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Summary

A functional gene array (FGA), GeoChip 2.0, was used
to assess the biogeochemical cycling potential of
microbial communities associated with healthy and
Caribbean yellow band diseased (YBD) Montastraea
faveolata. Over 6700 genes were detected, providing
evidence that the coral microbiome contains a
diverse community of archaea, bacteria and fungi
capable of fulfilling numerous functional niches.
These included carbon, nitrogen and sulfur cycling,
metal homeostasis and resistance, and xenobiotic
contaminant degradation. A significant difference in
functional structure was found between healthy and
YBD M. faveolata colonies and those differences were
specific to the physical niche examined. In the
surface mucopolysaccharide layer (SML), only two of
31 functional categories investigated, cellulose deg-
radation and nitrification, revealed significant differ-
ences, implying a very specific change in microbial

functional potential. Coral tissue slurry, on the other
hand, revealed significant changes in 10 of the 31
categories, suggesting a more generalized shift in
functional potential involving various aspects of
nutrient cycling, metal transformations and contami-
nant degradation. This study is the first broad screen-
ing of functional genes in coral-associated microbial
communities and provides insights regarding their
biogeochemical cycling capacity in healthy and dis-
eased states.

Introduction

Coral ecosystems are being degraded worldwide due in
large part to disease outbreaks (Harvell et al., 2007;
2009). Caribbean yellow band disease (YBD) affects all
four species of the Montastraea genus, causing signifi-
cant tissue and colony mortality in some of the most
important Caribbean reef-building corals (Croquer and
Weil, 2009; Harvell et al., 2009). The prevalence and
virulence of YBD has increased over the past decade
and poses a significant risk to the stability of some Car-
ibbean coral ecosystems (Bruckner and Bruckner, 2006;
Weil et al., 2006; Croquer and Weil, 2009; Harvell et al.,
2009). To better understand the etiology of YBD and
other coral diseases, scientists have examined the
microbial communities associated with corals (Leggat
et al., 2007; Rosenberg et al., 2007 and references
therein). As a result, these communities are increasingly
recognized as important components of the coral holo-
biont that influence coral health and disease (Rosenberg
and Loya, 2004; Coral Disease Working Group, 2007;
Rosenberg et al., 2007).

Endosymbiotic dinoflagellates of the genus Symbiod-
inium, or zooxanthellae, were the first microbial commu-
nity shown to associate with corals (Yonge, 1929; 1931).
They contribute to the health of the coral holobiont
through provision of nutrients and oxygen via photosyn-
thesis (Goreau and Goreau, 1960; Goreau et al., 1979);
disruption of this relationship results in bleaching and
coral disease (Cervino et al., 2001; 2004; Baker, 2003;
Thornhill et al., 2006). In addition to the zooxanthellar
community, studies reveal distinct bacterial (Rohwer
et al., 2001; 2002; Bourne and Munn, 2005; Klaus et al.,
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2005; Koren and Rosenberg, 2006; Yokouchi et al., 2006;
Wegley et al., 2007), archaeal (Kellogg, 2004; Wegley
et al., 2004; Siboni et al., 2008) and fungal (Bentis et al.,
2000; Wegley et al., 2007) communities associated with
reef-building corals. Additional evidence reveals variation
in the microbial community structure between healthy and
diseased (or stressed) colonies, implicating them in the
maintenance of a healthy environment for the coral holo-
biont (Casas et al., 2004; Sekar et al., 2006; Bourne et al.,
2007; Coral Disease Working Group, 2007; Rosenberg
et al., 2007; Lampert et al., 2008; Sunagawa et al., 2009;
Thurber et al., 2009).

The functional role of the zooxanthellae is well estab-
lished in the coral holobiont (Yonge, 1931; Muscatine,
1973; 1980; 1990; Goreau et al., 1979; Muscatine et al.,
1984; Muller-Parker and D’Elia, 1997; Knowlton and
Rohwer, 2003; Stat et al., 2008) and thus will not be
discussed here. In contrast, the role of the bacterial,
archaeal and fungal communities is not yet fully charac-
terized, although there is speculation regarding their role
in nutrient cycling. For example, nitrogen cycling is often
cited as a probable role filled by the microbial community
(Rohwer et al., 2002; Rosenberg et al., 2007; Wegley
et al., 2007). This assumption is supported by indirect
evidence including acetylene reduction activity in coral
colonies (Shashar et al., 1994), excretion of ammonium
from the endolithic community (Szmant et al., 1990;
Ferrier-Pages et al., 1998), and the presence of bacteria
capable of nitrogen cycling (Frias-Lopez et al., 2002;
Rohwer et al., 2002; Lesser et al., 2004; Yokouchi et al.,
2006; Wegley et al., 2007; Olson et al., 2009). Even less
is known about the functional role of archaea and fungi
in the coral holobiont; however, both are implicated in
nitrogen cycling as well. The presence of the ammonia
monooxygenase gene, amoA, in coral associated crenar-
chaeota suggests a potential role in nitrification (Beman

et al., 2007; Siboni et al., 2008); while metagenomic data
provide evidence suggesting a role for fungi in ammonifi-
cation and ammonia assimilation (Wegley et al., 2007).
Additionally, the presence of both sulfate-oxidizing and
sulfate-reducing bacteria in the coral holobiont implicates
a possible role for the microbial community in sulfur
cycling (Richardson, 2004; Barneah et al., 2007; Raina
et al., 2009).

Determining the functional role of complex and dynamic
microbial communities is challenging due to our inability
to culture the vast majority (~99%) of microorganisms
(Amann et al., 1995; Fuhrman and Campbell, 1998). To
address this challenge, high-throughput functional gene
arrays (FGA) are being used to probe for genes involved
in specific functions of interest (Wu et al., 2001; Gentry
et al., 2006; He et al., 2007). The most comprehensive
FGA currently available, the GeoChip 2.0, uses 24 243
oligonucleotide (50-mer) probes to target ~10 000 known
microbial biogeochemical cycling genes involved in
carbon, nitrogen and sulfur cycling, metal homeostasis
and resistance, and xenobiotic contaminant degra-
dation. The functional structure of complex microbiomes
from various environments has been examined using
the GeoChip 2.0, including contaminated aquifers
(Rodriguez-Martinez et al., 2006; Van Nostrand et al.,
2009), contaminated ground water (Wu et al., 2006; He
et al., 2007; Waldron et al., 2009), tropical marine sedi-
ments (Wu et al., 2008), soils (Yergeau et al., 2008),
crude oil-contaminated soils (Liang et al., 2009), marine
basalts (Mason et al., 2009) and deep sea hydrothermal
vents (Wang et al., 2009). These studies indicated that
GeoChip is a powerful tool for analysing microbial com-
munity functional structure from a variety of habitats.

The aim of this study is to characterize the bio-
geochemical cycling potential of microbial communities
associated with healthy and YBD M. faveolata (Fig. 1).

Fig. 1. Digital images of two M. faveolata
colonies, one healthy (left) and one YBD
(right), tagged and sampled in March 2007
from the Media Luna Reef of La Parguera,
Puerto Rico. (Photos E. Weil)
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The multitude of bacterial, archaeal and fungal genes
detected across all M. faveolata samples (biological trip-
licates of: healthy surface mucopolysaccharide layer
(SML), healthy tissue slurry, YBD SML and YBD tissue
slurry; n = 12), using the GeoChip, is reported. In addition,
evidence revealing differences in functional potential
between healthy and YBD M. faveolata SML and tissue
slurry is presented. Based on our findings, the diversity of
functional genes detected and their implication in nutrient
cycling for the coral holobiont are discussed.

Results

Comparison of the functional structure in M. faveolata
SML and tissue slurry

Cluster analysis of our data revealed a distinct separation
between the M. faveolata SML and tissue slurry samples,
with the exception of one sample (Fig. 2A). We detected
an average of 1213 genes in the SML, whereas, the
average number of genes detected in the tissue slurry
was 2656, revealing a significant difference in the number
of genes detected (t-test, P = 0.004). Additionally, both the
Shannon–Wiener (H′) and Simpson’s Reciprocal 1/D
diversity indices indicate higher levels of genetic diversity
in M. faveolata tissue slurry than that seen in the
M. faveolata SML samples, with both tissue and SML-
associated communities exhibiting similar Shannon–
Wiener’s evenness (Table 1).

Comparison of the functional structure between healthy
and YBD M. faveolata

The number of genes detected varied between healthy
and YBD samples within both the SML and tissue slurry
(Table 1). In the SML, an average of 947 total genes were
detected in the healthy samples; whereas, an average of
1484 total genes were detected in the YBD samples.
Furthermore, the number of unique genes associated with
healthy SML samples (306) was much smaller than the
number identified in the YBD SML samples (1365).
Tissue samples exhibited the opposite trend with the
healthy samples showing a slightly larger average
number of detected genes (3037) than that of the YBD
tissue samples (2275). The number of unique genes
detected in M. faveolata healthy tissue samples (1424)
was also greater than that detected in the YBD tissue
samples (892).

Cluster analysis of the functional genes identified for
each sample showed two distinct clusters for healthy
M. faveolata SML and healthy M. faveolata tissue slurry
samples, while the YBD SML and tissue slurry samples
exhibited more variability in their clustering pattern
(Fig. 2A). This trend is also visible using a non-metric
multidimensional scaling plot (Fig. 2B). To determine if the
functional structures of healthy and YBD M. faveolata
were significantly different, a two-way crossed analysis of
symmetry (ANOSIM), the approximate analogue of a two-
way ANOVA, was performed. This analysis accounts for

Fig. 2. Multivariate analysis of functional
genes associated with M. faveolata.
A. Cluster analysis of the functional genes
detected in healthy (bolded) and YBD
M. faveolata. SML (M) and tissue slurry (T).
B. Multidimensional scaling plot of the
functional genes detected in healthy (filled
circles) and YBD (open circles) M. faveolata
SML (M) and tissue slurry (T).
C. PCA of the functional genes detected in
healthy (filled circles) and CYBD (open
circles) M. faveolata SML.
D. PCA of the functional genes detected in
healthy (filled circles) and CYBD (open
circles) M. faveolata tissue slurry.
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variation in one parameter (SML and tissue slurry) when
determining similarity within a second parameter (healthy
and YBD). The ANOSIM revealed significant dissimilarity
between the microbial functional structure of healthy and
YBD M. faveolata (R = 0.42, P < 0.01). The ANOSIM also
showed dissimilarity between the SML and tissue slurry;
however, it was less significant (R = 0.46, P < 0.07) than
that seen between healthy and YBD.

Changes between healthy and YBD functional struc-
tures in the SML and the tissue slurry were also examined
separately due to the differences observed between the
SML and tissue slurry samples in the cluster analysis and
ANOSIM results. Principal component analysis (PCA)
shows two distinct trends distinguishing healthy and YBD
samples in either the M. faveolata SML (Fig. 2C) or tissue
slurry (Fig. 2D). The healthy SML samples cluster
together; whereas, the YBD SML samples show a great
deal of variation between one another and in comparison
to the healthy SML. In contrast, the microbial community
associated with M. faveolata tissue slurry shows clear
separation between the healthy and YBD colonies;
however, there is also variation among both the healthy
and YBD communities.

One-way ANOSIMs were run for each functional category
using only the SML samples or the tissue slurry samples.
Our findings revealed specific changes in the two different
environments, further supporting the distinct trends
observed using PCA results. Only two of the 31 functional
categories investigated, cellulose degradation and nitrifi-
cation, revealed significant differences (P < 0.1) when
looking at coral SML samples, implying a specific change
in microbial functional potential (Fig. 3). A significantly
larger number of cellulase genes (169) were detected in

YBD samples than in healthy samples (97). This repre-
sents a 47% increase in the number of genes detected;
interestingly, the increase in total signal intensity of cellu-
lase genes was only 18%. Similar to the cellulose degra-
dation category, the number of nitrification genes
associated with YBD M. faveolata SML (46) was 60%
higher than that associated with the healthy SML (28).
The healthy-associated nitrification genes were identified
as bacterial amoA (26) and hao (2) genes; while the
YBD-associated genes represented 40 amoA, four amoB,
one amoC and one hao bacterial genes.

In contrast to the SML samples, the tissue slurry
samples revealed significant changes (P < 0.1) in 10 of
the 31 categories examined (carbon fixation, cellulose
degradation, lignin degradation, nitrification, copper
resistance/reduction, benzene by-product degradation,
BTEX degradation, nitroaromatics degradation and
pesticide/fungicide/herbicide degradation), suggesting a
more generalized shift in functional potential involving
various aspects of nutrient cycling, metal transformations
and contaminant degradation.

Overview of biogeochemical cycling genes identified

Across all M. faveolata samples (biological triplicates of
healthy SML, healthy tissue slurry, YBD SML and YBD
tissue slurry; n = 12), a total of 6727 functional genes
were detected, with each sample showing significant
hybridization to genes in all 31 functional categories
investigated (Table 1). Bacterial, archaeal and fungal
genes were represented in 31, 24 and 15 of the catego-
ries examined respectively (Table 2). Approximately half
of the genes were nutrient cycling genes involved in the

Table 1. Functional gene diversity of M. faveolata-associated microorganisms.

M. faveolata SML M. faveolata tissue slurry

Healthy YBD Healthy YBD

H1 H2 H3 D1 D2 D3 H1 H2 H3 D1 D2 D3

Colony ID
H1 110 496 426 676 508 369 489 1798 1509 1612 1468 783
H2 104 500 729 472 408 640 1646 1723 1571 850
H3 92 616 408 352 295 1466 1335 833
D1 302 699 537 460 1547 767
D2 734 447 378 740
D3 329 54

Total genes detected 970 1010 861 1618 1739 1089 3066 3404 2642 2982 2667 1175
Diversity indices

Simpson’s reciprocal index (1/D) 504 467 383 821 838 553 1593 1620 1417 1458 1415 678
Shannon–Weiner index (H′) 6.58 6.56 6.38 7.06 7.16 6.66 7.72 7.79 7.60 7.65 7.59 6.81
Shannon evenness 0.96 0.95 0.94 0.96 0.96 0.95 0.96 0.96 0.96 0.96 0.96 0.96

The genes detected for each M. faveolata SML or tissue sample were compared with that of the other SML or tissue samples to determine the
number of unique and overlapping genes between each sample pair. The boldface numerical values represent the number of unique genes, while
the italicized values represent the number of overlapping genes between two samples. The diversity indices were calculated for each sample using
software provided by the Institute for Environmental Genomics at the University of Oklahoma (http://ieg.ou.edu/).
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Fig. 3. Heat maps of the signal intensity for a subset of cellulase genes (A) and nitrification genes (B) detected in either healthy only (MH1-3)
or YBD only (MD1-3) SML samples.
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transformation of carbon (19.2%), nitrogen (21.9%) and
sulfur (7.5%). The remaining genes detected were
involved in metal homeostasis and resistance (19.3%)
and xenobiotic contaminant degradation (32.1%). Despite

significant differences in the number of genes detected
between samples, the relative abundance (i.e. percent-
age of each category) of functional categories revealed a
consistent pattern across all samples (Fig. 4), suggesting
functional redundancy in microbial communities.

Carbon cycling genes detected

Carbon dioxide is most often assimilated into organic
compounds during photosynthesis through the Calvin
cycle, in which ribulose-1,5-bisphosphate carboxylase/
oxygenase (rbcL) catalyses the carboxylation of ribulose
ultimately resulting in the formation of two glyceralde-
hydes 3-phosphate molecules (Berg et al., 2002; Badger
and Bek, 2008). In this study, we detected 134 rbcL genes
belonging to archaea (5) and bacteria (129). Of the bac-
terial rbcL genes detected, most were identified either as
Proteobacteria (66), including the subclasses Alpha-,
Beta-, Delta- and Gammaproteobacteria, or Cyanobacte-
ria (27), with the subclasses Nostocaceae, Chroococ-
cales and Prochlorophytes represented. Alternative
pathways used in carbon dioxide assimilation include the
reductive acetyl-CoA pathway (Ragsdale, 1991) and the
reverse Krebs cycle (Buchanan and Arnon, 1990). We
detected 9 species of the acetyl-CoA carboxylase (acc)
gene, which codes for an enzyme involved in the reduc-
tive acetyl-CoA pathway, including 5 Crenarachaeota, 2
Euryarchaeota and 2 Clostridium species. The remaining
119 genes detected were involved in the reverse Krebs
cycle and mainly represented uncultured bacteria and
Proteobacteria.

We detected 825 microbial genes involved in carbon
degradation. The majority of genes detected were
involved in polysaccharide degradation; these included
bacterial, archaeal and fungal cellulases (359
sequences), chitinases (206 sequences), mannanases
(55 sequences) and polygalactases (63 sequences).
Additionally, 113 sequences for laccase, an enzyme nec-
essary for the decomposition of recalcitrant liginin com-
pounds, were identified as fungal species. The remaining

Table 2. Biogeochemical cycling categories examined and the
number of genes detected across all M. faveolata samples (n = 12)
for each category.

Functional category
Number of
genes

Carbon cycling 1289
Carbon fixationA,B 262
Cellulose degradationA,B,C 360
Chitin degradationA,B,C 206
Lignin degradationC 113
Other polysaccharide degradationA,B,C 146
Methane productionA,B 108
Methane oxidationB 111

Nitrogen cycling 1449
Nitrogen fixationA,B 311
NitrificationB 134
Assimilation/ammonificationA,B,C 320
DenitrificationA,B,C 584

Sulfur cyclingA,B 501
Metal homeostasis and resistance 1309

Arsenic resistance/reductionA,B,C 239
Cadmium resistance/reductionA,B,C 69
Chromium resistance/reductionA,B,C 96
Copper resistance/reductionA,B,C 144
Iron uptakeB 247
Mercury resistance/reductionA,B 155
Nickel resistance/reductionA,B 43
Tellurium/selenium resistance/reductionB 183
Zinc resistance/reductionA,B,C 33
Other metal transformationsA,B,C 100

Xenobiotic contaminant degradation 2162
Benzene by-product degradationA,B,C 825
BTEX and related aromatic degradationA,B 102
Chlorinated aromatic degradationB 53
Chlorinated solvent degradationB 40
Heterocyclic aromatic degradationB 120
Hydrocarbon (e.g. PAHs) degradationA,B 209
Nitroaromatic degradationA,B,C 168
Pesticide/fungicide/herbicide degradationA,B 138
Other xenobiotic contaminant degradationA,B,C 507

Total genes identified 6727

The superscript letters ‘A’ (archaea), ‘B’ (bacteria) and ‘C’ (fungi)
indicate the microbial communities identified for each category.

Fig. 4. Comparison of functional variations
in the microbiome of M. faveolata. Relative
abundance (total signal intensity for all genes
detected in a given category/total signal
intensity) of the five major biogeochemical
cycling categories is shown across all 12
M. faveolata samples examined. MfTH1-3,
biological triplicates of healthy tissue slurry;
MfTD1-3, biological triplicates of YBD tissue
slurry; MfMH1-3, biological triplicates of SML;
MfMD1-3, biological triplicates of YBD SML.
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genes detected included 6-phosphogluconolactonase
(pgl), an enzyme involved in the pentose phosphate
pathway.

The present study utilized sequences from two variants
of the methane monooxygenase (mmo/pmo) gene to
characterize aerobic methane oxidation; while sequences
for the methyl-coenzyme M reductase (mcr) gene were
used to characterize methanogenesis and anaerobic oxi-
dation of methane. We detected 106 mmo/pmo genes,
representing uncultured putative methanotrophs (58%),
type I methanotrophs (25%) and type II methanotrophs
(17%). Type I methanotrophs are Gammaproteobacteria,
whereas, type II are Alphaproteobacteria (Hanson and
Hanson, 1996). The archaeal mcr genes detected (108)
were dominated by five groups: Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanosarcina-
les and Methanopyrales.

Nitrogen cycling genes detected

Nitrogen fixation occurs when diazotrophs convert inert
atmospheric nitrogen gas (N2) into ammonium using the
highly conserved nitrogenase enzyme complex (Zehr
et al., 2003). Nitrogenase (nifHDK) contains two principle
components, and they are represented on the GeoChip
2.0 by nifD (component I) genes and nifH (component II)
genes. The majority (~70%) of these genes detected, 18
nifD and 293 nifH, were identified as uncultured or uni-
dentified bacterial species associated with both terrestrial
and marine ecosystems. The remaining bacterial genes
were from Proteobacteria (8%), Cyanobacteria (6%),
Firmicutes (5%) and Spirochetes (2%). Additionally, 13
methanogenic Euryarchaeota genes were identified.

Ammonia monooxygenase (amo) is a microbial enzyme
that catalyses the oxidation of ammonia to hyproxylamine,
the first step in nitrification; subsequently, the enzyme
hydroxylamine oxidoreductase (hao) catalyses the reduc-
tion of hydroxylamine to nitrite. In our study, 130 amoABC
genes were detected. The majority (~54%) of amo genes
were identified as uncharacterized laboratory clones;
the remaining 48% were unidentified bacteria (24%),
Betaproteobacteria (18%) and Gammaproteobacteria
(6%). Additionally, two Betaproteobacteria hao genes
were detected.

Denitrification involves the reduction of nitrate to nitrite,
nitric oxide, nitrous oxide and finally N2 (Jetten, 2008). The
GeoChip 2.0 contains probes for four different enzymes
involved in denitrification, including nitrate reductase
(nar), nitrite reductase (nir), nitric oxide reductase (nor)
and nitrous oxide reductase (nos). Overall, 584 denitrifi-
cation genes were identified in association with M. faveo-
lata. Of the 141 nar genes detected, Proteobacteria and
Firmicutes were identified as the predominant (81%)
classes represented, while 9% were Cyanobacterial narB

genes. Multiple subunits of the nir gene were also
detected, totalling 226 nirABDKS genes. Although the
majority (63%) of nir genes originated from uncultured
bacteria, two genes represented Euryarchaeota species
and two more represented fungal species. All of the 40
norB genes detected were of bacterial origin, with 25%
representing Proteobacteria and 75% representing uncul-
tured bacteria. Similarly, all 85 nosDZ genes were of
bacterial origin from either Proteobacteria (18%) or uncul-
tured bacteria from environmental samples (82%).

Nitrogen cycling can also occur through the metabolism
of organic nitrogen sources, such as glutamate and urea.
Nitrogen assimilation is the process by which organisms
incorporate either nitrites/nitrates or ammonia into organic
forms of nitrogen; conversely, biological nitrogen can be
reduced to ammonia for recycling through nitrogen
mineralization and/or ammonification. The metabolism
of glutamate via the enzyme glutamate dehydrogenase
(gdh) is one example. In this study, we detected 43 gdh
genes from 14 species of archaea, including both Crenar-
chaeota and Euryarchaeota, as well as 29 species of
bacteria representing 6 different classes. In addition, we
detected 16 gdh genes originating from fungi. The degra-
dation of urea via the urease enzyme is another example
known to occur in corals (Barnes and Crossland, 1976).
We detected 358 microbial urease genes. The vast major-
ity (95%) were identified as bacterial species, mainly from
the class Proteobacteria with some Cyanobacteria, Firmi-
cutes and Actinobacteria species also identified. In addi-
tion, archaeal (Crenarchaeota and Euryarcheota) and
fungal urease genes were identified.

Sulfur cycling genes detected

Using the GeoChip, we detected 501 sequences of the
dsr gene. Approximately half of the dsr genes were iden-
tified as uncultured bacteria; the remaining bacterial
genes were identified as Deltaproteobacteria (22%),
Clostridia (6%), Thermosulfobacteria (1%), Chlorobia
(1%) and Nitrosporirae (1%). Six archaeal species from
the Euryarchaeota classes of Archaeolglobi and Metha-
nobacteria were also identified. Although it has previously
been suggested that organic sulfur plays a larger role in
coral-associated sulfur cycling than that of inorganic sulfur
(Wegley et al., 2007), the vast number of dsr genes iden-
tified suggests that the metabolism of inorganic sulfur is
important to the health of the coral holobiont.

Metal homeostasis and resistance genes detected

Due to the ubiquitous presence of heavy metals and their
potential toxicity, microorganisms have developed various
strategies for regulating both trace and major elements
(Lloyd, 2005). The GeoChip contains probes for metal
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homeostasis and resistance mechanisms, such as trans-
port systems, resistance proteins and efflux mechanisms.
Of the 1306 metal-associated genes detected, the most
abundant were involved in iron (19%), arsenic (18%),
tellurium (13%), mercury (12%) and copper (11%) regu-
lation. Both iron and copper are biologically necessary for
all organisms, while arsenic and tellurium may be biologi-
cally relevant in some microorganisms; mercury, however,
has no known physiological benefits. All of these elements
can be toxic at certain concentrations and therefore
require strict regulatory mechanisms (Silver and Phung,
2005).

Xenobiotic degradation genes detected

The recalcitrant quality of xenobiotic compounds results
from a lack of enzymes required for their degradation and
may result in detrimental effects. The enzymes and pro-
teins involved in xenobiotic degradation often facilitate the
degradation of synthetic molecules produced through
industry; however, they also degrade natural compounds.
Both functions are important, and communities that
harbour a diverse range of xenobiotic degradation pro-
cesses benefit from the resulting elimination of potentially
harmful compounds, as well as, the addition of potential
carbon sources for metabolism. Using the GeoChip 2.0,
over 2100 genes involved in xenobiotic degradation were
detected. The degradation of BTEX (benzene, toluene,
ethylbenzene and xylenes) and related compounds
accounted for 42% of the genes identified. An additional
11% were involved in degradation of other aromatics,
including chlorinated aromatic, nitoaromatic and het-
eroaromatic compounds. The next largest group of deg-
radation genes (6.5%) was involved in the degradation of
known pesticides, herbicides and fungicides. As a whole,
the microbial community associated with M. faveolata dis-
played a wide-range capacity for the degradation of more
than 75 xenobiotic compounds.

Discussion

Microbial functional diversity associated with the
M. faveolata

Molecular studies from the past 10 years have uncov-
ered a rich microbial community associated with corals
(Reviewed in Rosenberg et al., 2007). The majority of
these studies utilized 16S rDNA methodologies to iden-
tify bacterial (Rohwer et al., 2001; 2002; Frias-Lopez
et al., 2002; Bourne and Munn, 2005; Klaus et al., 2005;
Koren and Rosenberg, 2006; Lampert et al., 2008) and
archaeal (Kellogg, 2004; Wegley et al., 2004) community
members. Other studies focused on a particular bacterial
or archaeal gene in order to identify potential community

members capable of a specific function (Lesser et al.,
2004; Barneah et al., 2007; Beman et al., 2007; Siboni
et al., 2008; Olson et al., 2009; Raina et al., 2009). More
recently, metagenomic techniques were used to identify
coral holobiont members and address their potential
functional roles as a whole (Yokouchi et al., 2006;
Wegley et al., 2007; Thurber et al., 2009). Genomic
studies, including the one presented here, identify the
presence of specific genes; however, they do not neces-
sarily demonstrate functionality. Nonetheless, several
studies indicate that this information is predictive of eco-
logical variation between distinct environments (Dinsdale
et al., 2008a) and similar environments with varying
conditions (Dinsdale et al., 2008b). Collectively, these
studies have enhanced our understanding of coral-
associated microbial communities and highlighted the
need to further characterize their role in the coral holo-
biont. To that end, the present study was the first to
investigate a broad (> 10 000) set of biogeochemical
cycling genes in the coral holobiont, thereby identifying
important metabolic processes potentially carried out by
the microbial community.

Interestingly, the relative abundance (i.e. percentage of
each gene category) of the five broadest level functional
categories examined revealed a consistent pattern across
all samples, despite variations in gene number and diver-
sity indices between samples (Fig. 2). This trend persisted
even when examining the relative abundance of the
31 more refined functional categories examined. Van
Nostrand and colleagues (2009) also noted the same
phenomenon in microbial communities from bioreduced
uranium-contaminated aquifers characterized using the
GeoChip 2.0. Likewise, metagenomic data from the
human microbiome also revealed a similarly consistent
functional pattern despite high levels of bacterial phyla
diversity (Turnbaugh et al., 2006). The consistency of
functional structure observed in these varied environ-
ments suggests that microbial communities in general
tend to form a stable functional structure regardless of the
individual organisms present.

The large number (6727) and varied origin (archaea,
bacteria and fungi) of the biogeochemical cycling genes
identified in association with M. faveolata provided further
support that the coral microbiome is abundant and
diverse. It is important to remember that the GeoChip, like
all FGAs, are limited to probing for known genes; there-
fore, our data most likely underestimate the functional
genes present. However, the identification of bacterial,
archaeal and fungal genes in 31, 24 and 15 of the 31
categories examined, respectively, indicated that all
three microbial communities play a much greater role in
the coral holobiont than previously known. Moreover,
the functional overlap displayed by all three microbial
communities suggested a previously unacknowledged

548 N. E. Kimes et al.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 541–556



amount of functional redundancy across microbial com-
munities. Future studies attempting to determine the role
of these metabolic pathways in the coral holobiont will
need to carefully address this issue.

Carbon cycling in the coral holobiont

Historically, carbon cycling in the coral holobiont was
characterized with respect to the coral–zooxanthellae
relationship (Gattuso et al., 1999). The zooxanthellae
were shown to utilize carbon dioxide generated through
coral respiration to fuel their own photosynthesis, thereby
providing the coral with necessary nutrients (Goreau and
Goreau, 1960; Muscatine, 1967; Smith, 1974; Muscatine
et al., 1975; Goreau et al., 1979). These interactions
established the importance of photosynthetic symbionts
as contributors to the overall production of organic
carbon in coral ecosystems (Smith, 1973; Barnes, 1987).
Since then, studies of coral-associated microorganisms
have identified additional photosynthetic symbionts (e.g.
cyanobacteria) as part of the coral holobiont, causing
speculation that the bacterial community plays a produc-
tive role in carbon cycling (Shashar et al., 1994; Frias-
Lopez et al., 2003; Lesser et al., 2004; Wegley et al.,
2007). In addition, the SML, a complex and variable envi-
ronment containing polysaccharides, glycoproteins and
lipids, provides a carbon-rich substrate for microbial
growth (Brown and Bythell, 2005). Our study highlighted
the potential for carbon cycling in M. faveolata through the
identification of microbial genes responsible for carbon
fixation and carbon degradation. Both bacterial and
archaeal genes necessary for carbon fixation via the
Calvin cycle, the reductive acetyl-CoA pathway, and the
reverse Kreb’s cycle were detected. This indicates that
these communities can provide carbon assimilation under
variable conditions. All three microbial communities were
capable of metabolizing simple sugars (e.g. mannose) as
well as more complex carbohydrates, such as cellulose
and chitin. An enzyme essential for degradation of the
recalcitrant lignin was also detected; however, only fungal
species were identified. This is notable when considering
the recent observation by Thurber and colleagues (2009)
that stressed corals showed an increased association
with fungi. It is possible that the coral microbial commu-
nity’s capacity for degradation of specific carbon mol-
ecules makes it more suitable for varying environments.

Our study also suggested that M. faveolata’s micro-
biome plays a role in carbon cycling through methane
transformations. Methanogenesis is the process by which
methanogens, a polyphyletic group of Archaea, form
methane during anaerobic respiration (Hallam et al.,
2004). Conversely, methanogen-like archaeal groups are
capable of oxidizing methane to form carbon dioxide via
anaerobic oxidation of methane using similar genes to

that involved in methanogenesis (Hallam et al., 2003).
Bacteria, known as methanotrophs, are also capable of
methane oxidation, albeit via aerobic processing (Hanson
and Hanson, 1996). In our study, the presence of mcr
genes from five groups of Euryarchaeota and mmo/pmo
genes from type I and type II methanotrophs suggested
the presence of multiple methane transformation strate-
gies. These data showed that coral-associated bacteria
and archaea may potentially play a role in methane trans-
formation through both the consumption of methane flux
and as an additional source of fixed carbon compounds.

Nitrogen cycling in the coral holobiont

Previous studies proposed that coral ecosystems are
nitrogen-limited (Falkowski et al., 1993) and that inorganic
nitrogen limited the growth and abundance of zooxanthel-
lae associated with scleractinian corals (Dubinsky and
Jokiel, 1994; Dubinsky and Berman-Frank, 2001). This
implies that coral ecosystems have a mechanism to regu-
late nitrogen levels associated with the coral holobiont.
Traditionally, it was thought that the coral host was
responsible for regulating nitrogen levels affecting their
endosymbionts (Muscatine and D’Elia, 1978; Piniak et al.,
2003). However, current evidence strongly suggests that
the abundant and diverse prokaryotic communities asso-
ciated with the coral holobiont also play an important role
in nitrogen cycling through multiple processes (Wegley
et al., 2007). One of the most discussed possibilities is
that of nitrogen fixation. Shashar and colleagues (1994)
first detected nitrogen fixation in several coral species via
acetylene reduction and subsequently showed the pres-
ence of coral-associated bacteria containing the nifH
gene required for nitrogen fixation in one of those species,
Favia favus. Similarly, Lesser and colleagues (2004)
established that nitrogen-fixing cyanobacteria were asso-
ciated with Montastraea cavernosa, and furthermore that
these symbionts provided nitrogen to their coral host via
nitrogen fixation (Lesser et al., 2007). Additional nitrogen
fixing bacteria have been identified in association with
Porites astreoides (Wegley et al., 2007) and Montipora
sp. (Olson et al., 2009). Similar to Olsen and colleagues
(2009), we detected a wide range of bacterial nifH and
nifD genes from the classes Proteobacteria (subclasses
Alpha and Gamma), Cyanobacteria, Firmicutes and Spi-
rochetes. In addition, archaeal nifH and nifD genes were
identified from three classes of Euryarchaeota. These
data revealed a much more diverse group of nitrogen-
fixing microorganisms than previously known, suggesting
a greater potential for nitrogen assimilation by the micro-
bial community.

Nitrification, or the oxidation of ammonia into nitrites
and nitrates, is another component of the nitrogen cycle
that has been identified in corals (Wafar et al., 1990). This
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process was traditionally thought to be performed exclu-
sively by bacteria; however, recent studies have high-
lighted the probable role of mesophilic crenarchaeota as
well (Konneke et al., 2005; Prosser and Nicol, 2008). In
corals, Beman and colleagues (2007) and Siboni and
colleagues (2008) identified a diverse group of coral-
associated archaeal amo genes, while unable to amplify
any bacterial amo genes. This suggested that coral-
associated archaea could be responsible for coral nitrifi-
cation. Although the GeoChip does not probe for archaeal
nitrification genes, it does contain probes for bacterial
amo and hao genes. We detected over 100 amo genes
(unidentified bacteria, Betaproteobacteria and Gam-
maproteobacteria) in addition to hao genes (Betaproteo-
bacteria). Our data suggest the coral-associated bacterial
community may play a role in coral nitrification, and more
comprehensive studies are required in order to discern
the relative contributions of these two communities.

Nitrogen can also be cycled between ammonium and
organic (or biological) forms via ammonium assimilation
and ammonification ( Myrold, 1999). Within the coral holo-
biont, Wegley and colleagues (2007) provided evidence
for ammonium assimilation via the fungal community
associated with Porites astreoides. Likewise, our study
identified fungal genes (gdh) necessary for glutamate
metabolism; moreover, we detected gdh genes from
archaea and bacteria, implicating all three microbial com-
munities in the recycling of biological nitrogen. In addition,
ammonification (e.g. degradation of urea to ammonium)
via urease is known to occur in corals (Barnes and Cross-
land, 1976), and we detected urease genes from all three
microbial communities, although the vast majority of these
(95%) was identified as Proteobacteria.

The final nitrogen cycling process examined was deni-
trification, the reduction of nitrate to N2. Our study was the
first to detect coral-associated microbial genes specific for
denitrification. All four of the denitrification genes (nar, nir,
nor and nos) investigated were detected in our study.
Although the GeoChip only contains bacterial specific
probes for the nar, nor and nos genes, the nir genes are
represented by probes for bacterial, archaeal and fungal
genes. We detected nir genes from all three communities.
This suggested that all three microbial communities
examined have the capacity to influence denitrification in
the coral holobiont. Interestingly, this meant that collec-
tively the M. faveolata microbial community could poten-
tially cycle nitrogen completely from N2 to ammonium to
nitrate and back to N2, while also contributing to the
build-up and break-down of biological nitrogen sources.

Sulfur cycling in the coral holobiont

Although little is known about sulfur cycling in the coral
holobiont, bacterial species capable of metabolizing

organic sulfur compounds (Wegley et al., 2007; Raina
et al., 2009) have been identified within the coral holo-
biont. Wegley and colleagues (2007) proposed glu-
tathione as the main source of sulfur for coral-associated
microbial communities, while Raina and colleagues
(2009) proposed dimethylsulfonopropionate (DMSP) and
dimethylsulfide (DMS) as important sources of sulfur in
the coral holobiont. Another potential role of sulfate-
reducing bacteria is anaerobic methane oxidation as dem-
onstrated in bacterial mats associated with coral-like
carbonate structures in the Black Sea (Pimenov and
Ivanova, 2005) and in ocean microbial communities
(Pernthaler et al., 2008). The present study identified 501
bacterial and archaeal dsr genes associated with M. fa-
veolata, adding inorganic sulfate to the potential sources
of sulfur for the coral holobiont. Previously, Barneah and
colleagues (2007) identified potential sulfate-reducing
bacteria related to the subclass Deltaproteobacteria
(genus Desulfovibrio) in the microbial mat associated with
black band disease. Similarly, the present study identified
the majority of known dsr genes as Deltaproteobacteria;
however, a variety of genera were represented and dsr
genes were detected in both healthy and YBD infected
colonies of M. faveolata.

Variations between healthy and YBD M. faveolata

Our study revealed that the biogeochemical cycling
potential of the M. faveolata-associated microbial commu-
nity was significantly different between healthy and YBD
colonies. In the SML, we observed significantly increased
functional diversity in YBD M. faveolata with genes
detected from a greater variety of known marine patho-
gens, including species from the bacterial families Vibri-
onaceae and Alteromonadaceae and the fungal genus
Aspergillus. These findings were consistent with previous
reports that coral-associated microbial structure varied
between healthy and diseased/stressed corals (Frias-
Lopez et al., 2002; 2004; Pantos et al., 2003; Pantos and
Bythell, 2006; Sekar et al., 2006; Bourne et al., 2007;
Sunagawa et al., 2009; Thurber et al., 2009). The specific
changes in community structure were variable depending
on the coral species and disease of interest. Similar to our
results, Sunagawa and colleagues (2009) reported an
increase in bacterial diversity in M. faveolata during white
plague type II disease using 16S rDNA techniques, with
an increase in known coral pathogens such as Vibrion-
aceae and Alteromonadaceae. In addition, Thurber and
colleagues (2009) reported that the microbial communi-
ties of stressed Porites compressa colonies tended to
exhibit increased numbers of bacteria and fungi associ-
ated with marine diseases.

In the M. faveolata SML, the greatest functional varia-
tion between healthy and YBD SML samples occurred in

550 N. E. Kimes et al.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 541–556



cellulose degradation and nitrification. Like many bacte-
ria, the ability of coral-associated microorganisms to
utilize specific carbon compounds found in the SML could
play an important role either in their survival and fitness or
in their regulation of virulence (Poncet et al., 2009). Sup-
porting this assumption, Krediet and colleagues (2009)
reported that the Acropora palmata pathogen Serratia
marcescens outgrew commensal bacteria when cultured
on mucus from A. palmata but not on mucus from a non-
host coral, M. faveolata. Our data show that cellulase
gene diversity (number of genes detected) increases
drastically between healthy and YBD samples, however,
the overall pool of cellulase gene copies (represented by
signal intensity) is less dramatically altered. In addition,
the overlap of cellulase genes associated with healthy
samples to those of YBD samples (81%) reflects the intro-
duction of additional microorganisms to the YBD commu-
nity rather than a shift from one community to a
completely different community. Combined, our data
suggest that the introduction of opportunistic or patho-
genic organisms better suited towards the metabolism of
a specific carbon source plays a role in the YBD process.
Notably, one of the cellulase genes detected only in the
YBD samples was identified as Vibrio vulnificus (YJ016),
a known marine pathogen.

Nutrient enrichment, including increased nitrate levels,
has been shown to affect coral disease, causing
increased virulence of YBD in Montastraea sp. (Bruno
et al., 2003). Our study showed a significant increase in
the number of nitrification genes detected in YBD SML
samples compared with that of the healthy samples. In
addition, our data revealed the presence of all three amo
subunits necessary for a functional ammonium monooxy-
genase enzyme only in association with the YBD SML.
Although we cannot rule out the possibility that all three
subunits may also be present in healthy samples at a
lower threshold cutoff (SNR < 2.0), our data suggest an
increased potential for nitrification in YBD colonies. We
would predict therefore that YBD virulence could also be
affected by an increased capacity of the microbial com-
munity to transform ammonium into nitrate via nitrification.

Although significant variation between healthy and
YBD tissue samples also occurs in cellulose degradation
and nitrification, eight additional functional gene catego-
ries show significant differences. This suggests a much
broader shift of the functional potential associated with
M. faveolata tissue during YBD, including categories in
metal transformation, xenobiotic degradation and nutrient
cycling. One possible explanation for this is that the
SML, acting as a first line of defence, is initially disrupted
by a specific group of organisms better suited for the
nutrient profile of M. faveolata SML during YBD. The sub-
sequent disruption of the coral holobiont may then allow
a more generalized introduction of opportunistic microor-

ganisms into the coral tissue. Alternatively, YBD could
cause a general disruption of the coral holobiont as rep-
resented in the tissue, which subsequently provides ideal
conditions for the introduction of specific opportunistic
microorganisms in the altered SML. In either case, an
activating cue (e.g. temperature- or density-dependent
signalling) would be required for the invasion of patho-
genic or opportunistic microorganisms. The identification
of potential functional changes between healthy and
YBD-associated coral holobionts now allows us to design
experiments in a more focused manner in which to
address these questions.

Conclusion

Using the GeoChip 2.0, we established that the microbial
functional potential associated with M. faveolata is abun-
dant and represents genes from diverse groups of organ-
isms. The nutrient cycling capabilities include carbon
cycling, nitrogen cycling and sulfate reduction. Montas-
traea faveolata microbial communities also have the
potential to regulate metals and to degrade a diverse
montage of xenobiotic compounds. The large number of
biogeochemical cycling genes identified in this study sup-
ports the idea that coral-associated microbial communi-
ties contain diverse microorganisms that could fill
numerous functional niches. Furthermore, the functional
structure of the microbial community associated with
healthy and YBD differs significantly. In the SML, these
differences appear to be specific to cellulose degradation
and nitrification and are distinct from the more generalized
changes exhibited by the M. faveolata tissue slurry.
Therefore, we predict that physiological changes in the
coral holobiont allow for colonization of pathogenic and
opportunistic microorganisms most suited for efficient
carbon and nitrogen cycling. Future studies are needed to
elucidate the role of cellulose degradation and nitrification
in YBD of M. faveolata.

Experimental procedures

Sample collection

All M. faveolata SML and tissue slurry samples were col-
lected in March 2007 from the Media Luna reef located ~5
miles south of La Parguera, PR. Triplicate coral samples
(SML and tissue) were collected from three M. faveolata colo-
nies that appeared visually healthy (designated H1-H3) and
from the yellow band of three colonies exhibiting visual signs
of YBD (designated D1-D3). The SML samples were col-
lected in 30 ml sterile syringes and coral tissue samples were
collected using a stainless steel corer (1 inch) and hammer.
Both the SML filled syringes and the tissue cores were placed
in individual sterile Whirlpak bags. All samples were kept on
ice until reaching the laboratory (~30 min), where they were
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immediately transferred to 50 ml Falcon tubes with 20 ml of
5 M guanidinium isothiocyanate (GIT) buffer. Samples were
shipped overnight on dry ice to Hollings Marine Laboratory
(Charleston, SC, USA), where they were cryopreserved at
-20°C.

DNA extractions

Tissue samples were thawed and crushed using a sterile
stainless steel pestle, producing a tissue slurry containing
mucus, tissue, skeleton and GIT buffer. Thawed M. faveolata
SML (750 ml) or tissue slurry (750 ml) was incubated with
30 ml of 10% sodium dodecyl sulfate (SDS) for 1 h at 37°C.
The samples were then vortexed and n-butanol precipitated.
The precipitate was resuspended in 500 ml of 10% cetyltrim-
ethylammonium bromide (CTAB)/5% polyvinyl polypyrroli-
done (PVPP) and chloroform extracted. The aqueous phase
was re-extracted with an equal volume of phenol/chloroform/
isoamyl alcohol (25:24:1), followed by a final chloroform/
isoamyl alcohol (24:1) extraction. The aqueous phase was
removed and placed in a sterile microcentrifuge tube, and the
DNA was ethanol precipitated using 100% ethanol at 2 times
the final concentration at -20°C. The DNA pellet was rinsed
with 100 ml of 70% ethanol, dried for 30 min at room tempera-
ture and resuspended in 100 ml of sterile water. To clean the
DNA for amplification, a Wizard Prep purification spin column
(Promega A9280, San Luis Obispo, CA, USA) was used per
the manufacturer’s instructions.

DNA amplification

Community DNA was amplified using whole-community
genome amplification with bacteriophage Phi29 DNA poly-
merase and random priming (TempliPhi Amplification Kit, GE
Healthcare, UK) (Wu et al., 2006). Community DNA (0.5 ml of
a 1:10 dilution) was denatured at 95°C for 3 min in sample
buffer before being amplified in a reaction buffer with Phi29
DNA polymerase at 30°C for 8 h. The reaction was termi-
nated at 65°C for 10 min and stored at 4°C. DNA amplification
was confirmed by electrophoresis, in which 2 ml of the ampli-
fication reaction was run on a 1% agarose gel containing
ethidium bromide.

DNA labelling

For all samples, 20 ml of random primers (8mer) was added to
~3 mg of amplified community DNA and heated at 99.9°C for
5 min. Samples were then immediately chilled on ice. The
chilled samples were added to a labelling master mix: 2.5 ml
dNTP mix (5 mM dAGC-TP, 2.5 mM dTTP), 1.0 ml Cy5-dUTP
(25 nM; Amersham, Piscataway NJ), 80 U Klenow and water
to a total of 50 ml. The samples were incubated at 37°C in a
thermocycler for 3 h. After the incorporation of Cy5, samples
were protected from the light as much as possible. A
QIAquick purification kit (Qiagen, Valencia, CA, USA) was
used per the manufacturer’s instructions to clean labelled
DNA, and then the samples were dried in a SpeedVac for
45 min at 45°C (ThermoSavant, Milford, MA, USA).

Functional gene array

Hybridization to the GeoChip 2.0 (He et al., 2007) was per-
formed using a Tecan HS 4800Pro hybridization station

(Tecan US) at 35°C plus 50% formamide for 10 h. Technical
triplicates were performed for each biological sample
(N = 12). For all samples, 130 ml of a 40% formamide hybrid-
ization mix (52 ml of formamide, 19.5 ml of 20¥ SSC, 3.9 ml of
10% SDS, 9 ml of 0.1 mg/ml of Herring sperm DNA, 1.1 ml of
DTT and 44.4 ml of DI water) was added to the labelled
genomic DNA and incubated at 95°C for 5 min and main-
tained at 60°C until hybridization. Array slides were imaged
using a ScanArray Express Microarray Scanner (Perkin
Elmer, Waltham, MA, USA) and analysed using ImaGene
software 6.0 (Biodiscovery, CA, USA). All hybridized slides
underwent quality control determination based on back-
ground level, signal level and even hybridization (spatial
variation). After normalization, negative spots and poor-
quality spots were removed. The signal-to-noise ratio
[SNR = (signal mean*background mean)/(background stan-
dard deviation)] was also computed for each spot to dis-
criminate true signals from noise.

Data analysis

All data analysis was performed using the combined results
of technical duplicates that provided the closest replication for
each biological sample. Technical triplicates were not pos-
sible for all 12 samples due to a poor quality determination of
two slides. Microarray spots were defined as positive if they
were within two standard deviations of the mean (sigma = 2)
and had a minimum SNR of 2. For positive qualification of a
target gene, at least one-third of the probes were determined
to be positive, with a minimum of two positive probes
required. Most genes had three probes per array (He et al.,
2007). Functional gene diversity assessment, PCA and
cluster analysis were performed using the pipeline provided
by the Institute for Environmental Genomics at the University
of Oklahoma (http://ieg.ou.edu/). For PCA, transformed data
(square root of average signal intensity) were used, and
cluster analysis was performed using the Bray–Curtis simi-
larity coefficient and pairwise complete-linkage hierarchical
clustering. A two-way crossed (with replicates) ANOSIM using
1000 permutations and subsequent SIMPER analysis were
performed using the PRIMER program (Clark and Warwick,
2001).
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