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Hsiu-Hui Chiu, Andreas Mette, Jia-Ho Shiu, and Sen-Lin Tang (2012) Bacterial distribution in the epidermis 
and mucus of the coral Euphyllia glabrescens by CARD-FISH.  Zoological Studies 51(8): 1332-1342.  The 
distribution of bacteria in coral mucus has long been poorly understood, although most coral-associated bacteria 
were suggested to dwell in the mucus and epidermis of corals.  We hypothesized that different bacterial groups 
have different distribution patterns in the mucus and epidermis.  To test this hypothesis, we overcame technical 
difficulties of mucus preservation during sample preparation and inspected the distributions of 2 dominant coral-
associated bacterial groups, the alphaproteobacteria and gammaproteobacteria, in the mucus and epidermis of 
the coral, Euphyllia glabrescens, collected from Kenting and Ludao (also known as Green I.) in southern Taiwan.  
We used catalyzed reporter deposition-fluorescence in situ hybridization to detect the location of the bacteria in 
the mucus and epidermis, and results showed that the 2 bacterial groups had different distribution patterns in the 
coral.  Alphaproteobacteria were frequently distributed at the interface between the mucus and epidermis, while 
gammaproteobacteria were only detected in the gastrodermis and rarely observed in the mucus or epidermis.  
This study provides the 1st direct evidence that different bacterial groups have habitat specificity in coral mucus.  
http://zoolstud.sinica.edu.tw/Journals/51.8/1332.pdf
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Coral mucus is excreted by mucocytes 
in the epidermis of corals and consists of major 
monosaccharides of fucose, N-acetylglucosamine, 
and glucosamine, and major amino acids of serine, 
aspartic acid, glutamic acid, and threonine (Brown 
and Bythell 2005, Klaus et al. 2007).  The mucus 
often releases soluble and insoluble carbon, 
nitrogen, and phosphorous at 90.9, 7.6, and 1.3, 
and 27.7, 1.9, and 0.3 kmol/day, respectively 
(Wild et al. 2004).  Notably, the N-content and 
organic compounds in the mucus constitute 
20%-45% of the photosynthetic products fixed 
by symbiotic algae (Wild et al. 2008, Wang et 
al. 2012).  Functionally speaking, coral mucus 
protects corals by filtering out intruding foreign 

matter and serves as an exchange interface 
between coral tissues and seawater that allows 
organic and inorganic materials to enter and leave 
(Wild et al. 2004 2008).  Because of the functional 
characteristics of the mucus which contribute to 
its own small food chain (Johannes 1967, Coles 
and Strathma 1973, Benson and Muscatine 1974, 
Ducklow and Mitchell 1979, Krupp 1984), many 
organisms were discovered in the mucus including 
animals (mollusks, crustaceans, cnidarians, and 
nematodes), protozoa (ciliates and foraminifera), 
diatoms, microbes, and carbonate particles (Huettel 
et al. 2006).

Mucus-associated bacteria are some of the 
important organisms in the mucus, with likely 
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functional roles in nutrient supply, health, and 
disease resistance of corals (Rohwer and Kelley 
2004).  The population structure of mucus-
associated bacteria has been intensively studied 
in recent years (Ritchie 2006).  However, no study 
focused on the specific distributions of different 
bacteria in the coral mucus and correlations with 
bacterial ecological functions.  One of the main 
reasons was a failure to preserve coral mucus 
structures when detecting bacterial distributions 
using in  s i tu  molecular  methods,  such as 
fluorescence in situ hybridization (FISH).  Hence, 
several basic and important questions are still 
unknown and urgently need to be answered, 
such as: How are bacteria distributed in coral 
mucus?; Is there a specific distribution pattern for 
a specific bacterial group?; and, If yes, why does it 
specifically dwell in a particular niche in the mucus 
in terms of coral physiology and ecology?

In this study, we overcome technical diffi-
culties of mucus preservation and tested the 
hypothesis of whether different bacterial groups 
are specifically distributed in the coral mucus.  
We detected the distribution of 2 dominant 
bacter ial  groups, alphaproteobacter ia and 
gammaproteobacteria, in the mucus and epidermis 
of Euphyllia glabrescens using catalyzed reporter 
deposition (CARD)-FISH.  Our results show that 
the bacteria were distributed non-randomly in 
the epidermis and mucus.  Alphaproteobacteria 
commonly appeared in the epidermis and mucus; 
however, gammaproteobacteria were mostly found 
in the gastrodermis.  This study for the 1st time 
provides direct evidence of distribution specificity 
by coral-associated bacteria in the mucus.

MATERIALS AND METHODS

Sampling

Coral samples were collected from Tanzi 
Bay in Kenting National Park (21°57'04"N, 
120°46'15"E) and Shi-Lang on Ludao (also known 
as Green I.; 22°35'04"N, 121°28'15"E) at 10 m 
in depth in Nov. 2008.  A small healthy fragment 
of Euphyllia glabrescens was separated with a 
hammer and chisel.  One liter of seawater was 
also collected near the coral.  To anesthetize the 
coral tentacles to prevent contraction, we treated 
them with sterilized MgCl2 (at a final concentration 
of 4% in seawater).  Each tentacle was cut with 
micro-scissors (Albert Heiss, Tuttlingen, Germany), 
embedded in optical cutting temperature com-

pound (OCT) (Sakura Finetek, California, USA) on 
a base mold, and frozen in a freezer at -20°C.  All 
anatomic processes were completed in 1 h in the 
laboratory.

Frozen sectioning and histochemical staining

The embedded coral tentacles were sectioned 
with a Leica CM 1900-Cryostat microtome (Leica 
Microsystems, Nussloch, Germany).  The chamber 
temperature was -17°C, and the specimen 
head temperature was adjusted to -25°C.  The 
microtome blades at 35/75 mm (HP35, Thermo 
Shandon, Yokohama, Japan) were selected for 
sectioning.  Each slide contained 3-5 pieces of 
5-7-μm frozen sections of 1 tentacle.  Ten tentacles 
of each coral were observed.  The section slides 
were stored at -20°C before further experiments.

Sections on the slides were histochemically 
stained with hematoxylin and eosin (H&E).  
Concentrations of the stains and procedures 
followed the method of Ainsworth et al. (2007).

CARD-FISH

The ingredients of the buffers for the CARD-
FISH analysis were described in details by Dijk et 
al. (2008).  The hybridization buffer was composed 
by 0.9 M NaCl, 0.02 M Tris-HCl (pH 8.0), 30% 
v/v formamide, 0.02% w/v sodium dodecylsulfate 
(SDS), and 1% w/v blocking reagent.  The wash 
buffer was composed by 0.06 M NaCl, 0.02 M Tris-
HCl, 0.005 M EDTA, and 0.01% w/v SDS.  The 
amplification buffer contained paraformaldehyde-
phosphate-buffered saline (PBS: 0.089 M NaCl, 
4.76 mM Na2HPO4, and 2.04 mM NaH2PO4) with a 
formaldehyde concentration of 30%, 1.33 M NaCl, 
0.067% w/v blocking reagent, and 0.006% w/v 
dextran sulfate.  To detect the bacterial distribution, 
we used EUB 338 I-III (for bacteria) as the uni-
versal probe, ALF 968 (for alphaproteobacteria), 
and GAM 42a (for gammaproteobacteria) (Amann 
and Fuchs 2008), and tested the probe specificity 
using several known standard bacterial strains.  
These probes were designed by an ARB software 
program that included all sequences from the 
database of bacterial sequences, and were chosen 
to match most target groups.

The 2 specif ic probes were separately 
labeled by 2 kits carrying different fluorescences 
and then mixed together to al low them to 
hybridize with our coral samples, which were 
freshly sectioned and mounted on slides.  Probe 
labeling followed the procedures of the Platinum 
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BrightTM Nucleic Acid Labeling Kit (KREATECH 
Biotechnology, Amsterdam, the Netherlands).  To 
avoid interference from coral autofluorescence, we 
evaded the field of the strongest autofluorescence 
and used labeling dyes with different emission 
peaks from the peak autofluorescence according 
to an analysis by confocal microscopy.  Two 
fluorescent dyes, Platinum Bright 415 blue and 
547 red/orange (KREATECH Biotechnology), were 
chosen.  An oligonucleotide probe at 1 μg, 2 μl of 
ULS label dye, and 2 μl of a labeling solution (total 
20 μl) were mixed, incubated at 85°C for 30 min, 
and then immediately placed on ice.  The labeled 
probe was purified using KREApure columns 
(KREATECH Biotechnology).

The sample was hybridized with 2 probes 
labeled with 2 stains and pictured twice at 2 
excitation wavelengths.  The 2 photos were then 
superimposed.  For CARD-FISH, Escherichia 
coli was used as a positive bacterial control.  
The strain was embedded in OCT and frozen-
sectioned, and then the same procedures were 
followed as with the coral samples.  The slide was 
pre-hybridized in hybridization buffer (0.9 M NaCl, 
0.02 M Tris-HCl, 0.6 ml formamide, 0.02% w/v 
SDS, and 1% w/v blocking reagent) at 35°C for 
1 h.  Hybridization was carried out in a hybridizing 
bag including 300 μl of hybridization buffer and 
3 μg of probes at 35°C for 2.5 h.  The slide was 
washed in washing buffer (0.064 M NaCl, 0.02 M 
Tris-HCl, 0.005 M EDTA, and 0.01% w/v SDS) for 
10 min, incubated with amplification buffer (0.13 M 
NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, 2 M NaCl, 
0.1% w/v SDS, 1% w/v blocking reagent, and 
0.01% w/v dextran sulfate) for 15 min, washed 
in 0.2 M PBS for 5 min, briefly rinsed twice in 
MilliQ H2O (Millipore, Billerica, MA, USA), and 
stored in approximately 100% ethanol.  The slide 
was air-dried, detected with an epifluorescence 
microscope (Nikon Eclipse 90i, Tokyo, Japan), 
and photographed with a charge-coupled device 
imaging camera (COOLSNAP HQ2, Photometrics, 
Tucson,  AZ,  USA) .   Bac ter ia l  ce l l s  were 
enumerated using the NIS-Elements Advanced 
program vers. 3.0 (Nikon).  For better resolution 
to distinguish target cells, all digital pictures were 
deconvoluted by the image program, AutoQuantX 
vers. 2.0.1 (MediaCybernetics, Silver Spring, MD, 
USA).  Only slides containing the complete tissue 
structure (including the mucus, epidermis, and 
a part of the gastrodermis) were chosen for the 
image analysis and cell counting.  Every count 
was carried out using 30 different fields of view.  
The thicknesses of the epidermis and mucus were 

measured using a Java program developed by one 
of the authors (Andreas Mette), which calculates 
a circle by 3 points and the distance between 
the point and the circle.  Emission spectra of 
the target bacterial cells hybridized with specific 
probes were also examined with a confocal laser 
scanning microscope (Zeiss LSM 510, Carl Zeiss, 
Jena, Germany).  Finally, all counts, and the width 
and area of both the epidermis and mucus were 
analyzed by an one-way analysis of variance 
(ANOVA; Microsoft® Office Excel 2003).

Confocal microscopy

All sections on the slides hybridized with 
specific fluorescent probes were analyzed and 
confirmed by confocal laser-scanning microscopy 
(Zeiss LSM 510), with ultraviolet (UV) (405 nm) 
and visible wavelength (543 nm) lasers and a 
photomultiplier instrument (Carl Zeiss, Jena, 
Germany).  The fluorescence of the dyes and 
the autofluorescence of the coral tissues and 
symbiotic algae were also defined using the same 
instruments.

DNA extraction, purification, and multiple 
displacement amplification

 To isolate the total DNA of the coral, frozen 
coral samples in microcentrifuge tubes were 
ground up in a mortar and pestle in 300 ml of 
sterile seawater for 20 min.  The ground-up 
sample was transferred to 2-ml bead solution 
tubes provided in the Ultra CleanTM Soil Kit (MO 
BIO, Carlsbad, CA, USA).  All procedures were 
carried out on a laminar flow bench and followed 
the protocols recommended by the manufacturer.  
To isolate total DNA in seawater, the collected 
seawater was filtered through a 0.2-μm membrane 
(Whatman, Maidstone, UK).  The membrane 
containing bacteria was cut into small pieces with 
sterile scissors, and total DNA was extracted using 
an Ultra CleanTM Soil Kit.

The total DNA extracted from the coral or 
seawater was purified following the method of 
Hong et al. (2009).  Total coral DNA was sub-
sequently amplified using a Genomiphi vers. 2 
DNA Amplification Kit (Amersham Biosciences, 
Sunnyvale, CA, USA).  The DNA quality and 
concentration were determined with an ND-1000 
NanoDrop spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA).
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Polymerase chain reaction (PCR) and dena-
turing gradient gel electrophoresis (DGGE) 
analysis

Bacterial 16S ribosomal DNA was amplified by 
a PCR, with the reaction mixture consisting of PCR 
buffer, 0.2 mM dNTP, 0.5 M of the universal primers 
341F (5'-CCTACGGGAGGCAGCAG-3') with GC 
clamps and 907R (5'-CCGTCAATTCCTTTRAG 
TTT-3') (Schabereiter-Gurtner et al. 2003), 
0.1 units/μl Taq DNA polymerase (Takara Bio, 
Shiga, Japan), and 50 ng total DNA.  The 
amplification program consisted of an initial 
denaturation step at 94°C for 5 min; 50 cycles of 
94°C for 30 s, 53°C for 30 s, and 72°C for 1 min; 
with a final extension step at 72°C for 10 min.  
The PCR product was checked by agarose 
electrophoresis.  The target band of 550 bp was 
determined in a UV transilluminator.  DGGE 
was performed with a 7% acrylamide gel and a 
denaturing gradient from 22.5% to 45%.  The total 
running time was 16 h at 65 V.  Bands on the gel 
were visualized by silver staining (Radojkovic and 
Kušic 2000).  Four bands per lane were chosen 
and cut from the DGGE gel.  Each band was 
placed in a clean tube with 50 μl sterile MilliQ 
water to elute the DNA out of the gel.  The selected 
DNAs were re-amplified by a PCR with the same 

primers (i.e., 341F and 905R) without the GC 
clamps under the same PCR conditions.  The PCR 
products were sent out for sequencing (Mission 
Biotech, Taipei, Taiwan).  The identity of each 
sequence was confirmed by a BLAST search on 
the NCBI website (http://www.ncbi.nlm.nih.gov/).

RESULTS

Bacter ia in  the epidermis and mucus 
o f  Euphy l l i a  g lab rescens  were  de tec ted 
and enumerated according to microscopic 
observations, and the structure of the tenta-
cles was separated into 3 main layers: the 
gastrodermis, mesoglea, and epidermis.  Most 
zooxanthellae existed in the gastrodermis.  The 
mesoglea between the gastrodermis and epidermis 
had no obvious cells or tissue.  The outer layer of 
the epidermis contained dense coral epidermal 
cells and nematocysts.  Semi-transparent mucus 
covered the surface of the epidermis (Fig. 1A).  
The bacterial density in the mucus was determined 
using the software, NIS-Elements Advanced 
program vers. 3.0 (Nikon).  The area occupied 
by mucus, calculated by 30 different microscopic 
fields, was approximately 6000 μm2 which was 
larger than the epidermis which ranged 1976.4-

Fig. 1.  Anatomy of the tentacles of E. glabrescens.  (A) Most zooxanthellae (z) were gathered in the gastrodermis (G).  Most bacteria 
(ba) were observed in the mucus and epidermis of E. glabrescens from Kenting (B) and Ludao (C).  The tissue section was stained 
with hematoxylin and eosin.  From inside to outside, the section is composed of the gastrodermis, mesoglea (me), epidermis (ep), and 
mucus (mc).  N, nematocysts.  Scale bars = 20 μm.  Bacteria were detected by an EUB 338 I-III probe in (B) and (C).
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2859 μm2 in this study.  The bacterial density in the 
Kenting samples was 2.5 cells/100 μm2 in both the 
epidermis and mucus.  In the Ludao samples, the 
bacterial density ranged 0-0.2 cells/100 μm2 (Table 
1).  The results of the one-way ANOVA showed 
that neither the bacterial cell number nor cell 
density had a significant correlation with the area 
of the epidermis or mucus layers (data not shown).

The d is t r ibu t ion  o f  spec i f i c  bacter ia l 

groups was confirmed using the exact emission 
wavelength on the confocal microscope that 
could distinguish the dye signals of the specific 
probes, ALF 968 and GAM 42a, from the coral’s 
autofluorescence.  At an excitation wavelength 
of 405 nm, the dye-labeled alphaproteobacteria 
emitted at 450-460 nm, the coral’s epidermis 
emitted at 510 nm, and zooxanthellae emitted at 
680 nm (Fig. 2).  At an excitation wavelength of 

Table 1.  Bacterial cell number and density in the coral epidermis and mucus collected from Kenting and 
Ludao

Epidermis Mucus

No. of cellsa Area (μm2) Density (cells/100 μm2) No. of cells Area (μm2) Density (cells/100 μm2)

Kenting 49.2 ± 20.3 1976.4 ± 533.7 2.5 104.9 ± 23.4 5998.7 ± 2606.7 2.5
Ludao 8.6 ± 4.6 2859.4 ± 1542.1 0.4 17.0 ± 6.3 5925.9 ± 1929.8 0.3

aCell numbers for each sample were obtained by averaging cell counts from at least 20 microscopic fields of view (n > 20).

Fig. 2.  Respective emission spectra of zooxanthellae, coral tissue, and Alphaproteobacteria were 680, 510, and 460 nm.  The 
excitation wavelength was 405 nm.
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543 nm, dye-labeled gammaproteobacteria were 
detected at 570 nm and zooxanthellae at 675 nm 
(Fig. 3).

The epifluorescence microscopic observa-
tions clearly showed that the alphaproteobacteria 
and gammaproteobacteria appeared in different 
microenvironments in corals from both sites 
(Fig. 4).  Alphaproteobacteria were widely 
distributed in the epidermis and mucus, while 
gammaproteobacteria were mostly found in the 
space between the gastrodermis and the interface 
of the epidermis and mesoglea.

Identification of dominant bacterial groups in 
the samples

To verify the identities of the dominant 
bacterial species of alphaproteobacteria and 

gammaproteobacteria in the collected samples, 
the bacterial profiles in coral and seawater were 
revealed using DGGE (Fig. 5).  According to the 
DGGE profile of 16S rRNA PCR products from the 
bacteria in corals and seawater, 37 bands were cut 
from the DGGE gel for sequencing to identify these 
bacterial species.

From Ludao,  4  bands f rom seawater 
samples were ident i f ied as SAR11 of  the 
Alphaproteobacteria and Oscillatoriales sp. of 
cyanobacteria (Table 2).  In Kenting seawater, 
3 bands were identified as SAR11 and another 
band was Nodularia sp. of the cyanobacteria.  
Corals from Ludao hosted alphaproteobacteria 
and gammaproteobacteria which differed from 
the bacterial community in seawater (Table 2).  
However, Kenting’s coral-associated bacteria were 
mainly betaproteobacteria and actinobacteria in 

Fig. 3.  Analysis of the confocal microscopic spectrum.   Alphaproteobacteria were hybridized by the probes labeled with blue dye with 
absorption at 405 nm and emission at 470 nm.  Gammaproteobacteria were hybridized by probes labeled with red dye with absorption 
at 547 nm and emission at 570 nm.

Intensity
1.0

0.8

0.6

0.4

0.2

0.0

ROI 1 ROI 2

450 500 550 600
Emission Wavelength (nm)

650 700

ROI 3 ROI 4 ROI 5

Alphaproteobacteria

Gammaproteobacteria

Chiu et al. – Bacterial Distribution in Euphyllia glabrescens 1337



isolated bands (Table 2).

DISCUSSION

This study provides the 1st direct evidence of 
the distribution of coral-associated bacteria in the 
mucus and epidermis of Euphyllia glabrescens by 
CARD-FISH with an improved frozen embedding 
method.  We used the frozen embedding method 
to keep both living cells and the entire organization 
of the coral intact.  CARD-FISH is recommended 
as a useful method for detecting bacterial groups 
in coral research.  The present study is the 1st 
report applying a combined approach of the frozen 
embedding method and CARD-FISH to coral 
specimens.  Our results show that 2 dominant 
coral-associated bacteria had dissimilar distribution 
patterns in the mucus and epidermis of the coral, 
suggesting that coral-associated bacteria have 
specific preferences for habitat niches inside 
corals.

Distribution of 2 bacterial groups among E. 
glabrescens-associated bacteria and their 
potential roles

Like other coral-associated bacterial profiles, 
alphaproteobacteria and gammaproteobacteria 
were also two of the frequent bacteria in E. 

glabrescens and seawater as verified by the 
DGGE-16S rRNA analysis and FISH.

Alphaproteobacteria: Our results showed 
that alphaproteobacteria were widely distributed 
in  both the epidermis and mucus wi thout 
particular agglomeration at certain sites in E. 
glabrescens.  These alphaproteobacteria, mainly 
Phyllobacterium myrsinacearum, in the coral 
differed from the alphaproteobacteria, SAR 11, in 
seawater, suggesting that there was a selective 
effect of coral specificity and a low exchange 
rate between the 2 communities of corals and 
seawater.  This observation differs from results 
reported by Kooperman et al.  (2007), who 
showed that the overlap of alphaproteobacteria 
in the 2 communities of corals and seawater 
indicated an interaction between the water 
and mucus.  However, we found differences in 
alphaproteobacterial members between the coral 
and seawater.  This inconsistency could have been 
caused by experimental limitations, as only a few 
bacterial sequences were identified by the DGGE 
analysis, or by a high selection for seawater 
bacteria to enter the epidermis and mucus of coral 
species (Brown and Bythell 2005, Bythell and 
Wild 2011); only certain alphaproteobacteria could 
inhabit, grow, and further participate in metabolism 
within coral mucus (Rohwer and Kelley 2004).

In addition, P. myrsinacearum might be 
involved in the metabolism of nitrogen-containing 

Fig. 4.  Distributions of alphaproteobacteria and gammaproteobacteria in corals isolated from Ludao and Kenting.  Alphaproteobacteria 
(Alpha, blue) existed in the ectoderm (ec) and mucus (mc).  Many gammaproteobacteria (Gamma, red) were observed in the endoderm 
(en, gastrodermis), but seldom in the ectoderm.  Ludao, A; Kenting, B.  Scale bars = 20 μm.
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compounds in the mucus, because this bacterium 
can symbiotically reduce nitrate and nitrite in its 
hosts (Mergaert et al. 2002).  Phyllobacterium 
myrsinacearum was first found in plants.  Yet in 
recent reports, this bacterium was associated 
with microalgae and cyanobacteria in corals.   
Furthermore, P. myrsinacearum is a nitrogen 
fixer and may play a role in supplying nitrogen to 
zooxanthellate corals which often experience a 
status of inorganic nitrogen limitation (Gonzalez-
Bashan et al. 2000, Lesser et al. 2004).

Gammaproteobacteria: In contrast to alpha-
proteobacteria, gammaproteobacteria were 
only distributed in the gastrodermis and rarely 
in the internal epidermis.  There were fewer 
gammaproteobacteria than alphaproteobacteria 
in the coral.  This shows a difference from the 
common idea that gammaproteobacteria are 
more dominant than alphaproteobacteria in coral-

associated microbial communities (Hong et al. 
2009).  The discrepancy might be explained 
by at least 2 reasons.  One is the higher copy 
numbers of 16S rRNA genes in genomes of 
gammaproteobacteria compared to those of 
alphaproteobacteria, so that the actual population 
size of gammaproteobacteria is smaller (Campbell 
et al. 2011, Dikow 2011).  The other is that many 
gammaproteobacteria dwell in other tissues of 
corals that were not evaluated in this study.

Why did these gammaproteobacteria only 
appear inside the coral?  While this is an interesting 
observation, the answer is yet unknown.  However, 
previous studies indicated that coral-associated 
gammaproteobacteria seem to have a closer 
relationship with corals than seawater because 
the gammaproteobacteria community is relatively 
more abundant than that in the surrounding 
seawater (Kooperman et al. 2007, Shnit-Orland 
and Kushmaro 2009).  Although lacking similar 
evidence in the comparison between seawater and 
corals in this study, we suggest that the interaction 
between coral-associated gammaproteobacteria 
and the coral might be close but is unlikely to 
be directly related to metabolism in the probiotic 
function of the mucus.

The community of E. glabrescens-associated 
gammaproteobacteria was composed of Serratia 
marcescens of the Enterobacteriaceae as the 
main species with a 98% similarity in its 16S rRNA 
sequence.  These S. marcescens-like bacteria 
might contribute to fermentation or degradation of 
carbon-containing compounds in the anaerobic 
microenvironment inside corals, particularly at 
night (Grimont and Grimont 1994, Kühl et al. 
1995).  In addition, we noted that S. marcescens 
was suggested to be a pathogen of the white 
pox coral disease (Patterson et al. 2002).  The 
S. marcescens-l ike bacteria detected in E. 
glabrescens could be non-pathogenic according to 
the coral’s apparent good health.

Geographic variations in bacterial communities 
in E. glabrescens

Population sizes of E. glabrescens-associated 
bacteria differed between the 2 sampling sites.  
Although the reason remains unknown, we 
speculated that it was caused by differences 
in environmental physiochemical factors.  For 
example, the nutrient content in the seawater in the 
Ludao region is poorer than that at Kenting.  Ludao 
is situated in the Kuroshio Current, the nutrient 
content of which is as only 1/2 that of ordinary 

Fig. 5.  DGGE profile of bacterial 16S rRNA genes of coral 
and seawater samples.  Six taxonomic bacterial groups 
were identified from the selected DNA bands, including 
alphaproteobacteria (1-3, 5, 7, and 12); unclassified bacteria (4, 
8, 17, 20, and 24); cyanobacteria (6); bacteroidetes (10 and 13-
16); actinobacteria (9, 11, 18, and 19); and betaproetobacteria 
(21-23).  sw, seawater; KT, Kenting; LD, Ludao.
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seawater (Baek et al. 2008).  The sampling site 
at Kenting is located within a Kuroshio Branch 
Current and an upwelling region, where nutrients, 
inorganic phosphorus, and the primary production 
capability are known to be richer than at Ludao 
(Chen et al. 2004a b, Chen et al. 2005, Hsiao et al. 
2011).

In addition, we noted that the DGGE results 
showed that the dominant bacteria in Kenting 
were dissimilar to those at Ludao.  In the Kenting 

samples, we found no representative bands of 
alphaproteobacteria or gammaproteobacteria that 
would have been caused by an over-dominance 
of actinobacteria.  Gammaproteobacteria and 
alphaproteobacteria should become relatively 
smaller groups; nonetheless, the results of CARD-
FISH showed that they were present.

Obviously, the effect of host specificity 
was weak in driving the population structure of 
coral-associated bacteria compared to that of 

Table 2.  Identification of selected bands in the DGGE profile of 16S rRNA which was isolated from seawater 
and corals.  Relatedness was based on a BLAST search in NCBI’s nucleotide collection database and 
ribosomal database project.  Codes of the bands are shown in figure 5

Band
no.

Source Closest match by NCBI Class
Sequence 
identity (%)

Alignment 
length (bp)

1 LDa-swb SAR11 Alphaproteobacteria 92 434
2 LD-sw SAR11 Alphaproteobacteria 86 449
3 LD-sw Oscillatoriales sp. Cyanobacteria 89 453
4 LD-sw SAR11 Alphaproteobacteria 93 437
5 KTc-sw SAR11 Alphaproteobacteria 87 464
6 KT-sw Nodularia sp. Cyanobacteria 87 456
7 KT-sw uncultured bacteria Alphaproteobacteria 87 449
8 KT-sw SAR11 Alphaproteobacteria 96 480
9 LD-corald Corynebacterium mucifaciens Actinobacteria 97 527
10 LD-coral Serratia marcescens Gammaproteobacteria 94 288
11 LD-coral uncultured bacteria Alphaproteobacteria 96 250
12 LD-coral Flavobacteria johnsoniae Cytophaga-Flavobacteria-Bacteroides 95 526
13 LD-coral Phyllobacterium myrsinacearum Alphaproteobacteria 93 526
14 LD-coral Phyllobacterium myrsinacearum Alphaproteobacteria 97 315
15 LD-coral uncultured bacteria Alphaproteobacteria 92 279
16 LD-coral Flavobacteria sp. Cytophaga-Flavobacteria-Bacteroides 85 529
17 LD-coral Flavobacterium johnsoniae Cytophaga-Flavobacteria-Bacteroides 81 440
18 LD-coral Corynebacterium mucifaciens Actinobacteria 99 526
19 LD-coral uncultured bacteria Alphaproteobacteria 96 527
20 LD-coral Corynebacterium sp. Actinobacteria 91 474
21 LD-coral Corynebacterium sp. Actinobacteria 99 459
22 LD-coral Phyllobacterium sp. Alphaproteobacteria 98 494
23 LD-coral Candidatus aquirestis calciphila Cytophaga-Flavobacteria-Bacteroides 99 541
24 KT-coral Corynebacterium sp. Actinobacteria 95 367
25 KT-coral Aquabacterium sp. Betaproteobacteria 84 515
26 KT-coral Corynebacterium sp. Actinobacteria 87 432
27 KT-coral Aquabacterium sp. Betaproteobacteria 94 534
28 KT-coral Arthrobacter sp. Actinobacteria 94 366
29 KT-coral Aquabacterium sp. Betaproteobacteria 85 519
30 KT-coral Arthrobacter sp. Actinobacteria 94 413
31 KT-coral Arthrobacter sp. Actinobacteria 94 417
32 KT-coral Aquabacterium sp. Betaproteobacteria 75 536
33 KT-coral Corynebacterium mucifaciens Actinobacteria 94 492
34 KT-coral Actinopolymorpha rutilus Actinobacteria 75 416
35 KT-coral Micrococcineae  Actinobacteria 98 510
36 KT-coral Propionibacterium acnes Actinobacteria 96 543
37 KT-coral Corynebacterium Actinobacteria 93 543

The sequence lengths ranged 434-543 bp.  Similarities are shown in the percentage of sequence matches.  aLD, Ludao; bsw, seawater 
samples; cKT, Kenting; dcoral, coral samples.
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environmental variations in this study.  There 
are some similar reports; for example, the 
compositions of Acropora-associated bacteria were 
considerably distinct between the Magnetic and 
Orpheus Is. on the Great Barrier Reef, Australia 
(Hong et al. 2009, Littman et al. 2009).

In situ observations that coral mucus-
associated bacteria are critical for coral micro-
biology

Direct observations of coral-associated 
bacteria could provide important information on the 
distribution, density, and amount in investigating 
the functional roles of coral-associated bacteria.  
Variations in microenvironments in coral mucus 
were suggested to  be c losely  associated 
with the growth of corals and changes in the 
microbial composition and distribution (Koren and 
Rosenberg 2006, Kooperman et al. 2007, Lampert 
et al. 2008, Apprill et al. 2009).  In the past decade, 
researchers widely investigated the diversity 
and composition of mucus-associated bacteria 
using culture-dependent methods (Ducklow and 
Mitchell 1979, Koren and Rosenberg 2006, Klaus 
et al. 2007, Kooperman et al. 2007, Lampert et 
al. 2008, Sharon and Rosenberg 2008, Nissimov 
et al. 2009, Shnit-Orland and Kushmaro 2009), 
but the distribution of bacterial associates in the 
mucus is still mostly unknown.  Nevertheless, a 
number of reports emphasized the importance of 
the in situ distribution of coral mucus-associated 
bacteria (Ainsworth et al. 2007 2008).  By over-
coming certain technical difficulties, this study for 
the 1st time presents a successful example of 
detecting the bacterial distributions in coral mucus.  
Furthermore, combining our method and other 
techniques, such as microlaser dissection, would 
allow us to verify how bacteria are distributed and 
also what the bacteria are at any specific location 
in corals.
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