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Abstract: Antillogorgia elisabethae (synonymous with Pseudopterogorgia elisabethae) is a common
branching octocoral in Caribbean reef ecosystems. A. elisabethae is a rich source of anti-inflammatory
diterpenes, thus this octocoral has been the subject of numerous natural product investigations, yet
relatively little is known regarding the composition, diversity and the geographic and temporal
stability of its microbiome. To characterize the composition, diversity and stability of bacterial
communities of Bahamian A. elisabethae populations, 17 A. elisabethae samples originating from
five sites within The Bahamas were characterized by 16S rDNA pyrosequencing. A. elisabethae bacterial
communities were less diverse and distinct from those of surrounding seawater samples. Analyses of
α- and β-diversity revealed that A. elisabethae bacterial communities were highly variable between
A. elisabethae samples from The Bahamas. This contrasts results obtained from a previous study of
three specimens collected from Providencia Island, Colombia, which found A. elisabethae bacterial
communities to be highly structured. Taxa belonging to the Rhodobacteriales, Rhizobiales, Flavobacteriales
and Oceanospiralles were identified as potential members of the A. elisabethae core microbiome.

Keywords: Pseudopterogorgia elisabethae; Antillogorgia elisabethae; bacterial diversity; microbiome;
culture-independent; gorgonian; octocoral; Bahamas; pyrosequencing

1. Introduction

Branching octocorals, often referred to as gorgonians (Phylum, Cnidaria; Order, Alcyonacea;
Families, Calcaxonia, Holaxonia, and Scleraxonia), are a taxonomically diverse group of sessile marine
invertebrates, which are key components of both shallow tropical reefs and deep-sea habitats [1].
In Caribbean waters, gorgonians represent almost 40% of the known invertebrate fauna with over
195 documented species [2]. Antillogorgia spp. [3] are the predominant gorgonian octocorals in the
Caribbean, with over 15 described species [4]. Antillogorgia spp. were previously classified within
the genus as Pseudopterogorgia prior to a recent revision of gorgonian taxonomy [5]. A. elisabethae
(syn. P. elisabethae) has a moderate distribution in the West Indies and resides in tropical fore reefs at
a depth of 5–35 m [4,6]. Morphologically ranging from single plumes to highly branched structures,
A. elisabethae populations are genetically diverse, exhibiting significant genetic variation within and
among populations throughout The Bahamas, Florida, and the San Andres and Providencia Islands
of Colombia [6–8]. The ability of gorgonians to deter predators via chemical defense may in part
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explain their dominance on Caribbean reefs [9]. Chemical investigation of gorgonians over the past
four decades has uncovered a wealth of structurally diverse bioactive terpene metabolites. A. elisabethae
is a particularly rich source of diterpenes as 78 compounds, representing 20 distinct terpene skeletons,
have been reported from this gorgonian [10]. One important family of diterpenes isolated from
A. elisabethae is the pseudopterosin family of metabolites, which are used in several marketed cosmetic
products for their potent anti-inflammatory properties [11]. Consequently, A. elisabethae is unique
among octocorals in that wild populations are harvested to supply the commercial demand for
pseudopterosins [8]. Due to the added anthropogenic pressure on A. elisabethae populations [12] it is
important to understand factors affecting the health of this ecologically and economically important
octocoral to ensure future viability of wild populations.

Initiated by Rohwer and colleagues in 2001, 16S rDNA-based investigation of coral associated
bacterial diversity has revealed that corals contain specific, stable, and diverse symbiotic bacterial
communities [13–16]. In addition to bacteria, coral tissues also host a variety of other microorganisms
such as symbiotic dinoflagellates, archaea, fungi, and viruses. The coral “holobiont” is comprised of
the coral as well as all of the aforementioned cell types, which live in association with the coral [17].
Although some research suggests cnidarians host species-specific microbial communities [13,14,17],
contrasting evidence suggests coral microbiology is more complex than previously assumed.
Microbial communities have been shown to differ between conspecifics collected at different
sites [18–22], species [23], stages of coral development [24], and spatial location within the
holobiont [25]. Despite the ecological importance of octocorals in marine ecosystems and their
biotechnological potential as sources of potent bioactive natural products, studies characterizing
the microbiomes of octocorals are relatively rare and research has predominantly focused on
scleractinian [14,23] and diseased corals [26–28]. Studies of octocoral microbial diversity have
revealed the presence of diverse bacterial communities, which are distinct from the surrounding
environment [18,19,29–33]. The stability of bacterial communities in octocorals appears to vary
depending on the gorgonian being investigated. For example, studies of deep-sea octocorals
revealed no clear pattern of conserved bacterial consortia [18,19], while the bacterial communities
of the Mediterranean octocoral Paramuricea clavata were observed to be relatively stable both
geographically and temporally [31]. A preliminary study of the bacterial communities associated with
three A. elisabethae colonies collected from Providencia Island, Colombia uncovered diverse bacterial
communities, which were heavily dominated by Gammaproteobacteria. At the species level, A. elisabethae
bacterial communities were predominantly composed of phylotypes related to Pseudomonas asplenii
and Endozoicomonas spp. [34]. In contrast to other octocorals, the bacterial communities of the three
individuals examined were highly congruent as six of the ten most abundant phylotypes from each
individual were conserved among the three coral individuals. Additionally, these six phylotypes
collectively represented a major proportion of the community in each coral specimen (77%–81.2%).
This previous study provided an important preliminary assessment of the microbiome of A. elisabethae;
however, due to the small number of individuals examined, and the limited geographic scope of this
study, several questions remain regarding the stability of A. elisabethae bacterial communities.

Herein, we employ a 16S rDNA amplicon pyrosequencing approach to describe the bacterial
communities of 17 A. elisabethae specimens collected from five locations throughout The Bahamas.
These communities were also compared to those previously reported from Colombia [34]. The goal
of this study was to determine the geographic stability of A. elisabethae bacterial communities and to
determine if this important octocoral species hosts a stable core microbiome. This research clearly
showed that A. elisabethae maintains bacterial communities distinct from the surrounding seawater.
In contrast to the previous study of Colombian A. elisabethae specimens, the microbiomes of Bahamian
samples were found to be highly variable between and within sites. Core microbiome analysis indicated
that A. elisabethae may rely on diverse members of the Alteromonadales, Rhodobacterales, Oceanospiralles
and Flavobacteriales to fulfill key microbial roles in the holobiont.
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2. Experimental Section

2.1. Sample Collection

A. elisabethae octocorals (n = 17) were collected in 2006 (June), 2009 (June), 2011 (November) and
2013 (November) by SCUBA from various locations throughout The Bahamas at depths between
15 and 20 m (Table 1; Figure S1). Collection site locations are as follows: Site 1 (Eleuthera), 24 48.55 N,
76 20.58 W; Site 2 (Grand Bahama), 26 36.23 N 77 54.70 W; Site 3a (Bimini), 25 29.13 N, 79 16.41 W;
Site 3b (Bimini), 25 31.51 N, 79 17.95 W; Site 4 (Grand Bahama), 26 32.93 N, 78 30.99 W; Site 6a
(San Salvador), 24 03.90 N, 74 32.39 W; and Site 6b (San Salvador), 24 03.82 N, 74 32.63 W. Locations and
approximate distances between sites (61–1390 km) are provided in Figure S1. For bacterial diversity
analyses sites 6a and 6b were treated as a single location due to their close proximity. Coral samples
from the same reef were collected ě10 m apart to reduce the likelihood of sampling clonal propagates
and all colonies appeared healthy at the time of collection. Prior to DNA isolation, coral fragments
were washed three times by gentle shaking in a tube containing 50 mL of 0.22 µm filtered seawater to
remove loosely associated bacteria. Coral samples were frozen on dry ice and stored at ´80 ˝C until
DNA was isolated. The identity of all A. elisabethae samples were confirmed by extraction of a small
clipping and testing for the presence of pseudopterosins, a chemotaxonomic marker useful for the
identification of A. elisabethae [35]. Seawater in the vicinity of sampled octocorals were collected from
sites 3a and 3b (Bimini, 2009) as well as sites 6a and 6b (San Salvador, 2011). Due to technical issues
encountered during sampling seawater samples were not collected adjacent to octocorals collected
in 2006 and 2013. Seawater (ca. 500 mL) was collected in Ziploc bags and filtered through a 0.22 µm
Nalgene MF575 water filtration device (VWR International, Mississauga, ON, Canada). The filter
was aseptically removed from the filtration device and frozen at ´80 ˝C until DNA isolation was
performed. A negative control Ziploc bag was filled with 500 mL of sterile diH2O and filtered as
described above to serve as a contamination control.

2.2. DNA Isolation

Isolation of holobiont genomic DNA (gDNA) from specimens AE1–AE12 (Table 1) was performed
from ~0.5 g of finely chopped octocoral branches using a phenol-chloroform based method as
previously described for A. elisabethae specimens collected from Colombia [34]. A key difference
between this study and the previous report of A. elisabethae bacterial diversity was how the octocoral
tissue was preserved prior to DNA extraction. In the current study, octocoral samples were frozen
on dry ice, while samples from the prior study were stored in phenol [34]. Holobiont gDNA was
isolated from specimens AE16–AE20 (~0.25 g of tissue) using the PowerSoil DNA Isolation Kit
(Mo Bio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions. In all cases
isolated DNA was further purified to remove potential PCR inhibitors using the PowerClean® DNA
Clean-Up Kit (Mo Bio Laboratories). To isolate DNA from microbes harvested from the water column,
cells were washed off the filter membrane and DNA was extracted and purified using the UltraClean®

Water DNA Kit (Mo Bio Laboratories). No 16S rDNA amplicons were obtained from the filtered diH2O
contamination control. The integrity of purified DNA was assessed by agarose gel electrophoresis and
UV absorbance (A260/A280 ratios varied between 1.73 and 1.95).

2.3. Template Preparation for 16S rDNA Amplicon Pyrosequencing

For octocorals collected in 2006 and 2009 (AE1-AE12) nearly full-length small subunit
ribosomal RNA (16S) genes amplified from gDNA were used as templates for 16S rDNA
pyrosequencing studies. The 16S rRNA genes were amplified using the bacterial universal primers pA
(51-AGAGTTTGATCCTGGCTCAG) and pH (51-AAGGAGGTGATCCAGCCGCA) [36]. PCR reactions
(50 µL) contained 1X EconoTaq Plus Green Master Mix (Lucigen, Middleton, WI, USA), 2.5%–5%
molecular biology grade DMSO (Sigma, Oakville, ON, USA), 1 µM each primer and 10–30 ng
template DNA. Thermal cycling parameters consisted of 1 cycle at 95 ˝C for 3 min, 34 cycles of
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95 ˝C for 45 s, 54 ˝C for 1 min, 72 ˝C for 1.5 min, and a final extension cycle at 72 ˝C for 10 min.
PCR products were purified using the DNA Clean and Concentrator Kit (Zymo Research, Irvine, CA,
USA). Triplicate PCR 16S rDNA amplicons from each coral holobiont gDNA sample were pooled to
reduce potential amplification biases [37]. Pyrosequencing was conducted on all other samples using
gDNA as a template.

2.4. 16S rDNA Amplicon Pyrosequencing 16S rDNA Amplicon Pyrosequencing

Bacterial 16S rDNA amplicons from octocorals and seawater DNA samples collected in 2006 and
2009 were sequenced by Research and Testing Laboratories (RTL; Lubbock, TX, USA) as described
previously [38,39]. For octocorals AE1–A12 and seawater samples W1 and W2 a portion of the
16S rRNA gene encompassing the V1 to V3 variable regions was amplified from gDNA samples
(W1/W2) or from pooled nearly full-length 16S rDNA PCR amplicons (octocoral samples) (20 ng)
using the primer pair pA and 16S519r (51-GAATTACCGCGGCGGCTG) according to published RTL
procedures [39]. Sequences in this dataset spanned the V1 and V2 regions of the 16S rDNA and are
herein referred to as the V1/V2 dataset. To assess variability between 16S rDNA pyrosequencing
experiments, replicate templates in the form of pooled (triplicate) 16S rDNA amplicons, were generated
from the same A. elisabethae gDNA sample and sequenced in separate independent sequencing runs
(sequence libraries 1A and 1B).

For samples collected in 2011 and 2013 (octocorals AE16–AE20; seawater samples W13–W26),
the V4 region of the 16S rRNA gene was subjected to amplicon pyrosequencing using the primer pair
F515 (51-GTGCCAGCMGCCGCGGTAA) and R806 (51-GGACTACHVGGGTWTCTAAT) and gDNA as
template. [40]. These primers were used because they were shown to be more effective at amplifying
16S rRNA gene fragments from small quantities of DNA (personal communication, Dr. Scot Dowd,
MR DNA, Shallowater, TX, USA). Sensitivity was an important consideration because we initially
attempted to compare the bacterial communities of three tissue fractions from individual octocoral
colonies: (1) holobiont (i.e., derived from intact octocoral branches); (2) A. elisabethae larvae; and
(3) purified zooxanthellae (symbiotic dinoflagellates). Unfortunately, the small quantities of DNA
obtained from the larvae and zooxanthellae fractions did not generate sufficient pyrosequencing
data to enable a thorough analysis (data not shown). In contrast, DNA isolated from the holobiont
tissue samples and seawater samples were not limiting and high quality pyrosequencing results were
obtained from these DNA samples (referred to herein as the V4 dataset). While the V4 dataset is not
directly comparable to the V1/V2 dataset, it was included in this study to further examine differences
between octocoral and water microbiomes. V4 amplicons were generated using HotStarTaq Plus
Master Mix Kit (Qiagen, CA, USA) according to the manufacturer’s recommendations. Thermal cycling
conditions consisted of 94 ˝C for 3 min, followed by 28 cycles of 95 ˝C for 30 s, 53 ˝C for 40 s and 72 ˝C
for 1 min, followed by a single elongation step at 72 ˝C for 5 min. Following amplification, the PCR
products from different samples were mixed in equal concentrations and purified using Agencourt
AMPure beads (Agencourt Bioscience Corporation, MA, USA). Sequencing was performed at MR
DNA (Shallowater, TX, USA) utilizing Roche 454 FLX Titanium instruments and reagents according to
the manufacturer’s guidelines.

2.5. Pyrosequencing Data Analysis

Sequence data for the V1/V2 dataset were processed using MOTHUR version 1.32.0 [41] according
to published recommendations [42,43] and as previously described [34]. Briefly, key settings in the
data analysis were as follows. The number of flows was trimmed to 450 using trim.flows and
data were denoised using PyroNoise (shhh.flows). Sequences were removed if they contained
homopolymers greater than 8 bp in length, ambiguous bases, more than two mismatches to the
forward primer sequence, more than one mismatch to the barcode sequence or were shorter than 200 bp.
Sequences were aligned in MOTHUR using the Silva reference alignment. Alignments were filtered
to remove gaps and sequences were preclustered allowing for two nucleotide differences between
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sequences (diffs = 2). Chimeras were removed using UCHIME. Sequences from three Colombian
A. elisabethae specimens (SRA043548) [34] were processed with sequences from Bahamian corals
collected in this study to ensure consistency in data processing. The V4 dataset was analyzed as
described above with a few modifications to accommodate the shorter length of the V4 amplicons.
A minimum of 360 flows was set as the minimum number of flows for the trim.flows command and
the minimum sequence length was decreased to 150 bp. These quality filtered datasets were used for
all subsequent analyses.

2.6. Bacterial Community Analysis

To compare the class level community composition between samples, sequences were classified
using the MOTHUR Bayesian classifier (80% confidence interval) employing the MOTHUR-formatted
version of the Ribosomal Database Project training set (v. 9) [44]. Sequences classified as chloroplasts,
mitochondria or “unknown” (i.e., not classified at the domain level) were removed from the
analysis. Graphs comparing community composition were prepared using Microsoft Excel 2010.
To compare the diversity, membership and structure of bacterial communities from different
samples an OTU-based approach was employed. OTUs were identified at the species level using
a sequence similarity cutoff of 97% (D = 0.03) as described previously [43]. Alpha diversity
measures of observed richness (Sobs), and Chao1 estimated richness (Sest), along with the Shannon
diversity (H1) and equitability (E) indices were calculated using MOTHUR [41]. To enable direct
comparisons between octocoral samples, these calculations were performed on subsampled datasets
(2200 sequences for the V1/V2 dataset; 2600 sequences for the V4 dataset). To compare richness
between samples and to evaluate sampling coverage, rarefaction curves were generated using
MOTHUR. Statistical comparisons of diversity measures observed between sample groups were
performed using MiniTab 17. The Mann–Whitney test was used for pairwise comparisons, while the
Kruskal–Wallis test was used to test for differences between three or more groups. To examine beta
diversity (similarities or differences between samples) community structure was compared using
the Yue and Clayton measure of dissimilarity (θ-YC). Dendrograms displaying the relationships
between samples were created from θ-YC distance matrices using the tree.shared command
which utilizes the unweighted pair group method with arithmetic mean clustering (UPGMA)
algorithm. Trees were viewed using FigTree v. 1.4.0 [45]. To determine if different groups exhibited
statistically significant clustering the parsimony and unweighted UniFrac tests were conducted.
Similarity percentage (SIMPER) analysis was utilized to calculate similarities between bacterial
communities of samples collected from a single site, as well as to calculate dissimilarities between
sites. Analyses were conducted on percent normalized data matrices of class level taxa distribution
among samples. SIMPER analysis was conducted using PRIMER v. 5.2.4 (Primer-E Ltd., Lutton,
UK) [46]. Putative members of the core microbiome were defined as species level OTUs observed in
ě50% of A. elisabethae samples [47]. OTUs were excluded from this list if their average abundance
in seawater samples was greater than in A. elisabethae samples. Principle component analysis
(PCA) was used to model the distribution of octocoral-associated bacterial diversity by geographic
location in the V1/V2 dataset. PCA was conducted using the species level, percent normalized, OTU
data matrix (OTUs defined as variables). PCA was performed in Unscrambler X (version 10.1; Camo ASA,
Oslo, Norway) using the single value decomposition algorithm and validated by cross validation.

2.7. Accession Numbers

Pyrosequencing data have been archived in the NCBI Sequence Read Archive (SRA) under
Bioproject accession number PRJNA313050. The alpha numeric identifier of a representative sequence
for each specific OTU referred to in the results is provided in Table S1. These sequences can be retrieved
from the raw data contained in the SRA.
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Table 1. Sample collection/processing information and alpha diversity analysis of A. elisabethae (AE) and seawater (W) samples. DNA isolation methods:
PC—phenol-chloroform, UW—UltraClean® Water DNA Kit, PS—PowerSoil DNA Isolation Kit. DNA template type used for pyrosequencing analysis: PCR—nearly
full-length 16S rDNA PCR amplicons, gDNA—genomic DNA. Alpha diversity statistics: Sobs—observed richness, Sest—estimated richness (Chao1 index), H1—Shannon
diversity index, E-Shannon equitability index. All calculations were conducted on OTU level data.

Sequence
Library Site Sample Year DNA Isol.

Meth.
Pyroseq.

Template
16S rDNA

Region
No.

Reads
Avg. Length

(bp) Sobs
a Sest

a H1 a E a

1A b 1 AE1 2006 PC PCR V1/V2 4685 222
253 514 2.47 0.44
162 385 2.43 0.48

1B b 1 AE1 2006 PC PCR V1/V2 4969 222
260 444 2.25 0.41
162 366 2.21 0.43

1C 1 AE2 2006 PC PCR V1/V2 6962 240
162 216 2.01 0.40
90 179 1.98 0.44

1D 1 AE3 2006 PC PCR V1/V2 5221 228
886 1978 5.13 0.79
524 1295 5.05 0.81

2A 2 AE4 2006 PC PCR V1/V2 7200 233
310 533 1.90 0.37
151 379 1.85 0.41

2B 2 AE5 2006 PC PCR V1/V2 8884 245
404 785 1.71 0.28
181 414 1.64 0.32

3B 3a AE6 2006 PC PCR V1/V2 2424 245
182 471 1.20 0.23
170 442 1.19 0.23

3C 3a AE7 2006 PC PCR V1/V2 5906 243
366 1032 1.99 0.34
184 563 1.93 0.37

3D 3a AE8 2006 PC PCR V1/V2 2754 235
565 1245 4.77 0.75
497 1054 4.73 0.76

3E 3b AE9 2009 PC PCR V1/V2 7038 228
530 1434 3.52 0.56
248 726 3.44 0.62

4A 4 AE10 2006 PC PCR V1/V2 5560 231
598 1290 4.48 0.70
356 768 4.38 0.75

4B 4 AE11 2006 PC PCR V1/V2 6450 221
233 556 2.74 0.50
128 280 2.71 0.56

4C 4 AE12 2006 PC PCR V1/V2 7269 241
144 338 1.30 0.26
72 165 1.27 0.30
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Table 1. Cont.

Sequence
Library Site Sample Year DNA Isol.

Meth.
Pyroseq.

Template
16S rDNA

Region
No.

Reads
Avg. Length

(bp) Sobs
a Sest

a H1 a E a

Co_A c 5 AE13 2010 PC gDNA V1/V2 5831 247
152 333 2.03 0.40
85 210 2.00 0.45

Co_B c 5 AE14 2010 PC gDNA V1/V2 2258 248
91 197 2.41 0.54
90 195 2.41 0.54

Co_C c 5 AE15 2010 PC gDNA V1/V2 4846 244
411 842 2.58 0.43
247 615 2.52 0.46

W1 3a W1 2009 UW gDNA V1/V2 3149 232
155 206 3.86 0.76
140 184 3.85 0.78

W2 3b W2 2009 UW gDNA V1/V2 6294 223
325 563 3.25 0.56
195 366 3.19 0.61

H13 6a AE16 2013 PS gDNA V4 3759 201
219 457 3.10 0.58
178 395 3.08 0.59

H15 6b AE17 2013 PS gDNA V4 5511 201
164 314 3.10 0.61
116 219 3.10 0.65

H17 6b AE18 2011 PS gDNA V4 6247 201
147 351 2.12 0.42
94 180 2.10 0.46

H18 6b AE19 2011 PS gDNA V4 4775 201
249 514 2.57 0.47
172 422 2.54 0.49

H26 6a AE20 2011 PS gDNA V4 2659 201
102 192 2.25 0.49
101 190 2.25 0.49

W13 6a W3 2011 UW gDNA V4 3341 201
216 300 3.35 0.62
197 276 3.33 0.63

W15 6b W4 2011 UW gDNA V4 4278 201
235 358 3.34 0.61
194 296 3.32 0.60

W17 6b W5 2011 UW gDNA V4 7706 201
352 518 3.27 0.57
213 331 3.22 0.60

W18 6b W6 2011 UW gDNA V4 7979 201
409 695 3.80 0.63
254 414 3.74 0.68

W26 6a W7 2011 UW gDNA V4 8491 201
317 526 3.36 0.58
195 324 3.31 0.63

a Italicized numbers calculated using subsampled datasets. Sequence libraries covering the V4 region were subsampled to 2600 sequences while those covering the V1/V2 region were
subsampled to 2200 sequences; b Replicate sequence libraries prepared from the same genomic DNA sample; c Data from previously reported study [34].
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3. Results

3.1. Bacterial Community Analysis

After stringent quality filtering using MOTHUR to reduce the effects of PCR and sequencing
artifacts, 98,273 sequences were obtained from 17 A. elisabethae specimens collected from five locations
throughout The Bahamas. Seven seawater samples yielded 43,282 sequences (Table 1). Inclusion of
sequences obtained from a previous study of bacterial diversity in three specimens of A. elisabethae
from Colombia [34] contributed an additional 12,935 sequences. The average sequencing depth (˘s.d.)
obtained for octocorals in the V1/V2 and V4 datasets were 5516.1 ˘ 1804.8 and 4590.2 ˘ 1268.7,
respectively. Similar sequencing depth was obtained for seawater samples (V1/V2—4721.5 ˘ 1572.5,
V4—6359 ˘ 2374.6). Sequencing depths were not significantly different between groups defined on
the basis of 16S region sequenced, sample type, and collection site (Kruskal–Wallis test; P = 0.464)
(Table 1). Rarefaction curves were prepared to estimate sampling coverage (Figure S2). The curves did
not approach the asymptote for the majority of samples, indicating that further sampling depth would
recover additional species level (D = 0.03) diversity.

The richness and diversity observed in A. elisabethae bacterial communities ranged widely
between octocoral samples, particularly within the V1/V2 dataset. After subsampling to reduce
the effect of unequal sequencing depths (V1/V2, n = 2200; V4, n = 2600) average observed richness
(˘s.d.) in the V1/V2 and V4 datasets were 209.19 ˘ 133.81 and 132.20 ˘ 35.71, respectively.
Similar variability (as indicated by relatively large standard deviations) was observed for estimated
richness (V1/V2—502.25 ˘ 313.88 OTUs; V4—281.20 ˘ 105.07 OTUs), the Shannon diversity index
(V1/V2—2.61 ˘ 1.15; V4—2.61 ˘ 0.41) and the Shannon evenness index (V1/V2—0.50 ˘ 0.16;
V4—0.54 ˘ 0.07). No statistically significant differences in alpha diversity statistics (Sobs, Sest, H1

and E) were observed between groups defined on the basis of sampling site (V1/V2 sites), collection
year (San Salvador 2011 vs. 2013) or 16S rDNA region analyzed (V1/V2 vs. V4 dataset).

To determine if the observed wide range in diversity measures between individual octocorals
was due to experimental variation inherent in the sequencing methodology we compared diversity
estimates from replicate sequence libraries 1A and 1B, which were independently generated from the
same gDNA sample. Observed richness was identical between the replicate libraries and the other
diversity measures were very similar, exhibiting coefficients of variation (CVs) ranging between 2.5%
and 5.5%. This level of variation is far less than that observed among octocoral samples in the V1/V2
dataset where CVs ranged from 33% for E to 64% for Sobs.

To compare bacterial diversity between seawater and octocoral samples, W13–W26 were
compared to H17, H18 and H26, as these samples were collected in parallel in San Salvador.
Observed richness, and Shannon diversity and evenness was significantly greater in seawater samples
(Mann–Whitney tests; P = 0.0369 for each test) (Table S2).

An OTU-based approach was used to compare the structure of octocoral and seawater bacterial
communities at the species level (D = 0.03) (Figure 1). The V1/V2 and V4 datasets were analyzed
separately, as OTUs derived from different regions are not directly comparable [48]. In cluster analyses
based on the Yue and Clayton theta dissimilarity measure seawater samples clustered apart from
octocoral samples in both datasets (Figure 1A,B). This clustering was significant as parsimony and
unweighted UniFrac tests returned P values less than 0.05 (Table S3), indicating that the structure of
octocoral bacterial communities were significantly different than those of the seawater samples.
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Figure 1. Comparison of microbial communities from A. elisabethae and seawater using the Yue and 
Clayton dissimilarity calculator: (A) V1/V2 dataset subsampled to 2200 sequences/library; and (B) V4 
dataset subsampled to 2600 sequences/library. Dendrograms were prepared using the UPGMA 
algorithm. 

In the V1/V2 dataset, Colombian samples formed a distinct clade from the Bahamian octocorals 
(Figure 1A), which was supported by parsimony and unweighted UniFrac tests (P < 0.017; 
Bonferroni corrected significance level for a three way comparison between seawater, Bahamian 
octocorals and Colombian octocorals) (Table S3). The short branch lengths in Figure 1A indicated 
that the bacterial communities of Colombian samples were highly similar. No consistent clustering 
by site was observed among octocorals collected from Bahamian sites 1–4 (Figure 1A). Replicate 
sequence libraries 1A and 1B clustered tightly together in Figure 1A, illustrating the similarity of 
these libraries. In the V4 dataset, which consisted of octocorals collected in two different years from 
sites separated by approximately 500 m no apparent clustering by site or year was apparent (Figure 
1B). 

Sequences derived from all A. elisabethae samples analyzed in this study (n = 20) could be 
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Figure 1. Comparison of microbial communities from A. elisabethae and seawater using the Yue
and Clayton dissimilarity calculator: (A) V1/V2 dataset subsampled to 2200 sequences/library;
and (B) V4 dataset subsampled to 2600 sequences/library. Dendrograms were prepared using the
UPGMA algorithm.

In the V1/V2 dataset, Colombian samples formed a distinct clade from the Bahamian octocorals
(Figure 1A), which was supported by parsimony and unweighted UniFrac tests (P < 0.017; Bonferroni
corrected significance level for a three way comparison between seawater, Bahamian octocorals and
Colombian octocorals) (Table S3). The short branch lengths in Figure 1A indicated that the bacterial
communities of Colombian samples were highly similar. No consistent clustering by site was observed
among octocorals collected from Bahamian sites 1–4 (Figure 1A). Replicate sequence libraries 1A and
1B clustered tightly together in Figure 1A, illustrating the similarity of these libraries. In the V4 dataset,
which consisted of octocorals collected in two different years from sites separated by approximately
500 m no apparent clustering by site or year was apparent (Figure 1B).

Sequences derived from all A. elisabethae samples analyzed in this study (n = 20) could be assigned
to 15 phyla and 25 recognized classes while those from the seven seawater samples could be assigned to
14 phyla and 21 classes (Figure 2 and Tables S4 and S5). In general, the most abundant members (˘s.d.)
of A. elisabethae bacterial communities were Gammaproteobacteria (40.5% ˘ 32.5%), Alphaproteobacteria
(16.9%˘ 15.7%, Unclassified Bacteria (12.8%˘ 14.9%), Cyanobacteria (12.2% ˘ 18.8%), and Flavobacteria
(9.0% ˘ 17.8%) (Figure 2, Table S4). The abundance of these groups varied considerably between
octocorals collected both from the same site and from different sites (Figure 2). Similarity percentage
analysis (SIMPER) of class level bacterial communities revealed variable intra-site similarity between
bacterial communities of octocorals collected from Bahamian sites 1–4 (1—42.8%, 2—58.8%, 3a—23.07%,
and 4—38.9%). Greater overall intra-site similarity was observed in octocoral samples from
San Salvador (59.1% similarity) and Colombia (86.4% similarity). Average inter-site dissimilarity
(˘s.d.) between 2006 Bahamian sites was 62.4% ˘ 8.9%. Similar levels of dissimilarity were observed
between 2006 Bahamian sites and the Colombian site (60.4%˘ 17.9%) and between 2006 Bahamian sites
and San Salvador (63.4% ˘ 12.3%). Dissimilarity between the Colombian site and San Salvador was
38.5%. We again assessed internal experimental variability by comparing the taxonomic composition
derived from replicate libraries 1A and 1B. SIMPER analysis revealed a low degree of dissimilarity
(5.9%) between the class level taxonomic composition of these samples.

Seawater bacterial communities were primarily composed of Cyanobacteria, Unclassified Bacteria,
and Unclassified Proteobacteria, which collectively accounted for 44.3%–85.4% of sequences in seawater
samples (Table S5). SIMPER analysis revealed considerable dissimilarity between comparable seawater
and A. elisabethae bacterial communities (3E vs. W1/W2—65.8%; H17–H26 vs. W12–W26—60.47%).
Taxa contributing to the dissimilarity between seawater and octocoral samples are summarized in
Table S5.
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Figure 2. Class level bacterial community composition of A. elisabethae and seawater samples.
Collection year and site are indicated adjacent to sample identifier. “Unclassified Bacteria” refers
to sequences that could not be classified by the RDP classifier using a confidence threshold of 80%.
“Remainder” is an artificial category encompassing classes that represented <1% of sequences in all
sequence libraries. This category accounts for 0.0%–2.21% of each bacterial community.

3.2. Core Microbiome of A. elisabethae

Previous analyses of marine invertebrate microbiomes have shown that many organisms maintain
a core set of bacterial associates that are stably maintained geographically and temporally, irrespective
of changing environmental conditions [20,30]. To identify putative members of the A. elisabethae
microbiome we identified OTUs that were present in >50% of octocoral samples at any abundance.
OTUs were excluded from the list if they were found in greater average abundance in seawater samples
than in octocoral samples, as these OTUs may not represent true octocoral bacterial associates but
rather carry over from the surrounding seawater. The distribution of OTUs fulfilling these criteria
in the V1/V2 and V4 datasets are shown in Figures 3 and 4, respectively. In the V1/V2 dataset
27 OTUs were identified as candidate members of the core microbiome (Figure 3). Alphaproteobacteria
and Gammaproteobacteria constituted the greatest proportion of the putative core microbiome (29.6%
and 22.2%, respectively). The average (˘s.d) and median abundance of putative core microbiome
OTUs were 2.2% ˘ 4.5% and 0.33%, respectively. Interestingly, six OTUs previously identified
as abundant in Colombian samples were included in the current list of putative core microbiome
members. These OTUs were classified as Brevundimonas sp. (OTUs 18 and 8), Stenotrophomonas sp.
(OTU19), Pseudomonas sp. (OTU4), Endozoicomonas sp. (OTU37) and Unclassified Gammaproteobacteria
(OTU20). Five OTUs were encountered in >75% of A. elisabethae samples. OTUs 15, 36 and 43 were
Rhodobacteraceae, and had average abundances between 0.32% and 1.26%. OTUs 1 and 2 exhibited
high average abundances (>10%) and were observed in a high proportion of A. elisabethae samples
(>80%). OTU1 had the greatest average abundance (20.05% ˘ 30.1%) and was observed in all
Bahamian octocorals collected in 2006 and one of three Colombian samples, but was absent from 3E
and the seawater samples. This OTU was identified as an unidentified Oceanospiralles by the RDP
classifier with 97% confidence. BlastN analysis revealed OTU1 showed strong sequence identity
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(98.2%–100%) to uncultured bacteria detected in the octocorals Eunicella cavolini (Mediterranean
Sea) [30], Eunicella singularis (Mediterranean Sea), Eunicella verrucosa (SW coast of England) [33]
and Gorgonia ventalina (Caribbean Sea, Panama) [49]. OTU2 was assigned to the GPIIa group of
Cyanobacteria and BlastN analysis indicated it was closely related to several Synechococcus spp. (100%
identity). OTU2 had a high average abundance in octocorals (11.58% ˘ 16.9%) and was absent from
only one octocoral (Co_A). This OTU was also found in both seawater samples, albeit at a significantly
lower average abundance (1.04% ˘ 0.58%).
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Figure 3. Heat map showing the distribution of OTUs in the V1/V2 dataset comprising the putative
core microbiome of A. elisabethae in 16 sequence libraries prepared from 15 A. elisabethae colonies (1A and
1B are replicate libraries prepared from the same colony). Taxonomic classification determined by the
RDP Classifier is shown. AE ABUND—average OTU abundance (%) across all A. elisabethae sequence
libraries. AE UBIQ—percentage of A. elisabethae sequence libraries in which OTU was detected. SW
ABUND—average OTU abundance (%) in seawater samples W1 and W2.

In the V4 dataset, forty-eight OTUs met the criteria to be considered a component of the putative
core microbiome (Figure 4). Gammaproteobacteria (56.3%) and Alphaproteobacteria (10.4%) comprised
the majority of OTUs; however OTUs associated with Flavobacteria were more prevalent (16.7%) in
the V4 core microbiome. At the genus level, OTUs classified as Alteromonadales, Flavobacteriales
and Oceanospiralles were the most commonly encountered taxa, accounting for 14.6%–22.9% of
putative core microbiome OTUs. Vibrionales (8.3%) and Rhodobacteriales (10.4%) also accounted for
a significant portion of OTUs in Figure 4. The average (˘s.d) and median abundance of putative core
microbiome OTUs was 1.45% ˘ 3.5% and 0.18%, respectively. Twelve OTUs (25%) were present in all
octocoral samples, with average abundances ranging from 20.6% (OTU3) to 0.069% (OTU164). Six of
these OTUs (3, 5, 7, 10, 12 and 14) were found in all octocorals with high average abundances
(3.8%–20.6%). OTU12 and 14 were classified as Vibrio and Tenacibaculum species, respectively.
OTU10 was an unclassified Proteobacteria that showed limited similarity to any cultured bacterium
but 97.5% similarity to a clone from the gorgonian Corallium rubrum (KP008700.1). OTUs 5 and 7
could not be classified below the domain level by the RDP classifier and showed low identity (<85%)
with any cultured bacterium. The most similar sequences in GenBank to OTU5 were to two 16S
rDNA clones from the Alaskan octocoral Cryogorgia koolsae (93.3%–93.5% identity) (HM173225.1,
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HM173211.1). OTU7 exhibited high similarity (98.0% identity) to 46 16S rDNA clones from the
octocoral C. rubrum collected from the Mediterranean Sea (e.g., KP008776.1). OTU3 was assigned to
the genus Endozoicomonas by the RDP classifier with high confidence and showed 99.5% sequence
identity to E. euniceicola EF212T, previously isolated from the octocoral Eunicea fusca [50].
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Figure 4. Heat map showing the distribution of OTUs in the V4 dataset comprising the putative
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3.3. Characterizing Dominant Bacteria Driving the Separation of Coral-Associated Bacterial Communities
by PCA

The lack of consistent structure in A. elisabethae bacterial communities in the V1/V2 dataset
cluster analysis prompted us to utilize PCA (Figure 5) to identify phylotypes driving the dissimilarity
between bacterial communities in Figure 2A. An explained variance plot (Figure S3) indicated that
the model optimized after 4 PCs, explaining 92% of the model variance. In the biplot of PC1 and
PC2 (Figure 5A) negative separation along PC1 was driven by OTU1 (unclassified Oceanospiralles),
which distinguishes the bacterial communities of A. elisabethae samples 2A, 2B, 3B and 4C. OTU1 was
detected in 13 of 16 samples but was highly represented in these five sequence libraries (Figure 3).
Negative separation of samples along PC2 was driven by OTU2 and OTU3. Separation of samples
1A, 1B, 1C, 2A and 4B along PC2 was driven by OTU2, which was particularly abundant in these
samples (34.8% ˘ 11.0%). OTU2 (Synechococcus sp.) was present in all other octocoral samples (except
Co_A) and the two seawater samples; however abundance in these samples was comparatively low
(1.0% ˘ 1.4%) (Figure 3). OTU3 drove separation of 1C, 3C and 3E in a positive direction along PC1
and represented a major component of the bacterial community of these samples (41.1.1% ˘ 13.2%)
(Figure 3). OTU3 was assigned to the genus Aquimarina by the RDP classifier (99% confidence) and
exhibited 94.5% sequence identity with A. penaei isolated from the gut of the Pacific white shrimp [51].
Positive separation along PC2 was driven by OTUs that were abundant in Colombian octocorals
(OTUs 4, and 5) but only sporadically encountered at low frequencies in Bahamian octocoral samples
(Figure 3). These OTUs corresponded to Pseudomonas (OTU4)- and Endozoicomonas (OTU5)-related
OTUs previously reported as major constituents of the microbiomes of A. elisabethae samples collected
from Colombia [34].

PC3 and PC4 (Figure 5B) modeled differentiation of bacterial communities due to the influences
of OTUs 1 through 5, with similar trends to those described for PC1 and PC2. Differentiation between
octocoral and seawater samples was modeled by positive separation along PC4, primarily driven
by OTUs 7, 11, 14 and 25 (Figure 5B). These phylotypes could be assigned to genera typically
associated with seawater such as phototrophic GPIIa Cyanobacteria (OTU7) and oligotrophic “Candidatus
Pelagibacter” (OTUs 11, 14 and 25) [49,52]. These OTUs accounted for 3.4%–22.3% of sequences in
seawater samples, but were absent or present at very low abundances (ď0.6%) in octocoral samples
(data not shown).
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4. Discussion

A. elisabethae is widely distributed throughout the Caribbean and is of particular biotechnological
and commercial interest because it is the sole source of the pseudopterosin family of anti-inflammatory
diterpenes [11]. An initial study of the bacterial diversity associated with three A. elisabethae specimens
collected from the far western range of this octocoral (Providencia Island, Colombia), indicated that the
bacterial communities were highly structured with the majority (77%–81%) of the bacterial communities
belonging to six OTUs affiliated with the genera Pseudomonas and Endozoicomonas [34]. In the current
study, we expanded the analysis of the A. elisabethae microbiome to include an additional 17 coral
specimens collected from five sites in The Bahamas. Samples from the surrounding seawater were also
obtained to determine if A. elisabethae hosts bacterial communities distinct from its surroundings.
This analysis allowed us to further expand our knowledge base regarding the microbiome of
A. elisabethae and assess the geographic stability of bacterial communities between sites separated by
<1 km to >1400 km (Figure S1). We also examined the temporal stability of A. elisabethae bacterial
communities collected from San Salvador where replicate samples were obtained in two different years.

Whether invertebrates’ host specific microbial communities are distinct from their surroundings is
a fundamental question in the study of marine invertebrate microbiomes. To answer this question we
compared the microbiomes of seven seawater samples to 17 A. elisabethae samples. Seawater samples
were collected in three different years from two sites (Bimini and San Salvador) separated by
approximately 500 km and analyzed using different 16S hypervariable regions. In all analyses,
seawater samples were more diverse and clearly differentiated from those of A. elisabethae at both the
class and species levels. PCA analysis identified OTUs classified as GPIIa Cyanobacteria and “Candidatus
Prochlorococcus” as being responsible for the majority of the variance between octocoral and seawater
samples in the V1/V2 dataset. The prevalence of these oligotrophic bacteria in seawater is consistent
with other studies of seawater microbial communities [49,53–56]. One seawater-associated OTU (OTU2,
V1/V2 dataset), identified as a Synechococcus sp., was ubiquitous and abundant in octocoral samples.
Synechococcus spp. are common seawater inhabitants which are ingested by corals, so it is possible
that A. elisabethae may simply be ingesting these bacteria as a food source and their presence in the
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microbiome may reflect a partially digested meal [57]. It is also possible that the relationship is more
complex as Synechococcus spp. have been shown to contribute to nitrogen fixation in the scleractinian
coral Montastreae cavernonsa [58] and have been implicated in disease outbreaks in the Mediterranean
octocorals E. cavolini and E. singularis [59]. Additional research is required to further elucidate the
role of Synechococcus in A. elisabethae. Despite the abundance of Synechococcus in several A. elisabethae
samples, our data clearly demonstrate that A. elisabethae hosts specific bacterial communities, distinct
from the surrounding seawater.

Examination of 17 A. elisabethae specimens in this study revealed a lack of consistent species level
community structure between octocorals collected at the same site/year, as well as between those
collected from different sites/years. Bacterial diversity also ranged widely between octocoral samples.
This is in contrast to a previous study of the microbiome of Colombian A. elisabethae, which exhibited
highly similar bacterial communities [34]. In the current study, the bacterial communities of the
Colombian samples clustered apart from Bahamian samples in cluster and PCA analyses. This result is
not surprising as they were collected >1400 km from the closest Bahamian site and in a different year,
thus temporal and/or geographic factors may be responsible for the observed differences in bacterial
community composition and structure. Unlike the Colombian samples, the bacterial communities
of A. elisabethae from different sites in the V1/V2 dataset did not exhibit high intra-site similarity as
indicated by low SIMPER similarity scores. In fact, the average inter-site similarity between Bahamian
sites was comparable to intra-site similarity levels. Cluster analysis of the V1/V2 OTU dataset also
showed no apparent location-based clustering of octocorals from The Bahamas as has been reported for
other corals [22,60]. These results suggest that the composition and structure of A. elisabethae bacterial
communities varies as much at local geographic scales as it does over much larger regional distances.
The bacterial communities of octocorals collected from San Salvador (V4 dataset), which were collected
in two different years, did not cluster according to collection year, suggesting that a consistent shift in
the microbiome of A. elisabethae did not occur at these two time points.

Variability in bacterial diversity and community structure between specimens has previously
been reported for several other octocorals [19,30,32,33], as well as scleractinian corals [60].
Significant fluctuation in the diversity and structure of coral bacterial communities indicates
that these bacterial assemblages are highly dynamic. Studies of other octocorals have linked
microbiome variations to depth, salinity, habitat disturbance, proximity to preferred habitats and
coral health [19,20,30,32]. All A. elisabethae samples were collected within a relatively narrow depth
range (15–20 m) and in the open ocean, thus it is unlikely that depth or salinity were key drivers
of variability in A. elisabethae, although we cannot rule out the influence of salinity as we did not
measure this parameter. Disease is not likely responsible for variations in A. elisabethae microbiome
structure and diversity as all colonies appeared healthy at the time of collection; however, the presence
of undetected underlying disease cannot be ruled out. Anthropogenic disturbance is also an unlikely
factor, as significant variations in bacterial diversity and community structure were observed between
colonies collected from the same site (~20–40 m apart), which would likely experience similar levels of
disturbance from sources such as pollution. If anthropogenic disturbances are responsible for shifts
in microbiome structure and diversity, the disturbances must occur on a highly localized scale and
may be caused by insults to individual octocoral colonies (e.g., interactions with divers or with fishing
gear). The recent proposition by Roder et al. [20] suggesting that the bacterial diversity present in
Ctenactis echinata correlates with proximity to preferred habitats is intriguing in respect to A. elisabethae.
We did not assess the population density of A. elisabethae at the collection sites used in this study;
however, the abundance of this octocoral is highly variable through its range and can vary drastically
between adjacent, yet seemingly similar habitats [8]. It would be interesting to determine if bacterial
diversity and community structure correlate with habitat suitability for A. elisabethae. A. elisabethae
exhibits a high-degree of morphological variation, as well as variation in natural product content and
composition [6,61], indicating substantial physical and biochemical plasticity between coral colonies,
which could affect microbiome diversity and structure. This is particularly true in regard to diterpene
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content as several pseudopterosin congeners have reported antimicrobial activity and could mediate
microbiome dynamics [62,63].

Methodological variation has been recognized as a source of variation in previous microbiome
pyrosequencing studies [64,65] and could be responsible for a portion of the variation observed in
Bahamian A. elisabethae bacterial communities. We assessed variability inherent in our sequencing
methodology by analyzing replicate sequence libraries 1A and 1B, which exhibited very similar
diversity and community structure. While not a thorough analysis of methodological variation, these
data suggest that intrinsic variation in amplicon generation and pyrosequencing methodology were
not major drivers of observed variation between samples. Differences in DNA isolation efficiency and
resulting purity of DNA are additional factors that can affect the results of amplicon pyrosequencing
studies [65]. Isolation of A. elisabethae holobiont gDNA that was a suitable template for PCR was
challenging; use of the PowerClean® Clean-Up Kit was essential to generating PCR compatible DNA,
suggesting that PCR inhibitors were frequently co-extracted with A. elisabethae DNA. DNA was
assessed for quality by electrophoresis and absorbance (A260/A280), however, these techniques would
leave many potential contaminants undetected. A. elisabethae tissues contain high concentrations of
natural products [10], thus it is possible that some of these compounds (or others) will be co-extracted
with DNA and affect downstream processes.

Collectively, the data presented here suggest that A. elisabethae colonies from The Bahamas host
highly variable bacterial assemblages. This observation presents challenges to studying factors that
influence microbial diversity and community structure in A. elisabethae as these data suggest that
highly localized factors may significantly influence the microbiome of this octocoral. Future analyses
should consider the effect of environmental parameters (at local and regional scales), population
density and A. elisabethae morphological and chemical characteristics on microbiome structure and
diversity. Methodology should also be carefully considered for future studies to ensure true variations
in diversity can reliably be differentiated from methodological noise. Stringent standardization of
methodology and analysis of multiple biological replicates from individual octocoral colonies should
help quantify and mitigate the effect of methodological variation [64].

Previous culture-independent examinations of octocoral bacterial diversity from deep and shallow
water environments have established Gammaproteobacteria and Alphaproteobacteria as major members
of octocoral microbial communities [18,19,30–32,49,66]. The contribution of other taxa to octocoral
microbiomes appears to be variable and may be dependent on environmental conditions, coral species
and health status of the host octocoral. In general, Gammaproteobacteria and Alphaproteobacteria were the
dominant taxa in A. elisabethae, with high-levels of Cyanobacteria, Flavobacteria and unclassified Bacteria
occurring sporadically, typically at the expense of Gammaproteobacteria abundance. The association
of Gammaproteobacteria and Alphaproteobacteria with A. elisabethae appears to be robust as a similar
trend was observed in analyses of both V1/V2 and V4 regions. This association also appears to be
temporally stable as corals collected from San Salvador Island in 2011 and 2013 show similar class
level taxonomic composition.

While Gammaproteobacteria and Alphaproteobacteria appeared to be stably associated with A. elisabethae
specimens distributed throughout The Bahamas, we sought to identify bacterial phylotypes at a lower
taxonomic level that may play a key role in the A. elisabethae holobiont. Consequently, we attempted to
identify the core microbiome of A. elisabethae using an inclusive approach, which identified putative
members of the core microbiome as species level OTUs, which were present in a minimum of
50% of octocoral samples, with no minimum abundance criteria. Recent research by Hester and
colleagues indicates that relatively rare OTUs often exhibit a greater distribution frequency (ubiquity)
among coral samples than would be expected based on their abundance and thus should not be
discounted on the basis low abundance. These phylotypes are considered “stable” coral symbionts.
Conversely, highly abundant OTUs with lower than expected ubiquity may be considered “sporadic”
symbionts [67]. Previous research identified six OTUs that were both highly abundant and ubiquitous
in three A. elisabethae samples from Colombia [34]. These OTUs were also detected in Bahamian
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samples but were sporadically distributed among Bahamian A. elisabethae samples at low abundances,
suggesting that these phylotypes are likely sporadic symbionts which are widely distributed in the
A. elisabethae population. Due to the non-overlapping nature of the V1/V2 and V4 datasets direct
comparison of OTUs from the two datasets was not possible, thus two putative core microbiomes were
assembled. Notable taxa present in the V1/V2 putative core microbiome which were absent in the V4
counterpart were Brevundimonas, GPIIa Cyanobacteria, Pseudomonas and Stenotrophomonas. Conversely,
OTUs belonging to the Vibrionales and Alteromonadales were frequently encountered in the V4 core
microbiome but absent in the V1/V2 list. The fact that these taxa are found only one core microbiome
list may suggest that these OTUs are sporadic octocoral symbionts. Amplification biases associated
with the different hypervariable regions may also have prevented equal detection of these taxa in both
datasets [65].

Only four taxa were present in both the V1/V2 and V4 core microbiomes: Oceanospiralles,
Rhodobacterales, Rhizobiales and Flavobacteriales. The detection of these taxa in both datasets suggests
they may have a stable association with A. elisabethae and play important roles in the holobiont.
Multiple Oceanospiralles associated OTUs were present in both core microbiomes and one OTU from
each dataset was both abundant and ubiquitous (V1/V2 OTU1; V4, OTU3). The Oceanospiralles OTUs
could be assigned to the genera Endozoicomonas, Amphritea and Oceanospirillum, while several could not
be classified below the order level. Members of the Oceanospiralles are aerobic heterotrophs that have
been identified in other octocorals [30,33,49,50] and scleractinian corals [15,24,49,60], as well as a wide
variety of marine invertebrates including sponges [68,69], molluscs [70], ascidians [71], polychaetes [72],
starfish [73] and sea anemones [74]. It has been proposed that members of the Oceanospiralles have
developed evolutionarily old symbiotic associations with octocorals [30]. Due to the widespread
abundance of Oceanospiralles in octocorals it is likely that they play an important ecological role.
Currently, little is known about the functions played by Oceanospiralles in the holobiont. Members of
this order have been shown to metabolize dimethylsulphoniopropionate (DMSP), suggesting a role
in sulphur cycling in scleractinian corals [75]. Dinoflagellate symbionts (Symbiodinium sp.), which
are believed to be the source of DMSP in scleractinian corals, are also present in A. elisabethae [75,76].
Thus it is possible that Oceanospiralles are involved in sulphur cycling in this octocoral. Reduction of
nitrate to nitrite has also been observed for members of the Oceanospiralles, thus these microbes may
also play a role in nitrogen cycling in the holobiont [50]. Oceanospiralles are also known for their
ability to produce hydrolytic enzymes, which can assist their host in acquiring nutrients in otherwise
oligotrophic environments [72]. In addition, these abundant symbionts may also play a probiotic
role in A. elisabethae through the production of antibiotics [77] or through competitive exclusion of
pathogens [78]. To elucidate the role of Oceanospiralles in octocorals, further effort must be focused on
culturing these important symbiotic bacteria so that their metabolic capabilities and genetic potential
can be directly analyzed.

Rhizobiales and Rhodobacterales are Alphaproteobacteria which are known for their diverse metabolisms.
One OTU belonging to the Rhizobiales was detected in each of the core microbiomes. Rhizobiales are
known diazotrophs and have been implicated in the nitrogen cycle in Acropora millepora [79]. Members of
this group may also be involved in sulphur cycling as some members of this group have been shown to
degrade methanesulphonate [80]. Rhodobacterales were the second group of Alphaproteobacteria present
in both core microbiomes. Rhodobacterales are ubiquitous in marine environments and have been
detected in seawater as well as corals such as Lophelia purtusa [81], C. echinata [20] and the octocoral
E. singularis [82]. The potential functions of Rhodobacterales symbionts may include the production of
antimicrobial agents, as well as nutrient cycling [83]. Rhizobiales and Rhodobacteriales affiliated OTUs in
the core microbiome list were typically present at low abundances in A. elisabethae samples but with
a high ubiquity, suggesting these phylotypes may represent stable symbionts.

Flavobacteriales were present in the V1/V2 and V4 core microbiomes. In both cases one Flavobacteria-affiliated
phylotype was found at a high abundance in a few samples (V1/V2 OTU3; V4 OTU 14), suggesting
these phylotypes are sporadic symbionts. Flavobacteriales have been implicated in diseases of several
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corals such as white band disease in Acropora cervicornis [26,84]. Flavobacteriales are typically aerobic,
heterotrophic, gliding bacteria which produce flexirubin-type pigments and are widely distributed in
marine environments. Genomic evidence suggests that Flavobacteriales are involved in carbon cycling
in marine environments through the degradation of biopolymers such as chitin. Genes for a complete
denitrification pathway as well as sulphate reduction have been found in Flavobacteriales genomes
suggesting these organisms are involved in nitrogen and sulphur cycling [85]. Flavobacteriales may also
help mediate biofouling through the production of algicidal substances [86].

The putative members of the A. elisabethae core microbiome described above have been implicated
in a wide array of processes which may provide benefit to the holobiont as a whole. Future research
employing metagenomics and transcriptomics will be required to determine the extent to which
bacterial symbionts contribute to the overall metabolism of the holobiont and to link those activities to
specific bacterial phylotypes.

5. Conclusions

We have presented the first in-depth study on the geographic and temporal variability of
bacterial communities in the gorgonian octocoral A. elisabethae and have demonstrated that this coral
maintains bacterial communities distinct from the surrounding seawater. The bacterial communities of
A. elisabethae were found to be highly variable within The Bahamas. This high level of variability was
apparent in terms of overall diversity (i.e., richness and evenness) as well as taxonomic diversity.
This contradicts an initial study of three A. elisabethae specimens originating from Providencia
Island, Colombia, which showed A. elisabethae maintained highly similar bacterial communities [34].
The discrepancy between these studies is likely due to the small sample size in the earlier study,
although careful consideration should be paid to methodological standardization in future studies to
reduce the potential effects of methodological variation. Attempts to identify a core microbiome in
A. elisabethae identified 75 potential members. Four taxa represented in the list of candidate microbiome
members were found to consistently associate with A. elisabethae. Oceanospiralles in particular appear
to have a persistent association with A. elisabethae and may perform important ecological functions in
the holobiont. Future studies should attempt to identify biotic and abiotic factors that drive variations
in the A. elisabethae microbiome. In light of the high variability between bacterial communities of
A. elisabethae colonies collected from the same site, special care will need to be paid to sampling
strategies to ensure that fine scale variations in environmental parameters are not overlooked and
to ensure that the effects of methodological variations on microbiome analyses can be accounted for.
In summary, the research presented here has significantly expanded our knowledge of the diversity
and stability of bacterial communities associated with A. elisabethae. This research has set the stage
for further studies to determine factors that drive microbiome dynamics in this ecologically and
economically important octocoral.

Supplementary Materials: The following are available online at www.mdpi.com/2076-2607/4/3/23/s1.

Acknowledgments: The authors thank staff at the Gerace Research Centre, College of The Bahamas for assisting
with research activities conducted on San Salvador Island. The authors gratefully acknowledge financial support
from the Natural Sciences and Engineering Council of Canada, the Canada Research Chair Program, the
Atlantic Canada Opportunities Agency, Canada Foundation for Innovation and the Jeanne and Jean-Louis
Lévesque Foundation.

Author Contributions: Veronica Robertson had input in the experimental design, performed research related to
octocorals collected in 2006 and 2009 and contributed significantly to the writing as part of her graduate thesis
work. Brad Haltli had input in the experimental design, conducted sequence analysis of pyrosequencing data and
contributed significantly to the writing. Erin McCauley performed research related to octocorals collected from
San Salvador. David Overy conducted PCA analysis and contributed significantly to the writing. Russell Kerr
wrote the supporting grant under which the work was performed, had input in the experimental design and
contributed to editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Microorganisms 2016, 4, 23 19 of 23

References

1. McFadden, C.S.; Sánchez, J.A.; France, S.C. Molecular phylogenetic insights into the evolution of Octocorallia:
A review. Integr. Comp. Biol. 2010, 50, 389–410. [CrossRef] [PubMed]

2. Fenical, W. Marine soft corals of the genus Pseudopterogorgia—A resource for novel anti-inflammatory diterpenoids.
J. Nat. Prod. 1987, 50, 1001–1008. [CrossRef] [PubMed]

3. Bayer, F. The Shallow Water Octocorallia of the West; Indian Region; Martinus Nijhoff: The Hague,
The Netherlands, 1961; p. 373.

4. Heckrodt, T.J.; Mulzer, J. Marine natural products from Pseudopterogorgia elisabethae: Structures, biosynthesis,
pharmacology, and total synthesis. Top. Curr. Chem. 2005, 244, 1–41.

5. Williams, G.C.; Chen, J.Y. Resurrection of the octocorallian genus Antillogorgia for Caribbean species
previously assigned to Pseudopterogorgia, and a taxonomic assessment of the relationship of these genera
with Leptogorgia (Cnidaria, Anthozoa, Gorgoniidae). Zootaxa 2012, 3505, 39–52.

6. Guitiérrez-Rodriguez, C.; Barbeitos, M.S.; Sánchez, J.A.; Lasker, H.R. Phylogeography and morphological
variation of the branching octocoral Pseudopterogorgia elisabethae. Mol. Phylogenet. Evol. 2009, 50, 1–15.
[CrossRef] [PubMed]

7. Guitiérrez-Rodriguez, C.; Lasker, H.R. Microsatellite variation reveals high levels of genetic variability and
population structure in the gorgonian coral Pseudopterogorgia elisabethae across The Bahamas. Mol. Ecol. 2004,
13, 2211–2221. [CrossRef] [PubMed]

8. Lasker, H.R.; Porto-Hannes, I. Population structure among octocoral adults and recruits identifies scale
dependent patterns of population isolation in The Bahamas. PeerJ 2015, 3, e1019. [CrossRef] [PubMed]

9. Whalen, K.E.; Starczak, V.R.; Nelson, D.R.; Goldstone, J.V.; Hahn, M.E. Cytochrome P450 diversity and
induction by gorgonian allelochemicals in the marine gastropod Cyphoma gibbosum. BMC Ecol. 2010, 10, 24.
[CrossRef] [PubMed]

10. Berrué, F.; Kerr, R.G. Diterpenes from gorgonian corals. Nat. Prod. Rep. 2009, 26, 681–710. [CrossRef] [PubMed]
11. Look, S.A.; Fenical, W.; Jacobs, R.S.; Clardy, J. The pseudopterosins: Anti-inflammatory and analgesic natural

products from the sea whip Pseudopterogorgia elisabethae. Proc. Natl. Acad. Sci. USA 1986, 83, 6238–6240.
[CrossRef] [PubMed]

12. Lasker, H.R. Recruitment and resilience of a harvested Caribbean octocoral. PLoS ONE 2013, 8, e74587.
[CrossRef] [PubMed]

13. Rohwer, F.; Breitbart, M.; Jara, J.; Azam, F.; Knowlton, N. Diversity of bacteria associated with the Caribbean
coral Montastraea franksi. Coral Reefs 2001, 20, 86–91.

14. Rohwer, F.; Knowlton, N. Diversity and distribution of coral-associated bacteria. Mar. Ecol. Prog. Ser. 2002,
243, 1–10. [CrossRef]

15. Bourne, D.G.; Munn, C.B. Diversity of bacteria associated with the coral Pocillopora damicornis from the great
barrier reef. Environ. Microbiol. 2005, 7, 1162–1174. [CrossRef] [PubMed]

16. Wegley, L.; Edwards, R.; Rodriguez-Brito, B.; Liu, H.; Rohwer, F. Metagenomic analysis of the microbial
community associated with the coral Porites astreoides. Environ. Microbiol. 2007, 9, 2707–2719. [CrossRef]
[PubMed]

17. Rosenberg, E.; Koren, O.; Reshef, L.; Efrony, R.; Zilber-Rosenberg, I. The role of microorganisms in coral
health, disease and evolution. Nat. Rev. Microbiol. 2007, 5, 355–362. [CrossRef] [PubMed]

18. Penn, K.; Wu, D.; Eisen, J.A.; Ward, N. Characterization of bacterial communities associated with deep-sea
corals on Gulf of Alaska seamounts. Appl. Environ. Microbiol. 2006, 72, 1680–1683. [CrossRef] [PubMed]

19. Gray, M.A.; Stone, R.P.; McLaughlin, M.R.; Kellogg, C.A. Microbial consortia of gorgonian corals from the
Aleutian Islands. FEMS Microbiol. Ecol. 2011, 76, 109–120. [CrossRef] [PubMed]

20. Roder, C.; Bayer, T.; Aranda, M.; Kruse, M.; Voolstra, C.R. Microbiome structure of the fungid coral Ctenactis
echinata aligns with environmental differences. Mol. Ecol. 2015, 24, 3501–3511. [CrossRef] [PubMed]

21. Kellogg, C.A.; Lisle, J.T.; Galkiewicz, J.P. Culture-independent characterization of bacterial communities
associated with the cold-water coral Lophelia purtusa in the north eastern Gulf of Mexico.
Appl. Environ. Microbiol. 2009, 75, 2294–2303. [CrossRef] [PubMed]

22. Kvennefors, E.C.; Sampayo, E.; Ridgway, T.; Barnes, A.C.; Hoegh-Guldberg, O. Bacterial communities
of two ubiquitous Great Barrier Reef corals reveals both site- and species-specificity of common
bacterial associates. PLoS ONE 2010, 5, e10401. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/icb/icq056
http://www.ncbi.nlm.nih.gov/pubmed/21558211
http://dx.doi.org/10.1021/np50054a001
http://www.ncbi.nlm.nih.gov/pubmed/2895165
http://dx.doi.org/10.1016/j.ympev.2008.09.019
http://www.ncbi.nlm.nih.gov/pubmed/18940261
http://dx.doi.org/10.1111/j.1365-294X.2004.02247.x
http://www.ncbi.nlm.nih.gov/pubmed/15245395
http://dx.doi.org/10.7717/peerj.1019
http://www.ncbi.nlm.nih.gov/pubmed/26157606
http://dx.doi.org/10.1186/1472-6785-10-24
http://www.ncbi.nlm.nih.gov/pubmed/21122142
http://dx.doi.org/10.1039/b821918b
http://www.ncbi.nlm.nih.gov/pubmed/19387501
http://dx.doi.org/10.1073/pnas.83.17.6238
http://www.ncbi.nlm.nih.gov/pubmed/2875457
http://dx.doi.org/10.1371/journal.pone.0074587
http://www.ncbi.nlm.nih.gov/pubmed/24040291
http://dx.doi.org/10.3354/meps243001
http://dx.doi.org/10.1111/j.1462-2920.2005.00793.x
http://www.ncbi.nlm.nih.gov/pubmed/16011753
http://dx.doi.org/10.1111/j.1462-2920.2007.01383.x
http://www.ncbi.nlm.nih.gov/pubmed/17922755
http://dx.doi.org/10.1038/nrmicro1635
http://www.ncbi.nlm.nih.gov/pubmed/17384666
http://dx.doi.org/10.1128/AEM.72.2.1680-1683.2006
http://www.ncbi.nlm.nih.gov/pubmed/16461727
http://dx.doi.org/10.1111/j.1574-6941.2010.01033.x
http://www.ncbi.nlm.nih.gov/pubmed/21223327
http://dx.doi.org/10.1111/mec.13251
http://www.ncbi.nlm.nih.gov/pubmed/26018191
http://dx.doi.org/10.1128/AEM.02357-08
http://www.ncbi.nlm.nih.gov/pubmed/19233949
http://dx.doi.org/10.1371/journal.pone.0010401
http://www.ncbi.nlm.nih.gov/pubmed/20454460


Microorganisms 2016, 4, 23 20 of 23

23. Neulinger, S.C.; Jarnegren, J.; Ludvigsen, M.; Lochte, K.; Dullo, W.C. Phenotype-specific bacterial
communities in the cold-water coral Lophelia pertusa (Scleractinia) and their implications for the coral‘s
nutrition, health, and distribution. Appl. Environ. Microbiol. 2008, 74, 7272–7285. [CrossRef] [PubMed]

24. Littman, R.A.; Willis, B.L.; Bourne, D.G. Bacterial communities of juvenile corals infected with different
Symbiodinium (dinoflagellate) clades. Mar. Ecol. Prog. Ser. 2009, 389, 45–59. [CrossRef]

25. Sweet, M.J.; Croquer, A.; Bythell, J.C. Dynamics of bacterial community development in the reef coral
Acropora muricata following experimental antibiotic treatment. Coral Reefs 2011, 30, 1121–1133. [CrossRef]

26. Frias-Lopez, J.; Zerkle, A.L.; Bonheyo, G.T.; Fouke, B.W. Partitioning of bacterial communities between
seawater and healthy, black band diseased, and dead coral surfaces. Appl. Environ. Microbiol. 2002, 68,
2214–2228. [CrossRef] [PubMed]

27. Bourne, D.; Iida, Y.; Uthicke, S.; Smith-Keune, C. Changes in coral-associated microbial communities during
a bleaching event. ISME J. 2008, 2, 350–363. [CrossRef] [PubMed]

28. Bourne, D.G.; Sato, Y. Changes in sulfate-reducing bacterial populations during the onset of black band disease.
ISME J. 2011, 5, 559–564. [CrossRef] [PubMed]

29. Brück, T.B.; Brück, W.M.; Santiago-Vázquez, L.Z.; McCarthy, P.J.; Kerr, R.G. Diversity of the
bacterial communities associated with the azooxanthellate deep water octocorals Leptogorgia minimata,
Iciligorgia schrammi, and Swiftia exertia. Mar. Biotechnol. (N. Y.) 2007, 9, 561–576. [CrossRef] [PubMed]

30. Bayer, T.; Arif, C.; Ferrier-Pagès, C.; Zoccola, D.; Aranda, M.; Voolstra, C.R. Bacteria of the genus
Endozoicomonas dominate the microbiome of the Mediterranean gorgonian coral Eunicella cavolini. Mar. Ecol.
Prog. Ser. 2013, 479, 75–84. [CrossRef]

31. La Rivière, M.; Roumagnac, M.; Garrabou, J.; Bally, M. Transient shifts in bacterial communities associated
with the temperate gorgonian Paramuricea clavata in the northwestern Mediterranean Sea. PLoS ONE 2013, 8,
e57385. [CrossRef] [PubMed]

32. Vezzulli, L.; Pezzati, E.; Huete-Stauffer, C.; Pruzzo, C.; Cerrano, C. 16S rDNA pyrosequencing of the
Mediterranean gorgonian Paramuricea clavata reveals a link among alterations in bacterial holobiont members,
anthropogenic influence and disease outbreaks. PLoS ONE 2013, 8, e67745. [CrossRef] [PubMed]

33. Ransome, E.; Rowley, S.J.; Thomas, S.; Tait, K.; Munn, C.B. Disturbance to conserved bacterial communities
in the cold-water gorgonian coral Eunicella verrucosa. FEMS Microbiol. Ecol. 2014, 90, 404–416. [PubMed]

34. Correa, H.; Haltli, B.; Duque, C.; Kerr, R. Bacterial communities of the gorgonian octocoral Pseudopterogorgia elisabethae.
Microb. Ecol. 2013, 66, 972–985. [CrossRef] [PubMed]

35. Rodriguez, A.D.; Shi, Y. Structurally diverse terpenoids from the sea whip Pseudopterogorgia elisabethae (Bayer).
Tetrahedron 2000, 56, 9015–9023. [CrossRef]

36. Edwards, U.; Rogall, T.; Blocker, H.; Emde, M.; Bottger, E.C. Isolation and direct complete nucleotide
determination of entire genes. Characterization of a gene coding for 16S ribosomal RNA. Nucleic Acids Res.
1989, 17, 7843–7853. [CrossRef] [PubMed]

37. Feinstein, L.M.; Blackwood, C.B. Assessment of bias associated with incomplete extraction of microbial DNA
from soil. Appl. Environ. Microbiol. 2009, 75, 5428–5433. [CrossRef] [PubMed]

38. Callaway, T.R.; Dowd, S.E.; Wolcott, R.D.; Sun, Y.; McReynolds, J.L.; Edrington, T.S.; Byrd, J.A.;
Anderson, R.C.; Krueger, N.; Nisbet, D.J. Evaluation of the bacterial diversity in cecal contents of laying hens
fed various molting diets by using bacterial tag-encoded FLX amplicon pyrosequencing. Poult. Sci. 2009, 88,
298–302. [CrossRef] [PubMed]

39. Wolcott, R.D.; Gontcharova, V.; Sun, Y.; Dowd, S.E. Evaluation of the bacterial diversity among and within
individual venous leg ulcers using bacterial tag-encoded FLX and titanium amplicon pyrosequencing and
metagenomic approaches. BMC Microbiol. 2009, 9, 226. [CrossRef] [PubMed]

40. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.; Turnbaugh, P.J.; Fierer, N.;
Knight, R. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl.
Acad. Sci. USA 2011, 108, 4516–4522. [CrossRef] [PubMed]

41. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.;
Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent,
community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol.
2009, 75, 7537–7541. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/AEM.01777-08
http://www.ncbi.nlm.nih.gov/pubmed/18849454
http://dx.doi.org/10.3354/meps08180
http://dx.doi.org/10.1007/s00338-011-0800-0
http://dx.doi.org/10.1128/AEM.68.5.2214-2228.2002
http://www.ncbi.nlm.nih.gov/pubmed/11976091
http://dx.doi.org/10.1038/ismej.2007.112
http://www.ncbi.nlm.nih.gov/pubmed/18059490
http://dx.doi.org/10.1038/ismej.2010.143
http://www.ncbi.nlm.nih.gov/pubmed/20811471
http://dx.doi.org/10.1007/s10126-007-9009-1
http://www.ncbi.nlm.nih.gov/pubmed/17514404
http://dx.doi.org/10.3354/meps10197
http://dx.doi.org/10.1371/journal.pone.0057385
http://www.ncbi.nlm.nih.gov/pubmed/23437379
http://dx.doi.org/10.1371/journal.pone.0067745
http://www.ncbi.nlm.nih.gov/pubmed/23840768
http://www.ncbi.nlm.nih.gov/pubmed/25078065
http://dx.doi.org/10.1007/s00248-013-0267-3
http://www.ncbi.nlm.nih.gov/pubmed/23913197
http://dx.doi.org/10.1016/S0040-4020(00)00754-7
http://dx.doi.org/10.1093/nar/17.19.7843
http://www.ncbi.nlm.nih.gov/pubmed/2798131
http://dx.doi.org/10.1128/AEM.00120-09
http://www.ncbi.nlm.nih.gov/pubmed/19561189
http://dx.doi.org/10.3382/ps.2008-00222
http://www.ncbi.nlm.nih.gov/pubmed/19151343
http://dx.doi.org/10.1186/1471-2180-9-226
http://www.ncbi.nlm.nih.gov/pubmed/19860898
http://dx.doi.org/10.1073/pnas.1000080107
http://www.ncbi.nlm.nih.gov/pubmed/20534432
http://dx.doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464


Microorganisms 2016, 4, 23 21 of 23

42. Schloss, P.D.; Gevers, D.; Westcott, S.L. Reducing the effects of PCR amplification and sequencing artifacts
on 16S rRNA-based studies. PLoS ONE 2011, 6, e27310. [CrossRef] [PubMed]

43. Schloss, P.D. 454 SOP. Available online: http://www.mothur.org/wiki/454_SOP (accessed on 27 February 2015).
44. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive bayesian classifier for rapid assignment of rRNA

sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef] [PubMed]
45. Rambaut, A. FigTree. Available online: http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 15 March 2015).
46. Clark, K. Non-parmetric multivariate analyses of changes in community structure. Aust. J. Ecol. 1993, 18,

117–143. [CrossRef]
47. Ainsworth, T.D.; Krause, L.; Bridge, T.; Torda, G.; Raina, J.B.; Zakrzewski, M.; Gates, R.D.;

Padilla-Gamino, J.L.; Spalding, H.L.; Smith, C.; et al. The coral core microbiome identifies rare bacterial taxa
as ubiquitous endosymbionts. ISME J. 2015, 9, 2261–2274. [CrossRef] [PubMed]

48. Engelbrektson, A.; Kunin, V.; Wrighton, K.C.; Zvenigorodsky, N.; Chen, F.; Ochman, H.; Hugenholtz, P.
Experimental factors affecting PCR-based estimates of microbial species richness and evenness. ISME J.
2010, 4, 642–647. [CrossRef] [PubMed]

49. Sunagawa, S.; Woodley, C.M.; Medina, M. Threatened corals provide underexplored microbial habitats.
PLoS ONE 2010, 5, e9554. [CrossRef] [PubMed]

50. Pike, R.E.; Haltli, B.; Kerr, R.G. Description of Endozoicomonas euniceicola sp. nov. and Endozoicomonas
gorgoniicola sp. nov., bacteria isolated from the octocorals Eunicea fusca and Plexaura sp., and an emended
description of the genus Endozoicomonas. Int. J. Syst. Evol. Microbiol. 2013, 63, 4294–4302. [CrossRef] [PubMed]

51. Li, X.; Wang, L.; Huang, H.; Lai, Q.; Shao, Z. Aquimarina penaei sp. nov., isolated from intestinal tract
contents of pacific white shrimp, Penaeus vannamei. Antonie Van Leeuwenhoek 2014, 106, 1223–1229. [CrossRef]
[PubMed]

52. Friedline, C.J.; Franklin, R.B.; McCallister, S.L.; Rivera, M.C. Microbial community diversity of the eastern
Atlantic Ocean reveals geographic differences. Biogeosci. Discuss. 2012, 9, 109–150. [CrossRef]

53. Webster, N.S.; Taylor, M.W.; Behnam, F.; Lucker, S.; Rattei, T.; Whalan, S.; Horn, M.; Wagner, M.
Deep sequencing reveals exceptional diversity and modes of transmission for bacterial sponge symbionts.
Environ. Microbiol. 2010, 12, 2070–2082. [CrossRef] [PubMed]

54. White, J.R.; Patel, J.; Ottesen, A.; Arce, G.; Blackwelder, P.; Lopez, J.V. Pyrosequencing of bacterial symbionts
within Axinella corrugata sponges: Diversity and seasonal variability. PLoS ONE 2012, 7, e38204. [CrossRef]
[PubMed]

55. Flombaum, P.; Gallegos, J.L.; Gordillo, R.A.; Rincon, J.; Zabala, L.L.; Jiao, N.; Karl, D.M.; Li, W.K.W.;
Lomas, M.W.; Veneziano, D.; et al. Present and future global distributions of the marine cyanobacteria
Prochlorococcus and Synechococcus. Proc. Natl. Acad. Sci. USA 2013, 110, 9824–9829. [CrossRef] [PubMed]

56. Morris, R.M.; Rappe, M.S.; Connon, S.A.; Vergin, K.L.; Siebold, W.A.; Carlson, C.A.; Giovannoni, S.J.
Sar11 clade dominates ocean surface bacterioplankton communities. Nature 2002, 420, 806–810. [CrossRef]
[PubMed]

57. Ribes, M.; Coma, R.; Atkinson, M.J.; Kinzie, R.A. Particle removal by coral reef communities: Picoplankton is
a major source of nitrogen. Mar. Ecol. Prog. Ser. 2003, 257, 13–23. [CrossRef]

58. Lesser, M.P.; Falcón, L.I.; Rodríguez-Román, A.; Enríquez, S.; Hoegh-Guldberg, O.; Iglesias-Prieto, R.
Nitrogen fixation by symbiotic Cyanobacteria provides a source of nitrogen for the scleractinian coral
Montastraea cavernosa. Mar. Ecol. Prog. Ser. 2007, 346, 143–152. [CrossRef]

59. Carella, F.; Aceto, S.; Saggioma, M.; Mangioni, O.; de Vico, G. Gorgonian disease outbreak in the Gulf of
Naples: Pathology reveals cyanobacterial infection linked to eleveated sea temperatures. Dis. Aquat. Organ.
2014, 111, 68–80. [CrossRef] [PubMed]

60. Morrow, K.M.; Moss, A.G.; Chadwick, N.E.; Liles, M.R. Bacterial associates of two Caribbean coral species
reveal species-specific distribution and geographic variability. Appl. Environ. Microbiol. 2012, 78, 6438–6449.
[CrossRef] [PubMed]

61. Punyana, M.; Marvaez, G.; Paz, A.; Osorno, O.; Duque, C. Pseudopterosin content variability of the
purple sea whip Pseudopterogorgia elisabethae at the islands of San Andreas and Providencia (SW Caribbean).
J. Chem. Ecol. 2004, 30, 1183–1201. [CrossRef]

62. McCulloch, M.W.; Haltli, B.; Marchbank, D.H.; Kerr, R.G. Evaluation of pseudopteroxazole and
pseudopterosin derivatives against Mycobacterium tuberculosis and other pathogens. Mar. Drugs 2012,
10, 1711–1728. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0027310
http://www.ncbi.nlm.nih.gov/pubmed/22194782
http://www.mothur.org/wiki/454_SOP
http://dx.doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://tree.bio.ed.ac.uk/software/figtree/
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1038/ismej.2015.39
http://www.ncbi.nlm.nih.gov/pubmed/25885563
http://dx.doi.org/10.1038/ismej.2009.153
http://www.ncbi.nlm.nih.gov/pubmed/20090784
http://dx.doi.org/10.1371/journal.pone.0009554
http://www.ncbi.nlm.nih.gov/pubmed/20221265
http://dx.doi.org/10.1099/ijs.0.051490-0
http://www.ncbi.nlm.nih.gov/pubmed/23832969
http://dx.doi.org/10.1007/s10482-014-0292-3
http://www.ncbi.nlm.nih.gov/pubmed/25253586
http://dx.doi.org/10.5194/bgd-9-109-2012
http://dx.doi.org/10.1111/j.1462-2920.2009.02065.x
http://www.ncbi.nlm.nih.gov/pubmed/21966903
http://dx.doi.org/10.1371/journal.pone.0038204
http://www.ncbi.nlm.nih.gov/pubmed/22701613
http://dx.doi.org/10.1073/pnas.1307701110
http://www.ncbi.nlm.nih.gov/pubmed/23703908
http://dx.doi.org/10.1038/nature01240
http://www.ncbi.nlm.nih.gov/pubmed/12490947
http://dx.doi.org/10.3354/meps257013
http://dx.doi.org/10.3354/meps07008
http://dx.doi.org/10.3354/dao02767
http://www.ncbi.nlm.nih.gov/pubmed/25144119
http://dx.doi.org/10.1128/AEM.01162-12
http://www.ncbi.nlm.nih.gov/pubmed/22773636
http://dx.doi.org/10.1023/B:JOEC.0000030271.73629.26
http://dx.doi.org/10.3390/md10081711
http://www.ncbi.nlm.nih.gov/pubmed/23015770


Microorganisms 2016, 4, 23 22 of 23

63. Correa, H.; Aristizabal, F.; Duque, C.; Kerr, R. Cytotoxic and antimicrobial activity of pseudopterosins and
seco-pseudopterosins isolated from the octocoral Pseudopterogorgia elisabethae of San Andres and Providencia
Islands (southwest Caribbean Sea). Mar. Drugs 2011, 9, 334–343. [CrossRef] [PubMed]

64. Zhou, J.; Wu, L.; Deng, Y.; Zhi, X.; Jiang, Y.H.; Tu, Q.; Xie, J.; Van Nostrand, J.D.; He, Z.; Yang, Y.
Reproducibility and quantitation of amplicon sequencing-based detection. ISME J. 2011, 5, 1303–1313.
[CrossRef] [PubMed]

65. Cruaud, P.; Vigneron, A.; Lucchetti-Miganeh, C.; Ciron, P.; Godfroy, A.; Cambon-Bonavita, M. Influence of
DNA extraction method, 16S rRNA targeted hypervariable regions, and sample origin on microbial diversity
detected by 454 pyrosequencing in marine chemosynthetic ecosystems. Appl. Environ. Microbiol. 2014, 80,
4426–4639. [CrossRef] [PubMed]

66. Webster, N.S.; Bourne, D. Bacterial community structure associated with the antarctic soft coral,
Alcyonium antarcticum. FEMS Microbiol. Ecol. 2007, 59, 81–94. [CrossRef] [PubMed]

67. Hester, E.R.; Barott, K.L.; Nulton, J.; Vermeij, M.J.; Rohwer, F.L. Stable and sporadic symbiotic communities
of coral and algal holobionts. ISME J. 2016, 10, 1157–1169. [CrossRef] [PubMed]

68. Thiel, V.; Leininger, S.; Schmaljohann, R.; Brummer, F.; Imhoff, J.F. Sponge-specific bacterial associations of
the Mediterranean sponge Chondrilla nucula (Demospongiae, Tetractinomorpha). Microb. Ecol. 2007, 54, 101–111.
[CrossRef] [PubMed]

69. Nishijima, M.; Adachi, K.; Katsuta, A.; Shizuri, Y.; Yamasato, K. Endozoicomonas numazuensis sp. nov.,
a gammaproteobacterium isolated from marine sponges, and emended description of the genus
Endozoicomonas Kurahashi and Yokota 2007. Int. J. Syst. Evol. Microbiol. 2013, 63, 709–714. [CrossRef] [PubMed]

70. Kurahashi, M.; Yokota, A. Endozoicomonas elysicola gen. nov., sp. nov., a gamma-proteobacterium isolated
from the sea slug Elysia ornata. Syst. Appl. Microbiol. 2007, 30, 202–206. [CrossRef] [PubMed]

71. Martinez-Garcia, M.; Diaz-Valdez, M.; Wanner, G.; Ramos-Espla, A.; Anton, J. Microbial community
associated with the colonial Ascidian Cystodytes dellechiajei. Environ. Microbiol. 2007, 9, 521–534. [CrossRef]
[PubMed]

72. Goffredi, S.K.; Orphan, V.J.; Rouse, G.W.; Jahnke, L.; Embaye, T.; Turk, K.; Lee, R.; Vrijenhoek, R.C. Evolutionary
innovation: A bone-eating marine symbiosis. Environ. Microbiol. 2005, 7, 1369–1378. [CrossRef] [PubMed]

73. Choi, E.J.; Kwon, H.C.; Sohn, Y.C.; Yang, H.O. Kistimonas asteriae gen. nov., sp. nov., a gammaproteobacterium
isolated from Asterias amurensis. Int. J. Syst. Evol. Microbiol. 2010, 60, 938–943. [CrossRef] [PubMed]

74. Du, Z.; Zhang, W.; Xia, H.; Lu, G.; Chen, G. Isolation and diversity analysis of heterotrophic bacteria
associated with sea anemones. Acta Oceanol. Sin. 2010, 29, 62–69. [CrossRef]

75. Raina, J.B.; Tapiolas, D.; Willis, B.L.; Bourne, D.G. Coral-associated bacteria and their role in the
biogeochemical cycling of sulfur. Appl. Environ. Microbiol. 2009, 75, 3492–3501. [CrossRef] [PubMed]

76. Santos, S.R.; Gutiérrez-Rodríguez, C.; Lasker, H.R.; Coffroth, M.A. Symbiodinium sp. associations in the
gorgonian Pseudopterogorgia elisabethae in The Bahamas: High levels of genetic variability and population
structure in symbiotic dinoflagellates. Mar. Biol. 2003, 143, 111–120. [CrossRef]

77. Jeong, H.; Yim, J.H.; Lee, C.; Choi, S.H.; Park, Y.K.; Yoon, S.H.; Hur, C.G.; Kang, H.Y.; Kim, D.; Lee, H.H.; et al.
Genomic blueprint of Hahella chejuensis, a marine microbe producing an algicidal agent. Nucleic Acids Res.
2005, 33, 7066–7073. [CrossRef] [PubMed]

78. Klaus, J.S.; Janse, I.; Heikoop, J.M.; Sanford, R.A.; Fouke, B.W. Coral microbial communities, zooxanthellae
and mucus along gradients of seawater depth and coastal pollution. Environ. Microbiol. 2007, 9, 1291–1305.
[CrossRef] [PubMed]

79. Lema, K.A.; Bourne, D.G.; Willis, B.L. Onset and establishment of diazotrophs and other bacterial associates
in the early life history stages of the coral Acropora millepora. Mol. Ecol. 2014, 23, 4682–4695. [CrossRef]
[PubMed]

80. Henriques, A.C.; de Marco, P. Methanesulfonate (MSA) catabolic genes from marine and estuarine bacteria.
PLoS ONE 2015, 10, e0125735. [CrossRef] [PubMed]

81. Galkiewicz, J.P.; Pratte, Z.A.; Gray, M.A.; Kellogg, C.A. Characterization of culturable bacteria isolated from
the cold-water coral Lophelia pertusa. FEMS Microbiol. Ecol. 2011, 77, 333–346. [CrossRef] [PubMed]

82. La Rivière, M.; Garrabou, J.; Bally, M. Evidence for host specificity among dominant bacterial symbionts in
temperate gorgonian corals. Coral Reefs 2015, 34, 1087–1098. [CrossRef]

http://dx.doi.org/10.3390/md9030334
http://www.ncbi.nlm.nih.gov/pubmed/21556163
http://dx.doi.org/10.1038/ismej.2011.11
http://www.ncbi.nlm.nih.gov/pubmed/21346791
http://dx.doi.org/10.1128/AEM.00592-14
http://www.ncbi.nlm.nih.gov/pubmed/24837380
http://dx.doi.org/10.1111/j.1574-6941.2006.00195.x
http://www.ncbi.nlm.nih.gov/pubmed/17233746
http://dx.doi.org/10.1038/ismej.2015.190
http://www.ncbi.nlm.nih.gov/pubmed/26555246
http://dx.doi.org/10.1007/s00248-006-9177-y
http://www.ncbi.nlm.nih.gov/pubmed/17364249
http://dx.doi.org/10.1099/ijs.0.042077-0
http://www.ncbi.nlm.nih.gov/pubmed/22544802
http://dx.doi.org/10.1016/j.syapm.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16904280
http://dx.doi.org/10.1111/j.1462-2920.2006.01170.x
http://www.ncbi.nlm.nih.gov/pubmed/17222150
http://dx.doi.org/10.1111/j.1462-2920.2005.00824.x
http://www.ncbi.nlm.nih.gov/pubmed/16104860
http://dx.doi.org/10.1099/ijs.0.014282-0
http://www.ncbi.nlm.nih.gov/pubmed/19661507
http://dx.doi.org/10.1007/s13131-010-0023-1
http://dx.doi.org/10.1128/AEM.02567-08
http://www.ncbi.nlm.nih.gov/pubmed/19346350
http://dx.doi.org/10.1007/s00227-003-1065-0
http://dx.doi.org/10.1093/nar/gki1016
http://www.ncbi.nlm.nih.gov/pubmed/16352867
http://dx.doi.org/10.1111/j.1462-2920.2007.01249.x
http://www.ncbi.nlm.nih.gov/pubmed/17472641
http://dx.doi.org/10.1111/mec.12899
http://www.ncbi.nlm.nih.gov/pubmed/25156176
http://dx.doi.org/10.1371/journal.pone.0125735
http://www.ncbi.nlm.nih.gov/pubmed/25978049
http://dx.doi.org/10.1111/j.1574-6941.2011.01115.x
http://www.ncbi.nlm.nih.gov/pubmed/21507025
http://dx.doi.org/10.1007/s00338-015-1334-7


Microorganisms 2016, 4, 23 23 of 23

83. Brinkhoff, T.; Giebel, H.A.; Simon, M. Diversity, ecology, and genomics of the Roseobacter clade:
A short overview. Arch. Microbiol. 2008, 189, 531–539. [CrossRef] [PubMed]

84. Gignoux-Wolfsohn, S.A.; Vollmer, S.V. Identification of candidate coral pathogens on white band
disease-infected staghorn coral. PLoS ONE 2015, 10, e0134416.

85. Xu, T.; Yu, M.; Lin, H.; Zhang, Z.; Liu, J.; Zhang, X.H. Genomic insight into Aquimarina longa SW024 T:
Its ultra-oligotrophic adapting mechanisms and biogeochemical functions. BMC Genom. 2015, 16, 772.
[CrossRef] [PubMed]

86. Chen, W.M.; Sheu, F.S.; Sheu, S.Y. Aquimarina salinaria sp. nov., a novel algicidal bacterium isolated from
a saltpan. Arch. Microbiol. 2012, 194, 103–112. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00203-008-0353-y
http://www.ncbi.nlm.nih.gov/pubmed/18253713
http://dx.doi.org/10.1186/s12864-015-2005-3
http://www.ncbi.nlm.nih.gov/pubmed/26459873
http://dx.doi.org/10.1007/s00203-011-0730-9
http://www.ncbi.nlm.nih.gov/pubmed/21766186
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Experimental Section 
	Sample Collection 
	DNA Isolation 
	Template Preparation for 16S rDNA Amplicon Pyrosequencing 
	16S rDNA Amplicon Pyrosequencing 16S rDNA Amplicon Pyrosequencing 
	Pyrosequencing Data Analysis 
	Bacterial Community Analysis 
	Accession Numbers 

	Results 
	Bacterial Community Analysis 
	Core Microbiome of A. elisabethae 
	Characterizing Dominant Bacteria Driving the Separation of Coral-Associated Bacterial Communities by PCA 

	Discussion 
	Conclusions 

