. 2006, Morris et al. 2011, Schaefer et al. 2011).

The goal of this study was to identify species of
bacteria associated with bottlenose dolphins Tursiops
truncatus and to evaluate these bacteria for antibiotic
resistance. Fecal and blowhole specimens were col-
lected from live dolphins sampled during capture−
release operations over a 6 yr period. Coastal sites,
selected to represent varying land covers in their
drainage areas, were included from the mid-Atlantic
USA and Gulf of Mexico. Antibiotic resistance was
also compared among sites to evaluate geographic
variability and anthropogenic influence. No other
published studies reporting microbiology survey
data from dolphins in the southeastern USA have
tested for antibiotic resistance or geographic differ-
ences. These data provide a baseline for future com-
parisons and allow for the generation of hypotheses
related to the influence of land use and other envi-
ronmental factors on incidence of resistance.

MATERIALS AND METHODS

Sampling sites

Five sampling sites in the southeastern USA were
investigated in this study: (1) Sarasota Bay, Florida;
(2) Beaufort, North Carolina; (3) St. Joseph Bay,
Florida; (4) Sapelo Island, Georgia; and (5) Bruns -
wick, Georgia (Fig. 1). These sampling sites repre-
sent areas with variable impacts from anthropogenic
activities (Table 1).

Sarasota Bay

The Sarasota Bay study area (27° 25’ N, 82° 38’ W),
extending approximately 30 km along the central
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west coast of Florida south of Tampa, encompasses
Sarasota and associated shallow bays (generally
1−4 m deep) and is bounded on the west by a series
of narrow barrier islands (Wells et al. 2005). The bays
are linked to the Gulf of Mexico through deeper (up
to 10 m), narrow passes between the barrier islands.
Subtidally the area is covered by approximately
50 km2 of seagrass beds, while most of the shoreline
in this study area is developed (Gorzelany 2003). In
an effort to restore and protect Sarasota Bay, this
area has been designated as a National Estuary Pro-
gram (USEPA 2008). A program to study the resident
community of bottlenose dolphins in this area has
been ongoing since 1970, with health assessments
routinely conducted since 1987 (Wells et al. 2004,
Wells 2009).

Beaufort

The Beaufort study area (34° 41’ N, 76° 38’ W),
located at the southern extent of the Outer Banks of
eastern North Carolina, encompasses the estuarine
wa ters surrounding Beaufort and the nearshore wa -
ters south of Shackleford Banks. The estuary drains
an agricultural, forest, and pocosin watershed (Tester
et al. 1995) with some development (State Port at
Morehead City), while subtidally there are extensive
seagrass beds (Thayer et al. 1975). Mean depth is 1 m
with a tidal range of less than 2 m (Tester et al. 1995,
USDOC/NOAA/NOS 2008). Parts of this study area
are home to the Rachel Carson National Estuarine
Research Reserve (NERR). Bottlenose dolphin health
assessments were conducted in this area as part of
the National Marine Fisheries Services stock assess-
ment research to tag dolphins with satellite-linked
transmitters (Waring et al. 2011).

St. Joseph Bay

The St. Joseph Bay study area (29° 48’ N, 85° 21’W),
located along the Florida panhandle near Port St. Joe,
encompasses the Gulf of Mexico waters from Cape
San Blas northwest to Crooked Island Sound extend-
ing 1.5 km from shore, including St. Joseph Bay and
Crooked Island Sound (Balmer et al. 2008). This site,
comprised of open bays and coastal waters, primarily
drains wetlands and upland forest. St. Jo seph Bay is
unique in being the only sizable body of water along
the eastern portion of the Gulf of Mexico that is not
markedly influenced by the inflow of freshwater
(Stewart & Gorsline 1962). This site is also home to
the St. Joseph Bay Aquatic Preserve. The monitoring
of bottlenose dolphins in this area began in 2004 to
investigate unusual mortality events occurring be -
tween 1999 and 2006 along Florida’s northern Gulf of
Mexico coast in which over 300 bottlenose dolphins
are known to have died (NMFS 2004, Balmer et al.
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Site Years Anthropogenic Predominant land cover in drainage area
sampled influence

Sarasota Bay, Florida 2004, 2005, High Suburban development
2006, 2009

Beaufort, North Carolina 2006 Intermediate Agricultural and forest land covers with low density development
St. Joseph Bay, Florida 2006 Low Wetlands and forest; not markedly influenced by freshwater runoff
Brunswick, Georgia 2009 High Industrial development
Sapelo Island, Georgia 2009 Low Salt marsh

Table 1. Anthropogenic influence of study sites in the southern USA

Fig. 1. Study sites in the southeastern USA, where capture−
release health assessments of bottlenose dolphins were made
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2008, Waring et al. 2011). The health and status of
dolphins at this site was of concern as it was im -
pacted by 3 unusual mortality events and was the
geographic focus of the event that occurred in 2004
(NMFS 2004, Balmer et al. 2008).

Brunswick

The Brunswick study area (31° 6’ N, 81° 25’ W),
located along the southern coast of Georgia near
Brunswick, encompasses the inshore waters from
St. Simons Sound north to Altamaha Sound extend-
ing 15 km upriver of the Turtle and Altamaha Rivers
(Balmer et al. 2011). This site, comprised of large
sounds, rivers, and tidal creeks, is predominantly
bordered by a salt marsh dominated by emergent
grasses (Spartina and Juncus spp.; Kannan et al.
1997). However, multiple industrial complexes have
contaminated the marsh and estuarine waters of the
Turtle/Brunswick River Estuary (TBRE), resulting in
high reported concentrations of metals and persistent
organic pollutants in the soils, groundwater and biota
of this region (Kannan et al. 1997, 1998, Maruya &
Lee 1998, Maruya et al. 2001). Studies of bottlenose
dolphins in the TBRE began in 2004 to evaluate the
abundance, health, and survival of animals following
chronic exposure to the polychlorinated biphenyl
mixture Aroclor 1268 (Balmer et al. 2011).

Sapelo Island

The Sapelo study area (31° 24’ N, 81° 18’ W), loca -
ted along the southern coast of Georgia approxima -
tely 30 km northeast of Brunswick, includes all
inshore waters from Sapelo Sound south to Altamaha
Sound extending 15 km upriver of the Sapelo River
(Balmer et al. 2011). This site, comprised of large
sounds, rivers, and tidal creeks, is predominantly
bordered by a salt marsh dominated by emergent
grasses Spartina sp. with numerous wooded ham-
mocks throughout the area (Ragotzkie & Bryson
1955). Included in this site is the Sapelo Island NERR,
a federally protected area established for long-term
research encompassing Sapelo Island, the fourth
largest and most pristine barrier island along the
Georgia coast (Owen & White 2006). The monitoring
of bottlenose dolphins in this study area was initiated
in 2007 with the intent that dolphins in this area
could serve as a reference group for comparison with
dolphins inhabiting the more contaminated Bruns -
wick study area (Balmer et al. 2011).

Sample collection

Fecal swabs and blowhole swabs were collected
during wild dolphin health assessments involving
capture− release of animals over a 5 yr period. Dol-
phins were sampled from estuarine populations that
generally stay in localized areas without traveling
great distances (Balmer et al. 2008, 2014, Wells 2009,
Waring et al. 2011). Genetic analysis has shown dis-
tinct stock structures within various estuaries that
have been sampled (Sellas et al. 2005). Additionally,
some of the animals captured were tagged with radio
and/or satellite-linked transmitters and showed only
localized movement patterns over the duration of the
tag (see Balmer et al. 2008, 2014). Although the geo-
graphic ranges of the dolphin populations are fairly
well characterized, the range of the fish that might
comprise their diets is not known. Capture−release
efforts in Beaufort, St. Joseph Bay, Brunswick, and
Sapelo were each conducted over a 2 wk period, dur-
ing which time no animals were resampled. Sarasota
Bay health assessments were conducted over multi-
ple years, during which time 2 animals were resam-
pled once. One animal (FB125) was sampled in 2006
and 2009, and another animal (FB128) was sampled
in 2004 and 2009.

The fecal and blowhole areas were first wiped with
a sterile gauze to prevent saltwater contamination of
the samples. Samples were then collected using  sterile
swabs and stored in tubes containing 1 ml phosphate-
buffered saline (PBS). Samples were kept on ice and
shipped overnight on the day of collection to the Fort
Walton Beach Medical Center (Fort Walton Beach,
Florida). At the Center, samples were processed on
the day following collection for isolation and charac-
terization of bacteria.

Bacterial isolations and antibiotic sensitivity

Initial identification of bacteria was conducted
using the automated MicroScan WalkAway System
(Siemens Healthcare Diagnostics). This system relies
on conventional and chromogenic tests for the identi-
fication of fermentative and non-fermentative Gram-
negative bacilli, as well as Gram-positive bacteria in -
cluding Micrococcaceae, Streptococcaceae, Listeria
monocytogenes, and Aerococcus. Briefly, fecal speci-
mens were plated for bacterial isolations on Blood,
Chocolate, MacConkey, Campy and XLD, and TCBS
agar. Blow hole specimens were plated on Blood,
Chocolate, MacConkey, and TCBS agar. Once iso-
lated, individual bacterial suspensions were inocu-
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lated and incubated for 16 to 48 h at 35°C. Species
identification was then based on hydrolysis of fluoro-
genic substrates, pH change indicators for substrate
utilization, and production of metabolic byproducts.

Identifications of Gram-negative bacteria were
fur ther confirmed using the Analytical Profile Index
(API) 20E system (bioMerieux), a kit used for the
identification of Enterobacteriaceae and other Gram-
negative bacteria. Briefly, bacterial sus pensions were
inoculated on a panel of 20 de hydrated rea gents
representing traditional biochemical assays used
for identification of bacterial species. Each panel
was in cubated for 24 to 48 h at 35°C. Results were
assigned a numerical value, the API code, which
was matched with its corresponding bacterial spe-
cies in the API database. Laboratory reference
strains of Klebsiella pneumoniae, Enterobacter cloa-
cae, Proteus vulgaris, and Pseudomonas aeruginosa
were used as positive controls for this test. Isolates

were not further confirmed through ge netic testing,
although all species identifications were conducted
using methods commonly em ployed in clinical
 laboratories.

Antimicrobial susceptibility was tested using Mi -
cro Scan conventional dried media panels (Sie mens
Health care Diagnostics) with ambiguous reads con-
firmed using the Kirby-Bauer disk diffusion method.
These tests were conducted in compliance with
guidelines from the Clinical and Laboratory Stan-
dards Institute (CLSI 2006) with specific selection of
antibiotics shown in Table 2. Briefly, specific suites of
antibiotics were tested depending on species identi-
fication. The same set of drugs was used for a given
species, regardless of sample location or collection
time. Results were expressed as sensitive, intermedi-
ate, or resistant. For the purposes of this manuscript,
isolates scored as intermediate were not included in
calculations of resistant isolates.
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Antibiotic Gram-negative Gram-positive

Amoxicillin/K clavulanate X X − − X − X −
Ampicillin X − − − X X − −
Ampicillin/sulbactam X X − − X − − −
Azithromycin − − − − − − X −
Aztreonam X X − − − − − −
Cefazolin X X − − X − X −
Cefepime X X X X X − X X
Cefotaxime − − − − − − − X
Cefoxitin X X − − X − − −
Ceftazidime X X X X X − − −
Ceftriaxone X X X − − − X X
Cefuroxime X X − − X − − X
Cephalothin X X − − X − X −
Ciprofloxacin X X X X X − X −
Clindamycin − − − − − − X X
Erythromycin − − − − − − X X
Gentamicin X X X X X Xa X −
Levofloxacin X X X X X X − X
Oxacillin − − − − − − X −
Penicillin − − − − − X X X
Piperacillin/tazobactam X X X X X − − −
Tetracycline X X X − − X X X
Tobramycin X − X X − − − −
Trimethoprim/sulfamethoxazole X X X − − − X X
Vancomycin − − − − − X X X

aGentamycin synergy screen

Table 2. Agents used in antimicrobial susceptibility testing of bacterial isolates from bottlenose dolphins
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Statistical analysis

For analyzing differences in the level of antibiotic
resistance among study sites, we applied a general-
ized linear model (GLM) with a log link function and
Poisson error distribution. The fit of the model was
evaluated by examining the residual deviance and
Wald chi-squared statistic. Specific pairwise differ-
ences between the sites were examined using multi-
ple pairwise GLMs and applying a sequential Bon-
ferroni correction with an initial α = 0.05 (Holm
1979). These methods were also used to examine dif-
ferences among years for the Sarasota site, the only
site with multi-year observations. Analyses were per-
formed using Statistica 9.0 (StatSoft).

Ethics statement

This research was conducted under the authority of
Scientific Research and Enhancement Permit Nos.
932-1905/MA-009526 (Brunswick and Sapelo Is land),
932-1489 (St. Joseph Bay), 779-1681-00 (Beaufort),
and 522-1569 and 522-1785 (Sarasota Bay) issued by
the National Marine Fisheries Service. Protocols for
dolphin capture−release and field sample collection
in Sarasota Bay were approved by the Mote Marine
Laboratory Institutional Animal Care and Use Com-
mittee; protocols for the St. Joseph Bay study were
approved by the University of North Carolina, Wilm-
ington Internal Animal Care and Use Committee;
protocols for the Georgia study were approved by the
NOAA Animal Care and Use Committee.

RESULTS

In total, 667 bacterial isolates were isolated and
speciated (Table 3). The most common species iden-
tified belonged to the genus Vibrio, and in cluded
V. alginolyticus, V. parahaemolyticus, and V. vulnifi-
cus (Table 4). Other species that were commonly
identified included Photobacterium damselae, Esch e -
 richia coli, Shewanella putrefaciens, Pseudo monas
fluorescens/ putida, Acinetobacter lwoffii, Ed ward -
siella tarda, and Aeromonas hydrophila. Most of
these bacteria are indigenous to the marine environ-
ment. E. coli is not necessarily indigenous to marine
environments but is known to inhabit the intestinal
tracts of warm-blooded animals.

All of the bacterial species identified have been as-
sociated with clinical illness in humans, although we
do not know whether these particular strains were

virulent. Some of the species that were identified are
designated as reportable human pathogens by the US
Centers for Disease Control and Prevention (CDC),
meaning that they are required to be reported when
they are diagnosed by doctors or laboratories because
they are considered to be of high importance in public
health. Bacteria identified in this study that can be
the causative agents of re por table infections include
Vibrio cholerae, V. para hae mo lyticus, and V. vulnifi-
cus (CDC 2011). Toxigenic strains of Streptococcus
sp., E. coli, and Staphylococcus would also be re-
portable, although distinguishing toxigenic from non-
toxigenic strains was beyond the scope of this study.

Emerging or reemerging human pathogens were
also identified. A strain of methicillin-resistant Sta -
phylococcus aureus (MRSA) was isolated from a fecal
swab sampled from a dolphin in Sarasota Bay in 2004
(data not shown). While S. aureus has been recog-
nized as a human pathogen for over a century, MRSA
has quickly evolved over the past 15 yr to incorporate
new resistance traits and virulence factors (Tang &
Stratton 2010, Smith & Pearson 2011). Zoonotic trans-
mission of MRSA has been implicated in the emer-
gence of new strains (Smith & Pearson 2011), and
animal reservoirs are of concern for public health
(Weese 2010).

Widespread antibiotic resistance was observed
among the animals sampled. Among the 123 dolphins
sampled in this study, 74% were found to have a bac-
terial isolate resistant to at least 1 antibiotic and 48%
harbored bacteria resistant to more than 1 anti biotic.
Almost half (48.5%) of the 656 isolates tested were
resistant to at least 1 tested antibiotic, while 51.5%
were sensitive or intermediate to all antibiotics tested
(Table 5). Eleven isolates were either not tested due
to lab limitations (e.g. inability to regrow isolate) or
testing was not applicable. Among all isolates, 24%
were resistant to only 1 antibiotic and 24% were
resistant to more than 1 antibiotic. Resistance was
observed to up to 13 antibiotics (Fig. 2).

The percentage of isolates showing antibiotic
resistance was highest from the Sarasota and Beau-
fort study sites, with 54% (n = 421) and 47% (n = 55)
of tested isolates showing resistance to at least 1 anti -
biotic, respectively (Table 5). However, isolates from
all sites displayed resistance. Resistance was least
common in St. Joseph Bay, where 69% (n = 81) of iso-
lates were sensitive or intermediate to tested anti -
biotics. At this site, only 10% of tested isolates were
resistant to multiple antibiotics.

The level of resistance, defined as the mean num-
ber of antibiotics to which isolates were resistant, dif-
fered significantly across study sites (χ2 test, p = 0.0000).
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Bacterial species                                              No. of isolates
                                                                               B         F

Acinetobacter baumannii/haemolyticus              2         0
Acinetobacter lwoffii                                           18       13
Acinetobacter sp.                                                   0         1
Aeromonas sp.                                                       2         0
Aeromonas hydrophila                                        11       18
Alcaligenes sp.                                                       0         3
Alcaligenes xylosoxidans                                      0         1
Bacillus sp.                                                             2         2
Bergeyella zoohelcum                                           2         0
Burkholderia cepacia                                            1         1
Cedecea sp.                                                            1         2
Citrobacter freundii                                               3         1
Citrobacter spp.                                                     1         0
Chryseobacterium indologenes                            2         1
Chryseobacterium spp.                                         0         1
Diphtheroids                                                          1         0
Edwardsiella tarda                                                7       20
Elizabethkingia meningoseptica                          1         0
Enterobacter aerogenes                                        1         0
Enterobacter agglomerans                                    3         2
Enterobacter cloacae                                             3         1
Enterococcus durans                                             1         0
Enterococcus faecalis                                            0         2
Escherichia coli                                                    13       38
Flavobacterium sp.                                                4         0
Flavobacterium odoratum                                     0         1
Klebsiella                                                                0         1
Klebsiella pneumoniae                                          8         2
Kluyvera ascorbata                                                0         1
Micrococcus sp.                                                     1         0
Morganella morganii                                             3         4
Pasteurella aerogenes                                           2         3
Pasteurella haemolytica/pneumotropica/urea    0         1
Pasteurella multocida                                            1         0
Plesiomonas shigelloides                                      1         3

Bacterial species                                              No. of isolates
                                                                               B         F

Proteus mirabilis                                                    1         6
Proteus vulgaris                                                     2         3
Providencia rettgeri                                               1         1
Providencia rustigianii                                          1         0
Providencia stuartii                                                0         1
Pseudomonas sp.                                                   2         1
Pseudomonas aeruginosa                                     7         3
Pseudomonas fluorescens                                     3         1
Pseudomonas fluorescens/putida                       24       11
Pseudomonas stutzeri                                          10         4
Serratia marcesens                                                1         0
Shewanella putrefaciens                                     19       22
Staphylococcus sp. coagulase-negative               8         3
Staphylococcus aureus                                          0         2
Staphylococcus capitis                                          2         0
Staphylococcus cohnii ssp. cohnii                        1         0
Staphylococcus epidermidis                                 6         2
Staphylococcus haemolyticus                               1         0
Staphylococcus sciuri                                            1         0
Staphylococcus warneri                                        3         0
Streptococcus sp.                                                   0         1
Streptococcus hemolyticus                                    3         3
Streptococcus viridans                                          6         2
Tatumella ptyseos                                                  4         0
Vibrio sp.                                                                0         2
Vibrio alginolyticus                                             53       27
Vibrio cholerae                                                      2         1
Vibrio damsela                                                     29       32
(Photobacterium damselae)                                              

Vibrio fluvialis                                                      12       10
Vibrio hollisae                                                        6         0
Vibrio mimicus                                                       0         2
Vibrio parahaemolyticus                                     33       47
Vibrio vulnificus                                                     9         9
Yersinia enterocolitica                                           2         1

Table 3. Bacterial species identified from blowhole (B) and fecal (F) samples collected during Tursiops truncatus dolphin 
capture−release health assessments at sites along the mid-Atlantic USA and Gulf of Mexico

Project Sarasota Beaufort St. Joseph Sapelo Brunswick 
total 2004 2005 2006 2009 2006 Bay 2006 2009 2009

No. of dolphins 123 30 17 16 11 9 16 12 12
No. of samples 220 57 29 30 18 16 32 19 19

Vibrio alginolyticus 80 10 13 16 12 3 14 4 8
Vibrio parahaemolyticus 80 28 14 5 3 0 5 16 9
Photobacterium damselae 61 17 6 6 10 6 10 2 4
Escherichia coli 51 20 4 9 4 3 6 2 3
Shewanella putrefaciens 40 8 0 6 5 2 8 7 4
Pseudomonas fluorescens/putida 35 6 7 14 1 0 4 0 3
Acinetobacter lwoffii 31 16 5 2 0 7 1 0 0
Edwardsiella tarda 27 6 2 6 0 5 4 0 4
Aeromonas hydrophila 29 4 4 4 4 0 4 4 5
Vibrio vulnificus 18 0 3 4 3 2 2 2 2
Other species 215 40 56 34 4 27 33 8 13
Total no. of isolates characterized 667 155 114 106 46 55 91 45 55

Table 4. Bacterial species isolated from bottlenose dolphin samples collected during capture−release health assessments at 
multiple coastal and estuarine sites along the mid-Atlantic USA and Gulf of Mexico. (See Fig. 1 for site locations)
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Pairwise comparisons of the sites using GLMs with a
sequential Bonferroni correction re vealed that the
mean number of antibiotics to which isolates were
resistant was significantly different between all sites
except Sarasota and Sapelo (p = 0.2893), St. Joseph
Bay and Brunswick (p = 0.1362), and Sapelo and
Brunswick (p = 0.1676; Fig. 3, Table 6).

Resistance also appears to vary temporally, al though
only a limited dataset was available for this analysis.
Sarasota Bay was sampled in 2004 (n = 155 isolates),
2005 (n = 114), 2006 (n = 106), and 2009 (n = 46). A sig-
nificant difference (p < 0.0001) was de tec ted among
years, with 2005 having significantly greater levels of
resistance than the other years (2005 vs. 2004: p <
0.0001; 2005 vs. 2006: p = 0.0008; 2005 vs. 2009: p =
0.0007; Fig. 4, Table 7). No significant differences
were observed among 2004, 2006, and 2009. In 2005,
there was a severe Karenia brevis red tide harmful al-
gal bloom (HAB) in Sarasota Bay that may have al-
lowed proliferation of antibiotic- resistant bacteria
through drastically in creased quan tities of decompos-
ing fish in the water, or perhaps through exposure to
breve to xins. Associations between antibiotic-re sistant
bacteria and HAB events warrant further study.

DISCUSSION

This study demonstrates widespread
antibiotic resistance of bacteria iso-
lated from marine mammals living
along the southeastern USA. Sites
whose surrounding land uses are as-
sociated with anthropogenic im pacts
were associated with higher percent-
ages of bacteria showing antibiotic re-
sistance. However, the relationship
between human activity and antibiotic

resistance in marine mammals re quires additional
study. Antibiotic resistance was demonstrated at all
sites, suggesting that a baseline level of resistance
 occurs throughout coastal waters. Furthermore, the
mean number of antibiotics to which isolates were re-
sistant for each site did not show a consistent relation-
ship with anthropogenic influence.
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Site No. of  % resistant % resistant % resistant 
bacterial to tested to 1 to >1 
isolates antibiotics antibiotic antibiotic

Sarasota 421 54.4 27.3 27.1
Beaufort 55 47.3 16.4 30.9
St. Joseph Bay 81 30.9 21.0 9.9
Sapelo 45 40.0 15.6 24.4
Brunswick 54 37.0 18.5 18.5
All 656 48.5 24.1 24.4

Table 5. Percent of tested isolates resistant to antibiotics for each study site

Fig. 2. Number of antibiotics to which tested bacterial iso-
lates (n = 656) showed resistance

Fig. 3. Mean number of antibiotics to which bacteria were
resistant by site. Letters denote significant differences as de-
termined by pairwise generalized linear models with a se-
quential Bonferroni correction at an initial α = 0.05. Sites
that do not share the same letter have a significantly differ-

ent level of antibiotic resistance. SJB: St. Joseph Bay

Beaufort St. Joseph Sapelo Bruns-
Bay wick

Sarasota 0.0005* 0.0014* 0.4395 0.0047*
Beaufort <0.0001* 0.0022* <0.0001*
St. Joseph Bay 0.0033* 0.1362
Sapelo 0.1676

Table 6. Test results for pairwise comparison of level of anti -
biotic resistance between sites. Significant p-values after
a se quential Bonferroni correction (initial α = 0.05) are 

marked with an asterisk
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Widespread antibiotic resistance observed in this
study is not the result of therapeutic antibiotic use (i.e.
contact with human or veterinary drugs), as all speci-
mens were collected from wild animals. It is known
that resistance can be spread by horizontal gene
transfer, although this has been better studied in clini-
cal rather than marine environments (Neu 1992). It
has also been demonstrated that environmental con-
centrations of antibiotics can inhibit growth of bacte-
ria, exerting a selective pressure that could result in
resistance (Tello et al. 2012). These bacteria may also
acquire and retain resistance properties in response
to other stressors (Alonso et al. 2001). High levels of
antibiotic resistance have been reported in aquatic
systems contaminated with heavy metals, for example
(Stepanauskas et al. 2005, 2006). The observation of
widespread resistance re ported here is consistent
with other studies of marine mammals in coastal
oceans (Johnson et al. 1998, Bogomolni et al. 2008,
Rose et al. 2009). For example, Rose et al. (2009) re-
ported that 58% (n = 472) of bacterial isolates from
vertebrates off the northeastern coast of the USA

were resistant to at least 1 antibiotic and that 43%
were resistant to more than 1 antibiotic. A higher inci-
dence of resistance was reported for seabirds than for
marine mammals, and for stranded or bycaught ani-
mals than for live animals. Among stranded pinnipeds
in California, Johnson et al. (1998) reported multiple
drug resistance in all but 1 of 129 tested bacterial iso-
lates. It has been known for decades that marine bac-
teria are capable of producing antibiotics (Rosenfeld
& Zo Bell 1947). It appears that marine microbes stage
their own type of germ warfare to compete with one
another, resulting in a baseline level of resistance that
occurs naturally in marine environments. Naturally
produced antibiotics can also serve as a carbon source
in microbial catabolism (Dantas et al. 2008). The re-
sulting antibiotic resistome is widely acknowledged
and can help explain the widespread resistance ob-
served in this study, and elsewhere (D’Costa et al.
2006, Baker-Austin et al. 2009).

Results of this study also demonstrate widespread
colonization of bacteria that belong to species that
could cause disease in humans. All of the most com-
monly identified bacterial species (Table 4) have
been associated with clinical illness in humans,
although this does not mean that these particular
 isolates could cause disease. Most of these species
are opportunistic pathogens to humans, infecting
immunocompromised individuals and the elderly.
Vibrio alginolyticus is sometimes associated with ear
and wound infections in humans. In the USA, 884
infections and 11 deaths were attributed to V. algi-
nolyticus from 1996 to 2010 (Newton et al. 2012). This
bacterium is also present in puffer fish (Tetraodonti-
dae) and other animals, where it has been implicated
in the production of tetrodotoxin, a deadly human
neurotoxin (McEvoy et al. 1997). V. parahaemolyti-
cus naturally inhabits marine waters and causes gas-
trointestinal illness in humans, usually in association
with seafood consumption. Wound infections have
also been reported. Photobacterium damselae has
been associated with necrotizing wound infections in
humans (Coffey et al. 1986), with at least 1 death
reported (Perez-Tirse et al. 1993). V. vulnificus infec-
tions are often associated with wound infections or
with ingestion of contaminated shellfish, particularly
oysters (Jones & Oliver 2009). Worldwide, the num-
ber of people infected with this bacterium is lower
compared to other vibrios. However, V. vulnificus is
responsible for a large percentage of illnesses and
deaths attributable to vibrios. Overall mortality rates
for those infected with this bacterium are about 25%,
with mortality rates exceeding 50% among patients
who develop septicemia (Strom & Paranjpye 2000).
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Fig. 4. Mean number of antibiotics to which isolates from
Sarasota Bay were resistant for each of 4 investigated years.
Letters denote significant differences as determined by pair-
wise generalized linear models with a sequential Bonferroni
correction at an initial α = 0.05. Years that do not share the
same letter have a significantly different level of antibiotic 

resistance

2005 2006 2009

2004 <0.0001* 0.5822 0.4617
2005 0.0008* 0.0007*
2006 0.2793

Table 7. Test results for pairwise comparison of level of anti -
biotic resistance between years in Sarasota Bay. Significant 
p-values after a sequential Bonferroni correction (initial α = 

0.05) are marked with an asterisk
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For most species of bacteria, including many of
the species identified in this research, only certain
strains are able to infect humans. Virulence factors
associated with pathogenicity have been well char-
acterized for bacteria such as Escherichia coli (Fleck-
enstein et al. 2010, Hunt 2010), while more recent
research has identified specific genetic determinants
of virulence among marine vibrios, including Vibrio
cholerae (Faruque et al. 1998), V. parahaemolyticus
(Broberg et al. 2011), and V. vulnificus (Oliver 2005).
Environmental strains of V. vulnificus are predomi-
nantly virulent, with one study documenting that
90% of tested V. vulnificus strains isolated from mar-
ine environments were able to infect mice (Tison &
Kelly 1986). We did not evaluate specific virulence
factors but rather focused on species identification
and antibiotic resistance. However, additional sam-
pling of 28 dolphins from the Brunswick and Sapelo
Island sites has demonstrated the occurrence of the
thermostable direct hemolysin gene (tdh) among V.
parahaemolyticus in dolphin fecal swabs (Moore et
al. 2010). Tests for the thermostable-related hemo -
lysin gene (trh), a different gene commonly associ-
ated with virulence, were  negative.

Transmission of pathogens from marine environ-
ments is usually associated with consumption of con-
taminated shellfish or finfish, or through contact with
seawater (Thompson et al. 2005). For example, the
typical route of infection with Vibrio vulnificus in the
Gulf of Mexico is humans being cut by a barnacle or
oyster shell. The wound becomes infected and the
patient can die within 24 to 48 h without proper anti -
biotic therapy (Bross et al. 2007). Exposures associ-
ated with marine mammals are not as well studied.
However, there is potential for transmission of patho-
gens from marine mammals to humans through occu-
pational exposures, particularly for veterinarians,
researchers, or hunters who may have direct contact
with the animals (Hunt et al. 2008, Moore et al. 2008).
Transmission could also be a concern for people en -
gaging in legal and illegal interactions with wild dol-
phins, including provisioning and swimming (Cun-
ningham-Smith et al. 2006, Powell & Wells 2011).
Finally, there is potential for pathogen transmission
to those who consume meat from marine mammals
(VKM 2011). These routes of transmission are limited
to persons with direct and indirect contact with the
animals. Zoonotic pathogens from marine mammals
are not widely distributed in human populations.

The methods used in this study were limited to aer-
obic culture of organisms using commercial instru-
ments and databases. This study was not intended to
represent the complete microbiome of dolphins, but

was designed to evaluate samples for bacterial spe-
cies and traits (antibiotic resistance) of relevance to
humans. Additional bacterial species were likely
present in the tested samples but were not identified
using the methods employed. Additionally, emerging
zoonotic pathogens could have been missed. Bacter-
ial pathogens have previously emerged from ocean
ecosystems, including a marine mammalian geno-
type of Brucella that is associated with zoonotic infec-
tion (e.g. Whatmore et al. 2008).

This study also raises the question of whether
antibiotic resistance can emerge from marine envi-
ronments because resistance was observed in ‘pris-
tine’ sites among wild animals that have not been
given antibiotics. The widespread antibiotic resist-
ance observed in this study suggests that some resist-
ance elements likely have environmental origins and
can be spread without the selective pressure of
antibiotic use. Bacteria associated with marine mam-
mals may have a functional role as antibiotic produc-
ers, or else resistance may be intrinsic in some of the
bacterial species. The potential for pathogens and
antibiotic resistant organisms to emerge from marine
systems requires further study.
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