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Abstract Coral health is under threat throughout the world
due to regional and global stressors. White plague disease
(WP) is one of the most important threats affecting the major
reef builder of the Abrolhos Bank in Brazil, the endemic
coral Mussismilia braziliensis. We performed a metagenomic analysis of healthy and WP-affected M. braziliensis
in order to determine the types of microbes associated with
this coral species. We also optimized a protocol for DNA
extraction from coral tissues. Our taxonomic analysis

revealed Proteobacteria, Bacteroidetes, Firmicutes, Cyanobacteria, and Actinomycetes as the main groups in all
healthy and WP-affected corals. Vibrionales, members of
the Cytophaga–Flavobacterium–Bacteroides complex,
Rickettsiales, and Neisseriales were more abundant in the
WP-affected corals. Diseased corals also had more eukaryotic metagenomic sequences identified as Alveolata and
Apicomplexa. Our results suggest that WP disease in M.
braziliensis is caused by a polymicrobial consortium.
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Coral reefs are the most fascinating biogenic structures of
the marine realm. They represent one of the most diverse
and complex ecosystems of the Earth, with both economic
(i.e., fisheries, tourism, and natural products) and ecological
relevance, for instance, as habitat and nursery for a variety
of marine life [1–4]. However, corals are facing massive
extinction due to local (e.g., overfishing, pollution, predation, storms, and infectious diseases) and global impacts
(e.g., warming and acidification) [5, 6]. In the last 30 years,
decline of coral coverage has reached 50 and 80 % in the
Caribbean and the Indo-Pacific, respectively [7, 8]. The
causes of coral extinction vary according to the geographic
location. In the Great Barrier Reef in Australia and Okinawa
reefs, the major stressors appear to be storms and predation
by crown-of-thorns starfish [6, 9]. In the Caribbean region,
human sewage and infections appear to play key roles in
coral reefs [8], whereas in the Pacific (Line Islands), fishing
and microbialization are the major causes of reef degradation [10, 11]. In the last year, connections between coral and
human health have become more evident, with the involvement of human pathogens in coral disease [10, 11].
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Corals of the Abrolhos Bank—a 45,000-km2 expansion
of the continental shelf south of the Bahia State in Brazil
(Fig. 1a)—are not an exception. They have faced extensive
decline over the last decade with a remarkable reduction in
coral cover. Infections (white plague disease) are among the
major stressors, particularly for the Mussismilia corals
(Fig. 1b) [11]. Mussismilia braziliensis, a relic of the Tertiary period, is endemic to the Abrolhos Bank and constitutes approximately 70 % of the reefs (mushroom-like forms
or chapeirões) [12]. White plague disease in Mussismilia is
characterized by paling and progressively irreversible coral
tissue loss, as white syndrome and white band [11]. Vibrio
coralliilyticus is one of the best studied white plague causal
agent. V. coralliilyticus causes disease in several coral species,
Symbiodinium, other invertebrates (Artemia and Drosophila),
and even in fish by means of a complex set of metalloproteases and other potent toxins [13–16].
We recently observed that vibrios are less abundant within marine-protected areas than in unprotected areas of the
Abrolhos Bank [17]. On the other hand, corals are more
abundant and healthier within the protected areas, suggesting a possible connection between Vibrio abundance and
coral health in this region [17]. In spite of the advances
already made in the study of the microbial diversity associated with Mussismilia [18–21], we have only a limited
understanding about the microbes associated with white
plague in Mussismilia. Several studies have applied 16S
rRNA sequencing in order to study prokaryotic diversity
in corals [22–25], but only a few have analyzed the microbial community diversity based on more comprehensive
metagenomic approaches, which do not rely on gene amplification and analyze concomitantly the host, symbiotic zooxanthellae, and microbes [26, 27]. This holobiont
metagenomic approach would allow us to gain understanding about the complexity of interactions in the coral holobiont disease. Our aim was to investigate the microbial
community composition of M. braziliensis in order to characterize the metagenomic diversity (both prokaryotic and
eukaryotic) of healthy (H) and white plague (WP) of this
endemic coral from different locations of the Abrolhos

Fig. 1 a Study area, the
Abrolhos archipelago, with
sampling sites (Sebastião Gomes
and Parcel dos Abrolhos)
highlighted; notice that Sebastião
Gomes is outside the protected
areas, whereas Parcel dos
Abrolhos is in the main protected
area. b Mussismilia braziliensis
healthy (right) and exhibiting
white plague syndrome (left)
colonies
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Bank. In addition, we established a modified, fast, and
reliable protocol for DNA extraction, to obtain enough quantity of high-quality DNA without the use of GenomiPhi
amplification or Percoll gradient centrifugation.

Material and Methods
Sample Collection
Two archipelago reef sites were chosen for coral sampling:
(1) Sebastião Gomes (17°54′42.49″/39°7′45.94″), near
shore (∼20 km), and (2) Parcel dos Abrolhos (17°57′32.7″/
38°30′20.3″), located on an off shore area (∼70 km), inside
the Abrolhos Marine National Park (Fig. 1). Sampling was
performed on February 22, 2010 by scuba diving, on both
sites, in a 30-m2 area and 3–8-m depth. Six fragments of the
stony coral M. braziliensis were collected with a hammer
and a chisel: three healthy and three presenting signs of
white plague disease, on each site, amounting to 12 coral
specimens. Each fragment was immediately stored on polypropylene tubes, identified, and frozen in liquid nitrogen.
After transportation to the lab, all samples were preserved,
at −80 °C, until processing.
Coral Holobiont DNA Extraction
Several variations of the DNA extraction protocol were
tested (schematized in Fig. 2), since there is no consensus
protocol in the literature. After a quick removal of calcium
carbonate (CaCO3) skeletons with sterile spatulas, about
200 mg of each coral sample was crushed with sterile mortar
and pestle, in the presence of liquid nitrogen. The resulting
slurry received one of four lysis buffers: (i) 1 ml Lysis G
buffer [4 M guanidine hydrochloride (Sigma-Aldrich),
200 mM Tris–HCl (pH8.0), 50 mM EDTA, and 0.5 % (m/v)
sodium N-lauryl sarcosine (Sigma-Aldrich)]; (ii) 1 ml cetyl
trimethylammonium bromide (CTAB) buffer [2 % (m/v)
CTAB (Sigma-Aldrich), 1.4 M NaCl, 20 mM EDTA,
100 mM Tris–HCl (pH8,0), and freshly added 5 μg proteinase
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Fig. 2 General workflow of
tested protocols to obtain
scleractinian coral high
molecular weight DNA. Steps
in bold represent the successful
protocol

K and 0.5 (or 1)% (v/v; Invitrogen) 2-mercaptoethanol (Sigma-Aldrich)]; (iii) Gianni’s buffer, 250 μl ice-cold stabilizing
solution [20 % (m/v) sucrose, 50 mM Tris–HCl (pH8,0),
50 mM EDTA] plus 500 μl ice-cold lysis solution [50 mM
NaCl, 1 % (m/v) sodium N-lauryl sarcosine (Sigma-Aldrich),
and freshly added 25 μg proteinase K]; and (iiii) 1 ml Trizol
solution (Invitrogen). Alternative solutions containing increased concentrations of EDTA (50, 75, or 100 mM) were
also tested. We compared the usefulness of each of these four
buffers. Two lysis conditions were tested with buffers (i), (ii),
and (iii). Tubes were alternatively frozen (−80 °C) and heated
(water bath 65 °C) in water bath heating (56 °C/1–2 h) and
freeze–thawing cycles. Three freeze–thaw cycles were performed, in about 3 min per step, with mixing by inversion in
between. For deproteinization, phenol–chloroform–isoamilic
alcohol (25:24:1) and chloroform–isoamilic alcohol (24:1)
washes were performed (one each) in all cases [28]. DNA
purification was obtained by two protocols: (a) isopropanol
precipitation, with 3 M ammonium acetate, at −20 °C immediately/for 1 h/for 4 h/overnight, followed by washing/desalinization with 70 % ethanol, air drying, and resuspension in
Tris–EDTA solution (10:1) and (b) addition of solution C4
and loading in the purification column of the PowerSoil®
DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA,
USA). Washings with solution C5 and elution with solution
C6 followed manufacturer’s instructions. The PowerSoil®
DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA,
USA) was also fully employed, following manufacturer’s
instructions. The alternative lysis methods suggested in the
manual were tested. The quality and size of the extracted
DNAs were evaluated by electrophoresis on 1 % agarose gels
stained with GelRed (Uniscience). Further confirmation of the
purity of the extraction and quantification was made on a

NanoDrop spectrophotometer (Thermo Fisher Scientific
Inc.). PCR amplification of 16S rRNA gene (with bacteriaspecific primer 27F and the universal primer 1492R) was
performed on holobiont DNA samples, according to [29], in
order to assess the quality of the samples for further molecular
biology manipulations.
Metagenome Pyrosequencing
Metagenome sequencing of the 12 samples was performed
using 454 pyrosequencing technology [30]. Shotgun libraries
were individually generated with 0.5 μg of whole DNA and
sheared into fragments by nebulization. End-repair and adaptor ligation were performed with the use of GS FLX Titanium
kit (Roche), following manufacturer’s specifications. Quality
control and quantification were done with the use of Agilent
2100 Bioanalyzer (Agilent Technologies) and TBS 380 Fluorometer (Turner Biosystems), respectively. After library construction, 106 molecules of each sample were denatured and
amplified by emulsion PCR. Sequencing was done using the
GS Junior System (Roche).
Dinucleotide Composition Analysis
The dinucleotide composition of the Mussismilia metagenomes was compared to other metagenomes obtained from
and freely available in the databases, namely Porites compressa corals (field and lab samples), Acropora millepora
corals (healthy and bleached), seawater from the Abrolhos
Bank, and soil from Black Soudan mine. Frequency tabulation of the sequence data was performed according to [31],
using homemade Perl scripts, and the principal component analysis (PCA) analysis (using covariance) of the
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tabulated data was performed in the STATISTICA software
(StatSoft®).
Metagenomic Analysis
The taxonomic composition of the coral metagenomes was
first evaluated through local nucleotide blast (blastall
2.2.18) against a Coral database (Table S1). Data were
organized using the MEGAN4 software [32]. Sequences
with no hits against this database (e-value 10−5) were further
annotated on the MG-Rast v3 server [33], under taxonomic
classification (GenBank database, e-value cutoff 10−5), and
both results were pooled together. The functional analysis
was performed directly on MG-Rast (SEED database, evalue cutoff 10−3). Databases were last updated in September 2012. Metagenome data are available on the MG-Rast
server.
Statistical Analysis
The taxonomic annotation was analyzed using the R statistical package ShotgunFunctionalizeR [34], to evaluate compositional differences between healthy and white plagueaffected corals. Gene-centric regression analysis was performed in the data using the Poisson model. Abundance
percentage values were normalized based on the number
of identified sequences in each domain within each
metagenome.
The R statistical package ShotgunFunctionalizeR [34]
and the STAMP bioinformatics software [35] were also used
for statistical analysis of the functional annotation of MGRAST [33]. Additionally, the “All annotations” tool of MGRAST was used to classify Mussismilia sequences (both
healthy and WP) and also Porites [27] and Acropora
(healthy and bleached) [26] sequences, both available in
public databases. Manual curation of this automatic annotation was subsequently performed and resulted in a comparative table of the functions represented in these corals.

Results
Coral Holobiont DNA Extraction
Our DNA extraction protocol using CTAB lysis buffer with
100 mM EDTA and the PowerSoil® purification column
resulted in high molecular weight DNA, while all the
remaining combinations resulted, invariably, in total or partial DNA degradation. All attempts using this protocol were
successful (with an average of 15 μg of DNA per 200 mg
wet holobiont material), as well as 16S rRNA gene PCR
amplification. The time required for one complete DNA
extraction using this protocol was less than 2 h.
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General Features of the Metagenomic Libraries
We generated altogether, approx. 344,000 sequences (with
an average length of 414 bp), from healthy and diseased
M. braziliensis by means of pyrosequencing technology
(Table 1). Three H and three WP corals from two different
locations (Parcel dos Abrolhos and Sebastião Gomes reefs)
were analyzed (N=12 coral specimens). We annotated 43,249
(24.0 %) and 25,011 (15.0 %) sequences from H and WP
libraries, respectively, based on our Coral Database blast and
MG-Rast’s GenBank annotation. We obtained the overall
taxonomic id of 19.8 %. On the other hand, only 12,953
(3.76 %) sequences were identified on the All annotations
option using the SEED database.
Dinucleotide Composition Analysis of the Metagenomic
Libraries
We performed a PCA using the calculated dinucleotide
frequencies (Karlin’s signature) of the different metagenomes. We found a clear distinction of the metagenomes
on the basis of this analysis (Fig. 3). All Mussismilia metagenomes formed a tight cluster. However, there was no clear
distinction among H and WP Mussismilia metagenomes. P.
compressa metagenomes obtained from cultivated corals in
the lab were different from their environmental counterparts
(Fig. 3).
Taxonomic Assignment of Metagenomic Sequences
Most sequences belonged to Eukaryota, comprising 95.3 %
(N=65,085) of the total sequences identified taxonomically
(Table 1). Cnidaria were more abundant in healthy corals
(p=7.5×10−3). These sequences were related to the Anthozoa genera Montastraea, Acropora, and Porites. Alveolata
(Dinoflagellata) sequences (n=709) were assigned as Symbiodinium (only one sequence identified as clade C) and
more represented in WP-affected group (p=1.2×10−64), as
well as sequences related to Streptophyta (n=227; p=4.7×
10−21), Chlorophyta (n=64; p=1.2×10−4), and Apicomplexa
(n=45; p=2.0×10−2). Ascomycota (n=108) and Basidiomycota (n=23) were present in both healthy and WP groups
without significant difference. A total of 666 (1.02 %) eukaryotic sequences were not identified (Fig. 4). Archaeal
sequences were dominated by Euryarchaeota (27) and Thaumarchaeota (15) while only 15 sequences were detected as
viral.
Approximately 4.5 % (N = 3,060) of total annotated
sequences belonged to bacteria, and the bacterial fraction
of H and WP Mussismilia metagenomes corresponded to 5.8
and 2.3 %, respectively (Table 2). Twenty-five different
phyla were identified in H and WP Mussismilia metagenomes. Proteobacteria was the most abundant phylum,
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Post QC size
(Mbp)
Total generated
sequences
Eukaryota
Bacteria
Archaea
Viruses
Unclassified
sequences
Taxonomic
identified
sequences (%)
Functional
identified
sequences (%)

15,903

4,623

11,281

10,566

23,289

2,692

6,247

19,467

25,457

WP6
WP5
WP4
WP3
WP2
WP1
H6
H5
H4
H3
H2
H1
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followed by Bacteroidetes, Firmicutes, Cyanobacteria,
Planctomycetes, and Actinobacteria (Fig. 5a). Metagenomic
sequences assigned to Actinomycetales (p = 1.3 × 10−8),
Planctomycetales (p=3.0×10−4), Myxococcales (p=3.4×
10−2), Desulfuromonadales (p=1.3×10−3), and Verrucomicrobia (p=3.2×10−2) were more abundant in H Mussismilia
metagenomes. On the other hand, Bacteroidetes (p=5.0×
10−5), Cytophagales (p=2.1×10−17), Flavobacteriales (p=
3.0×10−4), Vibrionales (p=2.8×10−6), Rickettsiales (p=
8.5×10−3), and Neisseriales (p=3.8×10−6) were more abundant in WP Mussismilia metagenomes (Fig. 5b)
Functional Assignment of Metagenomic Sequences
Sequences identified as conserved hypothetical proteins
were the most abundant by far (38.3–43.3 % of the metagenomes; 8× the abundance of the second most abundant
functional group). Only 4.2 and 3.29 % of the sequences
were functionally annotated in H and WP Mussismilia metagenomes, respectively. General cellular functions (histone,
ribosome, RNA polymerase, and TPR repeat) and energy
metabolism enzymes (NADH ubiquinone oxidoreductase
and cytochrome C oxidase) were also among the most
abundant functional group identified in both H and WP.
Retroviral and/or retrotransposon-related sequences were
prominent features of Mussismilia metagenomes, particularly polyproteins (pol, pol-like, and gag-pol), reverse transcriptase (RT and RT-like), integrase (int, int-like, and int/
RNaseH), and retroelements. Healthy Mussismilia metagenomes had slightly more sequences in the ABC transporters,
transcriptional regulators, RT/RNaseH, transposases, and
dynein chains, while WP Mussismilia metagenomes had a
few more sequences related to NADH dehydrogenases, zinc
finger-containing proteins, adaptor protein for phosphatidylinositol 3-kinases, ATP synthases, and translation elongation factors. Multidrug resistance proteins were more
abundant in Mussismilia metagenomes (0.38–0.51 %) than
in Acropora and Porites corals (0–0.24 %). On the other
hand, Mussismilia metagenomes had fewer sequences related
to photosystem II, cytochrome b, glycogen (starch) synthase,
and phage proteins than other coral holobionts.

Discussion
Overall DNA quality (purity and integrity) and quantity are
crucial steps for metagenomic analysis of coral holobionts.
The protocol established in the present study was methodically tested and represents an efficient and rapid strategy for
obtaining DNA from the complex coral matrixes. The
resulting amount of DNA from this protocol also avoided
the need of GenomiPhi amplification, unlike previous protocols [26, 27]. Even without enrichment strategies, such as
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Fig. 3 PCA of dinucleotide
signatures of coral, soil, and
water metagenomes. Coral
samples include healthy and
diseased specimens

Percoll gradient, we obtained a similar level of taxonomic
identification (19.8 %) as Wegley and co-workers that
obtained 21 % [27] and better than Littman and colleagues
which obtained 7.1 % [26]. Functional annotation was similar among all corals (3.3 to 4.2 % for Mussismilia, 6.6 % for
Porites, and 2.7 to 3.5 % for Acropora), following our
strategy. In short, this protocol provided a quick and reliable
tool for coral holobiont DNA extraction.
Coral microbial communities demonstrate geographic variation, interspecies variation, and species specificity [36].
Furthermore, differences can be observed among individuals

Fig. 4 Eukaryotic phyla
distribution in Mussismilia
braziliensis metagenomes.
Cnidarian abundance was
omitted to better visualization
of other groups. Red lines are
regression lines using Poisson
model and asterisks denote
statistical significance of the
differences (p<0.05)

from the same species and place [37]. For such reasons, the
analysis of true biological replicates is mandatory and allows
the description of patterns, not taking individual variation as
real abundance differences [38], and being crucial for the
determination of potential roles of microorganisms on coral
biology [39]. Previous studies have focused on one sample
[27] or pooled samples [26] of holobionts. We opted for the
analysis of several samples individually in order to obtain a
better understanding of inter-sample variation. Our study
illustrates that variation may be observed, for instance, in the
different taxonomic groups.
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Table 2 Domain distribution of healthy and white plague M. braziliensis metagenomic sequences
Domains

Healthy (%)

WP (%)

Total (%)

Eukaryota
Bacteria
Archaea
Viruses
Unclassified
sequences
Total identified
sequences

40,670 (94.0)
2,496 (5.8)
44 (0.1)
8 (0.02)
31 (0.1)

24,415 (97.6)
564 (2.3)
5 (0.02)
13 (0.1)
14 (0.1)

65,085 (95.3)
3,060 (4.5)
49 (0.1)
21 (0.03)
45 (0.1)

43,249 (100)

25,011 (100)

68,260 (100)

Fig. 5 a Bacterial phyla
distribution in Mussismilia
braziliensis metagenomes. b
Statistically different orders in
healthy and white plague M.
braziliensis metagenomes. Red
lines are regression lines using
Poisson model and asterisks
denote statistical significance of
the differences (p<0.05)

Dinucleotide Signatures Are Useful for Grouping
Mussismilia Metagenomes
Our PCA of the dinucleotide signature corroborates previous
results [31], demonstrating a signature of coral sequences
apart from water and soil. Additionally, we also discriminated
different coral species, including field and lab samples. The 12
biological replicates of Mussismilia analyzed in this study
formed a tight group with no evident distinct dinucleotide
signature for H and WP Mussismilia, suggesting that dinucleotide signatures are useful for grouping these two conspecific
groups. The large amount of eukaryotic DNA may have been
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the major cause for the dinucleotide similarity among Mussismilia metagenomes. For instance, the recent published study
of Acropora digitifera described a 420-Mbp genome with less
than 10 % of gene homology with corals ESTs, suggesting a
huge number of coral-specific genes [40]. Additionally,
Dinoflagellata have a human-comparable genome size, with
2–4 Gb, which could be larger than its host [41]. Such large
genome sizes and the endemic nature of this coral species [42]
could explain this particular grouping.
Insights into Eukaryote-Associated Mussismilia Corals
Members of Apicomplexa phylum, typical animal parasites,
were more represented in diseased corals in our study. The
presence of coccidians has been previously reported in coral
holobiont associations [43] and the analysis of nonphotosynthetic plastids coral-associated reveals intermediate
lineages between free-living and parasites apicomplexan
[44]. Further investigations are needed to clarify their role
on coral health and disease. Alveolata was more abundant in
white plague M. braziliensis, as previously observed in
bleached Acropora [26]. This apparent counterintuitive
finding could be explained by the breakdown of symbiosis
in diseased corals, supporting Wooldridge’s controlled parasitism hypothesis [45]. While healthy corals arrest Symbiodinium division [46], keeping the population under control
and reaping the benefits of the surplus organic compounds
[45], both white-plagued and bleached corals (this study and
[26]) are supposedly allowing the faster free-living replication of the dinoflagellate, thus reaching higher relative
abundance [45]. The higher abundance of Chlorophyta and
Streptophyta in WP corals may indicate secondary colonization by algae. Secondary colonization in WP-affected
corals was an evident process in previous studies (see
Fig 2d in [47]).
Implications of the Enhancement of Bacteroidetes,
Cytophaga, Flavobacteria, Rickettsiales, Neisseriales,
and Vibrionales in WP Mussismilia Metagenomes
Altogether, our data suggest that white plague in Mussismilia is a polymicrobial disease. Our results relate well with
previous studies on corals in the Caribbean and Pacific.
Alphaproteobacteria was shown to be increased in the Caribbean WP Montastraea annularis and Montastria faveolata
[23, 48, 49]. We also observed a similar increase of the
Alphaproteobacteria Rickettsiales, which seems to be involved in the Acroporid white band disease [50, 51]. We have
previously observed an increase in Bacteroidetes sequences in
diseased Mussismilia hispida in the Abrolhos [22]. Bacteroidetes comprise a metabolic diverse and widespread distributed
bacterial group. Bacteroidia is anaerobic and colonizes the gut
of mammals [52], suggesting that anaerobic conditions are
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created in WP Mussismilia which allows their colonization
and proliferation in this coral. On the other hand, Cytophaga,
Flavobacteria, and Sphingobacteria are obligate aerobes with
widespread distribution in marine and freshwater bacterioplankton [53, 54]. Other studies have considered Cytophaga
as a primary pathogen in the black band disease affecting the
corals M. annularis, Diploria strigosa, and Porites lutea [55,
56]. The abundance of these Cytophaga–Flavobacterium–
Bacteroides members in the WP Mussismilia metagenomes
observed in the present study may indicate the possible complexity of holobiont microhabitats, with varying oxygen and
nutrient availability.
Our study indicates a possible central role for vibrios in
the WP disease in Mussismilia. Vibrios respond swiftly to
nutrient enrichment and anoxic conditions, duplicating extremely rapidly in numbers in these conditions [57]. They
have been the microbial group most strongly associated with
coral diseases in a variety of coral groups (e.g., Acropora,
Montipora, and Pachyseris) [14, 24, 58]. For instance, Vibrio
shiloi and V. coralliilyticus are proven aetiological agents of
bleaching in Oculina patagonica and white plague in Pocillopora damicornis, respectively [59, 60]. Further studies based
on infection of Mussismilia with vibrios in the laboratory
settings and in the field will enhance our understanding of
coral infection, clarifying the role of this microbial group in
the pathogenesis process. The altered groups could have bigger than expected roles (based on their relative abundance) in
the disruption of the bacterial partners in the Mussismilia
holobiont. In fact, this would be in accordance with the
“keystone pathogens” hypothesis, where one or more low
abundance groups (Bacteroidetes, Vibrionales, Rickettsiales,
Neisseriales, and/or Apicomplexa) impact the homeostasis of
the whole, leading to a diseased state [61].
A First Glimpse on the Functional Assignment
Metagenomic Sequences of Mussismilia Holobiont
Our study obtained the first genome sequences of Mussismilia holobiont. Previous diversity studies on Mussismilia
had only focused on the 16S rRNA gene sequence [22, 29],
while our approach allowed additional functional information, e.g., the abundance of multidrug resistance proteins in
Mussismilia holobionts. However, the functional profiles
revealed no significant differences between H and WP
Mussismilia metagenomes, unlike a previous study on
bleaching in Acropora [26]. Even though a considerable
amount of sequences (344,000) was generated, only a small
fraction of the functions were recognized in Mussismilia
samples (3.3–4.2 %), most of which conserved hypothetical
or basic metabolic functions, which offer no clue on disease
aspects. This implies on a limitation of current databases on
coral holobiont functions and a diversity of functions still
unexplored in this holobiont.
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Manual curation of the functional data allowed an additional serendipitous observation. Unlike the Porites astreoides
metagenome, which presented abundant phages [27], the M.
braziliensis and the A. millepora metagenomes, both healthy
and diseased (this study and [26]), presented abundant sequences related to retrovirus and/or retrotransposons. Retroviruses
or retrotransposon particles could perhaps be the unknown
VLP particles observed in other coral studies (as reviewed by
[62]), given for instance that retrotransposon Ty3 presents
icosahedral symmetry with variation in capsid size [63]. Reverse transcriptases, polyproteins, integrases, and their variants were among the most abundant functional categories in
these corals and represent genes clearly associated with retrovirus/retrotransposable elements [64]. The absence of env
genes hints to a retrotransposon, while the presence of gag,
pol (including reverse transcriptase), and int sequences points
to LTR retrotransposons (which include Ty3-type retrotransposons), although no LTR repeat sequences were found [65].
Although widespread in higher mammals [66–68], invertebrates [69–71], and other eukaryotes [64, 72], there is no
previous report to our knowledge recognizing these retroelements in coral (meta)genomes. Besides corroborating the
already suspected coexistence of retrovirus and eukaryotes
in earlier animals [67], retrotranscribed elements may also
be an important component in coral cell biology. There are
several examples of retrotransposons as sources of cellular
diversity in animals, either generating somatic diversity or
altering transcriptomic profiles in differentiating cells [66,
73, 74]; domesticated transposable elements and retroviruses
have also been recruited to perform essential functions in the
biology of their hosts (reviewed by [65]) and further studies
could elucidate this possible role in coral biology.

Conclusions
This study represents the first metagenomic analysis to
understand the microbial diversity associated with healthy
and white plague-affected M. braziliensis corals. We disclosed a microbial consortium (bacteria and protozoa) associated with white plague, possibly reflecting its polymicrobial
nature. These microbes, even low abundance ones, may possibly interact synergistically in order to disrupt coral homeostasis and cause the infectious process. Koch’s postulates
testing for these complex polymicrobial infections may be
difficult, but will possibly be highly informative. Our study
also shed light, for the first time, on the complex gene repertoire of Mussismilia holobiont.
Acknowledgments We acknowledge JST-CNPq, FAPERJ, and
CAPES for funding. We also thank the project for the International
Research Center for Infectious Diseases, Research Institute for Microbial Diseases, Osaka University, from the Ministry of Education,
Science, Sports, Culture, and Technology, Japan.

G. D. Garcia et al.

References
1. Osinga R, Schutter M, Griffioen B, Wijffels RH, Verreth JA, Shafir
S, Henard S, Taruffi M, Gili C, Lavorano S (2011) The biology and
economics of coral growth. Mar Biotechnol (NY) 13:658–671
2. Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) Projecting coral reef futures under global warming and ocean acidification. Science 333:418–422
3. Cypriano-Souza AL, Fernandez GP, Lima-Rosa CAV, Engel MH,
Bonatto SL (2010) Microsatellite genetic characterization of the
humpback whale (Megaptera novaeangliae) breeding ground off
Brazil (breeding stock A). J Hered 101:189–200
4. Freitas MO, Abilhoa V, Silva GHDE (2011) Feeding ecology of
Lutjanus analis (Teleostei: Lutjanidae) from Abrolhos Bank, Eastern Brazil. Neotrop Ichthyol 9:411–418
5. De’ath G, Lough JM, Fabricius KE (2009) Declining coral calcification on the Great Barrier Reef. Science 323:116–119
6. Déath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27year decline of coral cover on the Great Barrier Reef and its causes.
Proc Natl Acad Sci U S A 109(44):17995–17999
7. Gardner TA, Cote IM, Gill JA, Grant A, Watkinson AR (2003)
Long-term region-wide declines in Caribbean corals. Science
301:958–960
8. Sutherland KP, Porter JW, Torres C (2004) Disease and immunity
in Caribbean and Indo-Pacific zooxanthellate corals. Mar Ecol
Prog Ser 266:273–302
9. Madin JS, Connolly SR (2006) Ecological consequences of major
hydrodynamic disturbances on coral reefs. Nature 444:477–480
10. Dinsdale EA, Pantos O, Smriga S, Edwards RA, Angly F, Wegley
L, Hatay M, Hall D, Brown E, Haynes M, Krause L, Sala E,
Sandin SA, Thurber RV, Willis BL, Azam F, Knowlton N, Rohwer
F (2008) Microbial ecology of four coral atolls in the Northern
Line Islands. PLoS One 3:e1584
11. McDole T, Nulton J, Barott KL, Felts B, Hand C, Hatay M, Lee H,
Nadon MO, Nosrat B, Salamon P, Bailey B, Sandin SA, VargasAngel B, Youle M, Zgliczynski BJ, Brainard RE, Rohwer F (2012)
Assessing coral reefs on a pacific-wide scale using the microbialization score. PLoS One 7:e43233
12. Leao ZM, Kikuchi RK (2005) A relic coral fauna threatened by
global changes and human activities, Eastern Brazil. Mar Pollut
Bull 51:599–611
13. Austin B, Austin D, Sutherland R, Thompson F, Swings J (2005)
Pathogenicity of vibrios to rainbow trout (Oncorhynchus mykiss,
Walbaum) and Artemia nauplii. Environ Microbiol 7:1488–1495
14. Sussman M, Willis BL, Victor S, Bourne DG (2008) Coral pathogens identified for white syndrome (WS) epizootics in the IndoPacific. PLoS One 3:e2393
15. Sussman M, Mieog JC, Doyle J, Victor S, Willis BL, Bourne DG
(2009) Vibrio zinc-metalloprotease causes photoinactivation of
coral endosymbionts and coral tissue lesions. PLoS One 4:e4511
16. Santos EO, Alves N Jr, Dias GM, Mazotto AM, Vermelho A, Vora
GJ, Wilson B, Beltran VH, Bourne DG, Le Roux F, Thompson FL
(2011) Genomic and proteomic analyses of the coral pathogen
Vibrio coralliilyticus reveal a diverse virulence repertoire. ISME
J 5:1471–1483
17. Bruce T, Meirelles PM, Garcia G, Paranhos R, Rezende CE, de
Moura RL, Filho RF, Coni EO, Vasconcelos AT, Amado Filho G,
Hatay M, Schmieder R, Edwards R, Dinsdale E, Thompson FL
(2012) Abrolhos Bank reef health evaluated by means of water
quality, microbial diversity, benthic cover, and fish biomass data.
PLoS One 7:e36687
18. Siboni N, Ben-Dov E, Sivan A, Kushmaro A (2008) Global
distribution and diversity of coral-associated Archaea and their
possible role in the coral holobiont nitrogen cycle. Environ Microbiol 10:2979–2990

Author's personal copy
Metagenomics of Mussismilia braziliensis corals
19. Lins-de-Barros MM, Vieira RP, Cardoso AM, Monteiro VA,
Turque AS, Silveira CB, Albano RM, Clementino MM, Martins OB
(2010) Archaea, Bacteria, and algal plastids associated with the reefbuilding corals Siderastrea stellata and Mussismilia hispida from
Buzios, South Atlantic Ocean, Brazil. Microb Ecol 59:523–532
20. Bentis CJ, Kaufman L, Golubic S (2000) Endolithic fungi in reefbuilding corals (Order: Scleractinia) are common, cosmopolitan,
and potentially pathogenic. Biol Bull 198:254–260
21. Amend AS, Barshis DJ, Oliver TA (2012) Coral-associated marine
fungi form novel lineages and heterogeneous assemblages. ISME J
6:1291–1301
22. de Castro AP, Araujo SD Jr, Reis AM, Moura RL, Francini-Filho
RB, Pappas G Jr, Rodrigues TB, Thompson FL, Kruger RH (2010)
Bacterial community associated with healthy and diseased reef
coral Mussismilia hispida from eastern Brazil. Microb Ecol
59:658–667
23. Cardenas A, Rodriguez LM, Pizarro V, Cadavid LF, Arevalo-Ferro
C (2012) Shifts in bacterial communities of two caribbean reefbuilding coral species affected by white plague disease. ISME J
6:502–512
24. Wilson B, Aeby GS, Work TM, Bourne DG (2012) Bacterial
communities associated with healthy and Acropora white
syndrome-affected corals from American Samoa. FEMS Microbiol
Ecol 80:509–520
25. Cróquer AB, C; Elliott, A; Sweet, M (2012) Bacterial assemblages
shifts from healthy to yellow band disease states in the dominant
reef coral Montastria faveolata. Environmental Microbiology
Reports: 1–10
26. Littman R, Willis BL, Bourne DG (2011) Metagenomic analysis of
the coral holobiont during a natural bleaching event on the Great
Barrier Reef. Environ Microbiol Report 3:651–660
27. Wegley L, Edwards R, Rodriguez-Brito B, Liu H, Rohwer F
(2007) Metagenomic analysis of the microbial community associated with the coral Porites astreoides. Environ Microbiol 9:2707–
2719
28. Sambrook J, Russel DW (2001) Molecular cloning: a laboratory
manual, 3rd edn. Cold Spring Harbor Laboratory Press, New York
29. Reis AM, Araujo SD Jr, Moura RL, Francini-Filho RB, Pappas G
Jr, Coelho AM, Kruger RH, Thompson FL (2009) Bacterial diversity
associated with the Brazilian endemic reef coral Mussismilia braziliensis. J Appl Microbiol 106:1378–1387
30. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS,
Bemben LA, Berka J, Braverman MS, Chen YJ, Chen Z, Dewell SB,
Du L, Fierro JM, Gomes XV, Godwin BC, He W, Helgesen S, Ho
CH, Irzyk GP, Jando SC, Alenquer ML, Jarvie TP, Jirage KB, Kim
JB, Knight JR, Lanza JR, Leamon JH, Lefkowitz SM, Lei M, Li J,
Lohman KL, Lu H, Makhijani VB, McDade KE, McKenna MP,
Myers EW, Nickerson E, Nobile JR, Plant R, Puc BP, Ronan MT,
Roth GT, Sarkis GJ, Simons JF, Simpson JW, Srinivasan M, Tartaro
KR, Tomasz A, Vogt KA, Volkmer GA, Wang SH, Wang Y, Weiner
MP, Yu P, Begley RF, Rothberg JM (2005) Genome sequencing in
microfabricated high-density picolitre reactors. Nature 437:376–380
31. Willner D, Thurber RV, Rohwer F (2009) Metagenomic signatures
of 86 microbial and viral metagenomes. Environ Microbiol
11:1752–1766
32. Huson DH, Mitra S, Ruscheweyh HJ, Weber N, Schuster SC
(2011) Integrative analysis of environmental sequences using
MEGAN4. Genome Res 21:1552–1560
33. Meyer F, Paarmann D, D’Souza M, Olson R, Glass EM, Kubal M,
Paczian T, Rodriguez A, Stevens R, Wilke A, Wilkening J,
Edwards RA (2008) The metagenomics RAST server—a public
resource for the automatic phylogenetic and functional analysis of
metagenomes. BMC Bioinforma 9:386
34. Kristiansson E, Hugenholtz P, Dalevi D (2009) ShotgunFunctionalizeR: an R-package for functional comparison of metagenomes.
Bioinformatics 25:2737–2738

1085
35. Parks DH, Beiko RG (2010) Identifying biologically relevant
differences between metagenomic communities. Bioinformatics
26:715–721
36. Morrow KM, Moss AG, Chadwick NE, Liles MR (2012) Bacterial
associates of two Caribbean coral species reveal species-specific
distribution and geographic variability. Appl Environ Microbiol
78:6438–6449
37. Littman RAWB, Pfeffer C, Bourne DG (2009) Diversities of coralassociated bacteria differ with location, but not species, for three
acroporid corals on the Great Barrier Reef. FEMS Microbiol Ecol
68:152–163
38. Prosser JI (2010) Replicate or lie. Environ Microbiol 12:1806–1810
39. Kvennefors EC, Sampayo E, Ridgway T, Barnes AC, HoeghGuldberg O (2010) Bacterial communities of two ubiquitous Great
Barrier Reef corals reveals both site- and species-specificity of
common bacterial associates. PLoS One 5:e10401
40. Shinzato C, Shoguchi E, Kawashima T, Hamada M, Hisata K,
Tanaka M, Fujie M, Fujiwara M, Koyanagi R, Ikuta T, Fujiyama
A, Miller DJ, Satoh N (2011) Using the Acropora digitifera genome to understand coral responses to environmental change.
Nature 476:320–U382
41. LaJeunesse TC, Lambert G, Andersen RA, Coffroth MA, Galbraith
DW (2005) Symbiodinium (Pyrrophyta) genome sizes (DNA content)
are the smallest among dinoflagellates. J Phycol 42:746–748
42. Leão ZMAN, Kikuchi RKP, Testa V (2003) Corals and coral reefs
of Brazil. Latin America coral reefs. Elsevier, Amsterdam, pp 9–52
43. Toller WW, Rowan R, Knowlton N (2002) Genetic evidence for a
protozoan (phylum Apicomplexa) associated with corals of the
Montastraea annularis species complex. Coral Reefs 21:143–146
44. Janouškovec J, Horák A, Barott KL, Rohwer FL, Keeling PJ
(2012) Global analysis of plastid diversity reveals apicomplexanrelated lineages in coral reefs. Curr Biol 22:R518–R519
45. Wooldridge S (2010) Is the coral-algae symbiosis really ‘mutually
beneficial’ for the partners? Bioessays 32:615–625
46. Koike K, Jimbo M, Sakai R, Kaeriyama M, Muramoto K, Ogata T,
Maruyama T, Kamiya H (2004) Octocoral chemical signaling
selects and controls dinoflagellate symbionts. Biol Bull 207:80–86
47. Francini-Filho RB, Moura RL, Thompson FL, Reis RM, Kaufman
L, Kikuchi RK, Leão ZM (2008) Diseases leading to accelerated
decline of reef corals in the largest South Atlantic reef complex
(Abrolhos Bank, eastern Brazil). Mar Pollut Bull 56:1008–1014
48. Pantos O, Cooney RP, Le Tissier MDA, Barer MR, O’Donnell AG,
Bythell JC (2003) The bacterial ecology of a plague-like disease
affecting the Caribbean coral Montastrea annularis. Environ
Microbiol 5:370–382
49. Sunagawa S, DeSantis TZ, Piceno YM, Brodie EL, DeSalvo MK,
Voolstra CR, Weil E, Andersen GL, Medina M (2009) Bacterial
diversity and white plague disease-associated community changes
in the Caribbean coral Montastraea faveolata. ISME J 3:512–521
50. Casas V, Kline DI, Wegley L, Yu YN, Breitbart M, Rohwer F
(2004) Widespread association of a Rickettsiales-like bacterium
with reef-building corals. Environ Microbiol 6:1137–1148
51. Kline DI, Vollmer SV (2011) White Band Disease (type I) of
endangered caribbean acroporid corals is caused by pathogenic
bacteria. Sci Rep-UK 1
52. Wexler HM (2007) Bacteroides: the good, the bad, and the nittygritty. Clin Microbiol Rev 20:593–621
53. Kirchman DL (2008) In: Kirchman DL (ed) Microbial ecology of
the oceans. Wiley, New Jersey, p 606
54. Lo Giudice A, Caruso C, Mangano S, Bruni V, De Domenico M,
Michaud L (2012) Marine bacterioplankton diversity and community composition in an antarctic coastal environment. Microb Ecol
63:210–223
55. Frias-Lopez J, Klaus JS, Bonheyo GT, Fouke BW (2004) Bacterial
community associated with black band disease in corals. Appl
Environ Microbiol 70:5955–5962

Author's personal copy
1086
56. Miller AW, Richardson LL (2011) A meta-analysis of 16S rRNA
gene clone libraries from the polymicrobial black band disease of
corals. FEMS Microbiol Ecol 75:231–241
57. Gregoracci GB, Nascimento JR, Cabral AS, Paranhos R, Valentin
JL, Thompson CC, Thompson FL (2012) Structuring of bacterioplankton diversity in a large tropical bay. PLoS One 7:e31408
58. Godwin S, Bent E, Borneman J, Pereg L (2012) The role of coralassociated bacterial communities in Australian subtropical white
syndrome of Turbinaria mesenterina. PLoS One 7:e44243
59. Kushmaro A, Loya Y, Fine M, Rosenberg E (1996) Bacterial
infection and coral bleaching. Nature 380:396
60. Ben-Haim Y, Zicherman-Keren M, Rosenberg E (2003)
Temperature-regulated bleaching and lysis of the coral Pocillopora damicornis by the novel pathogen Vibrio coralliilyticus.
Appl Environ Microbiol 69:4236–4242
61. Hajishengallis G, Darveau RP, Curtis MA (2012) The keystonepathogen hypothesis. Nat Rev Microbiol 10:717–725
62. Vega Thurber RL, Correa AMS (2011) Viruses of reef-building
scleractinian corals. J Exp Mar Biol Ecol 408:102–113
63. Kuznetsov YG, McPherson A (2011) Atomic force microscopy in
imaging of viruses and virus-infected cells. Microbiol Mol Biol
Rev 75:268–285
64. Eickbush TH, Jamburuthugoda VK (2008) The diversity of retrotransposons and the properties of their reverse transcriptases. Virus
Res 134:221–234
65. Volff JN (2006) Turning junk into gold: domestication of transposable elements and the creation of new genes in eukaryotes.
Bioessays 28:913–922

G. D. Garcia et al.
66. Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci MT,
Morell M, O’Shea KS, Moran JV, Gage FH (2009) L1 retrotransposition in human neural progenitor cells. Nature 460:1127–1131
67. Katzourakis A, Gifford RJ, Tristem M, Gilbert MT, Pybus OG
(2009) Macroevolution of complex retroviruses. Science 325:1512
68. Poulter R, Butler M (1998) A retrotransposon family from the
pufferfish (fugu) Fugu rubripes. Gene 215:241–249
69. Kim A, Terzian C, Santamaria P, Pelisson A, Purd’homme N,
Bucheton A (1994) Retroviruses in invertebrates: the gypsy retrotransposon is apparently an infectious retrovirus of Drosophila
melanogaster. Proc Natl Acad Sci U S A 91:1285–1289
70. Springer MS, Davidson EH, Britten RJ (1991) Retroviral-like element
in a marine invertebrate. Proc Natl Acad Sci U S A 88:8401–8404
71. Gladyshev EA, Meselson M, Arkhipova IR (2007) A deepbranching clade of retrovirus-like retrotransposons in bdelloid
rotifers. Gene 390:136–145
72. Feschotte C, Jiang N, Wessler SR (2002) Plant transposable elements: where genetics meets genomics. Nat Rev Genet 3:329–341
73. Faulkner GJ, Kimura Y, Daub CO, Wani S, Plessy C, Irvine KM,
Schroder K, Cloonan N, Steptoe AL, Lassmann T, Waki K, Hornig
N, Arakawa T, Takahashi H, Kawai J, Forrest AR, Suzuki H,
Hayashizaki Y, Hume DA, Orlando V, Grimmond SM, Carninci
P (2009) The regulated retrotransposon transcriptome of mammalian cells. Nat Genet 41:563–571
74. Macfarlan TS, Gifford WD, Driscoll S, Lettieri K, Rowe HM,
Bonanomi D, Firth A, Singer O, Trono D, Pfaff SL (2012) Embryonic stem cell potency fluctuates with endogenous retrovirus
activity. Nature 487:57–63

