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ABSTRACT: The surface mucopolysaccharide layer (SML) secreted by corals is a rich environment
where bacteria live and proliferate, with population levels often being several orders of magnitude
higher than in the surrounding waters (at least for culturable microbes). Some studies have suggested
that these communities play an important role in energy and nutrient flux in marine environments.
We hypothesize that the microbial community structure of the SML also plays a role in protection
against disease. This hypothesis is based on studies that have shown differences in the bacterial composition of the mucus of healthy and diseased corals. In this study we tested the differences in the
microbial communities living in association with the SML of healthy and diseased Gorgonia ventalina
by comparing their metabolic profiles using Biolog EcoPlates. Overall, metabolic profiles of the coral
surface microbiota were significantly different to those in the water column based on stepwise canonical discriminant analyses (CDAs). Furthermore, differences between communities living in healthy
and diseased corals were also found. Changes were observed between affected and unaffected areas
of the same colony, although these changes were not as obvious as between individual healthy and
diseased colonies. Results suggest that the microbial communities living in the SML of G. ventalina
are affected by the presence of aspergillosis, even if the area is not in direct contact with the infection. This suggests the possibility of changes in the composition of the SML throughout the colony as
a response to aspergillosis infection.
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Corals are covered by mucus that helps in protection
against fouling, sedimentation and desiccation (Meikle
et al. 1988). This layer is composed, in part, of proteins,
mono- and polysaccharides, lipids, and amino acids
which produce a nutrient-rich environment where
microbes, especially bacteria, can thrive (Ducklow &
Mitchell 1979a,b, Wild et al. 2004a).
Ritchie & Smith (1995a) found differences between
microbial communities living in water and those associated with coral surfaces. Culturable bacterial popula-

tions associated with the mucus layer of corals were 2
orders of magnitude higher that those living in surrounding waters, and several orders of magnitude
more active metabolically (Ritchie et al. 1996).
Ritchie & Smith (1995b) compared the metabolic
characteristics of bacteria associated with 11 species of
corals, and found fewer differences between the more
closely related coral species (i.e. those within the same
genera) (Ritchie & Smith 2004), indicating a speciesspecific relationship between corals and their associated bacterial communities. Rohwer et al. (2002),
using molecular techniques, found that the association
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between bacteria and corals was not random, and
microbial communities showed small differences in the
composition of bacterial species in space and time.
These differences supported the concept of a ‘normal’
microbiota associated with coral mucus.
Changes in the normal microbiota of corals were
documented by Ritchie & Smith (1995b), Ritchie et
al. (1994), and Jindal et al. (1996) during bleaching
events. Also, corals affected by diseases showed
changes in microbial composition of the surface
mucopolysaccharide layer (SML) (Ritchie & Smith,
1995a). In other studies, variations in specific components of the normal SML communities were used to
detect putative coral pathogens (Patterson et al. 2002,
Gil-Agudelo et al. 2004).
The role of the microbial communities on the SML is
still largely unknown, although the SML microbiota
was shown to have significant importance in the
marine food web. Coral mucus can transport energy
and nutrients from the reef to the lagoon via the microbial loop, providing a significant energy source to
heterotrophic communities (Wild et al. 2004a,b). It is
also possible that some of these bacterial communities
are consumed by corals, playing a nutritional role for
coral polyps by providing nutrients (such as nitrogen)
that corals assimilate (Ferrier-Pages et al. 1998).
Finally, the normal microbiota might provide protection by occupying niches that otherwise might be inhabited by pathogens, and by producing antimicrobial
compounds (Rohwer et al. 2002).
Characterization of the normal microbiota is necessary to understand the causes and consequences of
their changes due to diseases. Microbial communities
associated with corals are still largely unknown.
Rohwer et al. (2002) identified 430 bacterial ribotypes
in 14 coral samples by sequencing the 16S rDNA.
They suggested that more than 6000 bacterial ribotypes might be present in their samples. Due to the
difficulty of characterizing — by either molecular
and/or metabolic methods — each of the bacterial
types present in the SML of corals, a characterization
of the whole microbial community is necessary. Biolog
MicroPlates (EcoPlates, Biolog) have been previously
used to evaluate microbial communities in soil samples (Winding 1994, Zak et al. 1994, Bossio & Scow
1995), freshwater (Sinsabaugh & Foreman 2001) and
seawater (Matsui et al. 2001). This method evaluates
the functional diversity of the microbiota (PrestonMafham et al. 2002).
In the present study, Biolog EcoPlates were used to
compare the microbial communities associated with
healthy, diseased, and apparent unaffected areas of
diseased sea fan Gorgonia ventalina colonies to assess
the differences in their functional diversity and their
possible role in coral disease.

MATERIALS AND METHODS
In August 2002, 2003, and 2004, samples of the SML
were collected from healthy colonies of Gorgonia ventalina and from colonies with signs of aspergillosis in
Pickles reef (24° 59’ N, 80° 24’ W), Florida Keys. SML
samples were vacuumed from the surface of the coral
using 10 ml syringes without needles as described by
Ritchie & Smith (1995a). In those colonies affected by
aspergillosis, mucus samples were collected from both
healthy-looking and diseased portions of the same
colony. Water samples were collected for comparison
with samples from the SML. Similar samples were collected from G. ventalina colonies from Molasses reef
(25° 01’ N, 80° 22’ W), Florida Keys, in 2002.
After collection, the samples were transported cold
(not frozen) to the laboratory. Once in the laboratory,
the samples were inoculated into EcoPlates (Biolog).
These plates consist of 96 microwells, containing one
of 31 different carbon sources in triplicate (the other 3
microwells do not have any source of carbon and are
used as controls). Each microwell also contains tetrazolium violet as an electron acceptor, which indicates
dehydrogenase activity and is taken as a measure of
general metabolic activity (Ritchie & Smith 1995b).
Microplates were incubated at room temperature
(23 to 25°C). Each plate was read at different time
intervals, up to 200 h after inoculation, using an automated MicroPlate reader (Biolog). Each well was read
at 2 different wavelengths: 590 nm (tetrazolium peak)
and 750 nm (turbidity). For each well, the absorbance
of the tetrazolium dye was subtracted from the turbidity absorbance to get the absorbance value that was
due to the metabolic activity of bacteria. Values from
the control cells were subtracted from values of each
microwell to correct for background noise. Average
well color development (AWCD) for each substrate i in
each plate j at time t was obtained following the
formula by Garland & Mills (1991):
AWCD( j,t ) =

1 31
∑ OD(i, j,t )
31 i =1

(1)

where OD is the optical density of the microwell.
The kinetic profile of color development from each
bacterial community was determined and the area
under the curve was used as a summary statistic to
evaluate both maximum color development and rate of
color development (Guckert et al. 1996, Haack et al.
1996, Hackett & Griffiths 1997). The area under the
kinetic curve (Aik) is calculated by combining the OD
at consecutive times (t) for each substrate (i) and plate
(k) (Guckert et al. 1996, Hackett & Griffiths 1997):
Aik =

1 j = n −1
∑ [t ( j + 1) − t ( j)] × (ODikt ( j +1) + ODikt ( j ))
2 j =1

(2)
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Pickles 2002

where v is volume, was used to calculate the area
under the curve (Guckert et al. 1996).
Principal component analysis (PCA) has been commonly used to evaluate differences in the functional
diversity of samples (e.g. Garland & Mills 1991, Fritze
et al. 1997), but the ratio of number of observations to
number of variables suggested by Jackson (1993)
would require more than 90 replicates for a 3:1 ratio;
there should be at least more replicates than variables
(Palojärvi et al. 1997). Instead, a stepwise discriminant
function analysis (SDFA) was performed using SAS
8.02 over time during color development in the
EcoPlates to detect differences in the metabolic activity among samples. Canonical discriminant analysis
(CDA) was performed on the variables selected after
the SDFA.

RESULTS
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(3)

Pickles 2003
Pickles 2004

0.2

AWCD

4

0.1

0
0

50

100

150

Time (h)
Fig. 1. Average well color development (AWCD) of EcoPlates
inoculated with syringe and tissue (only Pickles reef, 2004)
samples. Error bars represent ± SE

mers (D1 and F1), and 1 was an amino acid (E4)
(Table 1). Only 3 of these 9 carbon sources accounted
for most differences when comparing only SML
samples (Table 2). Variables selected for SDFA of
corals excluding water samples were D-galactonic
acid γ-lactone (A3), Tween 80 (D1), and glucose-1phosphate (G2).
The primary differences among microbial communities living in association with corals were between
healthy and diseased coral colonies. Communities
living on the healthy areas of diseased colonies and
diseased areas of colonies were very similar (Table 2,
Fig. 2). Similar results were obtained with the samples
collected from Pickles 2002, although these analyses
were performed after only 72 h of incubation (Fig. 3a).
Analysis from Molasses 2002 (Fig. 3b) showed separation of samples extracted from the healthy and dis-

AWCD from microbial communities from Molasses
and Pickles reefs in 2002 did not reach metabolic
stability before 72 h incubation (Fig. 1). In 2003, using
longer incubation times, the microbial communities
assessed in Pickles reached stability after about 100 h.
In 2004, communities showed no signs of stabilization
after more than 200 h.
Differences in maximum color development are also
shown in Fig. 1. Samples from Pickles 2003 reached
stability at an AWCD close to 0.2. Molasses and Pickles
2002 reached similar AWCDs after only 72 h, indicating a higher overall metabolic rate of the microbial
communities in these samples. In 2004, samples
showed a much lower AWCD, reaching
only about 0.15 after more than 200 h of
Table 1. SAS output of the linear discriminant function of the stepwise discrimiincubation. The SDFA of the area
nant analysis of Pickles reef in 2003, including water samples. D: diseased
under the curve of samples from Pickareas of infected sea fan; H: healthy sea fans; W: water; h: healthy area of
les 2003 showed that activity of seawainfected sea fan. See ‘Results’ for definition of carbon sources
ter microbial communities was lower
than of those living on the surface of
Carbon
D
H
W
h
the corals. Nine carbon sources were
source
responsible for differences when seaConstant
–18.67793
–11.88685
–629.67009
–13.30127
water and coral samples were comA2
25.01239
–19.11228
53.23436
12.74577
pared: β-methyl-D-glucoside (A2), iC2
–12.83160
3.63435
–152.49584
–9.27171
erythritol (C2), Tween 80 (D1),
D1
5.23313
–3.07169
15.01539
4.17462
L-threonine (E4), glycogen (F1), gluE4
–7.43741
3.13852
21.58145
–6.94416
cose-1-phosphate (G2), α-ketobutyric
F1
4.92035
–1.10301
20.29187
3.55649
G2
–4.55609
2.71348
–19.51514
–3.11718
acid (G3), α-D-lactose (H1), and D-malic
G3
–21.99153
16.21195
–214.27812
–5.01295
acid (H3). Three of these were carbohyH1
41.34666
–12.95661
722.02604
16.89343
drates (A2, C2, and H1), 2 were carH3
556.09556
–258.02149
5723
291.46736
boxylic acids (G3 and H3), 2 were poly-
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Table 2. SAS output of the linear discriminant function of the
stepwise discriminant analysis of Pickles reef in 2003, not
including water samples. D: diseased areas of infected sea
fan; H: healthy sea fans; h: healthy area of infected sea fan.
See ‘Results’ for definition of carbon sources
Carbon
source
Constant
A3
D1
G2

D

–2.31859
–40.98178
1.59074
–0.39361

H

–7.69102
178.11382
–2.36467
1.30064

h

–1.50205
–40.09312
1.43327
–0.40916

eased parts of diseased colonies, but not as much as
the separation from healthy colonies. Metabolic profiles from healthy colonies did not seem to be stable in
space and time (Figs. 4 & 5). The microbial activity
from colonies with signs of aspergillosis (on both diseased and healthy areas of tissue) from different reefs
(Fig. 4) and different years (Fig. 5) was more similar
than a parallel comparison made on healthy colonies.

DISCUSSION
The composition of culturable microorganisms varies
between coral mucus and seawater, sometimes with a
100-fold increase in bacterial population in coral
mucus compared to surrounding seawater (Ritchie &
Smith 1995a,b, Wild et al. 2004a,b). Qualitative and
quantitative differences in the potential use of specific
carbon substrates between seawater and SML communities were also found. These differences in functional
diversity and the greater potential of SML microbiota

Fig. 2. Stepwise canonical analysis of the area under the
curve for samples from Pickles reef (2003) after 108 h of incubation. H: healthy sea fans; h: healthy area of infected sea fan;
D: diseased areas of infected sea fan

Fig. 3. Stepwise canonical analysis of the area under the
curve for samples from (a) Pickles reef and (b) Molasses reef
(2002) after 72 h of incubation. Water samples not included.
H: healthy sea fans; h: healthy area of infected sea fan;
D: diseased areas of infected sea fan

to utilize carbon sources have profound implications on
the carbon cycle and productivity of coral reefs.
Differences in the AWCD of diverse samples (Fig. 1)
could be due to variations in the concentration of
the inoculum used (Garland & Mills 1991, PrestonMafham et al. 2002) resulting from inconsistencies
during sample collection. However, during this study,
differences between samples were found to be smaller
than from each sampling source. Therefore, differences were likely due to actual changes in the SML
microbial communities of healthy corals over time.
Further evidence for variations in metabolic profiles
from healthy corals was found when comparing functional diversity from different samples (different years
and different reefs). Ritchie & Smith (1995b) and
Rohwer et al. (2001) suggested that the association
between corals and bacteria living in the SML is
species-specific. In other words, corals have a distinctive, species-specific community of bacteria. Results of
the present study found fewer metabolic differences
when comparing bacterial communities on different
(disease-affected and apparently unaffected) parts of
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Fig. 4. Stepwise canonical analysis of the area under the
curve for samples from Pickles and Molasses reefs (2002) after
72 h of incubation (a) including and (b) not including water
samples. Pickles — W: water; H: healthy sea fans; h: healthy
area of infected sea fan; D: diseased areas of infected sea fan.
Molasses — A: water; S: healthy sea fans; e: healthy area of
infected sea fan; E: diseased areas of infected sea fan

Fig. 5 Stepwise canonical analysis of the area under the
curve for samples from Pickles (2002, 2003) after 72 h of
incubation (a) including and (b) not including water samples.
2002 — W: water; H: healthy sea fans; h: healthy area of infected sea fan; D: diseased areas of infected sea fan. 2003 —
A: water; S: healthy sea fans; e: healthy area of infected sea
fan; E: diseased areas of infected sea fan

diseased colonies than when comparing communities
on healthy seafan colonies.
Results indicated qualitative variations in space and
time in the bacterial community. Microbial activity
may change in response to changes in environmental
conditions, including water temperature, nutrients,
sedimentation, and the chemical composition of coral
mucus. The fact that samples from diseased seafans
(diseased and healthy parts) were more similar than
healthy samples is very significant. This shows that the
microbial community of the entire colony of Gorgonia
ventalina is affected by the infection, and not only the
portion with the visible active infection. Microbial
communities living in the SML depend on the exudates
produced by the coral to live (Ducklow & Mitchell
1979a,b); therefore, changes in communities suggest

changes in the exudates produced by the corals. These
changes might be due to alterations in metabolism
resulting from the disease. This aspect has not been
investigated to date.
Kim et al. (2000) reported the production of antibiotics and antifungals by Gorgonia ventalina and G.
flabellum as a response to infection by Aspergillus
sydowii. This could alter the SML microbiota, making
these communities more similar in diseased samples
than in healthy samples. Although there is no definitive evidence that the SML microbiota plays a protective role for corals (as suggested by Rohwer et al.
2002), this study shows that the metabolic profile does
change in infected corals, even in apparent healthy
areas. Microbial population shifts resulted in either
quantitative or qualitative changes that show differ-
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ences in their metabolic profiles. Further studies are
necessary to determine if changes in the SML microbiota of healthy corals are due to changes in environmental conditions.
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