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Microbial associations with corals are common and are most likely symbiotic, although their diversity and relationships with
environmental factors and host species remain unclear. In this study, we adopted a 16S rRNA gene tag-pyrosequencing technique to investigate the bacterial communities associated with three stony Scleractinea and two soft Octocorallia corals from
three locations in the Red Sea. Our results revealed highly diverse bacterial communities in the Red Sea corals, with more than
600 ribotypes detected and up to 1,000 species estimated from a single coral species. Altogether, 21 bacterial phyla were recovered from the corals, of which Gammaproteobacteria was the most dominant group, and Chloroflexi, Chlamydiae, and the candidate phylum WS3 were reported in corals for the first time. The associated bacterial communities varied greatly with location,
where environmental conditions differed significantly. Corals from disturbed areas appeared to share more similar bacterial
communities, but larger variations in community structures were observed between different coral species from pristine waters.
Ordination methods identified salinity and depth as the most influential parameters affecting the abundance of Vibrio, Pseudoalteromonas, Serratia, Stenotrophomonas, Pseudomonas, and Achromobacter in the corals. On the other hand, bacteria such as
Chloracidobacterium and Endozoicomonas were more sensitive to the coral species, suggesting that the host species type may be
influential in the associated bacterial community, as well. The combined influences of the coral host and environmental factors
on the associated microbial communities are discussed. This study represents the first comparative study using tag-pyrosequencing technology to investigate the bacterial communities in Red Sea corals.

T

he Red Sea, notable for its perennial high temperature and
salinity, is a unique and largely unexplored marine ecosystem.
An extensive area of 2,000 km of coral reef is found along the
coastline of the sea, from which approximately 200 coral species
were reported (42). Previous studies revealed diverse and abundant microbial populations in corals from a wide range of environments (8, 33, 62, 63, 64, 69). However, no in-depth survey of
microbial diversity has been carried out on Red Sea corals. It has
been suggested that corals provide ecological niches and nutrients
for the colonization of microbes (18, 77). In return, the associated
microbes could fix and cycle nitrogen, carbon, sulfur, and other
nutrients for their hosts (34, 41, 56, 61, 67, 72). They could also act
as a source of secondary metabolites to defend their hosts against
predation and microbial infection (12, 25).
In addition to investigating the function of this symbiotic relationship, ecologists have attempted to uncover the diversity and
variation in these microbial communities. Early studies on coralassociated microbes relied on culture techniques (17, 18). In 2001,
Rohwer et al. (64) were the first to employ culture-independent
molecular techniques to study coral-associated bacterial communities, and they discovered 75 bacterial ribotypes in the Caribbean coral Montastraea franksi. Since 2004, about 1,000 distinct microbial ribotypes covering 16 bacterial divisions have
been recovered from corals (61). In a more recent study,
Mouchka et al. (50) analyzed 6,774 16S rRNA gene sequences
that were retrieved from 32 coral microbial ecology studies and
reported that healthy and bleached corals harbored similar
dominant taxa, while certain genera were found to be more
abundant in bleached/diseased corals.
The accumulation of information on coral-derived microbial
sequences has sparked a controversial debate on the nature and
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specificity of coral-associated microbes. The sequencing of over
1,000 bacterial 16S rRNA genes from three massive coral species,
M. franksi, Diploria strigosa, and Porites astreoides, from Panama
and Bermuda revealed unique bacterial communities for each
coral species but found that geographically separate conspecific
corals shared similar communities, supporting the argument for a
conserved coral-microbial consortium (64, 65). Bourne and
Munn (8) further found that different individuals of the coral
Pocillopora damicornis harbored a small uniform microbial population that was absent from the surrounding seawater and coral
mucus. Recently, Hong et al. (30) reported high species specificity
in the bacterial communities associated with corals from the Caribbean Sea. These studies suggest that coral-associated microbial
communities are most likely coral species specific (62). In contrast, however, recent studies have found that the communities
may shift in response to environmental conditions (7, 35, 45, 52,
80). Using a combination of molecular techniques, Webster and
Bourne (80) studied the bacteria associated with the Antarctic soft
coral Alcyonium antarcticum and found that they resembled those
from the Antarctic seawater and sponges. In 2008, Neulinger and
colleagues (52) suggested that colors and sampling sites of the
cold-water coral Lophelia pertusa from Norway could affect the

Received 5 April 2012 Accepted 20 July 2012
Published ahead of print 3 August 2012
Address correspondence to Pei-Yuan Qian, boqianpy@ust.hk.
Supplemental material for this article may be found at http://aem.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.01111-12

Applied and Environmental Microbiology

p. 7173–7184

aem.asm.org

7173

Lee et al.

FIG 1 Maps showing the sampling locations. Site 1 was outside but close to (1.6 km) the mouth of Sharm Obhur, while site 2 was located within the sharm, 1.2
km inside its mouth and 9 km from its head. Site 3 was about 50 km northwest of the sharm mouth and was an open-water coral reef named Abu Madafi Reef.

associated microbial communities. In a more recent study, Littman and coworkers (45) showed that location plays a more crucial
role than coral species in the bacterial composition in three acroporid corals from the Great Barrier Reef. Variation of the associated bacterial communities with time as opposed to coral species
was also demonstrated in corals from Western Australia (13). The
nature and specificity of microbial communities in corals are not
yet clearly understood, and a more comprehensive survey is required.
The inconsistency of the findings on the specificity of coralassociated microbial communities may be due to differences in
the methods employed. All methods have certain biases and thus
may have failed to capture a complete picture of the microbial
communities. The development of high-throughput pyrosequencing technology has revolutionized the traditional cloning
and capillary Sanger sequencing technique (6, 48, 66, 68). Using
such a sequencing technique combined with barcoded PCR primers, Sogin and coworkers concluded that the genetic diversity,
community composition, relative abundance, and distribution of
microbes in the natural environment remain undersampled (73).
In 2010, Sunagawa et al. (74) were the first to employ the 454
sequencing technique to explore the microbial diversity in the
Caribbean corals and found that corals of the same genus or family
harbored similar bacterial communities. However, at higher taxonomic levels, the correlation of similar bacterial communities
with phylogenetically closely related corals was not evident. This
result led to the questioning of the evolutionary stability of coralmicrobial associations. In this study, we used the same sequencing
technique to study the microbial communities associated with
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corals from the Red Sea. We compared bacterial communities
associated with different species of corals from different locations
to understand the specificity of such associations and the impact
of environmental conditions on the communities.
MATERIALS AND METHODS
Sample collection, environmental-parameter measurement, and identification of corals. Five different coral species were collected from three
different locations along the Red Sea coast of Saudi Arabia by snorkeling
or scuba diving in April 2009 (Fig. 1 and Table 1). Sites 1 and 2 were close
to the mouth of Sharm Obhur (1.6 km from the mouth and 1.2 km inside
the mouth, respectively). The sharm continuously receives sewage discharge from anthropogenic and domestic sources along its two sides (personal observation). Therefore, these two sites were considered “disturbed” sites. Site 3 was about 50 km northwest of the sharm mouth and
10 km from the coastline. It sat in an open-water coral reef (named Abu
Madafi Reef) and represented an apparently “pristine” area. At each sampling location, 3 different individual colonies for a single coral species
were detached from the substrata at the basal plate using a hammer and
chisel and immediately transported back to the laboratory in sterile plastic
bags with seawater. CITES (Convention on International Trade in Endangered Species) permits for collecting Pocillopora verrucosa and Stylophora
pistillata were obtained from the Department of Permits, Commission for
Wildlife Conservation and Development (permit numbers 09-SA00289-CO and 09-SA-00291-CO; Riyadh, Kingdom of Saudi Arabia). Environmental parameters were measured (three replicated readings) on site
by using a multiparameter water quality sonde (YSI 6600 Sonde), and 1
liter of seawater (for the three replicates) was collected at each site for
subsequent nutrient analysis in the laboratory by using a TOC (total organic carbon) device (TOCV-CPH, Shimadzu, Japan) and a nutrient analyzer (Skalar 4000, Breda, The Netherlands) following the manufactur-
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TABLE 1 Coral species collected from different locations along the coast of the Red Sea
Site

Location

Depth (m)

Coral species

Coral type

Sample identifier

1

21°42.32=N, 39°04.23=E

15

2

21°42.64=N, 39°05.69=E

8.0

3

22°03.66=N, 38°46.07=E

19

Pocillopora verrucosa
Astreopora myriophthalma
P. verrucosa
Sarcophyton sp. 1
Sarcophyton sp. 2
P. verrucosa
Sarcophyton sp. 1
A. myriophthalma
Stylophora pistillata

Stony
Stony
Stony
Soft
Soft
Stony
Soft
Stony
Stony

S1-Pv
S1-Am
S2-Pv
S2-Sa-I
S2-Sa-II
S3-Pv
S3-Sa-I
S3-Am
S3-Sp

ers’ protocols. Heavy metal contents in sediments collected from each
sampling location were measured. Briefly, 0.25-g freeze-dried samples
were digested with 2 ml of 75% nitric acid and 6 ml 37% hydrochloric
acid, using the microwave assistant method (Environmental Protection
Agency [EPA] method 3051; 175°C; 10 min) (77). The digested samples
were measured with a Perkin Elmer atomic absorption analyzer (AAS
800) for Cd, Zn, Cu, Pb, and As. A CETAC QuickTrace Mercury Analyzer
measured total Hg. One-way analysis of variance (ANOVA) was performed to test if there was a significant difference in any of the measured
parameters among sites. Nonparametric Kruskal-Wallis one-way
ANOVA was performed with ranked data when the data failed to pass the
Shapiro-Wilk normality and equal variance tests. Hard-coral specimens
were identified based on colony morphological characteristics and the
structure and size of the sclerites, whereas soft-coral specimens were identified by the 18S rRNA gene sequence (Table 1; see Fig. S1 in the supplemental material).
Extraction of microbial community DNA. Upon arrival at the laboratory, the coral specimens were flushed thoroughly with 0.22-m-filtered seawater to remove loosely attached bacteria and mucus from the
surface. The coral specimens were homogenized with a sterile mortar, and
then about 0.5 ml (measured by water displacement) of coral homogenates from each replicate was frozen in 0.8 ml of extraction buffer (100
mM Tris-HCl, 100 mM Na2-EDTA, 100 mM Na2HPO4, 1.5 M NaCl, 1%
CTAB [cetyltrimethylammonium bromide], pH 8) for community DNA
extraction. The total genomic DNA was extracted according to the modified SDS-based method described by Lee et al. (39) and purified with a
Mo Bio soil DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA).
The quality and quantity of the DNA were checked with a NanoDrop
spectrophotometer (ND-1000; NanoDrop). Purified DNA samples were
kept at ⫺20°C for future use.
PCR amplification of the 16S rRNA gene and pyrosequencing of barcoded amplicons. As DNA fingerprinting terminal restriction fragment
length polymorphism (TRFLP) analysis revealed similar microbial communities among the replicates (see Fig. S2 in the supplemental material),
equal amounts of DNA from the three replicates were pooled for PCR to
generate the 16S rRNA gene amplicons. Pooling DNA from different replicates for subsequent PCR can reduce intrasample variations (70). Different samples were PCR amplified using primers with unique barcodes. A
set of primers was designed by adding a 6-nucleotide (nt) barcode unique
to each sample (see Table S1 in the supplemental material) to the universal
forward primer U341F (5=-CCTACGGGRSGCAGCAG-3=) and the reverse primer R685 (5=-ATCTACGCATTTCACCGCTAC-3=). The primers targeted amplification of the hypervariable regions V3 and V4 of the
16S rRNA gene. For a 100-l PCR mixture, 5 units of Pfu Turbo DNA
polymerase (Stratagene, La Jolla, CA), 1⫻ Pfu reaction buffer, 0.2 mM
deoxynucleoside triphosphates (dNTPs) (TaKaRa, Dalian, China), 0.1
M each barcoded primer, and 20 ng of genomic DNA template were
used. PCR amplification was carried out on a thermocycle controller (MJ
Research Inc., Bio-Rad) with the following program: initial denaturation
at 94°C for 5 min; 26 cycles at 94°C for 30 s, 53°C for 30 s, and 72°C for 45
s; and final extension at 72°C for 6 min. The PCR products were purified
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using the TaKaRa Agarose Gel DNA Purification Kit (TaKaRa, Dalian,
China) and quantified with the NanoDrop device. A mixture of the PCR
products was prepared by mixing 200 ng of the purified 16S amplicons
from each coral sample and then pyrosequenced on the Roche 454 FLX
Titanium platform at the Chinese National Human Genome Centre in
Shanghai, China. To evaluate intrasample variations in the bacterial communities, the 16S rRNA gene amplicons were generated using DNA from
one randomly chosen replicate for each sample and pyrosequenced as
described above.
Calculation of species richness and taxonomic assignment of pyrosequencing reads. The pyrosequencing data were deposited in the NCBI
Sequence Read Archive (SRA) database with the accession number
SRA012656. The downstream bioinformatics analysis was performed using QIIME 1.3.0 (11). The following quality control criteria were enforced: (i) exclusion of reads with one or more ambiguous nucleotides,
(ii) exclusion of reads shorter than 150 bp, (iii) exclusion of reads containing homopolymers of 6 bp and above, and (iv) application of a quality
window of 50 bp with an average flowgram score of 25. Reads were assigned to their respective samples according to their barcodes and then
subjected to a second round of quality control using Denoiser (58). Qualified reads were clustered using uclust (20) and then assigned to operational taxonomic units (OTUs) at 97% similarity. Representatives of the
most abundant reads were selected from each OTU for subsequent analysis. Representative OTUs were de novo aligned using MUSCLE (19), and
a phylogenetic tree was produced using fasttree (54). Representative
OTUs were also aligned using PyNAST (10) with the Silva108 database as
a reference. Successfully aligned reads were fed into ChimeraSlayer (24) to
identify and discard chimeric reads. Species diversity, richness, and rarefaction curves were computed at 97% similarity as part of QIIME’s alpha
diversity pipeline. Beta diversity analysis was conducted after rarefying the
samples at the smallest library. A step size of 100 was used, with 100
repetitions at each step. Taxonomy assignment was conducted using the
Ribosomal Database Project (RDP) classifier version 2.2 (79) against
Silva108 (55) with a bootstrap confidence level of 50%. The numbers of
reads assigned to different genera were converted into percentages, which
served as the input for Cluster3 (16). A divergence of greater than 0.5%
was used to filter out genera with small differences among the samples.
The remaining genera were further normalized and centered by the mean.
The complete linkage method with a metric of correlation (uncentered)
was used to generate a hierarchical cluster, which was then passed to the
Java Treeview module in Cluster3 to generate a heat map.
Comparison of coral-associated microbial communities and their
relationship with the environment. The similarity among different microbial communities was determined by similarity matrices generated
based on the phylogenetic distances among all qualified reads (i.e.,
UniFrac distance [46, 47]) and displayed with Jackknife-supported unweighted-pair group method using average linkages (UPGMA) clustering
implemented in the QIIME pipeline.
The correlations between bacterial assemblages, coral species type, and
sampling sites (i.e., environmental factors) were analyzed by ordination
methods using the software Canoco (version 4.5; Microcomputer Power)
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TP (g/liter)

39.15 ⫾ 0.01
39.21 ⫾ 0.01
39.57 ⫾ 0.01
26.00 ⫾ 0.01
26.79 ⫾ 0.01
25.80 ⫾ 0.01
15
8
19
1
2
3

a
Temperature (Temp), salinity (Sal), DO, pH, turbidity, and Chl a content were measured with a YSI 6600 Sonde; TOC and TC were measured with a TOC machine; and TN, nitrate, ammonium, and TP were measured with a
nutrient analyzer. The data presented are means ⫾ 1 standard deviations of 3 measurements. One-way ANOVA detected significant differences (P ⬍ 0.05) in all parameters except NO3 and TP among sites. NTU, nephelometric
turbidity units.

1.256 ⫾ 0.14
1.195 ⫾ 0.08
0.888 ⫾ 0.03
0.210 ⫾ 0.09
0.116 ⫾ 0.01
0.126 ⫾ 0.02
0.496 ⫾ 0.03
0.192 ⫾ 0.00
0.124 ⫾ 0.01
30.39 ⫾ 0.22
28.92 ⫾ 1.37
26.58 ⫾ 0.18
3.591 ⫾ 0.27
2.247 ⫾ 0.20
1.767 ⫾ 0.20
0.50 ⫾ 0.00
0.33 ⫾ 0.06
0.23 ⫾ 0.06
0.233 ⫾ 0.23
0.833 ⫾ 0.06
1.233 ⫾ 0.06
7.62 ⫾ 0.01
7.80 ⫾ 0.01
7.89 ⫾ 0.02

NH4
(mg/liter)
TN
(mg/liter)
TC
(mg/liter)
TOC
(mg/liter)
Chl a
(g/liter)
Turbidity
(NTU)
pH
DO
(mg/liter)
Sal (ppt)
Temp (°C)
Depth
(m)
Site

TABLE 2 Environmental parameters at the sampling locationsa

Environmental parameters at the study sites. Coral samples were
collected from different depths, ranging from shallow water at 8.0
m to deeper water at 19 m, at three locations along the coast of the
Red Sea in Saudi Arabia (Fig. 1 and Table 1). All environmental
parameters, except nitrate and total phosphorus (TP), showed a
significant difference among the sites (one-way ANOVA; P ⬍
0.05) (Table 2). Site 1 appeared to be the least turbid (with the
highest visibility), yet it had the highest values for total organic
carbon (TOC), total nitrogen (TN), nitrate, and ammonium,
whereas site 3 was the most turbid and was characterized by a
generally low nutrient content. In addition, the heavy metal contents in the sediments from different sites also varied significantly
(P ⬍ 0.01) (Table 3). The sediment from site 2 had the highest
copper, lead, arsenic, and mercury contents, ranging from 40 ng/g
to 4 g/g, while sediment from sites 1 and 2 contained a high level
of zinc (⬎9 g/g) (Table 3). In contrast, the levels of zinc, copper,
lead, arsenic, and mercury were lowest in the sediment from site 3.
Diversity and composition of coral-associated bacterial
communities. Quality filtering recovered a total of 43,579 reads
(average number of reads per sample, 4,842; average read length,
364 bp) from pyrosequencing of the mixture of PCR amplicons of
the pooled DNA. The number of OTUs and estimated species
richness at a 3% dissimilarity level are listed in Fig. 2 (see Table S2
in the supplemental material). The highest number of OTUs was
found in Sarcophyton sp. 2 from site 2 and the lowest in Astreopora
myriophthalma from sites 1 and 3 (Fig. 2). The same species of
corals from different locations showed varying degrees of bacterial
diversity, and there was not a significant correlation between species diversity (i.e., the number of OTUs, diversity index, or species
richness) with the coral species type or sampling site (Pearson
correlation; P ⬎ 0.05).
At a confidence threshold of 50%, 42,409 out of the 43,579
qualified bacterial reads (i.e., 97.3%) could be assigned to a known
phylum using the QIIME analysis pipeline. Twenty-one phyla
were recovered from the coral-associated bacterial communities,
with an average of 96.2% of the qualified reads affiliated with
seven ubiquitous phyla, including Proteobacteria, Actinobacteria,
Bacteroidetes, Cyanobacteria, Chloroflexi, Deinococcus-Thermus,
and Firmicutes (Fig. 3A). The proportions of these seven ubiquitous phyla varied among different coral species from different
sites, yet Proteobacteria was always the most dominant and constituted 63 to 95% of the qualified bacterial reads in all of the coral
samples. For the pyrosequencing run of one randomly chosen
replicate, 184,978 reads (average length, 368 bp) were retrieved,
and 182,142 (i.e., 98.8%) were assigned to 19 different phyla (see
Fig. S3a in the supplemental material). RDP classifier revealed a
similar observation that a large proportion of classified reads was
affiliated with Proteobacteria, followed by Actinobacteria (see Fig.
S3a in the supplemental material). Using the same threshold con-

NO3
(mg/liter)

RESULTS

6.64 ⫾ 0.01
6.72 ⫾ 0.02
5.70 ⫾ 0.02

(9). For both constrained and unconstrained ordination methods, the
percentage abundance data of bacterial groups (at the genus level) in each
library were used as the species input, and the environmental variables
(both coral species type and environmental parameters) were log transformed and served as the environmental input. The significance tests of
Monte Carlo permutations were used to build the optimal models of the
microbe-environment relationship (40).
Nucleotide sequence accession numbers. The 18S rRNA sequences
were deposited in GenBank with accession numbers HM067604 to
HM067613.

2.29 ⫾ 0.001
3.01 ⫾ 0.005
1.58 ⫾ 0.003
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TABLE 3 Heavy metal content in the sediments collected from each sampling locationa
Site

Cd (g/g)

Zn (g/g)

Cu (g/g)

Pb (g/g)

As (g/g)

Hg (ng/g)

1
2
3

0.035 ⫾ 0.007
0.024 ⫾ 0.005
0.027 ⫾ 0.004

10.0 ⫾ 0.6
9.0 ⫾ 0.6
5.3 ⫾ 0.4

0.69 ⫾ 0.09
1.44 ⫾ 0.09
0.65 ⫾ 0.20

0.93 ⫾ 0.15
2.74 ⫾ 0.29
0.49 ⫾ 0.06

1.5 ⫾ 0.6
4.2 ⫾ 0.3
1.4 ⫾ 0.8

3.7 ⫾ 0.9
40.4 ⫾ 9.4
3.2 ⫾ 0.3

a

The data presented are means ⫾ 1 standard deviation of 3 measurements. One-way ANOVA detected significant differences (P ⬍ 0.01) in all measured heavy metals among sites.

fidence level, the bacterial reads were further classified down to the
order level, and substantial variations in the bacterial communities associated with corals from different sites were observed (Fig.
3B; see Fig. S3b in the supplemental material). For instance, corals
from sites 1 and 2 were dominated by the Gammaproteobacteria,
with a majority belonging to the order Enterobacteriales for both
pyrosequencing runs, whereas corals from site 3 contained varying proportions of Vibrionales, Alteromonadales, and Pseudomonadales in the Gammaproteobacteria and Burkholderiales in the Betaproteobacteria. The compositions of the bacterial communities
in the same coral species from disturbed and pristine areas also
differed substantially, as exemplified by the comparison of P. verrucosa, A. myriophthalma, and Sarcophyton sp. 1 from sites 1 and 3
Furthermore, large variations were found in the communities in
different pyrosequencing runs of samples from site 3.

FIG 2 Similarity-based OTUs, species diversity (Shannon and Simpson indices), and richness estimate (Chao1) of the coral-associated bacterial communities at a dissimilarity level of 3%. The data presented are based on data sets
normalized by the smallest library size (i.e., 2,165 reads). See Table 1 for sample
identifiers. The number of qualified reads for each sample and nonnormalized
data are listed in Table S2 in the supplemental material.
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Further classification at the genus level indicated that the bacterial communities associated with corals from sites 1 and 2, except for Sarcophyton sp. 2, were heavily loaded with Serratia, Achromobacter, Stenotrophomonas, and Pseudomonas, whereas those
from site 3, except for A. myriophthalma, were dominated by
Vibrio, Tenacibaculum, Photobacterium, and Alteromonas (Fig. 4).
Sarcophyton sp. 2 from site 2 showed a relatively high abundance
of Anoxybacillus, Marinobacter, Aestuariibacter, Chryseobacterium, Colwellia, Lutibacter, Rhodococcus, Tsukamurella, and Lactococcus. A BLAST search for the closest matches of the 10 most
abundant OTUs for each coral sample also revealed dominance of
Serratia and Achromobacter-like bacteria in corals from sites 1 and
2, whereas corals from site 3 contained a large number of Vibrio
bacteria (see Table S3 in the supplemental material).
Comparison of coral-associated bacterial communities and
their relationship with the environment. A UniFrac distancebased Jackknife cluster was computed to compare the similarities
of the microbial communities among different coral species from
different ecological habitats (Fig. 5). The bacterial communities
associated with corals from site 3, regardless of the coral species,
generally clustered together, indicating high degrees of similarity
among them, and this cluster was well separated from another
cluster formed by the samples from sites 1 and 2, suggesting a
substantial dissimilarity of the bacterial communities in these
samples compared with those associated with corals from site 3.
Cluster analysis also showed that corals of the same species did not
share the highest similarity in terms of the composition of associated microbes, as corals of the same species did not always form
close, distinct clusters. A similar observation was made from the
heat map that was generated based on taxonomic assignment at
the genus level (Fig. 4).
Ordination methods were used to examine the relationships of
bacterial community composition with coral species, sampling
site, and environmental parameters. Detrended correspondence
analysis (DCA) was first applied to determine the lengths of gradients, which indicated that the species data set represented a linear model. DCA showed that the measured environmental parameters correlated better with major bacterial genus composition
(r ⫽ 0.874) than did the coral species (r ⫽ 0.413). Redundancy
analysis (RDA) was then performed as a direct gradient analysis to
study the relationship of coral species and bacterial community
composition. The results indicated that 35.6% of the variance in
bacterial community composition could be explained by the coral
species while 15.3% and 8.8% of the variance were explained by
the first and second axes, respectively (see Table S4 in the supplemental material). The first axis separated the bacterial communities in A. myriophthalma and Sarcophyton sp. 1 from the rest of the
coral species, while the second axis separated those in A. myriophthalma and P. verrucosa from the others (Fig. 5). RDA showed a
strong positive correlation of Chloracidobacterium and Leucothrix
with A. myriophthalma but a strong negative correlation of Endo-
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FIG 3 Taxonomic classification of bacterial reads retrieved from pooled DNA amplicons from different coral species into phylum (A) and order (B) levels using
the RDP classifier. A confidence threshold of 50% was applied for classification. See Table 1 for sample identifiers.

zoicomonas and Synechococcus with the coral (Fig. 6a). Similarly,
the genera Pseudoalteromonas, Alteromonas, and Salinimonas were
positively correlated with the coral S. pistillata, while Glaciecola
was positively correlated with Sarcophyton sp. 2 (Fig. 6A). RDA
was also performed to study the relationship of environmental
parameters with bacterial community composition. The results
indicated that up to 43.3% of the variance could be explained by
the environmental parameters measured in this study; a majority
(35%) could be explained by the first axis and the rest (8.3%) by
the second axis (see Table S4 in the supplemental material). Both
the first and second axes showed good correlation with environmental data (r ⬎ 0.874) (see Table S4 in the supplemental mate-
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rial). Automatic forward selection was then performed to build a
parsimonious model that identified salinity, followed by depth, as
the most influential environmental parameters out of all those
measured that significantly contributed to the variations in bacterial community composition (P ⬍ 0.05). Strong negative correlation was found for depth with TP and temperature (⫺0.9902 ⬍ r ⬍
⫺0.9887) (see Table S5 in the supplemental material), while dissolved oxygen (DO), total carbon (TC), and NH4 were highly
negatively correlated with salinity (r ⬍ ⫺0.9715) (see Table S5 in
the supplemental material). A triplot illustrating the relationship
between major bacterial genera and these seven environmental
parameters showed that Vibrio, Pseudoalteromonas, Photobacte-
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FIG 4 Heat map showing the relative abundances and distributions of representative 16S rRNA gene tag sequences classified at the genus level. A divergence
setting of ⬎0.5% was used to filter out genera with small differences among the samples. The normalized data were centered by mean and clustered using the
complete linkage method and a metric of correlation (uncentered). The color code indicates differences of the relative abundance from the mean, ranging from
green (negative) through black (the mean) to red (positive). See Table 1 for sample identifiers.
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FIG 5 UniFrac distance-based Jackknife clustering of bacterial communities
associated with different coral species from different sampling locations. The
numbers at the nodes show the Jackknife support values based on 100 random
resamplings. See Table 1 for sample identifiers.

rium, Bermanella, and Salinimonas were highly positively correlated with salinity (Fig. 6B). In contrast, Serratia, Stenotrophomonas, and Pseudomonas were negatively correlated with salinity and
depth but positively correlated with TC, DO, and NH4. In addition, positive correlations were found for Achromobacter and
Staphylococcus with temperature and TP (Fig. 6B). When combining the influence of environmental parameters and coral species
type, up to 81.9% of the variance in the bacterial communities
could be explained, and the best correlation was observed (see
Table S4 in the supplemental material).
DISCUSSION

The development of a coral-microbe association is a dynamic process possibly affected by a combination of intrinsic and external
factors. Intrinsic factors may include the vertical transmission of
microbial symbionts from parent to daughter cells (26, 28, 29, 71)
and the selective acquisition of microbes from the surrounding
environment by defined mechanisms in corals at different developmental stages (2, 4, 28), leading to coral-species-dependent microbial consortia (62, 64, 65). External factors, such as temperature, elevated nutrient levels, dissolved organic carbon load, and
reduced pH, can create stressful conditions that change coralassociated microbial communities (78). In this study, we observed
the combined effect of environment and species type on microbial
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FIG 6 RDA ordination plots showing the relationships of coral-associated
bacteria with coral species and environmental parameters at different sites. (A)
Biplot showing the relationship between coral species and bacterial genus
compositions. See Table 1 for sample identifiers. (B) Triplot showing the relationship between environmental parameters, sampling sites, and bacterial
genus compositions. Correlations between environmental variables and the
first two RDA axes are represented by the lengths and angles of the arrows
(environmental-factor vectors). Automatic forward selection with Monte
Carlo permutation tests was applied to build the parsimonious model, which
included temperature (Temp.), salinity, depth, TC, ammonium (NH4), and
TP, explaining the variance in the bacterial communities. The environmental
variables were checked to minimize colinearity in the analyses.

communities associated with the corals we collected from the Red
Sea.
Relationship of coral-associated microbial communities
with environment and coral species. Due to differences in depth
and turbidity, the collection sites differed in light penetration,
with the highest levels occurring at site 1 and the lowest at site 3. In
comparison with site 3, sites 1 and 2 were relatively disturbed areas
with a high nutrient content, particularly total nitrogen and phosphorus. This may be attributed to sewage discharge from anthropogenic and domestic sources along Sharm Obhur (Fig. 1). The
high nutrient content, together with sufficient light supplies at
these sites due to their low turbidity, possibly promoted the
growth of phytoplankton, which would explain the increase in
chlorophyll a (Chl a). Site 3 (Abu Madafi Reef) had the lowest
nutrient content and primary productivity of all three sites, possibly due to its open-ocean setting and limited nutrient supply.
Albarakati (1) found a progressive decrease in surface salinity
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from the head to the mouth of the sharm, possibly reflecting the
dilution impact of local discharges inward from the sharm. Measurements of stable nitrogen isotopes (␦15N) in antipatharians at
the middle of Sharm Obhur in June and July 2007 reflected rapid
development and potential contamination by sewage discharges
around the sharm over the previous 2 decades (59, 60). This may
lend support to the relatively high nitrogen loads at site 2 found in
the present study. Although our measurement of several environmental parameters in the seawater collected in this study is a snapshot, it may not necessarily indicate a year-round status for a given
site. The high levels of heavy metals detected in the sediments
from sites 1 and 2 compared with those from site 3 probably reflect
long-term pollution in the sharm area. Site 3 is obviously more
pristine than sites 1 and 2. Multiple sampling and measurements
of water quality at different sites should improve the correlation
between the environmental settings and the coral-associated microbial communities.
Many previous studies attempted to investigate the effects of
environmental parameters on microbial density, diversity, and
composition in a wide range of environments (15, 21, 27, 31, 32,
35, 49, 57). They generally agreed that environmental factors, particularly temperature and salinity, could shift the microbial communities there and thus supported the Bass-Becking hypothesis of
“everything is everywhere, but the environment selects” (3a).
However, a study investigating the bacterial community in the
surface mucus layer of the reef coral Montastraea faveolata using
denaturing gradient gel electrophoresis (DGGE) (23) did not find
a strong correlation between bacterial community structure and
any of the measured water quality parameters, including temperature, salinity, turbidity, DO, and Chl a, E. coli, fecal, nitrate, and
phosphate concentrations. This is probably due to the low sensitivity and resolution of DGGE in revealing microbial diversity and
community structure (51). In a recent study, which specifically
surveyed the pathogenic vibrios in water, sediment, and oysters
(31), the authors observed significant correlations of different
Vibrio species with temperature, salinity, Chl a level, and turbidity, suggesting niche-based differences in their abundances. Given
the differences in environmental settings among the sampling
sites in this study, we hypothesized that different microbes associated with corals from different sites. With improved sensitivity
and resolution using the tag-pyrosequencing technique, our data
partially supported our hypothesis and showed that the bacterial
communities associated with corals from site 3 were apparently
different from those in sites 1 and 2 (Fig. 3 and 4). Vibrio, Pseudoalteromonas, Photobacterium, Bermanella, and Salinimonas were
found to be more abundant in corals from site 3, where salinity
was relatively high (Fig. 4). In contrast, Serratia, Stenotrophomonas, and Pseudomonas were more dominant in corals from sites 1
and 2 (Fig. 4), where salinity was comparatively low but TC, DO,
and NH4 levels were high (Table 2). Their correlations with these
environmental parameters were nicely supported by RDA (Fig.
6B). Furthermore, Achromobacter and Staphylococcus were more
abundant in corals from site 2, where the temperature and TP
were relatively high (Table 2). Similarly, these genera showed positive correlation with temperature and TP (Fig. 6B). These results
suggested that the occurrence of certain genera in different corals
at different sites was likely regulated by external environmental
parameters.
On the other hand, previous studies also showed that coralassociated microbial communities could be coral species depen-
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dent (62, 64, 65). Our results from ordination methods partially
supported this, as about 1/3 of the variance in the bacterial community could be explained by the coral species (see Table S4 in the
supplemental material) and the abundance of certain genera; for
instance, Chloracidobacterium was highly correlated with the coral
species, particularly with A. myriophthalma (Fig. 6A). However,
our results also suggested that sites (characterized by environmental parameters), rather than coral species, were the primary determining factors in shaping the bacterial communities, as the communities clustered with respect to site rather than to coral species
(Fig. 4 and 5). Furthermore, ordination methods indicated that
environmental parameters had better correlation with bacterial
genus composition and explained more variance than did the
coral species (see Table S4 in the supplemental material). Compared to the two more disturbed sites, larger variations in bacterial
composition were found in corals from site 3 (Fig. 3B; see Fig. S3b
in the supplemental material), where the environment was more
pristine. Many of the abundant genera found in corals from this
site, such as Synechococcus, Alteromonas, and Salinimonas, showed
good correlation with coral species (Fig. 6A). This may suggest
that the bacterial communities are more sensitive to the coral species or even to individual corals in more pristine environments.
Neither the coral species nor the environmental parameters could
be removed from the model, as each of them explained certain
degrees of variation in bacterial community structure and combining both gave the best correlation and highest variance explained (see Table S4 in the supplemental material). Nevertheless,
it should be noted that only 89.1% of the variation could be explained by the environmental factors that we assessed. The rest of
the variation may be due to some other factors that we have not
investigated in this study.
Closer investigation of the bacterial communities at a higher
resolution revealed that corals from sites 1 and 2 contained a large
number of Serratia bacteria (Fig. 4). Although this genus is ubiquitous in water, a few members have been reported to be fecesderived pathogens associated with white pox disease in the Caribbean elkhorn coral Acropora palmata (44, 53, 76). Similarly, the
bacterial genus Vibrio was abundant in corals from site 3 (Fig. 4).
This genus consists of a huge number of species with a wide range
of bioactivity. Although the majority of the members of the genus
are harmless to corals, some previous studies have reported that
certain Vibrio species can induce coral bleaching (37, 38) and are
pathogenic (75). Some of them might be related to black band
disease or yellow blotch/band disease in corals (3, 5, 14). Although
there is no record of disease outbreak in the studied locations so
far and the corals collected in this study did not show any signs of
disease or bleaching, a deeper phylogenetic study might help identify Serratia and Vibrio at the species level and determine the potential threat to their hosts.
Coral-associated microbial communities revealed by tag pyrosequencing compared with other studies. The number of ribotypes detected in a single species of corals in our study ranged
from 119 to 631, with richness estimates of up to 1,000 species
(Fig. 2; see Table S2 in the supplemental material). In a similar
study that pyrosequenced the V6 hypervariable region, up to 2,000
bacterial OTUs with species estimates of up to 4,000 were detected
from seven corals collected from the Caribbean Sea (74). The tagpyrosequencing approach reveals a far better-resolved representation of microbial communities associated with corals, with extremely wide coverage, than do the traditional cloning and
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sequencing techniques, which typically recover fewer than 50 bacterial ribotypes from a single coral species (52, 65, 80, 82). In
comparison with the results of Sunagawa et al. (74), this study
revealed lower bacterial diversity in corals from the Red Sea than
in those from the Caribbean Sea. This difference may be due to
differences in PCR primer selection, OTU calculation, sequencing
depth, coral species, and environmental factors between the two
studies. Future studies involving deeper sequencing of multiple
individuals of the same coral species from different environments
should help further resolve the roles of host and environmental
factors in shaping microbial communities in corals.
Altogether, 21 bacterial phyla were detected in our corals,
many of which have been reported in corals around the world,
ranging from tropical and subtropical to Antarctic environments
(43, 52, 65, 80, 81, 82). We recovered all of the major phyla previously reported in corals, including Proteobacteria (particularly
Gammaproteobacteria), Actinobacteria, Cyanobacteria, and Firmicutes. Additionally, this is the first report of a consistent occurrence of Deinococcus-Thermus and Chloroflexi in all of the coral
species investigated in this study (Fig. 3A; see Fig. S3a in the supplemental material). The consistent occurrence and ecological
function of these groups in our Red Sea corals warrant further
confirmation and investigation. It has been reported that a large
number of bacteria populate the mucus of corals (18, 35, 81),
many of which are thought to be commensal associates. However,
these microbes were excluded from this study, as we were unable
to differentiate the true associates (considered symbionts) from
the transients (contaminants) in the water column. Further study
of microbial communities in the surrounding seawater and mucus
may enable us to study their interrelationships with those in tissues and to enrich our knowledge of the diversity of coral-associated microbes.
Conclusion. In this study, the bacterial communities associated with three different species of corals from disturbed areas
were more similar to each other (more homogeneous) than those
from pristine areas, where the communities appeared to be more
coral species dependent. Salinity and sampling depth, which were
highly correlated with temperature, were found to be the most
influential environmental parameters among those measured in
driving the variations observed in the bacterial community compositions. In particular, these factors exerted a strong influence on
the genera Vibrio, Pseudoalteromonas, Serratia, Stenotrophomonas,
Pseudomonas, and Achromobacter, while the genera Chloracidobacterium and Endozoicomonas appeared to be more sensitive to
the coral species. We must emphasize that generalizations about
how coral-associated microbial communities are regulated and
respond to the host and environment based on our observations
are tenuous, because not all coral species were found in all sampling locations and only a limited number of coral species were
included. It would be ideal to sample the same coral species in an
undisturbed area with similar depth and geographic setting for
comparison. Nonetheless, the natural distribution of coral populations is beyond our control, although every attempt was made to
sample as many coral species as possible in the vicinity. In addition, our observations were based on a one-time sampling, which
did not address the possible influence of temporal factors on microbial communities. Some environmental parameters, such as
temperature and salinity, can fluctuate drastically over time, and
differences in microbial populations could be a result of factors
other than those we have analyzed. A larger-scale sampling, pref-
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erably global, that maximizes the number of host species, sampling sites, and sampling times for comparison and long-term
measurements of environmental conditions is definitely needed
to untangle the relationship between corals and associated microbes and to make generalization possible. Furthermore, although amplicon pyrosequencing has been widely used to analyze
microbial community structure, caution must be exercised in experimental design and data analysis and interpretation due to the
potential problems of this sequencing technique, including random sequencing, low reproducibility, and overestimation of the
true diversity (22, 36, 83). However, our study did suggest a highly
complex interaction between environmental parameters and
coral species in the bacterial communities in our Red Sea corals
and emphasized the need for considering both, and perhaps other
factors, when assessing the specificity of coral-associated microbial communities in other species and habitats in future studies.
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