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Scleractinian corals harbor microorganisms that form dynamic associations with the coral host and exhibit substantial genetic
and ecological diversity. Microbial associates may provide defense against pathogens and serve as bioindicators of changing en-
vironmental conditions. Here we describe the bacterial assemblages associated with two of the most common and phylogeneti-
cally divergent reef-building corals in the Caribbean, Montastraea faveolata and Porites astreoides. Contrasting life history
strategies and disease susceptibilities indicate potential differences in their microbiota and immune function that may in part
drive changes in the composition of coral reef communities. The ribotype structure and diversity of coral-associated bacteria
within the surface mucosal layer (SML) of healthy corals were assessed using denaturing gradient gel electrophoresis (DGGE)
fingerprinting and 454 bar-coded pyrosequencing. Corals were sampled at disparate Caribbean locations representing various
levels of anthropogenic impact. We demonstrate here that M. faveolata and P. astreoides harbor distinct, host-specific bacteria
but that specificity varies by species and site. P. astreoides generally hosts a bacterial assemblage of low diversity that is largely
dominated by one bacterial genus, Endozoicomonas, within the order Oceanospirillales. The bacterial assemblages associated
with M. faveolata are significantly more diverse and exhibit higher specificity at the family level than P. astreoides assemblages.
Both corals have more bacterial diversity and higher abundances of disease-related bacteria at sites closer to the mainland than
at those furthest away. The most diverse bacterial taxa and highest relative abundance of disease-associated bacteria were seen
for corals near St. Thomas, U.S. Virgin Islands (USVI) (2.5 km from shore), and the least diverse taxa and lowest relative abun-
dance were seen for corals near our most pristine site in Belize (20 km from shore). We conclude that the two coral species stud-
ied harbor distinct bacterial assemblages within the SML, but the degree to which each species maintains specific microbial asso-
ciations varies both within each site and across large spatial scales. The taxonomic scale (i.e., phylum versus genus) at which
scientists examine coral-microbe associations, in addition to host-elicited factors and environmental fluctuations, must be con-
sidered carefully in future studies of the coral holobiont.

Most eukaryotes are believed to associate with a diverse assem-
blage of microbial symbionts that aid in their development

and health (88). In corals, bacterial assemblages found within the
surface mucus layer (SML) are an important part of a larger holo-
biont that is composed of the coral (skeleton, tissues, and SML)
along with a wide variety of other associated microbial taxa, in-
cluding eukaryotes, archaea, viruses, and fungi (67). Coral micro-
organisms exhibit substantial genetic and ecological diversity and
are believed to contribute to the overall health of the coral host
(20, 51, 69, 70). In addition, these microbes may be ecologically
important in that they appear to contribute to the ability of reef-
building corals to adapt to and evolve under changing environ-
mental conditions (64, 69). Just as humans are thought to have
coevolved with their gut microorganisms (88), corals probably
coevolved with their microbial symbionts, which likely fill a criti-
cal and beneficial role in coral colony immune function (90). Mi-
croorganisms are found throughout the coral holobiont and ap-
pear to be regulated in part by the coral host (6, 40). Recent
evidence suggests that the diversity and types of coral-associated
bacteria may also be tightly coupled with the clade of Symbio-
dinium spp. found within the coral host tissues (48, 51). Coral
microbes are thought to benefit the host by providing nutritional
by-products, protein, and nitrogenous compounds (46, 47, 87)
and also by synthesizing essential vitamins (17). Microbial symbi-
onts may also protect corals from disease by preventing opportu-
nistic infections through the occupation of otherwise available
niches and by producing antibacterial agents (41, 66, 72, 74).

Shifts in coral microbial assemblages have been linked to bleach-
ing (7, 59), thermal stress (48, 82), irradiance (54), disease (re-
viewed in reference 6), changes in dissolved organic nutrients (40,
76, 83), and shifting pH (83). Shifts in both microbial diversity
and metabolism have also been related to the proximity of coral to
human populations (19), demonstrating that geographic location
may indirectly influence coral reef health through microbial me-
diation.

Although evidence suggests that congeneric coral species asso-
ciate with similar microorganisms (51, 67), the metabolic func-
tions and specificity of coral-microbe associations are less predict-
able than initially hypothesized (18, 19, 28, 42, 79). Coral
microbiota may vary among reef locations that differ in water
quality (38) and water depth (39). The operational taxonomic
units (OTUs) of bacteria in the surface mucus layer of Montas-
traea faveolata assemblages vary on both the spatial (reef to reef)
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and temporal (month to month) scales, further suggesting that
microbial assemblages are sensitive to surrounding environmen-
tal conditions (27). The coral microbiota is also believed to be
thermally sensitive, losing protective antibacterial properties at
sustained temperatures above 28 to 30°C (66). Bordering mac-
roalgae might serve as bacterial vectors, as Halimeda macroalgae
were observed to transfer white plague type II disease to exposed
M. faveolata colonies (57). Thus, in addition to the host coral
species, environmental factors such as water quality, location,
depth, temperature, and other sessile organisms in close proxim-
ity may have significant effects on microbial diversity (4). There-
fore, shifts in the coral microbiota could serve as bioindicators of
environmental change and disease. Although we have made sig-
nificant progress over the past decade, we still lack basic informa-
tion about host specificity and the stability of healthy coral-asso-
ciated microbial assemblages, including how and why assemblages
change across large spatial scales and gradients of anthropogenic
impact. We address these questions in part by investigating the
bacteria associated with healthy coral colonies over large geo-
graphic scales and providing insight into overall reef resilience and
the contribution of microorganisms to coral health. The better we
understand healthy coral microbial assemblages and their spatial
variability, the more efficient future studies can be in determining
how and why corals are disturbed by infection and environmental
stress.

The goal of the present study was to document the bacterial
ribotype (16S rRNA gene) diversity associated with the SML of
healthy Montastraea faveolata and Porites astreoides corals at four
sites across the Caribbean: St. Thomas, U.S. Virgin Islands
(USVI); Florida Keys inshore and offshore reefs; and Belize. These
sites span the Caribbean Sea and are exposed to decreasing an-
thropogenic impacts and increasing distance from the mainland,
in the order listed. This is the first study to compare structural
bacterial diversity and species specificity among samples from
such geographically disparate locations (sites were �1,100 km
apart). Ribotype diversity was visualized by denaturing gradient
gel electrophoresis (DGGE) analysis, in which band presence/ab-
sence provided molecular fingerprints for 26 colonies of each
coral species. The bacterial assemblages associated with the SML
of a representative subset of these colonies (n � 12) were analyzed
using 454 bar-coded pyrosequencing of 16S rRNA gene ampli-
cons.

MATERIALS AND METHODS
Sample collection. Microbial samples were collected from the SML of
apparently healthy M. faveolata and P. astreoides coral colonies on reefs
adjacent to the following 4 sites: (i) MacLean Marine Science Center of the
University of the Virgin Islands, St. Thomas, USVI (Flat Cay Reef, July
2009; n � 4 for M. faveolata and n � 4 for P. astreoides); (ii) Mote Marine
Laboratory, Summerland Key, FL (inshore reef [Wonderland Reef], May
2009; n � 10 for M. faveolata and n � 12 for P. astreoides); (iii) Summer-
land Key, FL (offshore reef [Looe Key Reef], August 2009; n � 3 for M.
faveolata and n � 3 for P. astreoides); and (iv) Carrie Bow Cay Field
Station of the Smithsonian Institution, Belize (Southwater Cay Reef, Au-
gust 2009; n � 7 for M. faveolata and n � 7 for P. astreoides). The four
sampling sites increase in distance from the mainland as follows: St.
Thomas, 2.5 km; Florida inshore reef, 5 km; Florida offshore reef, 12 km;
and Belize, 20 km. The sampling sites span the Caribbean: the Florida Keys
are �1,100 km from Belize and �1,800 km from St. Thomas, while Belize
and St. Thomas are �2,500 km apart.

Collections were made by scuba diving to a 5- to 15-m depth and using

sterile 5-ml syringes. A 5- by 5-cm area of mucus on the coral surface was
gently agitated using the plastic tip of the syringe, which encourages
sloughing of the viscous mucus and reduces aspiration of seawater (66).
Sterile nitrile gloves were worn during collection to reduce human bacte-
rial contamination, and syringes were capped after collection to prevent
further seawater contamination. Mucus was collected from the upper sur-
faces of M. faveolata (n � 26) and P. astreoides (n � 26) colonies that were
�1 m apart and not obviously interacting with any other coral, inverte-
brates, macroalgae, or benthic cyanobacteria. Syringes were placed in sea-
water-filled coolers and transported back to the laboratory (�3 h), where
they were immediately processed for transport and subsequent culture-
independent analyses. Syringes were placed tip down in test tube racks for
�15 min to allow the mucus to settle to the bottom, and then 2 ml of
concentrated mucus was transferred to cryovials and centrifuged at
10,000 � g for 10 min. The seawater supernatant was poured off and the
remaining mucus pellet frozen at �20°C. Mucus pellets from M. faveolata
and P. astreoides were transported to Auburn University and thawed at
4°C prior to DNA extraction using a Mobio Ultraclean microbial DNA
isolation kit (Carlsbad, CA) according to the manufacturer’s instructions,
with an additional (10 min) heating step at 64°C to increase DNA yield.
Extracted DNA was stored at �80°C until PCR amplification.

PCR amplification and DGGE protocol. Universal bacterial primers
27F-GC (5=-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG
GCA CGG GGG CAG AGT TTG ATC MTG GCT CAG-3=) and 518R
(5=-ATT ACC GCG GCT GCT GG-3=) were used to amplify the 16S rRNA
gene, using genomic DNA extracted from coral mucus as the template.
The forward primer was modified to incorporate a 40-bp GC clamp (un-
derlined above) for resolution in a DGGE system (22, 55). These primers
amplify a 491-bp section of the 16S rRNA gene of members of the domain
Bacteria, including the highly variable V1-to-V3 region (3, 39). All PCRs
were performed on a thermal cycler (Mastercycler ep gradient machine;
Eppendorf, Hauppauge, NY), using reaction mixtures containing the fol-
lowing: 12.5 �l EconoTaq Plus Green 2� master mix (Lucigen, Middle-
ton, WI) and 0.5 �l of each 20 �M primer in a final volume of 25 �l
(adjusted with nuclease-free water). Strip tubes containing master mix
and nuclease-free water were UV irradiated for 20 min prior to the addi-
tion of primers and DNA template under sterile conditions in a laminar
flow hood to reduce contamination. The DNA template was added during
an initial hot start of 3 min at 94°C, followed by a touchdown PCR pro-
tocol in which the annealing temperature was decreased from 65°C by 1°C
every cycle until reaching a final temperature of 54°C, at which time 35
additional cycles of 94°C for 45 s, 54°C for 45 s, and 72°C for 1.5 min were
performed; 1 final cycle of 94°C for 45 s, 54°C for 45 s, and 72°C for 7 min
was followed by cooling to 4°C. PCR products were analyzed by agarose
gel electrophoresis (1% [wt/vol] agarose), stained with ethidium bro-
mide, and visualized using a UV transilluminator.

Samples were separated using a vertical gel electrophoresis appara-
tus (Hoefer model SE600; Hoefer Inc., San Francisco, CA) warmed
with a tank heater (Lauda model M6a; Brinkmann Instruments, NY)
for use as a DGGE system. PCR products were loaded onto an 8%
acrylamide gel and run with 0.5� TAE buffer (Tris base, acetic acid,
EDTA) and a 35 to 60% linear denaturing gradient of formamide and
urea. Gels were electrophoresed in the DGGE system at 60°C, first for
15 min at 50 V and subsequently for 10 h at 100 V (or 1,000 V-h) (74).
After electrophoresis, the gels were stained for 30 min with SYBR Gold
nucleic acid stain at a 1:10,000 dilution ratio (Invitrogen, Carlsbad,
CA) in TAE buffer, rinsed, and imaged using an AlphaImager HP gel
documentation system (ProteinSimple, Santa Clara, CA). Images were
saved as 8-bit TIFF files, and alignment, normalization, band class
identification, and statistical analysis were performed using Bionu-
merics V. 5.0 (Applied Maths, Austin, TX).

Uniquely dominant and distinct bands were dabbed with a sterile pi-
pette tip and placed directly into PCR strip tubes containing UV-sterilized
nuclease-free water. Bands were reamplified with the previously described
touchdown protocol by using the 27F-518R primer set without the GC
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clamp. PCR products were analyzed by agarose gel electrophoresis (1%
[wt/vol] agarose), stained with ethidium bromide, and visualized using a
UV transilluminator. Ammonium acetate-ethanol precipitation was per-
formed, and the resulting product was amplified using a BigDye sequenc-
ing reaction mixture containing 1.0 �l of BigDye terminator, 1.5 �l of 5�
buffer, 0.5 �l of 10 �M 27F, 4 �l of nuclease-free water, and 3 �l of
template DNA. The resulting preparation was subjected to PCR under the
following conditions: 95°C for 30 s, 50°C for 30 s, and 60°C for 4 min for
30 cycles. PCR products were purified using a BigDye XTerminator puri-
fication kit (Applied Biosciences) and shipped to the Smithsonian Insti-
tution Laboratories of Analytical Biology (Suitland, MD) for sequencing.
The Smithsonian Institution performed high-throughput (96-well) Sanger
sequencing on an ABI sequencer. Sequences were trimmed using CLC
Genomics Workbench (CLC Bio, Cambridge, MA) and compared to the
GenBank nr/nt database by BLASTn searches, and those sequences with
�96% identity and expect values (E values) of �1 � 10�20 were accepted for
downstream analysis.

DGGE analysis. DGGE images were imported into Bionumerics V.
5.0 (Applied Maths) and subjected to a series of steps to allow multiple gel
images to be compared reliably at one time: (i) each sample lane was
identified, (ii) a background subtraction was applied, (iii) each lane was
normalized to the reference standards run in each gel, and (iv) each band
was identified and quantified. Sample comparison and band matching
were initially optimized in Bionumerics, in which band classes were con-
structed based on optimal position tolerance and optimization settings. A
bifurcating hierarchical dendrogram with a similarity matrix representing
sample clusters was constructed for each coral species, using the Ward
algorithm and Dice coefficients derived from the band alignment. A bi-
nary matrix based on band presence/absence was exported from Bionu-
merics, and singlet bands were removed. The binary matrix of DGGE
profiles was converted to a distance matrix (Jaccard). Kruskal’s nonmetric
multidimensional scaling (nMDS) analysis and permutational multivari-
ate analysis of variance (PERMANOVA) with pairwise comparisons were
used to assess the multivariate relationships within and between sampling
sites (50). The nMDS analysis was used to arrange multivariate data in a
two-dimensional plane based on similarity coefficients between different
samples. The Euclidean distances (we used the Jaccard index) between
points in an nMDS plot are inversely proportional to the similarity of the
samples. Kruskal’s stress formula was used as an informal method of de-
termining the appropriate number of dimensions (50). These data were
analyzed using the metaMDS and Adonis utilities within the Vegan pack-
age in the R statistical package (31) and using PERMANOVA� within the
PRIMER 6.0 package (Primer-E Ltd.). Both software packages provided
similar results, and the relationships among samples are represented in a
plot of the first two dimensions of the nMDS results from PRIMER 6.0.

PCR and pyrosequencing preparation. A 456-bp region of the 16S
rRNA gene that includes the highly variable regions V3 and V4 was se-
lected for bar-coded pyrosequencing using phosphorothioate primers
(3). Phosphorothioate primers have a single phosphorothioate bond at
the 3= terminus that improves amplification of DNA sequences by DNA
polymerases with proofreading activity (75). Two samples were selected
from each coral species at each of three sites (St. Thomas, Florida inshore
reef, and Belize; total � 12 samples). Samples were amplified using the
bacterial forward primer 347F, which included the primer B adaptor for
pyrosequencing and a unique 10-bp MID bar code on the 5= end (5=-CG
TATCGCCTCCCTCGCGCCATCAG-MID-GGAGGCAGCAGTRRGG
AAT-3=), and the bacterial reverse primer 803R (5=-CTACCRGGGTATC
TAATCC-3=). Bar code sequences can be found in Table S1 in the supple-
mental material. All PCRs were performed using an Eppendorf Master
Cycler ep gradient thermal cycler and the following reagents: 25 �l Pfu
(proofreading) DNA polymerase master mix, 2 �l of each 12.5 �M
primer, and 3 to 4 �l DNA template (to generate consistent band inten-
sities) in a final volume of 50 �l (adjusted with nuclease-free water).
Amplifications were conducted under the following conditions: initial hot
start of 2 min at 95°C followed by a touchdown PCR protocol in which the

annealing temperature was decreased from 62°C by 1°C every cycle until
reaching a touchdown temperature of 51°C, at which point 30 cycles of
95°C for 40 s, 51°C for 40 s, and 72°C for 1 min 15 s were performed; 1 final
cycle of 95°C for 40 s, 51°C for 40 s, and 72°C for 10 min was followed by
cooling to 4°C. PCR products were purified using ammonium acetate-
ethanol precipitation, after which the concentration of each sample was
quantified using a Nanodrop 1000 (ThermoScientific, Wilmington, DE)
spectrophotometer. The 12 samples with unique bar codes were diluted to
equimolar concentrations (16 ng/�l), pooled, and sequenced using a
Roche 454 FLX sequencer with Titanium chemistry at Engencore (Co-
lumbia, SC).

Restriction fragment length polymorphism (RFLP) was used to type
the Symbiodinium clade associated with each of the samples chosen for
bar-coded pyrosequencing. Small-subunit rRNA (ssRNA) genes were am-
plified from total nucleic acid samples by using both the universal eukary-
otic (SS5) and zooxanthella-specific (SS3Z) PCR primers (71). PCR prod-
ucts were digested with the TaqI restriction enzyme and compared with
cultured standards to identify the Symbiodinium clade.

Pyrosequencing analysis. For pyrosequencing analysis, sequences
were trimmed using CLC Genomics Workbench (CLC Bio) with the fol-
lowing parameters, and any sequences not matching these criteria were
excluded from downstream analysis: minimum quality score of 0.01
(99.9% quality), minimum sequence length of 200 bp, and no ambiguous
bases in the sequence or mismatches in the primer sequence. Samples
were imported and analyzed using the quantitative insights into microbial
ecology (QIIME) pipeline (12). Sequences were then grouped into OTUs
with an identity threshold of �97%. Using the Ribosomal Database Proj-
ect (RDP) pipeline within QIIME, sequences were aligned with PyNast
and grouped using a complete linkage clustering method. The sequences
were clustered by uclust, which creates “seeds” of sequences that generate
clusters based on percent identity. Finally, representative sequences from
each OTU were selected, and taxonomic identity was assigned to each
sequence by using the RDP taxonomic classifier at 90% confidence (84).

Sequences were analyzed using a number of descriptive and statistical
methods within the QIIME pipeline. After bacterial libraries were rarefied
so that sequencing efforts did not affect diversity comparisons, the follow-
ing alpha diversity metrics were determined: total observed species
(OTUs), predicted species (Chao1), and Shannon-Wiener diversity (H=).
A beta diversity distance matrix was computed from the previously con-
structed OTU table based on the RDP taxonomic classifier. Weighted
UniFrac distances were used to construct three-dimensional principal
coordinate analysis (PCoA) plots. Jackknifed beta diversity metrics using
110 sequences per sample were used to directly measure the robustness of
individual clusters in PCoA plots.

Sequences were further analyzed for diversity by two additional meth-
ods: the Blast2Go database and the SILVA comprehensive rRNA database
(http://www.arb-silva.de/). These databases were searched using the Cor-
nell Computation Biology Services Unit BioHPC Web computing re-
source with P-BLAST. Sequences with a �100-bp alignment, �96% iden-
tity, and E value of �1 � 10�20 were accepted for downstream analysis.
QIIME bacterial sequence libraries (RDP results) were further analyzed
using BLASTn searches against two different databases of 16S rRNA gene
sequences, composed of sequences from (i) diseased coral-associated bac-
teria and (ii) healthy coral-associated bacteria (53). The number of signif-
icant hits that met the previously defined parameters was tallied, and an
OTU distribution matrix was generated. The OTU community composi-
tion was analyzed with nMDS and PERMANOVA with pairwise compar-
isons in PRIMER 6.0 (Primer-E Ltd.) (see similar analyses in references 2
and 36). The 11 samples were located in the ordination space according to
their pairwise dissimilarities (Jaccard index) of community composition.

Nucleotide sequence accession number. All 16S rRNA gene se-
quences from the bar-coded pyrosequencing analysis have been archived
in the NCBI sequence read archive (SRA) under study accession no.
SRP009253.2.
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RESULTS
DGGE analysis. DGGE analysis of bacterial assemblages associ-
ated with the SML of M. faveolata (n � 26) and P. astreoides (n �
26) coral colonies revealed that the assemblages associated with M.
faveolata generally clustered together, with no apparent pattern in
terms of collection site, based on nMDS (Fig. 1b, cluster A, and c).
Samples from P. astreoides clustered more consistently by site than
by species (Fig. 1d). The P. astreoides samples collected from the
Florida Keys offshore site at the Looe Key reef (n � 3) were distinct
from those from all other sites and more similar to those from M.
faveolata (Fig. 1b). Samples from P. astreoides at the Florida in-
shore site, St. Thomas, and Belize clustered independently and
distinctly from M. faveolata samples (Fig. 1b, clusters B and C).

PERMANOVA confirmed the results of the nMDS analysis, in
that bacterial assemblages varied significantly between coral spe-
cies and among sampling sites (P � 0.01; F � 4.57 and 2.68,
respectively) (Table 1). Pairwise PERMANOVA results suggested
that the significant variation among sites was driven by P. as-
treoides-associated microbial assemblages rather than by those as-
sociated with M. faveolata (see Table S3 in the supplemental
material). All site-by-site comparisons for P. astreoides were
significantly different, but only two site-by-site comparisons
differed significantly for M. faveolata (St. Thomas versus Flor-

FIG 1 nMDS plots of the first 2 dimensions based on Jaccard distances are shown for M. faveolata (filled symbols) and P. astreoides (open symbols) SML
microbial assemblages from all field sites, i.e., St. Thomas, USVI (squares), Florida inshore reef (IS; triangles), Florida offshore reef (OS; diamonds), and
Belize (circles). Emphasized shapes (grey outline or grey fill) indicate which samples were chosen for 16S rRNA gene pyrosequencing. (a) 16S rRNA gene
pyrosequencing OTUs derived from the SILVA database (�97% identity). Contours represent PERMANOVA average similarity percentages. (b) Binary
DGGE profiles (band presence/absence) for M. faveolata and P. astreoides. Contours are based on significant pairwise PERMANOVA results (P � 0.05).
Cluster A represents the majority of M. faveolata samples, and clusters B and C represent P. astreoides samples from Florida (IS) and St. Thomas,
respectively. (c and d) M. faveolata (c) and P. astreoides (d) binary DGGE banding patterns. Contours represent PERMANOVA average similarities within
and between samples.

TABLE 1 Two-way PERMANOVA of binary DGGE profiles and 16S
rRNA gene pyrosequencing samples, based on SILVA database-derived
OTUs (�97% identity) and a Jaccard distance matrixa

Study method and
variable df SS MS F value P(MC)

DGGE
Coral 1 13044 13044 4.5742 <0.01
Sites 3 22,929 7,642.9 2.6801 <0.01
Coral � site 3 21,967 7,322.3 2.5677 <0.01
Residual 44 1.25E�05 2,851.7
Total 51 1.87E�05

Pyrosequencing
Coral 1 6,750.20 6,750.20 3.86 0.02
Site 3 6,333.40 2,111.10 1.21 0.34
Coral � site 3 5,878.10 1,959.40 1.12 0.44
Residual 3 5,244.80 1,748.30
Total 10 25,949.00

a The analysis was performed at the order level. See Table S3 in the supplemental
material for pairwise comparison results. SS, sum of squares; MS, mean square. P values
were based on the Monte Carlo statistic, P(MC), and on Jaccard distances. Values in
bold are statistically significant.
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ida [inshore site] [P � 0.01] and St. Thomas versus Florida
[offshore site] [P � 0.04]) (see Table S3). Mean similarities
among (intersite) and within (intrasite) sampling sites, derived
from pairwise PERMANOVA results (see Table S3), further
demonstrate that M. faveolata showed greater intersite similar-
ity (22% 	 1.9% [mean 	 standard error {SE}]) than P. as-
treoides (15% 	 2.1%), with less variability within a site
(30% 	 5.1% versus 34% 	 13.8%) (Fig. 2).

We excised and sequenced 43 clear, unique, and/or dominant
bands from DGGE gels, and 26 yielded sequences that were of
sufficiently high quality for taxon identification, with the remain-
der excluded mainly because of contamination from adjacent
bands. The DGGE band sequences were affiliated with bacterial
taxa in the following three phyla: (i) Cyanobacteria, including the
genera Synechococcus (n � 7) and Prochlorococcus (n � 2); (ii)
Proteobacteria, including the subclasses Alphaproteobacteria (n �
1) and Gammaproteobacteria, which include Edwardsiella (n � 1),
Oceanospirillales (n � 13), and Escherichia coli (n � 1); and (iii)
Actinobacteria, represented by one sequence.

454 pyrosequencing analysis. A total of 8,547 high-quality py-

rotag sequencing reads were obtained from a representative subset
of samples (n � 12) chosen based on community patterns of the
52 initial samples assessed by DGGE analysis. One M. faveolata
sample from Belize failed to provide any sequences, likely due an
inaccurate initial NanoDrop spectrometry-determined concen-
tration. Each of the remaining 11 samples contained between 397
and 1,375 reads (�777 reads/sample), with average sequence
lengths ranging from 212 to 436 bp per sample after primer and
bar code removal (Table 2). The numbers of sequence hits per
sample obtained using the SILVA and Blast2Go databases (�97%
identity) were similar and are also reported in Table 2. In sum-
mary, samples from P. astreoides surface mucus had averages of
851 (QIIME) and 794 (SILVA) database hits per sample, while
those from M. faveolata had averages of 735 (QIIME) and 611
(SILVA) database hits per sample. All P. astreoides samples were
from colonies associated with clade A Symbiodinium, and M.
faveolata colonies were associated with Symbiodinium clades A, B,
and D (Table 2).

Bacterial diversity based on RDP results was highest for M.
faveolata, with H= values ranging from 4.2 to 6.1, which are com-
parable to the diversity values observed for the congeneric species
Montastraea annularis (H= � 2.8 to 5.0) in a similar study con-
ducted by Barott and colleagues (4). However, Shannon H= values
were much lower for P. astreoides, at only 0.8 to 4.3 (Fig. 3). The
highest average bacterial diversity was in Florida for M. faveolata
(5.5 	 0.5) and in St. Thomas for P. astreoides (3.1 	 1.1) (Fig. 3).
The largest range of OTUs, i.e., 50 to 145 OTUs, was seen for
microbes in M. faveolata surface mucus, with a predicted (Chao1)
range of 76 to 402 OTUs (Fig. 3). A much lower range of OTUs (11
to 85 OTUs) occurred in P. astreoides surface mucus, with a pre-
dicted (Chao1) range of 26 to 225 OTUs (Fig. 3).

PCoA of the weighted UniFrac distances based on RDP results
showed that M. faveolata and P. astreoides samples each harbored
characteristic bacterial communities (Fig. 4). All of the P. as-
treoides samples clustered to the right of the graph, along the pri-
mary axis (66% of the variation) and away from the M. faveolata
samples on the left. The P. astreoides samples also clustered in the

FIG 2 Average PERMANOVA similarities 	 SE for M. faveolata (MF) and P.
astreoides (PA) SML microbial samples within (intrasite) and between (inter-
site) sites and across all sites (overall). DGGE similarities are based on binary
band presence/absence and Jaccard distances. 16S rRNA gene pyrosequencing
similarities are based on OTUs derived from the SILVA database (�97% iden-
tity) and on Jaccard distances.

TABLE 2 Bioinformatics analysis

Coral species Sitea

Symbiodinium sp.
clade

No. of sequences with �96% identity
% of sequences affiliated with sequences
in databaseb

RDP SILVA Blast2Go Disease BBD Healthy

M. faveolata STT D 1,014 819 821 67.9 4.9 4.1
STT D 456 403 390 15.1 3.8 0.9
FLK B 949 704 650 33.2 12.6 2.9
FLK B 397 200 217 8.2 2.7 10.6
BLZ A 736 696 685 26.4 2.4 6.0

Avg 	 SE 735 	 125 611 	 114 606 	 109 41.5 	 10 4.4 	 2 2.5 	 2

P. astreoides STT 531 490 495 1.5 0.5 0.0
STT A 688 569 576 6.8 3.4 0.1
FLK A 490 417 402 1.9 0.4 0.3
FLK A 1,102 1,056 1,043 4.1 0.5 5.6
BLZ A 1,375 1,348 1,344 3.4 0.0 1.6
BLZ A 809 770 788 0.5 0.1 2.2

Avg 	 SE 851 	 154 794 	 148 801 	 148 3.1 	 1 1.0 	 1 1.0 	 1
a STT, St. Thomas, USVI; FLK, the Florida Keys; BLZ, Belize.
b Percentage of sequences affiliated (�96% identity) with any sequence within databases (52) of potential disease-, black band disease (BBD)-, and healthy coral-associated bacteria.
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second dimension (15% of the variation), but M. faveolata sam-
ples did not have a similar clustering in the second dimension (Fig.
4). The bacterial communities associated with both corals showed
some spatial separation, but this was more evident in the nMDS
results based on OTUs from the SILVA database results. Nonmet-
ric MDS results showed that M. faveolata samples were more spe-
cific than P. astreoides samples, which is likely a result of the higher
taxonomic resolution found with the SILVA database than with
the RDP database (Fig. 1a versus Fig. 4). Thus, all of the results
presented for coral-associated bacterial characterization are based
on the SILVA database analysis rather than on RDP database anal-
ysis.

Coral-associated bacterial assemblages were dominated by se-

quences affiliated with the following classes or phyla: Alpha-,
Beta-, and Gammaproteobacteria were the most dominant organ-
isms, followed by members of the Bacteroidetes, Actinobacteria,
Cyanobacteria, and Firmicutes. In general, the following five bac-
terial orders were common among both M. faveolata and P. as-
treoides pyrosequencing samples: (i) Haellaceae, a member of the
Oceanospirillales, within the Gammaproteobacteria; (ii) Enterobac-
teriaceae, within the Gammaproteobacteria; (iii) Rhodospirillaceae,
within the Alphaproteobacteria; (iv) Comamonadaceae, within the
Burkholderiales and Betaproteobacteria groups; and (v) Flavobac-
teriaceae members of the Cytophaga-Flavobacteria-Bacteroides
group (Table 3; Fig. 5). The most abundant sequences identified to
the genus level from M. faveolata samples were sequences of Acin-
etobacter (3.5% 	 2.2% of total sequence reads), a member of the
Pseudomonadales within the Gammaproteobacteria. Other com-
mon genera within M. faveolata mucus were Edwardsiella (3.3% 	
1.4%), Mesorhizobium (2.9% 	 1.8%), Flavobacterium (1.3% 	
0.3%), and Vibrio (1.1% 	 1.0%), with the Vibrio spp. including
Vibrio vulnificus, Vibrio harveyi, Vibrio campbellii, and Vibrio al-
ginolyticus. The dominant genus identified in P. astreoides samples
was Endozoicomonas (85.1% 	 7.3%), within the order Oceano-
spirillales and the class Gammaproteobacteria. The average % En-
dozoicomonas spp. increased from 75.4% 	 16.8% in St. Thomas
to 80.6% 	 14.4% in Florida (inshore site) and 99% 	 0.2% in
Belize (Fig. 5). The next most abundant genera were Edwardsiella
(4.4% 	 4.2%) and Plesiomonas (0.9% 	 0.8%), within the En-
terobacteriales, and Cetobacterium, within the Fusobacteriales
(0.5% 	 0.4%). Members of the Vibrionales made up only 0.3% 	
0.2% of the P. astreoides bacterial assemblages.

The abundance of sequences similar (at a �96% identity
threshold) to those of coral disease-associated and black band
disease-associated bacteria was generally higher in the M. faveolata
libraries than in those from P. astreoides; however, the abundance

FIG 3 Alpha diversity metrics derived from 16S rRNA gene bar-coded pyro-
sequencing for bacteria associated with the surface mucus layer of M. faveolata
and P. astreoides corals from St. Thomas, USVI (STT), the Florida Keys inshore
site (FLK), and Belize (BLZ). (Top) Shannon-Weiner diversity of bacteria
from each coral SML sample. (Bottom) Numbers of predicted (Chao1) and
observed OTUs. OTUs were grouped at �97% similarity, based on RDP-
classified results.

FIG 4 Principal coordinate analysis (PCoA) of weighted UniFrac distances
was performed based on RDP-classified results from 16S rRNA gene bar-
coded pyrosequencing of M. faveolata (n � 5) and P. astreoides (n � 6)
surface mucus layer bacterial assemblages from 3 sites in the Caribbean: St.
Thomas, USVI, the Florida Keys (inshore), and Belize. Contours are based
on significant coral species PERMANOVA results (P � 0.02).

TABLE 3 Ten most abundant bacterial groups for each coral species

Coral species and bacterial groupa % prevalence

P. astreoides
Gammaproteobacteria, Oceanospirillales, Hahellaceae 88
Gammaproteobacteria, Enterobacteriaceae 6
Bacteroidetes, Flavobacteriaceae 1
Alphaproteobacteria, Rhodospirillaceae 1
Fusobacteria, Fusobacteriaceae 1
Betaproteobacteria, Comamonadaceae 0.5
Gammaproteobacteria, Alteromonadaceae 0.4
Gammaproteobacteria, Vibrionaceae 0.4
Firmicutes, Bacillaceae 0.3
Alphaproteobacteria, Phyllobacteriaceae 0.2

M. faveolata
Flavobacteria 17
Alphaproteobacteria, Rhodospirillaceae 17
Betaproteobacteria, Comamonadaceae 15
Alphaproteobacteria, Rhodobacteraceae 7
Gammaproteobacteria, Hahellaceae 7
Alphaproteobacteria, Phyllobacteriaceae 6
Cyanobacteria, Synechococcus 5
Gammaproteobacteria, Enterobacteriaceae 4
Gammaproteobacteria, Moraxellaceae 4
Alphaproteobacteria, Methylobacteriaceae 4

a Classifications are based on SILVA database analysis. Group names are shown in bold
if they were found in the top 10 list for both coral species.
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of sequences affiliated with a database of healthy coral-associated
bacterial sequences was also higher in M. faveolata libraries (Table
2). Very few sequence similarities were observed in any of the
examined microbial databases for the bacteria associated with P.
astreoides, likely because Caribbean Porites spp. were not assessed
in any of the studies that comprised the meta-analysis from which
these databases were constructed (64). However, the analysis did
include six studies that examined the bacterial assemblages asso-
ciated with healthy and diseased members of the Caribbean Mon-

tastraea sp. complex (collected in Barbados, Bonaire, Curaçao,
Florida, Panama, Puerto Rico, and St. Croix, USVI) (see Table S2
in the supplemental material). We found that a larger number of
sequences from M. faveolata coral samples affiliated with diseased
coral-associated bacteria (2.5%) within the databases examined.
The high abundance of M. faveolata sequences affiliated with the
coral disease database was particularly evident in St. Thomas sam-
ples (taken 2.5 km from shore), where an average of 41.5% of
sequences were affiliated with the disease database, with much

FIG 5 Class-level sequence affiliates. Percentages of OTUs are related to the nearest order-level affiliation (labeled if �3%) derived from 16S rRNA gene
bar-coded pyrosequencing of bacteria associated with the surface mucus layer of M. faveolata (a) and P. astreoides (b) corals from St. Thomas, USVI, the Florida
Keys inshore site, and Belize. Taxonomic affiliations were derived from SILVA database hits (�97% identity). Pie charts are shaded by class-level affiliation,
indicating Alpha-, Beta-, and Gammaproteobacteria and “Other,” which includes Cyanobacteria, Firmicutes, Bacteroidetes, and Actinobacteria. Sites are arranged
from least to greatest distance from the mainland, from left to right, as a proxy for anthropogenic influence.
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lower percentages for Florida (20.5%; 5 km from shore) and Belize
(26.4%; 20 km from shore) (Table 2; see Table S2). Despite the low
similarity for Florida sample sequences and the disease database, a
larger number of black band disease database-specific sequences
occurred in the Florida Keys samples (7.7%) than in the samples
from the other sites (Table 2).

DISCUSSION

We utilized culture-independent methods to characterize the
structural patterns of bacterial assemblages associated with a large
number of coral colonies (n � 52) among disparate regions of the
Caribbean (�1,100 km apart). We targeted the bacterial assem-
blages of coral colonies that were both visually healthy and free of
interaction with macroalgae or other macroinvertebrates. These
results strengthen the body of knowledge which indicates that
healthy corals harbor distinct assemblages of microbial organisms
(42, 67), although detectable variability occurs within species
across geographic regions, as demonstrated recently for other cor-
als (48, 78, 79). We illustrate two significantly different clusters of
bacterial ribotypes associated with either M. faveolata or P. as-
treoides colonies. Thus, although geographic variability does exist,
the coral holobiont (coral animal, Symbiodinium sp., and micro-
bial constituents) appears to actively mediate some degree of mi-
crobial specificity.

The host species we examined are two of the most common
reef-building (Hexacorallia:Scleractinia) corals in the Caribbean
Sea but belong to distinct phylogenetic lineages separated by 240
to 288 million years of evolutionary divergence (52, 68). Recently,
Sunagawa and colleagues showed that bacterial assemblages were
more similar within phylogenetic clades of coral hosts, suggesting
that M. faveolata, a member of the short (robust) clade due to size
differences in the mitochondrial rRNA genes, and P. astreoides,
belonging to the long (complex) clade, should have distinct bac-
terial assemblages (52, 78). These two coral species also vary in
reproductive life history strategy (brooder versus spawner), which
may alter their mode of acquiring bacterial symbionts (vertical
versus horizontal transmission). Furthermore, M. faveolata is af-
fected by a range of bacterial diseases, including but not limited to
white plague, dark spot, black band, yellow blotch/band, and red
band, while P. astreoides has been associated with only two dis-
eases: white plague and yellow blotch/band (25). Massive reef-
building corals, especially species within the genus Montastraea,
are often susceptible to large numbers of diseases, e.g., M. annu-
laris is susceptible to 9 diseases, M. faveolata is susceptible to 6
diseases, and Montastraea franksi is susceptible to 5 diseases (re-
viewed in reference 43). In contrast, Indo-Pacific corals in the
genus Porites are quite robust, detecting invasion by endolithic
fungi and responding by walling off the site of fungal penetration
with layers of calcium carbonate (44, 63). Furthermore, the exter-
nal cell layers of another member of this genus, Porites compressa,
are completely devoid of adhering microbes, although the mucus
layer still maintains a diverse assemblage of microorganisms (35).
Finally, Porites astreoides is the first coral species to definitively
illustrate vertical transmission of microbial symbionts from the
parent colony to its pelagic larvae (73). Recently, Pocillopora dami-
cornis corals were also found to regulate the abundance of bacteria
on their surfaces when faced with high levels of organic enrich-
ment and water-associated bacterial loads (23). Thus, members of
the family Poritidae (and others) appear to maintain an inherent

and discriminating relationship between coral host tissues and
associated microbes.

We found the surface mucus layer of P. astreoides corals to be
dominated (�75%) by members of the Oceanospirillales (within
the Gammaproteobacteria), the majority of which had highest sim-
ilarity to the genus Endozoicomonas, within the order Hahellaceae.
Another member of this order, Hahella chejuensis, exhibits genes
responsible for the biosynthesis of a pigment (prodigiosin) which
has lytic activity against a red tide dinoflagellate (34). Thus, it may
be important to investigate whether Endozoicomonas spp. have the
potential to antagonize or potentiate the algal symbionts of corals
(i.e., Symbiodinium spp.). Alternatively, bacterial pigments may
provide beneficial protection against solar radiation or protozoan
grazing (49). Further research is needed to define the distribution
and potential symbiotic association of the Endozoicomonas-like
bacteria that comprise the majority of P. astreoides surface mucus-
associated bacterial taxa.

The concentration of Oceanospirillales-related sequences also
increased significantly with distance from shore, from 77% in
Florida to 99% in Belize. The presence of Oceanospirillales as a
major constituent of P. astreoides microbial communities was also
documented by Rohwer and colleagues (67). Studies have also
shown that members of the Oceanospirillales not only are domi-
nant members of the parent colony microbiota but also are verti-
cally transmitted within P. astreoides larvae, suggesting a symbi-
otic role (73). Members of the Oceanospirillales are dominant
components of the heterotrophic marine microbial environment,
with pigments and a distinct coccoid resting stage (33). Function-
ing as aerobic heterotrophs, Oceanospirillum spp. can utilize con-
stituents of coral tissues and mucus, such as organic acids, amino
acids, ammonium, and dimethylsulfoniopropionate (DMSP) (24,
61). High concentrations of DMSP and dimethyl sulfate (DMS)
have been found within animals that harbor symbiotic algae, such
as scleractinian corals and giant clams, providing a potential link
between DMSP-degrading Oceanospirillales and corals (8, 9, 81).
Preliminary evidence also indicates that Porites spp. are capable of
hosting DMSP-degrading organisms because the dmdA gene,
which is the most highly represented gene for DMSP degradation
in the Global Ocean Survey (GOS) database (29, 30), is present in
both P. astreoides (85) and pH-stressed P. compressa (62, 80, 82)
microbial metagenomes. Whether these organisms provide a ben-
efit through the degradation of DMSP and other organic com-
pounds requires further understanding of the functional role of
Oceanospirillum in the host-microbe association. These and pre-
vious findings suggest that a relationship may exist between P.
astreoides and members of the Oceanospirillales, particularly given
the known symbioses between members of the Oceanospirillales
and marine bivalves (33) or the Osedax polychaete, a worm that
feeds upon whalebones (30).

Bacterial assemblages in the surface mucus layer of M. faveolata
corals were significantly more diverse than those in P. astreoides.
Relatively large numbers of bacteria associated with M. faveolata
were similar to known nitrogen-fixing taxa, including Cyanobac-
teria (5%), Rhizobiales (11%), and Burkholderiales (14%). Shashar
and colleagues were the first to detect coral-associated bacteria
with the required nifH gene for fixing of nitrogen in corals (74).
Five percent of the coral SML samples from both St. Thomas and
the Florida Keys contained sequences that displayed high similar-
ity to Synechococcus sp. and other uncultured cyanobacterial se-
quences. A study of the bacteria associated with the conspecific
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coral Montastraea cavernosa also found coccoid cyanobacteria re-
lated to Synechococcus sp. and Prochlorococcus sp. within coral tis-
sues (46). These symbionts are not believed to be pathogens, in
contrast to other cyanobacterial species related to Oscillatoria sp.
or Phormidium sp., which are among the consortia of bacteria
associated with black band disease (16; for a review, see reference
7). Nitrogenase activity has been found in M. cavernosa colonies
(46), and subsequent studies found that endosymbiotic Symbio-
dinium spp. were actively using the products of nitrogen fixation
(47). In the present study, �5% of the samples from all locations
had sequences similar to those of Burkholderiales, within the class
Betaproteobacteria, and Rhizobiales, within the class Alphaproteo-
bacteria. M. faveolata samples from Belize were dominated by
these two orders, with approximately 44% of sequences aligning
with the Burkholderiales and 25% aligning with the Rhizobiales.
Both of these groups are known to fix nitrogen in terrestrial and
mangrove systems but have yet to be examined in corals (26).
Rhizobia spp. have long been known to form nitrogen-fixing sym-
bioses with leguminous plants, and Burkholderia spp. were also
recently shown to nodulate legumes, becoming the first known
betaproteobacteria to form nitrogen-fixing symbioses (14). Other
studies using M. faveolata and Montipora spp. as model organisms
have expanded the concept of nitrogen-fixing symbionts within
the coral holobiont beyond Cyanobacteria, to a wide range of bac-
terial taxa within the Alpha- and Gammaproteobacteria, Firmic-
utes, Spirochetes, and Archaea, including three classes of Euryar-
chaeota (37, 45, 58). Clearly, there is still much to learn about the
diversity of nitrogen-fixing prokaryotes and their role in coral
microbial communities, but our data suggest that both alpha- and
beta-rhizobia associate with M. faveolata corals and may provide
fixed nitrogen.

A large number of sequences were detected with �97% iden-
tity to sequences within a database of disease-associated bacteria
within the M. faveolata SML (53), particularly in samples from St.
Thomas. This may indicate nearshore pollutants at St. Thomas,
where coral samples were collected 2.5 km from the mainland,
adjacent to the St. Thomas international airport. However, the
highest abundance of sequences that affiliated with the Enterobac-
teriales was found in coral species samples from the Florida Keys (5
to 12 km from shore). A prevalence of Enterobacteriales organisms
is often associated with fecal contamination (87) and indicates the
presence of other enteric bacteria, such as Serratia marcescens, the
etiological agent of white pox disease on Acropora coral species in
the Caribbean (60). Furthermore, we also found the highest abun-
dances of sequences related to two other disease-affiliated orders,
Rhodobacterales and Rickettsiales, in M. faveolata samples from the
Florida Keys. A recent meta-analysis of coral-associated bacterial
assemblages showed that Rhodobacter spp. are globally associated
with several coral diseases (e.g., black band, white plague, and
white band disease) and two destructive conditions (atramentous
necrosis and cyanobacterial patches) (53). There is also a sug-
gested link between Rickettsia-like bacteria and marine diseases
afflicting invertebrates such as corals and abalone (1, 13). These
results support our field observations that the M. faveolata colo-
nies selected for sampling were generally healthy and unaffected
by disease but that the St. Thomas and Florida Keys corals likely
experienced greater levels of environmental stress and/or anthro-
pogenic microbial influx. These stressors may cause a detrimental
shift in microbial assemblages, leading to a less stable, potentially

pathogenic state. Consequently, corals in St. Thomas and Florida
may be more susceptible to disease than those in Belize.

Coral-associated bacterial diversity in both M. faveolata and P.
astreoides surface mucus samples was greatest in St. Thomas, con-
trary to our original hypothesis that the Florida Keys samples
would have the highest abundance of and most diverse bacteria
because Florida reefs are exposed to large numbers of snorkelers
(2.86 million/year) and divers (0.8 million/year) (56a). Florida
contained 8% of the nation’s coastline population in 1960 and
16% of this population by 2008, an increase of �10 million coastal
residents during this period, second only to California in the
United States (86). Higher human population densities inherently
lead to increased nutrient enrichment and sedimentation on ad-
jacent reefs. High nutrient loads are believed to fertilize selected
opportunistic and potentially pathogenic bacterial taxa (e.g.,
Vibrio spp.), allowing them to become dominant on otherwise
healthy corals (11, 40). It is possible that the documented pattern
is an example of an intermediate disturbance model, whereas di-
versity peaks at an intermediate level (intensity or frequency) of
small-scale disturbances (15, 77). In the U.S. Virgin Islands, high
levels of runoff and the resulting sedimentation can be attributed
to recent increases in housing development and road construc-
tion, particularly in St. John and St. Thomas, where steep moun-
tain slopes allow rapid runoff (10). Heavy rainfall can overload
existing sewage systems, which results in intermediate and severe
pollution of coastal waters. Additional studies have directly linked
shoreline development in St. Thomas to increased sedimentation
during periods of heavy rainfall (56). These point source distur-
bances during rainfall events may have a lasting effect on the coral-
associated microbial assemblages in St. Thomas, increasing their
overall diversity in comparison to that of assemblages in Belize
and the Florida Keys.

Initial 16S rRNA gene pyrosequencing results based on RDP
classifications suggested less intersite variability among P. as-
treoides samples than among M. faveolata samples, while the
DGGE results suggested the opposite, with a higher site affinity
among P. astreoides bacterial assemblages. Differences in the
abundance of Hahellaceae, within the Oceanospirillales, are the
likely drivers of this variability between P. astreoides samples. Our
initial RDP analysis using QIIME could not classify P. astreoides
OTUs beyond the level of Gammaproteobacteria, which explains
the high level of sample similarity across sites (see the PCoA results
in Fig. 4). Utilizing the SILVA database with Blast2Go, we were
able to quantify a higher level of taxonomic resolution and docu-
ment greater variability in coral bacterium species specificity
within and between sites (Fig. 1a versus Fig. 4). Based on these
results, a higher level of species specificity was exhibited by M.
faveolata colonies than by P. astreoides colonies from all three sites,
and this was supported by the DGGE results. Both corals still
exhibited higher intrasite specificity than intersite specificity, sug-
gesting that both M. faveolata and P. astreoides are susceptible to
environmental changes and are potentially less able to mediate
specific microbial assemblages than first believed. Variability
might also be attributed to amplification bias as a result of bar-
coded PCR primers (5) and pyrosequencing errors (reviewed in
reference 89). Amplification bias can produce variable pyrose-
quencing data from the same environmental DNA template, re-
sulting in questionable beta diversity of microbial communities
(89). These biases can be alleviated through a number of steps
prior to amplification (5) and during subsequent analysis (89).
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Regardless, alpha diversity metrics should be less problematic and
more reproducible (89). In our study, we showed that P. astreoides
hosts a much less diverse population of bacteria, which is domi-
nated in all samples (�75%) by one type of Oceanospirillales, sug-
gesting that this coral species may be more robust than M. faveo-
lata in its microbial affiliations. Furthermore, the literature
suggests that P. astreoides may have a mechanism for fostering a
specific bacterial community within its tissues or mucus (35),
which may be aided by the vertical transmission of bacterial sym-
bionts (73). P. astreoides also consistently associates with clade A
Symbiodinium spp., whereas M. faveolata is more variable in this
association (Table 2). It is known that Symbiodinium spp. release
carbon exudates (32) and arabinose (21) into coral mucus. Thus,
because coral mucus composition is thought to play an important
role in shaping coral microbial assemblages (65), variation in pho-
tosynthetic activity and products by different Symbiodinium
clades may also contribute to the higher diversity observed within
M. faveolata microbial assemblages.

We demonstrate here that two prevalent Caribbean corals, M.
faveolata and P. astreoides, harbor distinct assemblages of bacteria
in their SML. However, we also document shifts in the bacterial
assemblages which relate to specific Caribbean sampling sites.
Changing environmental conditions (e.g., temperature, irradi-
ance, nutrients, and sedimentation) are known to influence coral
microbial assemblages (6, 48, 54, 59), potentially influencing mi-
crobial diversity and disease susceptibility. Identification of the
microorganisms that comprise healthy coral assemblages in a wide
range of species types and geographic locations will allow us to
better determine coral stressors and disease causation. Corals ex-
posed to high levels of anthropogenic and environmental stress,
such as those adjacent to St. Thomas and the Florida Keys (inshore
reefs), likely experience physiological and biochemical changes
that alter their microbial assemblages long before visible disease
symptoms occur. The shifts documented here for P. astreoides,
from a microbial assemblage composed almost entirely (�99%)
of Oceanospirillales in Belize to a 77% prevalence of that order in
St. Thomas, and in M. faveolata assemblages, from high levels of
potentially beneficial nitrogen fixers (e.g., Rhizobiales and Burk-
holderiales) in Belize to disease-associated taxa (e.g., Rhodobacte-
riales and Enterobacteriales) in the Florida Keys, demonstrate how
studies of coral-associated microbial communities on healthy
reefs can be used to indicate reefs that require immediate remedial
action to reduce coral stress (e.g., improving sanitation or reduc-
ing sedimentation). By developing a globally effective method of
diagnosing coral-microbe dynamics, coral reef biologists and
coastal management organizations will be better able to identify
coral reefs in the greatest danger. Such information will further
support global reef recovery efforts.
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