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A B S T R A C T

Marine animals represent a dynamic and complex habitat for diverse microbial communities. The microbiota
associated with bottlenose dolphins (Tursiops truncatus) are believed to influence their health status, but it remains
poorly understood. We therefore characterized and compared the bacterial microbiome of bottlenose dolphins
from six different anatomical sites that represent four different body systems (respiratory, digestive, reproductive,
and integumentary). In this study, a total of 14 free-ranging bottlenose dolphins were sampled during the 2015
Sarasota Bay Dolphin Health Assessment. Bacterial diversity and abundance were assessed by PCR amplification
of the hypervariable V3–V4 regions of the bacterial 16S rRNA gene for each sample, followed by sequencing on an
Illumina MiSeq platform. Analysis showed that bottlenose dolphins harbor diverse bacterial communities with a
unique microbial community at each body system. Additionally, the bottlenose dolphin bacterial microbiome was
clearly distinct to the aquatic microbiome from their surrounding habitat. These results are in close agreement
with other cetacean microbiome studies, while our study is the first to explore what was found to be a diverse
bottlenose dolphin genital microbiome. The core bacterial communities identified in this study in apparently
healthy animals might be informative for future health monitoring of bottlenose dolphins.
1. Introduction

Marine mammals can serve as sentinels for human and aquatic
ecosystem health due to their long lifespans in coastal ecosystems, high
trophic feeding level, and propensity for bio-accumulating toxic chem-
icals in their blubber (Holden, 1970; Ross, 2000; Reddy et al., 2001;
Wells et al., 2004; Bossart, 2011). Unfortunately, the health of many
marine mammals, including bottlenose dolphins (Tursiops truncatus), is
threatened due to marine pollution, habitat degradation, hunting,
bycatch, and emerging infectious diseases (Trites et al., 1999; Springer
et al., 2003; Read et al., 2006; Estes et al., 2009; Van Bressem et al., 2009;
Waltzek et al., 2012). Extensive research has been conducted to evaluate
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populations of bottlenose dolphins with respect to their behavior, social
structure, ecology and conservation needs (Würsig and Würsig, 1979;
Shane et al., 1986; Wells, 1991; Segura et al., 2006; Bearzi et al., 2008).
However, little is documented about the presence and variation of host
associated microbial communities, which play important roles in host
health and in a wide range of diseases (Johnson et al., 2009; Bik et al.,
2016; Russo et al., 2018; Suzuki et al., 2018).

The host microbiome is composed of all of the microbes in a given
environment, including bacteria, viruses, fungi, and protozoa (Blaser and
Kirschner, 2007). Host associated microbiota contribute to host physi-
ology (Sommer and B€ackhed, 2013), digestion (Choat and Clements,
1998), vitamin synthesis (LeBlanc et al., 2013), colonization resistance,
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and host immune health (Hooper et al., 2012; Ottman et al., 2012).
Moreover, microbiota are known to establish symbiotic, commensal, or
even pathogenic relationships with their hosts, depending upon a wide
variety of factors, including host immunocompetence and genetics
(Shulzhenko et al., 2011; Sommer and B€ackhed, 2013). Studies have
been done to explore the microbial communities of bottlenose dolphins;
however, the majority have been based on culture-dependent techniques
(Sweeney and Ridgway, 1975; Howard et al., 1983; Buck et al., 2006;
Venn-Watson et al., 2008). One major drawback of culture dependent
techniques is that a large proportion of bacterial communities are un-
cultivable (Stewart, 2012). More recently, culture independent ap-
proaches using next-generation sequencing (NGS) technologies have
gained considerable acceptability to characterize the host associated
microbial communities in both humans and animals including aquatic
species (Gill et al., 2006; Kim and Isaacson, 2015; Bik et al., 2016; Ahasan
et al., 2017).

Although a range of bacterial species have been isolated from mori-
bund bottlenose dolphins using conventional phenotypic identification
techniques (Buck et al., 2006; Venn-Watson et al., 2008), the role these
bacteria play in disease remains challenging because the same bacteria
are often isolated from healthy animals (Buck et al., 2006; Venn-Watson
et al., 2008). Importantly, the determination of what comprises “healthy”
in wild dolphin health assessments is typically based on limited diag-
nostic tools applied in one event cycle of an animal's health evaluation.
For example, the finding of variations in compromised lung images noted
on ultrasound might be correlated with changes in the respiratory
microbiome. Unfortunately, microbiome population characteristics,
changes and their significance prior, during or after the resolution of
these issues cannot be determined with limited sampling.

The distinctive body plans of marine mammals offer many niches for
diverse members of bacterial and archaeal kingdoms. These microbial
communities may vary by body site due to distinct physiochemical
conditions, which exert selective pressures on the microbiota (Costello
et al., 2009; Grice et al., 2009). To date, few studies have investigated the
microbiota of bottlenose dolphins using NGS platforms. Microbiome
studies employing NGS approaches have been limited to the bottlenose
dolphin skin (Chiarello et al., 2017; Russo et al., 2018), respiratory tract
(Bik et al., 2016) and/or digestive tract (Bik et al., 2016; Soverini et al.,
2016). Soverini et al. (2016). Chiarello et al. (2017) sampled managed
bottlenose dolphin populations, Russo et al. (2018) sampled free-ranging
animals, and Bik et al. (2016) sampled both managed and free-ranging
animals. Bik et al. (2016) reported differences in the oral and fecal
microbiomes of managed versus free-ranging bottlenose dolphins; how-
ever, the two populations differed in geographic location, food sources,
and medical care.

The aim of the present study was to explore the body site-specificity
patterns of the free-ranging bottlenose dolphin microbiome. We char-
acterized and compared the bacterial communities of four different body
systems (respiratory, digestive, reproductive, and integumentary sys-
tems) of bottlenose dolphins. Additionally, we evaluated the patterns of
bacterial diversity that vary with age, gender, health status, lactation
status, and relatedness (mother-calf pairs) in bottlenose dolphins.

2. Materials and methods

2.1. Bottlenose dolphin sample acquisition

The swab andwater samples were collected by veterinarians as part of
the 2015 Sarasota Bay Dolphin Health Assessment in Sarasota, Florida
from May 11th 2015 through May 22nd 2015 following the procedure
described by Wells et al. (2004). Additionally, body weight, length, and
girth measurements were recorded during the sample collection. An ul-
trasound evaluation was conducted in adult females for diagnosis of
pregnancy. Ultrasound was also used to measure blubber depth and
evaluate thoracic and abdominal organs for any abnormality or health
concern. The well-being of the animals is a priority, and for that reason,
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respiratory and behavioral patterns were closely monitored throughout
the sampling process. Blood samples were collected by puncturing their
fluke, urine samples were taken with a sterile catheter, and milk was
collected through a suction system. The age of most of the Sarasota Bay
bottlenose dolphins is known through observation and for animals of
unknown age, a tooth is extracted under local anesthesia (Hohn et al.,
1989). A complete examination and sampling process took up to an hour,
and when all the procedures were done, the animal was placed back in
the water and released (Wells et al., 2004). Samples were collected under
National Marine Fisheries Service Scientific Research Permit No. 15543
and Mote Marine Laboratory IACUC approval.

In the 2015 Sarasota Bay bottlenose dolphin health assessment,
sampling included: 14 bottlenose dolphins (9 females and 5 males),
including 4 mother-calf pairs and 5 calves (Table S1). Age ranged from 2
to 31 years, as determined by observation of additional newborn calves
into the population and tooth extraction from animals of unknown age
(Hohn et al., 1989). Health status of the animals was determined through
physical examination and ultrasound (Wells et al., 2004). Nine animals
were identified with compromised health including seven animals with
mild to moderate lung disease (lung changes observed by ultrasonogra-
phy), including a female with a genital papilloma positive for bottlenose
dolphin gammaherpesvirus 1 (confirmed by PCR at the University of
Florida's Wildlife and Aquatic Veterinary Disease Laboratory), and two
animals with potential kidney disease (renomegaly observed by ultra-
sonography) (Table S1). Five animals were deemed healthy based on a
lack of abnormalities detected by the physical and testing protocols
(Table S1). Other than mothers and calves, none of the bottlenose dol-
phins sampled for this project were closely related, but they are all
considered to be long-term members of the resident Sarasota dolphin
community (Wells, unpublished data).

Specimen collection consisted of six samples per individual (for ex-
ceptions see Table S1) from five anatomical regions including: gastric
contents, external nares (blowhole wall swabs) and exhaled blow (i.e.
blow plate), skin, anal, and genital opening rayon swabs (PuritanMedical
Products). The blowhole swab was inserted into the blowhole/nares and
contacted the wall of the nares. Exhaled respiratory material was also
collected in a sterile petri dish and then the internal surface of the dish
was swabbed and placed in a sterile cryovial. Gastric fluid was obtained
with an equine stomach tube inserted into the fundic section of the
stomach. The fecal swab was obtained by gently inserting the swab into
the anal opening. Skin swabs were collected by swabbing the axillary
region in an attempt to decrease the contamination by people handling
the dolphins. The genital swab was collected by inserting a swab into the
vaginal or preputial opening. All swabs tips were placed into sterile
Nalgene cryovials and the plastic stems cut to the level of the cryovial top
with a pair of scissors to allow closure of the vials. Nalgene cryovials were
then immediately placed on dry ice until they could be transferred to a
-80 �C freezer for storage.

Sevenwater samples (500ml) were collected at each site (Table S1) in
a sterile 500ml glass reagent bottle by submerging the sampling bottle 12
inches below the water surface, removing the cap, and recapping un-
derwater once filled. At the processing boat, an extension set was opened
under sterile conditions and placed in the sampling bottle. By using a 3-
way stopcock and a 60ml syringe, aliquots were repeatedly aspirated and
pushed through a Sterivex™ filter unit (Millipore catalog# SVGPL10RC).
Once this procedure was completed, the filter was sterilely placed in a
whirl-pack bag, placed on dry ice, and frozen until being transferred to a
-80 �C freezer for storage.

2.2. Bacterial DNA extraction and amplification

Thawed swabs and gastric fluid samples (200 μl per sample) were
added to 2 ml lysis bead tubes (0.5 mm high impact zirconium) from
Benchmark Scientific, Inc. ATL buffer was added (360 μl for swabs and
180 μl for gastric fluid samples) to the bead tubes and processed in a
TissueLyser II (Qiagen) for 1 min at a frequency of 30.0. Bead tubes were
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then briefly centrifuged before adding Proteinase K (40 μl to tubes with
swabs and 20 μl to tubes with gastric fluid), vortexed, briefly centrifuged,
and incubated at 56 �C for 15 min. Following the protein digestion, 200
μl of the sample was transferred to a sterile 2 ml microcentrifuge tube and
the remainder of the DNA extraction process was automated in a QIA-
cube® (Qiagen) using the QIAamp Mini body fluid setting. Sterivex™
filters were thawed and DNA extracted using a PowerWater® Sterivex
DNA Isolation Kit as specified by the manufacturer (MoBio laboratories).
The concentrations of the resulting purified DNA samples were quanti-
fied using a Qubit 3.0 fluorometer (Thermo Fischer Scientific) prior to
storage in a -80 �C freezer.
2.3. 16S library generation and sequencing

The 16S metagenomic sequencing libraries were prepared for
sequencing on a MiSeq sequencer (Illumina) according to the manu-
facturer's instructions. Briefly, amplicon PCR primers targeting approxi-
mately ~460 bp of the variable V3–V4 region of the 16S rRNA gene were
employed. The forward primer sequence is 50-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGG

GNGGCWGCAG - 30 and the reverse primer sequence is 50 –

GTCTCGTGGGCTCGGAGATGTG
TATAAGAGACAGGACTACHVGGGTATCTAATCC - 30. The 35 μl PCR

mastermix consisted of 0.175 μl of Platinum Taq DNA Polymerase
(Invitrogen), 3.5 μl of 10x PCR buffer, 1.4 μl of 50 mMMgCl2, 0.7 μl of 10
mM dNTPs, 1.75 μl of 1 μM forward and reverse primers, 20.5 μl of
molecular grade water, and 5.25 μl of DNA at a concentration of 5 ng/μl.
The PCR reactions included an initial denaturation of 3 min at 95 �C;
followed by 30 cycles of denaturation at 95 �C for 30 s; annealing at 55 �C
for 30 s; extension at 72 �C for 30 s; and a final elongation step at 72 �C
for 5 min. Products were run on a 1.5% agarose gel to confirm amplifi-
cation. The PCR amplicons were purified from primers and primer dimers
using AMPure XP beads (Beckman) as instructed by the manufacturer.

Each amplicon received dual indices and Illumina sequencing
adapters using the Nextera XT Index Kit. The 50 μl PCR mastermix con-
sisted of 0.25 μl of Platinum Taq DNA Polymerase (Invitrogen), 5.0 μl of
10x PCR buffer, 2.0 μl of 50 mMMgCl2, 1.0 μl of 10 mM dNTPs, 5.0 μl of
forward and reverse indexing primers, 26.75 μl of molecular grade water,
and 5.0 μl of the purified amplicon. The PCR reactions included an initial
denaturation of 3 min at 95 �C; followed by 8 cycles of denaturation at 95
�C for 30 s; annealing at 55 �C for 30 s; extension at 72 �C for 30 s; and a
final elongation step at 72 �C for 5 min. Following amplification, the
indexed amplicons were again purified from primers and primer dimer
using AMPure XP beads. The resulting indexed amplicon concentrations
were measured using a Qubit 3.0 fluorometer (Thermo Fisher Scientific),
normalized, and pooled. The equimolar pool was then sequenced on an
Illumina MiSeq platform (San Diego, CA, USA) using a 600-cycle v3
MiSeq Reagent Kit.
2.4. Microbiome data analysis

Reads were classified using the Ribosomal Database Project (RDP)
classifier version 2.2 (Wang et al., 2007). Shannon and Inverse Simpson
indices were calculated using the diversity function of vegan (Oksanen
et al., 2007) and compared using a pairwise t-test. Richness was calcu-
lated by rarefying to a sample size representing the sample with the
fewest reads.

Raw OTU counts were normalized and log10 transformed using the
following formula:

log10

�
RC
n

�
P

x
N

þ 1
�
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where RC is the read count for a particular OTU in a particular sample, n
is the total number of reads in that sample, the sum of x is the total
number of reads in all samples and N is the total number of samples
(McCafferty et al., 2013).

The Principle Coordinate Analysis (PCoA) was generated from the
Bray-Curtis distance (Bray and Curtis, 1957) of the normalized and log10
transformed counts. Analysis of similarities (ANOSIM) was performed
comparing each pair of sites, and then the p-values were corrected for
multiple hypothesis testing using the method of Benjamini & Hochberg
(Benjamini and Hochberg, 1995; Oksanen et al., 2007).

Linear models were used to identify taxa significantly associated with
each of our variables. Water samples were not included in these analyses.
Taxa present in less than one quarter of the samples were also removed.
To identify taxa associated with particular body sites, we used the
following model:

relAbun ~ bodySite þ ϵ

where relAbun is the log10 normalized abundance of a particular taxa and
bodySite indicates the site the sample was taken from. For all other
variables, the p-values for that variable were taken from the following
models:

relAbun ~ bodySite þ animalID þ ϵ

relAbun ~ bodySite þ gender þ ϵ

relAbun ~ bodySite þ age þ ϵ

relAbun ~ bodySite þ healthStatus þ ϵ

relAbun ~ bodySite þ lactationStatus þ ϵ

relAbun ~ bodySite þ motherCalfStatus þ ϵ

where animalID indicates which dolphin was sampled, gender represents
male or female, age represents whether the sample is from an adult or
calf, and healthStatus represents whether the sample was from a healthy
or unhealthy dolphin. lactationStatus represents the lactation status of
the dolphin and was divided into lactating animals, non-lactating fe-
males, and the rest of the community. For motherCalfStatus (i.e., relat-
edness), each mother-calf pair was represented by a group, and all other
dolphins were grouped together. All models were fit using the lm func-
tion in R (R Core, 2013). The p-values were corrected for multiple hy-
pothesis testing using the method of Benjamini & Hochberg (Benjamini
and Hochberg, 1995).

3. Results

3.1. Summary of dolphin and seawater samples used in downstream
analyses

Five calves and 9 adults (including one sub-adult) ranging from 2-31
years of age were sampled (Table S1). Four of the five calves were
captured as part of mother-calf pairs. These four mothers were lactating
as well as another female sampled found without a calf. Bacterial spec-
imens processed for sequencing included 6 body sites (blowhole, blow-
hole plate, gastric, fecal, skin, and genital) from each of 14 dolphins (9
females and 5 males) and 7 seawater samples from each site where
dolphins were captured, sampled, and released. Sixty-six samples were
loaded onto the Illumina MiSeq platform resulting in 21,708,338 reads
and 17,510,220 reads passing filter (PF) with fairly even coverage across
indexes (ranging from 0.4175% to 2.01% PF reads) (Fig. S1). The skin
specimen from dolphin TT15022 and blowhole plate specimen from
dolphin TT15028 failed to generate significant reads (0.0050% and
0.0099% PF reads, respectively).
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3.2. Principal coordinates analysis (PCoA) and ANOSIM

The Principal Coordinates Analysis (PCoA) at all taxonomic levels
revealed that specimens from the same body site clustered together
(Figure 4). However, seawater samples clustered the most tightly
together and were clearly separate from dolphin specimens. At the
phylum level, there was no clustering by gender, age, health, lactation
status, or relatedness (Figure 5). At the genus level, the greatest similarity
was observed between sites of the gastrointestinal tract (gastric and fecal;
R ¼ 0.49; p ¼ 0.001 after Benjamini-Hochberg correction for multiple
hypothesis testing) and respiratory tract (blowhole and blowhole plate; R
¼ 0.20, p¼ 0.005). Water samples were the most dissimilar to body sites
with significant R values (p � 0.05) varying from 0.70 to 1.0 (Table S2).
3.3. Diversity boxplots and composition and relative abundance barplots

The genital specimens had among the highest microbial diversity at
both the phylum and genus levels (Figure 1). Seawater specimens showed
the highest bacterial richness at the phylum level (Figure 1). Skin and
fecal specimens displayed among the lowest diversity and richness at
both the phylum and genus levels (Figure 1). Blowhole plate consistently
displayed higher diversity and richness as compared to blowhole speci-
mens at both the phylum and genus levels. Blowhole plate specimens also
displayed the highest diversity (Shannon diversity only) and richness at
the genus level (Figure 1). The stomach samples consistently displayed
moderate microbial diversity and richness as compared to the other
specimen types (Figure 1).

The bacterial communities identified from the sampled bottlenose
dolphins and water specimens represent a total of 16 different bacterial
Figure 1. Shannon diversity, Inverse Simpson diversity, and Richness analyses at t
samples. Each boxplot represents a different body site differentiated by colors and l
yellow is gastric (D), purple is skin (E), light blue is genital (F), and black is water (
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phyla and 70 genera with an average relative abundance �0.0005 (data
not shown). The bacterial phyla with the highest relative abundance
identified from the bottlenose dolphins were Proteobacteria, Bacter-
oidetes, Fusobacteria, Firmicutes, and Tenericutes. The gastric specimens
had a high relative abundance of Proteobacteria (54.6%), followed by
Fusobacteria (18.5%), Bacteroidetes (17.8%), Tenericutes (4.7%), and
Firmicutes (4.1%) (Figure 2). The genera with the highest relative
abundance in the gastric specimens were Arcobacter (28.0%), Cetobacte-
rium (21.1%), Tenacibaculum (14.2%), and Ureplasma (10.3%) (Figure 3).
The bacterial phyla with the highest relative abundance in the hindgut
(fecal) specimens were Firmicutes (35.7%), followed by Proteobacteria
(31.8%), and Fusobacteria (31.6%) (Figure 2). Bacteria within the genera
Cetobacterium (70.9%), Clostridium XI (15.3%), and Clostridium sensu
stricto (4.2%) had the highest relative abundance in the hindgut speci-
mens (Figure 3). Lower abundance genera in the hindgut specimens
included Hyrogenimonas, Arcobacter, Clostrdium XIVb, and Actinobacillus.
Both blowhole swabs (BS) and blow plate (BP) specimens generated
similar results regarding bacterial composition and abundance at both
the phylum and genus levels (Figures 2 and 3). Proteobacteria were
highest in relative abundance in both the blowhole swab (BS: 57.7%) and
blow plate (BP: 46.5%) specimens, followed by Bacteroidetes (BS: 38.4%
and BP: 41.8%), with a lower relative abundance of Fusobacteria (BS:
2.3% and BP: 8.4%) and Firmicutes (BS: 1.1% and BP: 2.2%) (Figure 2).
At the genus level, Tenacibaculum was the dominant genus in both
blowhole swabs (33.6%) and blow plate (27.5%) specimens, followed by
Arcobacter (BS: 26.1% and BP: 20.7%) and Streptobacillus (BS: 9.4% and
10.1%) (Figure 3). The respiratory bacterial communities also included
genera such as Mycoplasma, Moraxella, and Actinobacillus at a lower
relative abundance. Specimens from the blow plate included several
he phylum and genus levels for bottlenose dolphin body sites versus seawater
etters. Red is fecal (A), dark blue is blowhole (B), green is blowhole plate (C),
W). Different shapes represent different individuals.



Figure 2. Composition and relative abundance of phyla found in bottlenose dolphin body sites versus seawater samples. Each plot represents a different body site with
bars representing individual dolphin or water specimens within each plot. The seven colors represent the different bacterial phyla found in the specimens. The average
relative abundance of each phyla across specimens was calculated and those with an average relative abundance �0.0005 were filtered out.
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bacterial genera observed in seawater specimens (albeit in lower relative
abundance – see below). The dominant bacterial phyla within the skin
were Proteobacteria (56.8%) and Bacteroidetes (37.9%) (Figure 2). At
the genus level, Tenacibaculum (45.2%) was dominant in the skin speci-
mens (Figure 3). The dominant bacterial phyla in the genital specimens
were Proteobacteria (48.9%), followed by Bacteroidetes (23.4%), Fuso-
bacteria (18.9%), and Firmicutes (8.1%) (Figure 2). The bacterial genera
of high relative abundance in the genital specimens included: Strepto-
bacillus (18.5%), Arcobacter (13.1%), Tenacibaculum (11.4%), Clostridium
XIX (8.7%), Parvimonas (7.2%), Cetobacterium (6.9%), and Fusobacterium
(5.5%) (Figure 3). The seawater specimens were dominated by bacteria
within the phyla Proteobacteria (60.6%), followed by Bacteroidetes
(23.4%), and Cyanobacteria/Chloroplast (11.8%) (Figure 2). The
5

bacterial genera with the highest relative abundance in seawater were
Candidatus Pelagibacter (51.6%), followed by GpIIa (cyanobacteria)
(25.2%), and diatoms of the genus Bacillariophyta (9.8%) (Figure 3).

3.4. Mixed linear model tests

Linear models were generated to determine statistically significant
(adjusted p � 0.05) associations between the relative abundance of
bacterial genera, body site, and physiological variables. A total of 94
significant associations were observed involving all body sites and all
physiological variables except health status.

Blow plate specimens had the highest relative abundance compared
to other body sites for the following genera: Moraxella, Helococcus,



Figure 3. Composition and relative abundance of genera found in bottlenose dolphin body sites versus seawater samples. Each plot represents a different body site
with bars representing individual dolphin or water specimens within each plot. The 21 colors represent the different bacterial genera found in the specimens. The
average relative abundance of each genera across specimens was calculated and those with an average relative abundance �0.0005 were filtered out.
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SR1_genera_incertae_sedis, Bergeyella, Lutibacter, Mycoplasma, Soonwooa,
Tannerella, Bacteriovorax, Arcobacter, Anaerovorax, Flavobacterium, Orni-
thobacterium, Parcubacteria_genera_incertae_sedis, Saccharibacteria_gener-
a_incertae_sedis, Pseudomonas, Thioreductor, Aureispira, and
Saccharofermentans (Table S3). Blowhole specimens had the highest
relative abundance for the following genera: Riemerella, Corallibacter,
Peptostreptococcus, Aureitalea, Coenonia, Olleya, and Natranaerovirga
(Table S3). Genital specimens had the highest relative abundance
compared to other body sites for the following genera: Parvimonas,
Phocoenobacter, Clostridium XIX, Gemella, Campylobacter, Porphyromonas,
Streptobacillus, Fusobacterium, Lachnoanaerobaculum, Treponema, Peptoni-
philus, and Guggenheimella (Table S3). Skin specimens had the highest
relative abundance compared to other body sites for the following
genera: Planobacterium, Tenacibaculum, Enhydrobacter, Bacillariophyta,
6

GpIIa, Ilumatobacter, Psychrobacter, Candidatus Pelagibacter, Lishizhenia,
and Pseudoalteromonas (Table S3). Fecal specimens had the highest
relative abundance compared to other body sites for the following
genera: Anaerobacter, Sporacetigenium, Clostridium XI, Clostridium sensu
stricto, Photobacterium, Cetobacterium, and Psychrilyobacter (Table S3).
Gastric specimens had the highest relative abundance compared to other
body sites for the following genera: Ureaplasma, Paralactobacillus, Heli-
cobacter, Actinobacillus, Sulfurovum, and Lucibacterium (Table S3).

Males displayed a significantly higher relative abundance of Lutibacter
and Anaerovorax than females (Table S3). Calves showed a higher rela-
tive abundance of Moraxella, Helcococcus, Riemerella, Bergeyella, Tenaci-
baculum, Lutibacter, Enhydrobacter, Soonwooa, Bacteriovorax,
Ornithobacterium, Coenonia, and Pseudoalteromonas than adults
(Table S3). Adults showed a higher relative abundance of Clostridium XI



Figure 4. Principal Coordinate Analysis of bacterial communities at the phylum (left) and genus (right) levels from different dolphin body sites and seawater samples.
Each color represents a different body site. Shapes represent individual animals.

Figure 5. Principal Coordinate Analysis of bacterial communities at the phylum level for dolphins from different genders and age classes (left), and health status and
lactation status (right). Each data point represents a bacterial community from a specific bottlenose dolphin.
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and Sulfurovum than calves (Table S3). Mother-calf pairs had a higher
relative abundance of Coenonia (TT5015-TT15027) and Fusobacterium
(TT5022-TT15029) as compared to weaned animals (Table S3). Lactating
females had a higher relative abundance of Anaerobacter and Clostridium
XI compared to the non-lactating female and the rest of the community
(Table S3). The non-lactating female (TT15023) had a higher abundance
of Moraxella, SR1_genera_incertae_sedis, GpIIa, Soonwooa, Tannerella,
Flavobacterium, Psychrilyobacter, and Sulfurimonas than the lactating fe-
males and the rest of the community (Table S3). The rest of the com-
munity had a higher relative abundance of Riemerella, Tenacibaculum,
Helococcus, Lutibacter, and Enhydrobacter as compared to the non-
lactating and lactating females (Table S3). The relative abundances of
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the following genera were the highest in the seawater samples: Iluma-
tobacter (p ¼ 9.53e�13), GpIIa (p ¼ 9.6e�13), Cryptomonadaceae (p ¼
1.31e�12), Bacillariophyta (p ¼ 6.73e�12), Candidatus Pelagibacter (p ¼
7.49e�11), Lishizhenia (p ¼ 1.89e�08), Sulfurimonas (p ¼ 2.9e�07), Acti-
bacter (p ¼ 1.94e�06), Desulfosarcina (p ¼ 3.579e�05), Lucibacterium (p ¼
0.002), and Vibrio (p ¼ 0.005) (data not shown).

4. Discussion

Herein, we reported diverse cutaneous, respiratory, gastrointestinal,
and genital microbial communities (16 different bacterial phyla and 70
genera) from a well-studied community of free-ranging bottlenose
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dolphins and their surrounding aquatic habitat. The PCoA and barplots
revealed the uniqueness of the microbial communities identified from the
different bottlenose dolphin body sites as has been reported in other
mammals, including humans (Peterson et al., 2009) and bottlenose dol-
phins (Bik et al., 2016). The ANOSIM revealed considerable overlap
among specimens collected from the same body system including the
respiratory tract (blow and blow plate specimens) as previously reported
from samples taken from a managed population of bottlenose dolphins in
San Diego Bay, CA (Bik et al., 2016). In agreement with previous studies
involving managed (Chiarello et al., 2017) or managed and free-ranging
bottlenose dolphins (Bik et al., 2016), the bottlenose dolphinmicrobiome
produced in our study was clearly distinct from the microbiome of their
surrounding aquatic habitat.

Proteobacteria, Firmicutes, and Fusobacteria were dominant in the
bottlenose dolphin fecal samples as described in previous studies
involving bottlenose dolphins (Bik et al., 2016; Soverini et al., 2016). The
predominance of Firmicutes has also been reported in the hindgut of
fermenting sirenians (Nielsen et al., 2013; Merson et al., 2013). Firmi-
cutes are ubiquitous in the gastrointestinal tracts of mammals due to their
ability to harvest energy and nutrients from ingesta (Vos et al., 2011).
Cetobacterium, in the phylum Fusobacteria, was found to be in highest
relative abundance in the bottlenose dolphin hindgut specimens as pre-
viously described (Bik et al., 2016). Cetobacterium spp. are well-known to
produce vitamin B12 and butyrate which may contribute to dolphin
nutritional health (Bennett and Eley, 1993). Fecal specimens in our study
had among the lowest bacterial diversity and richness at the genus level
as previously reported (Bik et al., 2016). However, these results may be
an artifact of using rectal swabs versus fresh feces to measure microbial
communities, as collecting fecal material provides a larger sample mass
than swabbing the rectal area (Mealey, 2016).

Proteobacteria, Fusobacteria, Tenericutes, Firmicutes, and Bacter-
iodetes dominated in the bottlenose dolphin gastric specimens. In
contrast, Fusobacteria and Firmicutes were not reported as dominant
bacterial phyla in the managed bottlenose dolphin population studied by
Bik et al. (2016). Ureaplasma, in the phylum Tenericutes, was in high
abundance in the gastric specimens as previously reported by Bik et al.
(2016). The genus Arcobacter, within the phylum Proteobacteria, was a
dominant group in our gastric specimens but not in the managed bot-
tlenose dolphins studied by Bik et al. (2016). Although arcobacters are
primarily animal- and human-associated bacteria, several members of
this genus have been shown to be abundantly present in certain envi-
ronmental niches including sewage, oil, and saline environments (Van-
damme et al., 2015).

Our data support previous claims that ‘blow’ samples closely
approximate the microbiome of blowhole swabs, thereby eliminating the
need for the more invasive and potentially dangerous blowhole swabbing
procedures (Lima et al., 2012). Additionally, our study demonstrated that
blow plate specimens exhibited slightly higher bacterial diversity and
richness than blowhole swabs in accordance with a previous study (Bik
et al., 2016). However, we observed a significant number of seawater
microbiota contaminants in the blowhole plate specimens including the
three dominant genera observed in the seawater specimens: Candidatus
Pelagibacter, GpIIa (Cyanobacteria), and diatoms of the genus Bacillar-
iophyta. We hypothesize that seawater on the surface of the dolphin near
the blowhole may have been blown on to the blowhole plate during
exhalation, altering the observed bacterial communities. Thus, care
should be taken when gathering and interpreting the microbiomes of
blowhole plate specimens.

The dominant bacterial phyla identified from the respiratory tract
specimens were Proteobacteria and Bacteroidetes, which is consistent
with the findings of previous studies involving managed and free-
ranging bottlenose dolphins using culture dependent (Johnson et al.,
2009) and culture independent high-throughput next-generation
sequencing approaches (Lima et al., 2012; Bik et al., 2016). However,
our study did not find the order Cardibacteriales as an abundant bac-
terial taxon in contrast to the aforementioned studies (data not shown).
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At the genus level, Arcobacter, Tenacibaculum, and Helococcus domi-
nated in both the respiratory blowhole and blowhole plate specimens.
Arcobacter and Helococcus were previously determined to represent part
of the core genera associated with managed common, indo-pacific
(Tursiops aduncus), and hybrid bottlenose dolphins (Lima et al., 2012).
Using culture dependent methods, Johnson et al. (2009) reported that
Tenacibaculum was abundant in the upper respiratory samples of
free-ranging bottlenose dolphins from the Indian River Lagoon, FL and
Charleston, SC. We also observed a significant abundance of Peptos-
treptococcus in the blowhole and Mycoplasma in blowhole plate speci-
mens. Members of the genus Peptostreptococcus are commensal bacteria
associated with a range of mammalian hosts. However, following
traumatic injury these bacteria have been shown to be associated with
abscesses and generalized necrotizing soft tissue infections in humans
(K€on€onen et al., 2007). Peptostreptococcus have also been isolated from
the peritoneal cavity and “blow” of stranded cetaceans (Bogomolni
et al., 2008) and dugongs that succumbed to pneumonia (Nielsen et al.,
2013). The significance of Mycoplasma found in the blowhole plate
specimens is unclear and deserves further investigation as they have
been shown to colonize fish, reptiles, and other aquatic and terrestrial
mammals and cause opportunistic respiratory, reproductive, or joint
infections (Clippinger et al., 2000; Waltzek et al., 2012; Brown et al.,
2015).

The skin associated bacterial community was dominated by Proteo-
bacteria and Bacteroidetes. The high abundance of Proteobacteria
(Gammaproteobacteria) was also reported by other studies on managed
and wild-captured bottlenose dolphins (Chiarello et al., 2017; Russo
et al., 2018). The phylum Bacteroidetes included a high proportion of
Flavobacteriaceae, particularly the genus Tenacibaculum. Members of the
genus Tenacibaculum have been reported as one of the most dominant
skin microbiota of a mysticete, the humpback whale (Megaptera
noveangliae) (Apprill et al., 2011, 2014). In this study, we also observed a
higher abundance of Planobacterium, Enhydrobacter, Ilumatobacter, and
Psychrobacter in skin compared to other body sites. Psychrobacter was
previously found to be the most abundant bacterial genus on the skin of
managed killer whales (Orca orcinus) and bottlenose dolphins (Chiarello
et al., 2017). Moreover, Psychrobacterwas found to be one of the 20 most
abundant genera recovered from the skin of offshore bottlenose dolphins
in California (Russo et al., 2018).

This study is the first to characterize the genital microbiome of bot-
tlenose dolphins which was found to be composed of a diverse bacterial
community. The dominant bacterial phyla present in the genital speci-
mens were Proteobacteria, Bacteroidetes, Fusobacteria, and Firmicutes.
Bacterial communities at the genus level were unique and were domi-
nated by the following genera: Streptobacillus, Parvimonas, Fusobacterium
Phocoenobacter, and Clostridium XIX. The microbiome of a genital spec-
imen from a stranded immature female striped dolphin (Stenella coeru-
leoalba) revealed Fusobacterium was the most abundant genus, followed
by Porphyromonas, Actinobacillus, Parvimonas, Ureaplasma, and Phocoe-
nobacter (Godoy-Vitorino et al., 2017). Phocoenobacter uteri was previ-
ously described from the uterus of a harbor porpoise (Phocoena phocoena)
that stranded on the Scottish coastline (Foster et al., 2000). Although not
among the 20 most abundant genera, Treponema displayed higher rela-
tive abundance in bottlenose dolphin genital specimens when compared
to other body sites (Figure 6). To our knowledge, Treponema has not
previously been reported from marine mammal genital samples by
culture-dependent techniques or culture independent high-throughput
next-generation approaches. The genus Treponema includes clinically
relevant spirochaetes causing syphilis in humans (T. pallidum) (Radolf,
1996), a similar reproductive disease in rabbits (T. paraluis-cuniculi)
(Giacani et al., 2004), and dysentery in swine (T. hyodysenteriae) (Weber
and Earley, 1991). Further work is needed to determine whether Trepo-
nema in dolphins includes one or more novel species and whether any are
associated with disease. Our study underscores the need to further
explore the reproductive microbiota of bottlenose dolphins and other
cetaceans.



Figure 6. Comparison of the relative abundance of the genus Treponema among
all the wild bottlenose dolphin body sites sampled. Each boxplot represents a
different body site differentiated by colors and letters. Red is fecal (A), dark blue
is blowhole (B), green is blowhole plate (C), yellow is gastric (D), purple is skin
(E), and light blue is genital (F). Different shapes represent different individuals.
pAdjusted ¼ 0.00476.
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The results of our mixed linear model tests indicated some bacterial
genera to be significantly different among bottlenose dolphin body sites,
relatedness, age class, gender, and lactation status. However, the prin-
cipal coordinate analyses failed to demonstrate bacterial community
clustering with the exception of body sites. Bik et al. (2016) reported
body sites defined specific bacterial communities in
managed/free-ranging bottlenose dolphins and managed California sea
lions (Zalophus californianus). Similiar to our study, they found no other
significant patterns associated with age, gender, or animal location.

The main goal of this study was to conduct an in-depth exploration of
the bacterial microbiome associated with different body sites of free-
ranging bottlenose dolphins and their aquatic ecosystem. We reported
a diverse set of bacterial communities present in bottlenose dolphins,
which were unique to their surrounding aquatic habitat. Body site was
the variable shown to be the major driver of bacterial abundance, di-
versity, and richness. Our finding supports the recognized notion that
different body sites have their own physiochemical conditions which
exert selective pressures on the microbiota, and play important roles in
shaping the microbiota across different body systems. Our results were in
close agreement with other cetacean microbiome studies while this study
is the first to explore the bottlenose dolphin genital microbiome. The core
bacterial community identified in this study might be informative for
future health monitoring of bottlenose dolphins. Finally, we detected
several bacterial genera known to be primary or opportunistic pathogens;
however, their potential role in disease of bottlenose dolphins remains to
be determined.
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