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Abstract Colonies of the hydrocoral Millepora dichotoma
along the Gulf of Eilat are exhibiting unusual tissue lesions
in the form of white spots. The emergence and rapid estab-
lishment of these multifocal tissue lesions was the first of its
kind reported in this region. A characterization of this mor-
phological anomaly revealed bleached tissues with a signif-
icant presence of bacteria in the tissue lesion area. To
ascertain possible differences in microbial biota between
the lesion area and non-affected tissues, we characterized
the bacterial diversity in the two areas of these hydrocorals.
Both culture-independent (molecular) and culture-dependent
assays showed a shift in bacterial community structure be-
tween the healthy and affected tissues. Several 16S rRNA

gene sequences retrieved from the affected tissues matched
sequences of bacterial clones belonging to Alphaproteobac-
teria and Bacteroidetes members previously associated with
various diseases in scleractinian corals.

Introduction

The framework of coral reefs in the Red Sea is calcium
carbonate-based and includes a highly biodiverse scleractinian
coral assemblage. Milleporans are locally abundant hydro-
zoans that are important calcareous reef framework builders,
second only to the Scleractinia (stony corals) [26]. The fire
coral Millepora (family Milleporidae, class Hydrozoa, phy-
lum Cnidaria) includes colonial, polypoid hydrozoans that
secrete a calcareous skeleton [26]. Members of this genus
occur worldwide in tropical seas and are among the most
conspicuous of the skeleton-forming animals on coral reefs.
In the Gulf of Eilat, Red Sea, Israel, the hydrozoanMillepora
dichotoma is an important contributor to the reef, forming a
calcareous base for reef growth as a distinct “Millepora zone”
at depths of 0.2–3 m [28, 31].

As voracious plankton feeders, Milleporans also form a
considerably important ecological component of the reefs
[25]. Currently,Millepora sp. is considered a threatened genus
and is listed by the International Union for Conservation of
Nature due to extensive general reduction of coral reef habitat,
but is also due to a combination of other threats, such as
pollution, global warming, and disease [36].

In general, coral diseases have become more prevalent
worldwide and have recently been reported to also affect the
coral reefs of the Red Sea [1, 3, 41, 58]. Indeed, diseases,
including biotically and abiotically driven syndromes, are
cited as some of the main causes for coral reef decline
[16–18]. Coral diseases known to be biotically driven in-
clude bacterial coral bleaching [23], Aspergillosis in sea
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fans caused by the fungus Aspergillus sydowii [15, 49],
white band and white plague diseases in Caribbean and
Atlantic corals [54], and black band disease (BBD), a geo-
graphically widespread syndrome believed to be caused by a
consortium of microorganisms [1, 4, 39]. Some of these
disease syndromes are among the most important causes of
coral deterioration in the Gulf of Eilat, followed by pollution
and other anthropogenic interferences [29, 30]. In addition to
diseases affecting scleractinian corals and gorgonians, there
have also been a few reports recently describing diseases
affecting calcareous hydrozoans [38, 57, 59].

In February 2010, Zvuloni et al., (2011) reported the oc-
currence of an unusual bleaching pattern in hydrozoan M.
dichotoma populations in the Gulf of Eilat (Fig. 1a, b). They
termed this lesion pattern “multifocal bleaching” (MFB) [57],
as it was characterized by bleached spots scattered over the
hydrocorals. More recently, Bruce A. Carlson from the Geor-
gia Aquarium (personal communication) suggested that these
white spots on M. dichotoma are feeding scars made by the
leopard blenny, Exallias brevis. The frequency of MFB along
the Eilat reef (Israel, northern tip of the Gulf of Eilat) was
found to be extremely high, was much higher than that of any
coral disease recorded in the region [59]. Owing to the unusu-
ally high frequency of this syndrome and to the lack of
information available regarding the microbiota associated
with the hydrocorals of this region, this study aims to charac-
terize the bleached spots by distinguishing bacteria associated
with the healthy and affected tissue ofM. dichotoma as well as
to characterize some of the tissue morphology associated with
this hydrozoan syndrome.

Materials and Methods

Sample Collection

Fragments were collected from both the healthy and injured
hydrozoans from the Eilat coral reef near the Inter-University
Institute for Marine Science, Northern Red Sea (29°51′N, 34°
94′ E) and transported immediately to the laboratory. Seawater
samples were also collected from the surrounding reef area in
sterile containers. In the laboratory, the live fragments were

immediately subdivided into fragments for transmission elec-
tron microscope (TEM) examination and for microbial study.

Transmission Electron Microscopy

The fragments were enrobed in agar and fixed with 2.5 %
glutaraldehyde in 0.22-μm filtered seawater for 1 h, then
washed and gently mixed with 3 % bacteriological agar, and
decalcified in EDTA. The samples were post-fixed with 1 %
osmium tetroxide, dehydrated, embedded in araldite epoxy
resin, and sectioned at 70–80 nm [19]. The resulting sec-
tions were stained with uranyl acetate and lead citrate and
examined using a JEM-1230 transmission electron micro-
scope at an 80-kV excitation voltage.

Microbial Studies

In the laboratory, the hydrozoan fragments collected for micro-
bial examination were washed with sterile seawater, and tissue
fragments weighing about 1 g were excised from both healthy
and injured areas using a sterile scalpel. The excised hydrocoral
fragments were crushed in 5 ml of sterile seawater using a
sterile mortar and pestle to form slurry of tissues. The slurry
from each fragment was treated as one sample and used for
both total genomic DNA extraction and isolation of bacteria.

Total Genomic DNA Extraction

Total genomic DNA was extracted from the tissue slurry of
the healthy and injured tissues and from the seawater sample
using the MoBio Power Soil DNA isolation kit (MoBio
Laboratories, Solana Beach, CA, USA). Genomic DNA
was eluted using 60 μl of elution buffer or double-distilled
water and stored at −20 °C. Concentrations were determined
with an ND-1000 UV–Vis spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA).

Isolation and Molecular Identification of Bacteria

The tissue slurry of the healthy and affected hydrocorals
were serially diluted and plated on Marine Agar 2216
(HiMedia Laboratories, Mumbai, India) plates (10 % of

(a) (b) 
Figure 1 Affected M.
dichotoma. (a) Prevalence of
the multifocal lesion on the
entire colony of Millepora sp.
and (b) magnified image of the
multifocal lesion

Multifocal Lesion of Millepora dichotoma 51

Author's personal copy



the recommended final concentration) for isolation of
bacteria. The plates were incubated at room temperature
(22–24 °C) for 1–2 weeks. After incubation, bacteria
were randomly chosen and were grown as pure culture
by repeated streaking on Marine Agar 2216 (50 % of the
recommended final concentration) plates. The enumera-
tion of culturable bacteria from the healthy and injured
milleporan tissue is presented as CFU cm−2 of the hydro-
coral surface [22]. Molecular identification of the cul-
tured isolates was performed according to Shnit-Orland
& Kushmaro (2009). Following incubation in 100 %
marine broth, DNA was extracted from pure cultures
using an UltraClean Microbial DNA Isolation Kit
(MoBio Laboratories, Solana Beach, CA) according to
the manufacturer's instructions. DNA (20–100 ng μl−1)
was PCR-amplified and sequenced as mentioned above.
Sequences were then compared with the GeneBank
database (NCBI BLAST) and aligned using the MEGA
program [55]. A phylogenetic tree was constructed by
the neighbor-joining method [42].

PCR Amplification

Total DNA from healthy and injured tissues from the same
coral colony were amplified using a Biometra TGradient
thermocycler (Biometra, Gottingen, Germany), using the
16S rRNA gene universal primers 8F and 907R. The reac-
tion mixture included 12.5 ml ReddyMix (ABgene, Surrey,
UK), 1 μl of 10-mM concentrations of each primer (forward
and reverse), 1 μl of 25-mM bovine serum albumin, 1–2 μl
of the sample genomic DNA (environmental, 5–90 ng μl−1),
and water for a total volume to 25 μl. An initial denaturation
hot start of 4 min at 95 °C was followed by 30 cycles of the
following incubation pattern: 94 °C for 30 s, 54 °C for 30 s,
and 72 °C for 1 min. For clone library production, a final
extension at 72 °C for 30 min concluded the reaction.

Clone Library Construction and Sequencing

The heterologous 16S rRNA gene PCR products from the
healthy as well as injured tissues were purified from the gel
using the Wizard PCR Prep kit (Promega, Madison, WI),
cloned into the pCRII-TOPO-TA cloning vector as specified
by Invitrogen (Carlsbad, CA), and transformed into
BioSuper CaCl2-competent DH5α Escherichia coli cells
(Bio-Lab, Israel) according to the manufacturer's instruc-
tions. Clones were examined for inserts by PCR amplifica-
tion using M13-forward and reverse primers (Invitrogen),
and DNA sequencing was performed using ABI PRISM dye
terminator cycle sequencing ready reaction kit with Ampli-
Taq DNA polymerase FS and an ABI model 373A DNA
sequencer (Perkin-Elmer).

Data Analysis

Sequences were first screened for chimeras using the Bellero-
phon server [20]. The classifier program at the RDPII site [9]
was then used to assign sequences to a taxonomical hierarchy.
Sequences showing <95 % homology were manually checked
to ensure that corrupt sequences were eliminated. The remain-
ing sequences from all clone libraries were aligned using
MUSCLE [14], and a distance matrix was generated using
the MEGA 4.0 software pack [55]. Sequences were assigned
to operational taxonomic units (OTU) using DOTUR [43], and
further analysis was carried out using SONS [44].

Nucleotide Sequence Accession Number

The 16S rRNA gene sequences isolated by culture-independent
method from this study have been deposited in the NCBI
GeneBank database under accession numbers HQ288552-
HQ288737 (healthy and affected tissue of M. dichotoma),
HQ288747-HQ288767 (seawater), and HQ288768-
HQ288805 for the cultured strains.

Results

Microscopy

TEM revealed few bacteria in healthy tissue (Fig. 2a). Nu-
merous bacteria were present in the interface between
healthy and lesion tissues (Fig. 2c–e). Examination of the
lesion tissues revealed general cellular necrosis and a loss of
zooxanthellae (Fig. 2f) either via “symbiophagy” [13] or by
the release of zooxanthellae from the tissues in comparison
to a healthy Symbiodinium symbiosome (Fig. 2b).

Comparison of Bacterial Communities in Healthy
and Affected Tissues

In the culture-independent study, the 16S rRNA gene clone
libraries were constructed from the tissue of a healthy, non-
affected M. dichotoma colony and compared with 16S
rRNA gene clone libraries from affected colony. After elim-
ination of chimeras, the healthy clone library consisted of 94
sequences, while the lesion clone library consisted of 92
sequences. The seawater clone library had 30 sequences.
The clone library form the healthy tissue was populated
mostly by Gammaproteobacteria (26 %), Alphaproteobac-
teria (22 %), Sphingobacteria (14 %), and Firmicutes
(13 %) (Fig. 3a). On the other hand, the clone library from
the affected tissues was mostly populated by Alphaproteo-
bacteria (27 %), followed by Sphingobacteria (20 %) and
Gammaproteobacteria (19 %) classes (Fig. 3b). Spirochetes
were present in similar proportions in both clone libraries.

52 N. Paramasivam et al.

Author's personal copy



The clone library of the surrounding seawater was dominat-
ed by Cyanobacteria (79 %), a group that was absent in both
the healthy and injured tissue clone libraries (Fig. 3c).

The overall diversity of the cloned sequences (total n0216)
was analyzed on two levels (≥90 and ≥97 % similarity) using
cluster analysis by the DOTUR program [43]. The results are
summarized in Table 1. A total of 28 OTUs were observed
from the healthy tissue at the ≥97 % similarity level (roughly
representing species level) compared with 25 OTUs obtained
from the affected tissue. The results for the Chao1 richness
estimator and Shannon–Weaver diversity index (Table 1)
showed that the bacterial diversity was higher in the injured
tissue when compared to that of the healthy tissue. A similar
image was obtained for the ≥90 % similarity level (roughly

representing order–class level) (Table 1). Lower diversity in
healthy tissue indicates that a bacterial community is dominat-
ed by several species (OTUs), while injured tissue have more
similar abundance (number of singletons) per OTU. This could
suggest a more specialized community in the healthy tissue.

AVenn diagram illustrates the observed overlap of OTUs
between libraries of the healthy and injured tissues and the
eleven unique OTUs with no overlap formed in the seawater
clone library (Fig. 3d). Among the healthy and damaged
clone libraries, a total of 39 OTUs were detected. The healthy
tissue and the affected tissue clone libraries consisted of 14
(36 %) and 11 (28 %) distinct OTUs, respectively. Fourteen
OTUs overlapped between the healthy and damaged tissue
clone libraries. The closest match of representative sequences
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Figure 2 Transmission
electron micrographs of M.
dichotoma. (a) Apparently
healthy tissue, note
mitochondria (m) and lysozyme
granules (asterisk); (b) Healthy
Symbiodinium (Z) in
symbiosome (S); (c) and (d)
Interface between apparently
non-affected tissue and affected
tissues, characterized by the
presence of healthy cells with
visible nuclei (n), large
vacuoles with fibril material
(asterisk), granules and numer-
ous bacteria (arrow); (e)
Magnified image of a bacterium
(asterisk) present in the affected
tissue; (f) Affected tissue
showing necrosis and evidence
of symbiophagy of damaged
zooxanthellae in symbiosome/
phagosome as characterized by
separation of Symbiodinium
membranes from
the cell (arrows)
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from each OTU of the healthy and damaged clone libraries are
shown in Fig. 4.

Among the 11 distinct OTUs of the injured tissue-
associated microorganism clone library, several sequences
matched those of bacterial clones associated with various
diseases in corals. Clones D108 (HQ288733) and D45
(HQ288680) showed 99 % sequence similarity to uncul-
tured Alphaproteobacterium sequences BBD 217 15
(DQ446102) and BBD 216 07 (DQ446131), respectively
(Fig. 4), which were retrieved from BBD-infected tissue of
the coral Siderastrea siderea [47]. Clone D35 (HQ288672)
displayed 91 % similarity to the 16S rRNA sequence
SBBAC2_A04 (JF835682) retrieved from a bleached colo-
ny of Siderastrea stellata, whereas clone D113 (HQ288737)
was similar (97 %) to Acer_M02 (GU117970) retrieved
from the coral Acropora cervicornis [51] and at 92 % ho-
mologous to uncultured Kordiimonas sp. (DQ917810) iso-
lated from the bleached coral Muricea elongata (Fig. 4).
Among the sequences that clustered with Bacteroidetes, the
clone D76 (HQ288709) was closely related (97 %) to an
uncultured bacterium clone Mfav_O11 (GU118661) isolat-
ed from Montastraea faveolata coral [51] and distantly
related (91 %) to an uncultured bacterium clone
SBBAC_B01 (JF835618) retrieved from bleached colonies
of the coral S. stellata (Fig. 4). Most of the sequences (79 %)
in the seawater clone library (Fig. 3c) were very closely
matched (≥98 % sequence similarity) to uncultured cyano-
bacterial sequences retrieved from seawater in other geo-
graphically distant areas.

Isolation and Identification of Bacterial Communities

The culturable bacterial counts in the healthy and injured hydro-
coral tissue were 5.6×105±7×104 CFU cm−2 and 8.0×106±
3×103 CFU cm−2, respectively. A total of 37 bacterial strains
were isolated from M. dichotoma. Twelve isolates were
obtained from the healthy tissue and 25 from the injured tissue.
The strains were characterized using 16S rRNA gene sequenc-
ing. The culturable bacterial diversity between the healthy and
lesion tissues showed marked variation. A higher number of
bacterial diversity was noticed in the lesion tissue. The healthy
tissue was strongly dominated by Gammaproteobacteria
(82 %) followed by Firmicutes (18 %), both of which were
less abundant (19% and 5%, respectively) in the injured tissue.
The dominant bacteria in the injured tissue comprised Alphap-
roteobacteria (42 %), Actinobacteria (29 %), and Flavobacte-
ria (5 %); all of which were totally absent in the healthy tissue.

Phylogenetic analysis of the cultured isolates from the
healthy tissue showed that more than 60 % of the 16S rRNA
gene sequences of the Gammaproteobacteria belonged to
the genus Vibrio. The isolates MH1 (HQ288768), MH5
(HQ288771), and MH6 (HQ288772) were closely related
(≥99 % similarity) to the Vibrio sp. (GQ406785;

(a)
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-proteobacteria
26%

Spirochaetes
14%

Sphingobacteria
14%

Bacterioidetes
9%

Flavobacteria
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13%

(c)
-proteobacteria
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Figure 3 Division-level diversity of the 16S rRNA gene bacterial sequen-
ces obtained from clone libraries constructed with universal primers from
M. dichotoma. (a) Healthy tissue, (b) affected tissue, and (c) seawater
analyses and (d) a Venn diagram describing the overlap between the healthy
tissue, affected tissue, and seawater clone libraries for the total dataset. The
number in each segment (d) indicates the number of distinct OTUs present
in the clone library. The numbers in overlapping segments indicate the
number of OTUs shared between the healthy and damaged tissue libraries
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Pseudopterogorgia americana ) , Vibrio tubiashii
(NR026129), and Vibrio fortis (AB470938; Montipora
sp.), respectively. Strains MH4 (HQ288770), MH14
(HQ288778), and MH15 (HQ288779) were related to Vibrio
sp. isolated from various aquaculture organisms.

Phylogenetic analysis of the cultured isolates from the
affected tissue showed that the isolate MD2 (HQ288781),
and the D113 sequence (Fig. 4) retrieved from our tissue
affected clone library, had 98 % similarity to an uncultured
bacterium clone Acer M02 (GU117970) from the coral A.
cervicornis. Isolate MD2 was distantly related (91 %) to an
uncultured Kordiimonas sp. clone BME88 (DQ917810) be-
longing toAlphaproteobacteria isolated from the injured coral
M. elongata. The isolate MD21 (HQ288792) displayed 99 %
similarity to the 16S rRNA sequences of uncultured alpha
proteobacteria AM930440 and AM930441 isolated from
body wall lesions of the sea urchin Tripneustes gratilla [5],
of FJ203221 and FJ203273 isolated from white plague dis-
eased tissue of M. faveolata [50], and of EF123405,
DQ446157, and DQ446160 retrieved from BBD tissues of
S. siderea [45, 47]. The isolate MD32 (HQ288802) displayed
95 % similarity to FJ203204, FJ203272, FJ203275, and
FJ203299 isolated from bleached M. faveolata coral [50].
The isolate MD35 (HQ288805) displayed 99 % similarity to
V. fortis (HM584115) isolated from puffer fish skin lesion, to
Vibrio sp. HB-8 (AY876051) isolated from brown band syn-
drome of the Acropora muricata coral, and to uncultured
bacterium (EF089442) from mucus layer adjacent to the
BBD mat of Favites sp. [4].

Discussion

The study showed that there was a shift in the bacterial
OTUs between the healthy and injured tissues of M. dicho-
toma. Interestingly, Alphaproteobacteria, Gammaproteo-
bacteria, and Sphingobacteria constituted significant
proportions of the clone libraries of both healthy and affect-
ed tissues (Fig. 3), indicating that bacteria belonging to these
classes may be part of the general normal flora of the
hydrozoan tissue. Despite this, there were evident

differences in bacterial OTUs of the Alphaproteobacteria
and Bacteroidetes communities (Fig. 4) between the affect-
ed and healthy tissue. The culture-independent study
showed that the microbial community in the seawater clone
library was totally different from both the healthy and in-
jured tissue clone libraries (Fig. 3), indicating that these
microorganisms were not part of the general seawater flora.

Most of the sequences of the 14 distinct OTUs of the
healthy hydrozoan tissue clone library (Fig. 3d) matched
sequences of clones retrieved form healthy tissues of sclerac-
tinian corals and sponges (Fig. 4). This may indicate that these
bacteria are either commensals or mutualistic symbionts of
these hydrozoans, similar to what was reported for corals [33].
It is further possible that these microorganisms may play a
“probiotic role” within the hydrozoan holobiont [34].

Among the 11 OTUs retrieved from the affected tissue,
several were closely associated with members of the group of
Alphaproteobacteria associated with diseased scleractinian
corals such as BBD in S. siderea [46, 47], M. faveolata [50],
Diploria strigosa, and A. cervicornis [51]. Members of the
Alphaproteobacteria group are widely associated with diseased
scleractinian corals and have been reported to be responsible
for causing numerous disease symptoms in corals [7, 12].
Interestingly, a species of this group, a new Sphingomonas
sp., was found to be associated with a form of white band or
“white plague” syndrome on Millepora sp. in Florida [38].
Furthermore, an Alphaproteobacteria closely related to the
causative agent of juvenile oyster disease (AF114484) was also
found to cause white plague-like disease in the Caribbean coral
Montastrea annularis [37]. The same ribotype was also found
in the bacterial consortium associated with BBD in the scler-
actinian coral Colpophyllia natans [11]. Indeed in the Red Sea,
Alphaproteobacteria were the second most dominant member
in the BBD-infected corals of the genus Favia [1]. An addi-
tional Alphaproteobacteria, Aurantimonas coralicida, a novel
bacterium belonging to an unknown marine taxon of the order
Rhizobiales, was documented as the causative agent of white
plague Type-II disease in the scleractinian coral Dichocoenia
stokesi [12]. These results indicate that members of the Alphap-
roteobacteria implicated in a number of scleractinian coral
diseases are also present in the affected tissue ofM. dichotoma,

Table 1 Number of OTUs and richness estimation of 16S rRNA gene libraries from healthy and affected tissues of M. dichotoma

16S rRNA gene
clone library

No. of clones
sequenced

Richness estimators

No. of OTUs Chao1 Shannon–Weaver Index

Cutoff 97 % Cutoff 90 % Cutoff 97 % Cutoff 90 % Cutoff 97 % Cutoff 90 %

Healthy 94 28 18 33 21 2.54 2.35

Bleached 92 25 15 41 22 2.68 2.47

Shannon–Weaver diversity index and Chao1 richness estimator were computed using DOTUR. Numbers of OTUs, Chao1 estimated richness, and
Shannon–Weaver diversity index are shown for both 3 and 10 % differences in nucleic acid sequence alignments
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Figure 4 Neighbor-joining phylogenetic tree of representative clones
from each OTU of the healthy (filled circle) and affected (filled square)
tissue ofM. dichotoma and the closely related sequences obtained from

the GenBank. The bar represents two substitutions per 100 nucleotide
positions. Bootstrap values are indicated at branch nodes
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indicating that this group of bacteria may also play a role in the
milleporan disease, though this merits further study.

In the present study, the bacterial count was high in affected
compared to healthy tissue. Likewise, Chao1 and Shannon
indices (Table 1) indicated an increase in diversity at the
phylum–order and genus–species levels in the affected tissue
when compared with the healthy tissue. This is in agreement
to previous studies of corals [52] and sponges [32], and it has
been hypothesized that the increased bacterial diversity in
diseased animals may be due to the elevation in nutrients
associated with decaying cells and/or a breakdown in the host
defense mechanisms [56]. In contrast to what was found using
culture-based techniques, the molecular study of the bacteria
associated with healthy fire coral tissues showed a high num-
ber of Alphaproteobacteria (Fig. 3a), underscoring the impor-
tance of using multiple techniques to assess bacterial diversity.

In the healthy Millepora tissue, Vibrio was the dominant
genus from the group of Gammaproteobacteria. It is possi-
ble that some Vibrio spp. may establish mutualistic partner-
ships with these hydrocorals and provide them with
nutrients and secondary metabolites (e.g., bacteriocins)
[40]. Indeed, recent studies showed that Vibrio spp. associ-
ated with the coral mucus of several corals produced anti-
bacterial compounds against several pathogens, thereby may
aid in the protection of the coral host against pathogens [35,
48]. On the other hand, some Vibrio spp. are also known as
coral obligatory or opportunistic pathogens [6, 23, 53] and
their proliferation have the ability to introduce substantial
changes in the coral microbial community structure that are
potentially linked to their antibacterial activity which inhibit
growth of other bacterial ribotypes [24]. Similar to the
culture-independent study, the pervasiveness of Alphapro-
teobacteria members through culture-dependent study fur-
ther proves that there is a definite shift in the bacterial
population between the healthy and affected tissue, and
some of the isolates closely resembled bacterial strains that
were isolated in stressed corals [22].

It is difficult to pinpoint a causative microbial agent
responsible for the change in tissue morphology, and there-
fore, the possibility that the disease-like syndrome is of
environmental origin should also be taken into account.
Similar kinds of syndromes have been shown to occur in
sponges as a result of various extrinsic factors, including
physical damage [8] and predation [21], and due to the
chemical defense mechanisms mediated by sponges against
the invading pathogen [27]. Bleaching due to extrinsic fac-
tors such as elevated seawater temperature has also been
observed in Millepora sp. as reported by Cook et al., (1990)
for Millepora alcicornis in Bermuda in 1988. The bleaching
patterns in these organisms though were not microbially
defined. In the present paper, we attempted to further clarify
this phenomenon by characterizing the microbial population
in affected and healthy tissues.

In this study, we also demonstrated that although the
syndrome's gross morphology was characterized by seem-
ingly bleached, confluent, and intact tissues, microscopic
examination revealed that the affected areas actually under-
went some tissue necrosis. In conclusion, a clear shift in
microbial population was evident between the healthy and
affected tissues, and the affected tissues showed marked
necrosis, zooxanthellae release, and symbiophagy [13],
whereupon the zooxanthellae were digested by the host
(Fig. 2). In addition, we showed that the affected tissue
was populated by members of Alphaproteobacteria that
are closely related to isolates from other diseased corals.
Though disease-like syndromes in Milleporans have previ-
ously been reported in other geographic areas [2, 10], the
present study is the first to describe the bacteria associated
with the healthy and affected tissue of this hydrozoan syn-
drome. Further studies on this hitherto unreported disease
involving different environmental factors and additional
investigation into microbial changes occurring during this
“disease” process may eventually reveal a conclusive cause
for the occurrence of this multifocal lesion event.

Acknowledgments This research was supported by ISF Grant num-
ber 1169/07, by The Council for Higher Education (VATAT) of Israel
for PN and by the Raynor Chair for Environmental Conservation
Research to AZ. The authors also thank the Inter-University Institute
in Eilat for use of their facilities.

References

1. Arotsker L, Siboni N, Ben-Dov E, Kramarsky-Winter E, Loya Y,
Kushmaro A (2009) Vibrio sp. as a potentially important member
of the Black Band Disease (BBD) consortium in Favia sp. corals.
FEMS Microbiol Ecol 70:515–524

2. Banaszak AT, Ayala-Schiaffino BN, Rodriquez-Roman A,
Enriquez S, Iglesias-Prieto R (2003) Response of Millepora alci-
cornis (Milleporina: Milleporidae) to two bleaching events at
Puerto Morelos reef, Mexican Caribbean. Rev Biol Trop 4:57–66

3. Barash Y, Sulam R, Loya Y, Rosenberg E (2005) Bacterial strain
BA-3 and a filterable factor cause a white plague-like disease in
corals from the Eilat coral reef. Aquat Microb Ecol 40:183–189

4. Barneah O, Ben-Dov E, Kramarsky-Winter E, Kushmaro A (2007)
Characterization of black band disease in Red Sea stony corals.
Environ Microbiol 9:1995–2006

5. Becker PT, Gillan DC, Eeckhaut I (2009) Characterization of the
bacterial community associated with body wall lesions of
Tripneustes gratilla (Echinoidea) using culture-independent meth-
ods. J Invertebr Pathol 100:127–130

6. Ben-Haim Y, Banim E, Kushmaro A, Loya Y, Rosenberg E (1999)
Inhibition of photosynthesis and bleaching of zooxanthellae by the
coral pathogen Vibrio shiloi. Environ Microbiol 1:223–229

7. Bourne DG (2005) Microbiological assessment of a disease out-
break on corals from Magnetic Island (Great Barrier Reef,
Australia). Coral Reefs 24:304–312

8. Cerrano C, Magnino G, Sarà A (2001) Necrosis in a population of
Petrosia ficiformis (Porifera, Demospongiae) in relation with en-
vironmental stress. Ital J Zool 68:131–136

Multifocal Lesion of Millepora dichotoma 57

Author's personal copy



9. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, Kulam-
Syed-Mohideen AS, McGarrell DM, Marsh T, Garrity GM, Tiedje
J (2009) The ribosomal database project: improved alignments and
new tools for rRNA analysis. Nucl Acids Res 37:D141–D145

10. Cook CB, Alan L, Jack W, Brian L, Carl JB (1990) Elevated
temperatures and bleaching on a high latitude coral reef: the
1988 Bermuda event. Coral Reefs 9:45–49

11. Cooney RP, Pantos O, Le Tissier MD, Barer MR, O Donnell AG,
Bythell JC (2002) Characterization of the bacterial consortium
associated with black band disease in coral using molecular micro-
biological techniques. Environ Microbiol 4:401–413

12. Denner EB, Smith GW, Busse HJ, Schumann P, Narzt T, Polson
SW, Lubitz W, Richardson LL (2003) Aurantimonas coralicida
gen. nov., sp. nov., the causative agent of white plague type II on
Caribbean scleractinian corals. Int J Syst Evol Microbiol 53:1115–
1122

13. Downs CA, Kramarsky-Winter E, Martinez J, Kushmaro A,
Woodley CM, Loya Y, Ostrander GK (2009) Symbiophagy as
a cellular mechanism for coral bleaching. Autophagy 5:211–
216

14. Edgar RC (2004) MUSCLE: multiple sequence alignment with
high accuracy and high throughput. Nucl Acids Res 32:1792–1797

15. Geiser DM, Taylor JW, Ritchie KB, Smith GW (1998) Cause of
sea fan death in the West Indies. Nature 394:137–138

16. Goreau TJ, Cervino J, Goreau M, Hayes R, Hayes M, Richardson
L et al (1998) Rapid spread of diseases in Caribbean coral reefs.
Rev Biol Trop 46:157–171

17. Harvell CD, Kim K, Burkholder JM, Colwell RR, Epstein PR,
Grimes DJ et al (1999) Review: marine ecology—emerging ma-
rine diseases—climate links and anthropogenic factors. Science
285:1505–1510

18. Hayes RL, Goreau NI (1998) The significance of emerging dis-
eases in the tropical coral reef ecosystem. Rev Biol Trop 46:173–
185

19. Hoppert M, Holzenburg A (1998) Electron Microscopy in micro-
biology. Bios Scientific publications, Oxford

20. Huber T, Faulkner G, Hugenholtz P (2004) Bellerophon: a pro-
gram to detect chimeric sequences in multiple sequence align-
ments. Bioinformatics 20:2317–2319

21. Knowlton AL, Highsmith RC (2005) Nudibranch-sponge feeding
dynamics: benefits of symbiont-containing sponge to Archidoris
montereyensis (Cooper, 1862) and recovery of nudibranch feeding
scars by Halichondria panacea (Pallas, 1766). J Exp Mar Biol
Ecol 237:36–46

22. Koren O, Rosenberg E (2006) Bacteria associated with mucus and
tissues of the coral Oculina patagonica in summer and winter.
Appl Environ Microbiol 72:5254–5259

23. Kushmaro A, Loya Y, Fine M, Rosenberg E (1996) Bacterial
infection and coral bleaching. Nature 380:396

24. Kvennefors ECE, Sampayo E, Kerr C, Vieira G, Roff G, Barnes
AC (2012) Regulation of bacterial communities through antimi-
crobial activity by the coral holobiont. Microb Ecol 63:605–618

25. Lewis JB (1992) Heterotrophy in corals: zooplankton predation by
the hydrocoral Millepora complanata. Mar Ecol Prog Ser 90:251–
256

26. Lewis JB (2006) Biology and ecology of the hydrocoral millepora
on coral reefs. Adv Mar Biol 50:1–55

27. Lopez-Victoria M, Zea S, Weil E (2006) Competition for space
between encrusting excavating Caribbean sponges and other coral
reef organisms. Mar Ecol Prog Ser 312:113–121

28. Loya Y (1972) Community structure and species diversity of
hermatypic corals at Eilat, Red Sea. Mar Biol 13:100–123

29. Loya Y (2004) The coral reefs of Eilat—past, present and future:
three decades of coral community structure studies. In: Rosenberg
E, Loya Y (eds) Coral health and disease. Springer, Heidelberg, pp
1–34

30. Loya Y (2007) How to influence environmental decision makers?
The case of Eilat (Red Sea) coral reefs. J ExpMar Biol Ecol 73:35–53

31. Loya Y, Slobodkin LB (1971) The coral reefs of Eilat. Symp Zool
Soc Lond 28:117–139

32. Luter HM, Whalan S, Webster NS (2010) Exploring the role of
microorganisms in the disease-like syndrome affecting the sponge
Ianthella basta. Appl Environ Microbiol 76:5736–5744

33. Mohamed NM, Enticknap JJ, Lohr JE, McIntosh SM, Hill RT
(2008) Changes in bacterial communities of the marine sponge
Mycale laxissima on transfer into aquaculture. Appl Environ
Microbiol 74:1209–1222

34. Nissimov J, Rosenberg E, Munn CB (2009) Antimicrobial prop-
erties of resident coral mucus bacteria of Oculina patagonica.
FEMS Microbiol Lett 292:210–215

35. Nithyanand P, Pandian SK (2009) Phylogenetic characterization of
culturable bacterial diversity associated with the mucus and tissue
of the coral Acropora digitifera from the Gulf of Mannar. FEMS
Microbiol Ecol 69:384–94

36. Obura D, Fenner D, Hoeksema B, Devantier L, Sheppard C (2008)
Millepora dichotoma. In: IUCN 2010. IUCN Red List of
Threatened Species. Version 2010.3

37. Pantos O, Cooney RP, Le Tissier MD, Barer MR, O'Donnell AG,
Bythell JC (2003) Bacterial ecology of a plague-like disease af-
fecting the Caribbean coralMontastrea annularis. EnvironMicrobiol
5:370–82

38. Richardson LL, Goldberg WM, Kuta KG, Aronson RB, Smith
GW, Ritchie KB, Halas JC, Feingold JS, Miller SL (1998)
Florida's mystery coral-killer identified. Nature 392:557–558

39. Richardson LL, Kuta KG (2003) Ecological physiology of the
black band disease cyanobacterium Phormidium corallyticum.
FEMS Microbiol Ecol 43:287–298

40. Ritchie KB (2006) Regulation of marine microbes by coral mucus
and mucus associated bacteria. Mar Ecol Prog Ser 322:1–14

41. Rosenberg E, Loya Y (2004) Coral health and disease. Springer-
verlage, Berlin

42. Saito N, Nei M (1987) The neighbor-joining method: a new method
for constructing phylogenetic trees. Mol Biol Evol 4:406–425

43. Schloss PD, Handelsman J (2005) Introducing DOTUR, a com-
puter program for defining operational taxonomic units and esti-
mating species richness. Appl Environ Microbiol 71:1501–1506

44. Schloss PD, Handelsman J (2006) Introducing SONS, a tool for
operational taxonomic unit based comparisons of microbial com-
munity memberships and structures. Appl Environ Microbiol
72:6773–6779

45. Sekar R, Kaczmarsky LT, Richardson LL (2008) Microbial com-
munity composition of black band disease on the coral host
Siderastrea siderea from three regions of the wider Caribbean.
Mar Ecol Prog Ser 362:85–98

46. Sekar R, Kaczmarsky LT, Richardson LL (2009) Effect of freezing
on PCR amplification of 16S rRNA genes from microbes associ-
ated with black band disease of corals. Appl Environ Microbiol
75:2581–2584

47. Sekar R, Mills DK, Remily ER, Voss JD, Richardson LL (2006)
Microbial communities in the surface mucopolysaccharide layer
and the black band microbial mat of black band-diseased
Siderastrea siderea. Appl Environ Microbiol 72:5963–5973

48. Shnit-Orland M, Kushmaro A (2009) Coral mucus-associated bacte-
ria: a possible first line of defense. FEMSMicrobiol Ecol 67:371–80

49. Smith GW, Ives LD, Nagelkerken IA, Ritchie KB (1996)
Caribbean sea-fan mortalities. Nature 383:48

50. 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

51. Sunagawa S, Woodley CM, Medina M (2010) Threatened corals
provide under explored microbial habitats. PLoS One 5:e9554

58 N. Paramasivam et al.

Author's personal copy



52. Sussman M, Loya Y, Fine M, Rosenberg E (2003) The marine
fireworm Hermodice carunculata is a winter reservoir and spring-
summer vector for the coral-bleaching pathogen Vibrio shiloi.
Environ Microbiol 5:250–255

53. SussmanM,Willis BL, Victor S, Bourne DG (2008) Coral pathogens
identified for white syndrome (WS) epizootics in the Indo-Pacific.
PLoS One 3:e2393

54. Sutherland KP, Ritchie KB (2004) White pox disease of the
Caribbean elkhorn coral Acropora palmata. In: Rosenberg E, Loya
Y (eds) Coral health and disease. Springer, Heidelberg, pp 289–297

55. Tamura K, Dudley J, Nei M (2007) MEGA4: molecular evolution-
ary genetics analysis (MEGA) software version 4.0. Mol Biol Evol
24:1596–1599

56. Webster NS, Xavier JR, Freckelton M, Motti CA, Cobb R (2008)
Shifts in microbial and chemical patterns within the marine sponge
Aplysina aerophoba during a disease outbreak. Environ Microbiol
10:3366–3376

57. Work TM, Aeby GS (2006) Systematically describing gross
lesions in corals. Dis Aquat Organ 70:155–160

58. Zvuloni A, Artzy-Randrup Y, Stone L, Kramarsky-Winter E,
Barkan R, Loya Y (2009) Spatio-temporal transmission pat-
terns of black-band disease in a coral community. PLoS One 4:
e4993

59. Zvuloni A, Zvuloni RA, Shaked Y, Loya Y (2011) Multifocal
bleaching in Millepora dichotoma at the Gulf of Aqaba, Red Sea.
Mar Ecol Prog Ser 441:25–32

Multifocal Lesion of Millepora dichotoma 59

Author's personal copy


	Bacterial Consortium of Millepora dichotoma Exhibiting Unusual Multifocal Lesion Event in the Gulf of Eilat, Red Sea
	Abstract
	Introduction
	Materials and Methods
	Sample Collection
	Transmission Electron Microscopy
	Microbial Studies
	Total Genomic DNA Extraction
	Isolation and Molecular Identification of Bacteria
	PCR Amplification
	Clone Library Construction and Sequencing
	Data Analysis
	Nucleotide Sequence Accession Number

	Results
	Microscopy
	Comparison of Bacterial Communities in Healthy and Affected Tissues
	Isolation and Identification of Bacterial Communities

	Discussion
	References


