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ABSTRACT: Coral reefs are the most biodiverse of all marine ecosystems; however, very little is
known about prokaryotic diversity in these systems. To address this issue, we sequenced over 1000
bacterial 16S rDNAs from 3 massive coral species (Montastraea franksi, Diploria strigosa, and Porites
astreoides) in Panama and Bermuda. Analysis of only 14 coral samples yielded 430 distinct bacterial
ribotypes. Statistical analyses suggest that additional sequencing would have resulted in a total of
6000 bacterial ribotypes. Half of the sequences shared <93 % identity to previously published 16S
sequences, and therefore probably represent novel bacterial genera and species; this degree of
novelty was substantially higher than that observed for other marine samples. Samples from the
Panama corals were more diverse than those from Bermuda, paralleling diversity gradients seen in
metazoans. The coral-bacteria associations were non-random. Different coral species had distinct
bacterial communities, even when physically adjacent, while bacterial communities from the same
coral species separated by time (~1 yr) or space (3000 km) were similar. Analysis of the branching
coral Porites furcata showed that bacterial ribotypes can also be structured spatially within colonies.
Therefore, corals and reefs represent landscapes of diverse, ecologically structured prokaryotic
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communities.
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INTRODUCTION

Coral reefs are the most diverse of all marine ecosys-
tems, although most of this diversity remains unchar-
acterized. Estimates of eukaryotic species richness
range from 650000 to over 9 million; however, these
crude estimates are based upon extrapolation from
insects in tropical rainforests (Reaka-Kudla 1997) and a
partial count of organisms in a coral reef aquarium in
Baltimore (Small et al. 1998). Similarly, 2 recent ana-
lyses of biodiversity patterns were based primarily or
exclusively on the numbers of corals and fishes (Bell-
wood & Hughes 2001, Roberts et al. 2002), organisms
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that represent only a small fraction of the total diversity
on reefs.

Prokaryotes represent most of the diversity on the
planet and are almost certainly the most diverse
component of coral reef communities. However, pro-
karyotic members of coral reefs have largely been
ignored in biodiversity analyses. Moreover, the culture-
independent techniques that have revolutionized our
knowledge of planktonic marine bacteria (reviewed in
Giovannoni & Rappe 2000) have not been employed
systematically to study the bacteria living on coral
reefs until recently (Rohwer et al. 2001, Frias-Lopez et
al. 2002, Durkin et al. unpubl.).

Corals harbor diverse and abundant prokaryotic
communities (DiSalvo & Gundersen 1971, Sorokin
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1973, Mitchell & Chet 1975, Ducklow & Mitchell 1979,
Pascal & Vacelet 1981, Segel & Ducklow 1982, Herndl
& Velimirov 1986, Paul et al. 1986, Williams et al. 1987,
Shashar et al. 1994, Ritchie & Smith 1995, 1997, San-
tavy 1995, Santavy et al. 1995, Kushmaro et al. 1996,
Santavy & Peters 1997, Rohwer et al. 2001, Frias-Lopez
et al. 2002, Durkin et al. unpubl.). Whether these com-
munities are just passive associations with water col-
umn bacteria or if they are specific associations with
ecological importance is in dispute. Ritchie & Smith
(1997) used carbon source utilization patterns of bacte-
ria cultured from the mucus layer (aka: mucopolysac-
charide layer, MPSL; coral surface microlayer, CMS) to
demonstrate that Caribbean coral species had unique,
species-specific mucus-associated microbial communi-
ties. Rohwer et al. (2001) built upon this work and used
a 16S rDNA culture-independent method (PCR and
denaturing gradient gel electrophoresis, DGGE) to
demonstrate that Montastraea franksi had a diverse
bacterial community that was similar in 25 samples
from 5 reefs, up to 10 km apart. Comparison of coral-
associated and overlaying water column bacterial com-
munities in this study showed that there is almost no
overlap (Rohwer et al. 2001). Similarly, Frias-Lopez
et al. (2002) and Durkin et al. (unpubl.) found the bac-
teria in overlaying water were not the same as those
associated with corals. Santavy (1995) observed that
Porites astreoides harbors a bacterial species, possibly
Moraxella sp., that forms ovoids within P. astreoides
and seems to participate in the normal life cycle of
healthy corals. Other studies have shown that certain
species of nitrogen-fixing bacteria are associated with
corals and/or their skeletons (Williams et al. 1987,
Shashar et al. 1994). Although these data support
the hypothesis that corals harbor unique microbiota,
inconsistencies across studies (Frias-Lopez et al. 2002
vs Rohwer et al. 2001) and across time (Durkin et al.

unpubl.) raise many questions about the specificity
and dynamics of associations between corals and bac-
teria.

Here, we analyzed the uncultured prokaryotic diver-
sity of 3 coral species (Montastraea franksi, Diploria
strigosa, and Porites astreoides) from 2 widely sepa-
rated western Atlantic locations (Panama and Ber-
muda). Our results show that microbial diversity on
corals is very high and some bacteria form species-
specific associations with corals.

MATERIALS AND METHODS

Sampling. The sites sampled in this study were
Whale Bone Bay, Bermuda (BER1), Hog Breaker Reef,
Bermuda (BER2) and Bocas del Toro, Panama (Rohwer
et al. 2001, PAN2, PAN4, and PANS; Table 1). A punch
and hammer were used to remove 1.3 cm diameter
cores from the upper surfaces of 5 Montastraea franksi,
4 Diploria strigosa and 5 Porites astreoides colonies
between 3 and 10 m in depth. The sampled corals were
separated by distances of at least 10 m. However, 1
cluster of all 3 species (colonies separated by <25 cm)
was sampled in both Bermuda (BER1) and Panama
(PANS5-00) in order to determine if proximity influ-
enced the extent to which communities were similar.
For P. furcata, large patches were selected haphaz-
ardly from PAN1 to PAN4 at depths of ~3 m. In each
patch, 1 central (In) and 1 peripheral (Out) branch was
harvested. From each complete branch a ~1 cm 'Tip’
(T) and 'Middle’ (M) section was removed. All of the
corals appeared disease-free at the time of sampling.

The samples were immediately placed in a plastic
bag underwater. At the surface, each sample was
washed twice with 0.2 pm filtered and autoclaved sea-
water to remove any loosely associated microbes and

Table 1. Percentages of bacterial ribotypes and groups associated with samples from Porites astreoides, Diploria strigosa and

Montastraea franksi, based on sequencing of 16S rDNA libraries (n = number of clones sequenced). The distribution of bacterial

groups across coral species deviates significantly from random expectation based on the number of clones sequenced per species

(x2 > 800, p < 0.001, 12 df; 3 coral species, 7 microbial groups); the largest excesses over random expectation are in bold. One

sample of each coral species was collected from colonies separated by only 20 to 50 cm in both Bermuda (BER1) and Panama
(PANS5-00). PA1 is a y-proteobacterium ribotype exclusively associated with P. astreoides

Porites astreoides Diploria strigosa Montastraea franksi Av.
BER1 BER2 PAN4 PANS5-99 PAN5-00 BER1 BER2 PAN4 PAN5-00 BER1 BER2 BER2 PAN2 PANS5-00

y-PA1 40 92 72 77 27 0 0 0 0 0 0 0 0 0 22
y- Other 13 5 2 14 22 13 15 26 18 20 12 35 15 20 16
a 9 1 9 0 10 7 11 21 26 25 34 15 19 47 17
CFB 13 0 0 0 7 43 28 17 26 8 3 6 19 9 13
BC 0 0 0 7 15 32 24 35 26 12 4 11 4 11 13
Cyano 6 0 17 2 8 0 12 0 0 10 4 2 7 10 6
Other 18 2 1 0 11 5 10 3 3 25 42 31 37 2 14
n 61 143 88 54 73 75 126 81 81 87 82 70 62 95
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then placed onice. The samples were transported back
to the field station (<2 h) and each core was airbrushed
(80 psi) with 10X TE (100 mM Tris[hydroxymethyl]-
aminomethane hydrochloride pH 8.0/10 mM EDTA) to
remove the tissue and associated microbes. The slurry
was aliquoted into cryovials and frozen.

Amplification and sequencing. As described before
(Rohwer et al. 2001), total DNA was prepared from the
coral samples using the UltraClean Soil DNA Kit (Mo
Bio) and subjected to PCR using primers specific to
bacterial 16S rDNA (i.e. 27F and 1492R; Amann et al.
1995). The resulting PCR products were cloned and
inserts from the library were sequenced with the 27F
primer. A total of 1178 sequences were obtained.

Sequence analysis. A Java program, called Fast-
Group (Seguritan & Rohwer 2001), was written that
(1) trims ambiguous bases (i.e. ‘N') from the 5' end; and
(2) trims all sequence extending 3' of the conserved
position at 534. Using this trimming protocol, sequences
of ~500 bp were obtained that contained the third
hypervariable region (V3) of the bacterial 16S rDNA.
After trimming, FastGroup compares each sequence to
every other in the library and groups them according
to user-defined parameters. For this manuscript, any
two 16S rDNAs that were 297 % identical with no gaps
>2 bp were considered the same ribotype. Previously
we have shown that this method of library construction
and analysis yields results essentially the same as
global alignments (Fig. 3 in Seguritan & Rohwer 2001).
Our 97 % criterion follows the recommendations of
numerous authors (Wayne et al. 1987, Stackebrandt &
Goebel 1994, Hagstrom et al. 2000). Although defining
bacterial species based on rDNA similarity/identity
remains controversial (Ward 1998), it is the best avail-
able method for studies of microbial diversity based on
sequence data. Our choice of a 97 % criterion was con-
servative, because bacteria with essentially identical
(i.e. >99%) 16S rDNAs can be quite different in their
genomes (Perna et al. 2001) and ecological niches
(Moore et al. 1998). Using a 99% criterion would
increase the number of observed ribotypes by about
20%. Therefore, all estimates of diversity presented
here are minimums.

To determine how many errors were introduced dur-
ing cloning and sequencing, we produced a 16S rDNA
library with E. coli genomic DNA and analyzed it using
the same protocols. Thirty sequences from this library
were globally aligned using ClustalX, and the num-
ber of gaps and miscalled bases was counted. A total
15210 positions were investigated and 37 miscalled
bases/gaps were observed, making the average PCR
and sequencing error 0.243 %. Since this error rate is
much lower than the 3% we are allowing by describ-
ing a ribotype as 97 % identical, the influence of PCR
and sequencing errors on our results should be nil.

Richness estimation. The true number of ribotypes
represented by the libraries was estimated based on
the occurrence of singlets and doublets using the Chao
2 estimator (S*;; Chao 1984, Colwell & Coddington
1994). Chao 2 calculations only require data on the
presence or absence of a particular ribotype in 2 sam-
ples. This makes Chao 2 more appropriate for this data
set than other estimators that depend on the relative
numbers of particular ribotypes (e.g. Chao 1), and thus
would be affected by PCR biases and 16S rDNA copy
number per cell.

Bacterial group assignment. To assign groups, the
trimmed and dereplicated sequences were aligned
using ClustalX (Thompson et al. 1994, 1997), and a
Neighbor-Joining tree was constructed. The divisions
were identified by including multiple representatives
from all of the major microbial groups in the ClustalX
alignment. These classifications were confirmed by
BLASTN analyses (Altschul et al. 1990, 1997, Benson
et al. 2000) to identify the closest hit in GenBank. In
most cases, the BLASTN and ClustalX/Tree assign-
ments agreed; when there was a conflict, the assign-
ment made from the Neighbor-Joining tree was used.
The 16S rDNA sequence from the chloroplast of the
dinoflagellate Heterocapsa triquetra was also included
in the alignment to show that the primers did not
amplify plastid sequences from zooxanthellae. The
‘other’ category thus includes plastids from other or-
ganisms (perhaps cyanobacteria) and sequences whose
placement was ambiguous (i.e. a conflict between
BLAST results and Neighbor-Joining tree, and weakly
supported position within the tree). The percentages in
Table 1 represent the number of times that a particular
16S rDNA group appeared in the 16S rDNA library.
Due to PCR bias and the various numbers of 16S TDNA
copies per cell, the absolute abundance of any particu-
lar bacterial group must be interpreted with caution.
We did, however, take 2 steps to reduce PCR bias.
First, for each sample, 3 different concentrations of
input DNA were used in the PCR and the lowest
concentration that gave a signal was cloned and
sequenced. Second, for each sample, 2 separate PCR
libraries were made on different days; about 1/2 the
clones actually sequenced came from each of the
separate libraries.

T-RFLP analysis. Bacterial communities of Porites
furcata were analyzed by T-RFLP of the 16S rDNA (Liu
et al. 1997, Moesender et al. 1999). DNA prepared from
the samples was subjected to PCR as described above.
The 27F primer used in this PCR was labeled with 32P-
YATP using polynucleotide kinase. Primers and salts
were removed from the PCR products using a Qiagen
PCR clean-up kit. Five pl of the products were then cut
with Haelll and analyzed using denaturing 5 % PAGE.
The resulting gel was dried and exposed to film.
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RESULTS

The 14 coral samples contained a total of 430 bacter-
ial ribotypes (AF365440 to AF365869). The most abun-
dant single ribotype was observed in 205 clones, but
most sequences were observed in 10 clones or less
(Fig. 1). Although the absence of an asymptote in the
species accumulation curve makes it difficult to accu-
rately estimate the true number of bacterial ribotypes
in these samples (Hughes et al. 2001), statistical ana-
lysis using the Chao 2 estimator (Chao 1984, Colwell &
Coddington 1994) suggests that the combined libraries
may have contained as many as 6000 distinct bacterial
ribotypes in total. Panama had a significantly larger
number of bacterial ribotypes relative to the number of
clones sequenced than did Bermuda (Table 1; 265 ribo-
types in 534 clones vs 187 ribotypes in 644 clones,
respectively; X2 > 32, 1 df, p < 0.001). This suggests that
global patterns of relative diversity found in coral reef
metazoans (Roberts et al. 2002) may be paralleled by
coral-associated prokaryotes.

Over 80 % of the sequences exhibited <97 % identity
to the nearest GenBank entry. To compare this level of
novelty with other bacterial communities, we assem-
bled 16S rDNA libraries from previously published
data for coral-associated bacteria (Frias-Lopez et al.
2002), marine snow (Rath et al. 1998), coral reef waters
and a random subset of marine GenBank sequences
(Fig. 2). Half of the coral-associated bacterial se-
quences in our library and 41 % of the sequence in the
Frias-Lopez library were <93 % identical to previously
characterized 16S rDNAs. In contrast, the majority of
sequences in the other libraries were >93 % identical
to previously described 16S rDNAs. For the random
marine and reef water libraries, the majority (74 and
84 %, respectively) of the sequences were 297 % iden-
tical to other 16S rDNAs in the database. Because the
Reef Water library consisted of sequences from tropical
areas, it does not appear that our finding of high nov-
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Fig. 1. Frequency distribution for the 430 distinct bacterial
ribotypes detected among 1178 clones from 14 coral samples
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Fig. 2. Percent identity for four marine bacterial 16S rDNA
libraries analyzed by BLASTN against GenBank: (1) coral-
associated, this study (430 sequences from this study);
(2) coral-associated (Tables 1, 2 & 3 in Frias-Lopez et al. 2002;
similarities reported for 81 sequences on healthy corals);
(3) marine snow library (39 sequences from marine snow-
associated bacteria; Rath et al. 1998); (4) random marine
library (constructed by picking 100 16S marine bacterial
rDNA sequences at random from GenBank); and (5) Reef
Water library (107 sequences obtained using a ‘bacteria coral’
keyword search of GenBank, consisting primarily of cloned
planktonic marine prokaryotes from surface waters over
Pacific coral reefs)

elty in the coral-associated bacterial community is due
to warm water per se. None of the coral-associated
bacterial 16S rDNAs belonged to the ubiquitous marine
groups SAR11 and SAR116 (Giovannoni & Rappe 2000).

On average, the most common identifiable groups
found in these libraries (Table 1) were y-proteobacteria
(38 %), followed by a-proteobacteria (17 %), Bacillus/
Clostridium (BC; 13 %), Cytophaga-Flavobacter/Flexi-
bacter-Bacterioides (CFB; 13%) and cyanobacteria
(6 %); unidentifiable or other bacterial groups and
plastids (not from zooxanthellae) accounted for the
remaining 14 % of the 16S rDNAs.

The abundance of different bacterial groups varied
substantially across samples, and some of these bacte-
rial groups were significantly more common in partic-
ular coral species (Table 1). For example, the BC and
CFB groups made up 250 % of the bacterial 16S rDNA
sequences in all 4 Diploria strigosa samples, but they
never accounted for more than 25% of 16S rDNA
sequences in the Porites astreoides and Montastraea
franksi libraries. At a finer taxonomic level, the 5 M.
franksi samples all contained large percentages of
closely related a-proteobacteria. This finding confirms
our earlier report of a specific a-proteobacterium ribo-
type on 25 M. franksi samples from Panama, which
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was identified using DGGE (Rohwer et al. 2001). Simi-
larly, the microbial community associated with P. as-
treoides always contained a specific y-proteobacterium
ribotype (AF365457, PA1 in Table 1). We also observed
a ribotype that was always associated with Porites fur-
cata (PF1), much in the same way the PA1 was always
associated with P. astreoides. Subsequent sequencing
of this PF1 band showed that it is a y-proteobacterium
closely related to PA1 (data not shown). The specificity
of associated prokaryotes was maintained even when
corals of different species were located immediately
adjacent to each other. Of the 94 bacterial ribotypes
observed in the 3 adjacent Bermuda samples, only 1
was present on 2 of the 3 corals and none were present
on all 3. Similarly, in the Panama samples, only 1 out
of the 101 observed bacterial ribotypes was shared
between samples from 2 adjacent colonies of different
species.

Because most bacterial ribotypes were observed only
once, we separately examined the distribution patterns
of the 34 bacterial ribotypes that occurred in more than
1 coral sample. Twenty-nine of these occurred only on
the same coral species, a proportion that is highly sig-
nificantly different (x> > 35, 1 df, p < 0.001) from what
would be expected. This fact, combined with previous
analyses of water samples above corals (Ritchie &
Smith 1995, Rohwer et al. 2001, Frias-Lopez et al. 2002,
Durkin unpubl.), strongly suggested that the observed
patterns were not due to contamination by water col-
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umn bacteria.

Bacterial ribotypes were also structured within some
corals. The tips of Porites furcata harbored a specific
ribotype (upper arrow, Fig. 3A) that was absent from
the mid-sections of the same branches.

Fig. 3. Small-scale patchiness of bacteria associated with Porites
furcata from Panama. (A) At each of 4 sites, 1 branch was col-
lected from the approximate center of P. furcata patch (In) and 1
branch from the edge (Out). A 1 cm section of the tip (T) and
mid-section (M) were then harvested from each branch and ana-
lyzed using T-RFLP. The top arrow indicates a 16S rDNA frag-
ment only present in the tip samples. The bottom arrow indi-
cates a bacterial ribotype, PF1, always associated with P. furcata
that is closely related to PA1 found on Porites astreoides.

DISCUSSION
Diversity of coral-associated bacteria

Metazoan biodiversity on coral reefs is higher than
in any other marine environment. Our results indicate
that bacterial richness associated with corals is also
very high, with an estimated 6000 ribotypes in the 14
libraries. By comparison, using the same 97 % criteria
for grouping 16S rDNA sequences, there were only
1117 unique pelagic marine ribotypes in GenBank as
of August 2001 (Hagstrom et al. 2002).

Our results also suggest that most of the coral-associ-
ated bacteria are novel at the genus and species level.
Half of the sequences shared <93 % identity to pre-
viously published 16S sequences (a commonly used
criterion for proposing novel genera) and 35 % of the
sequences were <97 % identical (a commonly used cri-
terion for proposing novel species). This degree of nov-

(B) Example of the bleached tips and mid-section of P. furcata

elty was substantially higher than that observed for
other marine samples and is consistent with the level of
novelty found by Frias-Lopez et al. (2002). This level of
novelty will undoubtedly decline as more studies of
coral-associated bacteria are carried out. It is striking,
however, that there is essentially no overlap between
the 16S rDNAs found in this study and those that have
been reported previously (Rohwer et al. 2001, Frias-
Lopez et al. 2002).

One of our more intriguing findings was that the
diversity of coral-associated bacteria appears to be
higher in Panama than Bermuda, paralleling diversity
gradients seen in metazoans. Although this difference
was statistically significant, additional studies are re-
quired to confirm the generality of this trend.
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Do corals harbor specific microbiotas?

If bacteria routinely form species-specific associa-
tions with corals, it would be expected that such asso-
ciations would be maintained over space and time. As
shown in Table 1, there is statistical evidence that
coral-bacterial associations are so maintained. Most
striking is the association of the y-proteobacteria PA1
with Porites astreoides. We have now confirmed this
finding in over 50 P. asteroides samples using specific
PCR (data not shown). It remains to be determined
if this ribotype comprised the bacteria in ovoids re-
ported by Santavy (1995). The finding that P. furcata
also harbors a specific y-proteobacteria (lower band,
Fig. 3A) that is closely related to PA1 suggests that
this bacterial group may associated with Porites spp.
generally.

Our data also indicate that there may be other
groups of related bacteria that preferentially associate
with other corals (Table 1). We observed that a group
of closely related a-proteobacteria (Silicibacter spp.)
are associated with Montastraea franksi, which recon-
firms our previous findings (Rohwer et al. 2001). At a
broader taxonomic scale, CFB were more often associ-
ated with Diploria strigosa than other corals. Because
D. strigosa is a very 'mucusy’ coral and this group of
bacteria is particularly adept at breaking down com-
plex polysaccharides, the composition of the mucus
may be responsible for recruitment of CFB. Similarly,
the BC association with D. strigosa might suggest that
these bacteria are involved in fermentative breakdown
of polysaccharides when the coral goes anoxic during
the evening (Carlton & Richardson 1995).

Taken together our results strongly suggest that
corals harbor specific microbiotas. Nevertheless, the
bacterial community we found associated with healthy
Diploria strigosa differs substantially from that re-
ported by Frias-Lopez et al. (2002). In particular, they
did not find high concentrations of CFB and BC group
bacteria. The reason for this difference is not clear at
this time. It may be due to variations in 16S rDNA
sequence acquisition protocols and analyses. For ex-
ample, Frias-Lopez et al. (2002) used restriction analy-
ses to dereplicate their 16S rDNA library before se-
quencing. This step would have biased their library
toward rare ribotypes and would make the recorded
percentages (e.g. Figs. 3, 4 & 5 in Frias-Lopez et al.
2002) non-representative of the community as a whole.
Similarly, our method of picking and sequencing 16S
rDNAs at random would bias our results toward com-
mon ribotypes with multiple copies of the ribosomal
operon per genome. Both of our methods would have
isolated bacteria from the gastral cavity, which is
known to contain a large number of bacteria (Herndl &
Velimirov 1985). Future studies utilizing in situ hybrid-

izations and direct counts will be needed to resolve
these issues.

Potential roles of coral-associated bacteria

The prokaryotic diversity within a single coral colony
is clearly much higher than that of the zooxanthellae (2
to 3 zooxanthellae species vs at least 30 bacterial ribo-
types). Unlike the zooxanthellae, however, we do not
have a clear picture of the ecological roles of these bac-
terial associates. The taxa that occurred in multiple
clones and particularly multiple samples offer the best
potential for beginning to elucidate roles. A phyloge-
netic analysis of these bacteria (Fig. 4) suggests many
possibilities. For example, many of the coral-associated
bacterial ribotypes are most closely related to known
nitrogen fixers and antibiotic producers. Interestingly,
9 out of the 93 ribotypes that appear more than once
are most closely related to proposed endosymbionts
from both terrestrial and marine organisms.

In pelagic, oligotrophic waters, microbes sequester es-
sential nutrients within the marine microbial loop (Azam
et al. 1983). By virtue of their high affinity transport
systems and their large surface area to volume ratios,
prokaryotes are much more efficient at scavenging nu-
trients at low concentrations than are eukaryotic cells
(Geesey & Morita 1979, Geesey 1982, Nissen et al. 1984,
Suttle et al. 1990). Therefore, in nutrient-poor waters the
prokaryotes will assimilate most of the limiting nutrients
and limit primary production (Thingstad et al. 1998,
Behrenfeld & Kolber 1999, Cavender-Bares et al. 2001).
Nutrient concentrations on coral reefs are low (Musca-
tine 1980, Rahav et al. 1989, Szmant et al. 1990, Gast et
al. 1998, 1999, Gili & Coma 1998), and therefore prokary-
otes are probably assimilating most of the limiting nutri-
ents. Indirect evidence for nutrient limitations on coral
reefs comes from the observation that there is a low con-
version rate of particulate and dissolved organic carbon
(Ducklow 1990). Thus, corals may acquire necessary nu-
trients by harvesting microbes from the water column
through mucus netting and indirectly via capture of Pro-
tozoa that graze on bacteria (DiSalvo 1971, Sorokin 1973,
Bak et al. 1998, Ferrier-Pages et al. 1998). In addition,
corals may encourage the growth of microbes by secret-
ing fixed carbon in the form of mucus and then feed
upon them. Additionally, fixed nitrogen may be obtained
from coral-associated microbes that are fed, protected
and provided with an anaerobic environment in the coral
colony (Williams et al. 1987, Shashar et al. 1994). Finally,
specialized microbiota may be important for protecting
the coral animal from pathogens by occupying entry
niches and/or through the production of secondary
metabolites (i.e. antibiotics). These possible roles are
summarized in Fig. 5.
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Designation ~ Seq Col Coral Loc Close GenBank Hit
PA1 205 5 P B/P Oceanospirillum beijerinckii* 7
BM89Pa4BC11 2 2 P B/P Aeromarinobacter lutaoensis*
BM8OMfSBES 3 2 M B/P Aeromonas jandaei*
BM89Pa1BbH2 5 2 P B Oceanospirillum maris*
BM89PadBbH8 2 2 P B/P Oceanospirillum beijerinckii*
BT60Pal0BE4 5 2 P P Deleya marina
BM8IMf5BB6 51 2 M  B/P Pseudomonas sp. PM2001
BT60Mf7BD6 2 1 M P Pseudomonas sp. y
BT60Mf2BH11 3 2 M P Pseudomonas sp.
BM89Ds6BbB2 3 1 D B Pseudomonas sp. NZTK9
BM8IMfIBA8 2 2 M B/P Acinetobacter sp. EVA14*
BT60Mf7BA12 2 1 M P Acinetobacter johnsonii
BM8OMfSBD3 3 2 M B/P Pseudoalteromonas sp. S511-1
BM89Ds6BA2 4 1 D B Mannheimia varigena
BM8IMSBF10 2 1 M B Lamellibrachia columna endosymbiont*
BT60Ds6BB6 5 3 D B/P Ridgeia piscesae endosymbiont*
BM8IMf5BA6 2 1 M B Methg/lobacter whittenburyi*
L BM8IMf5BH10 2 2 M B Xanthomonas sp.*
BT60Ds4BE11 2 2 D/P P  Xanthomonas sp.*
L-BT60Ds1BA2 3 1 D P  Pseudomonas halophila* -
BM8IMfIBAS 3 2 M B Delftia acidovorans
4[5 BT60Mf7BB6 3 1 M P Variovorax paradoxus ] B
BM8IMf1BH11 2 2 M  B/P Alcaligenes faecalis*
BM8IMf1BB10 2 2 M B/P  Paracoccus versutus E
BT49Mf4BA1 16 7 M/D/P B/P  Agrobacterium meteori
| BM8IMf1IBA2 13 1 M Silicibacter lacuscaerulensis*
BM8IMf1BF4 2 1 M Rhodovulum strictum*
BT49Mf4BA2 2 2 M/P B/P Aminobacter aminovorans*
BT60Ds1BB6 4 2 D P Uncultured sponge symbiont RSWS1* | O
BM89Ds6BbC114 2 D B/P Sphingomonas alaskensis*
BM8IMf5SBH8 2 1 M B Rhizosphere soil bacterium
BM8IMf5BD11 2 2 M B/P  Rhodospirillum salinarum*
BM89Ds1BF10 4 2 D B/P Rhizobium sp.*
BM89Ds1BbC112 1 D B Ochrobactrum sp. 4FB13 L
BM89Mf5BA11 7 1 M B Arcobacter sp.
BM89Ds1BbB5 26 3 D B/P Thiovulum sp.*
BM89Ds6BbD6 2 1 D B  Ehrlichia bovis*
BM89Ds6BbD7 2 1 D B Haplosporidium sp. endosymbiont*
BT60Mf7BB8 2 1 M P Flavobacterium sp. A265* E
BT60Ds4B6 5 1 D P C}/tophaga diffluens
BT60Ds4BD2 2 1 D P Flexithrix dorotheae
BM89Pa1BbG2 2 1 P B Flectobacillus sp.*
BT49Mf4BD4 3 2 M P Ixodes scapularis endosymbiont*
BM89Ds6BA3 2 1 D B Endosymbiont of Acanthamoeba sp.*
BM89Ds6BbES 2 1 D B Brevipalpus phoenicis endosymbiont*
- BM89Ds1BA3 9 1 D B Flavobacterium sp. A265 C F B
BM89Ds1BbD1 4 1 D B C)/topha a sp.*
BM89Ds1BbB2 6 1 D B Flexibacter sp. FOA1*
BM89Ds1BbA6 3 1 D B Sphingobacterium multivorum*
BT60Ds4BA1 3 1 D P Cytophaga sp.*
1 r BT60Mf2BA11 2 2 M/P B/P Psychroserpens aff. burtonensis
BM89Pa1BA4 2 1 P B Flexibacter sp. D8*
BT60Pa10BES 2 2 P P Cytophaga sp. KT0803* E
BM89Ds1BbA8 2 1 D B Clostridium glycolicum* E
BM89Ds1BbB9 2 1 D B  Clostridium difficile*
BM89Ds1BA10 7 1 D B Clostridium limosum*
BT60Mf7BE9 5 1 M P Peptostreptococcus magnus BC
| BM89Ds1BA1 2 1 D B Bacillussp.M
BT60Ds1BF2 2 1 D P Staphylococcus epidermidis
BT60Mf7BG10 2 1 M P Streptococcus salivarius* b
BM8IMf5BC5 2 1 M B Heliobacter mustelag*
BT60Ds1BA6 3 1 D P Tetrasphaera australiensis
BT60Ds1BE1T 2 1 D P Nitrospira marina
BM89Ds6BbA4 3 1 D B Rhodococcus sp. 67BEN001
BM89Ds6BbF4 3 1 D B Leptospira meyeri
BT60Ds1BC3 2 1 D P sponge symbiont JAWS10*
BM89Ds1BbB4 2 1 D B dellovibrio stolpii
BT49Mf4BG10 4 1 M P Anabaena cylindrica* E
BM89Ds6BB6 2 1 D B Synechococcus PCC7943 .
BM89Ds6BB11 2 1 D B  Symbiont of Climacodium frauenfeldia*
BM89Ds6BbD4 3 1 D B  Spirulina sp. strain MPI S4
BM89Ds6B6 3 1 D B Trichodesmium thiebautii Cvano
BT60Pa10BF4 2 1 P P Trichodesmium erythraeum y
BM8IMf5BC9 2 2 M B/P Lyngbya sp. NIH309
| r BM8IMf1BE11 2 1 M B nechococcus PCC7943
BT60Mf2BA4 2 1 M P rochlorothrix hollandica E
BM8IMf5BA5 3 2 M B/P  Phormidium ambiguum
BT49Mf4BG8 2 1 M P eubacterium Hstpl3 uncultured
BM8IMf1BB12 2 2 M B Odontella sinensis
BM8IMf1IBB8 6 3 M  B/P Skeletonema sp.
BT49Mf4BE2 3 2 M P Odontella sinensis .
BM89Pa1BbA2 3 1 P B Navicula salinicola PIaStld
L BM89Ds6BLF5 2 1 D B Chroothece richteriana
s BT6OM2BA3 3 1 M P Nemalionopsis tortuosa
BM89Pa1BbA3 5 1 P B Antithamnion sp.
L- BM89Mf5BB10 8 2 M B/P  Porphyra leucosticta chloroplast
BT60Pa10BA5 3 1 P P Palmaria palmata E
r BMBIMfIBA6 24 3 M/D B  Peptococcus-like sp.
L BT60Mf2BA8 2 1 M P Caulobacter sp.
r BT60Ds1BH7 6 2 D B/P Chondrus crispus E
L BT60Pa10BG7 2 1 P P Chondrus crispus M .t
BM89Pa1BbE12 4 1 P B Chondrus crispus ITo
BM89Mf1BF1 2 1 M B Chondrus crispus J

Fig. 4. Identity of bacterial ribotypes that appear more than once in the 16S rDNA libraries. The Neighbor-Joining tree was drawn

from a ClustalX alignment. The divisions were identified by including multiple representatives from the major microbial groups

in the original ClustalX alignment. The number of clones that each sequence represented is shown (Seq), as well as the number

of coral colonies (Col), the location (Loc; P = Panama, B = Bermuda) and coral species that the ribotype appeared on (Coral;

M = Montastraea franksi, D = Diploria strigosa, P = Porites astreoides). The closest named hit identified by a BLASTN search of

GenBank is also shown. For the non-plastid/mitochondrial sequences, an asterisk indicates that the top hit was to an uncultured
bacterium; in these cases the closest named bacterium was listed
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Fixed C Fixed C

ZOOX coraL )
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Nutrients
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Fig. 5. Proposed model of a coral colony as a holobiont con-
sisting of the coral animal, zooxanthellae and prokaryotes.
The holobiont would also include fungi (Bentis et al. 2000),
Protozoa (Toller et al. 2001), endolithic algae (Odum & Odum
1955, Shashar et al. 1997, Bentis et al. 2000) and unknown
components that have yet to be studied

Coral microbiotas and disease

Caribbean reefs have recently been decimated to an
unprecedented extent by disease (Goreau et al. 1998,
Richardson 1998, Harvell et al. 1999, Green & Bruck-
ner 2000). Microbiologists have consequently turned
their attention to potential pathogens of corals (re-
viewed in Richardson 1998). However, the limited
number studies of the normal bacterial associates of
healthy corals (Santavy 1995, Ritchie & Smith 1995,
Rohwer et al. 2001, Frias-Lopez et al. 2002) under-
mines our ability to understand the changes associated
with disease.

An important implication of the model presented in
Fig. 5 is that disrupting any 1 of these components
may cause physiological changes that result in coral
disease or death. The threats to coral reefs worldwide
give new urgency to understanding the nature of the
relationships between healthy corals and their associ-
ated prokaryotes. Characterizing these organisms and
documenting their patterns of distribution, as we have
begun to do here, is an essential first step.
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